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Summary

A prominent manifestation of the solar dynamo is the 11-year activity cycle, visible in
indicators of solar activity, including the topic of this thesis, solar irradiance. Two quan-
tities are of interest, total and spectral solar irradiance, TSI and SSI. They are defined
as the total and wavelength-resolved solar radiative flux above the Earth’s atmosphere,
normalized to one AU. Excluding the interaction between solar radiation and the Earth’s
atmosphere, and changes in the Earth to Sun distance, TSI and SSI isolate the radiant
property of the Earth-facing hemisphere of the Sun.

A relationship between solar activity and the brightness of the Sun had long been
suspected. It was however, only directly observed when satellite measurements, free from
the effects of atmospheric intensity fluctuations and stray light, became available. TSI
and SSI (at least in the ultraviolet) have been measured on a regular basis by a succession
of space missions, almost without interruption, since 1978. The measurement of solar
irradiance from space is accompanied by the development of models aimed at describing
the apparent variability in these observations by the intensity excess/deficit in the solar
surface and atmosphere brought on by magnetic structures in the photosphere. While the
body of satellite measurements is largely consistent at solar rotation timescales and show
obvious solar cycle modulation, there is considerable scatter in the absolute radiometry,
secular variation and the spectral dependence of the variation over the solar cycle, due
to the challenge in accounting for instrumental influences. Consequently, models of solar
irradiance serve as an important complement to direct observations, helping us understand
the apparent variability and the physical processes driving them.

The more sophisticated models, termed semi-empirical, rely on the calculated inten-
sity spectra of magnetic structures on the solar surface and in the solar atmosphere, gen-
erated with spectral synthesis codes from semi-empirical solar model atmospheres. An
established example of such models is SATIRE-S (Spectral And Total Irradiance REcon-
struction for the Satellite era). Obviously, the robust reconstruction of solar irradiance
depends on how realistic these intensity spectra are. There are two key sources of un-
certainty. One, the account of departures from local thermodynamic equilibrium (LTE)
in the spectral synthesis. Two, the fact that the radiant properties of network and faculae
are neither fully understood nor adequately represented in current models by the use of
plane-parallel model atmospheres (as opposed to three-dimensional model atmospheres).
In SATIRE-S, this is responsible for the sole free parameter in the model. Semi-empirical
models have achieved considerable success replicating the apparent variability in solar ir-
radiance observations. The unambiguous account of the outstanding discrepancy between
model and measurement will require however, an improvement in how non-LTE effects,
and the influence of network and faculae on solar irradiance is included in semi-empirical
models.



Summary

This thesis is the compilation of four publications, detailing the results of investiga-
tions aimed at setting the groundwork necessary for the eventual introduction of three-
dimensional atmospheres into SATIRE-S. Also presented is an update of the SATIRE-S
model, and a review of the current state of the measurement and modelling of solar irra-
diance.

We examined the intensity contrast of network and faculae in observations from the
Helioseismic and Magnetic Imager onboard the Solar Dynamics Observatory (SDO/HMI),
and estimated the point spread function (PSF) of the instrument. The derived intensity
contrasts and PSF can be used, in future efforts, to constrain three-dimensional model
atmospheres, key to improving the reliability of semi-empirical models. The results of
these studies also offered new insights into the radiant behaviour of network and faculae
(and their contribution to variation in solar irradiance), and the effects of stray light on the
apparent properties of solar surface phenomena.

The SATIRE-S model had previously been applied to full-disc intensity images and
magnetograms from the Kitt Peak Vacuum Telescope and the Michelson Doppler Imager
(onboard the Solar and Heliospheric Observatory) to reconstruct TSI and SSI over the
period of 1974 to 2009. On top of extending these preceding efforts to the present time
with similar data from HMI, we made various refinements to the reconstruction method.
The result is a daily reconstruction of TSI and SSI, covering 1974 to the present, that is
more reliable and, in most cases, extended than similar reconstructions from contempo-
rary models. The reconstruction is also highly consistent with observations from multiple
sources, demonstrating its utility for solar irradiance and climate studies.

10



1 Introduction

1.1 Measurements and models of solar irradiance

The 11-year activity cycle of the Sun, a manifestation of the solar dynamo, can be seen in
indicators of solar activity (Hathaway 2010). This includes, the sunspot area and number,
chromospheric and coronal indices such as the 10.7 cm radio flux, Mg II index and X-
ray flux, and in the topic of this thesis, solar irradiance (Fig. 1.1). Solar irradiance, the
radiative output of the Sun, is described in terms of what is termed total and spectral solar
irradiance, TSI and SSI. They are defined the total and wavelength-resolved solar radiative
flux above the Earth’s atmosphere, normalized to one AU (units of power per unit area,
and power per unit area and wavelength, respectively). Excluding the interaction between
solar radiation and the Earth’s atmosphere, and changes in the Earth-Sun separation, TSI
and SSI follows the radiant property of the hemisphere of the Sun facing the Earth.

A relationship between solar activity and the radiative output of the Sun had long been
speculated (Abbot et al. 1923, Smith and Gottlieb 1975, Eddy 1976). This was however,
not confirmed until satellite measurements, free from the effects of fluctuations in atmo-
spheric transmittance, became available. TSI and SSI (at least in the ultraviolet) have
been monitored regularly by a succession of space missions, almost without interruption,
since 1978 (Hickey et al. 1980, Willson and Hudson 1988, Frohlich 2006, DeLand and
Cebula 2008, Kopp et al. 2012). The early TSI observations quickly revealed a correla-
tion between the apparent variability and the passage of active regions across the solar
disc (Willson et al. 1981a, Hudson et al. 1982, Oster et al. 1982, Foukal and Lean 1986).
Consequently, the measurement of solar irradiance from space is accompanied by the de-
velopment of models aimed at describing the apparent variability in these observations by
the intensity excess/deficit in the solar surface and atmosphere brought about by photo-
spheric magnetism.

The action of magnetic concentrations in the photosphere on the thermal structure and
therefore the radiant property of the solar surface/atmosphere is not the only mechanism
mooted to explain the observed variability in solar irradiance, but it is by far the most es-
tablished. Models relating variations in solar irradiance to the emergence and evolution of
photospheric magnetism have achieved considerable success in replicating observations
(Domingo et al. 2009). Other mechanisms, related to physical processes in the solar inte-
rior, have been proposed (Wolff and Hickey 1987, Kuhn et al. 1988, Cossette et al. 2013)
but there is as yet little direct evidence.

While the measurements from the succession of solar irradiance monitors sent into
orbit are largely consistent at solar rotation timescales and show obvious solar cycle mod-
ulation (though not without exception), there is considerable scatter in the absolute ra-

11
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Figure 1.1: Indices of solar activity. From top to bottom; the PMOD total solar irradiance
composite (version d41_62_1302, Frohlich 2000), the LASP Lyman-« irradiance com-
posite (Woods et al. 2000), the IUP Mg II index composite (version 4, Viereck and Puga
1999, Skupin et al. 2005b,c), the Ottawa and Penticton adjusted 10.7 cm radio flux record
(Tapping 1987, 2013) and the projected sunspot area composite by Balmaceda et al. 2009
(version 0613). The red curves follow the 181-day moving mean.

diometry, secular variation and the spectral dependence of the variation over the solar
cycle (see Figs. 1.2 and 1.3, and Ermolli et al. 2013, Solanki et al. 2013). This is primar-
ily due to the significant challenge in accounting for changes in instrument response from
ageing and exposure (Hoyt et al. 1992, Lee et al. 1995, Dewitte et al. 2004a, Frohlich
2006, DeLLand and Cebula 2008). Due to the uncertainties afflicting the direct observa-
tion of solar irradiance, models of solar irradiance based on photospheric magnetism have
emerged as an important tool for understanding the apparent variability in these measure-
ments and the associated physical processes.

The most straightforward way to model solar irradiance (adopted since the earliest
models) is to reconstruct it by the regression of indices of solar activity, acting as proxies
of the radiant effects of photospheric magnetism, to measurements.

The influence of sunspots and pores is typically represented by sunspot area or what
is termed the photometric sunspot index (PSI, Hudson et al. 1982, Frohlich et al. 1994),
and network and faculae by chromospheric indices. (The PSI is the proportional deficit in
solar irradiance, from the magnetically quiet Sun level, due to sunspot darkening. This can
be calculated from the sunspot number, sunspot area or from full-disc intensity images.)

12



1.1 Measurements and models of solar irradiance
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Figure 1.2: a) The published TSI measurements from the various radiome-
ters sent into orbit since 1978 and the competing composite records of TSI
by b) PMOD, c¢) ACRIM and d) IRMB. These observations and compos-
ites are introduced in detail in Chap. 6.2.1. Courtesy of C. Frohlich
(http://www.pmodwrc.ch/pmod.php?topic=tsi/composite/SolarConstant).

While straightforward, such models depend on and are therefore limited by the availability
of reliable measurements. They are also limited by uncertainties in the solar activity index
data employed and offer little physical insight into the underlying relationship between

13
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Figure 1.3: Integrated solar irradiance between 220 and 240 nm from six instruments,
offset from one another for the purpose of illustration. Each record is extrapolated back-
wards and forwards in time by the method set out in Dudok de Wit (2011), drawn in grey.
Taken from Ermolli et al. (2013).

solar irradiance and photospheric magnetism. Critically, these models usually assume
a linear relationship between the proxies and solar irradiance, which is not true in the
case of chromospheric indices (Solanki and Krivova 2004, Foukal et al. 2011). Variation
in solar irradiance is the sum effect of the influence of photospheric magnetism on the
solar surface and enclosed atmosphere (Mitchell and Livingston 1991, Unruh et al. 1999,
Preminger et al. 2002). This would obviously not be entirely captured in chromospheric
indices, highlighting another fundamental limit of the approach.

A more physics-based approach has been in development by various groups over the
past two decades (Fontenla et al. 1999, Fligge et al. 2000, Krivova et al. 2003, Penza
et al. 2003, Haberreiter et al. 2005). The overall architecture of these models, referred
to as semi-empirical, is similar. The solar disc is segmented by surface magnetic feature
type. The intensity spectrum of each feature type is calculated from spectral synthesis
codes with the respective semi-empirical model atmosphere! as input. The solar spec-
trum is then recreated from the sum of these intensity spectra, weighted by the apparent

'The model atmospheres describe the temperature and density within each feature type as a function of
height. They are described as semi-empirical from the fact that they are constrained by observations.

14



1.2 SDO/HMI

surface coverage of each feature type. An established example of semi-empirical models
is SATIRE-S (Spectral And Total Irradiance REconstruction for the Satellite era, Fligge
et al. 2000, Krivova et al. 2003, 2011b). Prior to this thesis, it had been applied to full-disc
observations from the Kitt Peak Vacuum Telescope (KPVT, Livingston et al. 1976, Jones
et al. 1992) and the Michelson Doppler Imager onboard the Solar and Heliospheric Ob-
servatory (SOHO/MDI, Scherrer et al. 1995) to reconstruct TSI and SSI between 1974 and
2009 (Krivova et al. 2003, 2006, 2009b, 2011a, Wenzler et al. 2005, 2006, 2009, Unruh
et al. 2008, Ball et al. 2011, 2012, 2014).

Evidently, the robust reconstruction of solar irradiance by the semi-empirical approach
depends on how reliable/realistic are the intensity spectra of solar surface features uti-
lized. A major source of uncertainty is the fact that the radiant behaviour of quiet Sun
network and active region faculae is neither fully understood nor adequately represented
in current models by the use of plane-parallel model atmospheres (as opposed to three-
dimensional model atmospheres). The small-scale magnetic concentrations that make up
network and faculae are, at present, still largely unresolved in available observations. The
effect of atmospheric and instrumental scattered light on the apparent properties of these
surface features is also not completely known. In spite of the current insufficiencies, semi-
empirical models such as the SATIRE-S have been very successful in reproducing most
of the apparent variability in solar irradiance observations. The unambiguous account of
the outstanding discrepancy between model and measurement will require, amongst other
things, an improvement in how the effects of network and faculae on solar irradiance is
included in semi-empirical models.

This thesis is the compilation of four publications, detailing the results of investiga-
tions aimed at addressing the present limits of semi-empirical models (discussed above)
and updating the SATIRE-S model, and also includes a review of the current state of
the measurement and modelling of solar irradiance. These studies made use of full-disc
observations from the Helioseismic and Magnetic Imager onboard the Solar Dynamics
Observatory (launched in 2010, Schou et al. 2012b). In the following, we give a brief in-
troduction to the HMI instrument (Sect. 1.2) and the SATIRE-S model (Sect. 1.3), before
providing an outline of this thesis (Sect. 1.4).

1.2 SDO/HMI

SDO/HMI Schou et al. (2012b) is the follow-up to the highly successful SoOHO/MDI
(Scherrer et al. 1995), the first ever spaceborne magnetograph. HMI is designed to return
continuous full-disc measurements of intensity, magnetic field vector and line-of-sight
velocity from spectropolarimetry of the Fe I 6173 A line.

The instrument comprises of two 4096 x 4096 pixel CCD cameras, which share a
common optical path, referred to as the side and front CCDs (Fig. 1.4). The optical
assembly includes a Lyot filter and two Michelson interferometers (both tunable), and
a series of waveplates, which set the bandpass and polarization, respectively. The pixel
scale is 0.505 arcsec and the diffraction-limited spatial resolution is 0.91 arcsec. Narrow
(FWHM of 76 mA) bandpass images or filtergrams of the full solar disc are collected con-
tinuously, at 1.875 second intervals, on the two CCDs in turn. The observation sequence
cycles through six positions within the Fe I 6173 A line (spaced 69 mA apart) and six
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Figure 1.4: HMI optical assembly (not to scale). Taken from Schou et al. (2012b).
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polarizations (Stokes I + Q, [ + U and I = V).

A set of 12 filtergrams, covering the /+V and /—V polarizations at each line position is
collected on the front CCD every 45 seconds. A set of 36 filtergrams, of each combination
of polarization and line position, is registered on the side CCD every 135 seconds. The
sequence of filtergrams from the front and from the side CCD are combined to yield lon-
gitudinal magnetograms, Dopplergrams and intensity images (continuum intensity, line
depth and line width) at 45 and 720-second cadence, respectively. Full-Stokes parameters
(i.e., the Stokes I, Q, U and V images) are also generated from the side CCD filtergram
sequence, again at intervals of 720 seconds. These are inverted using the VFISV (Very
Fast Inversion of Stokes Vector) Milne-Eddington inversion scheme by Borrero et al.
(2011), the primary output of which is the vector magnetogram (giving both magnetic
flux density and pointing). For the work detailed in this thesis we preferred the longitudi-
nal magnetogram data product over the vector magnetogram, even though it gives just the
line-of-sight component of the magnetic flux density. Due to the significant noise level in
the Stokes Q and U parameters, the VFISV algorithm produces artificial magnetic fields
(order of 100 G in strength, largely horizontal and random in pointing) in the quiet Sun.

The temporal and spatial resolution of HMI is the highest of any full-disc spectromag-
netograph. Being spaceborne, it is also free from the detrimental effects of atmospheric
seeing. The noise level of HMI longitudinal magnetograms has been demonstrated to
be much lower than in similar observations from MDI (Liu et al. 2012). This is, in
all likelihood, also true of the other data products. The unprecedented quality of HMI
magnetograms permits the resolution of small and/or weak magnetic features that would
otherwise be hidden in similar data from other instruments. This grants us the ability to
characterize the prevailing photospheric magnetism at never before accuracy, a boon for
solar irradiance studies.

Also, while MDI intensity images, and magnetograms and Dopplergrams are gener-
ated from different filtergrams?, these observables are generated from the exact same fil-
tergrams in HMI, allowing perfectly co-spatial and co-temporal observations of intensity,
magnetic field and line-of-sight velocity. This, together with the superior image quality,
made HMI observations particularly suitable for the investigations detailed in this thesis.

1.3 SATIRE-S

The SATIRE-S semi-empirical model of solar irradiance is one version of the SATIRE
model (Fligge et al. 2000, Krivova et al. 2003, 2011b). The key assumption of the model
is that variations in solar irradiance, on timescales greater than a day, arise from pho-
tospheric magnetism alone. At timescales shorter than a day, fluctuations from flares,
granulation and p-modes (i.e., acoustic oscillations) become significant (Hudson 1988,
Woods et al. 2006, Seleznyov et al. 2011). Variations in solar luminosity from thermal
relaxation of the convection zone of the Sun and changes in the chemistry of the core
occur at timescales exceeding 103 years (Solanki et al. 2013) and can therefore be safely
ignored when considering variations over the 11-year activity cycle.

2The MDI data processing pipeline is different from that implemented in HMI, requiring unpolarized
filtergrams for the intensity observables, and circularly polarized filtergrams for the line-of-sight magne-
tograms and Dopplergrams.
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Figure 1.5: SATIRE-S reconstruction of TSI based on KPVT and MDI full-disc longitu-
dinal magnetograms and continuum intensity images. Taken from Ball et al. (2012).

The solar disc is modelled as comprising of four components, quiet Sun, faculae,
sunspot umbra and sunspot penumbra. The difference between SATIRE-S and the other
variants of the model is the data used to determine the surface coverage by faculae and
sunspots. SATIRE-T uses the sunspot number to reconstruct solar irradiance back to the
17th century (Krivova et al. 2007), and SATIRE-M? cosmogenic isotope data covering the
Holocene (Vieira et al. 2011). The SATIRE-S is the most accurate, employing spatially
resolved full-disc observations of intensity and magnetic flux. Such observations allow
the prevailing magnetism, including the disc position, to be determined with much greater
precision than from sunspot number or cosmogenic isotope records. Apart from offering
no information on the position of magnetic structures on the solar disc, the sunspot num-
ber is modulated by active region activity and cosmogenic isotope concentrations by the
open magnetic flux alone. Neither index of solar magnetism constitutes a complete mea-
sure of prevailing magnetism. The only drawback with full-disc magnetograms is that
they are only available for the last four decades. However, for the purpose of aiding the
interpretation of satellite measurements of solar irradiance, which span a similar period,
this is sufficient.

As stated in Sect. 1.1, the model has previously been applied to longitudinal mag-
netograms and continuum intensity images from the KPVT and MDI. The TSI and SSI
reconstructions from these studies extend over various periods between 1974 and 2009
(see example in Fig. 1.5). The KPVT ceased observations in 2003, and MDI in 2011.
One of the objectives of this thesis was to extend the model to the present with similar
observations from HMI.

Sunspots are identified from the continuum intensity, and faculae by the longitudinal
magnetogram signal. Points on the solar disc below threshold intensity levels representing
the umbra-to-penumbra and penumbra-to-granulation boundaries are taken to correspond
to umbra and penumbra, respectively. Image pixels above a threshold magnetogram sig-

3The suffixes denote their application to reconstructing solar irradiance over the period Telescopes (and
therefore sunspot number records) are available, and over Millennial timescales.
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Figure 1.6: Top: MDI longitudinal magnetogram (left) and continuum intensity image
(right) from November 25, 1996. Bottom: Corresponding map indicating (in black) the
pixels identified as corresponding to faculae (left) and to sunspots (right) by the image
segmentation method employed in the SATIRE-S model. Taken from Fligge et al. (2000).

nal (determined by the noise level) and not already classed as sunspots are identified as
faculae. (This encompasses all bright magnetic features detectable by such an analysis,
which includes both active region faculae and quiet Sun network.) An example is given
in Fig. 1.6.

The small-scale magnetic concentrations that make up network and faculae are not
fully resolved in available full-disc observations. This is roughly accounted for by scaling
the faculae filling factor, the effective proportion of a given resolution element covered
by faculae, with the magnetogram signal. The filling factor of each facular pixel is scaled
linearly with (B;) /u, the ratio of the longitudinal magnetogram signal and the cosine of
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the heliocentric angle*, saturating at unity at what is termed ({(B;) /u),,,.- The (B;) /u level
at which the faculae filling factor saturates, ((B;) /i), 1S the only free parameter in the
model, determined by comparing the reconstruction to measured TSI.

The apparent surface coverage by faculae and sunspots is converted to solar irradiance
by means of the intensity spectra of quiet Sun, faculae, umbra and penumbra by Unruh
et al. (1999). The quiet Sun model atmosphere is given by the ATLAS9 standard solar
model (Kurucz 1993), and the sunspot penumbra and umbra model atmospheres by the
standard stellar models corresponding to effective temperatures of 5450 K and 4500 K
from the ATLASO grid of stellar models. The faculae model atmosphere, introduced by
Unruh et al. (1999), is a modification of the FAL P model by Fontenla et al. (1993).

The intensity spectrum of each surface component at varying heliocentric angles was
generated with the ATLAS9 spectral synthesis code. The code assumes local thermody-
namic equilibrium, LTE (see Chap. 2.3.2). This assumption breaks down in the ultravi-
olet, formed in the upper photosphere and lower chromosphere, due to the increasingly
collisionless condition. As a result, the output from the code is too weak below approx-
imately 300 nm. Prior to the work of this thesis, this was accounted for by rescaling
the 115 to 270 nm segment of reconstructed solar irradiance to the measurements from
UARS/SUSIM? (Krivova et al. 2006). We introduced an updated correction, described in
Chap. 5.4.3.

SSI is reconstructed by assigning to each image pixel on the solar disc the appropriate
surface component intensity spectrum, and summing the result over the entire solar disc.
The wavelength range of the reconstructed solar spectra is 115 to 160000 nm, basically
given by the ATLASY spectral synthesis code and the wavelength range of the spectro-
scopic data used to correct the ultraviolet segment. TSI is derived taking the integral under
the reconstructed solar spectra.

1.4 Thesis outline

The main body of this thesis comprises of four publications, presented as individual chap-
ters in chronological order (Chaps. 3 to 6). Before that, we will first discuss background
knowledge relevant to the investigations detailed in these publications in Chap. 2.

In Chap. 3, we examined the intensity contrast of quiet Sun network and active region
faculae in HMI data. The aim was to gain insights into the complex radiant behaviour of
these magnetic features and their contribution to variation in solar irradiance. In Chap. 4,
we derived an estimate of the point spread function, PSF of the HMI instrument. We also
investigated the effect of correcting HMI observations for stray light (using this PSF), in-
cluding the apparent surface coverage and magnetic field strength of network and faculae
(relevant to the use of such data in semi-empirical models of solar irradiance). An over-
arching objective with these two studies is the derivation of information that can be used,
in future efforts, to constrain three-dimensional model atmospheres, key to improving the

“The longitudinal magnetogram signal, (B;), represents the pixel-averaged line-of-sight magnetic flux
density. Small-scale magnetic concentrations are largely orientated normal to the solar surface due to mag-
netic buoyancy. The ratio with y, (B;) /u is therefore an approximation of the pixel-averaged magnetic flux
density.

3The Solar Ultraviolet Spectral Irradiance Monitor onboard the Upper Atmosphere Research Satellite
(Brueckner et al. 1993, Floyd et al. 2003).
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reliability of semi-empirical models of solar irradiance. Specifically, the relationship be-
tween intensity contrast, and disc position and magnetic field strength in HMI data from
the first study, and the PSF of the instrument from the second will allow a precise quanti-
tative comparison of the intensity contrast in HMI observations with that in artificial solar
images synthesized from three-dimensional model atmospheres (based on magnetohydro-
dynamics or MHD simulations, see Chap. 2.3.4).

In Chap. 5, we present a daily reconstruction of TSI and SSI, with the SATIRE-S
model, based on full-disc observations from the KPVT, MDI and HMI. The reconstruction
spans 1974 to 2013. On top of extending earlier efforts with the model based on KPVT
and MDI data to the present time with HMI observations, we made various refinements to
the reconstruction method. The most important improvement being how the model output
based on observations from the various instruments are combined into a single, consistent
time series. The aim was to provide a reliable, extended daily reconstruction of TSI/SSI
for solar irradiance and climate studies (climate models require solar irradiance input).
Then, in Chap. 6, we have a review of the current state of solar irradiance measurements
and models, including a discussion of the key challenges in reconciling the outstanding
discrepancies between the two. This review also sets the results presented in Chaps. 3
and 5 in the wider context of the field of study.

Finally, a summary of Chaps. 3 to 6, including an outlook of future work based on the
results presented, is provided in Chap. 7.
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2 Background

2.1 Physical origin of solar radiation

In classical theory, the Sun is treated as a radially stratified body. In this convention, it
is described as a succession of spherical layers, which track the graduation in physical
property. Going out from the centre, we have the core, radiative zone, convective zone,
photosphere, chromosphere, transition region and corona, the general properties of which
are summarized in Figs. 2.1 and 2.2.

2.1.1 Energy transport in the solar interior

The energy flux radiated by the Sun, comprising of both corpuscular and electromagnetic
radiation (the focus of this thesis), originates in the thermonuclear core. Nuclear fusion
in the core is dominated by the proton-proton chain reaction, which releases neutrinos
and gamma photons. Neutrinos, being weakly interacting, pass out of the Sun largely
unhindered. Photons, on the other hand, are repeatedly scattered in the dense plasma
medium. Estimates vary, but according to Mitalas and Sills (1992), the overall mean free
path in the core and radiative zone is 9 X 10™* m and the diffusion timescale, the time it
takes for a photon to reach the top of the radiative zone, is 1.7 x 10° years.

From the top of the convective zone to the bottom, hydrogen is increasingly ionized,
with the effect of enhancing the opacity (and therefore the extent to which the plasma
medium is absorbing radiation and heating up) with depth. This enhanced opacity gra-
dient pushes the temperature gradient above what is termed the adiabatic temperature
gradient (c.f., Schwarzschild’s criterion for convective stability). Under such conditions,
a vertically displaced parcel of fluid will keep ascending/descending until it reaches the
top/bottom of the convective zone (or is dissipated by diffusive processes). In the convec-
tive zone, energy is no longer transported by radiation but by convection'. This is a far
more efficient process; again estimates vary but the time it takes for a parcel of fluid to
travel from the bottom of the convective zone to the top is in the order of about a month
(Eggleton 2011). The upwelling of heated plasma from deeper layers and the cool down-
flow produces the convection cell pattern visible on the solar surface (defined below).

'Hydrogen opacity is the dominant but not sole effect driving the convection. The partial ionization also
introduces latent heat. Let us assume that rising plasma behaves adiabatically (i.e., no heat exchange with
its environment). To remain in pressure balance with its increasingly less dense and cooler surroundings, it
must expand and cool. Since the latent heat makes it harder for the plasma to cool, it must instead expand
more, enhancing the buoyancy. The partial ionization of helium in the convective zone also plays a similar
albeit smaller role (being far less abundant).
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Convective Zone

Figure 2.1: Schematic of the solar interior. Neutrinos produced in the core pass largely
unhindered out of the Sun. The bulk of the energy generated is transported by radiation
(red) and then by convection (blue) to the solar surface.

They show up at two distinct spatial scales, what is termed granulation (around 1 Mm in
diameter) and supergranulation (10 to 30 Mm, Hirzberger et al. 2008).

2.1.2 Formation of the solar spectrum

Above the convective zone, the density is low enough that photons can escape unhindered.
The opacity of the plasma medium and therefore the height where this occurs varies with
wavelength. The bulk of solar radiative flux is released in the photosphere, where the
continuum is formed. The position of optical depth unity (in other words, where the
plasma goes from being opaque to transparent) is deepest in the visible and near-infrared,
at the lower photosphere. As this is the deepest into the Sun one can observe directly, the
lower photosphere is a natural candidate for the solar surface (being a plasma body, the
Sun has no ‘bona fide’ surface in the conventional sense), marking the boundary between
the solar interior and atmosphere.

The solar atmosphere is by no means spherically symmetrical. The symmetry is bro-
ken by the combined influence of the Sun’s rotation and magnetism (see Sect. 2.2). A
plane-parallel description of the solar atmosphere, while not strictly correct, is nonethe-
less convenient and still informative. The temperature and density stratification of the
solar atmosphere, from such a consideration (Reeves et al. 1977, Vernazza et al. 1981,
Avrett and Loeser 1992), is depicted in Fig. 2.2. While density decreases monotonically
with height, temperature declines from around 6000 to 4000 K across the photosphere,
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Figure 2.2: Temperature (black, left axis) and density (red, right axis) profile of the solar
atmosphere (based on Reeves et al. 1977, Vernazza et al. 1981, Avrett and Loeser 1992).
Here, as typically done, geometric height of zero is defined as at where the optical depth
at 5000 A is unity. Adapted from Jafarzadeh (2013).

before increasing again, eventually to several 10° K in the corona, most of the gain com-
ing in the transition region. Due to efficient thermal conductivity, the decline in coronal
temperature with radial distance is slow enough that the plasma eventually overcomes
gravity and escape as solar wind (largely electrons and photons).

Up to the photosphere, the plasma is collision-dominated, such that it behaves approx-
imately like a blackbody emitter. For this reason, the solar spectrum broadly resembles
that of a blackbody at its effective temperature, which is about 5800 K (Fig. 2.3). The
departures from the blackbody spectrum arises mainly from the combined action of the
wavelength dependence of the opacity and the vertical temperature gradient (Fig. 2.2); the
radiation at different wavelengths is formed at varying heights and therefore temperatures.

Continuum radiation is formed by free-free and bound-free interactions, and spec-
tral lines by bound-bound interactions?. At a given wavelength, the solar atmosphere is,
above the continuum formation height, too sparse for free-free and bound-free interac-
tions to take hold but bound-bound interactions (if there are present at that wavelength)
are still relevant. At the wavelengths corresponding to bound-bound interactions in the
solar atmosphere, the plasma medium remains optically thick up to where photons no

’Free-free and bound-free interactions refer to the absorption and emission processes that move an
electron between two free states, and between a bound and a free state (i.e., ionization and recombination).
Since the energy of a free electron is not discrete but continuous, interactions involving free states produce
the smoothly varying (with wavelength) radiation we identify as continuum. Electron transitions between
the discrete energy levels in an atom/molecule (bound-bound) give rise to spectral lines.
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Figure 2.3: The Whole Heliospheric Interval (WHI) reference solar spectrum (for low
activity conditions) by Woods et al. (2009) and the solar spectrum if the Sun were a
blackbody with a temperature of 5800 K.

longer interact with the responsible species and escape. Spectral lines are formed above
the continuum radiation at similar wavelengths, and at different heights, depending on
the abundance and location of the respective species. Whether a particular spectral line
appears as an absorption or emission feature then depends on the property of the solar
atmosphere at the formation height, explained in Sect. 2.3.1. An echelle spectrum repre-
sentation of the visible solar spectrum is depicted in Fig. 2.4, and a plot of the vacuum
ultraviolet (<200 nm) spectrum in Fig. 2.5.

2.2 The 11-year activity cycle of the Sun and solar mag-
netism

As pointed out in Chap. 1.3, acoustic oscillations and convective motions on the solar
surface are short-lived phenomena (lifetimes of minutes to around a day), whereas the
thermal and nuclear timescale of the Sun exceeds 10° years. Except at these very short
and very long timescales, the dynamics of the Sun is dominated by solar magnetism, the
most pronounced variability of which is the 11-year cycle. As a consequence, signatures
of the 11-year magnetic cycle show up in just about every measurable indication of solar
activity, including solar irradiance.
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Figure 2.4: Echelle spectrum constructed from the digital atlas of the solar spectrum by
the National Optical Astronomy Observatory. From bottom to top, each row corresponds
to 6 nm, covering 400 to 700 nm (i.e., the visible spectral range). The dark features
correspond to absorption lines, formed dominantly in the photosphere. Courtesy of N. A.
Sharp, NOAO/NSO/Kitt Peak FTS/AURA/NSF.

2.2.1 Solar cycle variation in solar magnetism

The most prominent configuration of emergent magnetic flux on the solar surface is the
formation of bipolar active regions. A bipolar active region is a region of intense magnetic
activity with two distinct zones of opposite magnetic polarity. There are active regions
with more complex morphologies, the result of bipolar active regions forming near or
within an existing active region (Bumba and Howard 1965). At full development, the
larger active regions feature sunspots, pores and faculae.

The 11-year activity cycle of the Sun was first discovered by Heinrich Schwabe in
1843, in the daily number of sunspot groups, and in the number of spotless days over an
18-year period. A few years after, Rudolf Wolf devised what is now termed the interna-
tional sunspot number, R, given by

R = k(10g + n), 2.1

where g and n denotes the number of sunspot groups and individual sunspots visible on
the solar disc, respectively. Systematic differences between the measurements made by
different observers are accounted for by the correction factor, k. He also incorporated
earlier observations, extending the record back in time to 1749. Still tabulated today, the
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Figure 2.5: Solar vacuum ultraviolet spectrum (from the WHI reference spectrum for
low activity conditions, Fig. 2.3). The emission lines are formed in the chromosphere,
transition region and corona. The wedge shaped continua correspond to emission from
hydrogen and helium bound-free recombination. The vertical edge correspond to the
minimum energy from such an interaction, the ionization potential.

international sunspot number is one of the longest daily record of solar activity available®.
While the definition of the international sunspot number is somewhat arbitrary, it turns
out to be highly correlated and so a good proxy of sunspot area, which has a more readily
appreciable physical meaning (see Figs. 6 and 7 in Hathaway 2010). The minimum in
1755 (Fig. 2.6) is designated as the start of solar cycle 1, and each successive minimum
marks the start of the following cycle. Also apparent in the figure, solar cycle amplitude
and length (10.9 + 1.2 years, Hathaway et al. 2002) fluctuates considerably.

Apart from the 11-year periodicity in overall emergence apparent in the sunspot num-
ber (and similar measures), solar magnetism also exhibits the following large-scale be-
haviour.

e Sporer’s law of zones: Near the onset of each solar cycle, active regions emerge be-
tween around 15° and 30° latitude, in both the northern and southern hemispheres.
Over the course of the cycle, they appear at lower and lower latitudes, eventually
close to the equator. This migration produces the ‘butterfly wings’ pattern in time

30nly the sunspot group number record compiled by Hoyt and Schatten (1997), which extends from
1610 to 1995, is longer.
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Figure 2.6: Monthly mean of the international sunspot number. Solar cycle number is
indicated. Taken from Hathaway (2010).
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Figure 2.7: The variation in sunspot area with time and latitude. Courtesy of D. H. Hath-
away, NASA/MSFC.
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Figure 2.8: Longitudinally-averaged signed magnetic flux density as a function of time
and latitude. Courtesy of D. H. Hathaway, NASA/MSFC.

series representations of the latitudinal distribution of magnetic activity on the solar
disc (not surprisingly, these are termed butterfly diagrams, two examples of which
are given in Figs. 2.7 and 2.8).

Joy’s law (Hale et al. 1919): Bipolar active regions are orientated such that the
leading (in the direction of the Sun’s rotation) polarity is closer to the equator.
Overall, the higher the latitude, the more pronounced this tilt between the lagging
and leading polarity. Taken together with Sporer’s law, it indicates that tilt angles
decline over the solar cycle.

Hale’s polarity law (Hale and Nicholson 1925): The broad orientation of bipo-
lar active regions (which polarity is leading/lagging) within either the northern or
southern hemisphere over a given cycle is constant but opposite between the two
hemispheres and alternates from cycle-to-cycle. So, while there is an 11-year mod-
ulation in the emergence of solar magnetism, the magnetic cycle is really 22-years.

Polar flux: The cyclic variation in active region activity at low and mid-latitudes is
accompanied by an apparent anti-phase fluctuation (i.e., strongest/weakest around
cycle minima/maxima) in the amount of magnetic flux near the poles. Polar flux
in the northern and southern hemispheres have opposite dominant polarities which
reverses mid-cycle.

Most of these large-scale features of solar magnetism are visible in the butterfly diagram
of the longitudinally-averaged signed magnetic flux density (Fig. 2.8). The magnetic
polarity of the inner and outer edge of each ‘butterfly wing’ arises from the combination
of Joy’s law and Hale’s polarity law. As suggested by the ‘streams’ leading from the wings
towards higher latitudes, polar flux correspond to magnetic flux from since decayed active
regions transported polewards by meridional flows*. Therefore, the mid-cycle reversal
in the polarity of polar flux is ultimately related to the cycle-to-cycle alternation in the

“This is the more commonly accepted, but not only, interpretation of the apparent poleward drift. It has
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magnetic orientation of bipolar active regions (see next section). Meridional flows are
slow (few 10 ms™!), giving the half-cycle lag or apparent anti-phase relation between the
solar cycle and the variation in the amount of polar flux.

2.2.2 The solar dynamo

The 11-year/22-year magnetic cycle, discussed above, is believed to be driven by dy-
namo processes’ in the convective zone and photosphere. Under the assumption that the
plasma here is highly-conducting and flows are non-relativistic, Maxwell’s equations can
be combined into a single equation, which is termed the induction equation,

— = Vx(¥x B) +nAB, (2.2)

which describes the time evolution of the magnetic field, B. The first term on the right
hand side gives the change from advection or bulk motion (V' represents velocity), and
the second term the change from diffusion (7 is the magnetic diffusivity, given by n =
1/uoo, where uy and o denote the magnetic constant and electrical conductivity). Due
to the high electrical conductivity, except at extremely small spatial scales (< 1 km, well
below the present limits of observation), the advection term is dominant in the convective
zone and photosphere (c.f., magnetic Reynolds number). In other words, diffusion is
inefficient here. (For example, it will take sunspots on the order of a few thousand years to
dissipate by diffusion alone, far greater than the observed lifetime of days to weeks.) This
also means that magnetic flux is effectively frozen into the plasma, such that advecting
plasma will carry the enclosed magnetic field along with it. The apparent variation in
solar magnetism must, as stated earlier, involve the induction effect of bulk motion in the
convective zone and photosphere (i.e., a dynamo).

The high electrical conductivity of the plasma medium is also the reason why the
magnetic concentrations that make up network and faculae are mostly nested inside inter-
granular lanes, the cool dark downflows on the boundary of convection cells. Emergent
magnetic field, frozen into the plasma, is expelled by convection flows towards the inter-
granular lanes (Parker 1963, Weiss 1966, Tao et al. 1998).

While the exact workings of the solar dynamo is still debated (see the review by Char-
bonneau 2010), there is some degree of consensus over certain key features, illustrated in
Fig. 2.9.

e Omega-effect (Figs. 2.9a and 2.9b): In the radiative zone, the Sun is largely a rigid
rotator. In the convective zone however, the rotational frequency varies significantly
with latitude and radial distance (differential rotation). As a result, poloidal mag-
netic field in the convective zone is stretched and wound as the plasma it encloses
rotates around the Sun at different speeds, producing toroidal magnetic field of op-
posite magnetic orientation in the northern and southern hemispheres (c.f., Hale’s
polarity law).

been suggested that this could indicate the presence of high latitude dynamo processes that somehow do not
result in the formation of active regions (Gilman et al. 1989, Petrovay and Szakély 1999).

3The processes by which the magnetic field of an astrophysical object is sustained by the inductive
action of the motion of electrically conducting fluids.
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g

Figure 2.9: Schematic of a ‘typical’ surface flux transport model (see text for explanation).
Taken from Dikpati and Gilman (2009).

e Alpha-effect (Figs. 2.9¢ to 2.9f): For the magnetic (B?/2u,) and gas pressure within
magnetic flux tubes to balance external gas pressure, the enclosed plasma must have
a lower density. Magnetic flux tubes are therefore buoyant. Due to the action of
the Coriolis force, magnetic loops (from the toroidal magnetic field) twist as they
emerge, producing the tilt between the leading and lagging polarity of the resulting
active regions (c.f., Joy’s law).

32



2.3 Solar model atmospheres and intensity spectra

e Meridional flow (Figs. 2.9¢g to 2.91): As noted earlier in this section, this brings the
decay products of active regions polewards, eventually reversing the polarity around
mid-cycle. (Since the leading polarities from the two hemispheres have a greater
tendency to meet and annihilate due to the equator-ward tilt, polar flux is dominated
by the lagging polarity.) The return flow brings polar flux down into the convective
zone, forming poloidal magnetic field with an opposite magnetic orientation to that
at the beginning of the sequence (Fig. 2.9a).

e The solar dynamo is believed to be situated near the bottom of the convective zone.
Due to the convective instability, the convective zone cannot store magnetic fields
long enough for the omega-effect to take hold or sustain 11-year cycles. The ra-
diative zone, lacking differential rotation, cannot support the omega-effect. Also,
magnetic flux tubes here will not be able to rise to the surface for the same rea-
sons that convection cannot take place (lack of a strong temperature gradient). It is
proposed that magnetic flux is transported and confined to the layers just below the
convective zone by convective downflows (Brandenburg et al. 1996, Tobias et al.
1998, Dorch and Nordlund 2001). Here, in the interface between the radiative and
convective zones, rotational shear is still present, permitting the omega-effect, and
toroidal magnetic fields can, when sufficiently amplified, still rise up the convective
zone.

These features are incorporated into the class of dynamo models termed surface flux trans-
port models, which have found reasonable success reproducing the main features of the
magnetic cycle summarized earlier in Sect. 2.2 (Dikpati and Gilman 2009).

The presence of magnetic concentrations on the solar surface has a profound effect on
the temperature structure and consequently the radiant properties of the solar atmosphere,
reviewed in Chap. 6.3.1. This is believed to be the main driver of variations in solar irra-
diance, supported by the success of models of solar irradiance based on this mechanism
(Domingo et al. 2009). Other mechanisms have been proposed to explain the observed
solar cycle modulation in solar irradiance. For instance, slow decaying global oscillations
driven by the Coriolis force (Wolff and Hickey 1987), thermal shadowing related to the
toroidal magnetic field (Kuhn et al. 1988) and magnetic modulation of convective flow
patterns (Cossette et al. 2013). However, as stated in Chap. 1.1, direct evidence is still
wanting.

2.3 Solar model atmospheres and intensity spectra

As we will review in Chap. 6, semi-empirical models of solar irradiance are the most so-
phisticated available. The robust reconstruction of solar irradiance through such models
relies on two things. One, an accurate estimation of the prevailing solar magnetism at
the sampled points in time. Two, realistic intensity spectra of the solar surface compo-
nents. The latter is provided by numerical models aimed at returning the stratification of
the solar atmosphere (what is usually termed ‘model atmospheres’) and the emergent in-
tensity spectrum through the solution to the radiative transfer equation, RTE (introduced
next). The ATLAS9 code by Kurucz (1993) is one such model. As noted in Chap. 1.3, in
SATIRE-S, the sunspot and quiet Sun model atmospheres are based on ATLAS9 model
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atmospheres, and the intensity spectra of solar surface components are generated from the
respective model atmospheres using the ATLAS9 code.

2.3.1 The radiative transfer equation

The specific intensity, 1,(7, 7, t) at frequency v, position 7, in direction 77 at time ¢ is de-
fined the energy transported as radiation dE,, per unit frequency, solid angle dw and time
passing through a unit area normal to 7i. The energy passing through an area dA is given
by

dE, = I(V, i, 1) dv dw dt udA, (2.3)

where u is the cosine of the angle between the normal to dA and 7i. A useful property of
the specific intensity is that, in the absence of sources (emission) and sinks (absorption),
it is invariant along a pencil of light. This allows us to describe the change in specific
intensity in a pencil of light from emission and absorption by

pdl,(s) = j(s)ds — a,(s)I,(s)ds, (2.4)

where s denotes path length, j,(s) the emission coefficient and «,(s) the absorption coef-
ficient. The quantity 1/a,(s) is also the local photon mean free path. A more natural way
to describe distance than is by the optical distance, 7, where dt,=a,(s)ds. This allows us
to rewrite equation 2.4 as

dl,
dr,

what is termed the radiative transfer equation (RTE), where S, is the source function,
given by

M Sv - Iv, (25)

i
a,

S, (2.6)

The source function characterizes the combined action of emission and absorption on the
radiation field. Whether a given spectral line manifests as an absorption or emission fea-
ture depends on the source function at that wavelength. As noted in Sect. 2.1.2, spectral
lines are formed above the continuum at similar wavelengths. If the source function is
weaker at the line formation height than at where the continuum at adjacent wavelengths
is formed (i.e., absorption is dominant), the intensity here is weaker than in the nearby
continuum, producing what we see as an absorption feature in the spectrum. Conversely, if
the source function is stronger at the line formation height, an emission feature is formed.

It can be shown that, under conditions of local thermodynamic equilibrium, LTE (ex-
plained in Sect. 2.3.2) and in the absence of scattering, the source function at a given
height is given by Planck’s function at the local temperature. The LTE assumption is
largely valid in the photosphere. As the temperature in the photosphere declines with
height up to the temperature minimum (Fig. 2.2), so does the source function, explaining
why photospheric lines are, with few exceptions, absorption lines (Fig. 2.4).

Apart from the frequency/wavelength dependence, the emission and absorption coef-
ficients, and therefore the optical distance and source function, depend on temperature,
pressure, atomic/molecular abundances and the corresponding occupation numbers®. The

®For a given species, the distribution between the various bound and ionized states.
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2.3 Solar model atmospheres and intensity spectra

goal then is to solve the RTE for the emergent intensity from a solar atmosphere, retriev-
ing along the way the temperature and pressure stratification of said atmosphere. The
problem is intractable without any simplifications. Classical radiative transfer models
such as ATLASDO are set up with the following assumptions.

e Plane-parallel atmosphere: The thickness of the solar atmosphere is small enough
compared to the radius of the Sun that we can treat it as a series of homogenous
plane-parallel layers, reducing the problem down to one dimension. The limitations
of this assumption are discussed in Chap. 7. In this geometry, u is equivalent to the
cosine of the heliocentric angle.

¢ Semi-infinite atmosphere: The solar atmosphere is sufficiently thick that the optical
distance (zero at the observer’s end, increasing with depth into the atmosphere) can
be taken to extend to infinity.

e Radiative equilibrium: All energy transport is by radiation. This is valid since
hydrogen ionization (and therefore convection) in the Sun occurs below the solar
surface (Sect. 2.1.1). It can be shown that under this condition, total flux is constant
with depth.

e Local thermodynamic equilibrium: The infinitesimal slab of material at any given
depth (i.e., between 7, and 7, +dt,), is taken to be in a state of thermodynamic equi-
librium, therefore behaving like a blackbody at the local temperature. This allows
one to calculate the occupation numbers from temperature and electron density (see
next section).

e Steady state: The solar atmosphere does not vary with time. This requires that the
occupation numbers are constant, a condition that is satisfied by the LTE assump-
tion.

e Hydrostatic equilibrium: There are no velocity fields. The pressure stratification is
given by the balance between gas pressure and gravity.

From an initial guess of the temperature stratification, the pressure and electron density
profile can be calculated, and from that the optical distance and the source function. This
is iterated, adjusting the temperature stratification until the solution to the RTE satisfies
the radiative equilibrium condition (i.e., total flux is invariant with depth).

2.3.2 Local thermodynamic equilibrium

Occupation numbers are governed by radiative and collisional bound-bound and bound-
free processes. In this context, by the term ‘radiative’ we refer to transitions that are
spontaneous or triggered by radiation, and by ‘collisional’ transitions effected by col-
lisions. Local thermodynamic equilibrium refers to the condition where the plasma is
collision-dominated enough for the radiation field to relax to the blackbody radiation at
the local temperature. The specific intensity of a blackbody at temperature 7', B,(T),

given by Planck’s law, is
2hv? 1

B,(T) = ,
2 exp (,{’;—VT) -1

2.7)

C
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where / is Planck’s constant, ¢ the speed of light and kg Boltzmann’s constant. Let n
represent number density and E the energy at a given level, the distribution of atoms with
electrons in either of two bound states (denoted i and j) follow Boltzmann’s distribution,

n; 8i (_ El' - E])

— = —¢CX
n; 8 P kBT

(2.8)

where g = 2J+ 1, a statistical weight to account for degenerate sub-levels (J is the angular
momentum quantum number). The analogue for atoms in either of two ionized state is
given by the Saha equation,

n; 2 (27'l'l’l’leklgT)3 gi ( Ei—E/'

) el ) (2.9)

l’lj ne gj

where n, is the electron density and m, the electron mass. Notice, from equations 2.8 and
2.9, that the occupation numbers are functions of temperature and electron density alone.

As stated in the last section, the assumption of steady state requires that the occupation
numbers must be constant. The mathematical expression of the requirement that the rate
of population change from all relevant radiative and collisional processes sum to zero is
what is termed the equations of statistical equilibrium. In the case collisional processes
are not sufficiently dominant that we can assume LTE, occupation numbers must instead
come from the solution to the equations of statistical equilibrium. This is difficult, as the
rate of radiative processes is, by definition, influenced by the prevailing radiation field.
Assuming LTE allows us to express occupation numbers as a function of temperature
and electron density alone, which reduces the problem down to that of optimizing the
temperature stratification to satisfy radiative equilibrium. If LTE cannot be assumed, one
would have to solve the equations of statistical equilibrium for all depths and the RTE
simultaneously in a self-consistent manner, a far more tedious problem. (Particularly as
this would require complete knowledge of the rates of all relevant radiative and collisional
processes.)

In the solar atmosphere, the plasma medium is increasingly sparse and therefore col-
lisionless with height. LTE, while a convenient simplification, is not entirely realistic.
The disparity between intensity spectra from ATLAS9 and measured solar spectra arising
from the assumption of LTE is discussed in Chap. 5.4.3.

2.3.3 Line blanketing and opacity

The solar spectrum, especially in the visible and ultraviolet, is dense with spectral lines
(Figs. 2.4 and 2.5). Formed above the continuum at similar wavelengths (Sect. 2.1.2),
spectral lines block radiation from below, which in turn warms up the deeper layers,
causing it to radiate at higher temperatures (‘backwarming’). Consequently, the emergent
intensity, not just at the spectral lines but also at continuum wavelengths, is spectrally
redistributed. The formation of spectral lines in the higher layers of the solar atmosphere,
by facilitating radiation, also causes it cool, an effect referred to as surface cooling. This,
together with backwarming, enhances the vertical temperature gradient. These effects of
spectral lines on stellar atmospheres and the emergent intensity spectra are collectively
termed line blanketing. The inclusion of line blanketing is crucial to recovering accurate
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solutions of the solar atmosphere and intensity spectra. Ideally, this would be achieved
by performing the computation described in Sect. 2.3.1 at every frequency with a spectral
line. However, the spectral lines in the solar spectrum number in the millions, making this
computationally unfeasible.

Spectral lines are represented in the RTE by their contribution to the absorption co-
efficient. The challenge is to include the opacity’ of the immense number of spectral
lines present as completely as possible while solving the RTE at a manageable number of
frequencies. There are various ways around this problem, each with its advantages and
disadvantages.

e Mean opacities: The idea here is to assume that the atmosphere is what is termed
‘grey’, that is to say, the opacity does not vary with frequency. The problem is
then reduced to calculating a suitably weighted mean opacity. One key advantage
is that the RTE can be solved exactly for a grey atmosphere. However, the spec-
tral distribution in the emergent intensity spectra turns out to be far from realistic.
As line opacities are averaged out, the spectra will be missing spectral lines. The
continuum will be affected as well as the decline in temperature with height will
also be underestimated. In recent years, this approach has been used more to pro-
vide an initial estimate of the temperature stratification than as a solution in itself.
Although, due to the computational simplicity, it is sometimes employed in MHD
simulations to describe the action of radiative energy transfer.

e Opacity distribution function (ODF): This is the approach taken by the ATLAS9
code. The frequency range is divided into intervals. Within each interval, the
absorption coeflicient, «,(s) is evaluated at narrow frequency steps to capture the
rapid variation with frequency from the presence of multiple spectral lines. Follow-
ing that, the opacity distribution function, describing the proportion of the interval
where a,(s) > «a as a function of a, is constructed. When solving the RTE, the
ODF within each interval is sampled at a few @ points to estimate a representative
opacity®. ODFs are computationally expensive to build but it is a one-off task. They
allow line blanketing to be included efficiently with reasonable accuracy by greatly
limiting the number of frequency points that need to sampled. The use of ODFs
however, implicitly assumes that spectral lines do not move in/out of a given inter-
val and relative line strengths do not change with depth and temperature (Mihalas
1978).

e Opacity sampling (OS): The principle of opacity sampling, first proposed by Peytre-
mann (1974), is to restrict the RTE computation to the optimal set of frequency
points necessary to capture most of the underlying physics. Various sampling
schemes have been reported in the literature. For example, sampling at regularly
spaced intervals (Sneden et al. 1976, Jgrgensen 1992), sampling randomly selected
frequencies (Carbon et al. 1984) and adopting a Planck function weighted sam-
pling point distribution (Peytremann 1974, Ekberg et al. 1986). Generally, the ef-

"There are varying definitions. For this discussion, by opacity we refer to the product of the absorption
coefficient and the number density.

8 As compared to sampling a,(s) directly, very few sampling points are needed since ODFs are smooth,
monotonic functions.
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fect of introducing more sampling points on the output model atmosphere dimin-
ishes with the total number of sampling points, eventually making negligible differ-
ent to the outcome (i.e., ‘saturation’). Taking this to imply that OS-based models
approaches the ‘ideal’ model atmosphere from complete sampling asymptotically
with increased sampling, the output model atmosphere at saturation is the closest
to the ideal solution practically achievable. Opacity sampling is computationally
more expensive than using ODFs® but has the advantage that it makes no assump-
tions about the stability of the distribution of «,(s) with depth and temperature.

2.3.4 Three-dimensional model atmospheres

One of the limitations of present-day semi-empirical models of solar irradiance is the use
of intensity spectra generated from plane-parallel model atmospheres. They do not cap-
ture all the complexities of the radiant behaviour of small-scale magnetic concentrations
(reviewed in Chap. 6.4.2). Magnetic flux tubes are not isotropic structures; the apparent
intensity and its centre-to-limb variation is not just a function of the vertical stratification
of the confined atmosphere but also of the viewing geometry (c.f., flux tube model, Chap.
6.3.1).

As stated in Chap. 1.4, one of the objectives of the investigations presented in Chaps. 3
and 4 is to set some of the groundwork necessary for the incorporation of intensity spectra
of solar surface components from three-dimensional model atmospheres into SATIRE-S.
One of our future plans (see Chap. 7) is to employ the results from these studies as obser-
vational constraints on three-dimensional model atmospheres based on MHD simulations.

Central to this aspiration are the three dimensional MHD simulations of the upper con-
vective zone and solar atmosphere from the MURaM!? code (Vogler 2003, 2005, Vogler
et al. 2005), briefly introduced here for information. The MURaM code describes the time
variation of the density p, momentum density p¥, energy density e = ej, +p|V>/2 + |I§|2 /8m
(sum of the internal, kinetic and magnetic energy) and magnetic field strength in a three-
dimensional Cartesian grid. This is achieved by solving the following non-ideal MHD
equations; the continuity equation (representing mass conservation),

p)
P Ly (=0, (2.10)
ot
the equation of motion,
dpv BP BB
WV v o |p+ BL - BBl Z gy s @2.11)
ot 8t )~ 4n -

(p represents pressure, / the 3 X 3 identity matrix and 7 the viscous stress tensor), the

For example, the ATLAS12 code, which is identical to ATLAS9 but for adopting the OS instead of the
ODF approach, requires one to two orders of magnitude more computing time (Castelli 2005).

10n full, the Max-Planck Institute for Solar System Research/University of Chicago Radiative MHD
code.
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energy equation,

de 5 BF\ B-B)
—4+V. — |- =
8t+ v(e+p+ 87‘() I
V- (BxnVxB
( 2’7 X )+V-(L7-I)+V.(KVT)+p(§'\7)+Qrad (2.12)
T

(K denotes thermal conductivity and Q,,q the radiative heating rate) and the induction
equation (discussed in Sect. 2.2). The solar simulation is set up by the following.

e The system of MHD equations is closed by an equation of state. This equation of
state, a set of grids relating temperature and pressure to density and internal energy,
is constructed taking in the solution to Saha’s equation (equation 2.9) for the first
ionization state of the 11 most abundant elements in the solar photosphere.

e Radiative energy transport, dominant above the convective zone, is included through
the radiative heating rate term (Q;,q) in the energy equation (equation 2.12). This
is calculated from the solution to the RTE (assuming LTE). Line opacities are in-
cluded in an approximate manner by rearranging the entire frequency range into
four subsets, grouping frequencies with similar opacities together, which are then
each represented by a bin-averaged opacity (Vogler et al. 2004). This is a very
crude implementation of the ODF approach, forced by the requirement to solve the
RTE in multiple directions at each gridpoint and simulation timestep.

As demonstrated by Unruh et al. (2009) and Afram et al. (2011), one can use the run of
parameters along a line through a given MURaM simulation cube as a model atmosphere
for generating intensity spectra with radiative transfer codes such as the ATLAS9. Afram
et al. (2011) noted that the artificial solar images so generated from MURaM simulations
match the observations from Hinode (Kosugi et al. 2007) well at certain wavelengths
(visible continuum) but less so others (CN and G-band). This prompted our interest to
derive observational constraints on MURaM simulations from HMI data. As we will ex-
plain in Chap. 7, reconciling the intensity contrast of small-scale magnetic concentrations
in HMI and MURaM will also allow us to relate the intensity spectra generated from
MURaM-based model atmospheres to HMI magnetogram signal directly. This will obvi-
ate the empirical faculae filling factor and magnetogram signal relationship in SATIRE-S,
described in Chap. 1.3, and the free parameter it introduces to the model.
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3 Intensity contrast of solar network
and faculae

Yeo, K. L., Solanki, S. K., Krivova, N. A.
Astron. Astrophys., 550, A95 (2013)*

Abstract

Aims. This study aims at setting observational constraints on the continuum and line core
intensity contrast of network and faculae, specifically, their relationship with magnetic
field and disc position.

Methods. Full-disc magnetograms and intensity images by the Helioseismic and Magnetic
Imager (HMI) on-board the Solar Dynamics Observatory (SDO) were employed. Bright
magnetic features, representing network and faculae, were identified and the relationship
between their intensity contrast at continuum and line core with magnetogram signal and
heliocentric angle examined. Care was taken to minimize the inclusion of the magnetic
canopy and straylight from sunspots and pores as network and faculae.

Results. In line with earlier studies, network features, on a per unit magnetic flux basis,
appeared brighter than facular features. Intensity contrasts in the continuum and line
core differ considerably, most notably, they exhibit opposite centre-to-limb variations.
We found this difference in behaviour to likely be due to the different mechanisms of
the formation of the two spectral components. From a simple model based on bivariate
polynomial fits to the measured contrasts we confirmed spectral line changes to be a
significant driver of facular contribution to variation in solar irradiance. The discrepancy
between the continuum contrast reported here and in the literature was shown to arise
mainly from differences in spatial resolution and treatment of magnetic signals adjacent
to sunspots and pores.

Conclusions. HMI is a source of accurate contrasts and low-noise magnetograms cov-
ering the full solar disc. For irradiance studies it is important to consider not just the
contribution from the continuum but also from the spectral lines. In order not to underes-
timate long-term variations in solar irradiance, irradiance models should take the greater
contrast per unit magnetic flux associated with magnetic features with low magnetic flux
into account.

*The contents of this chapter are identical to the printed version of Yeo, K. L., Solanki, S. K., Krivova,
N. A., 2013, Intensity contrast of network and faculae, Astron. Astrophys., 550, A95, reproduced with
permission from Astronomy & Astrophysics, © ESO.
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3 Intensity contrast of solar network and faculae
(The contents of this chapter are identical to the printed version of Yeo, K. L., Solanki, S. K., Krivova, N.
A., 2013, Intensity contrast of network and faculae, Astron. Astrophys., 550, A95.)

3.1 Introduction

Photospheric magnetic activity is the dominant driver of variation in solar irradiance on
rotational and cyclical timescales (Domingo et al. 2009). Magnetic flux in the photosphere
is partly confined to discrete concentrations of kilogauss strengths, generally described in
terms of flux tubes (Stenflo 1973, Spruit and Roberts 1983). The brightness excess, or
contrast relative to the Quiet Sun, of flux tubes is strongly modulated by their size and
position on the solar disc (see Solanki 1993, for a review). Within these magnetic concen-
trations, pressure balance dictates an evacuation of the interior and consequent depression
of the optical depth unity surface (Spruit 1976). The horizontal extent influences the ef-
fect of radiative heating from the surroundings through the side walls on the temperature
structure and contrast (Spruit and Zwaan 1981, Grossmann-Doerth et al. 1994). The po-
sition on the solar disc changes the viewing geometry, and therefore the degree to which
the hot walls are visible and the apparent contrast (Steiner 2005). Models describing the
counteracting effects on solar irradiance of dark sunspots, and bright network and facu-
lae, characterizing the latter by the magnetic filling factor (related to number density) and
position have been successful in reproducing more than 90% of observed variation over
multiple solar cycles (Wenzler et al. 2006, Ball et al. 2012). Other factors, such as incli-
nation, internal dynamics, phase of evolution and surrounding convective motions affect
the brightness excess of a given flux tube, but become less important when considering
the overall behaviour of an ensemble as is the case with such models (Fligge et al. 2000).
The same is assumed of flux tube size, which enters these models only very indirectly,
though it is known to have a significant effect on contrast.

Evidently, the robust reconstruction of solar irradiance variation from models based
on photospheric magnetic activity is contingent, amongst other factors, on a firm under-
standing of the radiant behaviour of magnetic elements, in particular the variation with
size and position on the solar disc. While the radiant behaviour of sunspots is relatively
well known (Chapman et al. 1994, Mathew et al. 2007) and sufficiently described by cur-
rent models (Maltby et al. 1986, Collados et al. 1994, Unruh et al. 1999), the converse
is true of network and faculae, and constitutes one of the main uncertainties in current
solar irradiance reconstructions. This is primarily due to the difficulty in observing such
small-scale features, the detailed structure of which are only starting to be resolved (Lites
et al. 2004, Lagg et al. 2010) with instruments such as the Swedish 1-m Solar Telescope,
SST (Scharmer et al. 2003) and the Imaging Magnetograph eXperiment, IMaX (Martinez
Pillet et al. 2011) on-board SUNRISE (Solanki et al. 2010, Barthol et al. 2011). As such,
the relationship between radiance and size cannot, as yet, be studied directly. It is however
appropriate and more straightforward to consider instead the relationship between appar-
ent intensity contrast and magnetogram signal. Apart from small-scale magnetic fields
observed in the quiet Sun internetwork (Khomenko et al. 2003, Lites et al. 2008, Beck
and Rezaei 2009), magnetic concentrations carrying more than a minimum amount of
flux exhibit similar field strengths regardless of size (Solanki and Schmidt 1993, Solanki
et al. 1999). Flux tubes also tend towards vertical orientation due to magnetic buoyancy.
As flux tubes exhibit a narrow range of magnetic field strengths and are largely vertical,
on average the magnetogram signal at a given image pixel approximately scales with the
proportion of the resolution element occupied by magnetic fields. Also, although the re-
lationship between magnetogram signal and distribution of flux tube sizes is degenerate
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(a given magnetogram signal can, for example, correspond to either a single flux tube or a
concentration of numerous smaller ones), flux tube size appears, on average, to be greater
where the magnetogram signal is greater (Ortiz et al. 2002).

Relatively few studies examining network and faculae contrast variation with mag-
netogram signal and position on the solar disc have been reported in the literature. The
majority of studies from the past two decades employed high-resolution (< 0.5 arcsec)
scans made with ground-based telescopes. For example, the efforts of Topka et al. (1992,
1997) and Lawrence et al. (1993) with the Swedish Vacuum Solar Telescope (SVST) and
of Berger et al. (2007) with the SST. These studies suffer from variable seeing effects
introduced by the Earth’s atmosphere and poor representation of disc positions, a lim-
itation imposed by the relatively narrow FOVs (field-of-view). Ortiz et al. (2002) and
Kobel et al. (2011) repeated the work of Topka et al. (1992, 1997) and Lawrence et al.
(1993) utilising observations from spaceborne instruments, and in so doing avoided seeing
effects. Ortiz et al. (2002) employed full-disc continuum intensity images and longitudi-
nal magnetograms from the Michelson Doppler Imager (MDI) on-board the Solar and
Heliospheric Observatory (SoHO). While full-disc MDI observations presented a more
complete coverage of disc positions, allowing the authors to derive an empirical relation-
ship relating contrast to heliocentric angle and magnetogram signal, the spatial resolution
is significantly poorer than in the SVST studies (4 arcsec versus > 0.3 arcsec). Kobel
et al. (2011) examined the relationship between contrast and magnetogram signal near
disc centre using spectropolarimetric scans from the Solar Optical Telescope (SOT) on-
board Hinode (Kosugi et al. 2007). In this instance, the spatial resolution (0.3 arcsec) is
comparable.

In this paper we discuss continuum and line core intensity contrast of network and
facular elements from full-disc observations by the Helioseismic and Magnetic Imager
(HMI) on-board the Solar Dynamics Observatory (SDO) spacecraft (Schou et al. 2012b),
and their relationship with heliocentric angle and magnetogram signal. The aim here is to
derive stringent observational constraints on the relationship between intensity contrast,
and position on the solar disc and magnetic field. This will be of utility to solar irradiance
reconstructions, especially as HMI data will increasingly be used for this purpose.

This study partly echoes the similar studies discussed above, in particular that by Ortiz
et al. (2002) utilising MDI observations. It presents a significant extension of the effort
by Ortiz et al. (2002) in that we examined the entire solar disc not just in the continuum
but also in the core of the HMI spectral line (Fe I 6173 A). This is of particular rele-
vance to solar irradiance variation given the observation that spectral line changes appear
to have a significant influence on such variations (Mitchell and Livingston 1991, Unruh
et al. 1999, Preminger et al. 2002). Both here and in the study by Ortiz et al. (2002), net-
work and facular elements were distinguished from quiet Sun by the magnetogram signal,
and sunspots and pores by the continuum intensity. HMI magnetograms are significantly
less noisy than MDI magnetograms, allowing us to achieve a similar magnetogram signal
threshold while averaging over a much shorter period (315 seconds versus 20 minutes).
Network and facular features evolve at granular timescales (~ 10 minutes, Berger and Ti-
tle 1996, Wiegelmann et al. 2013). It is pertinent to keep the averaging period below this
in order to avoid smearing and loss of signal. HMI also has a finer spatial resolution (1
arcsec compared to 4 arcsec), allowing weaker unresolved features to be detected at the
same noise level than with MDI. The finer resolution however, also renders intensity fluc-
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tuations from small-scale phenomena such as granulation and filamentation more severe,
which complicates the clear segmentation of sunspots and pores.

In Sect. 3.2.1 we briefly present the HMI instrument, the observables considered and
the data set. The data reduction process by which we identified and derived the intensity
contrast of network and facular features is detailed in Sect. 3.2.2. Following that we
describe the results of our analysis of these measured contrasts (Sect. 3.3). In Sect. 3.4
we discuss our findings in the context of earlier studies and of their relevance to facular
contribution to solar irradiance variation, before presenting our conclusions in Sect. 3.5.

3.2 Method

3.2.1 SDO/HMI data

SDO/HMI (Schou et al. 2012b) is designed for the continuous, full-disc observation of
velocity, magnetic field and intensity on the solar surface. The instrument comprises two
4096 x 4096 pixel CCD cameras observing the Sun at a spatial resolution of 1 arcsec
(corresponding to two pixels). By means of a tunable Lyot filter and two tunable Michel-
son interferometers, the instrument records 3.75-second cadence filtergrams at various
polarizations and wavelengths across the Fe I absorption line at 6173 A. 45-second ca-
dence Dopplergrams, longitudinal magnetograms and intensity (continuum, line depth
and width) images are generated from the filtergram sequence. For this work we con-
sidered the longitudinal magnetic field, continuum intensity and line depth observables.
HMI is full-Stokes capable, however, at time of study, only 720-second cadence Stokes
IQUV parameters and Milne-Eddington inversions were available. As argued in Sect.
3.1, for this study it is important to keep the integration period of measurements below
~ 10 minutes. We opted to utilise the 45-second longitudinal magnetograms also to keep
in line with earlier studies, which examined intensity contrast variation with line-of-sight
magnetic field (e.g. Topka et al. 1992, 1997, Lawrence et al. 1993, Ortiz et al. 2002, Kobel
et al. 2011). More details on the instrument can be found in Schou et al. (2012b).

The data set comprises simultaneous longitudinal magnetograms, continuum intensity
and line depth images from 15 high activity days in the period May 2010 to July 2011.
From each day, for each observable we took the average of the seven 45-second cadence
images from a 315-second period, each rotated to the observation time of the middle im-
age to co-register. Aside from signal-to-noise considerations, this averaging is to suppress
variance from p-mode oscillations. The dates and times of the employed observations are
listed in Table 3.1.

Longitudinal magnetograms describe the line-of-sight component of the average mag-
netic flux density over each resolution element. To first order, for a given flux tube of
intrinsic magnetic field strength B, the unsigned longitudinal magnetogram signal, (B;),
is aB|cosv|, scaled by «, the magnetic filling factor and 7, the inclination of the mag-
netic field from the line-of-sight. As mentioned in the introduction (Sect. 3.1), flux tubes
tend towards vertical orientation. In this study we examined the overall properties of an
ensemble of magnetic elements. Under this condition it is reasonable to assume that on
average y ~ 6, the heliocentric angle, allowing us to employ the magnetogram signal as
a proxy for @B via the quantity (B;) /u, where u = cos 6. This quantity also represents a

44



3.2 Method

Table 3.1: Observation date and time of the data set.

Date Time
(year.month.date)  (hour.minute.second)
2010.05.04 00:03:00
2010.06.11 00:00:00
2010.07.24 00:05:15
2010.08.11 00:00:00
2010.09.02 00:00:00
2010.10.25 00:00:00
2010.11.13 00:00:00
2010.12.04 00:00:00
2011.01.01 00:00:00
2011.02.14 00:00:00
2011.03.08 00:00:00
2011.04.15 00:00:00
2011.05.30 00:00:00
2011.06.02 00:00:00
2011.07.18 00:12:00

Notes. The time listed is the nominal time, in
International Atomic Time (TAI), of the mid-
dle cadence in the sequence of seven consid-
ered from each day.

first-order approximation of the unsigned average magnetic flux density over each reso-
lution element. At time of writing, HMI Dopplergrams and longitudinal magnetograms
were generated from just the first Fourier component of the filtergram sequence resulting
in a V2 factor increase in photon noise from the optimal level (Couvidat 2011, Couvidat
et al. 2012).

Each line depth image was subtracted from the corresponding continuum intensity
image to yield the line core intensity image. Hereafter we will denote the continuum and
line core intensity /¢ and I respectively. At time of writing, HMI data products are gen-
erated from the filtergram sequence assuming a Gaussian form to the Fe I 6173 A line and
delta filter transmission profiles. The effect of these approximations on Doppler velocity
and longitudinal magnetic field measurements are accounted for, but not completely for
the intensity observables (Couvidat 2011, Couvidat et al. 2012). The impact on this study
is assumed minimal as we are only interested in contrast relative to the local mean quiet
Sun level.

3.2.2 Data reduction
3.2.2.1 Magnetogram noise level

The noise level of 315-second HMI magnetograms as a function of position on the solar
disc was determined. For this purpose we used 10 spot-free 315-second magnetograms
recorded over a seven month period in 2010. First, we estimated the centre-to-limb vari-
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ation, CLV of the noise level. The pixels within each magnetogram were ordered by dis-
tance from the disc centre and sampled in successive blocks of 5000 pixels. The blocks
represent concentric rings (near the limb, arcs, as the circumference of the solar disc is
greater than 5000 pixels) of pixels of similar distance from the disc centre. Within each
block we computed the average distance from the disc centre and the standard deviation
of the magnetogram signal (iteratively, with points outside three standard deviations from
the mean excluded from the succeeding iteration till convergence). A fifth-order polyno-
mial in u was fitted to the noise CLV; the mean of the standard deviation versus distance
profiles so derived from the magnetograms. The magnetograms were then normalized by
the noise CLV fit. At each disc position, the standard deviation over a 401 x 401 pixel
window centred on the pixel of interest was computed (iteratively as above) for each nor-
malized magnetogram and the median taken (following Ortiz et al. 2002). (Near the limb,
the standard deviation was computed from just the image pixels that lie within the solar
disc.) A sixth-order polynomial was fitted to the resultant surface (termed here the noise
residue). This fit represents the noise level after the removal of the CLV as a function of
position on the solar disc. The noise level, o, shown in Fig. 3.1, is then the product of
the noise CLV fit and the noise residue fit. The noise level is lowest near disc centre and
increases radially up to the limb (mean of 4.9 G for u > 0.95 and 8.6 G for u < 0.05).
The root-mean-square, RMS difference between the noise level and the noise CLV fit is
0.4 G. The correlation with distance from disc centre and relatively small deviation from
circular symmetry suggests photon noise is the dominant component. The noise level
of 45-second magnetograms, derived by a like analysis, has a similar, albeit accentuated
form. The ratio between the noise level, averaged over the solar disc, of 45-second and
315-second magnetograms is 2.7 (approximately V7). The noise level of 45-second mag-
netograms determined by Liu et al. (2012), via a vastly different method, also exhibits a
similar CLV.

3.2.2.2 Quiet Sun intensity

For this part of the data reduction process, where we examined how quiet Sun intensity
and the noise level of the intensity images vary with position on the solar disc, we counted
all pixels with (B;) /u < 10 G as corresponding to quiet Sun (QS).

The continuum and line core intensity images were normalized by the fifth-order poly-
nomial in g fit to the quiet Sun pixels to correct for limb-darkening (following Neckel and
Labs 1994). In the case of the line core intensity images, this was also to correct for
the centre-to-limb broadening of the Fe I 6173 A line (Norton et al. 2006). There are
distortions in the intensity images such that after this normalization, the mean quiet Sun
intensity is not constant at unity but varying with position on the solar disc. The mean
quiet Sun intensity at the continuum and line core as a function of position on the solar
disc, denoted (Icqs) and (I qs) respectively, were determined for each of the selected
days. A 401 x 401 pixel window was centred on each disc position and the mean con-
tinuum and line core intensity of all quiet Sun pixels inside the window computed. For
each day represented in the data set, (Icos) and (I gs) were given by the fifth-order poly-
nomial fits to the mean quiet Sun continuum and line core intensity surfaces so derived
from the images from the day. This analysis had to be repeated for each selected day as
we found the spatial distribution of (I gs) and (I1 os) to vary significantly over the pe-
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Figure 3.1: Magnetogram noise level in units of Gauss, as a function of disc position,
sampled at 16-pixel intervals in either direction on the CCD.

riod of observation. The RMS value of (Icqs) — 1 and (I os) — 1, the scale of the image
distortions, is on average 0.004 and 0.01 respectively.

The CLV of the standard deviation of quiet Sun intensity at continuum, o, and line
core, 07, s were determined, from I/ (Ic,qs) and I/ (I qs), by an analysis similar to the
procedure used to derive the magnetogram noise CLV. In Fig. 3.2, we express o7 s and
01, os» Which carry information on the noise level of the intensity images and granulation
contrast, as a function of u. Going from disc centre, o, decreases gradually down to
u ~ 0.15 before increasing rapidly towards the limb. The monotonic decline from disc
centre to u ~ 0.15 resembles a similar trend in the CLV of granulation contrast reported by
various authors (Sanchez Cuberes et al. 2000, 2003, and references therein). o, exhibits
a similar, though less accentuated, trend. For both o s and o, the u-dependence from
disc centre to u ~ 0.3 is approximately linear, as highlighted by the linear fits (dotted
lines). The elevation near limb is a direct consequence of limb-darkening; the diminishing
signal-to-noise ratio translates into an escalating noise level in the normalized intensity.
Given the gross scatter towards the limb, we excluded pixels outside u = 0.1, representing
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Figure 3.2: Standard deviation of quiet Sun ((B;) /u < 10 G) intensity at continuum,
Tieqs (red) and line core, o, o (blue) as a function of u. The dotted lines represents the
linear fit to o s and o o, over the range 0.3 < p < 1.0 (largely hidden due to the close
agreement), extrapolated to u = 0. The dashed line denotes the threshold (¢ = 0.1) below
which pixels were excluded from the rest of the study in view of the scatter in measured
intensity.

about 1% of the solar disc by area, from further consideration.

3.2.2.3 Identification of network and faculae

Network and facular features, the subject of this work, were identified by first distinguish-
ing them from quiet Sun by the magnetogram signal and from sunspots and pores by the
continuum intensity. Pixels with (B;) /u > 30 g, /1t (~ 14G near disc centre, where o (g, 1S
lowest) were considered to harbour substantive magnetic fields. Isolated pixels above this
threshold were assumed false positives and excluded. Hereafter we will denote 30,/ 1t
as ((B;) /u)y- Pixels with I < 0.89 were counted as sunspots and pores. This value of
the threshold is given by the mean of the minimum value of (Icgs) — 307, from each
selected day. It was so defined to distinguish sunspots and pores with minimal wrongful
inclusion of intergranular lanes and magnetic features darker than the quiet Sun in the
continuum. The continuum intensity versus u scatter plot of network and facular pixels
for one of the selected days (June 2, 2011) is shown in Fig. 3.3 (top panel). The pixels
identified as network and faculae lie clearly above the continuum intensity threshold.

In HMI magnetograms, magnetic signals produced by sunspots and pores extend be-
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Figure 3.3: Continuum intensity, Ic versus u (top) and (B;) /u versus u (bottom) scatter
plots of pixels counted as network and faculae (green) from June 2, 2011. The pixels
counted as sunspots and pores by the continuum intensity threshold and the magnetic
extension removal procedure (see text) are represented by the cyan and blue dots respec-
tively. The red dots represent network and faculae pixels that lie above the cutoff (B;) /u
level. The dashed lines denote the continuum intensity threshold (top) and the cutoff
(B;) /u level (bottom).
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yond their boundary (in our analysis, the /- = 0.89 locus). This is illustrated for a sunspot
near disc centre and another that is close to the limb on one of the selected days (July
18, 2011) in Fig. 3.4. The I = 0.89 locus is plotted over the continuum intensity image
and magnetogram of both sunspots (red contours) to highlight the extension of the mag-
netogram signal. This arises predominantly from the lateral expansion of their magnetic
field with height (i.e., magnetic canopy) and partly also from the effect of straylight from
sunspots and pores on nearby pixels. Towards the limb, these magnetic features become
more extensive and bipolar due to the acute orientation of the largely horizontal magnetic
canopy with the line-of-sight (Giovanelli 1980), as illustrated by the near limb example
(bottom panels). Figure 3.4 also highlights the presence of bright sunspot structures (such
as bright penumbral filaments) that lie above the continuum intensity threshold. All of
these could easily be misidentified as network and faculae by the simple application of
the magnetogram signal and continuum intensity thresholds described earlier.

To account for the effects of straylight around sunspots and pores, magnetic canopies
and bright sunspot structures, we expanded sunspots and pores to include adjoining mag-
netic signal. Pixels adjacent to sunspots and pores that lie above ((B;) /)y are reassigned
to these features. This was iterated till no more pixels could be added. Here we will re-
fer to this process as magnetic extension removal. Simply adding only adjoining pixels
within a threshold distance from sunspots and pores instead is not useful as the physical
extent of magnetic canopies exhibits a broad dynamic range, dependent on the position
and physical properties of the associated feature. Kobel et al. (2011), in a similar study
with Hinode/SOT scans, expanded pores to include adjoining pixels above a threshold
magnetogram signal level of 200 G to account for their influence on surrounding pixels
from telescope diffraction. While this technique appears to work for Hinode/SOT scans,
here we observed that adding only adjoining pixels above a threshold magnetogram signal
level results in the appearance of a knee in contrast versus (B;) /u plots at this threshold
level regardless of the value chosen. For these reasons we expanded sunspots and pores
to include all adjoining magnetic signal, though this conservative approach inevitably
assigns too many pixels, including legitimate faculae, to sunspots and pores.

All pixels identified as magnetic, and not as sunspots and pores or their extensions,
were taken to correspond to network and faculae. Figure 3.3 shows the continuum in-
tensity versus u (top panel) and (B;) /i versus u (bottom panel) scatter plots of pixels
identified as network and faculae (green), and counted as sunspots and pores by the mag-
netic extension removal procedure (blue) from June 2, 2011. The pixels captured by the
magnetic extension removal procedure are not well distinguished from network and fac-
ulae by the continuum intensity; largely hidden by network and faculae in the continuum
intensity versus u scatter plot. It is clear from the (B;) /u versus u scatter plots however
that the two classes are significantly different magnetic populations. As noted earlier, this
procedure is likely too severe and results in the exclusion of some true faculae. However,
for the purpose of this study it is not necessary to identify all faculae present and far more
important to avoid false positives.

Finally, network and facular pixels with (B;) /u above a conservative cutoff level of
800 G were excluded from the subsequent analysis (following Ball et al. 2011, 2012).
They are mostly bright features concentrated near the limb (as illustrated for June 2, 2011
by the red dots in Fig. 3.3) associated with sunspots and pores. (The relatively high
(By) /u values likely reflect nearly horizontal fields, for which |cosy| > u towards the

50



3.2 Method

Figure 3.4: Continuum intensity image (top left) and magnetogram (top right) from July
18, 2011 and the corresponding 50 x 50 arcsec insets of the boxed sunspot features near
disc centre (middle panels) and limb (bottom panels). The red contours represent the
continuum intensity sunspot boundary (the Ic = 0.89 locus). The continuum intensity
image is saturated at 0.6 and 1.2, and the magnetogram at +80G (to highlight the extension
of the magnetic signal from these sunspots beyond the intensity boundary).
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Figure 3.5: HMI continuum intensity image (left), magnetogram (middle) and classifica-
tion image (right) from May 30, 2011. The classification image indicates the positions
of the pixels classed as network and faculae (white), and sunspots and pores (black).
The latter includes magnetic signal adjoined to sunspots and pores, counted to them to
avoid counting their magnetic canopy, possible bright structures within penumbrae and
straylight as network and faculae erroneously. The continuum intensity image and mag-
netogram are scaled between 0.6 and 1.2, and —80 G and 80 G respectively as in Fig.
34

limb.) This is to account for non-facular magnetic signals that might have been missed by
the continuum intensity threshold and the magnetic extension removal procedure.

The classification image, indicating the positions of the pixels classed as sunspot and
pores, and network and faculae for another of the selected days (May 30, 2011) is shown
in Fig. 3.5. In spite of the severe measures taken to minimise the influence of sunspots
and pores, a fair fraction of active region faculae remains. In total, 7.6 x 10° pixels
were identified as corresponding to network and facular features from the data set (i.e.
4.5% of all solar disc pixels in the 15 continuum intensity image and magnetogram pairs
examined).

3.2.2.4 Definition of intensity contrast

The average continuum and line core intensity contrast over a given resolution element,
C). and C;, were defined as:

_ e (xy) = (legs) (. )
CIC (.X, )’) - <IC7QS> (X, y)

3.1)

and
O a2 D) = (o) (1)
Y= (ILgs) (x,y)

respectively, where (x, y) denote position on the CCD array. These two quantities, com-
puted for each of the pixels identified as corresponding to network and facular features,
represent the normalized difference between the continuum and line core intensities at a
given pixel and the local mean quiet Sun levels as given by the mean quiet Sun continuum
and line core intensity surfaces, (Icos) and (I1 os), defined earlier in Sect. 3.2.2.2.

(3.2)
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In summary, here we extracted an ensemble of 7.6 X 10° continuum and line core
intensity contrast measurements corresponding to network and facular features cover-
ing as wide a range of heliocentric angles (0.1 < u < 1.0) and magnetogram signal
(B /Wty < (Br) /u < 800 G) as reasonably possible from the data set for the succeed-
ing analysis.

3.3 Results

3.3.1 Variation with position and magnetogram signal

The positions of pixels identified as network and faculae, classified by (B;) /u, in a quiet
region and an active region on one of the selected days (April 15, 2011) is shown in Fig
3.6. As expected, at HMI’s spatial resolution, magnetic signals with higher (B;) /u are
largely concentrated in active regions. Though magnetic signals with lower (B;) /u are
present in both quiet Sun and active regions, the fact that the solar disc is predominantly
quiet Sun means these signals correspond largely to quiet Sun network and internetwork.

To elucidate the CLV of intensity contrast, we grouped the measured contrasts into
eight intervals of (B;) /u spanning the range ((B;) /1)ty < (B;) /u < 800 G and within
each interval into y bins 0.05 wide. As the distribution of magnetogram signal is skewed
towards the lower bound (Wenzler et al. 2004, Parnell et al. 2009), the (B;) /u intervals
were defined such that the widths slide from about 36 G (((B;) /i)y < (By) /1 < 50 G)
to 160 G (640 G < (B;) /u < 800 G) to ensure reasonable statistics in every interval.
In grouping the measured contrasts into these broad (B;) /u intervals we are effectively
grouping the network and facular features by aB (Sect. 3.2.1), neglecting differences in
quiet Sun network and active region faculae contrast (Lawrence et al. 1993, Kobel et al.
2011). This is reasonable since the lower intervals are mainly populated by quiet Sun
network and the higher intervals by active region faculae. The bin-averaged continuum
and line core intensity contrast as a function of u and the cubic polynomial fit for each of
the (B;) /u intervals are expressed in Figs. 3.7 and 3.8 respectively. For brevity we will
refer to these bin-averaged contrasts as the contrast CLV profiles.

The truncated u coverage in the lower (B;) /u intervals is due to foreshortening. As
flux tubes are mainly vertical, going from disc centre to the limb the corresponding lon-
gitudinal magnetogram signal diminishes, eventually dropping below the threshold level
which itself rises towards the limb (Fig. 3.1). The fluctuations near the limb, more pro-
nounced in the higher (B;) /u intervals, is due to the inhomogeneous distribution of active
regions on the solar disc, where stronger magnetic signals are concentrated on the selected
days. Diminishing statistics also play a role; there are comparatively fewer pixels in the
higher (B;) /u intervals.

To investigate the (B;) /u-dependence of intensity contrast, the measured contrasts
were grouped into eight u intervals spanning the range 0.1 < u < 1.0 and within each
interval into (B;) /u bins 40 G wide. The u intervals were defined such that they represent
an approximately equal proportion of the solar disc by area. The bin-averaged continuum
and line core intensity contrasts as a function of (B;) /u and the cubic polynomial fit for
each of the y intervals are shown in Figs. 3.9 and 3.10 respectively. For brevity we
will refer to these bin-averaged contrasts as the contrast versus (B;) /u profiles. These
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Figure 3.6: 100 x 100 arcsec insets of a quiet region near disc centre (1 > 0.99, left) and
active region NOAA 11187 (0.82 < u < 0.91, right) of the continuum intensity image
from April 15, 2011. The cyan contours indicate the boundary of network and faculae.
The blue, green and red contours correspond to (B;) /u = 100 G, 280 G and 500 G,
respectively.

profiles represent the variation of continuum and line core intensity contrast ranging from
internetwork and weak network to active region faculae at different distances from disc
centre.

The cubic polynomial fit to each contrast versus (B;) /u profile included the zeroth-
degree term. This produced better fits to data at low (B;) /u than constraining the fits to
pass through the origin by excluding it. Approaching (B;) /u = 0 G, the contrast versus
(By) /u profiles decline to weak, broadly negative levels. Although the cubic polynomial
fits express good agreement with measurements, they are too simple to accommodate this
decline well without including the unphysical zeroth-degree term. For similar considera-
tions we included the zeroth-degree term in the cubic polynomial fits to the contrast CLV
profiles, so rendering them non-zero at i = 0. These apparent offsets in the contrast CLV
and contrast versus (B;) /u profiles probably reflects the fact that magnetic elements are
generally located in dark intergranular lanes.

In Fig. 3.11 we show a recomputation of the continuum intensity contrast versus
(By) [u profile over 0.94 < u < 1.00 from Fig. 3.9 where we included pixels below
the magnetogram signal threshold and not identified as sunspots and pores (i.e., quiet
Sun), and grouped the measurements by (B;) /i in bins 10 G (instead of 40 G) wide. Ap-
proaching (B;) /u = 0 G, contrast declines gradually to below the reference level before
turning back up sharply towards the origin. Similar trends were reported by Narayan and
Scharmer (2010), Kobel et al. (2011) and Schnerr and Spruit (2011), who termed it the
fishhook feature, based on SST and Hinode/SOT disc centre scans. Schnerr and Spruit
(2011) demonstrated the resolution of granules and dark intergranular lanes, where mag-
netic flux concentrates, at the relatively fine spatial resolution of both instruments (0.15
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Figure 3.7: CLV of continuum intensity contrast, C;. over eight (B;) /u intervals. The
filled circles and error bars represent the mean and standard deviation of C;. grouped by
w in bins 0.05 wide. The red curves are third-order polynomial fits to the filled circles and
the blue curves are the cross-sections of the surface fit to Cj. at the mean (B;) /u within
each interval (largely hidden due to the close agreement), extrapolated to u = 0 (dotted
segments). The horizontal dashed lines denote the mean quiet Sun level.

and 0.3 arcsec respectively) to be the cause of the fishhook feature at low magnetogram
signal levels. Though HMI has a coarser resolution (1 arcsec) than either Hinode/SOT
or SST, the fishhook feature near (B;) /u = 0 G in Fig. 3.11 indicates granulation is still
sufficiently resolved to have a measurable impact on apparent contrast.

Comparing the measured intensity contrast at continuum and line core derived here,
the most distinct difference is the opposite CLV. Confining this discussion to broad trends
in the measurements, continuum intensity contrast is weakest near disc centre and in-
creases up to a maximum before declining quite significantly towards the limb (Fig. 3.7).
Conversely, line core intensity contrast is strongest near disc centre and declines mono-
tonically from disc centre to limb (Fig. 3.8). Line core intensity is modulated by line
strength and shape, and continuum intensity. The centre-to-limb decline exhibited by the
measured line core intensity contrast arises from variation in line strength and shape (if
this were absent the continuum and line core intensity contrast would vary proportionally)
and would be even more acute than reflected in the CLV profiles if not partially offset by
the accompanying increase in continuum intensity. This will be demonstrated, along with
a closer discussion of the diverging trends exhibited by both sets of measurements in Sect
3.4.3.
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Figure 3.8: Similar to Fig. 3.7, but for line core intensity contrast.

3.3.2 Surface fits

The cubic polynomial fit to the contrast CLV and contrast versus (B;) /u profiles repro-
duced the observations well (Figs. 3.7 to 3.10). Given this, we fit the entire set of mea-
sured network and faculae continuum and line core intensity contrast as functions of u
and (B;) /u (following Ortiz et al. 2002). The measured contrasts were grouped by u and
the natural logarithm of (B;) /u into a grid of 36 x 41 bins. The grid spans 0.1 < u < 1.0
and 2.6 < In((B;) /i) < 6.7 or about 14 G to 810 G. Each bin represents an interval of
0.025 in u and 0.1 in In ({(B;) /u). The logarithmic binning in (B;) /u is to compensate for
the bottom-heavy distribution of magnetogram signal, to ensure the distribution of points
is not too concentrated in the lower magnetogram signal bins. At each grid element we
considered the mean yu, (B;) /u, continuum and line core intensity contrast of the points
within the bin. In accord with the cubic polynomial fits to the individual contrast CLV and
contrast versus (B;) /u profiles, bivariate polynomials cubic in y and (B;) /u were fitted
to the bin-averaged continuum and line core intensity contrast. The zeroth y and (B;) /u
orders were included based on similar considerations as with the polynomial fits to the
contrast CLV and contrast versus (B;) /u profiles. In linear algebra notation, the surface
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Figure 3.9: Continuum intensity contrast, C. as a function of (B;) /u over eight u inter-
vals. The filled circles and error bars represent the mean and standard deviation of Cj.
grouped by (B;) /i in 40 G bins. The red and blue curves and the horizontal dashed lines

have the same meanings as in Fig. 3.7.
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respectively. Since contrast is wavelength dependent and bright magnetic features are
largely unresolved at HMI’s spatial resolution, these relationships are valid only at the
instrument’s operating wavelength (6173 A) and spatial resolution (1 arcsec).
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Figure 3.10: Similar to Fig. 3.9, but for line core intensity contrast.

The surface fits are illustrated as surface and grey scale plots in Figs. 3.12 and 3.13.
Cross-sections to the surface fits are plotted in Figs. 3.7 to 3.10 (blue curves) along the
contrast CLV and contrast versus (B;) /u profiles, and the corresponding cubic polynomial
fits (red curves). The surface fits are in excellent agreement with the cubic polynomial
fits almost everywhere. The agreement is so close that the surface fit cross-sections are
completely hidden by the cubic polynomial fits in most places. The advantage with these
surface fits is that they allow us to describe how the measured contrasts vary with y and
(B;) /u almost equally well and with far fewer free parameters than by the cubic polyno-
mial fit to each individual contrast CLV and contrast versus (B;) /u profile (32 versus 128
free parameters; 4 from each of 32 profiles).

3.3.3 Intrinsic contrast

At each (B;) /u interval, we estimated the maximum continuum intensity contrast, Cj. max
and the heliocentric angle at which it is reached, pyax from the cubic polynomial fit to the
contrast CLV profile (Fig. 3.7). Following Ortiz et al. (2002) we term Cj. max/ ((B;) /1)
the specific contrast; estimated here from the quotient of C;. . and ((B;) /i), the mean
(By) [u of all the points within a given (B;) /u interval. The values of pmax, Cj.max and
Clemax/ ((By) /) are shown in Fig. 3.14 as a function of (B;) /u where the abscissa is
given by ((B;) /u). Also plotted are the values obtained from the surface fit (Equation
3.3). The uncertainty in Cj.max 1S given by the RMS difference between the contrast
CLV profiles and their cubic polynomial fits. The uncertainty in Cj.max/ ((B;) /p) was
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Figure 3.11: Continuum intensity contrast, C;. of quiet Sun, network and faculae over
0.94 < p < 1.00 as a function of (B;) /u. The filled circles represent the mean of C.
grouped by (B;) /i in bins 10 G wide. The dashed line denotes the mean quiet Sun level.

estimated from the uncertainty in Cj.max and the standard error of ((B;) /u) employing
standard propagation of errors.

While the position of the continuum intensity contrast CLV maximum varies with
(By) /u, line core intensity contrast at a given (B;) /u is invariably strongest at disc centre
(Fig. 3.8) as pointed out in Sect. 3.3.1. Maximum line core intensity contrast (i.e., the
value at u = 1), Cy_,=1 and specific contrast, Cy, -1/ ((B;) /1) derived similarly as above
from the cubic polynomial fit to the contrast CLV profiles are expressed in Fig. 3.15 as a
function of (B;) /u, along with the values obtained from the surface fit (Eq. 3.4). In both
instances, there is some disparity between the values obtained from the cubic polynomial
fits to the contrast CLV profiles and the surface fit below (B;) /u ~ 100 G. This is likely
due to the truncated coverage of disc positions at low (B;) /u discussed in Sect. 3.3.1.

Network and facular features exhibit similar, kilogauss strength magnetic fields (Sten-
flo 1973, Solanki and Stenflo 1984, Rabin 1992, Riiedi et al. 1992). This means, in
general, the intrinsic magnetic field strength of magnetic elements, B does not vary sig-
nificantly with (B;) /u and is also well above the range of (B;) /u examined here, thus
allowing us to assume that the magnetic filling factor, @ never saturates. As mentioned in
Sect. 3.2.1, the quantity (B;) /u is representative of @B. Taking these into account, within
the limits of this study, (B;) /u is representative of the magnetic filling factor. Therefore
specific contrast, as it is defined and derived here, is a measure of the average intrinsic
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Figure 3.12: Grey scale plot of the polynomial fit to bin-averaged continuum intensity
contrast over the region where data exist, sampled at the mid-point of each bin in the
36 x 41 bins grid employed to compute the averages.

contrast or heating efficiency of magnetic features within a given (B;) /u interval. Like
the intrinsic field strength, the intrinsic contrast cannot be measured directly because most
network and facular features are not resolved at HMI’s spatial resolution and due to the
effect of scattered light.

Above (B;) /u ~ 100 G, the heliocentric angle at which continuum intensity contrast
reaches its maximum decreases (i.e., the maximum is reached further away from disc
centre) with increasing (B;) /u (Fig. 3.14). A similar trend was reported by Ortiz et al.
(2002) based on MDI continuum observations. Assuming the hot wall model (Spruit
1976) and a simple flux tube geometry, the authors demonstrated this to imply the average
size of flux tubes increases with (B;) /u.

Both continuum and line core intensity specific contrast increases strongly with de-
creasing (B;) /u up to a maximum (at around 200 and 50 G respectively) before gradually
declining (Figs. 3.14 and 3.15). The decline at low (B;) /u aside, the observed trends
suggests that brightness or temperature excess in both the lower and middle photosphere
in flux tubes decreases with increasing magnetic filling factor (the continuum and line
core formation height of the Fe 16173 A line is about 20 and 300 km respectively, Norton
et al. 2006). This may partly be due to the increasing average size of flux tubes; larger
magnetic elements appear darker as lateral heating is less efficient (Spruit 1976, Spruit
and Zwaan 1981, Grossmann-Doerth et al. 1994) and magnetic suppression of surround-
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Figure 3.13: Same as Fig. 3.12, but for line core intensity contrast.

ing convective energy transport is more severe (Kobel et al. 2012). The total radiation
flux derived from MHD simulations by Vogler (2005) exhibits a similar behaviour. This
result also agrees with the observations that network elements appear hotter than facular
elements in the lower and middle photosphere (Solanki and Stenflo 1984, Solanki 1986,
Keller et al. 1990) and G-band bright points are brighter in the quiet Sun than in active
regions (Romano et al. 2012).

The decline in both continuum and line core specific contrast at low (B;) /u suggests
a diminishing heating efficiency of the smallest magnetic elements but is more likely due
to the influence of intergranular lanes on apparent contrast. (As with the low contrast
towards (B;) /u = 0 G in the contrast versus (B;) /u profiles discussed in Sect. 3.3.1.) The
probable impact of the truncated coverage of disc positions at low (B;) /u on the quality
of the fits to measured contrast here might have also played a role.

3.4 Discussion

3.4.1 Comparison with Ortiz et al. (2002)

A comparison of the results reported here for continuum intensity with those from the
similar study based on full-disc MDI observations by Ortiz et al. (2002) reveal several
notable differences.

e The contrast reported here is generally higher, by as much as a factor of about
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Figure 3.14: Heliocentric angle at which continuum intensity contrast reaches its
maximum, pm.x (top), as well as the contrast, C;.m.x (middle) and specific contrast,
Ciomax/ ((By) /1) (bottom) there, as a function of (B;) /u. The filled circles represent the
values derived from the cubic polynomial fit to the contrast CLV profiles (Fig. 3.7) and the
error bars the uncertainty in Cj. max and C.max/ ((B;) /p). The curves follow the solution
from the surface fit to measured continuum intensity contrast (Eq. 3.3).
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Figure 3.15: Line core intensity contrast, Cj ,; (top) and specific contrast,
Ciu=1/ By /1) (bottom) at disc centre as a function of (B;) /u. The filled circles rep-
resent the values derived from the cubic polynomial fit to the contrast CLV profiles (Fig.
3.8) and the error bars the uncertainty in Cy_,-; and C;,_,-1/ ({B;) /). The curves follow
the solution from the surface fit to measured line core intensity contrast (Eq. 3.4).

two. The difference between the two studies becomes increasingly pronounced
with (B;) /u and distance from disc centre.

e Approaching disc centre, contrast appears to level off in our study (Fig. 3.7). In the
earlier work, the contrast declines approximately linearly towards u = 1 and there
are also marked fluctuations about u ~ 0.95 (Fig. 3, Ortiz et al. 2002).

e Near (B;) /u = 0 G contrast is negative here (Fig. 3.9) but positive in the previous
study (Fig. 4, Ortiz et al. 2002).

e The specific contrast (a proxy of intrinsic contrast given by the quotient of contrast
at the maximum point on the CLV profile and (B;) /u) presented here ascends with
(By) /i up to (Bj) /u ~ 200 G before descending monotonically thereafter (Fig.
3.14). Ortiz et al. (2002) found specific contrast to decline approximately linearly
with (B;) /u (Fig. 8 in their paper).
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e For (B;) /u = 200 G, the specific contrast reported here is also nearly double that in
the earlier work.

The lower contrast and specific contrast (for (B;) /u = 200 G), and difference in CLV
towards disc centre reported by Ortiz et al. (2002) is likely, as we will show shortly, to
be primarily due to the misidentification of the magnetic signal adjacent to sunspots and
pores as network and faculae (discussed in Sect. 3.2.2) by those authors. Care was taken
here to minimise such misidentification. The negative contrast towards (B;) /ju = 0 G
found here, as argued in Sect. 3.3.1, arises from the resolution of intergranular lanes at
HMTI’s spatial resolution. We demonstrate below that this difference in spatial resolution
also contributes to the opposite (B;) /u-dependence of specific contrast below (B;) /u ~
200 G reported here and by Ortiz et al. (2002).

To recreate the conditions of the study by Ortiz et al. (2002), we recomputed contin-
uum intensity contrast and specific contrast from the HMI data set employed here without
applying the magnetic extension removal procedure, binning the data set spatially by 4 x4
pixels to be consistent with MDI’s spatial resolution and (very approximately) transform-
ing measured contrast to the corresponding value at MDI’s operating wavelength, 6768
A. This last transformation was carried out by describing quiet Sun, network and fac-
ulae as black bodies, and taking an effective temperature of 5800 K for the quiet Sun.
This allowed us to crudely convert contrast measured at 6173 A by HMI into the corre-
sponding contrast at 6768 A. It should be noted that this is a first-order approximation
of the wavelength dependence of contrast which ignores the variation of the continuum
formation height with wavelength (Solanki and Unruh 1998, Siitterlin et al. 1999, Nor-
ton et al. 2006). In Fig. 3.16 we depict the contrast CLV profile of network patterns
(50 G < (B;) /u < 100 G) and active region faculae (500 G < (B;) /u < 640 G) after the
application of the above procedure. Also plotted are the similarly treated contrast versus
(By) /u profiles about disc centre (0.94 < u < 1.00) and near limb (0.36 < u < 0.50). The
specific contrasts from this process are illustrated in Fig. 3.17.

Excluding the procedure to remove magnetic signal adjoined to sunspots and pores
produced the largest effect. It produced an overall drop in contrast (cyan series, Fig.
3.16) and also reproduced the linear CLV near disc centre observed by Ortiz et al. (2002)
(640 G < (B)) /u < 800 G panel). The effects of the resizing of the data set (blue series)
and the projection of measured contrasts to MDI’s operating wavelength (green series) are
relatively minor. The contrast profiles derived from the application of all three procedures
(red series) are, in terms of both form and magnitude, in general agreement with the
profiles covering similar disc positions and magnetogram signal levels reported by Ortiz
et al. (2002) (Figs. 3 and 4 in their paper).

Similarly for specific contrast, the result of applying all three processes (red series,
Fig. 3.17) resembles the measurements presented by Ortiz et al. (2002) (Fig. 8 in their
paper) and the greatest effect on magnitude came from the omission of the magnetic
extension removal procedure. Binning the data set down to a MDI-like resolution also
produced a significant increase in specific contrast at low (B;) /u. After combining with
the other two processes, this rendered specific contrast approximately level below 200 G.
The influence of granulation on apparent contrast at HMI’s spatial resolution plays a role
in the observed decline in specific contrast from (B;) /u ~ 200 G towards (B;) /u = 0 G.

The largest effect is produced by the removal of magnetic signal adjoining to sunspots
and pores. Hence it is worth considering this process more closely. The procedure by
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Figure 3.16: Selected continuum intensity contrast CLV (left) and contrast versus (B;) /u
(right) profiles from Figs. 3.7 and 3.9 (open circles and dotted curves). The selected
profiles correspond to quiet Sun network (top left), active region faculae (bottom left), disc
centre (top right) and near limb (bottom right). The cyan, blue and green series denote the
profiles obtained by omitting the magnetic extension removal procedure, spatially binning
the data set by 4 x4 pixels and converting measured contrast to 6768 AE respectively. The
red series indicates the results of taking into account all these three considerations. The
circles represent the mean of measured contrast binned as in the referenced figures and
the curves the corresponding third-order polynomial fits. The dashed lines mark the mean
quiet Sun level.

which we removed these signals inevitably discriminates against active region faculae,
and various authors have noted lower contrast in active region faculae compared to quiet
Sun network at similar magnetogram signal levels (Lawrence et al. 1993, Kobel et al.
2011), but we do not reckon this to be the reason for the greater contrast reported here. In
spite of the severe steps taken to exclude magnetic signals adjoined to sunspots and pores,
there remains a fair representation of active region faculae in the measured contrasts (Fig.
3.5). Also, at HMI’s spatial resolution, network patterns are largely confined to the lower
half of the (B;) /u range considered (Fig. 3.6) while the difference between the contrast
reported here and by Ortiz et al. (2002) is more pronounced at higher (B;) /u.

Following the example of earlier studies (e.g. Chapman 1980), Ortiz et al. (2002) fit
quadratic polynomials to continuum intensity contrast CLV profiles derived in their study.
Here we fit cubic polynomials instead because of the different CLV near disc centre which

65



3 Intensity contrast of solar network and faculae
(The contents of this chapter are identical to the printed version of Yeo, K. L., Solanki, S. K., Krivova, N.
A., 2013, Intensity contrast of network and faculae, Astron. Astrophys., 550, A95.)

Clc,mox/<<Bl>//u> [x1 0_46_1]

O 200 400 600 800
<B>/u [C]

Figure 3.17: Continuum intensity specific contrast as a function of (B;) /u from Fig. 3.14
(open circles). The cyan, blue and green filled circles represent the same quantity obtained
by omitting the magnetic extension removal procedure, spatially binning the data set by
4 x 4 pixels and converting measured contrast to 6768 AE respectively. The red filled
circles represent the result of taking into account all these three considerations. The points
in each series are joined by straight lines to aid the eye.

we just demonstrated to arise from our treatment of magnetic signal adjoined to sunspots
and pores.

We surmise that the fluctuations about disc centre in the continuum intensity CLV pro-
files reported by Ortiz et al. (2002) is due to the non-homogeneous distribution of active
regions over the solar disc. Each unit u represents a greater radial distance towards the
disc centre rendering these fluctuations increasingly abrupt. Not accounting for magnetic
signal adjoined to sunspots and pores probably accentuated these fluctuations.

3.4.2 Continuum intensity contrast about disc centre

In this section we compare the magnetogram signal dependence of continuum intensity
contrast near disc centre reported here with that from other recent studies, summarized
in Table 3.2. Apart from the work of Ortiz et al. (2002), the CLV of continuum inten-
sity contrast has been examined in detail previously by Topka et al. (1992, 1997) and
Lawrence et al. (1993). While we and Ortiz et al. (2002) employed full-disc observations
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made at a single wavelength and spatial resolution, these authors collated telescope scans
made at multiple wavelengths and resolutions. The magnetogram signal intervals repre-
sented by the contrast CLV profiles presented in these papers also differ considerably from
those presented here and by Ortiz et al. (2002). For these reasons it is not straightforward
to make any quantitative comparisons with the contrast CLV reported by these studies,
therefore the focus on results for near disc centre here.

The negative contrast at low magnetogram signal levels found here and by the majority
of the compared works counters expectations from thin flux tube models, which predict
intrinsically bright magnetic features in this regime (Knolker et al. 1988). As discussed in
Sect. 3.3.1, this is attributed here (and in Title et al. 1992, Topka et al. 1992, Kobel et al.
2011) to the influence of intergranular lanes, an assertion supported by various models
(Title and Berger 1996, Schnerr and Spruit 2011). Of the studies compared, only that
by Ortiz et al. (2002) noted positive contrasts. Binning the data set here to a MDI-like
resolution raised the disc centre end of the contrast CLV profile in the 50 G < (B;) /u <
100 G interval into positive territory (Fig. 3.16), suggesting that the positive contrasts
reported by Ortiz et al. (2002) arose from utilising data at a resolution (the lowest of the
studies compared) where granulation is largely unresolved.

From SVST scans of active regions, Title et al. (1992), Topka et al. (1992, 1997) and
Lawrence et al. (1993) found contrast to decline monotonically with magnetogram signal.
Lawrence et al. (1993) also noted the same with active region data acquired at the San
Fernando Observatory (SFO). Kobel et al. (2011) demonstrated the comparatively poorer
resolution and straylight from pores to be likely culpable for the monotonic decline ob-
served in the SVST studies. In all the other compared works, contrast exhibits a peak, the
position of which varied from (B;) /u ~ 100 G (Ortiz et al. 2002) to (B;) ~ 700 G (Kobel
et al. 2011), except for the quiet Sun SST scan examined by Schnerr and Spruit (2011),
where contrast saturated at (B;) ~ 800 G. Generally, the finer the spatial resolution, the
higher the position of the peak. Most of these studies were based on observations made
at the Fe I 6302 A line. Even if we discount the studies made at other wavelengths, this
broad pattern is still apparent, ruling out differences in wavelength as the major driver.
Kobel et al. (2011) reported similar contrast peak positions for quiet Sun and active re-
gion scans. Therefore the difference between active region and quiet Sun contrast had
likely little role in the spread in reported peak positions amongst the compared works.
As shown in the 0.94 < p < 1.00 panel of Fig. 3.16, both resizing the HMI data set
to a MDI-like spatial resolution and omitting the magnetic extension removal procedure
shifted the position of the contrast versus (B;) /u profile maximum towards the origin.

The above comparison points to differences in spatial resolution and treatment of mag-
netic signal near sunspots and pores as the dominant factors behind the spread in reported
dependence of contrast on magnetogram signal. Indeed, the recent MHD simulation work
of Rohrbein et al. (2011) suggests that the contrast peak at intermediate magnetogram sig-
nal levels seen in direct observations, but not observed in MHD simulations, is a product
of the limited spatial resolution. The bulk of the studies listed in Table 3.2 were based on
higher spatial resolution data than utilised here. For this reason, a more quantitative com-
parison like we did in Sect. 3.4.1 with the findings of Ortiz et al. (2002) is not workable
here.

The recent works of Berger et al. (2007) and Viticchié et al. (2010), examining the
contrast of bright points in the G-band, bear tenuous relevance to our study. These studies
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Table 3.2: Continuum intensity contrast dependence on magnetogram signal near disc centre obtained in the present and from earlier studies.

Reference  Instrument Target”  Resolution [Arcsec] Wavelength HE Results
Present SDO/HMI  u > 0.94¢ 1 6173 Negative near (B;) /u = 0 G. Peak at (B;) /u ~ 200 G.
1,2,3,4 SVST AR =>0.3 Various? Negative near (B;) = 0 G. Monotonic decline with (B;).
3 SVST QS = 0.3 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 400 G.
SFO/SHG* QS > 1 6302 Negative near (B;) = 0 G. Peak at 100 G < (B;) < 200 G.
AR Negative near (B;) = 0 G. Monotonic decline with (B;).
5 SoHO/MDI  u > 0.92¢ 4 6768 Positive near (B;) /u = 0 G. Peak at (B;) /u ~ 100 G.
6 SST AR 0.15 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 650 G.
7 Hinode/SOT QS 0.3 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 700 G.
AR Negative near (B;) = 0 G. Peak at (B;) ~ 700 G.
8 SST QS 0.15 6302 Negative near (B;) = 0 G. Saturate at (B;) ~ 800 G.
Hinode/SOT QS 0.3 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 500 G.

Notes. @ San Fernando Observatory (SFO) 28-cm vacuum telescope and vacuum spectroheliograph (SHG). » AR and QS denote
active region and quiet Sun respectively. © Segment of full-disc observations considered. @ 5250A, 5576A, 6302A and 6768A.

References. (1) Title et al. (1992); (2) Topka et al. (1992); (3) Lawrence et al. (1993); (4) Topka et al. (1997); (5) Ortiz et al. (2002); (6)
Narayan and Scharmer (2010); (7) Kobel et al. (2011); (8) Schnerr and Spruit (2011).
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utilised observations made in a molecular band (i.e., neither continuum nor line core)
where the contrast of magnetic features is enhanced (due to CH depletion, Steiner et al.
2001, Schiissler et al. 2003). More importantly, while this study and the works cited
in Table 3.2 considered each pixel a separate entity, Berger et al. (2007) and Viticchié
et al. (2010) examined the overall contrast of each individual bright structure. As the
body of magnetic features isolated by both approaches differ, the results are not directly
comparable. Berger et al. (2007) did however also report a pixel-by-pixel consideration
of G-band contrast. Scans at four disc positions were surveyed. Barring one that appeared
anomalous, the contrast versus magnetogram signal profiles from each scan bear general
resemblance to ours in terms of form. Notably, the profile from the disc centre scan, with
a spatial resolution of 0.15 arcsec, exhibits a peak at (B;) ~ 700 G, consistent with the
broad pattern between spatial resolution and peak position described here.

3.4.3 Line core intensity contrast

As pointed out in Sect. 3.3.1, the most notable difference between the continuum and
line core intensity contrasts present here is the converse CLV. While continuum intensity
contrast is weakest near disc centre and strengthens towards the limb, line core intensity
contrast is strongest at disc centre and declines towards the limb. The divergent CLV ex-
hibited by the two sets of measurements stem from their rather different physical sources.
Continuum intensity is enhanced largely in the hot walls of magnetic elements, thus the
centre-to-limb increase. The line core is formed in the middle photosphere, which is
heated either by radiation from deeper layers (Knolker et al. 1991), or by mechanical and
Ohmic dissipations (Moll et al. 2012). Also stated in Sect. 3.3.1, line core intensity is
modulated by line strength and shape, and continuum intensity. Excluding variation re-
lated to continuum excess, line core intensity enhancement arises from the influence of
the temperature excess in the middle photosphere and Zeeman splitting on line strength
and shape. Given the relatively narrow, vertical geometry of flux tubes, as magnetic el-
ements rotate from disc centre to limb, line-of-sight rays go from being largely confined
to single flux tubes to increasingly passing into and out of multiple flux tubes, especially
in densely packed facular regions (Biinte et al. 1993). Line core intensity contrast de-
creases towards the limb as the contribution to the spectral line from magnetic elements
diminishes from absorption in the non-magnetic part of the atmosphere transversed by
the rays (Solanki et al. 1998). Another probable cause of the centre-to-limb decline is
the spatial displacement of the line core with respect to the corresponding continuum
towards the limb caused by the difference in formation height and oblique viewing ge-
ometry (Stellmacher and Wiehr 1991, 2001). The line core intensity enhancement arising
from temperature excess in the middle photosphere and Zeeman splitting discussed here
is not to be confused with that from the centre-to-limb broadening of the Fe I 6173 A
line mentioned in Sect. 3.2.2.2, which arises from the viewing geometry independent of
magnetic field.

We recomputed line core intensity contrast, this time normalizing the line core inten-
sity images by the corresponding continuum intensity images prior to data reduction. The
result, the line core residual intensity contrast, is essentially the component of line core
intensity contrast arising from line weakening in magnetic features alone. Line core in-
tensity and residual intensity contrast values can be compared directly. (Line core residual
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Figure 3.18: Selected line core intensity (open circles and dotted curves) and correspond-
ing residual intensity (filled circles and solid curves) contrast CLV (left) and contrast ver-
sus (By) /u (right) profiles. The circles represent the mean of measured contrast binned
as in Figs. 3.8 and 3.10 and the curves the corresponding cubic polynomial fits. The
selected profiles correspond to quiet Sun network (top left), active region faculae (bottom
left), disc centre (top right) and near limb (bottom right).

intensity contrast equates to the line core intensity contrast we would get from scaling the
line core intensity of just the network and faculae pixels by (Icgs) /Ic.) The line core
residual intensity contrast CLV profile of network patterns (50 G < (B;) /u < 100 G) and
active region faculae (500 G < (B;) /u < 640 G), and contrast versus (B;) /u profile about
disc centre (0.94 < u < 1.00) and near limb (0.36 < u < 0.50) so derived are plotted
along with the corresponding line core intensity contrast profiles from Figs. 3.8 and 3.10
in Fig. 3.18. Line core residual intensity specific contrast is plotted along with the line
core intensity specific contrast from Fig. 3.15 in Fig. 3.19.

As expected, excluding the contribution of continuum intensity enhancement to line
core intensity contrast results in a more pronounced centre-to-limb decline (50 G <
(Byy/u < 100 G and 500 G < (B))/u < 640 G panels, Fig. 3.18). This decline in
the line core residual intensity contrast CLV profiles is also consistent with the spectro-
scopic observations of Stellmacher and Wiehr (1979) and Hirzberger and Wiehr (2005).
Comparing line core intensity and residual intensity contrast (Figs. 3.18 and 3.19), the
broad similarity, especially near disc centre, imply that line core intensity contrast is dom-
inated by the contribution from line weakening. Even towards the limb, where magnetic
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Figure 3.19: Line core intensity (open circles) and corresponding residual intensity (filled
circles) specific contrast as a function of (B;) /u. The circles are joined by straight lines
to aid the eye.

line weakening is at its weakest, it still comprises a significant proportion of observed
line core intensity contrast. The potential implications of this result and the opposite CLV
exhibited by continuum and line core intensity contrast on facular contribution to solar
irradiance variations will be discussed in Sect. 3.4.4.

Very few studies examining the disc position and magnetogram signal dependence of
line core intensity contrast exist in the literature. Frazier (1971), Lawrence et al. (1991)
and Title et al. (1992) measured intensity contrast at disc centre in the core of the Fe |
5250 A, Fe 1 6302 A and Ni I 6768 A lines, respectively. Results from different lines
are not directly comparable but it is still encouraging to see that in terms of magnitude
and general trend with magnetogram signal, the results from these earlier studies express
broad agreement with ours. The only notable exception is the steep monotonic decline
at (B;) > 600 G reported by Title et al. (1992), which largely persisted even after the
authors masked out pores. The decline coincides with a similar trend in intensity contrast
measured at the nearby continuum, suggesting a greater relative influence of the contin-
uum excess to magnetic line weakening at the Ni I 6768 A line compared to the Fe I
6173 A line. Frazier (1971) also made measurements away from disc centre, but due to
data scatter the author could do no better than to present a schematic representation of
the CLV through visually fitted linear functions. Walton (1987) reported measured line
core residual intensities for eight magnetically insensitive lines at various disc positions.
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There were however only a small number of scattered measurements for each line, and a
relatively narrow range of disc positions (u > 0.6). To our knowledge, the present study
is the first to examine line core intensity contrast employing full-disc observations. To-
gether with the relatively fine resolution and low noise level, this allowed us to describe
the magnetogram signal dependence and especially the CLV with greater accuracy and
detail than in the previous efforts.

3.4.4 Facular contribution to variation in solar irradiance

Our finding that intensity contrast in the line core is dominated by line weakening rather
than continuum intensity enhancement and exhibits the opposite CLV as continuum in-
tensity contrast has potential implications on facular contribution to total solar irradiance
variation. Total solar irradiance (TSI) variation is the sum manifest of variation in the
continuum and spectral lines. The converse CLV of the continuum and line core intensity
contrasts reported here imply a different time variation of the contribution by the con-
tinuum and spectral lines to solar irradiance as magnetic features rotate across the solar
disc.

In Fig. 3.20a we show the level 2.0 hourly TSI measurements from the DIARAD
radiometer (Dewitte et al. 2004a) on the SOHO/VIRGO instrument (Frohlich et al. 1995)
for the 22-day period of August 19 to September 9, 1996 (open circles). Active region
NOAA 7986 rotated into view on August 23 and out of view on September 5, and was the
only active region on the solar disc for the duration of its passage across the solar disc.
The period is otherwise relatively quiet. This data therefore allows us to chart variations
in TSI arising mainly from the passage of a single active region across the solar disc.
The dip around August 29 corresponds to active region NOAA 7986 crossing disc centre.
Even with darkening from sunspots present in the active region, the nadir of the dip is
~ 0.2 Wm~™2 above the level before August 23 and after September 5. This suggests an
overall positive contribution to TSI variation by the faculae in NOAA 7986 when it was
near disc centre (first pointed out by Fligge et al. 2000).

A schematic representation of facular contribution to variation in TSI during the pas-
sage of NOAA 7986 across the solar disc, depicted in Fig. 3.20e, was derived as follows.

e The DIARAD TSI data was interpolated at 0.1 day intervals and the result smoothed
(via binomial smoothing, Marchand and Marmet 1983). Sunspot darkening was es-
timated from the Photometric Sunspot Index (PSI) by Chapman et al. (1994) based
on full-disc photometric images acquired with the Cartesian Full Disk Telescope
1 (CFDT1) at SFO. A quadratic polynomial was fitted to the PSI values from the
period of interest excluding the points where PSI = 0 (i.e., no sunspots in view).
Taking a value of 1365.4 Wm™2 for the total irradiance of the quiet Sun, the fit
was converted from units of parts per million to Wm™ and subtracted from the
DIARAD data. This value for the total irradiance of the quiet Sun is given by the
average TSI at the last three solar minima stated in version d41_62_1204 (dated
April 2, 2012) of the PMOD TSI composite (Frohlich 2000). The DIARAD data,
after this treatment, represents variation in TSI largely from faculae in NOAA 7986
alone. In Fig. 3.20a we plot the DIARAD data after interpolation and smoothing
(red dotted curve), and after removing sunspot darkening (red solid curve) along
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the original measurements. In Fig. 3.20b we show the PSI (open circles) and the
quadratic polynomial fit to the non-zero segment (curve).

o The trajectory of NOAA 7986 during its passage across the solar disc was estimated
from 142 level 1.8 5-minute MDI magnetograms (Scherrer et al. 1995) on which the
active region was entirely in view (i.e. not only partially rotated into, or partially
rotated off the solar disc). Taking the unsigned magnetogram signal, the magne-
tograms were binned spatially by 16 x 16 pixels. For each binned magnetogram,
the position of NOAA 7986, in terms of u, was estimated from the mean position
of the five pixels within the active region with the strongest signal. The trajectory
of NOAA 7986 is then given by the quadratic polynomial fit to these estimates. In
Fig. 3.20c we show the estimated position of NOAA 7986 in the magnetograms
(open circles) and the quadratic polynomial fit (curve).

e Facular contribution to variation in TSI was very approximately modelled from the
empirical relationships describing contrast as a function of u and (B;) /u derived in
this study. Assuming a power law distribution of (B;) /u with a scaling exponent of

-1.85 (Parnell et al. 2009), we evaluated Egs. 3.3 and 3.4, scaled by (£2/15) "
and integrated over (B;) /u = 15 G to 800 G, at 0.1 day intervals taking y from
the trajectory of NOAA 7986 estimated earlier. The resulting time series were then
scaled by u (to correct for the CLV of projected area on the solar disc) and the limb
darkening function from Foukal et al. (2004). Given the approximate manner of this
derivation, the results are non-quantitative. However for this analysis it is not the
actual values but the temporal trends that is important. Here we had approximated
the active region as a point object and so cannot include variation arising from the
active region being only partially visible as it rotates into and off the solar disc. This
derivation is therefore only valid, and confined to, the period where NOAA 7986
was entirely in view in MDI magnetograms.

The treated DIARAD data, giving TSI variation largely from faculae in NOAA 7986
alone, is plotted in Fig. 3.20d (red curve) along the conjectures based on the observed
intensity contrast in the continuum (blue dashed curve) and line core (blue dotted curve).
To compare how they varied with time, we subtracted the mean from and normalized each
time series by the area bounded by the curve and the zero level. In Fig. 3.20e we show
the multiple linear regression fit of the continuum and line core models to the DIARAD
series (blue solid curve), which showed a much better agreement to it than either model.
Facular contribution to variation in solar irradiance appears to be strongly driven by in-
tensity contrast in both the continuum, and spectral lines, which derives largely from line
weakening in magnetic elements. This complies with the observation that solar irradiance
variations over the solar cycle seems to be significantly influenced by changes in spectral
lines (Mitchell and Livingston 1991, Unruh et al. 1999, Preminger et al. 2002).

Various studies examining the photometric contrast of faculae, as identified in cal-
cium line images, reported positive values near disc centre (Lawrence et al. 1988, Walton
et al. 2003, Foukal et al. 2004). The apparent divergence between the findings of these
works, and the largely negative contrast near disc centre reported here (Fig. 3.9) and in
the similar studies listed in Table 3.2, where network and faculae were characterized by
the magnetogram signal, arises from the different selection methods (Ermolli et al. 2007).
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Figure 3.20: a) Total solar irradiance, TSI from DIARAD on SoHO/VIRGO (open cir-
cles) for the period of August 19 to September 9, 1996. The dotted and solid red curves
represent the interpolated and smoothed version before and after subtracting sunspot dark-
ening. b) Photometric Sunspot Index, PSI (open circles) by Chapman et al. (1994) and the
quadratic polynomial fit to the non-zero points (curve). The dashed line marks the zero
level. c) Position of NOAA 7986 as estimated from MDI magnetograms (open circles)
and the quadratic polynomial fit (curve). d) TSI minus sunspot darkening (red curve)
and model of facular contribution to TSI based on observed intensity contrast in the con-
tinuum (blue dashed curve) and line core (blue dotted curve), each mean subtracted and
normalized by the area bound between the time series and the zero level (black dashed
line). e) TSI minus sunspot darkening (red curve) and the multiple linear regression fit
of the continuum and line core models (blue solid curve). The dotted lines running down
all the panels mark the period where NOAA 7986 was entirely on the solar disc in MDI
magnetograms.

Significantly, the results of Foukal et al. (2004) were based on near total light broadband
measurements. From the statistical analysis of an extensive catalogue of full-disc photo-
metric observations obtained with the SFO/CFDT1, Walton et al. (2003) found contrast,
in a continuum passband (i.e., negligible spectral line contribution) in the visible red, av-
eraged over each facular region (as identified in the Ca II K) to be positive (~ 0.005)
near disc centre. The authors took this result to indicate the distribution of flux tube sizes
in facular regions is biased to the low end (i.e., more small bright flux tubes than large
dark ones), which is reasonable considering the typical distribution of magnetogram sig-
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nal (i.e., much more weak signals than strong, Parnell et al. 2009) and the observation
that the average flux tube size is greater where magnetogram signal is greater (Ortiz et al.
2002). This suggests the continuum component of facular contribution to TSI variation
is on average positive at disc centre in the visible red. From this and the analysis pre-
sented above, we conclude that the apparent overall positive contribution to TSI variation
by the faculae in NOAA 7986 when it was near disc centre is, at least in part, due to the
prevalence of smaller flux tubes and line weakening.

3.5 Conclusion

Here we have presented measured network and facular intensity contrast in the continuum
and in the core of the Fe 1 6173 A line from SDO/HMI full-disc observations. We stud-
ied the dependence of the contrast on disc position and magnetogram signal, represented
by u and (B;) /u respectively. Specifically, we derived empirical relationships describing
contrast as a function of u and (B;) /u, and specific contrast (contrast per unit (B;) /u,
representative of intrinsic contrast) as a function of (B;) /u. This study exploits the un-
precedented opportunity offered by the SDO mission to examine co-temporal full-disc
observations of magnetic field and intensity at a constant intermediate spatial resolution
(1 arcsec), relatively low noise, and without atmospheric interference. The quality of the
data allowed us to examine intensity contrast for a larger sample at greater accuracy and
detail than previous, similar studies, especially in the case of the line core. These results
constitute stringent observational constraints on the variation of network and facular in-
tensity with disc position and magnetogram signal in the low and middle photosphere. By
constraining atmospheric models of network and faculae, these results should be of utility
to solar irradiance reconstructions, especially as HMI data will increasingly be used for
this purpose. Given this is the first study of its kind to examine the entire solar disc in
both the continuum and line core, it should also be useful to reproduce these results in
models of magnetic flux concentrations.

There are significant discrepancies in the continuum intensity contrast reported here
and from earlier studies. In this study we had taken steps to account for magnetic signal
in the periphery of sunspots and pores, arising from their magnetic canopies and the in-
fluence of straylight, which can easily be misidentified as network and faculae. From a
comparison with the findings of past efforts, including a recomputation of the results ob-
tained here recreating the conditions of the similar study by Ortiz et al. (2002), we showed
differences in resolution, and treatment of magnetic signal adjacent to sunspots and pores
to be the likely main factors behind the spread in reported results. The apparent radiant be-
haviour of network and faculae elements is strongly modulated by spatial resolution (Title
and Berger 1996, Rohrbein et al. 2011, Schnerr and Spruit 2011). An understanding of its
influence is necessary for the proper interpretation of direct measurements.

In terms of magnitude, trend with magnetogram signal and in particular the CLV, the
results obtained here in the continuum and line core differ considerably. While continuum
intensity contrast broadly ascends towards the limb, line core intensity contrast is greatest
near disc centre and diminishes from disc centre to limb. The divergence between both
sets of measurements arises dominantly from spectral line changes due to heating in the
middle photosphere and Zeeman splitting in magnetic features, and the different mecha-
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nisms by which apparent contrast vary with viewing geometry going from disc centre to
limb. From a simple model based on the empirical relationships between contrast, and
u and (B;) /u derived here we confirmed that facular contribution to variation in solar
irradiance is strongly driven by both continuum excess and spectral line changes.

The specific contrast in both the continuum and line core exhibit a marked decline with
increasing magnetogram signal, confirming that network elements are, per unit magnetic
flux, hotter and brighter than active region faculae. The different radiant behaviour of
network and faculae, not accounted in present models of solar irradiance variations, would
be an important factor to consider for more realistic modelling. This observation also
implies that secular changes in solar irradiance may be considerably larger than what some
models of solar irradiance variations have suggested, given the variation in the number of
small-scale magnetic elements on the solar disc is a prime candidate driver of secular
changes (Solanki et al. 2002). For example, the model employed by Krivova et al. (2007)
to reconstruct variation in TSI from 1700 and by Vieira et al. (2011) for over the Holocene
assumed the faculae contrast model by Unruh et al. (1999) for both network and faculae.
This renders network and faculae with similar magnetic filling factors equally bright and
therefore possibly underestimate the contribution by network to secular variation.
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4 Point spread function of SDO/HMI
and the effects of stray light
correction on the apparent
properties of solar surface
phenomena

Yeo, K. L., Feller, A., Solanki, S. K., Couvidat, S., Danilovic, S., Krivova, N. A.
Astron. Astrophys., 561, A22 (2014)*

Abstract

Aims. We present a point spread function (PSF) for the Helioseismic and Magnetic Imager
(HMI) onboard the Solar Dynamics Observatory (SDO) and discuss the effects of its
removal on the apparent properties of solar surface phenomena in HMI data.

Methods. The PSF was retrieved from observations of Venus in transit by matching
it to the convolution of a model of the venusian disc and solar background with a guess
PSF. We described the PSF as the sum of five Gaussian functions, the amplitudes of which
vary sinusoidally with azimuth. This relatively complex functional form was required by
the data. Observations recorded near in time to the transit of Venus were corrected for
instrumental scattered light by the deconvolution with the PSF. We also examined the
variation in the shape of the solar aureole in daily data, as an indication of PSF changes
over time.

Results. Granulation contrast in restored HMI data is greatly enhanced relative to
the original data and exhibit reasonable agreement with numerical simulations. Image
restoration enhanced the apparent intensity and pixel averaged magnetic field strength of
photospheric magnetic features significantly. For small-scale magnetic features, restora-
tion enhanced intensity contrast in the continuum and core of the Fe I 6173 A line by a
factor of 1.3, and the magnetogram signal by a factor of 1.7. For sunspots and pores, the
enhancement varied strongly within and between features, being more acute for smaller

“The contents of this chapter are identical to the printed version of Yeo, K. L., Feller, A., Solanki, S.
K., Couvidat, S., Danilovic, S., Krivova, N. A., 2014, Point spread function of SDO/HMI and the effects of
stray light correction on the apparent properties of solar surface phenomena, Astron. Astrophys., 561, A22,
reproduced with permission from Astronomy & Astrophysics, © ESO.
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features. Magnetic features are also rendered smaller, as signal smeared onto the sur-
rounding quiet Sun is recovered. Image restoration increased the apparent amount of
magnetic flux above the noise floor by a factor of about 1.2, most of the gain coming from
the quiet Sun. Line-of-sight velocity due to granulation and supergranulation is enhanced
by a factor of 1.4 to 2.1, depending on position on the solar disc. The shape of the so-
lar aureole varied, with time and between the two CCDs. There are also indications that
the PSF varies across the FOV. However, all these variations were found to be relatively
small, such that a single PSF can be applied to HMI data from both CCDs, over the period
examined without introducing significant error.

Conclusions. Restoring HMI observations with the PSF presented here returns a rea-
sonable estimate of the stray light-free intensity contrast. Image restoration affects the
measured radiant, magnetic and dynamic properties of solar surface phenomena suffi-
ciently to significantly impact interpretation.

4.1 Introduction

Solar telescopes, like any real optical system, diverge from diffraction-limited behaviour
due to optical aberrations and, in the case of ground-based instruments, the influence of
the Earth’s atmosphere. Optical aberrations arise from factors such as design and material
constraints, imperfections in the fabrication, presence of impurities, thermal changes and
jitter, and are practically unavoidable. Due to aperture diffraction and optical aberrations,
radiation entering a given optical system is not entirely confined to the intended area on
the focal plane but instead spread out, as described mathematically by the point spread
function, PSF. This image blurring or loss of contrast is the so-termed stray light.

The apparent properties of solar phenomena is sensitive to stray light, accounting for
its influence on solar imagery is necessary for proper interpretation and comparison with
numerical models. This has been demonstrated repeatedly in the literature, for example,
in studies looking at the limb darkening function (Pierce and Slaughter 1977, Neckel and
Labs 1994), the intensity contrast of granulation (Sdnchez Cuberes et al. 2000, Danilovic
et al. 2008, Wedemeyer-Bohm and Rouppe van der Voort 2009, Afram et al. 2011), and
the brightness of small-scale magnetic concentrations (Title and Berger 1996, Schnerr and
Spruit 2011) and sunspots (Albregtsen and Maltby 1981, Mathew et al. 2007).

Sophisticated techniques to correct solar observations for instrumental and atmospheric
effects exist, the most common being speckle interferometry (de Boer et al. 1992, von der
Liithe 1993) and phase diversity (Gonsalves 1982, Lofdahl and Scharmer 1994) methods.
For spaceborne instruments, where variable atmospheric seeing is not a factor, a more
conventional approach is often sufficient. Specifically, inferring the PSF from the dis-
tribution of intensity about the boundary between the bright and dark parts of partially
illuminated scenes (such as, of the solar limb, and of transits of the Moon, Venus or
Mercury) and restoring data by the deconvolution with it. Recent examples include the
work of Mathew et al. (2007) with observations from SoHO/MDI'!, Wedemeyer-B6hm
(2008), Wedemeyer-Bohm and Rouppe van der Voort (2009) and Mathew et al. (2009)

'The Michelson Doppler Imager onboard the Solar and Heliospheric Observatory (Scherrer et al. 1995).
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with Hinode/SOT/BFI?, and DeForest et al. (2009) with TRACE? .

In this paper we present an estimate of the PSF of the Helioseismic and Magnetic
Imager onboard the Solar Dynamics Observatory, SDO/HMI (Schou et al. 2012b). The
PSF was derived from observations of Venus in transit. We also demonstrate the effects
of correcting HMI data for stray light with this PSF on the apparent properties of various
photospheric phenomena.

This study broadly follows the approach taken with the other spaceborne instruments
listed above. It departs from these earlier efforts in that we constrain the PSF not only in
the radial dimension but also in the azimuthal direction, recovering the anisotropy. This
we will show to be crucial for accurate stray light removal (Sect. 4.2.3).

The relationship between the radiance of magnetic features in the photosphere, and
their size and position on the solar disc, is an important consideration in understanding
and modelling the variation in solar irradiance (Domingo et al. 2009). HMI returns con-
tinuous, seeing-free, full-disc observations of intensity, Doppler shift and magnetic field
at a constant, intermediate spatial resolution (~ 1 arcsec) and at relatively low noise. This
renders it a suitable tool for constraining the radiant behaviour of photospheric magnetic
features (Yeo et al. 2013). It is therefore of interest to enhance the quality of HMI obser-
vations by quantifying the stray light performance of the instrument. This would be of
utility not only for the accurate examination of the radiant behaviour of magnetic features
in HMI data but also any application that can benefit from stray light-free measurements
of intensity, line-of-sight velocity and magnetic flux density.

The PSF presented here is, to our knowledge, the first on-orbit measurement of the
stray light of HMI reported in the literature (see Wachter et al. 2012, for the pre-launch
measurement). This is necessary given that the exact operating conditions of the sensor
cannot be exactly simulated on the ground. Also, the stray light of the HMI might have
changed from the time of the pre-launch calibration from changes in the condition of the
instrument.

The HMI comprises of two identical 4096 x 4096 pixel CCD cameras, denoted ‘side’
and ‘front’. The PSF was retrieved from images recorded on the side CCD during the
transit of Venus on June 5 to 6, 2012. In addition to this transit of Venus, the HMI has
also witnessed several partial lunar eclipses (seven, as of the end of 2012). In Sect. 4.2.5
we discuss the reasons for choosing the observations of Venus in transit over data from
the partial lunar eclipses or of the solar limb for constraining the PSF, even though Venus
has an atmosphere which had to be taken into account in deriving the PSF, introducing
additional complexity to the task and uncertainty to the final estimate of the PSF.

In the following section, we detail the data selection (Sect. 4.2.1), the PSF deriva-
tion (Sect. 4.2.2) and image restoration method (Sect. 4.2.3), and how we accounted
for the influence of Venus’ atmosphere (Sect. 4.2.4). Then, we verify the utility of the
PSF presented here for image restoration, comparing the apparent granulation contrast in
restored HMI observations and synthetic intensity maps generated from numerical simu-
lation (Sect. 4.3.1). We illustrate the result of image restoration on the intensity, Dopp-
lergram and magnetogram data products of the instrument, looking at its effect on the
following.

2The Broadband Filter Imager of the Solar Optical Telescope onboard Hinode (Kosugi et al. 2007).
3The Transition Region And Coronal Explorer (Handy et al. 1998).
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e The intensity and magnetic field strength of small-scale magnetic concentrations
(Sect. 4.3.2.1).

e The intensity and magnetic field strength of sunspots and pores (Sect. 4.3.2.2).
e The amount of magnetic flux on the solar surface (Sect. 4.3.2.3).
o Line-of-sight velocity (Sect. 4.3.2.4).

The retrieved PSF represents the stray light behaviour of the side CCD at the time of the
transit of Venus, at the position in the field-of-view (FOV) occupied by the Venus disc. In
Sect. 4.4 we examine the applicability of this PSF to other positions in the FOV, and to
observations from the front CCD as well as from other times. Finally, a summary of the
study is given in Sect. 4.5.

4.2 PSF derivation

4.2.1 Data selection

The HMI is a full-Stokes capable filtergram instrument. The instrument records full-disc
polarimetric filtergrams continuously, at 3.75-s cadence, on the two identical CCDs. The
filtergram sequence of the side CCD alternates between six polarizations (I + Q, [ + U
and / + V) and six positions across the Fe 1 6173 A line (at +34, £103 and +172 mA from
line centre). A set of 36 filtergrams, of each polarization at each line position, is collected
every 135-s. The front CCD collects a set of 12 filtergrams, covering the Stokes 7/ + V and
I — V polarizations at the same line positions, every 45-s.

Dopplergrams, longitudinal magnetograms and intensity (continuum, and line depth
and width) images, collectively termed the line-of-sight data products, are generated from
the filtergram sequence of the side CCD at 720-s intervals, and from that of the front
CCD at 45-s intervals. Stokes parameters (I, Q, U and V) and the corresponding Milne-
Eddington inversion (Borrero et al. 2011) are also produced, at 720-s cadence, from the
filtergram sequence of the side CCD.

During the transit of Venus on June 5 to 6, 2012, the side CCD recorded filtergrams
in the nearby continuum (—344 mA from line centre), instead of the regular filtergram
sequence. For the purpose of estimating the PSF of the instrument, we examined the
854 x 854 pixel crop, centred on the Venus disc, of 249 continuum filtergrams collected
between second and third contact (i.e., the period the venusian disc was entirely within
the solar disc). Care was taken to avoid filtergrams with pixels with spurious signal levels,
a result of cosmic ray hits, on the venusian disc. The pixel scale was 0.504 arcsec/pixel.
A summary description of this and the other HMI data employed in this study is given in
Table 4.1.

When generating the various data products in the HMI data processing pipeline, filter-
grams (from an interval of 1350-s for the 720-s data products and 270-s for the 45-s data
products) are corrected for spatial distortion (Wachter et al. 2012), cosmic ray hits, po-
larization crosstalk (Schou et al. 2012a) and solar rotation, and the filtergrams of similar
polarizations averaged. These time-averaged filtergrams are then combined non-linearly
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to form the various data products (Couvidat et al. 2012). For the side CCD, these time-
averaged filtergrams are outputted as the 720-s Stokes parameters product.

As a consequence of the correction for spatial distortion, the apparent PSF is different
in the unprocessed and time-averaged filtergrams. The non-linearity of the algorithms
used to derive the data products means they cannot be corrected for stray light by the de-
convolution with the PSF. Instead, their restoration must go via restoring the unprocessed
or time-averaged filtergrams.

The 249 continuum filtergrams considered (and all the other filtergram data utilised
in the rest of the study) were corrected for spatial distortion. The retrieved PSF therefore
represents stray light in undistorted HMI observations. This allows the generation of stray
light-free data products through the deconvolution of the PSF from the time-averaged fil-
tergrams. For the line-of-sight data products, this means correcting just the time-averaged
Stokes I + V and I — V at each line position, a total of 2 X 6 = 12 images in each instance,
instead of all the unprocessed filtergrams, which numbers 360 and 72 for the 720-s and
45-s data products respectively.

In this study we assumed Venus to be a perfect sphere (Archinal et al. 2011). Radial
distance and azimuth are denoted r and ¢, respectively. Azimuth is taken anti-clockwise
from the CCD column axis such that zero is up.

The spatial distribution of intensity on the venusian disc, predominantly instrumental
scattered light (aperture diffraction and stray light), varied significantly over the course
of the transit (Fig. 4.1). The figure gives the intensity on the venusian disc in the 249
continuum filtergrams,

e as a function of radial distance from the centre of the venusian disc, averaged over
all azimuths and normalized to the level at the point of inflexion (/,, top panel), and

e as a function of azimuth along the edge of the venusian disc as given by the point
of inflexion on /,, normalized to the mean level (/,;, bottom panel).

Also plotted are the mean I, and f¢ of all the filtergrams, <f,> and <f¢> (red curves). The

radius of the venusian disc as given by the point of inflexion on /, is, to 0.1 arcsec, constant
at 29.5 arcsec. The fluctuation in the intensity on the venusian disc over the course of the
transit arises from changes in the solar background from granulation, p-mode oscillations
and limb darkening, as well as the variation of the PSF with position in the FOV.

To quantify the variation in the spatial distribution of intensity on the venusian disc
over the course of the transit, and the influence of the changing solar background and
the variation of the PSF with position in the FOV, we computed, for each of the 249
continuum filtergrams, the following two quantities.

e The integral under /. from the centre of the venusian disc to the point of inflexion,
f I,dr. The broader the PSF at a given position in the FOV, the brighter the venusian
disc is relative to the level at its edge, and the greater this integral.

e The root-mean-square or RMS difference between f¢ and <f¢>, RMSi¢_<j¢>. The

closer the agreement in the trend with azimuth between f¢ and <f¢>, the smaller this
quantity. RMS T(i) reflects changes in the isotropy of the PSF (such as, from astig-
matism and coma aberrations) and variation in the spatial distribution of intensity
of the solar background.
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Figure 4.1: Intensity on the venusian disc in the 249 continuum filtergrams from the transit
of Venus. Top: Intensity as a function of distance from the centre of the venusian disc,
averaged over all azimuths and normalized to the level at the point of inflexion (dashed
line), /.. Bottom: Intensity versus azimuth along the edge of the venusian disc as given
by the point of inflexion on /,, normalized to the mean level, f¢. The red curves follow
the mean f, and f¢ of all the filtergrams, while the blue line represents f¢ = 1.
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f I.dr and RMS I,—(1,) are plotted along the trajectory of the venusian disc, given in terms
of the cosine of the heliocentric angle, 4 = cos 8 of the disc centre, as a function of time
in Fig. 4.2.

f I.dr changed slowly but notably over the course of the transit and the variation ap-
pears to be uncorrelated to distance from solar disc centre (and therefore, limb darkening).
This suggests that the width of the PSF varies significantly along the path of Venus in the
FOV. RMS i-(ly) showed a marked point-to-point fluctuation but is otherwise relatively
low (< 0.1) and exhibits no obvious trend with time. This indicates that the azimuth de-
pendence of I, and <f¢> is mainly driven by a persistent PSF anisotropy along the path of
Venus in the FOV rather than limb darkening (see also Sect. 4.2.2). The marked point-
to-point fluctuation is likely from granulation and p-mode oscillations. This is supported
by the comparatively smooth time variation of f Idr, which is less sensitive to these
small-scale intensity fluctuations in the solar background due to the averaging over all
azimuths.

From the trend of f I.dr and RMS i-(ly) with time, we surmise that the width of the
PSF varies significantly along the path of Venus in the FOV and while the anisotropy of the
PSF is relatively stable, it is obscured by granulation and p-mode oscillations in individual
filtergrams. Based on these considerations, we retained just the 42 filtergrams highlighted
in Fig. 4.2 (red circles), taken over a 40-minute period where f frdr is relatively stable,
for the derivation of the PSF. The selected filtergrams were aligned by the venusian disc
and the average, hereafter referred to as the mean transit image, taken. The objective
is to derive an image of Venus in transit where the influence of granulation and p-mode
oscillations is minimal by averaging filtergrams where the PSF at Venus’ position in the
FOV is fairly similar.

The 249 continuum filtergrams examined alternated between four polarizations (Stokes
I+Q,1-0Q,1+UandI - U). We found no systematic differences in the spatial dis-
tribution of intensity on the venusian disc between filtergrams of different polarizations
and so made no distinction between them here. We repeated the analysis described in
this subsection on the filtergrams recorded at the six regular wavelength positions, on the
front CCD during the transit of Venus. There are systematic differences (in f I.dr and
RMS;,_(;,y) between different positions, even between positions at similar distance from
but opposite sides of the line centre. This suggests spectral line changes from effects un-
related to the stray light behaviour of the instrument may exert an influence on intensity
measured on the venusian disc. Specifically, Doppler shifts from the motion of the space-
craft (SDO is in a geosynchronous orbit) and the rotation of the Sun. For this reason we
restricted ourselves to the continuum filtergrams from the side CCD.

4.2.2 PSF derivation method

A bivariate polynomial function was fitted to the mean transit image. We excluded the
circular area of 50 arcsec radii centred on the venusian disc (about three times the area
of the venusian disc) from the regression. The extrapolation of the surface fit over this
excluded area represents an estimate of the intensity if Venus had been absent. We filled
a circular area in the surface fit, corresponding to the venusian disc, with zeroes. We
will refer to the result, essentially a model of the mean transit image in the absence of an
atmosphere in Venus, aperture diffraction and stray light, as the artificial image.
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Figure 4.2: The integral under fr, f f,dr (top), the RMS difference between f¢ and <f¢>,
RMS;,_;,y (middle) and the position of the centre of the venusian disc in terms of the
cosine of the heliocentric angle, u = cos 6 (bottom) as a function of time from 22:00:00
UTC, June 5, 2012. The red circles highlight the values for the filtergrams used to derive
the PSF. The dashed lines mark the approximate time of the second and third contacts;
the period between which the venusian disc was entirely within the solar disc from SDO’s
position.
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The PSF was determined by minimizing the chi-square between the convolution of
the artificial image with a guess PSF and the mean transit image, in the circular area of 50
arcsec radii centred on the venusian disc. For this we employed the implementation of the
Levenberg-Marquardt algorithm (LMA) included in the IDL Astronomy User’s Library,
mpfit2dfun.pro.

Intensity in the circular area was sampled at equal intervals in the radial (0.504 arcsec,
the pixel scale) and azimuthal (1/360 radians) dimensions. This is to give intensity mea-
sured at each radius from the centre of the venusian disc more equal weight in the LMA
optimization. The result is a closer agreement between the convolution of the artificial
image with the guess PSF and the mean transit image on convergence than achieved by
comparing the circular area in the artificial and mean transit images directly.

We scaled the artificial image by a factor prior to convolution with the guess PSF.
We allowed this factor and the radius of the disc of zeroes in the artificial image to be
free parameters in the LMA optimization, taking an initial value of unity (i.e., no scaling)
and 29.5 arcsec (the position of the point of inflexion on 1.). This is to minimize error
from any misestimation of the surface fit to the mean transit image and the radius of the
venusian disc?.

Following the example of previous studies (Martinez Pillet 1992, Mathew et al. 2007,
2009), we attempted to model the guess PSF as the linear sum of various combinations of
Gaussian and Lorentzian functions. Except here we allowed the amplitude of each Gaus-
sian and Lorentzian component to vary sinusoidally with azimuth to accommodate PSF
anisotropy. We also tried to set the ideal diffraction-limited PSF as one of the components.
The guess PSF we found to reproduce the measured intensity in the artificial image best,
denoted K, is given by

3 1 r

K(r,¢) = ; [1+ Aicosuigp + vi)] w; [2mf exp( 20 )] . (4.1)
That is, the linear combination of five Gaussian functions, with weight w; and standard
deviation o, the amplitudes of which vary sinusoidally with azimuth, with amplitude A;,
period of 27mu; radians (where u; € Z) and phase v;.

Modelling the guess PSF as the linear combination of four Gaussian or three Gaussian
and a Lorentzian, as done in the cited works, still reproduces measured intensity in the
artificial image reasonably well. The retrieved PSFs are however, negative at parts (i.e.,
unphysical) from the LMA converging to solutions where |A;| > 1. And introducing
additional sinusoidal terms to the azimuth dependence of each Gaussian and Lorentzian
function did not alleviate this problem. The linear combination of five Gaussians appeared
necessary to reach a physical solution while reproducing the measured intensity in the
artificial image in both the radial and azimuthal dimensions.

The guess PSF was applied to the artificial image by evaluating K (Eqn. 4.1) at pixel
scale intervals (0.504 arcsec) on a 251 x 251 grid, the centre element representing the
origin (r = 0), and taking the convolution of the artificial image with the result. On
convergence, the value at each grid element represents the integral of the PSF over the
element. The retrieved PSF therefore describes the pixel integrated PSE. This was done,

4The point of inflexion on /, is not an accurate indication of the position of the edge of the venusian disc
due to the influence of the venusian atmosphere.
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instead of filling the grid with the pixel integrated value of K, for a practical reason. When
correcting HMI observations for stray light via deconvolution with the PSF, it is the pixel
integrated PSF that is required.

Care was taken to repeat the LMA optimization, varying the initial value of the free
parameters, to reduce the likelihood that the solution lies in a local chi-square minimum.
To accommodate the requirement that u; € Z, we executed the LMA optimization with no
constraint on the value of u;, rounded the retrieved u; to the nearest integer and repeated
the process with these parameters fixed.

The PSF derivation method described here implicitly assumes there is no interaction
between solar radiation and the venusian atmosphere. We will qualify this statement,
and detail the adjustments made to the artificial image and the mean transit image to
account for the influence of the venusian atmosphere on the retrieved PSF in Sect. 4.2.4.
The method also ignores motion blurring from the lateral movement of the venusian disc
relative to the solar disc. The displacement of the venusian disc within the exposure time
of the instrument is, on average, about 0.015 pixels and can therefore be neglected without
significant loss of accuracy.

In the following, we denote the PSF retrieved as described above, a preliminary es-
timate of the stray light behaviour of the instrument, by K;. The retrieved value of the
parameters of K, are listed in Table. 4.2. The best fit value of the scale factor applied to
the artificial image is 1.0029, and the radius of the disc of zeroes, 29.29 arcsec. Though
only a slight departure from the initial values (unity and 29.5 arcsec), this correction to
the amplitude of the artificial image and the size of the disc of zeroes effected a marked
improvement in the chi-square statistic.

In Fig. 4.3 we plot the intensity along different radii from the centre of the venusian
disc; from the mean transit image (black curves) and reproduced in the artificial image
by the convolution with K; (red curves). Also plotted is the intensity reproduced in the
artificial image by fixing the A; at zero (blue curves). In this instance, the variation with
azimuth arises solely from limb darkening, which enters the process through the surface
fit to the mean transit image. Evidently, limb darkening alone cannot account for all the
observed variation with azimuth, confirming that the PSF of the instrument is significantly
anisotropic. By allowing the amplitude of each Gaussian component in the guess PSF to
vary sinusoidally with azimuth, we are able to reproduce most of the observed intensity
azimuth dependence. The close overall agreement between observed and reproduced in-
tensities in the radial dimension is illustrated in Fig. 4.4.

Here we choose to describe the PSF as the linear combination of five Gaussian func-
tions over more physically realistic models, such as the convolution of the diffraction-
limited PSF with a Voigt function (Wedemeyer-Bohm 2008). Apart from yielding a closer
agreement between the PSF-blurred artificial image and the mean transit image, this func-
tional form is more amenable to incorporating the complex azimuthal dependence. The
retrieved parameter values of K; (Table 4.2) and the azimuth dependence of measured in-
tensity on the venusian disc at different radii (Fig. 4.3) suggest that the overall amplitude
and phase of the anisotropy of the PSF varies with radial distance.

The linear combination of Gaussian functions is not a physically realistic model of
real PSFs for the following reasons:

o It allows solutions with Strehl ratios exceeding unity, which is unphysical.
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Table 4.2: Parameter values (and associated formal regression error) of the guess PSF retrieved neglecting (K;) and accounting for the
influence of the venusian atmosphere (K3).

PSF  Gaussian component w; o; [Arcsec] A; u; v; [Radians]

K; i=1 0.641 £0.002 0470+0.001 0.131+£0002 1 -1.85+0.02
i=2 0.211+0.002 1.155+0.008 03710006 1 2.62+0.01
i=3 0.066 = 0.002 2.09 +0.02 0.54 +£0.01 2 -2.34+0.01
i=4 0.0467 £0.0005 4.42+0.02 0.781 £0.006 1 1.255+0.004
i=5 0.035 + 0.004 25.77+0.04 0.115+£0.001 1 2.58+0.01

K, i=1 0.747 = 0.001 0.417 0.164+0.002 1 -2.22+0.01
i=2 0.126 = 0.003 1.45 +0.01 0.48 +0.01 1 236+0.01
i=3 0.049 + 0.003 2.10+£0.02 074+£004 2 -236+0.01
i=4 0.0428 £0.0004 4.66+0.02 0.776 £0.007 1 1.194 +0.006
i=5 0.035 = 0.004 26.16 20.05 0.122+0.002 1 2.63 +0.01

Notes. The PSFs are given by the linear combination of five Gaussian functions (Eqn. 4.1),
denoted by i, with weight w; and listed in ascending order by the standard deviation, o;. The
amplitude of each Gaussian component modulates sinusoidally with azimuth, with amplitude A;,
period of 2nu; radians (where u; € Z) and phase v;. There are no associated formal regression
errors for u;, and in the case of K5, 0;-; as the value of these parameters were fixed in the LMA
optimization (see text).
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Figure 4.3: Intensity on the venusian disc at distances of 6, 12 18 and 24 arcsec from
the centre, and along its limb (taking the radius of the venusian disc retrieved along with
K, by the LMA optimization, 29.29 arcsec), as a function of azimuth. The black curves
follow the values from the mean transit image and the red curves the values reproduced
in the artificial image by the convolution with K;. The blue curves represent the intensity
obtained in the artificial image by fixing A; at zero. The intensity fluctuations along the
venusian limb arises from aliasing artefacts.
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Figure 4.4: Radial intensity as a function of distance from the centre of the venusian
disc; from the mean transit image (black solid curve) and the convolution of the artificial
image with K; (red dotted curve). The dashed line marks the position of the Venus limb
as returned along with K; by the LMA optimization.

e The Fourier transform of the Gaussian function, and therefore the modulation trans-
fer function (MTF) of such PSF models, is non-zero above the Nyquist limit. Cor-
recting observations for stray light by the deconvolution with such a PSF can in-
troduce aliasing artefacts from the enhancement of spatial frequencies above the
Nyquist limit.

We will address these two potential issues in Sects. 4.2.4 and 4.3.1, respectively.

The approach taken here to derive the PSF is broadly similar to that applied to images
of Mercury in transit from Hinode/SOT/BFI by Mathew et al. (2009). Specifically, by
minimising the difference between observed intensity and that produced in a model of the
aperture diffraction and stray light-free image (termed here the artificial image) by the
convolution with a guess PSE. There are two significant departures.

Firstly, in this study, the artificial image is given by the surface fit to the mean transit
image, with a disc of zeroes representing the venusian disc. In the cited work, the authors
filled the mercurian disc in the recorded image with zeroes and took the result as the
artificial image. As stated earlier in this subsection, having excluded the venusian disc and
surroundings in the regression, the surface fit to the mean transit image is, in this excluded
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region, an approximation of the intensity had Venus been absent. For this we consider the
approach taken here to yield a more realistic model of the instrumental scattered light-free
image.

Secondly, as mentioned in the introduction, while the earlier effort assumed an isotropic
form to the PSF, here we allowed the PSF to vary with azimuth. We were motivated by
the observation that the stray light behaviour of the instrument is evidently anisotropic
(Sect. 4.2.1 and Fig. 4.3).

4.2.3 Image restoration method

To correct HMI observations for aperture diffraction and stray light, we utilised the im-
plementation of the Richardson-Lucy algorithm, RLA (Richardson 1972, Lucy 1974),
included in the IDL Astronomy User’s Library, max_likelihood.pro.

The RLA is an iterative method for restoring an image blurred by a known PSF, in our
study, the guess PSF, K. Let f; denote the estimate of the restored image from the k-th
iteration, fi,; is given by

Jes1 = Jro ((fi x K) % K), (4.2)

where the o, * and * symbols represent the pixel-by-pixel product, convolution and cor-
relation, respectively. The method has been shown, empirically, for data obeying Poisson
statistics, to converge towards the maximum likelihood solution (Shepp and Vardi 1982).
Following Mathew et al. (2009), we employed a threshold for the chi-square between
the original image and f; * K as the stopping rule. Here we set the threshold at 99.99%
confidence level.

In Figs. 4.5 and 4.6a we show the result of restoring one of the 42 continuum filter-
grams averaged to yield the mean transit image (recorded at 02:25:37 UTC, June 6, 2012),
hereafter referred to as the test transit image, with K;. The image restoration sharpened
the test transit image considerably and removed most of the signal on the venusian disc.
The restoration however, also left a ringing artefact around the venusian disc; manifest as
the bright halo in the grey scale plot (middle panel, Fig. 4.5) and the peak in the radial
intensity profile (black solid curve, Fig. 4.6a). Restoring other observations taken nearby
in time (within a few hours of the test transit image), we found similar artefacts in the
boundary of active region faculae, and sunspot penumbra and umbra.

Mathew et al. (2009) in the similar study with images of Mercury in transit from
Hinode/SOT/BFI noted similar ringing artefacts around the mercurian disc upon image
restoration with the RLA. The authors attributed it to Gibb’s phenomenon, ringing arte-
facts in the Fourier series representation of discontinuous signals. In the PSF derivation
and image restoration process described here, discrete Fourier transforms, DFTs were ex-
ecuted in convolution and correlation computations. We found that repeating the deriva-
tion of K; and the restoration of the test transit image without performing any DFTs in
the convolution and correlation computations had negligible effect on the ringing artefact,
ruling out Gibb’s phenomenon as the main cause in this instance. In the following sub-
section we will demonstrate the ringing artefact found here to arise from us not taking the
interaction between solar radiation and the venusian atmosphere into account in deriving
K 1.

Figure 4.7 is a colour scale plot of the venusian disc in the restored test transit image
(left panel). The plot is saturated at about 2% of the mean photospheric level to reveal
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Figure 4.5: 201 x 201 pixel inset, centred on Venus, of the test transit image; before (left)
and after image restoration with K; (middle), and with K, (right). The three grey scale
plots are saturated at 6 x 10* DN/s, about 120% of the mean photospheric level.

the spatial distribution of residual intensity (instrumental scattered light not removed by
the image restoration) on the venusian disc. Also shown is the result of restoring the
test transit image with K; excluding the anisotropy of the PSF by setting A; at zero (right
panel). There is a gross, broadly east-west graduation of the residual intensity in the latter,
not apparent in the former, where the residual intensity level is significantly more uniform
across the venusian disc. This demonstrates the necessity to constrain the anisotropy of
the PSF to properly correct HMI observations for instrumental scattered light.

4.2.4 Interaction between solar radiation and the venusian atmosphere

As stated in Sect. 4.2.2, the PSF derivation method described so far builds on the assump-
tion that there is no interaction between solar radiation and the venusian atmosphere.

In representing the venusian disc as a disc of zeroes in the artificial image, we have
presumed that the body would, in the absence of aperture diffraction and stray light, be
completely dark and exhibit a discrete edge. Diffusion and scattering of solar radiation in
the venusian atmosphere can, however, render the edge of the venusian disc diffused.

The PSF is retrieved from matching the mean transit image to the convolution of the
artificial image and the guess PSF. This is valid if all measured intensity came directly
from the Sun. This is, however, not the case; there is a bright halo around the venusian
disc when it is in transit (termed the aureole) from the refraction of solar radiation by the
upper layers of the atmosphere towards the observer.

4.2.4.1 Diffusion and scattering of solar radiation in the venusian atmosphere

To elucidate the influence of diffusion and scattering of solar radiation in the venusian
atmosphere on the retrieved PSF we repeated the derivation, approximating the action of
diffusion and scattering by blurring the edge of the disc of zeroes in the artificial image
prior to the convolution with the guess PSF. We generated a copy of the artificial image
that is unity everywhere outside the venusian disc and zero inside, convolved it with a
Gaussian kernel, and scaled the original artificial image by the result. This procedure
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Figure 4.6: Top: Radial intensity in the test transit image, corrected for limb darkening,
as a function of distance from the centre of the venusian disc before (black dotted curves)
and after image restoration with the various PSF estimates. a) With K; (black solid curve).
b) With the PSFs obtained by blurring the edge of the disc of zeroes in the artificial image
with kernels representing Gaussian functions with standard deviations of 0.2, 0.3 and 0.4
arcsec (blue dotted, dashed and solid curves). ¢) With the PSF retrieved by subtracting
the estimated aureole intensity from the mean transit image (green solid curve). d) With
K, (red solid curve). Middle and bottom: Blow-up insets of the boxed areas. The radius
of the venusian disc, a free parameter in the LMA optimization, is in all instances about
29.3 arcsec and not marked to avoid cluttering. The horizontal dashed lines follow unit
intensity. The test transit image was corrected for limb darkening by normalizing it by the
surface fit, computed as done for the mean transit image in Sect. 4.2.2.

introduces Gaussian blur that is confined to near the edge of the disc of zeroes. We
repeated the derivation of the PSF with different degrees of Gaussian blurring.

In Fig. 4.8 (top panel) we display the PSFs retrieved after blurring the edge of the disc
of zeroes with kernels representing Gaussian functions with standard deviations of 0.2,
0.3 and 0.4 arcsec (blue dotted, dashed and solid curves) along K; (black dashed curve).
In Fig. 4.6b we have the radial intensity profile of the test transit image before and after
image restoration with these PSFs. The stronger the blurring, the narrower the core of
the PSF and the weaker the ringing artefact. The narrowest Gaussian kernel (0.2 arcsec)
returned a PSF that is still very similar to K; while the broadest (0.4 arcsec) yielded a PSF
that is unphysical, significantly narrower at the core than the ideal diffraction-limited PSF.
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Figure 4.7: 201 x 201 pixel inset, centred on Venus, of the test transit image after image
restoration with K; (left) and the same, except with A; set to zero (right).

As the Gaussian blurring is confined to near the edge of the disc of zeroes, the retrieved
PSFs do not differ significantly from K; beyond a few arcseconds from the centre of the
PSE.

4.2.4.2 Refraction of solar radiation in the venusian atmosphere

We estimated the contribution by the aureole to apparent intensity in the mean transit
image. For this purpose we examined the 854 x 854 pixel crop, centred on the venusian
disc, of a continuum filtergram taken shortly (~ 10 seconds) before the venusian disc
moved completely into the solar disc (recorded at 22:25:33 UTC, June 5, 2012), hereafter
referred to as the ingress image. The ingress image is expressed as a grey scale plot in
Fig. 4.9.

The aureole is only directly observable at ingress and egress (i.e., when the venusian
disc is only partially within the solar disc), in the part of the venusian disc outside the
solar disc. This is because the aureole is much dimmer than the photosphere and therefore
difficult to distinguish from direct solar radiation. Generally, the intensity of the aureole
increases with the proportion of the venusian disc sitting inside the solar disc (Tanga et al.
2012). Therefore, observations taken right before second contact (such as the ingress
image) or right after third contact give the closest direct indication of the intensity of
the aureole when the venusian disc is entirely within the solar disc. The intensity of the
aureole also varies with azimuth. This is, at least in part, because it is modulated by
the spatial distribution of photospheric intensity (Tanga et al. 2012) and variation in the
physical structure of the venusian atmosphere with latitude (Pasachoff et al. 2011).

Here we looked at the intensity of the aureole in the ingress image over the minor
sector marked in Fig. 4.9 (blue lines), where it is relatively stable with azimuth.

The radial intensity profile over the minor sector marked in Fig. 4.9 is plotted in
Fig. 4.10 (circles, top panel). The peak near the edge of the venusian disc (dashed line)
corresponds to the aureole while the slowly varying background is largely instrumental
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Figure 4.8: Comparison between K, (black dashed curves), the ideal diffraction-limited
PSF (black solid curves) and the other retrieved PSFs. The blue curves (top) represent
the PSFs retrieved after blurring the edge of the disc of zeroes in the artificial image
by kernels representing Gaussian functions with standard deviations of 0.2 (dotted), 0.3
(dashed) and 0.4 arcsec (solid). The green curve (middle) corresponds to the PSF found
by subtracting the estimated aureole intensity from the mean transit image. The red curve
(bottom) corresponds to K,. For illustration purposes, we set the value of A; at zero (i.e.,
ignoring the azimuthal dependence) and normalized each PSF to the level at r = 0. As the
retrieved PSFs represent estimates of the pixel integrated true PSF, the ideal diffraction-
limited PSF was smoothed with a box function of pixel scale width to allow a direct
comparison.
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Figure 4.9: 151 x 151 pixel inset, centred on Venus, of the ingress image. The edge of the
venusian disc (as given by the point of inflexion on ) and of the solar disc are indicated
by the red and green contours respectively. They do not coincide with the apparent bound-
aries due to the low grey scale saturation level. The grey scale is saturated at 3000 DN/s
(~ 5% of the mean photospheric level at disc centre) to allow the aureole, the bright arc on
the part of the venusian disc outside the solar disc, which is much dimmer than the solar
disc, to be visible. The blue lines mark the minor sector within which the intensity of the
aureole is relatively stable with azimuth. The bright feature on the northwest quadrant of
the venusian disc is an artefact of cosmic ray hits on the CCD.

scattered light from the solar disc. We subtracted the polynomial fit to the background
(red curve) from the radial intensity profile. To the background-subtracted radial intensity
profile (circles, bottom panel) we fit the linear combination of two Gaussian functions
(blue curve). We then scaled this fit by the quotient of the integrated photospheric intensity
behind the venusian disc in the mean transit image and in the ingress image’. The result

SThe intensity of the photosphere behind the venusian disc in the mean transit image is given by the
surface fit described in Sect. 4.2.2. For the ingress image, we binned the image pixels on the solar disc by
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(green curve) represents an estimate of the radial intensity profile of the aureole in the
mean transit image.

In Fig. 4.8 (middle panel) we compare the PSF retrieved after first subtracting the
estimated radial intensity profile of the aureole from the mean transit image (green curve)
with K, (black dashed curve). In Fig. 4.6c we have the radial intensity profile in the test
transit image, before and after image restoration with this PSF. The effect of removing
the contribution by the aureole to observed intensity on the retrieved PSF and the ringing
artefact in the restored test transit image is similar as that from introducing Gaussian blur
to the edge of the disc of zeroes in the artificial image. The retrieved PSF is slightly nar-
rower than K, at the core. The ringing artefact in the restored test transit image is slightly
weaker. As the aureole is concentrated near the edge of the venusian disc, removing it
from the mean transit image made little difference to the retrieved PSF beyond a few
arcseconds from the core.

In removing the contribution of the aureole from the mean transit image as described
above, we have made two simplifying assumptions:

¢ One, that the intensity of the aureole is directly proportional to the integrated pho-
tospheric intensity behind the venusian disc.

e Two, that the intensity of the aureole does not change with azimuth.

Tanga et al. (2012) recently published a model of aureole intensity, relating it to the spatial
distribution of photospheric intensity and physical structure of the venusian atmosphere.
This is, to our knowledge, the only model of its kind reported in the literature. Given
the fact that the aureole is blurred by instrumental scattered light, the uncertainties over
the structure of the venusian atmosphere, and in the interest of simplicity, we favoured
the rather approximate approach taken here over a more rigorous computation based on
the model of Tanga et al. (2012). The estimated peak intensity of the aureole in the
mean transit image is about 1500 DN/s (blue curve, Fig. 4.10), much smaller than the
photospheric level (~ 5 x 10* DN/s, Fig. 4.4). Taking into account this as well as the
relatively minor effect of subtracting the radial intensity profile of the aureole from the
mean transit image on the retrieved PSF, we surmise that the uncertainty introduced by
the two assumptions listed is likely minimal.

By repeating the derivation of the PSF and restoration of the test transit image, first
blurring the edge of the disc of zeroes in the artificial image or subtracting the estimated
contribution by the aureole to the mean transit image, we have demonstrated that the
interaction between solar radiation and the venusian atmosphere has a palpable impact
on the width of the core of the retrieved PSF. Both adjustments yielded PSFs that were
narrower at the core compared to K; (Fig. 4.8). And the narrower the core of the PSF, the
weaker the ringing artefact in the restored test transit image (Fig. 4.6). The width of the
core of K;, derived with no consideration of the venusian atmosphere, is over-estimated
and the over-sharpening this produces when used to restore HMI data shows up as ringing
artefacts near where the signal is changing rapidly.

U, excluding the venusian disc and surroundings, and took the bin-averaged intensity. The intensity behind
the venusian disc was then estimated from the polynomial fit to these bin-averaged intensities given the u
of each image pixel within the venusian disc.
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Figure 4.10: Intensity in the ingress image, averaged over the minor sector marked in
Fig. 4.9, as a function of distance from the centre of the venusian disc (circles); before
(top panel) and after (bottom panel) subtracting the polynomial fit to the slowly varying
background (red curve). The blue curve corresponds to the sum-of-two-Gaussians fit to
the background-subtracted series, while the green curve is the same after scaling by the
quotient of the total photospheric intensity behind the venusian disc in the mean transit
image and in the ingress image. The black dashed and dotted lines denote the position
of the Venus limb (as given by the point of inflexion on /,) and the zero intensity level,
respectively.
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4.2.4.3 Final estimate of the PSF

We arrived at our final estimate of the PSF by making the following changes to the deriva-
tion procedure described in Sect. 4.2.2.

o Firstly, we subtracted the estimate of the radial intensity profile of the aureole from
the mean transit image.

e Secondly, we blurred the edge of the disc of zeroes in the artificial image with a
Gaussian kernel, the width of which we allowed to be a free parameter in the LMA
optimization.

e Lastly, we fixed the width of the narrowest Gaussian component in the guess PSF
such that the full width at half maximum, FWHM of the component is similar to
that of the pixel-integrated ideal diffraction-limited PSF. The pixel integration was
achieved by smoothing the ideal diffraction-limited PSF with a box filter of HMI
pixel scale width.

The parameters of the PSF so derived, hereafter referred to as K5, are summarized in Table
4.2. The adjustments to the PSF derivation procedure yielded a PSF that is significantly
narrower at the core compared to K;, though not more than the ideal diffraction-limited
PSF (bottom panel, Fig. 4.8). The agreement between the aureole-subtracted mean transit
image, and the convolution of the Gaussian-blurred artificial image with K is similar as
in the K instance, illustrated in Figs. 4.3 and 4.4, and therefore not plotted here.

The best fit value of the scale factor applied to the artificial image is 1.0028 and
the radius of the disc of zeroes 29.33 arcsec. The retrieved standard deviation of the
Gaussian kernel 1s 0.26 arcsec. The scale height of the venusian atmosphere, at 15.9
km or approximately 0.08 arcsec, is of similar order. The degree of Gaussian blurring
introduced is, as far as one can infer from such a comparison, physically plausible.

The intention here is to recover a conservative estimate of the PSF, making use of
the fact that the PSF of the instrument cannot be narrower at the core than the ideal
diffraction-limited PSF. Also, it was necessary to fix the width of the narrowest Gaussian
component as allowing both this and the standard deviation of the Gaussian kernel to be
free parameters leads to a degeneracy of the LMA optimization®. Though a conservative
estimate, restoring the test transit image with K, still removed most of the intensity on the
venusian disc while largely suppressing the ringing artefacts (Figs. 4.5 and 4.6d).

As stated in Sect. 4.2.2, a potential hazard of modelling the PSF as the linear com-
bination of Gaussian functions is that it allows solutions with Strehl ratios greater than
unity. This functional form is only appropriate when the weight and width of the broader
Gaussian components, representing the non-ideal contribution to the PSF (instrumental
effects other than aperture diffraction) are sufficiently high to avoid this (Wedemeyer-
Bohm 2008). As evident in Fig. 4.11, this is indeed the case here for both K; (dashed
curve) and K, (red curve). The greater integral under both PSFs compared to the pixel-
integrated ideal diffraction-limited PSF, all normalized to the level at r = 0, indicates
Strehl ratios of less than unity. (We cannot compute the Strehl ratio of K; and K, directly
as they describe the pixel-integrated PSF.)

6Specifically, the LMA converged to different solutions for the PSF, some of which are narrower at the
core than the ideal diffraction-limited PSF, depending on the initial value of the free parameters.
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Figure 4.11: As in Fig. 4.8 (bottom panel), but with the PSF on a logarithmic scale and
over an extended radial range.

4.2.5 Partial lunar eclipse and solar limb observations

As stated in the introduction, we consider the observations of Venus in transit the most
appropriate available for recovering the PSF of the HMI, preferring them over data from
partial lunar eclipses and of the solar limb.

It is challenging to constrain the PSF in both the radial and azimuthal dimensions with
data from partial lunar eclipses due to the combination of the geometry, as well as jitter
and defocus issues brought on by the lunar occultation itself.

e The radius of curvature of the terminator, the edge of the lunar disc, is much greater
than the width of the PSFE. So at any given point along the terminator, the spatial
distribution of signal smeared onto the lunar disc largely reflects the PSF in the
direction of the centre of curvature. Therefore, a given partial lunar eclipse im-
age only contains information about the PSF within a limited range of azimuths.
Circumventing this limitation by looking at multiple images with the terminator
at different orientations is not straightforward due to the variation of the PSF with
position in the FOV.

e The terminator is uneven from lunar terrain. This makes it complicated to model the
aperture diffraction and stray light-free image as we did here for the mean transit
image with the artificial image (Sect. 4.2.2). A possible solution is to reduce the
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problem from 2D to 1D by looking at the radial intensity profile over segments
of the terminator relatively free of lunar terrain features. This is, however, only
appropriate when the terminator is near solar disc centre, where we can take the
solar background to be uniform.

e The image stabilization system, ISS of the instrument was not always functional
during the partial lunar eclipses due to the lunar disc blocking the diodes necessary
for its operation, increasing the jitter.

e Having the lunar disc occult a significant proportion of the solar disc, and therefore
greatly reducing the amount of impinging radiation, causes the front window of the
instrument to cool, resulting in defocus (Schou et al. 2012b).

e There are observations made when the lunar disc was just starting to cover the solar
disc and not blocking the ISS diodes. These data do not suffer jitter and defocus
problems, but we cannot resolve the lunar terrain issue by reducing the problem
from 2D to 1D as described above, as the variation in the solar background from
limb darkening is significant here.

Our approach in this study is to constraint the PSF by the spatial distribution of inten-
sity about a closed bright and dark boundary as this allows us to recover the full azimuthal
dependence (i.e., all directions). For this we can either employ observations of Venus in
transit or of the solar limb. The PSF of HMI likely varies with position in the FOV, as
shown for the part of the FOV transversed by Venus in Sect. 4.2.1. The longer the bound-
ary used to constrain the PSF, the greater the contribution by the variation of the PSF with
position in the FOV to observed intensity fluctuation along and near the boundary, which
introduces bias to the retrieved PSF. The venusian disc occupies only about 0.06% of the
FOV by area, and the solar disc, over 60%. The variation of the PSF over the part of the
FOV occupied by the venusian disc is likely minimal, making these observations more
suited for the purpose.

In view of the issues associated with deducing the PSF from partial lunar eclipse
and solar limb data, we utilised the observations of Venus in transit though the interaction
between solar radiation and the venusian atmosphere is challenging to account for, leaving
us with only a conservative estimate of the PSF (Sect. 4.2.4).

4.3 Application of the derived PSF to HMI observations

4.3.1 Granulation contrast

Restoring HMI data with K, is not exact. This is due to the approximate account of
the influence of the venusian atmosphere in the derivation of K, (Sect. 4.2.4) and from
applying a single PSF to the entire FOV (so ignoring the variation of the PSF with position
in the FOV, discussed in detail in Sect. 4.4.1). In this subsection we examine the effect
of image restoration with K, on apparent granulation contrast, represented by the RMS
intensity contrast of the quiet Sun’. We compare the values deduced from HMI continuum

"Intensity variation in the quiet Sun arises mainly from granulation.
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observations and from synthetic intensity maps generated from a 3D MHD simulation.
The purpose is to demonstrate that image restoration with K,, with all its limitations,
still yields reasonable estimates of the aperture diffraction and stray light-free intensity
contrast.

The side CCD continued to observe in the continuum for about an hour after the
end of the transit of Venus. For this analysis we employed a continuum filtergram from
this period (recorded at 04:35:59 UTC, June 6, 2012), hereafter referred to as the test
continuum filtergram. Of the various types of data available from HMI, the continuum
filtergram represents the closest to a near instantaneous continuum capture (exposure time
of ~ 0.135 seconds). This implies minimal loss of apparent contrast from averaging
in time. It is worth noting however, that the continuum bandpass (—344 mA from line
centre), whilst close to the clean continuum, may be slightly affected by the far wing of
the Fe 1 6173 A line.

The intensity contrast of pixels corresponding to quiet Sun in the test continuum fil-
tergram was computed largely following the method of Yeo et al. (2013), who examined
the intensity contrast of small-scale magnetic concentrations utilizing the 45-s continuum
intensity and line depth data products from the front CCD. As in the cited work, the in-
tensity contrast at a given image pixel is defined here as the normalized difference to the
mean quiet-Sun intensity.

First, we identified magnetic activity present using the 45-s longitudinal magnetogram
from the front CCD closest in time (< 1 minute) to the test continuum filtergram®. Let
(By) /u denote the magnetogram signal, the mean line-of-sight magnetic flux density
within a given image pixel, corrected (to first order) for foreshortening by the quotient
with u. The magnetogram was resampled to register with the test continuum filtergram.
Image pixels in the test continuum filtergram corresponding to points where (B;) /u >
10 G in the resampled magnetogram were taken to contain significant magnetic activity
and masked, leaving quiet Sun.

The test continuum filtergram was corrected for limb darkening by normalizing it by
a fifth order polynomial in g fit to the quiet Sun pixels (following Neckel and Labs 1994).
Let 1/1, denote the limb darkening corrected intensity. Next, we derived the mean //1, of
the quiet Sun, (I/ly)qs as a function of position on the solar disc. As similarly noted for
the 45-s continuum and line depth data products by Yeo et al. (2013), there are distortions
in HMI filtergrams such that (//ly)qs is not at unity but varying with position on the solar
disc. (This is not to be confused with the spatial distortion present in HMI data discussed
in Sect. 4.2.1.)

We sampled the solar disc at 16-pixel intervals in both the vertical and horizontal
directions. At each sampled point, we retrieved the median intensity of all the quiet Sun
pixels inside a 401 x 401 pixel window centred on the point. We then fit a bivariate
polynomial surface to the values so obtained from the entire disc. This surface describes
(I/1y)qs as a function of position on the solar disc. The intensity contrast at a given image
pixel is then given by the value of 7 1/1 ;OI;)QS — 1 there.

Finally, we derived the RMS intensity contrast of the quiet Sun as a function of u.
To this end we grouped the quiet Sun pixels by u in bins with a width of 0.01 and took

8The 720-s longitudinal magnetogram data product from the side CCD, generated from the regular
filtergram sequence, is evidently not available when this CCD is observing in the continuum.
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Figure 4.12: RMS intensity contrast of the quiet Sun in the test continuum filtergram as a
function of u, before (black curve), and after image restoration with K; (blue curve) and
with K, (red curve). The black circles represent the values from the synthetic intensity
maps and the green circles the same, rescaled to reflect the proportion arising from spatial
frequencies up to the cutoff spatial frequency of the restored (with K;) test continuum
filtergram (see text).

the RMS intensity contrast within each bin. The results are expressed in Fig. 4.12 (black
curve). Also plotted are the values from first restoring the test continuum filtergram with
K, (blue curve), and with K, (red curve). Quiet Sun pixels near the limb (u < 0.2) were
excluded. Towards the limb, the spread in measured intensity contrast in HMI data is
dominated by scatter from the combination of the diminishing signal-to-noise ratio and
the limb darkening correction (Yeo et al. 2013).

The decline in granulation contrast with distance from disc centre, seen here for the
test continuum filtergram, is a known, well reported phenomenon (see Sdnchez Cuberes
et al. 2000, 2003, and references therein). Also within expectation, image restoration
resulted in greater RMS contrasts, by a factor of about 2.6 near limb in the K, instance,
going up to 3.2 at disc centre, and going from 1.9 to 2.2 for K,.

The apparent granulation contrast is not only significantly enhanced by image restora-
tion but also rather sensitive to differences between K; and K,. This makes the RMS
intensity contrast of the quiet Sun a suitable check of the goodness of K, for the restora-
tion of HMI data. We compared the values obtained here with values from synthetic
intensity maps, artificial images of the quiet Sun produced from a numerical simulation.
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To this end, synthetic Stokes spectra were generated by applying the LTE radiative trans-
fer package SPINOR/STOPRO (Solanki 1987, Frutiger et al. 2000), to snapshots of a 3D
MHD simulation performed with the MURaM code (Vogler 2003, Vogler et al. 2005), as
done in, for example, Danilovic et al. (2010, 2013).

The simulation, set up as in Danilovic et al. (2013), represents a layer encompassing
the solar surface in the quiet Sun. The mean vertical magnetic flux density is 50 G.
The simulation ran over about 23 minutes solar time after reaching a statistically steady
state. Synthetic Stokes profiles were computed for ten snapshots of the simulation output,
recorded at intervals of approximately two minutes solar time. From each snapshot we
produced nine synthetic intensity maps corresponding to u of 0.2, 0.3, 0.4 and so on,
up to 1.0, rotating the snapshot along one dimension. The computational domain of the
simulation spans 6 X 6 Mm in the horizontal, 1.4 Mm in depth, the top of the box lying
about 0.5 Mm above the mean optical depth unity level, in a 288 x 288 x 100 grid. This
translates into a pixel scale of (0.0287u) arcsec and 0.0287 arcsec, in the rotated and static
direction, in the synthetic intensity maps.

The Stokes I and Q components of the synthetic spectra were convolved with a Gaus-
sian function with a FWHM of 75 mA and sampled at —327 mA from the centre of the
Fe 1 6173 A line in order to yield synthetic intensity maps mimicking the polarization
(Stokes I + Q) and bandpass of the test continuum filtergram. The FWHM and central
wavelength of the continuum bandpass were estimated from the main lobe of the CCD
centre filter transmission profile’.

The synthetic intensity maps were resampled in the foreshortened direction such that
the pixel scale is similar along both dimensions. The RMS contrast of a given intensity
map is given by the RMS value of é — 1 over all points, (/) denoting the mean intensity
of the map. The mean RMS contrasts from the synthetic intensity maps at each u level for
which we simulated data are plotted along the measured values from the test continuum
filtergram in Fig. 4.12 (black circles).

The RMS intensity contrast of the quiet Sun in the test continuum filtergram and
the synthetic intensity maps cannot be compared directly due to the gross difference in
the pixel scale (0.504 versus 0.0287 arcsec). Resampling the synthetic intensity maps
to HMUI’s pixel scale is not feasible as the resampled synthetic intensity maps will extend
only 16x16 pixels in the 4 = 1.0 case, going down to 3x16 pixels for 4 = 0.2. Simulations
with considerably larger computational domains are necessary to yield synthetic intensity
maps from which we can compute the RMS contrast at HMI’s pixel scale with statistical
confidence. What we did instead was to estimate, by comparing the power spectra of the
synthetic intensity maps and the test continuum filtergram, the contribution to intensity
variations in the synthetic intensity maps by spatial frequencies up to the resolution limit
of the test continuum filtergram.

In Fig. 4.13 we plot the encircled energy of the power spectrum of the 361 X 361 pixel
crop, centred on solar disc centre, of the test continuum filtergram. There are no sunspots
present in this crop. We define the cutoff spatial frequency as the spatial frequency at
which the encircled energy of the power spectrum reaches 0.99, taken here as an indication

The filter transmission profiles of the HMI varies slightly with position in the CCD. The central wave-
length of the main lobe, at —327A from line centre, differs from the bandpass position of —344A stated
earlier. Quoted bandpass positions for HMI are theoretical figures derived assuming the filter transmission
profiles are delta functions.
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Figure 4.13: The encircled energy of the power spectrum of the 361 x 361 pixel inset,
centred on the centre of the solar disc, of the test continuum filtergram, before (black),
and after image restoration with K; (blue) and with K, (red). The green series gives the
encircled energy of the mean power spectrum of the synthetic intensity maps correspond-
ing to u = 1.0. The vertical dashed line marks the cutoff spatial frequency (see text) of the
restored (with K;) test continuum filtergram and the horizontal dashed line the encircled
energy of the mean power spectrum of the ¢ = 1.0 synthetic intensity maps at this spatial
frequency. The dotted line denotes encircled energy of unity.

of the resolution limit. The cutoff spatial frequency is 0.75 cycle/arcsec for the original
test continuum filtergram (black curve), and 0.79 cycle/arcsec and 0.78 cycle/arcsec for
the iterations restored with K; (blue curve) and with K, (red curve).

As mentioned in Sect. 4.2.2, image restoration with a PSF that is the linear combina-
tion of Gaussian functions can potentially introduce aliasing artefacts from the enhance-
ment of spatial frequencies above the Nyquist limit (0.99 cycle/arcsec for HMI). While
image restoration with K; and K, enhanced image contrast, indicated here by the right-
ward displacement of the encircled energy profile for the restored iterations of the test
continuum filtergram, it made little difference to the resolution limit which is also signif-
icantly lower than the Nyquist limit. Even after image restoration, almost all energy is
confined to spatial frequencies well below the Nyquist limit. Aliasing artefacts from the
restoration, if present, are likely negligible.

At each u level for which we generated synthetic intensity maps, we computed the
power spectrum of each intensity map and then the encircled energy of the mean power
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spectrum. Following that we estimated the encircled energy at the spatial cutoff frequency
of the restored (with K5) test continuum filtergram, illustrated in Fig. 4.13 for u = 1.0. The
encircled energy here gives the proportion of observed intensity variation in the synthetic
intensity maps arising from spatial frequencies up to the spatial cutoff frequency of the test
continuum filtergram. The product of this quantity with the RMS intensity contrast of the
quiet Sun from the synthetic intensity maps (green circles, Fig. 4.12) then represents an
approximation of the RMS contrast if the spatial resolution of the synthetic intensity maps
were similar to that of the test continuum filtergram. This treatment is very approximate,
ignoring the fact that the spatial frequency response of the test continuum filtergram and
synthetic intensity maps, up to the cutoff, are in all likelihood not similar.
In this analysis we had,

e defined the cutoff spatial frequency as the level where the encircled energy of the
power spectrum reaches 0.99, and

e used the cutoff spatial frequency of the copy of the test continuum filtergram re-
stored with K to find the factors by which to rescale the RMS intensity contrast of
the synthetic intensity maps (as the comparison between this restored version of the
test continuum filtergram and the synthetic intensity maps is of greatest interest).

As stated above, the restoration of the test continuum filtergram made little difference
to the cutoff spatial frequency. Also, the encircled energy of the power spectrum of the
synthetic intensity maps does not vary strongly with spatial frequency in the regime of the
cutoff spatial frequency of the test continuum filtergram, as visibly evident for the u = 1.0
example in Fig. 4.13. Hence, tests showed that the level of the rescaled RMS contrast
is not sensitive to small variations in the threshold encircled energy level chosen in the
definition of the cutoff spatial frequency. The result is also not changed significantly if
we employ the cutoff spatial frequency of the unrestored and restored with K; versions of
the test continuum filtergram to derive the rescaling factors instead.

The RMS intensity contrast of the quiet Sun in the restored (with K5) test continuum
filtergram (red curve, Fig. 4.12) and in the synthetic intensity maps, rescaled as described
above (green circles), are of gratifyingly similar magnitude, less than or close to 0.01 apart
at most u, especially near disc centre. They do, however, differ in that the latter exhibits
a steeper decline with distance from disc centre. The diverging trend with decreasing u is
likely, at least in part, from

e the approximate way of accounting for the influence of the venusian atmosphere in
the derivation of K, (Sect. 4.2.4),

e applying a single PSF to the entire FOV, so ignoring the variation of the PSF with
position in the FOV (discussed in detail in Sect. 4.4.1),

o the difference in the spatial frequency response of the test continuum filtergram and
the synthetic intensity maps,

e sensor noise and its centre-to-limb variation (CLV), and

e Doppler shift of the spectral line from the motion of SDO and the rotation of the
Sun, which may produce small, u-dependent effects on apparent intensity in the
continuum bandpass through the line wing.
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The observation that these two series are close, even with these factors present, confers
confidence that image restoration with K,, though not exact, returns a reasonable approx-
imation of the true aperture diffraction and stray light-free intensity contrast.

A quantitative comparison of the RMS intensity contrast of the quiet Sun presented
here for HMI and other measurements reported in the literature would require taking
into account instrumental differences such as the spatial resolution and bandpass, which
is beyond the scope of this study. Due to HMI’s limited spatial resolution, the RMS
contrast, even after image restoration with K5, remains below the values returned from
spaceborne and balloon-borne (i.e., similarly seeing-free) observatories at finer spatial
resolutions, namely Hinode (Danilovic et al. 2008, Mathew et al. 2009, Wedemeyer-Bohm
and Rouppe van der Voort 2009) and SUNRISE (Hirzberger et al. 2010). (Note though,
that the divergence is also due in part to the different bandpass of the various instruments.)

4.3.2 Effect of image restoration on the Dopplergram, longitudinal
magnetogram, continuum intensity and line depth data prod-
ucts

In this subsection we discuss the effect of image restoration with K, on the Dopplergram,
longitudinal magnetogram, continuum intensity and line depth data products. We exam-
ine the influence on the apparent continuum and line-core intensity, and magnetic field
strength of small-scale magnetic concentrations, as well as sunspots and pores. We will
also describe the result of image restoration on the apparent amount of magnetic flux on
the solar surface and the line-of-sight velocity.

For this purpose we utilised a set of simultaneous (generated from the same sequence
of filtergrams) 720-s Dopplergram, longitudinal magnetogram, continuum intensity and
line depth images from the side CCD, taken shortly after this CCD resumed collection of
the regular filtergram sequence, about an hour after Venus left the solar disc (at 05:35:32
UTC, June 6, 2012). Here we will refer to the result of subtracting the line depth image
from the continuum intensity image, giving the intensity in the Fe I 6173 A line, as the
line-core intensity image.

As mentioned in Sect. 4.2.1, HMI data products cannot be corrected for stray light by
the deconvolution with the PSF but instead we must correct either the Stokes parameters
or the filtergrams used to compute the data products. The data set was restored for stray
light by applying image restoration with K, to the corresponding 720-s Stokes parameters,
and returning the result to the HMI data processing pipeline. A 200x200 pixel inset of the
original and restored version of the data set, near disc centre (1 > 0.93), featuring active
region NOAA 11494, is shown in Fig. 4.14. The enhanced image contrast and visibility
of small-scale structures is clearly evident.

The 720-s Milne-Eddington inversion data product includes the vector magnetogram.
Since the inversion procedure employed to obtain this data product assumes a magnetic
filling factor of unity everywhere, the process treats noise in the Stokes Q, U and V
parameters as signal, creating pixel-averaged horizontal magnetic field strengths of ~
100 G in the vector magnetogram even in the very quiet Sun. For ease of interpretation
we confined ourselves to the longitudinal magnetogram data product here.
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Figure 4.14: 200 x 200 pixel (101 x 101 arcsec) inset, near disc centre (u > 0.93), encom-
passing active region NOAA 11494, of the simultaneously recorded 720-s data products
examined, before (top) and after (bottom) image restoration with K,. The grey scale
is saturated at —1200 and 1200 ms™! for the Dopplergrams, at —100 and 100 G for the
longitudinal magnetograms, and at 0.6 and 1.2 for the continuum and line-core intensity
images. The Dopplergram was corrected for the velocity of SDO relative to the Sun and
for differential rotation (Sect. 4.3.2.4). Both the continuum and line-core intensity images
were normalized to the mean quiet-Sun level (Sect. 4.3.2.1). The red and blue contours in
the grey scale plot of the uncorrected longitudinal magnetogram and continuum intensity
image follow /1y = (I/Iy)qs p, the quiet Sun to penumbra boundary. The colour coding
is to distinguish the big sunspot feature (red) from the smaller sunspots and pores (blue),
treated separately in Fig. 4.17.

4.3.2.1 Intensity contrast and magnetogram signal of small-scale magnetic concen-
trations

Both the original and restored continuum and line-core intensity images were normalized
by the fifth order polynomial in u fit to the quiet Sun pixels. Then the intensity contrast
at each image pixel was computed following the procedure applied to the test continuum
filtergram in Sect. 4.3.1. For the line-core intensity image, the normalization not only
corrects for limb darkening, but also the centre-to-limb weakening of the Fe I 6173A line
(Norton et al. 2006, Yeo et al. 2013).

Sunspots were identified by applying a continuum intensity threshold representing
the quiet Sun-to-penumbra boundary, denoted (I/1y)qs p. We took the threshold value for
MDI continuum intensity images, taken at 6768 A, from Ball et al. (2012), 0.89, and
estimated the equivalent level at HMI's wavelength, 6173 A. Assuming sunspots to be
perfect blackbodies and an effective temperature of 5800 K for the quiet Sun, the result is
a threshold value of 0.88. This is a crude approximation, ignoring the difference in spatial
resolution and variation in the continuum formation height with wavelength (Solanki and
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Unruh 1998, Siitterlin et al. 1999, Norton et al. 2006). Pores were also isolated by the
application of this threshold. In the following we count these features to the sunspots and
do not mention them separately.

We selected the image pixels where u > 0.94 (i.e., near disc centre), excluding
sunspots (i.e., all points with 1/I, < (I/ly)qsp) and all points within three pixels of a
sunspot. The selected points were binned by (B;) /u such that we end up with 800 bins of
equal population. We then took the mean (B;) /u, as well as the median continuum and
line-core intensity contrast within each bin. The values for the uncorrected and restored
copy of the data set are represented by the black and red curves respectively in Fig. 4.15.
These profiles depict the intensity contrast of small-scale magnetic concentrations as a
function of (B;) /i, which serves as an approximate proxy of the magnetic filling factor
(Ortiz et al. 2002, Yeo et al. 2013), in the continuum and core of the Fe I 6173 A line.
This is effectively a repeat of part of the analysis of Yeo et al. (2013), except now on HMI
observations corrected for aperture diffraction and stray light.

Comparing the magnetogram with the continuum intensity image, we found the mag-
netogram signal associated with sunspots to extend beyond the continuum intensity bound-
ary, given by the I/l = (I/Iy)qsp locus (for example, in Fig. 4.14). This was similarly
noted by Yeo et al. (2013), who attributed it to the encroachment of the magnetic canopy
of sunspots, and the smearing of polarized signal originating from sunspots onto its sur-
rounds by instrumental scattered light. Hence, close to sunspots, the magnetogram signal
is not entirely from local, non-sunspot magnetic features alone and would introduce a
bias into the intensity contrast versus (B;) /u profiles (Fig. 4.15) if left unaccounted for.
In the cited work pixels contiguous to sunspots and with (B;) /u above a certain threshold
level were masked. Here, we excluded only all points within three pixels of each sunspot,
observing that excluding pixels further than this distance made no appreciable difference
to the resulting intensity contrast versus (B;) /u profiles. This measure is sufficient here
as, unlike in the earlier study which examined almost all disc positions (¢ > 0.1), we are
only looking at image pixels near disc centre (u > 0.94). Near disc centre, the influence of
magnetic canopies, which are largely horizontal, on the longitudinal magnetogram signal
near sunspots is not as significant or extensive as at disc positions closer to the limb.

The continuum and line-core intensity contrast versus (B;) /u profile of small-scale
magnetic concentrations near disc centre presented here for the uncorrected data set (black
curves, Fig. 4.15) is nearly identical to that by Yeo et al. (2013) (Figs. 9 and 10 in
their paper), who employed similar data and method of derivation. The profiles from the
restored data set (red curves) span a wider range, by a factor of about 1.3 in the continuum
and line-core intensity contrast, and 1.7 in (B;) /u, but are qualitatively similar in form.

Image restoration produced an absolute increase in the continuum and line-core inten-
sity contrast everywhere except around the peak of the continuum contrast versus (B;) /u
profile. The lower maximum in the profile from the restored data set, compared to the
profile from the uncorrected data set (2.6 x 1073 versus 5.7 x 1073), is likely from the
enhanced contrast of dark intergranular lanes.

In Fig. 4.16 we show the uncorrected and restored continuum intensity and (B;) /u
along a 21-pixel cut across example magnetic features near disc centre (u = 0.97). The
troughs and peaks in the intensity curve (top panel) correspond to intergranular lanes
and granules respectively. The magnetic features, the peaks in the (B;) /u curve (bottom
panel), sit inside the intergranular lanes. The (B;) /u level at the core of these magnetic

109



4 Point spread function of SDO/HMI and the effects of stray light correction on the
apparent properties of solar surface phenomena

(The contents of this chapter are identical to the printed version of Yeo, K. L., Feller, A., Solanki, S. K.,
Couvidat, S., Danilovic, S., Krivova, N. A., 2014, Point spread function of SDO/HMI and the effects of stray

light correction on the apparent properties of solar surface phenomena, Astron. Astrophys., 561, A22.)

O 02 L B A A B A A B R L B

I Xelol F e o Sl —
(n -
8 J
g2 —0.02f ]
38 i i
>¢% i i
- _ R ]
£7 -0.04} ]
c -~ L i
o’ - .
oc —-0.06r .
q) - -
- - m
j= i i
—-0.08 7

i 1 1 1 N 1 1 1 i

N 1 1 1 ' 1 1 I ]

0.3F .

) L ]

2 - ]

O C ]

oS - ]

O C r -
OO0 O'2: ]
OO C ]

I C .
o - 1
C‘— = -
=0 = -
_1 c 01 C ]

O - ]

4 L 4

L C .

0.0 —

L

0O 200 400 600 800 1000 12001400
<B>|/u [G]

Figure 4.15: The continuum (top) and line core (bottom) intensity contrast of small-scale
magnetic concentrations, near disc centre (¢ > 0.94), as a function of (B;) /u. The black
and red curves correspond to the values from the original and restored (with K,) data sets,
respectively.

features lie in the regime of the peak of the continuum contrast versus (B;) /u profile.
The stray light correction boosted the magnetogram signal at the core of these magnetic
features but also rendered them darker here, even from positive contrast to negative, as
radiation originating from nearby granulation is removed from the intergranular lanes.
The spatial resolution of HMI is insufficient to resolve many of the magnetic elements.
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Consequently, measured intensities contain contributions not only from magnetic features
but also from the intergranular lanes that host them.

The intensity contrast of small-scale magnetic concentrations in both the continuum
and spectral lines component of the solar spectrum, in particular the variation with po-
sition on the solar disc and magnetic field strength, is an important consideration in un-
derstanding the contribution by these features to variation in solar irradiance (Yeo et al.
2013). To the extent tested, image restoration with K, enhanced measured intensity con-
trast and (B;) /u significantly but made little qualitative difference to the dependence of
apparent contrast on (B;) /u. The analysis here was restricted to image pixels near disc
centre (u > 0.94). To extend the analysis to other disc positions, we would need to exam-
ine multiple full-disc images from different times featuring active regions at various disc
positions as done by Ortiz et al. (2002) and Yeo et al. (2013), beyond the scope of this

paper.

4.3.2.2 Intensity and magnetogram signal of sunspots and pores

In Fig. 4.17 we illustrate the change introduced by image restoration with K, on (B),
as well as the continuum and line-core intensity of the sunspots and pores defined by the
I/1y = (I/1y)qsp contours in Fig. 4.14. Signal enhancement is expressed as a function
of the original level, separately for the big sunspot bounded by the red contours, and the
smaller sunspots and pores bounded by the blue contours. We binned the image pixels
by the uncorrected (B;) in intervals of 100 G and plotted the bin-averaged change in (B;)
against the bin-averaged original (B;) (Fig. 4.17a). This was repeated for the continuum
and line-core intensity (Figs. 4.17b and 4.17¢), taking a bin size of 0.05 in both instances.

Within expectation, the influence of image restoration on (B;) and intensity is highly
correlated to the original values of these quantities. This comes largely from the fact
that the darker regions, where (B;) is also typically higher, are more affected by stray
light as scattered radiation forms a greater proportion of measured intensity, and there-
fore respond more strongly to image restoration. Also within expectation, the effect of
restoration is more pronounced (greater absolute change) for smaller features, which are
more susceptible to instrumental scattered light. An exception is the peak in the line-core
intensity profile for the big sunspot feature (red curve, Fig. 4.17c), which arose from the
enhanced brightness of the bright filaments in the penumbra from the restoration, visible
in Fig. 4.14.

Given the variation in the response of sunspots to image restoration, it could have
a profound effect on the apparent radiant and magnetic properties of these features. A
full account of the effect of image restoration on sunspots, including the variation with
size and disc position, would require examining a much larger sample of sunspots from
multiple images taken at different times, which is outside the scope of this work (see
Mathew et al. (2007) for such a study, based on MDI data).

4.3.2.3 Amount of magnetic flux on the solar surface

We segmented the solar disc in the 720-s longitudinal magnetogram by u (excluding
points where u < 0.1, ~ 1% of the solar disc by area) into 50 annuli of equal area.
Within each annulus, we computed the quantities listed below, plotted in Fig. 4.18. For
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Figure 4.16: The uncorrected (black circles) and restored (with K, red circles) continuum
intensity contrast (top) and (B;) /u (bottom) along a 21-pixel section across magnetic
features near disc centre (u = 0.97). The plotted points represent image pixel values
and are connected by straight lines to aid the eye. The dotted lines highlight the image
pixels inside the magnetic features where the stray light correction effected a decrease
in continuum intensity contrast accompanied by an increase in (B;) /u. The dashed lines
follow the zero level.
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Figure 4.17: The change in (B;) (left), as well as in the continuum (middle) and line-core
intensity (right) introduced by image restoration with K,, as a function of the original
value. Both the continuum and line core intensities are normalized to the quiet-Sun level.
The red and blue series follow the values derived from the sunspot and pore features
encircled by the similarly colour-coded contours in Fig. 4.14. The black and green curves
(left) correspond to the change in (B;) in the quiet Sun field depicted in Fig. 4.19, and in
a 201 x 201 pixel active region field near disc centre (u > 0.92), respectively. The dashed
lines mark the zero level.

each quantity, we derived the level in the uncorrected and restored magnetogram (black
and red series, left axes), and the ratio of the restored and the uncorrected values (blue
series, right axes), denoted by the A preffix.

e The noise level, o, (Fig. 4.18a), given by the standard deviation of (B;). The
standard deviation was computed iteratively, points more than three standard devi-
ations from the mean were excluded from succeeding iterations till convergence,
to exclude magnetic activity. The variation of the noise level of HMI longitudi-
nal magnetograms with position on the solar disc is dominated by a centre-to-limb
increase (Liu et al. 2012, Yeo et al. 2013). It is therefore reasonable to represent
the noise level within a given annulus by a single value of o (5,. Image restoration
increased the noise level, on average, by a factor of 1.6.

e The proportion of image pixels counted as containing significant magnetic activity,
Nmag (Fig. 4.18b), taken here as the points where (B;) > 307 p,.

e The mean (B;) of the image pixels counted as magnetic, €,y mag (Fig. 4.18c).

e The product of ny,, and €p)ma (Fig. 4.18d). The quantity A (nmage<3,>,mag) rep-
resents the factor by which the apparent amount of line-of-sight magnetic flux
changed from stray light removal.

Image restoration resulted in less image pixels being counted as magnetic (around —10%
to —25%, Fig. 4.18b), though the enhancement to the magnetogram signal (30% to 60%,
Fig. 4.18c) meant that there is an overall increase in the apparent amount of line-of-
sight magnetic flux (10% to 40%, Fig. 4.18d). Computing A (nmag€(s)mag ) taking all the
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Figure 4.18: Plotted as a function of u, a) the noise level of the 720-s longitudinal mag-
netogram, oz, b) the proportion of image pixels counted as containing significant mag-
netic activity, 7m,g, ¢) the mean (B;) of these points, €gymag, d) and the product of 7,
and €p)mag. Left axes: the uncorrected (black series) and restored with K, levels (red
series). Right axes: the quotient of the restored and uncorrected values (blue series).

annulus as a whole, the total amount of line-of-sight magnetic flux over the solar disc
increased by a factor of 1.2.

In Fig. 4.19, we mark the location of image pixels counted as magnetic in the original
and restored data, in a 201 x 201 pixel inset centred on the disc centre. Image restoration
renders magnetic features spatially smaller as polarized radiation originating from these
features, lost to the surrounding quiet Sun by aperture diffraction and stray light, is recov-
ered (illustrated by the blue and red clusters). This change in the size of magnetic features
likely depends on factors such as the surface area, and circumference to surface area ra-
tio. The enhanced noise level also contributes to the smaller count in the restored data.
Image restoration does recover some magnetic features smeared below the magnetogram
signal threshold ({B;) = 30 (5,)) in the original data by instrumental scattered light (green
clusters). Overall, less image pixels are counted as magnetic.

The overall increase in o) towards the limb is partly related to the increase in low-
level magnetogram signal fluctuations from the ubiquitous weak horizontal magnetic
fields in the quiet Sun internetwork (Lites et al. 1996, 2008, Beck and Rezaei 2009),
which obtain a line-of-sight component near the limb, and magnetic features foreshorten-
ing towards the background noise regime when approaching the limb. A probable cause
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Figure 4.19: 201 x201 pixel inset, centred on disc centre, of the 720-s continuum intensity
image, with the points displaying (B;) > 30, in the 720-s longitudinal magnetogram
highlighted. Blue corresponds to the points realizing this condition in both the uncor-
rected and restored magnetogram, red the points fulfilling it only in the uncorrected data
and green the points satisfying it only in the restored data. The grey scale is saturated at
0.8 and 1.2 times the mean quiet-Sun level.

of the overall centre-to-limb increase in Ao g, is the enhancement of these true signal
contributions to apparent noise.

In Fig. 4.17a we display the change in magnetogram signal as a function of the origi-
nal signal, in the quiet Sun field illustrated in Fig. 4.19 and in a 201 X 201 pixel crop of an
active region near the disc centre (u > 0.92), represented by the green and black curves,
respectively. This was computed as done in Sect. 4.3.2.3 for the sunspots and pores in Fig.
4.14, the results of which are also plotted for comparison (blue and red curves). The only
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difference is here we binned the image pixels by the uncorrected (B;) in intervals of 40 G
instead of 100 G. As done in Sect. 4.3.2.1, we minimised the influence of pores present
in the active region field by excluding the image pixels where 1/1y < (I/1y)qs p and points
up to three pixels away from them. (There are no image pixels where I/l < (I/1y)gs p in
the quiet Sun field.) The result from the quiet Sun and active region fields represent the
effect of image restoration on the magnetogram signal of quiet Sun network, and active
region faculae, respectively.

As noted for sunspots and pores (Sect. 4.3.2.2), the enhancement of the magnetogram
signal of network and faculae from image restoration is highly correlated to the original
level. This is possibly from the restoration enhancing the signal in the core of magnetic
features, where it is also typically stronger, while depressing the signal in the fringes, from
the recovery of polarized radiation scattered from the core to the fringes and surrounding
quiet Sun, as discussed above and visible for the magnetic features depicted in Fig. 4.16.

The effect of image restoration on network and faculae is also more pronounced than
in sunspots and pores, in particular for network. This is likely related to the smaller
spatial scale of these features, which makes them more susceptible to stray light, and
consequently they respond more acutely to restoration, than sunspots and pores. The
stronger response of network compared to faculae is probably due to the fact that they
appear in smaller clusters and the restoration of small-scale mixed polarities in the quiet
Sun smeared out by instrumental scattered light.

As image restoration affects different magnetic features differently, the overall effect
on the apparent amount of magnetic flux fluctuates with prevailing magnetic activity. This
is the likely reason neither Anp,g, A€(p)) mag DO A (nmage<3,>,mag) exhibit any obvious trend
with ¢, modulated by the magnetic features present within each annulus. Importantly, the
relatively acute effect of image restoration on network, and the fact that the solar disc is,
by area, predominantly quiet Sun means most of the increase in the measured amount of
magnetic flux comes from the enhancement of these features. This is consistent with the
findings of Krivova and Solanki (2004).

4.3.2.4 Line-of-sight velocity

Here we are interested in the part of measured line-of-sight velocities in HMI Doppler-
grams arising from convective motions on the solar surface. To this end, we corrected the
720-s Dopplergram for the contribution by the rotation of the Sun and the relative velocity
of SDO to the Sun'®, ¥spg, following the procedure of Welsch et al. (2013). Oscillatory
motions associated with p—modes are largely undetectable in the 720-s Dopplergram data
product as it is a weighted combination of filtergram observations from a 1350-s period,
much longer than the period of these oscillations (~ 5 minutes).

The rotation rate of the Sun varies with heliographic latitude, ®. Let V,,; denote the
velocity of the surface of the Sun from its rotation. We first determined the Stonyhurst
latitude and longitude at each image pixel within the solar disc. Then, we derived the v,
at each latitude from the differential rotation profile by Snodgrass (1983),

w (@) = 2.902 — 0.464 sin*> ® — 0.328 sin* @, 4.3)

19Given by the radial, heliographic west and north velocity of the spacecraft relative to the Sun listed in
the data header.
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[Protl

which relates angular velocity, w = g7 (Rs being the radius of the Sun in metres) to ®.
The contribution by v, and Vspo to measured velocity at a given image pixel is then given
by the projection of v, and Vspo onto the line-of-sight to the point, taking the small-angle
approximation. The projection of V¥spo, in this instance, varied between 500 and 800 ms™!
with position on the solar disc. The significant magnitude and variation of this with disc
position arises from SDO’s geosynchronous orbit about Earth and Earth’s orbit about the
Sun.

Let (#) represent the signed Dopplergram signal, the mean line-of-sight component
of the vector velocity over a given image pixel.

As done in Sect. 4.3.2.3, we segmented the solar disc by y, into 50 equal annuli,
excluding points where ¢ < 0.1. The image pixels where (B;) /u > 10G in the 720-
s longitudinal magnetogram were masked, leaving quiet Sun. Within each annulus, we
binned the unmasked points by the uncorrected {(#) in intervals of 20 ms~!, and retrieved
the median original and restored (}) within each bin, ignoring bins with less than 100
points. The factor enhancement of (¥) from image restoration, A (V) is then given by
the slope of the linear regression fit to the restored bin-median (i) against the original,
illustrated for the disc centremost interval of u (u > 0.99) in Fig. 4.20a. By performing
this computation over small intervals of , we avoid introducing scatter or bias in A (i)
from the u dependence of the convective blueshift of the spectral line.

The enhancement of the Dopplergram signal in the quiet Sun from image restoration
with K; is significant and exhibits an acute CLV; A (V) increases monotonically with g,
from about 1.4 near the limb to 2.1 at disc centre (Fig. 4.20b).

In looking only at the quiet Sun, we excluded phenomena localised in active regions
(for example, Evershed flow in sunspots), leaving signal largely from granulation and
supergranulation. Supergranulation flows are largely horizontal. The line-of-sight veloci-
ties of supergranulation flows are thus greatest near the limb and diminishes towards disc
centre from foreshortening. In contrast, the apparent line-of-sight velocities of granula-
tion flows diminish towards the limb. Approaching the limb, granulation is more and
more difficult to resolve from foreshortening and the line-of-sight increasingly crossing
into multiple granulation cells. The typical diameter of granulation and supergranulation
cells is about 1 Mm and 30 Mm, respectively. Granulation is therefore more affected by
stray light and experiences greater signal enhancement from image restoration than su-
pergranulation. The observed CLV of A (i) is consistent with the converse CLV of the
line-of-sight velocities of granulation and supergranulation flows, and the stronger effect
of image restoration on granulation compared to supergranulation.

By correcting both the original and restored Dopplergram for differential rotation with
Eqn. 4.3, we had implicitly assumed that this component of measured line-of-sight ve-
locity is not significantly changed by stray light or its removal. Given the line-of-sight
component of ¥, varies gradually across the solar disc, this is true except very close to
the limb. Therefore, the effect on this analysis is likely minute and confined to the annuli
closest to the limb.

The pronounced Dopplergram signal enhancement effected by image restoration with
K, could have an impact on the characterization of plasma flows in the solar surface with
HMI data. In this study we will not attempt to examine the effects of image restoration
on apparent Doppler shifts in active regions, p—mode oscillations (detectable in the 45-s
Dopplergram data product of the front CCD) or the individual physical processes driving
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Figure 4.20: a) Scatter plot of the Dopplergram signal, (¥}) in the quiet Sun, near disc
centre (u > 0.99), in the restored (with K;) and uncorrected versions of the 720-s Dopp-
lergram. The red circles denote the bin-median (from binning the points by the uncor-
rected (¥ ) in intervals of 20 ms™') and the blue line the corresponding linear regression
fit. b) The factor enhancement of () in the quiet Sun from image restoration, A (i) as
a function of u.
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plasma motion on the solar surface.

4.4 Variation of the PSF within the FOV, between the
HMI CCDs and with time

Derived from observations of Venus in transit recorded on the side CCD, K, characterizes
the stray light in the employed data, at the position in the FOV occupied by the venusian
disc. Here we discuss the applicability of K, to the entire FOV, to data from the front
CCD and, importantly, from other times.

4.4.1 Variation of the PSF with FOV position

Taking the test continuum filtergram (from Sect. 4.3.1), we segmented the solar disc into
eight equal sectors and computed the RMS intensity contrast of the quiet Sun within each
sector. The level before and after image restoration with K, are illustrated in Fig. 4.21a.
There is scatter in the RMS contrast between the sectors which is more pronounced in
the restored data. This enhanced divergence is, at least in part, caused by the fact that we
restored the entire solar disc with a single PSF when the true PSF varies from sector to
sector.

The scatter in RMS contrast is, however, at least to the extent tested, relatively small
in comparison to the absolute level. More importantly, the divergence between the sectors
in the restored data (red curves) is small compared to the difference between the restored
and the original data (black curves). This implies that the inhomogeneity introduced by
applying a single PSF to the entire FOV is small in comparison to the contrast enhance-
ment. Nonetheless, for sensitive measurements, care should be taken, where possible, to
average measurements from different positions in the FOV after deconvolution with the
PSF deduced here.

Next, we looked at the variation, over the solar disc, of the effect of image restoration
with K, on the 720-s longitudinal magnetogram from Sect. 4.3.2. Sampling the solar
disc at 16-pixel intervals in both the north-south and east-west directions, we centred
a 401 x 401 pixel window over each sampled point and took the mean (B;) of all the
solar disc pixels within the window, denoted €. Let A€, represent the ratio of €3,y in
the restored and uncorrected data, representing the factor enhancement to €,y from the
restoration.

Expectedly, A€,y varied with position on the solar disc (Fig. 4.22b). This variation is
driven by:

o differences in the magnetic activity present in the sampling window (image restora-
tion affects different magnetic features differently, Sect. 4.3.2.3) and

o fluctuations in the effect of image restoration from the variation of the stray light
behaviour of the instrument across the FOV.

The scatter plot of Agg, versus the original €3, reveals an inverse relationship between
the two quantities (Fig. 4.22c). The cause of this correlation is that the restoration en-
hances the magnetogram signal in the quiet Sun more strongly than in active regions (Fig.

119



4 Point spread function of SDO/HMI and the effects of stray light correction on the
apparent properties of solar surface phenomena

(The contents of this chapter are identical to the printed version of Yeo, K. L., Feller, A., Solanki, S. K.,
Couvidat, S., Danilovic, S., Krivova, N. A., 2014, Point spread function of SDO/HMI and the effects of stray

light correction on the apparent properties of solar surface phenomena, Astron. Astrophys., 561, A22.)

O"]O [ —rtr r r - r r r rr 1 r r r 1 T T T T ]
1% [ I
£ 0.081 2
- - .
S I ]

0.06 .
_z\ L -
‘» I ]
o 0.04 - -
I= - _
%) B i
2 0.02f ]
e . .

010 i —t+—+—t—+—+——+———+——+——+—}—+—+—+—}— ]
1% b I
£ 0.08f T
C i e ]
8 L “.r"/ -
S 0.06F e -
‘0 : ‘y_‘/'*
o 0.04r .. T
E i ~. ___,.._--y"""" _
n N T ]
D 0.02] ]
e . .

0.00 i " 1 N N N 1 N N N 1 N N N 1 N N N 1 N ]

Figure 4.21: RMS intensity contrast of the quiet Sun as a function of u, before (black
lines) and after (red) image restoration with K,. a) In the test continuum filtergram, the
solar disc segmented into eight equal sectors. b) In the near-simultaneous filtergrams of
similar bandpass and polarization from the side (dotted lines) and front (dashed) CCD.
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Figure 4.22: a) Mean unsigned magnetogram signal, €, of the original (not corrected for
stray light) 720-s longitudinal magnetogram. a) Factor enhancement of €, from image
restoration with K5, Aeg,y. ) Scatter plot of Ae g,y against the original €3)).
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4.17a). The relatively weak spread of the scatter plot suggests the variation in Ag g, with
disc position is dominantly due to the inhomogeneous distribution of magnetic activity
(Fig. 4.22a) and the diverging effects of restoration on different magnetic features. This
is further evidence that it is a reasonable approximation to restore the entire FOV of HMI
for instrumental scattered light with a single PSF.

4.4.2 Variation of the PSF between the HMI CCDs and with time

In Fig. 4.21b we show the RMS intensity contrast of the quiet Sun in two near-simultaneous
filtergrams, one from each CCD, taken less than one minute apart. The two filtergrams
were recorded about an hour after Venus left the solar disc (at around 05:36 UTC, June 6,
2012), shortly after the side CCD resumed collection of the regular filtergram sequence.

The two near-simultaneous filtergrams were taken in the same bandpass (-172 mA
from line centre) and polarization (Stokes I — V). Any disparity in the RMS contrast
between the two would arise mainly from differences in the performance of the two CCDs,
including the stray light behaviour. The RMS contrast in the two filtergrams is very
similar, even after image restoration with K, (red curves). Since we expect any disparity
due to differences in the stray light behaviour of the two CCDs to be amplified by the
application of the side CCD PSF to a front CCD filtergram, this agreement is encouraging.

Comparing the close similarity in the RMS intensity contrast of the quiet Sun in the
two near-simultaneous filtergrams to the scatter between different FOV positions in the
test continuum filtergram (top panel), it appears that the difference in the stray light be-
haviour of the two CCDs is much smaller than the variation with position in the FOV of
the side CCD. The side and front CCDs are identical and share a common optical path
(Schou et al. 2012b), it is therefore within reason that the stray light behaviour, even the
variation of the PSF with position in the FOV, is broadly similar.

The SDO satellite is in a geosynchronous orbit. Since the HMI commenced regular
operation (May 1, 2010), the side and front CCDs recorded a continuum filtergram each
during the daily pass through orbital noon and midnight. For the purpose of investigating
the stability of the stray light behaviour of the instrument over time, we examined the solar
aureole, the intensity observed outside the solar disc arising from instrumental scattered
light, in these daily data!'!. We examined 2307 orbital noon and midnight continuum
filtergrams from each CCD, spanning the 1157-day period of May 1, 2010 to June 30,
2013.

For each continuum filtergram, we averaged the solar aureole over all azimuths. From
the resulting radial intensity profile, we determined the intensity of the solar aureole at
distances of 1 and 10 arcsec from the edge of the solar disc. The derived intensities,
normalized to the limb level, are expressed in Figs. 4.23a and 4.23b, respectively.

We excluded the points that are spurious or from continuum filtergrams with missing
pixel values, leaving 2248 and 2288 points from the side and front CCDs respectively. To
show up the broad trend with time we interpolated each time series at one day intervals
and smoothed the result by means of binomial smoothing (Marchand and Marmet 1983).
The time variation in the relative (to the limb level) intensity of the solar aureole at 1 and

"I'The solar aureole is not to be confused with the aureole about the venusian disc when it is in transit,
discussed in Sect. 4.2.4.
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Figure 4.23: Radial intensity of the solar aureole, at distances of a) 1 and b) 10 arcsec
from the edge of the solar disc, in the orbital noon and midnight continuum filtergrams
from the side (red) and front (blue) CCDs. The value from each filtergram is normalized
to the level at the edge of the solar disc. The dots represent the measured values and the
curves the smoothed time series. Segments of measured values spaced more than one day
apart were treated as separate time series, giving the gaps in the curves. c) The position
of best focus, in units of focus steps (see text), from the (approximately) weekly focus
calibration of the side (red circles) and front CCDs (blue circles). The dashed line marks
the time of the transit of Venus.

10 arcsec from the limb reflects changes to the shape of the PSF near the core and in the
wings respectively.

There is clear point-to-point fluctuation in the relative intensity of the solar aureole at
1 arcsec from the limb. This is due to the fact that near the limb, the intensity of the solar
aureole decays rapidly with radial distance such that small variations in the width of the
core of the PSF show up as large swings in the relative intensity at a fixed distance from
and near the limb. Overall, the magnitude of the scatter, given by the standard deviation,
is below 2% of the mean level. Also, the side and front CCD series are relatively stable
and similar, with no overt long term trends or divergence from one another. This suggests
that the width of the core of the PSFs of the two CCDs are, to the extent tested, broadly
similar and constant over the period examined.

For the relative intensity of the solar aureole at 10 arcsec from the limb, there is an
approximately synchronous periodic variation between the two CCDs. There is also a
gradual overall drift between May 2010 and July 2011, and between August 2012 and
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June 2013. The fluctuation of the two time series and the divergence between them is
minute, less than 5% of the overall level. The time variation of, and difference between
the wings of the PSFs of the two CCDs, implied by these fluctuations, has likely little
effect on image contrast. Even with the ~ 3% offset between the front and side CCD time
series around the time of the Venus transit, the RMS intensity contrast of the quiet Sun in
the near-simultaneous filtergrams from the two CCDs (taken about an hour after the end
of the transit) is practically identical (Fig. 4.21b).

Going from 1 to 10 arcsec from the limb, the time dependence of the relative intensity
of the solar aureole changes gradually from the trend seen at 1 arcsec to that seen at
10 arcsec. Beyond 10 arcsec the variation with time does not change significantly. The
relative intensity of the solar aureole at 1 and 10 arcsec from the limb therefore constitute
a reasonable representation of variation in the shape of the PSFs of the two CCDs with
time.

From the near identity of the RMS intensity contrast of the quiet Sun in the near-
simultaneous filtergrams from the two CCDs (Fig. 4.21b) and the minute time variation of
the PSFs of the two CCDs implied by the relative stability of the shape of the solar aureole
in daily data (Figs. 4.23a and 4.23b), we assert that K, can be applied to observations from
both CCDs for the period examined (May 1, 2010 to June 30, 2013) without introducing
significant error.

This assertion is consistent with the state of the focus of the instrument over the period
examined. The PSF of HMI, like any optical system, is strongly modulated by the focus.
The instrument is maintained in focus by varying the heating of the front window and the
position of two five-element optical wheels (Schou et al. 2012b). By varying the elements
of the two optical wheels placed in the optical path, they allow the focus to be adjusted
in 16 uniform, discrete steps, each corresponding to about two-thirds of a depth of focus.
In Fig. 4.23c we plot the position of best focus, in units of the focus steps, from the
regular (roughly weekly) focus calibration of the sensor, over the same period as the daily
data. The focus of the two CCDs are remarkably similar and stable, differing from one
another and varying over the period of interest by much less than a depth of focus. The
contribution by focus to the variation of the PSF between the two CCDs and with time is
most probably minute.

4.5 Summary

In this paper we present an estimate of the PSF of the SDO/HMI instrument. The PSF was
derived from observations of Venus in transit. We convolved a simple model of the venu-
sian disc and solar background with a guess PSF iteratively, optimizing the agreement
between the result of the convolution and observation. We modelled the PSF as the linear
sum of five Gaussian functions, the amplitude of which we allowed to vary sinusoidally
with azimuth. This azimuthal variation was necessary to reproduce the observations accu-
rately. Recovering the anisotropy of the PSF was also shown to be important for the proper
removal of stray light from HMI data by the deconvolution with the PSF. The interaction
between solar radiation and the venusian atmosphere is complex and not straightforward
to account for. The result is a conservative estimate of the PSF, similar in width to the
ideal diffraction-limited PSF in the core but with more extended wings.
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4.5 Summary

The PSF was derived with data from one of the two identical CCDs in the sensor.
It therefore represents the stray light behaviour of that particular CCD, at the time of the
transit of Venus, at the position in the FOV occupied by the venusian disc in the employed
observations.

Comparing the apparent granulation contrast in different parts of a single image, we
showed that although the variation in the stray light behaviour of the instrument with
position in the FOV introduces uncertainty to measured contrast, amplified by restoring
observations with a single PSF, the scatter is relatively minute and will likely have little
quantitative influence if care is taken to average measurements from multiple FOV posi-
tions. This was confirmed by an examination of the uniformity, over the FOV, of the effect
of image restoration on the 720-s longitudinal magnetogram data product.

The time variation of the shape of the solar aureole in daily data was taken as an indi-
cation of PSF changes over the period examined (May 1, 2010 to June 30, 2013). Based
on the relatively weak time variation of the aureole, and the similarity of the aureole and
granulation contrast in data from the two CCDs, we assert that the PSF derived here can
be applied to observations from both CCDs over the period examined without introducing
significant error.

Apparent granulation contrast, given here by the RMS intensity contrast of the quiet
Sun, in HMI continuum observations restored by the deconvolution with the PSF, exhibit
reasonable agreement with that in artificial images generated from a 3D MHD simulation
at equal spatial sampling. This demonstrates that the PSF, though an approximation,
returns a competent estimate of the aperture diffraction and stray light-free contrast. The
restoration enhanced the RMS intensity contrast of the quiet Sun by a factor of about 1.9
near the limb (u = 0.2), rising up to 2.2 at disc centre.

We also illustrated the effect of image restoration with the PSF on the 720-s Doppler-
gram and longitudinal magnetogram data products, and the apparent intensity of magnetic
features.

e For small-scale magnetic concentrations, image restoration enhanced the intensity
contrast in the continuum and core of the Fe 1 6173 A line by a factor of about 1.3,
and the magnetogram signal by a factor of about 1.7.

e Magnetic features in the longitudinal magnetogram are rendered smaller, as polar-
ized radiation smeared onto surrounding quiet Sun by instrumental scattered light
is recovered.

e Image restoration increased the apparent amount of magnetic flux above the noise
floor by a factor of about 1.2, mainly in the quiet Sun. This may be, in part, from the
recovery of magnetic flux in opposite magnetic polarities lying close to one another
partially cancelled out by stray light.

e The influence of image restoration on sunspots and pores varied strongly, as ex-
pected, within a given feature and between features of different sizes.

e Line-of-sight velocity due to plasma motions on the solar atmosphere increases by
a factor of about 1.4 to 2.1. The variation comes from the restoration enhancing
granulation flows more strongly than larger scale supergranulation flows. Given the
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spatial scale dependence, the effect on Doppler shifts from large scale motions such
as the meridional flow and differential rotation is probably minute.

The pronounced effect of image restoration on the apparent radiant, magnetic and mo-
tional properties of solar surface phenomena could have a significant impact on the inter-
pretation of HMI observations. For instance, the observation that restoring HMI longitu-
dinal magnetograms renders magnetic features smaller while boosting the magnetogram
signal, and the increase in the amount of magnetic flux is dominantly in the quiet Sun, can
influence models of variation in solar irradiance based on HMI data. Specifically, with
models that relate the contribution by small-scale magnetic concentrations to solar irra-

diance variations to the number density and magnetogram signal (for example, Wenzler
et al. 2006, Foukal et al. 2011, Ball et al. 2012).
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Abstract

Context. Total and spectral solar irradiance are key parameters in the assessment of solar
influence on changes in the Earth’s climate.

Aims. We present a SATIRE-S reconstruction of daily solar irradiance spanning 1974 to
2013, based on full-disc observations from the KPVT, SOHO/MDI and SDO/HMI.
Methods. SATIRE-S ascribes variation in solar irradiance, on timescales greater than a
day, to photospheric magnetism. The solar spectrum is reconstructed from the apparent
surface coverage of bright magnetic features and sunspots in the daily data using the
modelled intensity spectra of these magnetic structures. We cross-calibrated the various
data sets, harmonizing the model input so to yield a single consistent time series as the
output.

Results. The model replicates 92% (R = 0.957) of the variability, and the secular decline
between the 1996 and 2008 solar cycle minima in the PMOD TSI composite. The model
also reproduced most of the variability in solar Lyman-« irradiance and the Mg II index.
The ultraviolet solar irradiance measurements from the UARS and SORCE missions ex-
hibit discrepant solar cycle variation, especially above 240 nm. As a result, the model
while able to replicate the rotational variability in these records, aligned with certain ob-
servations better than others in terms of the long-term trends. The solar cycle variation in
the ultraviolet in the reconstruction is confirmed by the close match to that in a SUSIM-
based empirical model from a previous study. As with earlier similar investigations, the
reconstruction cannot reproduce the long-term trends in SORCE/SIM spectrometry. We
argue, from the apparent lack of solar cycle modulation in SIM SSI and the dissimilarity

“The contents of this chapter are identical to the submitted version of Yeo, K. L., Krivova, N. A.,
Solanki, S. K., Glassmeier, K. H., 2014, Reconstruction of total and spectral solar irradiance from 1974 to
2013 based on KPVT, SoOHO/MDI and SDO/HMI observations, Astron. Astrophys., 570, A85, reproduced
with permission from Astronomy & Astrophysics, © ESO.
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between the total flux recorded by the instrument and TSI, that unaccounted instrumental
trends are present.

Conclusions. The daily solar irradiance time series is consistent with observations from
multiple sources, demonstrating its validity and utility for climate models. It also provides
further evidence that photospheric magnetism is the prime driver of variation in solar
irradiance on timescales greater than a day.

5.1 Introduction

Solar radiation is the principle source of energy entering the Earth system. As such, the
variation in the Sun’s radiative output, solar irradiance, is a prime candidate driver of ex-
ternally driven changes to the Earth’s climate. A significant body of publications citing
correlations between solar variability and climate parameters exist in the literature, and
numerous mechanisms have been mooted to explain these observations (see e.g., Gray
et al. 2010, for a review). The Earth’s climate is believed to be modulated by variations
in solar irradiance through effects related to its absorption at the Earth’s surface, and in
the atmosphere. An established mechanism is the interaction between ultraviolet irradi-
ance and stratospheric ozone (e.g., Haigh 1994, Solanki et al. 2013). These mechanisms
are wavelength dependent, from the wavelength dependence of the variation in solar ir-
radiance and its absorption in the Earth’s surface and atmosphere (Haigh 2007). Conse-
quently, both total and spectral solar irradiance, TSI and SSI, are of interest in assessing
the impact of variation in solar irradiance on the Earth’s climate.

TSI has been monitored since 1978 through a succession of spaceborne radiometers.
The measurements from individual radiometers diverge, mainly in terms of the absolute
level and long-term trends, due to instrument-related factors such as the radiometric cal-
ibration, degradation with time and design. Accounting for these influences to combine
the various data sets into a single time series is non-trivial and still a topic of debate (e.g.,
Scafetta and Willson 2009, Krivova et al. 2009a, Frohlich 2012). There are, at present,
three published composites. Namely, the ACRIM (Willson and Mordvinov 2003), IRMB
(Dewitte et al. 2004b, Mekaoui and Dewitte 2008) and PMOD (Frohlich 2000) compos-
ites. The long-term trends in these competing series do not agree. Notably, the successive
solar minima in 1986, 1996 and 2008 exhibit conflicting levels and cycle-to-cycle varia-
tion in the three composites, encapsulating the difficulty in observing secular changes in
TSI unambiguously.

As in the case of TSI, ultraviolet spectral irradiance (120 to 400 nm) has been mea-
sured from space on a regular basis since 1978. Again, the combination of the measure-
ments from the succession of instruments into a single time series is an ongoing challenge
(DeLand and Cebula 2008, 2012). The difficulty in producing a composite record is, in
this instance, compounded by the wavelength dependence of instrumental influences.

The series of GOME instruments (the first of which was launched in 1996 onboard
ERS-2, Weber et al. 1998, Munro et al. 2006) and ENVISAT/SCIAMACHY (launched in
2002, Skupin et al. 2005a) made regular measurements of the solar spectrum in the 240 to
790 nm and 240 to 2380 nm range, respectively. However, these instruments are designed
for atmospheric sounding measurements which do not require absolute radiometry rather
than the monitoring of solar irradiance. As they lack the capability to track instrument
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degradation in-flight, long-term trends in solar irradiance cannot be recovered from the
spectral observations. The spectral measurements from the Sun PhotoMeter, SPM on
the SOHO/VIRGO experiment (Frohlich et al. 1995, 1997), spanning 1996 to the present,
cover just three narrow (FWHM of 5 nm) bandpass, at 402, 500 and 862 nm. In the visible
and infrared, continuous observation of spectral irradiance only started, in effect, with
SORCE/SIM (Harder et al. 2005a,b), which has been surveying the wavelength range
of 200 to 2416 nm since 2003. SIM provides what is, at present, the only extended,
radiometrically calibrated, record of SSI covering the ultraviolet to the infrared available.

The available body of solar irradiance observations is invaluable. However, given the
limited period in time covered and uncertainties in the long-term variation, there is a need
to augment observations with models relating solar variability to irradiance. Such models
have been reported for almost as long as irradiance measurements were made from space
(e.g., Willson et al. 1981b, Oster et al. 1982). The models that ascribe fluctuations in so-
lar irradiance to the time evolution of magnetic concentrations in the photosphere (from
its influence on the temperature structure of the solar surface and atmosphere, Spruit and
Roberts 1983) have been particularly successful (Domingo et al. 2009). This is espe-
cially true of TSI. The recent TSI reconstructions by Ball et al. (2012) and Chapman
et al. (2013), based on such models, replicated 96% and 95% of the observed variation in
SORCE/TIM radiometry (Kopp and Lawrence 2005, Kopp et al. 2005a,b), respectively.
The model by Ball et al. (2012) also reproduced 92% of the variation in the PMOD TSI
composite.

In the case of SSI, gaping disagreements between models and observations persist, ex-
emplified in the current debate on the long-term trends in the SORCE/SIM record (Harder
et al. 2009, Lean and Del.and 2012, Unruh et al. 2012, Wehrli et al. 2013, Ermolli et al.
2013). The ultraviolet irradiance (200 to 400 nm) measured by SIM declined from 2004 to
2008 by a factor of two to six more than in other measurements and models (sans Fontenla
et al. 2011, discussed below). The range of two to six reflects the spread between these
other measurements and models. The pronounced drop in the ultraviolet, almost twice
the decrease in TSI level over the same period, is accompanied and so compensated by
an increase in visible irradiance (400 to 700 nm). Coming at a time where solar activity
is declining, this elevation in the visible runs counter to models of solar irradiance, which
point to visible solar irradiance varying in phase with the solar cycle instead.

The reconstruction of TSI and SSI by Fontenla et al. (2011), based on PSPT observa-
tions (Coulter and Kuhn 1994, Ermolli et al. 1998) and the model atmospheres of Fontenla
et al. (2009) with certain adjustments, is the only model so far to reproduce the long-term
trends in SIM SSI, albeit qualitatively. However, the reconstruction failed to reproduce
the solar cycle variation in TSI, which other models have generally been able to with rea-
sonable success. Employing similar PSPT images and the model atmospheres of Fontenla
et al. (2009) without modification, the analogous computation by Ermolli et al. (2013),
as with preceding models, reproduced observed rotational and cyclic variation in TSI but
not the long-term behaviour of SIM SSI.

Apart from the models based on the regression of indices of solar activity to measured
solar irradiance, commonly referred to as proxy models (e.g., Lean et al. 1997, Lean
2000, Pagaran et al. 2009, Chapman et al. 2013), present day models of spectral solar
irradiance have a similar architecture to one another (reviewed in Ermolli et al. 2013). The
proportion of the solar disc covered by magnetic features (such as faculae and sunspots) is
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deduced from full-disc observations. This information is converted to solar irradiance by
means of the calculated intensity spectra of said features (derived by applying radiative
transfer codes to semi-empirical model atmospheres). The Spectral And Total Irradiance
REconstruction for the Satellite era, SATIRE-S (Fligge et al. 2000, Krivova et al. 2003,
2011b) is an established model of this type.

The SATIRE-S model has been applied to full-disc observations of intensity and mag-
netic flux from the Kitt Peak Vacuum Telescope (KPVT, Livingston et al. 1976, Jones
et al. 1992) and the Michelson Doppler Imager onboard the Solar and Heliospheric Ob-
servatory (SoOHO/MDI, Scherrer et al. 1995). The solar irradiance reconstructions by
Krivova et al. (2003, 2006, 2009b, 2011a), Wenzler et al. (2005, 2006, 2009), Unruh et al.
(2008) and Ball et al. (2011, 2012, 2014), spanning various periods between 1974 to 2009,
achieved considerable success in replicating observed fluctuations in TSI, SSI measure-
ments from the missions preceding SORCE and, at rotational timescales, SORCE SSI.

The reconstruction of solar irradiance with SATIRE-S has been curtailed by the deac-
tivation of MDI in 2011. (The KPVT had ceased operation earlier in 2003.) In this study,
we present a SATIRE-S reconstruction of total and spectral solar irradiance from 1974 to
2013. This work sought to update the preceding efforts based on KPVT and MDI data
with similar observations from the Helioseismic and Magnetic Imager onboard the Solar
Dynamics Observatory (SDO/HMI, Schou et al. 2012b).

The apparent surface coverage of the solar disc by magnetic features, the main input to
the model, is instrument dependent. Concurrent observations from different instruments
can diverge significantly from differences in spatial resolution, bandpass, calibration, stray
light, noise and the like. The combination of the model output based on data from multiple
instruments into a single time series constitutes one of the main challenges to such a
study. Apart from the extension to the present time with HMI data, this study departs
from the earlier efforts with the SATIRE-S model in how this combination is done. This
improvement in the methodology is one of the main advances of this paper.

In the following, we briefly describe the SATIRE-S model (Sect. 5.2) and the data
used in the reconstruction (Sect. 5.3). Thereafter, we detail the reconstruction process
(Sect. 5.4), before a discussion of the result (Sect. 5.5) and summary statements (Sect.
5.6).

5.2 The SATIRE-S model

SATIRE-S is currently the most precise version of the SATIRE model. The main assump-
tion of the SATIRE model is that variations in solar irradiance, on timescales of days and
longer, arise from solar surface magnetism alone. The different versions of the model
differ by the data used to deduce the surface coverage of magnetic features (see Krivova
et al. 2007, 2011b, Vieira et al. 2011). The SATIRE-S utilises continuum intensity images
and longitudinal magnetograms. In the present iteration, the solar surface is modelled as
being composed of quiet Sun, faculae, and sunspot umbrae and penumbrae.

Image pixels with continuum intensity below threshold levels representing the umbral
(umbra to penumbra), and the penumbral (penumbra to granulation) boundary are clas-
sified as umbra and penumbra, respectively. Points with magnetogram signals exceeding
a certain threshold and not already classed as umbra or penumbra (i.e., bright magnetic
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features), are denoted as faculae. (While bright magnetic features include both network
and faculae, in this study we refer to them collectively as faculae for the sake of brevity.)
The remaining image pixels are then taken to correspond to quiet Sun. Standalone facular
pixels (i.e., not contiguous with any other) are reassigned as quiet Sun to minimize the
misidentification of magnetogram noise fluctuations as bright magnetic features.

Let (B;) denote the longitudinal magnetogram signal (the pixel-averaged line-of-sight
magnetic flux density) and u the cosine of the heliocentric angle. At the spatial resolution
of available full-disc magnetograms, the small-scale magnetic concentrations associated
with bright magnetic features remain largely unresolved. This is approximately accounted
for by scaling the filling factor of facular pixels (defined here as the effective proportion
of the resolution element occupied) linearly with (B;) /u, from zero at 0 G, to unity at
what is denoted ({(B;) /1), wWhere after it saturates (see Fligge et al. 2000, for details).
The quantity ((B) /i), 1s the sole free parameter in the model.

As small-scale magnetic concentrations are generally orientated roughly normally to
the solar surface (due to magnetic buoyancy), the quantity (B;) /u represents a first-order
approximation of the pixel-averaged magnetic flux density. This approximation breaks
down very close to the limb from the combined action of foreshortening and magnetogram
noise. For this reason, image pixels near the limb (u < 0.1, about 1% of the solar disc
by area) are ignored. Following Ball et al. (2011, 2012), we counted facular pixels with
(By) /u above an arbitrary but conservative cutoff value, denoted ({(B;) /i), as quiet Sun
instead. These points correspond, especially towards the limb, mainly to the magnetic
canopy of sunspots, rather than legitimate faculae (Yeo et al. 2013).

In this study, we used the same set of calculated intensity spectra, of umbra, penumbra,
faculae and quiet Sun (at various values of ) as Wenzler et al. (2006), Ball et al. (2012)
to convert the surface coverage of magnetic features to solar irradiance (the derivation of
these spectra is detailed in Unruh et al. 1999). The model output is the summation, over
all the image pixels within the solar disc, of the intensity spectrum corresponding to each
point as defined by the above analysis. The resulting spectrum, spanning the wavelength
range of 115 to 160000 nm, and the integral represent the prevailing SSI and TSI at the
sampled point in time.

The appropriate value of the free parameter, ((B;) /u)
reconstruction to measured TSI (see Sect. 5.4.2).

< 18 recovered by comparing the

5.3 Data selection and preparation

5.3.1 Daily full-disc continuum intensity images and longitudinal mag-
netograms

In this study, we employed full-disc longitudinal magnetograms and continuum inten-
sity images collected at the KPVT, and from the first-ever spaceborne magnetograph,
SoHO/MDI (Scherrer et al. 1995) and its successor instrument, SDO/HMI (Schou et al.
2012b). The NASA/NSO 512-channel diode array magnetograph (Livingston et al. 1976),
installed at the KPVT, started operation in 1974. In 1992, it was replaced with the
NASA/NSO spectromagnetograph (Jones et al. 1992), itself retired in 2003. Here, we
will refer to the two configurations of the KPVT, effectively two unique instruments for
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the purpose of this study, as KPs;, and KPgpy, respectively.

To the extent permitted by available data (see Sects. 5.3.1.1 to 5.3.1.3), we se-
lected, for each instrument, a continuum intensity image and a longitudinal magnetogram,
recorded simultaneously or close in time, from each observation day. The number of
selected daily continuum intensity images and longitudinal magnetograms from each in-
strument, and the period covered are summarized in Table 5.1. Also listed is the image
size, pixel scale and spectral line surveyed.

5.3.1.1 HMI

The HMI is a full-Stokes capable filtergram instrument. The instrument captures full-disc
filtergrams continuously at 1.875s cadence, alternating between two CCDs, six positions
across the Fe 16173 A line and six polarizations. The filtergram data is combined to form
continuum intensity images and longitudinal magnetograms at 45-s cadence. Generated
from similar filtergram data, the two data products are exactly co-temporal.

For each day since the instrument commenced regular operation in April 30, 2010,
up to 31 May, 2013, we took the average of seven consecutive 45-s continuum inten-
sity images, resampled in space and time to co-register, and likewise the average of the
corresponding 45-s longitudinal magnetograms. We will refer to the result as the 315-s
continuum intensity image and longitudinal magnetogram. The averaging is to facili-
tate the segmentation of the solar disc by suppressing intensity and magnetogram signal
fluctuations from noise and p-mode oscillations.

We took the first 315-s continuum intensity image and longitudinal magnetogram from
each day, except for the period where we also have selected MDI observations (April 30
to December 24, 2010, see Sect. 5.3.1.2). On these days we took the HMI data taken
closest in time to the MDI longitudinal magnetogram.

Aided by the absence of atmospheric seeing, granulation and sunspot structures are
starting to be resolved at HMI’s spatial resolution (~ 1 arcsec). To minimize the mis-
classification of darker non-sunspot and brighter sunspot features, the 315-s continuum
intensity images were (after the correction for limb darkening, see Sect. 5.4.1.1) con-
volved with a 7 x 7 pixel (3.5 x 3.5 arcsec) Gaussian kernel.

5.3.1.2 MDI

The MDI returned observations from March 19, 1996 to April 11, 2011. The instrument
recorded full-disc filtergrams at five positions, one near and four within the Ni I 6768
A line. A number of continuum intensity images and longitudinal magnetograms are
produced each observation day. Unlike HMI, the two data products are generated from
separate filtergrams and are therefore not co-temporal.

The SoHO spacecraft suffered two extended outages between June 1998 and February
1999 (usually referred to as the SOHO vacation). Ball et al. (2012) presented evidence that
the response of MDI to magnetic flux might have changed over this period. Following the
cited work, we excluded MDI data from before February 1999.

The flat field of MDI continuum intensity images is severe enough to impede the reli-
able identification of sunspots by the method employed in SATIRE-S (see Sect. 5.4.1.1),
and varied over the lifetime of the instrument (Krivova et al. 2011a). As in this earlier

132



5.3 Data selection and preparation

Y €L191°d Y050 9601 X 9601 001 1€°60°€10T 01 0€+0°010C 8CI1 INH
Y 89L9 TN 861 Y20l X 201 160 YTTI'010T 01 C0C0°6661 Iv6¢ IdN
Y 8898 1°d 140! 88LT X 8BLI S0 12°60°€00C O [T T1°C661 ¢s0cC NaSIH
Y 8898 1°d I 8¥0C X 810¢C 0C0 YO'70°€661 0 €80 VL61 ILET !

aur| Tendads

[09soxe] aress [ox1d

[rox1d] ozr1s oSew]  pa1aA0d porrad

Jo uontodoig

[Aep yiuowrIeak] porog

sAep ejep Jo "ON JUSWINISU]

"Apnis SIy) J0J PJO[As SWeI30)ousew [BUIPNIISUO] PUB SAFBWI AJISUIUI WNNUIIUOD ISIP-[[NJ A[rep Y} Jo uondrosop Arewrwung :1°G 9[qe],

133



5 Reconstruction of total and spectral solar irradiance from 1974 to 2013 based on
KPVT, SoHO/MDI and SDO/HMI observations

(The contents of this chapter are identical to the submitted version of Yeo, K. L., Krivova, N. A., Solanki, S.
K., Glassmeier, K. H., 2014, Reconstruction of total and spectral solar irradiance from 1974 to 2013
based on KPVT, SoHO/MDI and SDO/HMI observations, Astron. Astrophys., 570, AS85.)

March 8, 1993 March 15, 1993 March 15,

1993

Figure 5.1: 200 x 200 arcsec crop of one of the KPs;, magnetogram excluded from the
analysis because of grid-like noise artefacts, described in the text (middle), contrasted
against the similar inset of two magnetograms from nearby days that are markedly less
affected by these instrumental artefacts (left and right). The grey scale is saturated at
+20 G.

study, we corrected the intensity images for flat field by the division with the appropriate
median filter, kindly provided by the MDI team. At least one median filter is produced
per Carrington rotation period, but only up to Carrington period 2104 (November 26 to
December 24, 2010). For this reason we did not consider data from after this Carrington
period.

For each observation day between February 02, 1999 and December 24, 2010, we
selected the level 1.5 continuum intensity image and level 1.8.2 5-min longitudinal mag-
netogram (Liu et al. 2012) recorded closest in time and no more than 12 hours apart of
one another. The continuum intensity images were rotated to the observation time of the
corresponding longitudinal magnetogram and spatially resampled to co-register with the
latter. We discarded the daily data from 18 days that were beset with gross instrumental
artefacts, such as unusually strong noise fluctuations and smearing.

5.3.1.3 KPVT

Co-temporal full-disc continuum intensity images and longitudinal magnetograms, from
spectropolarimetry of the Fe I 8688 A line, were collected at the KPVT on a daily basis
with the KPs;, between February 1, 1974 and April 10, 1993, and with the KPgpy; between
November 19, 1992 and September 21, 2003.

Some of these data carry artefacts from atmospheric seeing and instrumental effects,
described in Wenzler et al. (2004, 2006). In this study we consider just the 1757 KPs;, and
2055 KPgpy daily continuum intensity image and longitudinal magnetogram identified by
Wenzler et al. 2006 (out of the 4665 and 2894 available) to be sufficiently free of these
artefacts for the magnetic features of interest to be identified with confidence.

On visual examination, we still found instrumental artefacts in some of the KPs;,
magnetograms similar to what is depicted in Fig. 5.1 (middle panel). The magnetogram
signal is spurious along rows and columns of image pixels, producing the line and cross
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features in the grey scale plot. In 386 of the 1757 KPs;, magnetograms, large parts of the
solar disc is pervaded with this grid-like noise pattern (concentrated between 1989 and
1992, where 268 of the 321 magnetograms are so affected). We excluded the data from
these 386 days from the succeeding analysis.

Arge et al. (2002) compared the Carrington rotation synoptic charts of full-disc mag-
netograms from KPVT, Mount Wilson Observatory (MWO) and Wilcox Solar Observa-
tory (WSO). The data sets spanned the period of 1974 to 2002. The authors noted that the
total amount of unsigned magnetic flux in the KPVT charts, up to around 1990, appear
slightly lower than the level in the MWO and WSO charts (Fig. 1 in their paper). This was
attributed to the bias in the zero level of KPs;, magnetograms, which was stated to vary
with time and with position in the solar disc (from centre to limb, and from east to west).
The authors brought the magnetic flux levels in a subset of the KPVT synoptic charts from
before 1990 to closer agreement with the MWO and WSO data by modifying the proce-
dure by which KPs;, magnetograms are combined to form the synoptic charts. Wenzler
et al. (2006) and Ball et al. (2012) attempted, by various approximations, to replicate the
effect of this correction in KPs;, magnetograms from before 1990. Wenzler et al. (2006)
multiplied the magnetogram signal by a factor of 1.242 while Ball et al. (2012) added 5.9
G to the absolute value.

Here, instead of trying to reproduce the effect of the procedure of Arge et al. (2002),
we examined the zero level bias of KPs;, magnetogram. In this study, we introduce the
trimmed mean and trimmed standard deviation. These are the mean and standard devia-
tion of a sample, computed iteratively, with data points more than three standard devia-
tions from the mean omitted from succeeding iterations till no more points are removed.

We divided the solar disc along the central meridian and the u = 0.72 locus, yield-
ing four segments approximately equal in area. We computed, for each magnetogram,
the trimmed mean of the signed magnetogram signal within each segment. The 361-day
moving average of the time series of the trimmed mean within each segment (Fig. 5.2)
was taken as the zero level bias. The purpose of taking the moving average was to min-
imise error from the influence of magnetic activity on the trimmed mean in individual
magnetograms. Consistent with the claims of Arge et al. (2002), the zero level bias is
non-zero, and it varied with time and between the four segments.

However, we found that subtracting the zero level bias from the magnetogram signal
made negligible difference to the rest of the analysis, having on the whole, no appreciable
effect on the apparent surface coverage and magnetic field strength of bright magnetic
features. This is likely due to the fact that the zero level bias, though non-zero, is much
weaker than noise fluctuations in the magnetogram signal (the noise level of KPs;, mag-
netograms is around 8 G, Wenzler et al. 2006). In SATIRE-S, image pixels with mag-
netogram signals below the magnetogram signal threshold, which is based on the noise
level, are counted as quiet Sun.

Arge et al. (2002) interpreted the observation that the magnetic flux level in the KPVT
synoptic charts is slightly lower than in the MWO and WSO charts up to around 1990
(and broadly similar after) to indicate a problem with pre-1990 KPs;, data. As reported
earlier in this section, most of the KPs;, magnetograms from between 1989 to 1992 are
affected by the grid-like noise pattern depicted in Fig. 5.1 (middle panel). The influence
by these instrumental artefacts on the magnetogram signal might have contributed to the
fact that the flux level in the KPVT charts from this period are no longer lower than in
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Figure 5.2: Zero level bias of KPs;, magnetograms, around disc centre (0.72 < u < 1.00)
and limb (0.1 < u < 0.72), and east and west of the central meridian. Here (and in all the
subsequent time series plots in this paper), segments spaced more than 27 days apart are
drawn separately, giving the gaps in the plots. The dashed line follows the null level.

the MWO and WSO charts. (After this period, the KPVT charts are based on KPgpy
magnetograms.) We surmise that the disparity between the pre-1990 KPVT charts, and
the MWO and WSO charts might be from systematic effects not accounted for in the
analysis of Arge et al. (2002) and does not constitute any conclusive indication that a
correction of pre-1990 KPs;, magnetograms is necessary.

We did not introduce the corrections to KPs;, magnetograms from before 1990 pro-
posed by Wenzler et al. (2006) and Ball et al. (2012), or subtract the zero level bias,
determined here, from the magnetogram signal, leaving the KPs;, magnetograms as they
are for the succeeding analysis.

5.3.2 TSI measurements

As stated in Sect. 5.2, the appropriate value of the free parameter, ((B;) /u),, was re-
covered by comparing the reconstruction to TSI measurements (to be detailed in Sect.
5.4.2). For this purpose, we took the daily TSI measurements from four radiometers in
current operation. They are, namely, ACRIMSAT/ACRIM3 (version 11/13, Willson and
Mordvinov 2003), the DIARAD (Crommelynck and Domingo 1984, Dewitte et al. 2004a)
and PMOG6V (Brusa and Frohlich 1986) radiometers on SOHO/VIRGO (level 2, version
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6_002_1302, Frohlich et al. 1995, 1997), and SORCE/TIM (level 3, version 14, Kopp and
Lawrence 2005, Kopp et al. 2005a,b).

There are two calibrations of the TSI measurements from DIARAD, one by IRMB and
the other by PMOD/WRC. Hereafter, we will denote the two calibrations of the DIARAD
record, both considered in the analysis, as DIARADRryp and DIARADpyop, respectively.

The final reconstruction was also evaluated against the three published TSI compos-
ites (Sect. 5.5.1.1); ACRIM (version 11/13), IRMB (dated December 19, 2013, kindly
provided by Steven Dewitte) and PMOD (version d41_62_1302).

The absolute radiometric calibration of the various radiometers differ, in particular,
TIM measurements are about 5 Wm™2 lower than that from preceding instruments. Tests
conducted at the TSI radiometer facility, TRF with ground copies of ACRIM3, TIM and
VIRGO revealed stray light effects in the ACRIM3 and VIRGO instruments (Kopp and
Lean 2011). Stray light correction introduced to the ACRIM3 record based on these tests
brought it down to within 0.5 Wm™2 of TIM TSI (Kopp et al. 2012). The TSI measure-
ments from Picard/PREMOS (Schmutz et al. 2009, Fehlmann et al. 2012), launched in
2011, the only TSI radiometer calibrated in vacuum at full TSI power levels before launch
(also at the TRF), agree with TIM to within a similar margin. The results of these efforts
have established the lower TSI level first registered by TIM as likely the more accurate.

Taking the 2008 solar minimum as the reference, we normalized all the TSI measure-
ments and composites listed in this section, and the SATIRE-S reconstruction to the mean
level in the TIM record over the period of November 2008 to January 2009!.

5.4 Solar irradiance reconstruction

5.4.1 Harmonizing the model input from multiple instruments

The apparent surface coverage of magnetic features, the key input to the model, is mod-
ulated by the properties of the observing instrument. The influence of instrumental dif-
ferences, left unaccounted for, can introduce inconsistencies between segments of the
reconstruction based on data from different instruments. This is avoided here by treating
the KPs,, KPspy, MDI and HMI data sets in such a manner (described below in Sects.
5.4.1.1 and 5.4.1.2), that we bring the apparent surface coverage of magnetic features in
the various data sets, in the periods of overlap between instruments, to agreement.

5.4.1.1 Umbra and penumbra

First, KPspy, MDI and HMI continuum intensity images were corrected for limb darken-
ing by the normalization to the fifth order polynomial in y fit (following Neckel and Labs
1994).

In this study, we adopt the umbra and penumbra continuum intensity threshold for
KPgspy determined by Wenzler et al. (2006), and for MDI by Ball et al. (2012). Wenzler
et al. (2006) set the KPgpy; penumbra threshold at 0.92, where the resulting sunspot area
agrees with the sunspot area record by Balmaceda et al. (2009). Assuming this value for

'In this study, we took the position of solar cycle minima and maxima from the table published by
NOAA at www.ngdc.noaa.gov/stp/space-weather/solar-data/solar-indices/sunspot-numbers/cycle-data/.
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KPspy, Ball et al. (2012) found the penumbra threshold for MDI that brought the sunspot
area in KPgpy; and MDI data into agreement over the period of overlap between the two
to be 0.89. In both instances, the umbra threshold (0.70 for KPspy and 0.64 for MDI)
was such that the umbra to sunspot area ratio is 0.2, a figure consistent with observations
(Solanki 2003, Wenzler 2005).

We set the umbra and penumbra threshold for HMI as done for MDI by Ball et al.
(2012). Comparing MDI and HMI continuum intensity images from the period of overlap,
we fixed the HMI penumbra threshold at 0.87, the level that equalized the sunspot area
in the two data sets. An umbra to sunspot area ratio of 0.2 was achieved with an umbra
threshold of 0.59.

The difference in the umbra and penumbra threshold for the three data sets is primarily
due to the fact that sunspot contrast is wavelength dependent.

Due to the 4-bit digitization, KPs;, continuum intensity images cannot be treated in a
similar manner. For this data set, we employed the sunspot masks (indicating the image
pixels occupied by sunspots) determined by Wenzler et al. (2006). The sunspot masks
were generated by binning the solar disc by u and estimating from the intensity distri-
bution within each bin the penumbra threshold for the bins closer to disc centre. This
procedure overlooks pore-like structures that lack an umbral core. Following the cited
work, we derived the umbra and penumbra area from the sunspot masks by

e giving the image pixels marked as sunspots in the masks, umbra and penumbra
filling factors of 0.2 and 0.8, respectively, and

e reclassifying the faculae pixels with the highest (B;) /u, up to 0.127 of the sunspot
area, as penumbra.

The latter measure approximately recovers the pore-like structures omitted by the sunspot
identification process, bringing the sunspot area in KPs;, into agreement with the sunspot
area record by Balmaceda et al. (2009).

5.4.1.2 Faculae

While it is relatively straightforward to account for the effect of instrumental differences
on apparent sunspot area, doing the same for faculae is considerably more subtle. The
small-scale magnetic concentrations associated with bright magnetic features are largely
unresolved even at HMI’s spatial resolution (~ 1 arcsec), leaving us to infer their pres-
ence and filling factor from the magnetogram signal. The magnetogram properties of the
instruments considered in this study diverge significantly (Jones and Ceja 2001, Wenzler
etal. 2004, 2006, Ball et al. 2012, Liu et al. 2012). Applying the same magnetogram signal
threshold, ((B;) /1), and ({B;) /u), to all the data sets with no regards for these differ-
ences would create significant discrepancies between the segments of the reconstruction
based on data from the different instruments.

The SATIRE-S reconstruction by Ball et al. (2012, 2014) combined the model output
from KPs;,, KPspy and MDI data into a single TSI/SSI time series. The authors accounted
for instrumental differences by adjusting the parameters of the model to each data set (in
a manner that does not introduce additional free parameters). This brought the model
output from the various data sets into broad agreement. The small residual disagreement
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Figure 5.3: a) Ratio of the HMI and MDI magnetogram signal, (B;)ym / {Bi)mpr as a
function of (B;)yp;, Within 68 partially overlapping intervals of u (the boundary of ten of
which are annotated). The dashed line, at (B;)y;p; = 100 G, marks the threshold below
which the points are excluded from the derivation of the MDI magnetogram signal con-
version function due to the increasing influence of magnetogram noise (see text). Also
illustrated is the same from the comparison between b) KPspy and rescaled MDI magne-
tograms, and c¢) KPs;, and rescaled KPspy magnetograms.

between the KPs;,, KPspy and MDI segments of the reconstruction, caused by differences
in the magnetogram response of the various instruments, was empirically corrected for by
regression.

In this study, we took an alternative approach. We cross-calibrated the magnetograms
and the faculae filling factor from the various data sets such that we can apply the same
magnetogram signal threshold, ((B;) /)., and ((By) /u), to all the data sets. Together
with the harmonized umbra and penumbra areas (Sect. 5.4.1.1), this yielded a consistent
TSI/SSI time series without the need for any additional correction of the reconstructed
spectra.

For these modifications, we relied on the data from the various instruments taken close
in time to one another. There are 11 days, between Jan 22 and April 4, 1993, with daily
data from both KPs;, and KPgpy;, recorded within about three hours of one another. We
will term these observations the KPs;,-KPgspy co-temporal data. For the period of overlap
between KPgpy and MDI, and MDI and HMI, there are considerably more days with daily
data from both instruments. For KPspy; and MDI, 910 days between February 2, 1999 and
September 21, 2003, and for MDI and HMI, 196 days between April 30 and December
24, 2010. This afforded us the option to restrict ourselves to just the observations taken
closest in time to one another. We will denote the KPspyy and MDI observations from
67 days, taken within one hour of one another, and MDI and HMI observations from
187 days, taken within five minutes of one another, as the KPspy-MDI and MDI-HMI
co-temporal data, respectively. It was in the interest of cross-calibrating the data sets as
accurately as possible that we balanced examining just the daily data taken closest in time
to one another and considering as many as possible, to the extent permitted by available
data.

Taking the MDI-HMI co-temporal data, we derived the ratio of the magnetogram
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Figure 5.4: a) The same as Fig. 5.3a, except as a colour scale plot and excluding the
points where (B;)yipr < 100 G. b) The corresponding bivariate polynomial fit, the MDI
magnetogram signal conversion function, over a similar range of y and (B;)yp;-

signal in HMI and MDI magnetograms, {B;)umi / {(Bi)mpr @s a function of the MDI mag-
netogram signal and u.

o First, we resampled the HMI observations in space and time, to co-register with the
corresponding MDI data.

e Following that, we masked the image pixels counted as umbra or penumbra. Our
interest here is the magnetogram signal of bright magnetic features. The influence
of instrument-related factors on the magnetogram signal of these features, and of
sunspots and pores differ (e.g., Yeo et al. 2014a), therefore the need to exclude
the latter. Another consideration is the saturation of MDI and HMI magnetograms
in sunspot umbrae. For MDI, this is due to limitations in the onboard algorithm
used to generate the magnetograms (Liu et al. 2007, 2012), and for HMI, the Fe I
6173 A line shifting out of the spectral sampling range of the instrument (Sebastien
Couvidat, personal communication).

e We divided the solar disc by u into 68 partially overlapping intervals, each repre-
senting ~ 10% of the solar disc by area. Within each yu interval, we compared the
magnetogram signal in the MDI and HMI data by the following, based broadly on
the histogram equalization method of Jones and Ceja (2001).

e Taking each magnetogram, we ranked the unmasked image pixels by the signed
magnetogram signal and took the mean of each successive ten points. We then
matched the ranked and averaged MDI magnetogram signal to the corresponding
values from the HMI magnetogram from the same day. Collating the MDI and
HMI magnetogram signal pairs so derived from all the data days, we binned them
by the MDI magnetogram signal in bins of 10 G width. Finally, we took the median
MDI and HMI magnetogram signal within each bin, and the quotient of the two,
(Byumr / {Bi)mprs €xpressed in Figs. 5.3a and 5.4a.
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Figure 5.5: Noise level of rescaled KPs;,, KPspy and MDI magnetograms, and of HMI
magnetograms, as a function of position in the field-of-view. The contours correspond to
the first, second and third quartiles, and the crosses to the minimum and maximum points.
The contour and point labels are in units of Gauss. We omit the second quartile in the
KPs1, and KPgpy plots to avoid cluttering. The KPs;,, KPspyy and HMI noise surfaces
were resampled to MDI image size to allow a direct comparison.

As evident in Figs. 5.3a and 5.4a, the relationship between the HMI and MDI magne-
togram signal, represented by (B;)ymi / {Bi)mpr» varies significantly with magnetogram
signal and p. The marked decline in (B;)ywv; / {Bi)mpr towards (B;)ypr = 0 G comes from
the fact that MDI 5-min longitudinal magnetograms are significantly noisier than HMI
315-s longitudinal magnetograms (see the noise level estimates by Ball et al. 2012, Liu
et al. 2012, Yeo et al. 2013), and so does not reflect the true relationship between HMI and
MDI magnetogram signal in this regime. Excluding the points where (B;)yp; < 100 G (a
conservative threshold), we fit a bivariate polynomial (second order in (B;)yp; and third
order in ) to (B)umi / {Bi)mpr» 1llustrated in Fig. 5.4b. This surface fit, hereafter referred
to as the MDI magnetogram signal conversion function, gives the multiplicative factor for
a given u and (Bj)yp; that would convert the magnetogram signal in MDI magnetograms
to the HMI equivalent.

We rescaled the magnetogram signal in the entire MDI data set to the HMI equivalent
by applying the MDI magnetogram signal conversion function.

We repeated the entire process described above for the other data sets. That is, using
the KPgpyv-MDI co-temporal data to bring the magnetogram signal in the SPM data set
to the rescaled MDI equivalent, and then the KPs;,-KPgspy; co-temporal data to bring the
magnetogram signal in the KPs;, data set to the rescaled KPspy equivalent. As between
MDI and HMI, the relationship between KPgspy and rescaled MDI, and KPs;, and rescaled
KPgpy magnetogram signal fluctuates with magnetogram signal and u (Figs. 5.3b and
5.3c). Though there are only observations from 11 days in the KPs;,-KPgspy co-temporal
data set, each magnetogram presents the order of 10° point measurements of magnetic
flux, providing sufficient statistics for the analysis.

The noise level of rescaled MDI magnetograms was estimated following the analysis
of Yeo et al. (2013) with HMI 315-s longitudinal magnetograms. We selected the magne-
togram from ten sunspot-free, low-activity days near the 2008 solar cycle minimum. For
each magnetogram, we centred a 101 X 101 pixel window on each point on the solar disc
and computed the trimmed standard deviation (defined in Sect. 5.3.1.3). Then, we took
the median of the trimmed standard deviation from the ten magnetograms at each point
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Figure 5.6: a) Proportion of the solar disc covered by faculae, ng,. in the MDI (red) and
HMI (black) data sets over the period of overlap if we do not rescale the MDI magne-
togram signal and faculae filling factor. b) The same, after rescaling the MDI magne-
togram signal. ¢) The final result, incorporating the rescaled MDI magnetogram signal
and faculae filling factor.

on the solar disc. To these values we fit a polynomial surface, which represents the noise
level of rescaled MDI magnetograms, plotted in Fig. 5.5. Also illustrated are the noise
surfaces of rescaled KPs;, and KPgpy; magnetograms, derived in a similar manner, and
the noise surface of HMI magnetograms (determined by Yeo et al. 2013). The noise level
of rescaled MDI magnetograms is, at every (relative) position in the field-of-view, higher
than the noise level of the other data sets.

The area covered by faculae was derived taking into account the fact that the MDI
data set has (after the rescaling of the magnetogram signal) the highest magnetogram
noise level (Fig. 5.5) and the coarsest pixel scale of the data sets considered in this study
(Table 5.1). To this end, we took the following measures.

e We applied the same magnetogram signal threshold, given by three times the noise
surface of rescaled MDI magnetogrames, to all the data sets.

e In SATIRE-S, standalone facular pixels are reclassified as quiet Sun to minimise the
inclusion of magnetogram noise fluctuations. This is at the expense of legitimate
bright magnetic features occupying just a single image pixel. To ensure that we are
discriminating against similar sized features in all the data sets, we excluded the
bright magnetic features in the KPs;,, KPspy and HMI data sets that would appear
standalone if we resample the magnetograms to MDI pixel scale.

e Taking an arbitrary but conservative value of 600 G for ({(B;) /u).,. facular pix-
els with magnetogram signals above this level were also reclassified as quiet Sun
(following Ball et al. 2011, 2012). As stated in Sect. 5.2, this is to minimise the
misclassification of the magnetic canopy of sunspots as faculae.

e The filling factor of each facular pixel was then determined by the linear relation-
ship described in Sect. 5.2. We obtained a value of 230 G for ((B;) /1), (see Sect.
54.2).
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Let n¢,. represent the proportion of the solar disc covered by faculae, given by the sum over
all facular pixels of the filling factor, normalised by the number of solar disc pixels. The
ng,e in the MDI and HMI data sets over the period of overlap is shown in Fig. 5.6. In Fig.
5.6a, we compare the ny, if we do not rescale the magnetogram signal in the MDI data set.
As stated at the beginning of this section, applying the same model parameters to the MDI
and HMI data sets without any consideration of the different magnetogram properties
results in a gross divergence in the apparent faculae area. Rescaling the magnetogram
signal of the MDI data set to the HMI equivalent removed most of this disparity (Fig.
5.6b). The residual difference, though small, is not negligible. The apparent facular area
in the overlap between the KPs;,, KPspy and MDI data sets exhibit a similar response to
the analysis, not shown here to avoid repetition.

The magnetogram signal conversion functions are determined from the fit to observed
magnetogram signal ratios (Fig. 5.4), excluding the data below 100 G, where the apparent
ratio is increasingly biased by magnetogram noise (Fig. 5.3). The factors used to rescale
the magnetogram signal below 100 G are given by the extrapolation of the fit to this
regime. As a test, we repeated the analysis described in this section, fixing the (B;) <
100 G segment of the conversion functions at the value at (B;) = 100 G instead. This
adjustment to the conversion function made no appreciable difference to ng,, excluding
the uncertainty in the conversion functions below 100 G as the main cause of the residual
disparity in ng,. between the various data sets.

The residual disparity in ng, is probably due to differences in spatial resolution. Specif-
ically, in the point spread function and how it is sampled by the detector array. The effect
of spatial resolution on apparent area is especially relevant to bright magnetic features, as
they remain largely unresolved even at HMI’s resolving power they are particularly sus-
ceptible to effects such as stray light and undersampling. (As an example, the pronounced
effect of stray light on the apparent surface area of bright magnetic features in HMI mag-
netograms was recently demonstrated by Yeo et al. 2014a). To correct for this directly, we
would have to convolve the various data sets by suitable filters and resample the KPs;,,
KPspy and HMI data to MDI image size. These filters, different for each instrument,
are not straightforward to determine (see the discussions in Wedemeyer-Bohm 2008, Yeo
et al. 2014a). Here, we account for the residual effect of instrumental differences on rg,.
by the following steps instead.

e Taking each magnetogram in the MDI-HMI co-temporal data, we divided the solar
disc by u in intervals of 0.01, and calculated the ng, within each segment.

e Interval by interval, we fit a second order polynomial to the scatter plot of the ng,.
from the MDI magnetograms versus the ng,. from the corresponding HMI magne-
tograms. To improve the statistics, we included the values from adjacent u intervals.
The result is a series of functions that relate the apparent faculae area in MDI and
HMI magnetograms at different distances from disc centre.

e With these functions, we rescaled the faculae filling factor of the entire MDI data
set to the HMI equivalent.

o This adjustment was then propagated to the KPgpy; and KPs;, data sets. We rescaled
the faculae filling factor of the KPgspy data set repeating the above analysis on the
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Table 5.2: To the nearest Gauss, the value of ((B;) /1), that optimises the agreement be-
tween reconstructed and measured TSI. Also tabulated is the correlation (R and R?) and
RMS difference (k) between each TSI record and the corresponding candidate reconstruc-
tion.

TSI record (B} /W [G] R R*  k[Wm™]

ACRIM3 204 0.963 0.928 0.155
DIARADrmB 255 0.962 0.925 0.141
DIARADgppop 230 0.969 0.940 0.131
PMO6V 230 0.979 0.959 0.107
TIM 220 0.960 0.921 0.108

KPspm-MDI co-temporal data, and finally of the KPs;, data set using the KPs;-
KPgspym co-temporal data.

This procedure brought the apparent faculae area in the KPs;,, KPgspy, MDI and HMI data
sets, in the periods of overlap, to agreement, illustrated for the overlap between MDI and
HMI in Fig. 5.6c.

5.4.2 The free parameter

In the SATIRE-S model, the faculae filling factor of bright magnetic features is deduced
from the magnetogram signal. It is given by the quotient of (B;) /u and ({(B;) /{t).,» up to
(Bp) /u = ((By) /)y beyond which it is fixed at unity (Fligge et al. 2000). The higher the
value of ((B;) /i), the sole free parameter in the model, the lower the apparent facular
area, and vice versa. This is accentuated by the fact that the distribution of magnetogram
signals is skewed towards lower magnetogram signal levels (Parnell et al. 2009). As
a result, facular contribution to variation in reconstructed solar irradiance scales nearly
inversely with ((B;) /1), The appropriate value of ((B;) /u),, 1s obtained by optimizing
the agreement between reconstructed and measured TSI. As mentioned in Sect. 5.3.2, we
considered the observations from ACRIM3, DIARAD, PMO6V and TIM for this purpose.

There are discrepancies in the long-term trends in the TSI time series produced by
ACRIM3, DIARAD, PMO6V and TIM (Fig. 5.7). The most notable is the conflicting
secular variation between the 1996 and 2008 solar minima, between the DIARADrvg,
and the DIARADpy0p and PMOG6V records. This disparity is one of the reasons we
considered multiple TSI records, all of which extend for at least about a decade for this
part of the analysis. The motivation is to avoid introducing bias in ({B;) /), from relying
on just a single or shorter TSI records (such as, from Picard/PREMOS, launched only in
2011, Schmutz et al. 2009).

Let TSIos and TSI,q denote observed and reconstructed TSI. In the earlier imple-
mentations of SATIRE-S by Ball et al. (2011, 2012), ((B;) /), Was fixed at the value
that brought the slope of the linear fit to the scatter plot of TSIy, and TSI,,q to unity,
taken as an indication of a close match in the overall trend. While a regression coefficient
of unity would be a property of two TSI series that are similar, it is not by itself suffi-
cient to indicate similarity or a linear relationship between the two. The divergence of
the slope from unity is suitable as a measure of similarity only in the case where a lin-
ear relation between the two series in question can be assumed. Additionally, differences
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Figure 5.7: 181-day moving average of the daily TSI measurements from the ACRIM3
(black), DIARAD (blue), PMOG6V (green) and TIM (red) radiometers. The dotted and
solid blue curves correspond to DIARADryg and DIARADpy0p, the calibration of the
DIARAD record by IRMB and by PMOD/WRC. The DIARADpy0p series is almost com-
pletely hidden by the PMOG6YV series due to the close similarity. The dashed lines follow
the mean TIM TSI level over the period of November 2008 to January 2009. The lower
plot is a blow up of the boxed inset in the upper plot.
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in the long-term trend between TSI, and TSI,;,,q can possibly shift the slope towards,
rather than away from unity. Here, we set ((B;) /), at the value that minimizes the root
mean square, RMS difference between TSI, and TSI,,04, denoted k, instead. It can be
shown that the RMS difference between TSI, and TSI, is, apart from a factor, equiv-
alent to the RMS of the normal distance of the scatter plot of TSI, and TSI,q to the
TSIops = TSlyoa line. Quantifying the scatter about TSI ,, = TSI,0q, this quantity mea-
sures the similarity between the two series independent of the underlying relationship.

We generated five candidate reconstructions by taking each of the five TSI records
considered as the reference for recovering ({(B;) /u),,.. The retrieved value of ({(B;) /)
in each case, determined to the nearest Gauss, is summarized in Table 5.2. Recall, that
facular contribution to variation in reconstructed solar irradiance scales nearly inversely
with ((By) /i), The spread in the recovered value of ((B;) /u),, reflects the differences in
the cyclical variation in the five TSI records (Fig. 5.7). The retrieved values of ((B;) /)¢
in the DIARADppop and PMOG6V cases (and therefore the corresponding candidate re-
constructions) are exactly identical due to the close similarity in the long-term trend in
these TSI records.

In Fig. 5.8, we plot the TSI from the candidate reconstructions, along the respective
reference TSI record (top row), and the difference between the two (centre row). To
elucidate the long-term fluctuations, we smoothed each time series with a 181-day boxcar
filter.

o ACRIM3 (Fig. 5.8a): The reconstruction is broadly lower than the TSI record, by
< 0.1 Wm™2, up to 2007, after which it starts to drift (almost monotonically) higher,
by ~ 0.25 Wm~2 between 2007 and 2012, and by the same margin in 2013 alone.

e DIARADRwMg (Fig. 5.8b): The reconstruction and the TSI record differ, for much
of the period of comparison, by more than ~ 0.1 Wm~2. Notably, the level at the

solar cycle minimum in 1996 is higher in the reconstruction by a gross margin of
~ 0.4 Wm™.

e DIARADpyop (Fig. 5.8c) and PMOG6V (Fig. 5.8d): In both cases, modelled and
measured TSI agree, to within ~ 0.05 Wm™2, over nearly the entire period of com-
parison.

e TIM (Fig. 5.8e): There is a continuous drift, of ~ 0.25 Wm~2 between 2003 and
2013, between model and measurement.

We derived the coefficient of determination, R?> between reconstructed and observed TSI
within a 361-day window centred on each data day (bottom row, Fig. 5.8), representing
the short-term agreement. The agreement between modelled and measured TSI is rela-
tively close, with R? generally above 0.8, except around solar cycle minima, where it dips
as variation in solar irradiance diminishes and noise starts to play a role. In the ACRIM3
and DIARADp\op cases, there are also other periods where the agreement deteriorated
markedly. The closest short-term agreement is seen with the TIM data set.

In terms of the overall agreement, given by the correlation and the RMS difference,
k over the entire period of comparison, the closest alignment was found between the
PMOG6V record and the corresponding candidate reconstruction (Table 5.2).
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Figure 5.8: Top: 181-day moving average of the five TSI records examined (black) and
the TSI reconstructed by taking them as the reference for recovering ((B;) /i), (red).
Middle: The difference between the two, TSI oq — TSIos. The solid and dotted green
curves in the TIM panel depict the same from taking just TIM measurements from before,
and from after October 1, 2009 as the reference. The dashed lines mark the zero level and
TSIod — TSIgps = £0.05 Wm™2. Bottom: The R? between measured and modelled TSI
within a 361-day window centred on each data day. The TIM series is plotted over the
other series in blue for comparison.

Only with the PMO6V record did reconstructed TSI exhibit consistent close agree-
ment at both rotational and cyclical timescales (Fig. 5.8). For this reason, we retained the
candidate reconstruction, derived taking the PMOG6V record as the reference for recover-
ing ((By) /1), for the succeeding analysis.

This is a departure from the preceding SATIRE-S reconstruction by Ball et al. (2012).
The authors determined ((B;) /u),,, comparing the model output to TIM TSI over the
period of 2003 to 2009. Their reconstruction exhibited close long-term agreement with
the TIM record, while we noted an almost continuous drift between the TIM record and
the corresponding candidate reconstruction (Fig. 5.8e). This disparity stems largely from
the difference in the period of comparison (discussed below), although the fact that we
had derived facular area by a significantly different analysis (Sect. 5.4.1.2) may have
contributed to a minor extent.

Here, the period of comparison extends to 2013. Taking, as in the earlier study, just
TIM data up to October 31, 2009 (termed, for this discussion, the cutoff date) as the
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reference, we retrieved a higher value of 261 G for ((B;) /u),. This brought the pre-
cutoff segment of the reconstruction down closer to the TIM record but at the same time
amplified the post-cutoff divergence (green solid curve, Fig. 5.8¢e). Likewise, using only
TIM measurements from after the cutoff date as the reference returned a lower ((B;) /)¢
of 185 G, which raised the post-cutoff segment closer to TIM levels but also widened the
pre-cutoff disparity (green dotted curve). As the solar cycle amplitude of modelled TSI
is modulated by ((B;) /u),, and the cutoff date is incidentally near the 2008 solar cycle
minimum, the slow, near-monotonic drift between the reconstruction and the TIM record
found here is largely undetectable looking at data from before, or from after the cutoff
date alone. No significance should be attached to this value of the cutoff date. Repeating
this analysis, setting the cutoff date at earlier and later times around the 2008 minimum,
we found similar trends in the recovered value of ((B;) /u),,, and the pre-cutoff and post-
cutoff segments of the reconstruction.

This observation, that disparity between model and measurement can possibly be hid-
den if we recover ({(B;) /1), comparing them over a span of time that sits largely within
the ascending or descending phase of a solar cycle, is another reason for considering
multiple, extended (> 10 years) TSI records for this part of the analysis.

sat?

5.4.3 Ultraviolet solar irradiance

As detailed in Unruh et al. (1999), the intensity spectra of umbra, penumbra, faculae
and quiet Sun utilised in the reconstruction were synthesized with the ATLAS9 radia-
tive transfer code (which assumes local thermodynamic equilibrium, LTE, Kurucz 1993)
representing spectral lines by opacity distribution functions, ODFs. Consequently, below
~ 300 nm, modelled solar irradiance starts to diverge from observation and progressively
so with decreasing wavelength (as previously noted by Krivova et al. 2006, Unruh et al.
2008, and illustrated in Fig. 5.9). The effects of the LTE and ODF simplifications emerge
in the ultraviolet from the breakdown of the LTE approximation in the upper layers of the
solar atmosphere, and estimating line blanketing using ODFs.

The limitations of the SATIRE-S model in the ultraviolet imposed by the LTE and
ODF simplifications were previously accounted for as follows. Krivova et al. (2006)
reported a close agreement between their SATIRE-S reconstruction of ultraviolet solar
irradiance and the measurements from UARS/SUSIM (Brueckner et al. 1993, Floyd et al.
2003) in the wavelength range of 220 to 240 nm (termed the reference interval). Taking
the SUSIM record, the authors found, by regression, the relationship between each wave-
length channel and the integrated flux in the reference interval. Solar irradiance over the
wavelength range of 115 to 270 nm was then regenerated applying these relationships to
the reconstruction of the integrated flux in the reference interval.

In this study, we accounted for the LTE and ODF simplifications by a modified anal-
ysis.

e 180 to 300 nm: We offset this segment of the reconstruction (wavelength element
by wavelength element) to the Whole Heliospheric Interval (WHI) reference solar
spectra (version 2, Woods et al. 2009). This somewhat less obtrusive approach
was prompted by our observations that in this spectral range the model reproduces
variations in SSI observations well (see Sect. 5.5.1.3), though less so the absolute
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Figure 5.9: The WHI reference solar spectrum for the period of April 10 to April 16,

2008,

and the mean SATIRE-S spectrum over the same period prior to the correction of

the 115 to 300 nm segment (see text), bounded by the dashed lines. The WHI reference
solar spectrum is binned to the wavelength scale of the reconstruction.

level. The intention here is to bring the absolute level of the reconstruction in this
spectral range to a more realistic level, while retaining the variation returned by the
model. We are prohibited from extending this approximation below 180 nm due
to the gross disparity in the absolute level between modelled and measured solar
irradiance there (Fig. 5.9).

115 to 180 nm: We regenerated this segment of the reconstruction by an analysis
similar to that previously employed by Krivova et al. (2006), described above. Ex-
cept here we based the correction on the observations from the FUV (115 to 180
nm) instrument on SORCE/SOLSTICE (level 3, version 12, McClintock et al. 2005,
Snow et al. 2005a) instead. This is in the interest of consistency with the correction
introduced in the 180 to 300 nm segment; the wavelength range of 115 to 310 nm
in the WHI reference solar spectra is provided by SOLSTICE spectrometry.

The WHI reference solar spectra represent the mean SSI over three periods within
Carrington rotation 2068 (March 25 to March 29, March 30 to April 4, and April 10 to
April 16, 2008). First, we binned the higher spectral resolution reference spectra to the
wavelength scale of the reconstruction (given basically by the ATLASO9 code). Next, we
took the difference between the reference spectra and the average reconstructed spectra
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Figure 5.10: Scatter plot of the ratio of SOLSTICE FUV SSI to the total flux registered
by the instrument against the total flux, in the 121 to 122 nm (top), and 179 to 180 nm
wavelength channels (bottom). The points from up to December 31, 2008 are drawn in
blue, and from January 1, 2009 on in red.

over the same periods. Finally, we took the mean of the three difference spectra and offset
the 180 to 300 nm segment of the SSI reconstruction by the result.
The SOLSTICE FUYV data set spans May 14, 2003 to July 15, 2013. We found a
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Figure 5.11: The R? between the reconstruction (prior to the correction of the 115 to
300 nm segment) and SOLSTICE FUYV, as a function of wavelength. The black curve
represents the values obtained when considering the entire period of overlap between the
two series, the blue and red curves data from before 2009 and from 2009 onwards alone.
The dashed lines mark the reference interval, 164 to 174 nm (see text).

distinct disparity between the measurements from before 2009, and from 2009 onwards.
This can be seen from the scatter plot of the ratio of measured flux in a given wavelength
channel to the total flux registered by the instrument versus the total flux (two examples of
which are illustrated in Fig. 5.10). The two intervals of time, differently coloured, visibly
do not overlap. This behaviour is seen for most of the wavelength channels and suggests
that around the turn of 2008 to 2009, there was a shift in how the shape of SOLSTICE
FUV spectra scaled with total flux. We will not speculate here if this shift is solar or
instrumental in origin.

We also compared the reconstruction with the SOLSTICE FUV record, deriving the R?
between the two as a function of wavelength. (The wavelength scale of the reconstruction
and the SOLSTICE FUYV record is similar, allowing us to make a channel-to-channel
comparison.) Looking at data from before 2009 alone, measurement and model are highly
correlated everywhere above ~ 120nm (blue curve, Fig. 5.11). Once we include data from
2009 onwards or examine them alone (black and red curves, respectively), the correlation
at most wavelengths deteriorate significantly. Given the apparent shift in the property
of SOLSTICE FUYV observations around the turn of 2008 to 2009 (Fig. Fig. 5.10), and
the excellent consistency between measurement and model before this shift, we confined
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Figure 5.12: Scatter plot of the integrated flux over the reference interval (164 to 174 nm)
in the SOLSTICE FUYV record, SSIyys e and in the reconstruction, SSIjqref (prior to the
correction of the 115 to 300 nm segment). The red line is the straight line fit to the scatter
plot. The R and R? between the two series, and the gain and offset of the fit are indicated.

ourselves to the SOLSTICE FUV observations from up to December 31, 2008 for the
following.

We took the 10 nm interval, 164 to 174 nm, as the reference interval. Let SSI s f and
SSInodrer denote the observed and reconstructed integrated flux in the reference interval.
The linear regression of SSIgpsrer t0 SSIyodrer 1S plotted along with the scatter plot of
the two in Fig. 5.12. The overall levels of SSIyyser and SSIioarer differ by a factor of
about three. The variation with time however, is remarkably similar, as indicated by the
proximity of the correlation coeflicient, R (0.987) and the gain of the fit (0.989) to unity.
A regression slope that is close to unity, as discussed in Sect. 5.4.2, is inadequate by
itself as a metric of similarity. However, together with a high R, it denotes that the two
series are not only correlated, but the scale of the variation is closely similar. To a good
approximation, SSIyps et and SSIeqrer differ only by an offset of 3.23 x 107> Wm™, the
vertical intercept of the straight line fit.

Following, we fit a second order polynomial in SSI s to the scatter plot of the
measured solar irradiance in each SOLSTICE FUV channel versus SSIpr. Finally, we
applied the relationships defined by these fits t0 SSIoqrer + 3.23 X 107> Wm™ from the
entire reconstruction to regenerated the 115 to 180 nm segment.
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Figure 5.13: Reconstructed daily total solar irradiance (black). The other series indicate
the contribution to this time series by the SATIRE-S reconstruction based on the various
data sets, and the regression series (see text), progressively offset to aid visibility. The
values in parentheses indicate the number of daily values.

It must be emphasized that we are only introducing, into the reconstruction, an offset
to the absolute level in the reference interval and the wavelength channel to reference in-
terval relationships in SOLSTICE FUYV data. The variation of the regenerated SSI with
time is defined by the original reconstruction through SSIgps e, not by the SOLSTICE
FUV record. By using the WHI reference solar spectra to correct the absolute level be-
tween 180 to 300nm, we are able to confine this regeneration to within 115 and 180 nm,
a narrower wavelength range than in the analysis of Krivova et al. 2006 (115 to 270 nm).

5.4.4 Data gaps

Reconstructed solar irradiance from the KPs;,, KPspy, MDI and HMI data sets were
collated into a single time series taking, on the days where the model output from more
than one data set is available, the value from the succeeding instrument. That is, taking
the model output from KPgpy during the days with both KPs;, and KPgpy data, from MDI
where KPgpy and MDI overlap, and from HMI where MDI and HMI overlap.

The reconstruction extends over the period of August 23, 1974 to May 31, 2013.
Restricted by the availability of suitable magnetograms (Sect. 5.3.1), it covers just 7378
of the 14162 days within this period (Fig. 5.13). The daily data cover, on average, just
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Figure 5.14: The R (black) and R? (red) between the SATIRE-S reconstruction and the
regression series, as a function of wavelength.

one of every five days in the KPs;, data set, one of every two for the KPgpy; data set and
nine of every ten for the MDI data set (Table 5.1). The HMI data set is the only one that
has no gaps. To yield an uninterrupted time series, we regressed indices of solar activity
to the reconstruction, and used the relationships derived to estimate the solar spectra in
the gaps from index data (loosely following the method set out in Ball et al. 2014).

We employed the following solar activity index records; the Ottawa and Penticton
adjusted 10.7 cm radio flux, F10.7 (Tapping 1987, 2013), the LASP Lyman-a composite
(Woods et al. 2000), the IUP Mg II index composite (version 4, Viereck and Puga 1999,
Skupin et al. 2005b,¢) and the projected sunspot area composite by Balmaceda et al. 2009
(version 0613). Apart from the Mg II index composite by IUP, there is a competing
composite by LASP (Viereck et al. 2004, Snow et al. 2005b). We selected the IUP record
as the result of the regression agreed better with the SATIRE-S reconstruction.

For each wavelength element, we performed the (multiple) linear regression of each
index, and each combination of two indices to the reconstruction. The indices-to-irradiance
relationships so derived were then ranked by the correlation between the result of the re-
gression and the reconstruction. The irradiance over the period of the reconstruction was
estimated by applying, for each day, the highest ranked relationship for which the required
index data is available. For this discussion, we will term this the regression series.

Next, we offset each entry in the regression series by the average difference between
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the reconstruction and the regression series over the nearest 100 days where the recon-
struction is available. This is to factor out any discrepancy in the long-term trend between
the reconstruction and the regression series by adopting the long-term trend of the recon-
struction in the regression series. The correlation between the SATIRE-S reconstruction
and the regression series as a function of wavelength is depicted in Fig. 5.14. Comparing
the TSI from the two series, the R (R?) is 0.940 (0.883). Not unexpectedly, the regression
series cannot reproduce all the variability in the SATIRE-S reconstruction. The agreement
is, however, relatively good, sufficient for the intended purpose of the regression series.
Finally, the gaps in the reconstruction were filled with values from the regression series.

It is worth noting that the indices-to-irradiance relationships were derived by regress-
ing index records to the reconstruction, not to observations as in proxy models (e.g., Lean
et al. 1997, Lean 2000, Pagaran et al. 2009, Chapman et al. 2013). We are filling the gaps
in the reconstruction by the regression of index data to the reconstruction, not a second
independent model of solar irradiance.

5.4.5 Error analysis

The reconstruction process is complex and involved multiple data sets. A rigorous de-
termination of the uncertainty is far from straightforward, compounded by the following
extenuating factors.

e We did not examine the KPs;,, KPspy;, MDI and HMI data sets for possible varia-
tion with time from changes in instrumental properties. This and uncertainty in the
apparent surface coverage of magnetic features cannot be ascertained unambigu-
ously from the data sets themselves.

e Magnetogram noise and finite resolution hinder us from identifying and including
bright magnetic features that are weak and/or small (Krivova and Solanki 2004),
and bright kilogauss magnetic concentrations have been observed even in the quiet
Sun internetwork (Riethmiiller et al. 2013). The amount of unresolved magnetic
flux and its variation with time is not known and cannot be determined directly
from the magnetogram data.

e The radiant behaviour of small-scale magnetic concentrations is not sufficiently un-
derstood to model its complexities fully. The LTE and ODF simplifications aside
(Sect. 5.4.3), the faculae intensity spectra utilised in the SATIRE-S reconstruction
are based on a 1-D model atmosphere and applied to all bright magnetic features.
This ignores 3-D effects on the apparent intensity contrast of small-scale magnetic
concentrations (Solanki et al. 1998, Holzreuter and Solanki 2013). This also over-
looks the fact that their intensity contrast scales with magnetogram signal differ-
ently in the continuum and in spectral lines (Yeo et al. 2013), and quiet Sun net-
work is, on a per unit magnetogram signal basis, brighter than active region faculae
(Ortiz et al. 2002, Foukal et al. 2011, Kobel et al. 2011). It is our intention to re-
fine this part of the model in the future, considering 3-D MHD simulations (which
are reaching the maturity required for quantitative comparison with observations,
Afram et al. 2011) and high spatial resolution observations from missions such as
SUNRISE (Solanki et al. 2010, Barthol et al. 2011).
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While a comprehensive error analysis is clearly onerous, a reasonable estimate of the re-
construction uncertainty can be obtained considering the uncertainty introduced by the
steps taken to harmonize the model input from the various data sets (Sect. 5.4.1), and
in the free parameter, ((B;) /i), This is similar to the approach taken by Ball et al.
(2012, 2014). The apparent uncertainty from these processes is influenced by, and would
therefore largely encompass the error from other sources such as the indeterminate fac-
tors discussed above. We performed the following, for each wavelength element in the
reconstruction and the TSI time series.

The uncertainty arising from the cross-calibration of the KPs;,, KPspy, MDI and HMI
data sets is given by the RMS difference between the reconstruction based on the various
data sets over the periods where they overlap. For the days with no SATIRE-S recon-
struction, plugged with the regression series (Sect. 5.4.4), we adopted the RMS difference
between the SATIRE-S reconstruction and the regression series as the uncertainty.

As stated in Sect. 5.4.2, the amplitude of faculae contribution to variation in recon-
structed solar irradiance scales nearly inversely with ((B;) /1), The TSI records consid-
ered as the reference with which to recover ((B;) /1), exhibit differences in terms of the
amplitude of solar cycle variation (Fig. 5.7). Due to this discrepancies, we arrived at es-
timates of ((B;) /), ranging from 204 to 255 G (Table 5.2). Eventually, we adopted 230
G, the value recovered with the PMOG6V record as the reference (on account of the con-
sistency between the resulting reconstruction and the record). We assume an uncertainty
of +30 G for ((By) /1t)gy-

The upper (lower) bound of the uncertainty range of the reconstruction is then given
by the reconstruction generated with ((B;) /u),, set at 200 G (260 G), plus (minus) the
cross-calibration error.

5.5 Discussion

5.5.1 Comparison with observations

In this section, we evaluate the reconstruction against
e the ACRIM, IRMB and PMOD composite records of TSI (Sect. 5.5.1.1),

e the LASP Lyman-a composite, the Mg II index composites by IUP and by LASP
(Sect. 5.5.1.2), and

e SSI observations from the UARS and SORCE missions (Sects. 5.5.1.3 and 5.5.1.4).

5.5.1.1 TSI composites

While broadly consistent with one another, the ACRIM, IRMB and PMOD composites
do exhibit divergent decadal trends (Fig. 5.15). This is readily apparent in the conflicting
cycle-to-cycle variation of the solar cycle minimum level (both in strength and direction,
Table 5.3), the focal point of the ensuing debate (Scafetta and Willson 2009, Krivova et al.
2009a, Frohlich 2012).

Preceding efforts with the SATIRE-S model, based on KPVT and/or MDI data, have
found the greatest success in replicating the variability of the PMOD composite (Wenzler
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Figure 5.15: 361-day moving average of the TSI reconstruction (black), and the ACRIM,
IRMB and PMOD composites (red). The dashed lines denote the uncertainty range of the
reconstruction.

Table 5.3: The difference between the TSI level at the solar cycle minima of 1976, 1986
and 1996, and the level at the 2008 minimum. We considered the mean level over the
3-month period centred on each minima.

Series 1976 [Wm™] 1986 [Wm™] 1996 [Wm™]
ACRIM -0.205 0.341
IRMB —-0.084 —-0.048
PMOD 0.273 0.188
SATIRE-S 0.423 0.399 0.236

et al. 2009, Krivova et al. 2011a, Ball et al. 2012). Here, having updated the reconstruction
method and extended the model to the present with HMI data, a re-evaluation is necessary.

More than with the ACRIM or IRMB composites, the reconstruction replicated the
variability of the PMOD composite (Table 5.4). The reconstruction and the PMOD com-
posite are not only highly correlated to one another (R = 0.957 and R?> = 0.916) but as

Table 5.4: The R, R? and k (RMS difference) between the reconstruction, and the ACRIM,
IRMB and PMOD composites. Here and in the rest of the paper, these quantities are
calculated excluding the part of the reconstruction provided by the regression series.

Series R R>  k[Wm™]

ACRIM 0.864 0.747 0.301

IRMB  0.897 0.805 0.251

PMOD 0.957 0.916 0.149
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Table 5.5: The same as Table 5.4, except between the reconstruction and the TSI measure-
ments from ACRIM3, TIM and VIRGO. (This is not to be confused with Table 5.2, where
we compared the same TSI records with the corresponding candidate reconstruction, see
Sect. 5.4.2.)

Series R R*>  k[Wm™]
ACRIM3 0.965 0.931 0.175
DIARADRMp 0958 0917 0.159
DIARADpyop  0.969  0.940 0.131

PMO6V 0.979 0.959 0.107
TIM 0.961 0.924 0.109
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Figure 5.16: The difference between the TSI reconstruction, and the ACRIM, IRMB
and PMOD composites (blue dots), and the corresponding 361-day moving average (red
curves). The dashed and solid black lines represent the reconstruction uncertainty and the
zero level, respectively.

indicated by the weak RMS difference (k = 0.149 Wm~2) the absolute variation is similar.

In Table 5.5, we also listed the correlation and RMS difference between the recon-
struction and the TSI measurements from ACRIM3, TIM and VIRGO. Obviously, the
closest alignment was found with the PMOG6V record (R = 0.979, R*> = 0.959 and
k = 0.107 Wm2). This excellent agreement is all the more significant considering the
fact that the PMOG6V record, which extends 1996 to the present, encompasses an entire
solar cycle minimum to minimum.

In terms of the long-term trends, it is evident that the reconstruction is most consistent
with the PMOD composite (Figs. 5.15 and 5.16). The cyclic variation of the PMOD
composite is replicated to well within the uncertainty limits of the reconstruction (bottom
panel, Fig. 5.15), including the secular decline between the solar cycle minima of 1986,
1996 and 2008 (Table 5.3).
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Figure 5.17: 361-day moving average of the difference between the five candidate TSI
reconstructions described in Sect. 5.4.2 (denoted by the TSI record referenced to deter-
mine ({(B;) /i)s,). and the ACRIM (black), IRMB (blue) and PMOD composites (red).
The dashed line represents the zero level.

The fact that we had relied on the PMOG6V record to fix the free parameter, ((B;) /1) ¢
is not the reason the reconstruction is more aligned towards the PMOD composite (which
uses the PMOD/WRC calibration of VIRGO radiometry in solar cycles 23 and 24) than
the ACRIM and IRMB composites. In Fig. 5.17 we express the smoothed difference
between the five candidate reconstructions examined in Sect. 5.4.2 and the three compos-
ites. There is no qualitative difference in how the candidate reconstructions compare with
the three composites. For solar cycles 23 and 24, the ACRIM composite is based on the
ACRIM2 and ACRIM3 records. For the IRMB composite, measurements from ACRIM2,
ERBS, TIM and VIRGO (IRMB calibration). Using the ACRIM3 record as the reference
to determine ((B;) /u),,, does not swing the comparison towards the ACRIM composite
(Fig. 5.17a). Neither does employing the DIARADryvg and TIM records particularly
favour the IRMB composite (Figs. 5.17b and 5.17e), nor the DIARADppop and PMO6V
records the PMOD composite (Figs. 5.17c and 5.17d).

We noted earlier (in Sect. 5.4.2) that the candidate reconstructions generated taking
the ACRIM3, DIARADryp and TIM records as the reference to recover ((B;) /i), differ
significantly from the respective reference in terms of the long-term variations (Fig. 5.8).
((By) /1), modulates the solar cycle amplitude of the reconstruction through its effect on
apparent facular area. In using a given TSI record to determine ({B;) /1), We are not
adopting its long-term trend but rather just taking it as a reference to scale the overall am-
plitude of the reconstruction. The long-term trend, including the secular decline between
the solar cycle minima of 1986, 1996 and 2008 in the reconstruction is inherent to it and
not an outcome of using the PMOG6V record to fix ((B;) /1) ¢y-

The observation here that we are able to replicate the secular change between the 1996
and 2008 solar cycle minima in the PMOD composite (i.e., PMOD/WRC calibration of
VIRGO radiometry) using a model based on photospheric magnetism alone runs contrary
to the claims of Frohlich (2009, 2012, 2013). The author noted that proxy models us-
ing chromospheric indices such as the Mg II index to represent bright magnetic features
cannot fully replicate this secular decline and attributed the difference to a possible cool-
ing/dimming of the photosphere. Foukal et al. (2011) proposed that the differing decadal
trends exhibited by TSI and chromospheric indices might be due to the non-linear re-
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lationship between the two (Solanki and Krivova 2004). Another probable contributing
factor is the long-term uncertainty in index data. We provide evidence for these in Sect.
5.5.1.2.

The long-term trend in the PMOD composite is well reproduced almost everywhere.
A notable exception is the offset between the reconstruction and the PMOD composite
between 1984 and 1994; the reconstruction is broadly higher by 0.1 to 0.3 Wm™ (Fig.
5.16). Consequently, the reconstruction registers a stronger secular decline between the
1986 and 1996 solar cycle minima than the PMOD composite (Table 5.3). To put this
apparent disparity in context though, it is minute compared to the spread between the
three composites, between the reconstruction and the other two composites, and between
recent measurements of TSI (Fig. 5.7).

The offset between the reconstruction and the PMOD composite between 1984 and
1994 is unlikely to be related to the cross-calibration of the KPs;, and KPgpy; data sets
(Sect. 5.4.1). Going back in time, the reconstruction and the PMOD composite started to
differ in 1994, while the period of overlap between KPs;, and KPgpy; data sets is Novem-
ber 1992 to April 1993. Also, any drift between model and measurement from how we
combined the model output based on the KPs;, data set to the rest of the reconstruction
would most likely amplify going back in time. The apparent discrepancy could possibly
be from unaccounted instrumental variation in the KP5;, and KPgpy; data sets, or in the
PMOD composite, especially as the period of 1984 to 1994 encompasses the ACRIM gap
(Scafetta and Willson 2009, Krivova et al. 2009a).

5.5.1.2 Solar Lyman-« irradiance and Mg II index composites

Next, we compare the reconstruction with the LASP Lyman-a composite, and the com-
peting Mg Il index composites by IUP and by LASP (introduced in Sect. 5.4.4).

In the wavelength range of 115 to 290 nm, the wavelength sampling of the reconstruc-
tion is 1 nm. We took the reconstructed solar irradiance in the 121 to 122 nm wavelength
element, SSIiod.121-1220m»> as the solar Lyman-« irradiance. The ‘Mg II index’ of the re-
construction is given by

2 X SSIin0d,279-281nm

, (5.1
SSInod 276-277am + SSInod 283-284nm

crudely following the definition by Heath and Schlesinger (1986). The Lyman-a and
Mg II index series so taken from the reconstruction are obviously not exactly equivalent
to that from measurement, which are computed from the examination of higher spectral
resolution line profiles. However, as we are only interested in comparing the relative vari-
ation, these approximations are still appropriate. The correlation between measurement
and model is excellent. The reconstruction reproduced over 94% of the variability in the
LASP Lyman-a composite (R = 0.970 and R? = 0.942), and over 96% for the [IUP Mg
II index composite (R = 0.981 and R*> = 0.963). The agreement with the LASP Mg II
index composite is poorer by a significant margin, but still very good (R = 0.948 and
R? = 0.899).

A direct quantitative comparison is not feasible given the approximate manner by
which we estimated the solar Lyman-« irradiance and Mg II index from the reconstruc-
tion. Also, the absolute level of the LASP Mg II index composite is nearly twice that of
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Figure 5.18: 361-day moving average of the a) solar Lyman-« irradiance and the b) Mg II
index. The various time series were matched, in terms of the rotational variability and the
level at the 2008 solar cycle minimum (dotted lines), to the time series generated from the
SATIRE-S reconstruction to allow a direct comparison of the long-term trends (see text).
The dashed lines indicate the lower and upper uncertainty of the SATIRE-S Lyman-a and
Mg II index series.

the IUP composite?. To compare the long-term trends, we did the following. Take the
Lyman-«a instance, we regressed the LASP Lyman-a composite, detrended by subtracting
the 361-moving average, to the similarly detrended reconstruction series. We rescaled the
original LASP Lyman-a composite by the regression coefficient, in so doing matching
the rotational variability to that of the reconstruction series. Finally, we offset the LASP
Lyman-a composite to the reconstruction series at the 2008 solar cycle minimum. The
IUP and LASP Mg II index composites were similarly rescaled and offset to the Mg II
index generated from the reconstruction.

The long-term trend in the LASP Lyman-a composite is reproduced in the recon-
struction series to, at most places, well within the limits of uncertainty (Fig. 5.18a). A
notable exception is the noticeably higher levels in the reconstruction series at the solar
cycle minima of 1976, 1986 and 1996. Even with this discrepancy, the secular trend in
the solar cycle minima level in the LASP Lyman-a composite is largely replicated in the
reconstruction. The lower solar cycle minima levels in the LASP Lyman-a composite
compared to reconstructed solar irradiance at 121 to 122 nm is likely from the non-linear
relationship between the two.

In the case of the Mg II index, the two composites and the Mg II index based on the
reconstruction exhibit differences in the long-term trend greater than can be accounted
within the reconstruction uncertainty (Fig. 5.18b). The IUP composite does, however,
register a similar, albeit weaker, secular decline between the 1996 and 2008 solar cycle
minima as in the reconstruction series. The Mg II index, the line core-to-wing ratio of
the Mg II h and k doublet at 280 nm, is relatively robust to instrument degradation as

>The Mg II index produced from measurements from different spectrometers differ in absolute terms
since the wavelength sampling is usually not identical. There is therefore a degree of arbitrariness in how
the Mg II index records generated from the various instruments are rescaled when combining them together
to form the composite time series.
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that largely cancels out in the division. The discrepancy between the two composites, of
similar order as the difference to the reconstruction series, highlight the uncertainty still
present (likely from the variation in instrument degradation with wavelength within the
line profile).

The non-linear relationship between chromospheric indices and solar irradiance, and
the long-term uncertainty in index data has a significant impact on how the decadal trends
in chromospheric indices and the reconstruction compare to one another (Fig. 5.18). As
noted in Sect. 5.5.1.1, these are the probable reasons why proxy models employing chro-
mospheric indices to represent faculae brightening cannot replicate the secular decline in
VIRGO TSI radiometry.

5.5.1.3 UARS and SORCE ultraviolet solar irradiance

Compared to TSI, greater uncertainty persists over the measurement and modelling of
ultraviolet solar irradiance. Measurements and models are broadly consistent at rotational
timescales but diverge significantly in terms of the absolute level and long-term trends
(DeLand and Cebula 2008, 2012, Lean and DeLand 2012, Unruh et al. 2012, Ermolli
et al. 2013, Solanki et al. 2013). This is due in part to the challenge in making reliable
measurements (complicated by the wavelength dependence of instrumental influences),
and the varying approaches taken by models of solar irradiance to account for non-LTE
effects on reconstructed spectra (see Fontenla et al. 1999, Krivova et al. 2006, Shapiro
et al. 2010, and Sect. 5.4.3).

In this section, we compare the reconstruction with the daily ultraviolet spectral mea-
surements from the SOLSTICE (as archived on lasp.colorado.edu/lisird/, covering 119
to 420 nm, Rottman et al. 2001) and SUSIM (version 22, 115 to 410 nm, Brueckner
et al. 1993, Floyd et al. 2003) experiments onboard the UARS mission, and SOLSTICE
(level 3, version 12, 114 to 310 nm, McClintock et al. 2005, Snow et al. 2005a) and
SIM (level 3, version 19, 240 to 2416 nm, Harder et al. 2005a,b) onboard SORCE. The
UARS/SOLSTICE, SUSIM and SIM data sets contain glitches which manifest themselves
as null or spurious measurements. We omitted the daily spectra with null measurements
but otherwise employed these records as they are.

For this discussion, we examine the integrated flux between 120 and 180 nm, 180 and
240 nm, and 240 and 300 nm. We excluded UARS/SOLSTICE and SUSIM observations
from the comparison of 240 to 300 nm flux; approaching 300 nm, solar cycle variation is
increasingly obscured by long-term stability issues (DeLand et al. 2004). The integrated
flux time series from the UARS and SORCE data sets were offset to the reconstruction at
the 1996 and 2008 solar cycle minima, respectively. Given the spread in observed solar
cycle variation, it is within expectation that in terms of the overall agreement (given by
the correlation and RMS difference, Table 5.6) and long-term variation (Fig. 5.19), the
reconstruction is aligned towards certain records more than others.

e 120 to 180 nm (top panel, Fig. 5.19): The overall agreement between the recon-
struction, and the measurements from SUSIM and the two SOLSTICE experiments
is excellent (R > 0.97, R* > 0.94 and k < 3 x 107> Wm™2). The long-term variation
in the three records is replicated to largely within the uncertainty of the reconstruc-
tion.
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Table 5.6: The correlation (R and R?) and RMS difference (k and k., for the complete and
detrended series, respectively) between the reconstruction and ultraviolet solar irradiance
observations from the UARS and SORCE missions, over the indicated spectral intervals.

Spectral interval ~Series R R’ k[Wm™] ket [Wm™2]

120 to 180 nm  UARS/SOLSTICE  0.979 0.959 3.85x10™* 3.10x107*

UARS/SUSIM 0.971 0943 441x10™* 3.86x 10
SORCE/SOLSTICE 0.979 0.959 3.04x 107 1.98x 10~

180 t0 240 nm  UARS/SOLSTICE  0.521 0271 251x107% 1.83x 107

UARS/SUSIM 0.943 0.890 6.97x 107 3.99x 1073
SORCE/SOLSTICE 0.789 0.623 3.91x 1072 2.83x 1073
Morrill et al. (2011)  0.976 0.952 548 x 10 3.40x 1073

240t0300nm  SORCE/SOLSTICE 0.432 0.187 0.102 2.05x 1072

SORCE/SIM 0.818 0.670 0.140 1.02x 1072
Morrill et al. (2011)  0.964 0.929 2.41x 102 1.07x 1072
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Figure 5.19: 361-day moving average of the integrated flux between 120 to 180 nm (top),
180 to 240 nm (middle) and 240 to 300 nm (bottom), in the reconstruction and the spectral
measurements from the UARS and SORCE missions. The UARS and SORCE time series
are offset to the level of the reconstruction at the 1996 and 2008 solar cycle minima,
respectively. The dashed lines mark the uncertainty range of the reconstruction.

180 to 240 nm (middle panel, Fig. 5.19): The reconstruction is a close match to the
SUSIM record (R = 0.943, R> = 0.890 and k = 6.97 x 107> Wm™2) but much less
so with the observations from the two SOLSTICE experiments. There is a periodic
modulation in the UARS/SOLSTICE record that is not present in the reconstruction
or any of the other records. The SORCE/SOLSTICE record declined, between 2003
and 2008, by about twice as much as the reconstruction over the same period, but
exhibited a similar overall trend after.
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Figure 5.20: Integrated flux between 120 to 180 nm, 180 to 240 nm and 240 to 300 nm,
in the reconstruction (black curves) and in the spectral measurements from the UARS
and SORCE missions, over the annotated periods. The UARS and SORCE time series
are offset to the level of the reconstruction. The dashed lines represent the reconstruction
uncertainty.
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e 240 to 300 nm (bottom panel, Fig. 5.19): The overall agreement between the re-
construction and the two SORCE records is poor, primarily from the gross diver-
gence in the solar cycle variation. Between 2003 and 2008, the overall level in the
SORCE/SOLSTICE and SIM records decreased by a factor of about two and four,
respectively, more than in the reconstruction over the same period. Both records
continued to decline after the solar cycle minimum of 2008, thus going from vary-
ing in phase to being in anti-phase with the solar cycle. This behaviour is not
replicated in the reconstruction.

To compare the rotational variability, we detrended both measurement and model by the
361-day moving average. The corresponding RMS difference, denoted k., is listed in
Table 5.6. The rotational variability of all the records examined is, at most places, repro-
duced to within the reconstruction uncertainty (Fig. 5.20), encapsulated in the weak k.
values. This suggests that the discrepancy between the reconstruction and certain mea-
surements, detailed above, is likely a result of residual instrumental influences in said
observations.

Ultraviolet solar irradiance below 242 nm, and between 242 and 310 nm is responsi-
ble for the production and destruction of ozone in the stratosphere, respectively. While
the long-term variability of ultraviolet solar irradiance below 240 nm is relatively well
constrained, above 240 nm the amplitude of solar cycle variation in measurements and
models differ from one another by up to a factor of six (see Ermolli et al. 2013, Table 5.6
and Fig. 5.19). Due to this spread, their application to climate models has led to qualita-
tively different results for the variation in mesospheric ozone (Haigh et al. 2010, Merkel
et al. 2011, Ball et al. 2014).

As previously noted for SATIRE-S by Krivova et al. (2006), Ermolli et al. (2013),
Ball et al. (2014), between 240 and 400 nm, the amplitude of solar cycle variation in the
SATIRE-S reconstruction is around twice that in the NRLSSI model (Lean et al. 1997,
Lean 2000), illustrated in Fig. 5.21, and multiple times weaker than indicated by SIM SSI
(Fig. 6.5, discussed in the following section).

We contrasted the SATIRE-S reconstruction against the empirical model of ultraviolet
solar irradiance by Morrill et al. 2011 (courtesy of Jeff Morrill). This model, covering
150 to 400 nm, is based on the regression of the Mg II index to SUSIM SSI. It therefore
represents an approximation of SUSIM-like SSI with the long-term degradation corrected
to that of the Mg II index. The Morrill et al. (2011) reconstruction, covering 1978 to
2013, is a close match to the SATIRE-S reconstruction (Table 5.6 and Fig. 5.22). The
differences in the level at solar cycle minima reflect the similar divergence between the
IUP Mg II index composite and the Mg II index taken from the SATIRE-S reconstruction,
discussed in Sect. 5.5.1.2. Even with this discrepancy in the decadal trend, the amplitude
of solar cycle variation is similar (Fig. 5.21).

Between 120 and 400 nm, NRLSSI solar irradiance is given by the regression of the
Mg II index to the rotational variability of the UARS/SOLSTICE record. The observation
here that the solar cycle variation in the SATIRE-S reconstruction and the SUSIM-based
model of Morrill et al. (2011) is similar lends credence to the variability reproduced in
both models. It also supports the suggestion, stated in Ermolli et al. (2013), that solar
cycle variability in the ultraviolet in the NRLSSI might be underestimated from extending
the result of the regression to rotational variability to longer timescales.

165



5 Reconstruction of total and spectral solar irradiance from 1974 to 2013 based on
KPVT, SoHO/MDI and SDO/HMI observations

(The contents of this chapter are identical to the submitted version of Yeo, K. L., Krivova, N. A., Solanki, S.
K., Glassmeier, K. H., 2014, Reconstruction of total and spectral solar irradiance from 1974 to 2013
based on KPVT, SoHO/MDI and SDO/HMI observations, Astron. Astrophys., 570, AS85.)

[ Morrill et al. 2011 (0.512 Wm™?) _

— 0.06 [ NRLSSI (0.256 Wm™?) ] 4
| SATIRE-S (0.559 Wm™?) _

0.02 ]

0.00
150 200 250 300 350 400
Wavelength [nm]

Figure 5.21: The change in SSI, between the solar cycle maximum of 2000 and the min-
imum of 2008, in the Morrill et al. 2011 (black), NRLSSI (blue) and SATIRE-S (red)
models, as a function of wavelength. We considered the mean spectra over the 3-month
period centred on the stated activity maximum/minimum, binned by wavelength in inter-
vals of 10 nm. The integral between 240 and 400 nm is given in parentheses.

5.5.1.4 SORCE/SIM SSI

The recent release of SORCE/SIM SSI (level 3, version 19, dated November 19, 2013)
spans the wavelength range of 240 to 2416 nm. As stated in the introduction, this is, at
present, the only extended and continuous (in time) radiometrically calibrated SSI record
covering the ultraviolet to infrared available. For this discussion, we examine the inte-
grated flux in the reconstruction and the SIM data set over the ultraviolet (240 to 400 nm),
visible (400 to 700 nm), near-infrared (700 to 1000 nm) and shortwave-infrared (1000 to
2416 nm).

In terms of the overall level, the reconstruction is, up to the near-infrared, varying
broadly in phase with TSI (Fig. 5.23). In the shortwave-infrared, the radiation deficit due
to sunspots become dominant due to the low (negative at parts) facular intensity contrast
here (as noted earlier for SATIRE-S by Unruh et al. 2008, Krivova et al. 2011a, Ball et al.
2011).

Also depicted in Fig. 5.23 is the ratio of the variation (with respect to the level at the
2008 solar cycle minimum) within each spectral interval and in TSI, ASSI/ATSI. The
value of ASSI/ATSI around solar cycle maxima gives the relative contribution by the
spectral interval to solar cycle variation in TSI (approximately, ultraviolet: 55%, visible:
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Figure 5.22: Integrated flux between 180 and 240 nm (top), and 240 and 300 nm (bottom),
in the Morrill et al. 2011 (black) and the SATIRE-S reconstructions (red).

30%, near-intrared: 16% and shortwave-infrared: —5%). ASSI/ATSI at solar cycle min-
ima represents the same for the secular variation in the TSI level at solar cycle minima
(ultraviolet: 40%, visible: 35%, near-infrared: 17% and shortwave-infrared: 5%). The
variation in ASSI/ATSI between solar cycle maxima and minima, including the change
of sign in the shortwave-infrared, arises mainly from the fact that sunspots and pores are
largely absent around activity minima (see Sect. 5.5.2).

The SIM record indicates a steady decline in ultraviolet and near-infrared flux since
2004 (Fig. 5.24a and 5.24c). Counter to expectation (that solar irradiance display solar
cycle variation), there was no reversal in the overall trend after the 2008 solar cycle mini-
mum. Between 2003 and 2006, SIM recorded a pronounced, almost monotonic increase
in visible and shortwave-infrared flux (Fig. 5.24b and 5.24d), during a period solar ac-
tivity is diminishing. Thereafter, the variation is much weaker and largely in phase with
the solar cycle, declining till 2008 before ascending again. There is no obvious indication
of any consistent trend (neither in phase nor in anti-phase) between the integrated flux
within each spectral interval and the solar cycle.

The apparent non-correlation between the SIM record and the solar cycle is in conflict
with what we found in the reconstruction (Fig. 5.23). It also does not corroborate with
most other observations of ultraviolet solar irradiance (Fig. 5.19) and VIRGO SPM pho-
tometry (Wehrli et al. 2013), which demonstrate clear solar cycle variation. The SATIRE-
S model describes the effect of photospheric magnetism on the solar spectrum. As the
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Figure 5.23: Left: 361-day moving average of the TSI reconstruction and the integrated
flux over the annotated spectral intervals in the SSI reconstruction (black). Right: Ra-
tio of the variation (with respect to the 2008 solar cycle minimum) in SSI and in TSI,
ASSI/ATSI, as given by the smoothed TSI and SSI time series, drawn in red. As
ASSI/ATSI is sensitive to noise where ATSI is weak, the values from near the 2008
minimum are ignored, therefore the gap in the plots there.

amount of resolved magnetic flux and sunspots exhibit solar cycle variation, obviously so
does reconstructed solar irradiance. The amplitude of the overall trend in the SIM record
is also grossly stronger than what is reproduced in the reconstruction (Fig. 5.24). Ex-
pectedly, the overall agreement between the reconstruction and SIM SSI, as given by the
correlation and the RMS difference, is very poor (Table 5.7).

In Fig. 5.25, we compare the total flux recorded by SIM (red), the integrated flux in
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Figure 5.24: Integrated flux over the annotated spectral intervals in the reconstruction
(black) and in SIM SSI (red). The SIM time series are offset to the level of the reconstruc-
tion at the 2008 solar cycle minimum.

Table 5.7: The correlation (R and R?) and scatter (k and k) between the integrated flux
over the indicated spectral intervals in the SIM record and in the SSI reconstruction.

Spectral interval R R>  k[Wm™?] ko [Wm™?]
240 to 400 nm 0.675 0.456 0.367 6.61 x 10-2
400 to 700 nm 0.088 0.008 0.312 8.35 x 10-2
700 to 1000 nm  0.380 0.145 0.258 3.39 x 10-2
1000 to 2416 nm 0.427 0.182 0.124 547 x 10-2
240t0 2416 nm  0.411 0.169 0.583 0.179

the reconstruction over the same wavelength range (black) and PMO6V TSI (blue). With
the bulk of the energy in solar radiation confined within the spectral range surveyed by
SIM (> 97%), the integrated flux over this spectral range should at least resemble TSI (as
similarly argued by Lean and DeLLand 2012). The total flux registered by SIM, as with the
integrated flux over each of the spectral intervals examined earlier (Fig. 5.24), exhibits no
clear consistent relation to TSI or the solar cycle. For the reconstruction, the integrated
flux over the spectral range of SIM reproduces at least 88% (R > 0.94 and R> > 0.88)
of the variability in ACRIM3, TIM and VIRGO TSI radiometry, and effectively all of
the variability in the TSI from the reconstruction (Table 5.8). The total flux registered
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Table 5.8: The correlation (R and R?) between the total flux registered by SIM and the
integrated flux in the SSI reconstruction over a similar wavelength range (i.e., 240 to
2416 nm), and the five TSI records discussed in Sect. 5.4.2 and the TSI reconstruction.
We only considered the data from the days where the reconstruction, SIM SSI and all the
TSI records are available.
SSI Series TSI Series R R?
SIM SSI140-2416nm ACRIM3 0.481 0.232
DIARADRrMvg 0474  0.225
DIARADpyiop  0.418 0.175

PMO6V 0.428 0.183
TIM 0.328 0.108
SATIRE-S TSI  0.412 0.170
SATIRE-S SS-2416nm ACRIM3 0.940 0.883

DIARADRrMg  0.963  0.927
DIARADpyop  0.965  0.931
PMO6V 0.971 0.942
TIM 0.966 0.933
SATIRE-S TSI  0.999 0.999

by SIM reproduces, in the best case, about 23% of the variability in the ACRIM3 record
(R = 0.481 and R* = 0.232).

As with the ultraviolet solar irradiance records discussed in Sect. 5.5.1.3, the recon-
struction replicates the rotational variability in SIM SSI, largely to within uncertainty, in
all the spectral intervals examined except the shortwave-infrared (the k., between mea-
surement and model is tabulated in Table 5.7). That said, even with the more pronounced
scatter, there is still a broad agreement between model and measurement in terms of the
rotational variation in the shortwave-infrared (top row, Fig. 5.26).

During periods of significant sunspot activity, the dip corresponding to the passage of
sunspots across the solar disc is in some instances significantly deeper in the reconstruc-
tion than in SIM SSI, an example of which is illustrated in Fig. 5.26 (bottom row). If we
examine the integrated flux in the reconstruction over the spectral range of SIM, the dip
is much closer to that registered in concurrent TSI measurements. It is unlikely that the
discrepancy between the total flux recorded by SIM and TSI measurements at these times
can be accounted for by sunspot contrast below 240 nm and above 2416 nm. The weaker
dips registered by SIM as compared to the reconstruction during periods of heightened
sunspot activity is likely instrumental in origin.

Earlier in this section, we noted that there is no obvious solar cycle modulation in the
SIM record (Fig. 5.24), and the total flux recorded by the instrument fails to reproduce
much of the observed variability in TSI (Fig. 5.25 and Table 5.8). In comparison, the
reconstruction exhibits clear solar cycle variation (Fig. 5.23) and the integrated flux over
the spectral range of SIM replicates most of the variability in ACRIM3, TIM and VIRGO
TSI radiometry. These observations, together with the broad consistency between the
reconstruction and the SIM record at rotational timescales implies that the overall dis-
cord between measurement and model (Fig. 5.24 and Table 5.7) is probably the result of
residual instrumental trends in the SIM data set.
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Figure 5.25: The total flux recorded by SIM (red), the integrated flux in the reconstruction
over a similar wavelength range (black) and PMO6V TSI (blue). The SIM and SATIRE-
S time series were offset to the PMOG6V series at the 2008 solar cycle minimum. The
PMOG6V series is largely hidden by the SATIRE-S series due to the close similarity.

5.5.2 Facular and sunspot contribution to variation in TSI

From the intermediate products of the SATIRE-S reconstruction process, it is straightfor-
ward to compute the (magnetically) quiet solar spectrum (reconstructed solar spectrum
assuming a solar disc that is entirely quiet Sun) and the variation in solar irradiance with
respect to this base level from faculae, and from sunspots. Of course, this analysis ex-
cludes the part of the reconstruction provided by the regression series (Sect. 5.4.4).

The variation in TSI from faculae (denoted ATSIg,), and from sunspots (ATSIy),
with respect to the calculated quiet Sun level, 1360.122 Wm™2 (the integral under the
quiet solar spectrum) is illustrated in Fig. 5.27. Between the solar cycle minima of 1986,
1996 and 2008, ATSI;,. (red) diminished, minimum-to-minimum, by over 0.2 Wm™2,
while ATSI, (blue) declined, in absolute terms, by around 0.02 Wm2. (We do not have
any figures for the 1976 minimum as this period in the reconstruction is mainly covered
by the regression series.) The secular variation of the solar cycle minima level in the TSI
reconstruction (Table 5.3) is dominantly from the variation in the intensity excess from
faculae.

We histogrammed ATSIy,. and ATSI, from each data day by sine latitude (bin width
of 0.01) and concatenated the monthly average histogram from the entire reconstruction,
expressed in Fig. 5.28. This is an update and extension of the similar figure by Wenzler
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Figure 5.26: The integrated flux over the annotated spectral intervals, in the reconstruction
(black) and in the SIM record (red), between October 1 and November 30, 2004 (top),
and September 15 and December 15, 2003 (bottom). The maximum sunspot number over
the depicted periods is 99 (October 24, 2004) and 167 (October 29, 2003), respectively.
PMOG6V TSI is plotted along the integrated flux over 240 to 2416 nm (blue). The SIM and
PMOG6V time series are offset to the level of the reconstruction. The dashed lines denote
the uncertainty range of the reconstruction.

2005, generated with the SATIRE-S model using similar KPs;, and KPgpy; data.

Obviously, since ATSIg,. traces bright magnetic features (concentrated in active re-
gions) and ATSI,, sunspots and pores, the figure demonstrates Sporer’s law, bearing
resemblance to butterfly diagrams of sunspot area/position and magnetic flux (e.g., Figs.
4 and 14 in Hathaway 2010). A similar diagram to the ATSI, butterfly diagram (Fig.
5.28b), based on the photometric sunspot index, was recently presented by Frohlich 2013
(Fig. 5 in their paper). The vertical stripes in the ATSIy,. butterfly diagram (Fig. 5.28a)
correspond to an annual modulation associated with Earth’s inclined orbit about the Sun.
The northern and southern hemispheres of the Sun, and therefore the photospheric mag-
netism present in each, come alternately into greater view.

We took the average of the daily ATSIg,. histograms over the three-month period cen-
tred on each of the last three solar cycle minima. Then, we summed the values from the
southern and northern hemispheres, giving the mean intensity excess from faculae around
each minimum as a function of distance from the equator (top panel, Fig. 5.29).

Looking at the mean ATSI,. histogram from the 1986 minimum (black series), there
are three broad peaks. The maximum near the equator is from active regions associated
with the preceding cycle, and that at middle latitude active regions associated with the
succeeding cycle. The elevation towards high latitude corresponds to magnetic flux trans-
ported polewards over the previous cycle by meridional circulation. (What these peaks
represent is visibly apparent in the ATSI,. butterfly diagram, Fig. 5.28a.) Comparing
the mean ATSI,. histogram from the three solar cycle minima, the secular trend in total
ATSI,. (the main component of the corresponding secular variation in reconstructed TSI)
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Figure 5.27: TSI excess from faculae (red), and deficit from sunspots (blue), with respect
to the calculated quiet Sun level (1360.122 Wm™2, denoted by the dashed line) in the
reconstruction. The sum, giving the net variation in TSI, is drawn in black, smoothed by
means of a 361-day boxcar filter so as not to obscure the other series.

is influenced by the prevailing magnetic activity in the three latitude regions.

We repeated this analysis with the ATSI, histograms (bottom panel, Fig. 5.29). The
dips in the mean ATSI, histograms are located at similar latitudes as the low and middle
latitude peaks in the the mean ATSIg,. histograms, associated with the same active regions.
They are much weaker in terms of the magnitude and minimum-to-minimum variation,
showing, as in Fig. 5.27, that the secular trend of the solar cycle minima level in the TSI
reconstruction is primarily faculae-driven.

5.6 Summary

In this paper, we present a SATIRE-S model reconstruction of daily total and spectral
solar irradiance. The reconstruction, spanning the period of 1974 to 2013, is based on
full-disc observations of continuum intensity and line-of-sight magnetic field from the
KPVT, SoHO/MDI and SDO/HMI. Gaps in the time series, from the limited availability
of suitable magnetogram data, were plugged by the regression of indices of solar activity
to the reconstruction.

This work extends the preceding reconstruction based on similar observations from the
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Figure 5.28: Variation in reconstructed TSI with respect to the calculated quiet Sun level
due to a) faculae (ATSI,) and b) sunspots (ATSI,), as a function of time and latitude
(the monthly average in sine latitude intervals of 0.01). The black bars along the hori-
zontal axes mark the months with no values from the lack of suitable magnetogram data.
The gaps around the maxima of solar cycles 21 and 22 are filled by the interpolation.
The vertical dashed lines denote solar cycle minima and the horizontal dashed lines the
equator.

KPVT and MDI by Ball et al. (2012, 2014), which covered the period of 1974 to 2009.
Apart from the extension to the present time with HMI data, we updated the reconstruction
method.

The most significant change to the reconstruction method is the procedure by which
the model input from the various data sets were combined such that they yield a consis-
tent time series as the model output. The approach taken in previous studies tailored the
parameters of the model to each data set (in such a manner that it does not introduce ad-
ditional free parameters) and any residual discrepancy between the reconstructed spectra
generated from the various data sets were accounted for by regression.

In this study, we compared the magnetogram signal and the computed faculae filling
factor in the various data sets and brought them into agreement in the periods of overlap
between them by regression. This allowed us to apply the same model parameters (apart
from the umbra and penumbra intensity thresholds, which are wavelength dependent) to
all the data sets. The updated procedure yielded a consistent TSI/SSI time series without
the need for any additional correction of the reconstructed spectra.

The model has a single free parameter which modulates the contribution by bright
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Figure 5.29: Top: Mean variation in reconstructed TSI, with respect to the calculated
quiet Sun level, from faculae (ATSIy,, top) and from sunspots (ATSI,, bottom) around
the solar cycle minima in 1986 (black), 1996 (red) and 2008 (blue), as a function of
distance from the equator in sine latitude. AR is short for active regions.

magnetic features to variability in reconstructed solar irradiance. This free parameter is
recovered by the comparison with TSI measurements. We considered the observations
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from four TSI radiometers in current operation, ACRIM3, DIARAD (both the IRMB and
PMOD/WRC calibrations of the instrument output) and PMO6V on VIRGO, and TIM.
Each of these TSI record resulted in a somewhat different value for the free parameter
(and hence reconstructed solar irradiance time series). Based on the particularly close
consistency between the PMOG6V record and the TSI reconstruction generated using it as
the reference to retrieve the free parameter, we adopted this candidate reconstruction for
further study.

The agreement between the reconstruction and the PMOG6V record, which extends
1996 to 2013, is excellent. The correlation coefficient, R is 0.979 (R* = 0.959), implying
that over solar cycles 23 and 24, at least 96% of TSI variability is due to the time evolu-
tion of solar surface magnetism. The reconstruction also reproduces the secular decline
between the 1996 and 2008 solar cycle minima in the PMOG6V record. This counters
the suggestion by Frohlich (2009) that a dimming of the solar photosphere, rather than
photospheric magnetism, might be responsible for the observed secular decline.

We also evaluated the reconstruction against the ACRIM, IRMB and PMOD compos-
ite records of TSI, the LASP Lyman-« composite, the Mg II index composites by IUP and
by LASP, and SSI measurements from the UARS and SORCE missions.

As with previous efforts with SATIRE-S, we found the closest match with the PMOD
composite (R = 0.957 and R* = 0.916 over the span of the series, 1978 to 2013). The
long-term trend in the PMOD composite is well reproduced in the reconstruction almost
everywhere except between 1984 and 1994, where the reconstruction is broadly higher by
0.1 to 0.3 Wm™2. This discrepancy is, however, minute compared to the spread between
TSI composites, or between the TSI radiometers in current operation. We attribute this
apparent disparity to possible unresolved instrumental trends in the KPVT data set or in
the PMOD composite, especially as the period in question encompasses the ACRIM gap.

The solar Lyman-« irradiance and Mg II index taken from the reconstruction exhibit
excellent correlation with the LASP Lyman-a composite (R = 0.970 and R? = 0.942)
and the IUP Mg 1II index composite (R = 0.981 and R*> = 0.963), respectively. The
secular trend in the solar cycle minima level in the LASP Lyman-a composite is also,
to largely within uncertainty, reproduced. There are weak but palpable discrepancies, in
terms of the amplitude of solar cycle variation, between the IUP and LASP Mg II index
composites, and the reconstruction series. The implied long-term uncertainty of the two
Mg II index composites could have contributed to the observation that proxy models of
solar irradiance based on the Mg II index cannot replicate the secular decline between the
1996 and 2008 solar cycle minima in VIRGO TSI radiometry.

We contrasted the reconstruction against the ultraviolet (120 to 300 nm) solar irradi-
ance measurements from the SOLSTICE and SUSIM experiments onboard UARS, and
SOLSTICE and SIM onboard SORCE. As observations of ultraviolet solar irradiance ex-
hibit divergent long-term trends, especially above 240 nm, the agreement between mea-
surement and model varied. The reconstruction reproduces at least 89% of the variability
between 120 and 240 nm in SUSIM SSI (R > 0.94 and R > 0.89), and 95% for 120 to 180
nm observations from the two SOLSTICE instruments (R > 0.97 and R?> > 0.95). It was
less successful with measurements above 180 nm from the two SOLSTICE experiments
and SIM SSI. At rotational timescales however, the reconstruction exhibits reasonable
agreement with all the records examined, implying that the disparity between the model
and some of these measurements at longer timescales arises from unresolved instrumental
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trends in the latter. The validity of the reconstruction in the ultraviolet is further supported
by the excellent alignment with the SUSIM-based proxy model of ultraviolet solar irra-
diance by Morrill et al. 2011 (R > 0.96 and R*> > 0.92). Importantly, the solar cycle
variation between 240 and 400 nm in the SATIRE-S and the Morrill et al. (2011) recon-
structions is similar (this spectral interval is crucial for climate models but the long-term
trend is very poorly constrained by measurements and preceding models).

As stated in the introduction, SIM is the first and, at present, only instrument purpose-
built to return radiometrically calibrated spectral measurements spanning the ultraviolet
to the infrared at a regular basis. Also stated, the record indicates long-term trends that
are difficult to reconcile with other observations and models of solar irradiance. The
reconstruction reproduces the rotational variability in the SIM record but as with previous
similar studies, failed to reproduce the long-term trends. We argue, from the lack of
constancy in how SIM SSI relate to the solar cycle, and the disparity between the total
flux recorded by the instrument and TSI (the wavelength range surveyed by SIM accounts
for over 97% of the energy in solar radiation), that unaccounted instrumental trends are
present in the data set. In contrast, the reconstruction exhibits clear solar cycle variation
at all wavelengths and the integrated flux over the wavelength range of SIM replicates at
least 88% of the variability in ACRIM3, TIM and VIRGO TSI radiometry (R > 0.94 and
R? > 0.88). The present quandary between SIM observations, and other measurements
and models of solar irradiance emphasizes the need for continual monitoring of the solar
spectrum over a wide spectral range.

The SATIRE-S model describes the variation in the solar spectrum from bright mag-
netic features (classed as ‘faculae’), and sunspots and pores (classed as ‘sunspots’). We
examined the intensity excess from faculae, and the intensity deficit from sunspots, at the
solar cycle minimum of 1986, 1996 and 2008 (there was insufficient data around the 1976
minima) as a function of latitude. This allowed us to visualize the contribution by low and
middle latitude magnetic activity (mostly from active regions), and polar magnetic flux to
the observed secular variation.

The results of this work significantly strengthen support for the hypothesis that vari-
ation in solar irradiance on timescales greater than a day is driven by photospheric mag-
netic activity (Foukal and Lean 1986, Fligge et al. 2000, Solanki et al. 2002, Preminger
et al. 2002, Krivova et al. 2003). The reconstruction is consistent with observations
from multiple sources, confirming its reliability and utility for climate modelling. The
SATIRE-S daily total and spectral solar irradiance time series is available for download
at www.mps.mpg.de/projects/sun-climate/data.html.
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irradiance

Yeo, K. L., Krivova, N. A., Solanki, S. K.
Space Sci. Rev., online (2014)*

Abstract

The correlation between solar irradiance and the 11-year solar activity cycle is evident
in the body of measurements made from space, which extend over the past four decades.
Models relating variation in solar irradiance to photospheric magnetism have made signif-
icant progress in explaining most of the apparent trends in these observations. There are
however, persistent discrepancies between different measurements and models, in terms
of the absolute radiometry, secular variation and the spectral dependence of the solar cy-
cle variability. We present an overview of solar irradiance measurements and models, and
discuss the key challenges in reconciling the divergence between the two.

6.1 Introduction

The 11-year solar activity cycle, the observational manifest of the solar dynamo, is appar-
ent in indices of solar surface magnetism such as the sunspot area and number, 10.7 cm
radio flux, and in the topic of this paper, solar irradiance. The observational and modelling
aspects of the solar cycle are reviewed in Hathaway (2010) and Charbonneau (2010), re-
spectively. Solar irradiance is described in terms of what is referred to as the total and
spectral solar irradiance, TSI and SSI. They are defined, respectively, as the aggregate
and spectrally resolved solar radiative flux (i.e., power per unit area, and power per unit
area and wavelength) above the Earth’s atmosphere, normalized to one AU from the Sun.
Factoring out the Earth’s atmosphere and the variation in the Earth-Sun distance, TSI and
SSI characterize the radiant behaviour of the Earth-facing hemisphere of the Sun.
Although the variation of the radiative output of the Sun with solar activity has long
been suspected (Abbot et al. 1923, Smith and Gottlieb 1975, Eddy 1976), it was not
observed directly till satellite measurements, free from the effects of atmospheric seeing,
became available. TSI and SSI (at least in the ultraviolet) have been monitored regularly

*The contents of this chapter are identical to the submitted version of Yeo, K. L., Krivova, N. A., Solanki,
S. K., 2014, Solar cycle variation in solar irradiance, Space Sci. Rev., online, reproduced with permission
from Space Science Reviews, © Springer Science+Business Media.
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from space through a succession of satellite missions, starting with Nimbus-7 in 1978
(Hickey et al. 1980, Willson and Hudson 1988, Frohlich 2006, DelLand and Cebula 2008,
Kopp et al. 2012). A correlation between variations in TSI and the passage of active
regions across the solar disc was soon apparent (Willson et al. 1981a, Hudson et al. 1982,
Oster et al. 1982, Foukal and Lean 1986), leading to the development of models relating
the variation in solar irradiance to the occurrence of bright and dark magnetic structures
on the solar surface. While not the only mechanism mooted, models that ascribe variation
in solar irradiance at timescales greater than a day to solar surface magnetism have been
particularly successful in reproducing observations (Domingo et al. 2009). At timescales
shorter than a day, excluded from the discussion here, intensity fluctuations from acoustic
oscillations, convection and flares begin to dominate (Hudson 1988, Woods et al. 2006,
Seleznyov et al. 2011).

The measurement and modeling of the variation in solar irradiance over solar cycle
timescales, a minute proportion of the overall level (about 0.1% in the case of TSI), is a
considerable achievement. Though significant progress has been made over the past four
decades, considerable discrepancies remain between different measurements and models,
chiefly in terms of the absolute radiometry, secular variation and the spectral dependence
of the cyclic variability (see the recent reviews by Ermolli et al. 2013, Solanki et al. 2013).
In the following, we present a brief overview of the current state of solar irradiance obser-
vations (Sect. 6.2) and models (Sect. 6.3). We then discuss the key issues in reconciling
measurements and models (Sect. 6.4), before giving a summary (Sect. 6.5).

6.2 Measurements

6.2.1 Total solar irradiance, TSI

The measurements from the succession of TSI radiometers sent into space since 1978,
collectively representing a nearly uninterrupted record, exhibit clear solar cycle modula-
tion. This is illustrated in Fig. 6.1 by the comparison with the monthly sunspot number.
All these instruments are based on active cavity electrical substitution radiometry (But-
ler et al. 2008, Frohlich 2010). Succinctly, TSI is measured by allowing solar radiation
into a heated absorptive cavity intermittently and adjusting the heating power as neces-
sary to maintain thermal equilibrium. While these observations are sufficiently accurate
to trace solar cycle variability (only about 0.1% of the overall level), the measurements
from the various instruments are offset from one another by a greater margin, reflecting
the uncertainty in the absolute radiometry.

With the early instruments, specifically, Nimbus-7/ERB (Hickey et al. 1980, Hoyt
et al. 1992), SMM/ACRIM1 (Willson 1979) and ERBS/ERBE! (Lee et al. 1987), the
spread in absolute radiometry arose mainly from the uncertainty in the aperture area. As
the determination of the aperture area improved, so the absolute radiometry from the suc-
ceeding missions converged. That is, up till the Total Irradiance Monitor, TIM (Kopp and
Lawrence 2005, Kopp et al. 2005a,b) onboard the SOlar Radiation and Climate Experi-

'Nimbus-7/ERB denotes the Earth Radiation Budget instrument onboard Nimbus-7, SMM/ACRIM1 the
Active Cavity Radiometer Irradiance Monitor onboard the Solar Maximum Mission, and ERBS/ERBE the
Earth Radiation Budget Experiment onboard the similarly named satellite.
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Figure 6.1: The measurements from the succession of TSI radiometers sent into orbit
since 1978 (colour coded) and the monthly mean of the sunspot number (lower right axis,
black). Each TSI record is annotated by the name of the instrument name, and where
applicable, the version number, and/or the year and month of the version. Courtesy of G.
Kopp (http://spot.colorado.edu/ koppg/TSI/).

ment, SORCE (launched in 2003, Rottman 2005).

The measurements from TIM were about 5 Wm™2 lower than the concurrent obser-
vations from ACRIMSAT/ACRIM3 (Willson and Mordvinov 2003) and SoOHO/VIRGO?
(Frohlich et al. 1995, 1997). Tests conducted at the TSI Radiometer Facility, TRF (Kopp
et al. 2007) with ground copies of ACRIM3, TIM and VIRGO revealed unaccounted stray
light effects in ACRIM3 and VIRGO (Kopp and Lean 2011, Kopp et al. 2012, Fehlmann
etal. 2012). Correction for scattered light subsequently introduced to the ACRIM3 record
based on these tests brought the absolute radiometry down to significantly closer agree-
ment with TIM (within 0.5Wm~2). The similar proximity between the measurements from
the PREcision MOnitor Sensor, PREMOS onboard Picard (launched in 2010, Schmutz
et al. 2009, Fehlmann et al. 2012) with TIM radiometry provided further evidence that the
lower absolute level first registered by TIM is likely the more reliable. (PREMOS is the
first TSI radiometer to be calibrated in vacuum at full solar power levels prior to flight,
also at the TRF.)

Due to the limited lifetime of TSI radiometers, there is no single mission that covered

2ACRIMSAT/ACRIM3 refers to the ACRIM radiometer onboard the ACRIM SATellite, and
SoHO/VIRGO the Variability of IRradiance and Gravity Oscillations experiment onboard the Solar and
Heliospheric Observatory.
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Figure 6.2: a) TSI measurements from ACRIMSAT/ACRIM3 (version 11/13),
SORCE/TIM (level 3, version 14) and SoHO/VIRGO (level 2, version 6_002_1302). b)
The ACRIM (version 11/13), IRMB (version dated December 19, 2013, provided by S.
Dewitte) and PMOD (version d41_62_1302) composite records of TSI. Also plotted is
the SATIRE-S reconstruction of TSI. The vertical dashed lines mark the position of so-
lar cycle minima. All the time series were normalized to TIM at the 2008 solar cycle
minimum (horizontal dashed line) and smoothed with a 181-day boxcar filter.

the entire period of observation, and apart from VIRGO (1996 to present), there is no
other record that extends more than a complete solar cycle minimum-to-minimum. The
composition of the observations from the various missions into a single time series, obvi-
ously essential, is non-trivial due to ageing/exposure degradation, calibration uncertainty
and other instrumental issues. The ACRIM, PREMOS, TIM and VIRGO instruments are
designed with redundant cavities to allow in-flight degradation tracking. Even with this
capability and the best efforts of the respective instrument teams, significant uncertainty
persists over the long-term stability (conservatively, 0.2Wm™2 or 20 ppm per year, Solanki
et al. 2013), reflected in the discrepant amplitude of solar cycle variation in the ACRIM3,
TIM and VIRGO records (Fig. 6.2a). Accounting for changes in instrument sensitivity,
which are often particularly severe during early operation and can see discrete shifts (such
as that suffered by ERB and VIRGO), has proven to be particularly precarious (Hoyt et al.
1992, Lee et al. 1995, Dewitte et al. 2004a, Frohlich 2006). It is worth mentioning here
that the observations from the various radiometers do largely agree at solar rotational
timescales (roughly one month), where apparent variability is much less affected by the
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Figure 6.3: Timeline and spectral range of the space missions making observations of the
solar spectrum (above 100 nm). Taken from Ermolli et al. (2013).

instrumental influences discussed above.

There are, at present, three composite records of TSI, published by the ACRIM science
team (Willson and Mordvinov 2003), IRMB (Dewitte et al. 2004b, Mekaoui and Dewitte
2008) and PMOD/WRC? (Frohlich 2000, 2006). These competing time series, while
broadly similar, do differ in terms of the amplitude of solar cycle variation (discussed in
detail by Frohlich 2006, 2012), most readily apparent in the conflicting secular trend of
the solar cycle minima level (Fig. 6.2b). The TSI reconstructions presented by Wenzler
et al. (2009), Ball et al. (2012), Yeo et al. (2014b), based on the SATIRE-S model (Fligge
et al. 2000, Krivova et al. 2003, 2011b), have found the greatest success in replicating the
solar cycle variation in the PMOD composite (see Sect. 6.3.3.1 for more details).

6.2.2 Spectral solar irradiance, SSI

The solar spectrum has been probed through a miscellany of spaceborne instruments over
the past five decades (Fig. 6.3), differing in the regularity of measurements and the spec-
tral range surveyed. As with TSI, ultraviolet solar irradiance (120 to 400 nm) has been
monitored, almost without interruption, from space since 1978.

The key features of the body of ultraviolet solar irradiance measurements is similar
to that of TSI, discussed in Sect. 6.2.1. The observations from the various spectrome-
ters display similar rotational variability but diverge in terms of the absolute radiometry
and the amplitude of solar cycle variation, especially at wavelengths above 240 nm (see
DelLand and Cebula 2012, Unruh et al. 2012, Ermolli et al. 2013, Yeo et al. 2014b, and
Fig. 6.4). In particular, the measurements from the SIM (Harder et al. 2005b,a) and
SOLSTICE (McClintock et al. 2005, Snow et al. 2005a) experiments onboard SORCE
exhibit much stronger solar cycle variation than registered by the SOLSTICE (Rottman
et al. 2001) and SUSIM (Brueckner et al. 1993, Floyd et al. 2003) instruments onboard

SIRMB is short for L’Institut Royal Météorologique de Belgique, and PMOD/WRC Physikalisch-
Meteorologisches Observatorium Davos/World Radiation Center. The composite by IRMB is also variously
referred to as the RMIB or SARR composite.
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Figure 6.4: Integrated solar irradiance between a) 120 and 180 nm, b) 180 and 240
nm (centre), and c¢) 240 and 300 nm (bottom), in the SATIRE-S reconstruction of SSI
(black). Also drawn are the measurements from the UARS and SORCE missions, offset
to SATIRE-S at the 1996 and 2008 solar cycle minima, respectively. All the time series
were smoothed by taking the 181-day moving average. Adapted from Yeo et al. (2014b).

the precessor mission, UARS* (by a factor of three to ten, depending on wavelength, see
Fig. 7 in DeLand and Cebula 2012). This disparity, while broadly within the uncertainty
in the long-term stability of said instruments, is much greater than encountered between
pre-SORCE instruments (DelLLand and Cebula 2012, Ermolli et al. 2013). The uncertainty
in the long-term stability of ultraviolet solar irradiance observations, on the order of 0.1
to 1% per year (varying with wavelength and between instruments, Snow et al. 2005a,
Merkel et al. 2011, DeLand and Cebula 2012), is of similar magnitude as the variation
over the solar cycle. It is also grossly greater than the uncertainty afflicting TSI measure-
ments. Again, due to the limited lifetime of spaceborne instrumentation, there is no record
that extends beyond a complete solar cycle minimum-to-minimum, with the exception of
the observations from NOAA-9 SBUV/2> (Deland and Cebula 1998).

The solar cycle modulation in, and disparity between the pre-SORCE measurements
is illustrated in the time series plot by DelLand and Cebula 2008 (Fig. 2 in their paper),
which is qualitatively analogous to Fig. 6.1. The authors presented the first published
effort to compose the ultraviolet solar irradiance observations from these instruments into
a single time series. The result, spanning the period of 1978 to 2005, still contains overt
instrumental trends for which the appropriate correction is not known. The challenge in

4SIM denotes the Spectral Irradiance Monitor, SOLSTICE the SOLar STellar Irradiance Comparison
Experiment, SUSIM the Solar Ultraviolet Spectral Irradiance Monitor and UARS the Upper Atmosphere
Research Satellite.

SThe second generation Solar Backscatter UltraViolet spectrometer onboard the ninth National Oceanic
and Atmospheric Administration satellite.
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Figure 6.5: 181-day moving average of the integrated solar irradiance over the spectral
intervals specified above each panel, in the SORCE/SIM record (red) and the SATIRE-S
reconstruction (black). The SATIRE-S time series were offset to the corresponding SIM
time series at the 2008 solar cycle minimum, the position and level at which is indicated
by the dashed lines. Adapted from Yeo et al. (2014b).

the account of instrumental influences is substantially greater than with TSI, exacerbated
by the wavelength dependence of instrumental effects, and differences in the design, op-
eration and calibration.

The series of GOME instruments (the first of which was onboard ERS-2, launched in
1996, Weber et al. 1998, Munro et al. 2006) and ENVISAT/SCIAMACHY?® (launched in
2002, Skupin et al. 2005a) made regular measurements of the solar spectrum in the 240 to
790 nm and 240 to 2380 nm wavelength range, respectively. However, these instruments,
purpose built for atmospheric sounding rather than solar irradiance monitoring, lack the
capability for in-flight degradation tracking. This renders the observations unsuitable for
tracing the solar cycle variation of the solar spectrum. The long-term stability of the
narrowband (FWHM of 5 nm) photometry at 402, 500 and 862 nm from the Sun Pho-
toMeter, SPM on the SOHO/VIRGO experiment (Frohlich et al. 1995, 1997) is similarly
problematic (though considerable progress has been made, see Wehrli et al. 2013).

SGOME is short for Global Ozone Monitoring Experiment. ERS-2 refers to the second European Re-
mote Sensing satellite, and ENVISAT/SCIAMACHY the SCanning Imaging Absorption spectroMeter for
Atmospheric CHartographY onboard the ENVIronmental SATellite.
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Figure 6.6: Total flux registered by SIM (red). Also drawn is the integrated flux in the
SATIRE-S reconstruction over a similar wavelength range (black) and VIRGO TSI (blue),
both offset to match the level of the SIM time series at the 2008 solar cycle minimum.
The VIRGO time series is largely hidden by the SATIRE-S time series due to the close
similarity. Adapted from Yeo et al. (2014b).

Regular monitoring of the solar spectrum beyond the ultraviolet only started, in ef-
fect, with SIM. This instrument provides the only radiometrically calibrated, continu-
ous/extended (in time) record of the solar spectrum spanning the ultraviolet to infrared
(the latest release, version 19, dated November 19, 2013, covers 240 to 2416 nm) presently
available, illustrated in Figs. 6.5 and 6.6.

Between 2004 and 2008 (which is within the declining phase of solar cycle 23), SIM
registered a decline in ultraviolet flux (integrated solar irradiance between 240 and 400nm,
Fig. 6.5a) that is, in absolute terms, almost double the drop in TSI over the same period
(Fig. 6.7). Up to 2006, this pronounced downward trend was accompanied by a com-
parable increase in the visible (400 to 700 nm, Fig. 6.5b), in apparent anti-phase with
the solar cycle. The decline in the ultraviolet is multiple times greater than projections
from other measurements (i.e., pre-SORCE ultraviolet solar irradiance) and models of so-
lar irradiance, summarized in Fig. 6.7 (Harder et al. 2009, Ball et al. 2011, DeLand and
Cebula 2012, Lean and DelLand 2012, Unruh et al. 2012, Ermolli et al. 2013, Yeo et al.
2014b). (We exclude, for now, the solar irradiance reconstruction presented by Fontenla
et al. 2011, where steps were taken to bring the model into qualitative agreement with
SIM SSI, to be discussed in Sect. 6.3.3.2.) The increase in the visible prior to 2006 is in
conflict with VIRGO SPM photometry (see next paragraph) and present-day models, all
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Figure 6.7: Ratio of the integrated variation in the same spectral intervals examined in Fig.
6.5, ASSI and the corresponding variation in TSI, ATSI between solar cycle maximum
and minimum (2002 and 2008) in the models discussed in Sect. 6.3.3. For the model by
Morrill et al. (2011), denoted Meall, we took ATSI from the SATIRE-S model. Also
depicted is the same for SORCE measurements between 2004 and 2008, with ASSI and
ATSI from the SIM and TIM records, respectively. Adapted from Ermolli et al. (2013).

of which see visible solar irradiance varying in phase with the solar cycle. The variation
in the infrared (700 to 2416 nm, Figs. 6.5¢ and 6.5d) over this period is also significantly
stronger than in model reconstructions. The investigations of Ball et al. (2011), DeLLand
and Cebula (2012), Lean and DeLand (2012), Unruh et al. (2012), Yeo et al. (2014b) did,
however, note similar rotational variability in SIM SSI and in these other measurements
and models.

Looking at the entire SIM record (the current version extends from 2003 to 2011),
there is no constancy in how the overall trend in SIM SSI (at a given wavelength) relate
to the solar cycle, neither in phase nor in anti-phase (Fig. 6.5). Apart from the solar
cycle modulation evident in pre-SORCE ultraviolet solar irradiance measurements, this
also runs counter to the positive correlation between SPM visible (500 nm) photometry
and TSI over the similar period of 2002 to 2012 reported by Wehrli et al. (2013). There
being no other extended record of SSI covering a similar spectral range, we cannot rule
out completely that segments of the solar spectrum may vary in a non-cyclic manner as
apparent in SIM SSI but it is almost irrefutable that the integral of the solar spectrum
over all wavelengths, TSI, does exhibit variation that is clearly in phase with the solar
cycle. The spectral range surveyed by SIM accounts for more than 97% of the power
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in solar radiation; the total flux recorded by SIM should closely replicate the variability
in TSI, but that is evidently not the case (Fig. 6.6). In contrast, the reconstruction of
the integrated solar irradiance over the spectral range of SIM from SSI models replicates
most of the variability in measured TSI (see Ball et al. 2011, Lean and DeLLand 2012, Yeo
et al. 2014b, and Fig. 6.6).

The discrepancies between SIM SSI, and other measurements and models, discussed
above, were taken in various studies to indicate that there are unaccounted instrumental
effects in the SIM record (Ball et al. 2011, DeLLand and Cebula 2012, Lean and DeLand
2012, Unruh et al. 2012, Yeo et al. 2014b). This is favoured over alternative interpreta-
tions such as the apparent trends between 2004 and 2008 implying a change in the physics
of the Sun during this period compared to earlier times, or that there are gaping insuffi-
ciencies in our understanding/modeling of the physical processes driving variations in
solar irradiance. As we will argue in Sect. 6.3.1, the decline in visible flux between 2003
and 2006 (Fig. 6.5a) is not consistent with our current understanding of solar surface
magnetism and its effect on solar irradiance.

Evidently, considerable uncertainty afflicts the direct observation of the variation in
SSI over solar cycle timescales. The situation is set to improve, with the continuing ef-
forts to calibrate SCTAMACHY and SORCE spectrometry, and spectral measurements
expected from ISS/SOLSPEC (intermittent in time but radiometrically calibrated, Thuil-
lier et al. 2009) and the upcoming JPSS’ mission (set to be launched in 2016), which will
carry an improved version of the SIM instrument (Richard et al. 2011). For more exten-
sive reviews of the measurement of solar irradiance, we refer the reader to DelLand and
Cebula (2008, 2012), Domingo et al. (2009), Kopp et al. (2012), Frohlich (2012), Ermolli
et al. (2013), Solanki et al. (2013).

6.3 Models

The collection of satellite measurements of solar irradiance, while evidently core to our
understanding of the solar cycle variation in the radiative output of the Sun, cover a lim-
ited period in time and suffer significant uncertainty. Models of solar irradiance serve
both to complement these observations and to advance our understanding of the physical
processes driving the apparent variability.

6.3.1 Solar surface magnetism

A feature of the 11-year solar activity cycle is the cyclical emergence and evolution
of kilogauss strength magnetic concentrations in the photosphere (Solanki and Schmidt
1993), the main properties of which can be explained by describing them as magnetic flux
tubes (see Fig. 6.8 and Spruit 1976, Spruit and Roberts 1983, Solanki 1993). They range
in physical extent, from on the order of 10! to 10° km in cross section. The lower end
corresponds to the small-scale magnetic elements which make up active region faculae,
quiet Sun network and internetwork (Lagg et al. 2010, Riethmiiller et al. 2013), and the
upper end, sunspots and pores.

7ISS/SOLSPEC denotes the SOLar SPECtrum experiment onboard the International Space Station, and
JPSS the Joint Polar Satellite System.
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Figure 6.8: Schematic of a thin magnetic flux tube. The thickened line follow the optical
depth unity (r. = 1) surface, depressed by AZ within the flux tube. The red arrows
represent convective and radiative energy transport in the interior and exterior of the flux
tube (denoted by the i and e subscripts, respectively). The yellow arrows correspond to
radiative heating through the side walls of the depression, and the gree arrows mechanical
energy transfers. The cloud symbolizes the heated chromospheric layers of the magnetic
structure. Reproduced from Solanki et al. (2013), which followed Zwaan (1978).
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Figure 6.9: Top: Concurrent observations, from July 11, 2012, of the a) line-of-sight
magnetic field, and the continuum intensity at b) 617.3 nm and c) 170 nm from the He-
lioseismic and Magnetic Imager, HMI (Schou et al. 2012b) and the Atmospheric Imaging
Assembly, AIA (Lemen et al. 2012) onboard the Solar Dynamics Observatory. Bottom:
Blow up of the boxed region, featuring active region NOAA 11520. The grey scale is
saturated at +30 G, and at about 60% and 120%, and 20% and 300% of the mean quiet
Sun level at disc centre, respectively.

Solar irradiance is modulated by photospheric magnetic activity from its effect on the
thermal/radiant property of the solar surface and atmosphere. The influence of magnetic
concentrations on the local temperature structure of the solar surface and atmosphere
varies strongly with the size of the magnetic feature, as described below.

As a consequence of pressure balance, the interior of magnetic concentrations is evac-
uated. The lower density creates a depression in the optical depth unity surface and mag-
netic buoyancy (the result of which is flux tubes are largely vertical). The intensity con-
trast in the continuum is influenced by the competing effects of magnetic suppression of
convection and radiative heating from surrounding granulation through the side walls of
the depression. Sunspots and pores are dark from the magnetic suppression of convection
within these features (see the reviews by Solanki 2003, Rempel and Schlichenmaier 2011,
and Fig. 6.9). For small-scale magnetic concentrations, this is overcome by the lateral
heating, rendering them bright (Spruit 1976, Spruit and Zwaan 1981, Grossmann-Doerth
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Figure 6.10: a) Integrated solar irradiance in the visible in SORCE/SIM spectroscopy, and
b) the concurrent projected sunspot area (from the composite record by Balmaceda et al.
2009, version 0613). Points corresponding to days where the projected sunspot area is
less than 200 ppm are highlighted in red. The vertical axis of the projected sunspot area
plot is inverted to aid interpretation.

et al. 1994), especially away from the disc centre as the side walls come into greater view
(Spruit 1976, Keller et al. 2004, Carlsson et al. 2004, Steiner 2005). Heated by mechan-
ical and resistive dissipations (Musielak and Ulmschneider 2003, Moll et al. 2012), and
radiation from deeper layers (Knolker et al. 1991), the temperature gradient within small-
scale magnetic elements is steeper, so enhancing their intensity within spectral lines and
in the ultraviolet, formed at greater heights than the visible continuum (see Frazier 1971,
Mitchell and Livingston 1991, Morrill et al. 2001, Ermolli et al. 2007, Yeo et al. 2013,
Riethmiiller et al. 2010, and Fig. 6.9¢).

Models describing the variation in solar irradiance, at timescales greater than a day,
by the intensity deficit and excess facilitated by photospheric magnetism have achieved
substantial success in reproducing measured solar irradiance (see Domingo et al. 2009,
and Sects. 6.3.2 and 6.3.3). While other plausible mechanisms have been proposed (Wolft
and Hickey 1987, Kuhn et al. 1988, Cossette et al. 2013), related to physical processes in
the solar interior, direct evidence is not straightforward to obtain and consequently still
largely lacking.

The increase in visible solar irradiance registered by SIM between 2003 and 2006
(Fig. 6.5b, discussed in Sect. 6.2.2) came at a time solar activity is declining. For the solar
cycle variation in photospheric magnetism to be compatible with this trend in visible solar
irradiance, small-scale magnetic concentrations would have to be dark in the visible. The
intensity deficit from sunspots and pores, while declining over this period, is not driving
the upward trend in SIM visible solar irradiance. This is demonstrated in Fig. 6.10 by the
variation of SIM visible flux over the days with minimal sunspot activity.

Indeed, studies examining the intensity contrast of small-scale magnetic concentra-
tions in the visible continuum as a function of magnetogram signal have noted negative
contrasts near disc centre at both low and high magnetogram signal levels (summarized
in Table 2 of Yeo et al. 2013). However, the results of recent investigations suggest that
these apparent negative contrasts are related to the fact that small-scale magnetic ele-
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ments congregate mainly within dark intergranular lanes (Schnerr and Spruit 2011, Kobel
et al. 2011), and observational effects related to the limited spatial resolution and tele-
scope diffraction (Rohrbein et al. 2011), than any indication that small-scale magnetic
concentrations are, near disc centre, dark in the visible continuum. Taken together with
the intensity enhancement towards the limb and within spectral lines (Topka et al. 1997,
Ortiz et al. 2002, Yeo et al. 2013), it is highly unlikely that small-scale magnetic con-
centrations (at least overall) might be dark in the visible. The upward trend in early SIM
visible solar irradiance is not consistent with our current understanding of solar surface
magnetism and its effect on solar irradiance.

6.3.2 Model architectures

There are two broad categories of solar irradiance models, commonly referred to as proxy
and semi-empirical models, distinguished by the modelling approach.

As stated in the introduction, the measurement of solar irradiance from space quickly
revealed an apparent correlation between TSI and the passage of active regions across the
solar disc. This was followed by the development of proxy models, aimed at reconstruct-
ing solar irradiance by the multivariate regression of indices of solar activity to measured
solar irradiance. The index data serve as proxies of the effects of bright and dark magnetic
structures on the radiative output of the Sun.

Sunspot darkening is usually represented by sunspot area or the PSI (photometric
sunspot index, Hudson et al. 1982, Frohlich et al. 1994), and facular brightening by chro-
mospheric indices such as the Ca II K (Keil et al. 1998), Mg II (Heath and Schlesinger
1986) or F10.7 (10.7 cm radio flux, Tapping 1987) indices. (In this context the term
sunspots includes pores, and faculae, quiet Sun network.) The Ca II K and Mg II indices
are given by the ratio of the disc-integrated flux in the line core (of the Ca II K line, and
the Mg II h and k doublet, respectively) to that at nearby reference wavelengths. The line
core to ‘continuum’ ratio is preferred over absolute flux as it is more robust to instrument
degradation.

The TSI reconstructions by the group at the San Fernando Observatory, SFO (Chap-
man et al. 1996, 2012, 2013, Preminger et al. 2002) employ sunspot and faculae indices
derived from full-disc photometric images obtained at the observatory. These models
proved to be particularly successful among proxy models. By employing full-disc im-
agery instead of Sun-as-a-star measures such as the indices listed above, they include the
centre-to-limb variation of sunspot and faculae contrast, albeit only at the photometric
bandpass. The latest iteration, based on visible red and Ca II K observations, reproduced
most of the variation in TIM radiometry (R?> = 0.95, Chapman et al. 2013).

Since the proxy model approach relies on the availability of reliable solar irradiance
measurements, it is not straightforward to reconstruct SSI by this method due to the long-
term stability issues in available measurements and the relative paucity of observations
outside the ultraviolet (Sect. 6.2). Making use of the fact that the effects of instrument
degradation on apparent variability is relatively benign at shorter timescales, long-term
stability issues are sometimes circumvented by fitting index data to measured rotational
variability (either by detrending the data or confining the regression to rotational periods,
Lean et al. 1997, Pagaran et al. 2009, Thuillier et al. 2012) and then assuming the indices-
to-irradiance relationships so derived to all timescales. As we will discussed in Sect.
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6.4.1, the assumption that the underlying relationship between indices of solar activity
and solar irradiance is similar at all timescales is not likely valid.

The next level of sophistication in the modelling of solar irradiance is realized by
semi-empirical models. In these models, the solar disc is segmented by surface feature
type, termed ‘components’. The filling factor (proportion of the solar disc or a given area
covered) and time evolution of each component is deduced from indices of solar activ-
ity or suitable full-disc observations. This information is converted to solar irradiance
employing the intensity spectra of the various components, calculated using spectral syn-
thesis codes with semi-empirical model atmospheres of said feature types (Fontenla et al.
1999, 2009, Unruh et al. 1999, Shapiro et al. 2010). The reconstruction of the solar spec-
trum is given by the filling factor weighted-sum of the component intensity spectra. The
semi-empirical model atmospheres describe the temperature and density stratification of
the solar atmosphere within each component, constrained and validated by observations
(therefore the term ‘semi-empirical’).

The semi-empirical approach has the advantage that it yields SSI independent of the
availability of reliable measurements. Additionally, for the models that rely on full-disc
imagery for the filling factor of the solar surface components (i.e., the exact disc position
of magnetic features is a known), the centre-to-limb variation of the radiant behaviour of
each component can be taken into account by generating and applying the corresponding
intensity spectrum at varying heliocentric angles.

At present, there are five models reported in the literature capable of returning the full
solar spectrum, reviewed in Ermolli et al. (2013). They are,

e NRLSSI (Naval Research Laboratory Solar Spectral Irradiance, Lean et al. 1997,
Lean 2000),

e SATIRE-S (Spectral And Total Irradiance REconstruction for the Satellite era, Un-
ruh et al. 1999, Fligge et al. 2000, Krivova et al. 2003, 2006, 2011b, Yeo et al.
2014b),

e SRPM (Solar Radiation Physical modelling, Fontenla et al. 1999, 2004, 2006, 2009,
2011),

e OAR (Observatorio Astronomico di Roma, Penza et al. 2003, Ermolli et al. 2011,
2013) and

e COSI (COde for Solar Irradiance, Haberreiter et al. 2008, Shapiro et al. 2010, 2011,
2013).

Apart from the NRLSSI, these models adopt the semi-empirical approach. In the follow-
ing, we discuss the recent results obtained with the SATIRE-S model by Yeo et al. 2014b
(Sect. 6.3.3.1) before giving an overview of the other models listed (Sect. 6.3.3.2). For a
broader review of models of solar irradiance, we refer the reader to Domingo et al. (2009),
Ermolli et al. (2013), Solanki et al. (2013).
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6.3.3 SSI models capable of returning the full solar spectrum
6.3.3.1 SATIRE-S

The SATIRE-S model (Fligge et al. 2000, Krivova et al. 2003, 2011b) relies on full-disc
observations of magnetic field and intensity to segment the solar disc into quiet Sun, fac-
ulae, sunspot umbra and sunspot penumbra. It has been applied to longitudinal magne-
tograms and continuum intensity images collected at the KPVT (in operation from 1974
to 2003, Livingston et al. 1976, Jones et al. 1992), as well as from SOHO/MDI (1996 to
2011, Scherrer et al. 1995) and SDO/HMI® (2010 to the present, Schou et al. 2012b) to re-
construct total and spectral solar irradiance over various periods between 1974 and 2013
(Krivova et al. 2003, Wenzler et al. 2006, Ball et al. 2012, 2014, Yeo et al. 2014b). In
the latest iteration (Yeo et al. 2014b), KPVT, MDI and HMI magnetograms were cross-
calibrated in such a way that the model input from all the data sets combine to yield a
single consistent TSI/SSI time series spanning the entire period of 1974 to 2013 as the
output. Apart from the NRLSSI, which extends back to 1950, this is the only other daily
reconstruction of the full solar spectrum (from present-day models) to cover multiple solar
cycles.

At present, the model employs the intensity spectra of quiet Sun, faculae, umbra and
penumbra from Unruh et al. (1999), generated with the ATLAS9 spectral synthesis code
(Kurucz 1993). As ATLAS9 assumes local thermodynamic equilibrium (LTE), it fails in
the ultraviolet or below approximately 300 nm. (Solar ultraviolet radiation is formed in
the upper photosphere and lower chromosphere, where the plasma is increasingly col-
lisionless.) This is accounted for by offsetting/rescaling the 115 to 300 nm segment of
the reconstructed spectra to the Whole Heliospheric Interval (WHI) reference solar spec-
tra by Woods et al. (2009) and SORCE/SOLSTICE spectrometry (detailed in Yeo et al.
2014b). SATIRE-S is the only semi-empirical model to include non-LTE effects through
such an approach. The SRPM, OAR and COSI models make use of various non-LTE
spectral synthesis codes, which differ from one another in the method non-LTE effects are
approximated (see Fontenla et al. 1999, Uitenbroek 2002, Shapiro et al. 2010).

Recall, due to uncertainties in the amplitude of solar cycle variation, the three pub-
lished TSI composites exhibit conflicting decadal trends (Sect. 6.2.1). The TSI from the
reconstruction is a significantly closer match to the PMOD composite than to the ACRIM
and IRMB time series, replicating most of the variability (R* = 0.92), including the solar
cycle variation (Fig. 6.2b). Reconstructed TSI also exhibits excellent agreement with
the measurements from individual instruments such as ACRIM3, TIM and VIRGO. In
particular, the record produced by the PMO6V? radiometer on VIRGO (R? = 0.96). The
secular decline between the 1996 and 2008 solar cycle minima in VIRGO radiometry is
reproduced to within 0.05 Wm~2 (Fig. 6.2a). This agreement between SATIRE-S TSI and
VIRGO radiometry, which extends all of solar cycle 23 and on to the present, is signif-

81n full, the Kitt Peak Vacuum Telescope (KPVT), the Michelson Doppler Imager onboard the Solar
and Heliospheric Observatory (SoHO/MDI)), and the Helioseismic and Magnetic Imager onboard the Solar
Dynamics Observatory (SDO/HMI).

9VIRGO TSI is actually given by the combination of the measurements from two onboard radiometers,
DIARAD and PMOG6V. The solar cycle variation in the DIARAD and PMOG6V records is nearly identical
but they do differ at rotational timescales resulting in very different results for the correlation on comparison
with other measurements or models.
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Figure 6.11: Variation in TSI from a) faculae brightening, ATSIg,. and b) sunspot dark-
ening, ATSI, in the SATIRE-S model, as a function of time and latitude (the monthly
average in sine latitude intervals of 0.01). The black bars along the horizontal axes mark
the months with no values from the lack of suitable magnetogram data. The gaps around
the maxima of solar cycles 21 and 22 are filled by the interpolation. The horizontal and
vertical dashed lines denote the equator and position of solar cycle minima, respectively.
Adapted from Yeo et al. (2014b).

icant. It implies that at least 96% of the variability in solar irradiance, over this period,
including the secular variation between the 1996 and 2008 solar cycle minima can be
explained by solar surface magnetism alone.

The bolometric facular brightening and sunspot darkening, ATSI,. and ATSI, (with
respect to the TSI level of the magnetically quiet Sun, which emerges in the computation),
binned and averaged by month and sine latitude, is expressed in Fig. 6.11. Since solar
surface magnetism is concentrated in active regions, it follows then that the latitudinal dis-
tribution of the associated intensity excess/deficit demonstrate Sporer’s law, resembling
butterfly diagrams of sunspot area/position and magnetic flux (for example, Figs. 4 and
14 in Hathaway 2010). A diagram similar to Fig. 6.11b, based on the PSI, was recently
presented by Frohlich (2013).

Since sunspots are largely absent around solar cycle minima, the minimum-to-minimum
variation in SATIRE-S TSI is dominantly from the change in facular brightening. In Fig.
6.12, we illustrate the latitudinal distribution of faculae brightening at the last three so-
lar cycle minima, obtained from the butterfly diagram (Fig. 6.11a). Around the 1986
solar cycle minimum, facular brightening is elevated close to the equator, around mid-
latitudes, and towards high latitudes (red curve). The broad peak near the equator and
at mid-latitudes correspond to active regions associated with the preceding cycle and the
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Figure 6.12: Latitudinal distribution of facular brightening (ATSI,.) in SATIRE-S at the
1986, 1996 and 2008 solar cycle minima, taken from Fig. 6.11a. Facular brightening is
influenced by active regions in the low and mid-latitudes (associated with the preceding
and succeeding solar cycles, respectively), and polar flux at high latitudes. Adapted from
Yeo et al. (2014b).
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succeeding cycle, respectively. The increase towards high latitudes relate to magnetic el-
ements transported polewards by meridional circulation over the course of the previous
cycle (i.e., polar flux). Comparing the latitudinal distribution at the three solar cycle min-
ima depicted, the minimum-to-minimum trend in faculae brightening (and therefore TSI)
is modulated by the prevailing magnetic activity in the three latitude regions. The low flat
profile of the blue curve, which corresponds to the 2008 solar cycle minimum, reflects
the near-complete absence of any form of activity during this period, which contributed
significantly to the secular decline between the 1996 and 2008 solar cycle minima.

As discussed in Sect. 6.2.2, ultraviolet solar irradiance (120 to 400 nm) measure-
ments exhibit similar rotational variability but diverge in terms of the amplitude of solar
cycle variation, especially above 240 nm, and between SORCE and pre-SORCE missions.
Consequently, while the SATIRE-S reconstruction reproduces the rotational variability in
ultraviolet solar irradiance observations from the UARS and SORCE missions, in terms
of the variation over the solar cycle, it replicates certain records better than others (Fig.
6.4). It reproduced the solar cycle variation in SUSIM spectrometry between 115 and 240
nm, and in UARS/SOLSTICE and SORCE/SOLSTICE measurements between 115 and
180 nm. The reconstruction is also a very close match to the empirical model by Morrill
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Figure 6.13: The change in solar irradiance (ASSI), integrated over 10 nm intervals, be-
tween 2000 and 2008 (solar cycle maximum and minimum), in the Morrill et al. (2011),
NRLSSI and SATIRE-S models. Adapted from Yeo et al. (2014b).

et al. (2011). (This model, based on matching the Mg II index to SUSIM SSI, represents
an estimation of SUSIM-like spectrometry over the wavelength range of 150 to 400 nm.)
Notably, the amplitude of solar cycle variation is similar, even above 240 nm (Figs. 6.7
and 6.13). The reconstruction also replicated the rotational variability in SIM SSI over
the entire wavelength range of the record (240 to 2416 nm) but not the overall trend (Fig.
6.5). It is worth noting here that there is no model reported thus far that is able to replicate
the solar cycle variation in SIM SSI and TSI simultaneously.

The Lyman-a irradiance of the reconstruction reproduces most of the variability (R*> =
0.94), including the solar cycle trend (Fig. 6.14a), in the LASP Lyman-a composite
(Woods et al. 2000). The Mg II index taken from the reconstruction is also highly cor-
related to the competing Mg Il index composites by LASP (Viereck et al. 2004, Snow
et al. 2005b), and by IUP (Viereck and Puga 1999, Skupin et al. 2005¢,b), in particular
the latter (R*> = 0.96). It was, however, less successful in replicating the decadal trend
(Fig. 6.14b). That said, it did reproduce, to within model uncertainty, the secular decline
between the 1996 and 2008 solar cycle minima in the [TUP Mg II index composite.

6.3.3.2 Other present-day models

The present-day models capable of returning the full solar spectrum, with the exception
of the SRPM, are broadly consistent with one another. There are some differences, most
notably in terms of the spectral dependence of the cyclic variability (Fig. 6.7). In this
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Figure 6.14: a) The Lyman-« irradiance and b) Mg II index based on the SATIRE-S
reconstruction of SSI (black solid lines). The reconstruction uncertainty is denoted by the
dotted lines. Also illustrated, the LASP Lyman-a composite (red), and the IUP (green)
and LASP (blue) Mg IT index composites, regressed to the rotational variability and offset
to the 2008 solar cycle minimum level (dashed lines) in the respective SATIRE-S time
series. All the time series were smoothed with a 181-day boxcar filter. Adapted from Yeo
et al. (2014b).

section, we will give a brief description of the NRLSSI, SRPM, OAR and COSI models,
and highlight the key discrepancies between these models and SATIRE-S.

The NRLSSI (Lean et al. 1997, Lean 2000) describes the effect of sunspot darkening
and faculae brightening on a model spectrum of the quiet Sun. The time evolution of
sunspot darkening is given by the PSI calculated from sunspot area records, and facular
brightening by the Ca II K, Mg II and F10.7 indices. In the ultraviolet (120 to 400 nm),
the variation in solar irradiance is inferred from the multivariate regression of the index
data to the rotational variability in UARS/SOLSTICE SSI (by first detrending both index
and solar irradiance data). Above 400 nm, it is given by the sunspot and faculae contrast
(as a function of wavelength) model from Solanki and Unruh (1998), modulated in time
by the index data.

The models discussed here, apart from the SRPM, all see reconstructed SSI varying
in phase with the solar cycle in the ultraviolet and visible (Fig. 6.7). In the infrared,
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facular contrast is weak (and depending on the model, negative at certain wavelengths),
allowing sunspot darkening to dominate, such that the overall level at activity maximum
can be lower than at minimum (illustrated for SATIRE-S in Fig. 6.5d). Depending on
the computed sunspot/faculae contrast adopted by the various models, they differ in the
wavelength range and strength of this effect (see Fig. 7 in Ermolli et al. 2013). This effect
is relatively weak in the NRLSSI such that the integrated flux over the shortwave-infrared
(1000 to 2416 nm) still varies in phase with the solar cycle, contrary to the other models
(Fig. 6.7). The variation over the solar cycle between 240 and 400 nm is also weaker,
almost half of that in SATIRE-S, attributed to confining the regression to rotational vari-
ability (Ermolli et al. 2013). The consistency between SATIRE-S and the SUSIM-based
model of Morrill et al. (2011) gives further support to the amplitude of solar cycle vari-
ation in the ultraviolet exhibited by these two models (Fig. 6.13). While SATIRE-S
replicates the secular decline between the 1996 and 2008 solar cycle minima in VIRGO
TSI radiometry (Fig. 6.2a), the NRLSSI does not as this minimum-to-minimum variation
is absent in the Mg II index composite employed (the one released by LASP, Fig. 6.14b).

The SRPM denotes the set of data and tools for semi-empirical modeling of solar irra-
diance, including a non-LTE spectral synthesis code, developed by Fontenla et al. (1999,
2004, 2006, 2009, 2011). Currently, the package features semi-empirical model atmo-
spheres for nine solar surface components, namely, quiet Sun internetwork, quiet Sun
network lane, enhanced network, plage, bright plage, sunspot umbra and sunspot penum-
bra (presented in Fontenla et al. 2009), and dark quiet Sun internetwork and hot facula
(introduced in Fontenla et al. 2011, but not incorporated into the solar irradiance recon-
struction reported by the authors). Earlier SRPM reconstructions (or indeed, all other
models) cannot replicate the strong decline in the ultraviolet or the accompanying increase
in the visible, in apparent anti-phase with the solar cycle, registered by SIM between 2004
and 2008 (Sect. 6.2.2). Fontenla et al. (2011) took this to indicate that the temperature
gradient inside small-scale magnetic concentrations might be steeper than previous esti-
mations and proceeded to adjust the temperature stratification of the model atmospheres
introduced in Fontenla et al. 2009 (see Fig. 1 in Fontenla et al. 2011). The solar irradi-
ance reconstruction presented, extending 2000 to 2009, is based on these modified model
atmospheres and filling factors for the various components derived from full-disc images
(in the visible red and Ca II K) acquired with the Precision Solar Photometric Telescope,
PSPT at OAR (Coulter and Kuhn 1994, Ermolli et al. 1998).

The modifications to the Fontenla et al. (2009) model atmospheres did result in re-
constructed visible solar irradiance varying in anti-phase with the solar cycle. However,
the solar cycle variation in the ultraviolet is still weaker than what was registered by
SORCE/SOLSTICE. The model thus failed to reproduce the solar cycle variation in mea-
sured TSI, which all the other present-day models are able to do with reasonable success.
All these shortcomings were taken by the authors to imply that the number of solar surface
components is insufficient.

The full-disc images recorded with the PSPT at OAR were also employed in the se-
ries of proxy and semi-empirical reconstructions of solar irradiance reported by the OAR
team (Penza et al. 2003, Domingo et al. 2009, Ermolli et al. 2011). Work on a new semi-
empirical model is in progress (Ermolli et al. 2013). This latest effort considers the seven
solar surface components defined in Fontenla et al. (2009). The filling factors were ob-
tained from PSPT observations spanning the period of 1997 to 2012 following Ermolli
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et al. (2010). The intensity spectra corresponding to each component were calculated
with the Fontenla et al. (2009) model atmospheres (without the more recent modifica-
tions introduced by Fontenla et al. 2011) using the non-LTE spectral synthesis code RH'
(Uitenbroek 2002). The computation is therefore, apart from employing the Fontenla et al.
(2009) model atmospheres as is, broadly analogous to the SRPM reconstruction presented
by Fontenla et al. 2011.

In the ultraviolet and visible, the OAR reconstruction is consistent with NRLSSI,
SATIRE-S and COSI, exhibiting a similar disparity with SIM SSI (Fig. 6.7). Also in
line with these other models, the reconstruction replicates most of the variability in TSI
observations (specifically, TIM radiometry and the PMOD composite). In apparent con-
tradiction to the conclusion of Fontenla et al. (2011), the agreement with measured TSI
suggests that the seven solar surface components described in Fontenla et al. (2009) are
sufficient for the semi-empirical modeling of (at least) TSI. This also supports the conclu-
sions of Ball et al. (2011), DeLand and Cebula (2012), Lean and DeLand (2012), Unruh
et al. (2012), Yeo et al. (2014b), that the discrepancy between SIM SSI and models arise
from unaccounted instrumental effects in SIM observations, than any indication that a
significant rethink in how solar irradiance is modelled in current models is necessary (dis-
cussed in Sect. 6.2.2).

The non-LTE spectral synthesis code COSI (Haberreiter et al. 2008, Shapiro et al.
2010) has been utilised to generate intensity spectra of solar surface components for
semi-empirical modeling of solar irradiance (Haberreiter et al. 2005). The current im-
plementation utilizes intensity spectra generated with the model atmospheres by Fontenla
et al. (1999). These were applied to sunspot number, '°Be and neutron monitor data to re-
construct solar irradiance back to the Maunder minimum period and over the Holocene (at
1-year and 22-year cadence, respectively, Shapiro et al. 2011), and to SRPM PSPT-based
filling factors covering a two week period in 2010 (Shapiro et al. 2013).

Contrary to the NRLSSI, SATIRE-S and OAR models, the Shapiro et al. (2011) re-
construction varied in anti-phase with the solar cycle in the near-infrared (700 to 1000
nm, Fig. 6.7), accompanied and compensated by an enhanced variability in the ultra-
violet. This is attributed to the use of a single model atmosphere for sunspots, and for
plage (so not distinguishing between sunspot umbra and penumbra, and plage and bright
plage, Ermolli et al. 2013). In response, Shapiro et al. (2013) reduced sunspot and plage
contrast in such a manner that brought the reconstruction presented into alignment with
SORCE/SOLSTICE measurements in the Herzberg continuum (190 to 222 nm). A more
comprehensive approach is in development.

6.4 Reconciling measurements and models

6.4.1 Proxy models

Solar irradiance observations, in particular SSI, suffer non-trivial uncertainty in the long-
term stability (Sect. 6.2). As mentioned in Sect. 6.3.2, in the regression of indices of solar
activity to observations, certain proxy models confine the fitting to rotational variability

10Based on the work of, and abbreviated after Rybicki and Hummer (1991, 1992).
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to circumvent bias from instrumental trends, implicitly assuming that the relationship
between the two is similar at all timescales.

Rotational variability in solar surface magnetism is dominated by active regions, and
at longer timescales, by the magnetic flux distributed in the quiet Sun. The response of
chromospheric indices to magnetic flux in active regions and quiet Sun is, evidently, not
the same (Tapping 1987, Solanki and Krivova 2004, Ermolli et al. 2010, Foukal et al.
2011). The weak solar cycle variation in the ultraviolet in the NRLSSI highlights the
limitation of applying the relationship between chromospheric indices and solar irradiance
at rotational timescales to longer timescales.

The NRLSSI also does not replicate the secular decline between the 1996 and 2008
solar cycle minima in VIRGO TSI radiometry as it is absent in the LASP Mg II index
composite. Frohlich (2009, 2012, 2013) attributed the discrepant decadal trend in the
LASP Mg II index composite and VIRGO TSI to a possible cooling/dimming of the pho-
tosphere between the two solar cycle minima. This disparity is more likely related to the
non-linear relationship between chromospheric indices and solar irradiance, discussed in
the previous paragraph (Foukal et al. 2011), and the uncertainty in the long-term stability
of Mg II index data. While the LASP Mg II index composite is effectively level between
the 1996 and 2008 solar cycle minima, the competing composite by IUP does exhibit
a secular decline (Fig. 6.14b). This minimum-to-minimum drop in the IUP composite
is replicated in the Mg II index produced from the SATIRE-S reconstruction, the TSI
from which reproduces the secular decline in VIRGO TSI (Sect. 6.3.3.1). The discrep-
ancy between the IUP and LASP composites demonstrates the sensitivity of the apparent
decadal trend, even in a quantity as robust to instrumental effects as the Mg II index, to
the long-term stability.

The rigorous reconstruction of solar irradiance through proxy models would require
a greater understanding of the relationship between indices of solar activity and solar
irradiance, and of the long-term stability in index data (still largely unknown).

6.4.2 Semi-empirical models

Present-day semi-empirical models (reviewed in Sect. 6.3.3) all employ one-dimensional
or plane-parallel model atmospheres. Various studies have pointed out that the intensity
spectra synthesized from one-dimensional representations of the spatially inhomogeneous
solar atmosphere do not necessarily reflect the true average property (Uitenbroek and
Criscuoli 2011, Holzreuter and Solanki 2013).

The intensity contrast of network and facular magnetic features varies with distance
from disc centre and magnetic field strength. In SATIRE-S, the magnetic field strength
dependence is included by scaling the faculae filling factor of non-sunspot image pixels
above the magnetogram noise floor by the magnetogram signal (up to a saturation level,
the free parameter in the model, Fligge et al. 2000). For the SRPM, OAR and COSI
models, which employ full-disc Ca Il K images as a proxy of magnetic field strength, after
identifying sunspots, the rest of the solar disc is segmented into multiple components.
These measures are not only empirical but also do not account (at least not fully) for the
observation that the continuum and line core intensity contrast of small-scale magnetic
concentrations scale differently with magnetogram signal (Yeo et al. 2013). As set out by
Unruh et al. (2009), three-dimensional model atmospheres would allow the possibility to
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relate the appropriate calculated intensity spectra to the magnetogram signal or Ca II K
intensity directly.

At present, the centre-to-limb variation of the intensity of solar surface components
is accounted in semi-empirical models by generating the intensity spectra at varying limb
angles (by rotating the respective model atmospheres). In the continuum, the intensity
contrast of small-scale magnetic elements increases with distance from disc centre be-
fore declining again close to the limb. The converse is observed within spectral lines,
the difference coming primarily from the differing interaction between the line-of-sight
and magnetic flux tubes at the continuum and spectral lines formation heights (Yeo et al.
2013). In employing one-dimensional model atmospheres, we do not capture these ef-
fects.

Three-dimensional model atmospheres based on observations (Socas-Navarro 2011)
and magnetohydrodynamics (MHD) simulations (Vogler 2005), while growing in sophis-
tication and realism, cannot as yet reproduce observations at all heights (Afram et al.
2011). A limiting factor is our understanding of the effects of spatial resolution (that is,
the point spread function and how it is sampled by the imaging array) on observations
(Danilovic et al. 2008, 2013, Rohrbein et al. 2011). This is especially severe for the
small-scale magnetic elements which make up network and faculae, largely unresolved in
current observations. The increasing availability of atmospheric seeing free observations
from space and balloon-borne missions, in particular high spatial resolution imagery such
as those from SUNRISE (Solanki et al. 2010, Barthol et al. 2011), will provide stringent
constraints on model atmospheres. Space and balloon-borne telescopes have the advan-
tage that the point spread function can be well constrained (Mathew et al. 2007, 2009,
Wedemeyer-Bohm 2008, Yeo et al. 2014a), rendering them particularly useful for this
purpose.

Another source of uncertainty is the treatment of non-LTE effects, which are highly
complex and not fully understood. As a matter of necessity, the SATIRE-S, SRPM, OAR
and COSI models take varying approximations to include non-LTE effects. While inex-
act, the one-dimensional model atmospheres and non-LTE approximations employed in
present-day semi-empirical models are a practical necessity. As these simplifications are
tested against and so constrained by observations, the output from current models are still
reasonably realistic, demonstrated by the broad consistency between reconstructed solar
irradiance and measurements (Sect. 6.3.3).

6.5 Summary

The TSI observations from the succession of radiometers sent into space since 1978 read-
ily reveal solar cycle modulation. The records from the various instruments however,
differ in terms of the absolute level and the apparent amplitude of solar cycle variation,
chiefly from the difficulty in accounting for instrument degradation. With the collab-
orative efforts of various teams, the absolute radiometry of present-day instruments is
converging. The uncertainty in the long-term stability is evident in the conflicting decadal
trends exhibited by the three published TSI composites.

Like TSI, ultraviolet (120 to 400 nm) solar irradiance has been monitored from space,
almost without interruption, since 1978. Spectrometry is obviously a more complicated
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measurement, the uncertainty in the absolute radiometry and the amplitude of solar cy-
cle variation is more severe than with TSI. Compounded by the wavelength dependence
of instrumental influences, this translates into uncertainty in the spectral dependence of
the cyclical variability. The problem is particularly acute above 240 nm, and between
measurements from the SORCE satellite and preceding missions.

The SIM instrument onboard SORCE provides what is still the only extended (2003 to
2011) and radiometrically calibrated record of SSI spanning the ultraviolet to the infrared
(240 to 2416 nm) available. The measurements from the first few years of operation (2003
to 2008) saw ultraviolet solar irradiance declining almost twice as rapidly as TSI, and vis-
ible solar irradiance ascending, in apparent anti-phase with the solar cycle. These trends
conflict with the projections from other measurements and models (except for Fontenla
et al. 2011). Looking at the full period, the overall trend shows no obvious solar cycle
modulation. The total flux recorded by the instrument, which surveys a wavelength range
responsible for more than 97% of the power in solar radiative flux, also fails to replicate
the solar cycle variation evident in TSI.

Satellite monitoring of solar irradiance has been accompanied by the development of
models aimed at recreating the observed variability. Solar irradiance is modulated by
photospheric magnetism from its effect on the thermal structure and consequently the
radiant behavior of the solar surface and atmosphere. Models of solar irradiance based on
the assumption that variations at timescales greater than a day are driven by solar surface
magnetism have achieved considerable success in replicating observations.

There are two broad categories of solar irradiance models, termed proxy and semi-
empirical. Proxy models are based on the regression of indices of solar activity to so-
lar irradiance observations. Semi-empirical models employ the intensity spectra of var-
ious types of solar surface features (calculated with spectral synthesis codes from semi-
empirical model atmospheres) to reconstruct the solar spectrum from the apparent surface
coverage of these feature types (derived from index data or full-disc observations).

We discussed the present-day models capable of returning the full solar spectrum;
NRLSSI, SATIRE-S, SRPM, OAR and COSI. Apart from the NRLSSI, these models
adopt the semi-empirical approach.

In the regression of index data to solar irradiance observations, certain proxy mod-
els including the NRLSSI (in the ultraviolet) restrict the fitting to the rotational vari-
ability to factor out any bias from the uncertainty in the long-term stability of the solar
irradiance measurements employed. In doing so, these models implicitly assume that
the relationship between chromospheric indices (utilized in these models as a proxy of
faculae brightening) and solar irradiance at rotational timescales is applicable to longer
timescales. Likely a consequence of the fact that the relationship between chromospheric
indices and solar irradiance is really non-linear, the amplitude of solar cycle variation in
the ultraviolet in the NRLSSI is weaker than in other present-day models.

Another limitation of the proxy approach is the fact that the reconstructed solar irradi-
ance adopts the variability of the index records used in the reconstruction, along with the
associated uncertainty. The uncertainty in the long-term stability of Mg II index data was
argued to be the probable reason why the NRLSSI does not replicate the secular decline
between the 1996 and 2008 solar cycle minima in VIRGO TSI radiometry.

The SRPM reconstruction of solar irradiance presented by Fontenla et al. (2011) is the
only where visible flux varied in anti-phase with the solar cycle, in qualitative agreement
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6 Solar cycle variation in solar irradiance
(The contents of this chapter are identical to the submitted version of Yeo, K. L., Krivova, N. A., Solanki, S.

K., 2014, Solar cycle variation in solar irradiance, Space Sci. Rev., online.)

with early SIM observations. This was achieved with modifications to the temperature
stratification in the Fontenla et al. (2009) model atmospheres. However, the TSI from
the reconstruction failed to replicate the solar cycle variation in measured TSI. The other
models reviewed see visible solar irradiance varying in-phase with the solar cycle and
reproduced TSI variability, including the solar cycle modulation, with reasonable success.
Significantly, the OAR computation is, apart from the use of the Fontenla et al. (2009)
model atmospheres without any modifications, largely analogous to the Fontenla et al.
(2011) study in terms of the approach.

Considering the role of photospheric magnetism in driving variations in solar irradi-
ance, the increase in the visible registered by SIM during its early operation, coming at a
time where solar activity is declining, requires that small-scale magnetic concentrations
be darker than the quiet Sun in this spectral region. However, our current understanding
of the radiant properties of these solar surface features point to the converse.

Apart from the NRLSSI, the semi-empirical model SATIRE-S, recently updated by
Yeo et al. (2014b), gives the only other daily reconstruction of the full solar spectrum
from present-day models to cover multiple solar cycles (1974 to 2013). Of the three
competing and conflicting TSI composites, the model found the greatest success in repli-
cating the solar cycle variation in the PMOD composite. The TSI reconstruction is also a
good match to present-day measurements, reproducing about 95% of the variability in the
PMOG6V record and the secular decline between the 1996 and 2008 solar cycle minima
in VIRGO radiometry. The SSI reconstruction reproduced the rotational variability in
UARS and SORCE spectrometry, and the cyclical variability in certain records below 240
nm. Above 240 nm, as the amplitude of solar cycle variation is poorly constrained in cur-
rent measurements, SATIRE-S, as with all other models, cannot exactly replicate SORCE
solar cycle variation. The amplitude of solar cycle variation between 240 and 400 nm
in the reconstruction is however, matches closely to the empirical model of Morrill et al.
(2011), which represents an approximation of SUSIM-like SSI with the long-term stabil-
ity corrected to that of the Mg Il index. The model also replicates the solar cycle variation
in the LASP Lyman-a composite, and the secular decline between the 1996 and 2008
solar cycle minima in the [TUP Mg II index composite.

The intensity spectra of solar surface features employed in present-day semi-empirical
models are derived from one-dimensional model atmospheres, which do not capture all
the complexities of the radiant behaviour of the solar surface and atmosphere. Three-
dimensional model atmospheres, though increasingly realistic, still cannot reproduce ob-
servations at all heights. Their development is impeded by the limited availability of high
spatial resolution observations, and the challenge in understanding instrumental influ-
ences on apparent radiance. Current semi-empirical models also include non-LTE effects
by various approximations. Constrained by observations, the intensity spectra of solar
surface features generated from one-dimensional model atmospheres and present non-
LTE schemes, while not exact, are sufficiently reliable for the intended purpose. This is
demonstrated by the broad consistency between the various semi-empirical models, and
their success in replicating measurements.

The direct observation of solar irradiance is a challenging endeavour. While the body
of spaceborne measurements is still afflicted by uncertainties in the absolute radiometry,
secular variation and spectral dependence of the cyclical variability, one cannot discount
the considerable progress made over the past four decades with the collective effort of the
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community. Models of solar irradiance based on solar surface magnetism have proved to
be an able complement, augmenting our understanding of the observations and the phys-
ical processes underlying solar cycle variation in solar irradiance. While open questions
remain, continual observational and modeling efforts will undoubtedly see the emergence
of a more cohesive picture of solar cycle variation in solar irradiance.
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This thesis is the compilation of four publications (each forming a chapter), detailing
investigations into the nature of variations in solar irradiance over the 11-year activity
cycle of the Sun. They are summarized below in the order presented in the thesis.

Chapter 3: Yeo, K. L., Solanki, S. K., Krivova, N. A., 2013, Intensity contrast of
network and faculae, Astron. Astrophys., 550, A95

In this work, we examined the relationship between the intensity contrast of network
and faculae, in the continuum and core of the Fe 1 6173 A line in full-disc SDO/HMI ob-
servations, with disc position and magnetogram signal. Never before has any other solar
telescope been able to return simultaneous, atmospheric seeing free, full-disc measure-
ments of intensity and magnetic flux density at similar spatial resolutions or noise level
(Chap. 1.2). So, while similar studies have been reported in the literature, the image qual-
ity of HMI data gave us the chance to look at the disc position and magnetogram signal
dependence of the intensity contrast of network and faculae at unprecedented accuracy
and detail, particularly in the line core (which was, up to this study, largely unstudied).

The results from this study and preceding investigations into the continuum intensity
contrast of network and faculae exhibit significant discrepancies. In the case of the anal-
ogous study by Ortiz et al. (2002) with SOHO/MDI (the predecessor instrument to the
HMI) data, this is due to the fact that we had taken care to exclude image pixels around
sunspots and pores, where the apparent magnetogram signal is affected by stray light from
and the magnetic canopy of these features, from consideration. Comparing the results ob-
tained around disc centre from the various studies, we argued that the spread in apparent
magnetogram signal dependence is largely due to differences in spatial resolution.

Not surprisingly, the radiant behaviour of network and faculae in the continuum and in
the line core, formed at different heights, is very different. The most notable divergence
is the converse centre-to-limb variation. While the intensity contrast in the continuum
increases away from disc centre before decreasing again near the limb, in the line core,
the intensity contrast is strongest at disc centre and declines monotonically towards the
limb. This is due to the steeper temperature gradient and Zeeman splitting within magnetic
concentrations, and the different mechanisms by which apparent contrast is modulated by
viewing geometry at the continuum and spectral line formation heights.

Earlier works had shown, but only indirectly, that variation in solar irradiance is the
sum manifestation of changes in the continuum and within spectral lines. From the data
set, we derived empirical relationships relating the intensity contrast in the continuum and
line core to the heliocentric angle and magnetogram signal. Using a simple model based
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on these relationships, we demonstrated that the variation in total solar irradiance during
a three-week period in 1996, where only a single active region is visible on the solar disc,
can only be explained if we consider facular contrast in both the continuum and the line
core.

The study also provided further evidence that magnetic elements in quiet Sun network
have a higher heating efficiency than the facular counterpart, as implied by the higher
intensity contrast per unit magnetogram signal there.

Since looking at the variation in intensity contrast with magnetic field strength obvi-
ously requires co-temporal and co-spatial measurements of intensity and magnetic field,
studies have largely relied on such observations from magnetographs and so mostly con-
fined to the visible part of the spectrum. (With few exceptions, magnetographs are de-
signed to observe the photosphere and therefore operate in the visible.) The intensity
contrast of network and faculae (and therefore their contribution to variation in solar irra-
diance) is highest in the ultraviolet from how the Planck function responds to temperature.
Yet, the relationship between the intensity contrast in the ultraviolet with magnetic field
strength is not nearly as well studied as in the visible (Berger et al. 2007, Viticchié et al.
2010).

In order to plug this gap in our knowledge, it will be of interest to extend this study,
examining

e HMI magnetograms together with the concurrent full-disc ultraviolet filtergrams
from AIA (Atmospheric Imaging Assembly, also onboard SDO, Lemen et al. 2012),
and the

e co-temporal magnetic field and ultraviolet intensity observations from the IMaX
magnetograph (Imaging Magnetograph eXperiment, Martinez Pillet et al. 2011)
and the SuFI filtergram instrument (SUNRISE Filter Imager, Gandorfer et al. 2011)
onboard the SUNRISE balloon-borne observatory.

The AIA surveys three narrow passbands between 304 and 1700 A, and SuFI, five be-
tween 2140 and 3968 A, formed at different heights in the solar atmosphere between the
photosphere and the transition region!. The observations from SUNRISE are not only
free from atmospheric seeing but are also at the highest spatial resolutions achieved to
date. They reveal the fine structure of the small-scale magnetic concentrations that make
up network and faculae, largely unresolved in preceding observations, at an unsurpassed
level of detail (Lagg et al. 2010, Riethmiiller et al. 2013). The spatial resolution of AIA is
also the highest of full-disc solar telescopes operating in a similar wavelength range. The
co-temporal magnetic field and ultraviolet intensity measurements from SDO and from
SUNRISE are well-suited for the intended purpose, covering a wide range of heights in
the solar atmosphere at unprecedented spatial resolutions and atmospheric seeing free
quality.

The complex radiant behaviour of network and faculae uncovered in this study is
not completely represented in present-day semi-empirical models of solar irradiance, pri-
marily due to the use of one-dimensional model atmospheres. Three-dimensional model
atmospheres have not reached the maturity required for use in such models. As discussed

'The AIA has a total of nine passbands, the other six, located between 94 and 335 A, are formed in the
corona.
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in Chap. 6.4.2, while they are increasingly realistic, current three-dimensional model at-
mospheres cannot replicate observations at all heights. This renders the extension of this
study to AIA and SUNRISE data all the more pertinent. The results of this investigation
form a stringent constraint on three-dimensional model atmospheres at the HMI wave-
length, 6173 A. Such an endeavour will however, also require an understanding of the
effects of stray light on the apparent intensity contrast in HMI observations, investigated
in the following publication.

Chapter 4: Yeo, K. L., Feller, A., Solanki, S. K., Couvidat, S., Danilovic, S., Krivova,
N. A., 2014, Point spread function of SDO/HMI and the effects of stray light cor-
rection on the apparent properties of solar surface phenomena, Astron. Astrophys.,
561, A22

Here, we reported an estimate of the PSF of the HMI instrument and examined the ef-
fects of restoring HMI data for the influence of straylight by the deconvolution of this PSEF.
We modelled the PSF as a bivariate function of radial distance and azimuth, recovering
the anisotropy of the underlying stray light behaviour. This is a departure from preceding
efforts with other spaceborne solar telescopes, which had for simplicity assumed isotropy
(i.e., modelling the PSF as a function of radial distance alone). The anisotropic PSF was
demonstrated to perform better than an isotropic solution for stray light removal. It was
also verified by comparing the image contrast in restored HMI data and in artificial solar
images generated from a MHD simulation.

Restoring HMI observations for stray light with the retrieved PSF had a pronounced
effect on the apparent intensity, magnetic field strength and line-of-sight velocity. Of
particular relevance to solar irradiance studies is the effect on small-scale magnetic con-
centrations.

Image restoration decreased the surface area and increased the magnetic field strength
of network and faculae. It also recovered otherwise undetectable magnetic features smeared
below the noise floor by stray light. Overall, the apparent amount of magnetic flux, at least
in the HMI data examined, increased by about 20%, most of it arising in the quiet Sun.
The greater influence on quiet Sun network simply reflects the fact that the magnetic fea-
tures there, generally smaller than those in active region faculae, are more affected by
stray light. The observation that network elements have a higher heating efficiency than
faculae and are also more obscured by stray light is not accounted in present-day mod-
els of solar irradiance that rely on full-disc imagery. The contribution by the network to
variation in solar irradiance might therefore be underestimated in these models.

The PSF was recovered from observations of Venus in transit from one of the two
CCDs in the instrument. It therefore represents the stray light property of this particular
CCD at the time of the transit and the position of Venus in the field of view. Another
important result of this study is the demonstration that the PSF reported can be applied
to the entire field of view, to HMI data from either CCD and from the beginning of reg-
ular operation to the time of the study (April 2010 to June 2013) without introducing
significant error. In other words, the stray light property of the instrument is sufficiently
uniform across the field of view, similar between the two CCDs, and stable in time for
this to be the case. Current models of solar irradiance assume that the intrinsic intensity
contrast of photospheric magnetic features is invariable over time. Studies investigating
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if sunspot contrast varies over the solar cycle have returned conflicting results (see for
example, Mathew et al. 2007, Rezaei et al. 2012, Norton et al. 2013, de Toma et al. 2013).
The possible time variation of network and faculae contrast is much less studied (Walton
et al. 2003, Ortiz et al. 2006, Ermolli et al. 2007). An obstacle had been the lack of stable,
extended time series of observations. The finding here that HMI data are, in terms of
stray light, relatively stable over the period examined (which encompassed much of the
ascending phase of solar cycle 24) demonstrates its suitability for such investigations.

HMI data products (described in Chap. 1.2) are archived and distributed through
several repositories such as JSOC and GDC-SDO?. We plan to incorporate straylight cor-
rection by the deconvolution with the PSF reported here into the HMI data processing
pipeline, with the aim to make a straylight-corrected version of the extended, near contin-
uous time series of observations from the instrument available to the scientific community
through one or more of these repositories. This will be of utility not only to investigations
into the possible time variation of the intrinsic intensity contrast of solar surface features
and semi-empirical models of solar irradiance such as the SATIRE-S, but any study that
would benefit from accurate full-disc measurements of magnetic flux density, Doppler
shift and intensity.

As stated in Chap. 1.4, an overall objective with the two studies discussed so far
is to derive the information necessary to make quantitative comparisons of the radiant
properties of small-scale magnetic concentrations in HMI data, and in artificial solar ob-
servations (of intensity and magnetic field®) synthesized from three-dimensional model
atmospheres based on MURaM MHD simulations (Chap. 2.3.4). By blurring such artifi-
cial observations with the PSF of HMI, we can compare the relationship between intensity
contrast, and disc position and magnetogram signal in the result with that in HMI data
(obtained in the first study) directly.

Chapter 5: Yeo, K. L., Krivova, N. A., Solanki, S. K., Glassmeier, K. H., 2014, Recon-
struction of total and spectral solar irradiance from 1974 to 2013 based on KPVT,
SoHO/MDI and SDO/HMI observations, Astron. Astrophys., 570, A85

We presented a daily reconstruction of total and spectral solar irradiance, extending
from 1974 to 2013, based on the SATIRE-S model.

SATIRE-S had previously been applied to full-disc continuum intensity images and
longitudinal magnetograms from the KPVT and SoHO/MDI to reconstruct TSI and SSI
between 1974 and 2009. The parameters of the model were adjusted to the data from the
two spectromagnetographs operated at the KPVT, and from MDI to combine the model
output from the various data sets into a single TSI/SSI time series. This, however, still
left some discrepancy in reconstructed spectra based on data from different instruments,
which had to be accounted for empirically by regression. The decommissioning of MDI
in 2011 also curtailed the possibility of extending these modelling efforts to the present
and beyond.

’In full, the Joint Science Operations Center (http://jsoc.stanford.edu/) and the German Data Center for
SDO (http://www2.mps.mpg.de/projects/seismo/GDC-SDOY).

By generating artificial intensity images at the various HMI bandpass and polarizations (as described
in Chap. 4.3.1), and combining them together as done for HMI filtergrams to yield artificial HMI-like
magnetograms.
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In this study, we made significant improvements to the reconstruction method and
extended the model to the present with similar observations from HMI. Of the improve-
ments made, the most important is the more sophisticated cross-calibration of the model
input from the various instruments. The magnetogram signal and faculae filling factor in
the various data sets were brought into agreement in the periods of overlap between the
different instruments (by taking into account non-linearities and variations between solar
disc centre and limb) such that they yielded a consistent TSI/SSI time series as the output
without the need for any additional adjustment of the reconstructed spectra.

The TSI from the reconstruction exhibited excellent agreement with the observations
from the instruments in current operation, in particular, from the PMO6V radiometer
on the SOHO/VIRGO experiment (which covers the period from 1996 to the present).
The reconstruction reproduced most of the variability (R> = 0.96) including the secular
decline between the 1996 and 2008 solar cycle minima. This result indicates that at least
96% of the variability in solar irradiance over this period, including the secular variation,
can be accounted for by photospheric magnetism alone. The reported alignment is all the
more significant considering the fact that VIRGO is, of the TSI monitors sent into orbit
since 1978, the only to return measurements covering an entire solar cycle minimum-to-
minimum; extending all of solar cycle 23 and beyond to the current maximum.

Examining the latitudinal distribution of faculae brightening and sunspot darkening
in the model at the last three solar cycle minima (1986, 1996 and 2008), we were able
to illustrate, for the first time, the contribution by prevailing magnetism in the low and
middle latitudes from active regions, and polar flux at high latitudes, to the minimum-
to-minimum trend in TSI. The reconstruction also reproduced the solar cycle variation in
the PMOD TSI composite (between 1978 and 2013) and the LASP Lyman-a composite
(between 1974 and 2013), confirming the long-term stability of the reconstruction.

Like TSI, ultraviolet solar irradiance has been measured from space regularly since
1978. The measurements from the succession of missions, while broadly consistent at
rotational timescales, exhibit discrepant solar cycle variation, especially above 240 nm.
The reconstruction replicates the rotational variability in the ultraviolet solar irradiance
measurements from the UARS and SORCE missions rather well but had mixed results in
terms of the amplitude of solar cycle variation (which is to be expected given the gross
scatter in observations). The amplitude of solar cycle variation in the reconstruction is,
however, a very close match to that in the Morrill et al. (2011) model, even above 240
nm. This purely data-based model, extending 150 to 400 nm, is an estimation of SUSIM-
equivalent SSI, with the long-term stability corrected with the Mg II index as reference.
The agreement renders support to the cyclic variability in the SATIRE-S reconstruction.

The observations from SORCE/SIM represent the only extended (2003 to 2011) and
continuous, radiometrically calibrated record of SSI covering the ultraviolet to the in-
frared (240 to 2416 nm) available. As with all other present-day models, the SATIRE-S
reconstruction failed to replicate the overall trend in SIM SSI. The spectral range surveyed
by SIM is accountable for more than 97% of the power in solar radiation. Therefore, the
integrated solar irradiance over this range should reproduce most of the variability in TSI.
The total flux recorded by the instrument exhibits little resemblance to concurrent TSI
measurements while the integrated solar irradiance over the spectral range of the instru-
ment in the reconstruction replicated most of the variability in ACRIM3, VIRGO and
TIM TSI radiometry (R? > 0.88). This suggests that the discrepancy in the overall trend
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between the reconstruction and SIM SSI is likely due to unresolved instrumental effects
in the latter, an assertion strengthened in the review discussed next.

The reconstruction is, within uncertainty, an excellent match to observations, provid-
ing further evidence that variations in solar irradiance at timescales greater than a day is, if
not solely at least predominantly driven by photospheric magnetism. The incorporation of
the results from the study on the intensity contrast of network and faculae, and on the PSF
of HMI, discussed earlier, into future efforts with SATIRE-S will certainly lead to even
more sophisticated, reliable reconstructions of solar irradiance. (For example, the finding
that network magnetic features are hotter/brighter than facular magnetic features, and the
observations on the influence of sunspots/pores on the apparent magnetogram signal near
these features and the effects of stray light on the manifest surface area and magnetic field
strength of bright magnetic features.)

Currently, the variation in the intensity of bright magnetic features with magnetic field
strength is included in SATIRE-S by the empirical relationship between the faculae fill-
ing factor and magnetogram signal described in Chap. 1.3, which introduced the sole free
parameter in the model, ({(B;) /u),,. This is another motivation for the studies detailed
in Chaps. 3 and 4, and our aim to reconcile the intensity contrast of small-scale mag-
netic concentrations and its magnetogram signal dependence in HMI data and in artificial
observations synthesized from three-dimensional model atmospheres, discussed earlier
in this chapter. As suggested by Unruh et al. (2009), this would allow us to relate the
intensity spectra synthesized from said three-dimensional model atmospheres to the mag-
netogram signal in HMI observations directly, obviating the empirical filling factor model
and the associated free parameter.

Apart from the use of plane-parallel model atmospheres, another significant source
of uncertainty in SATIRE-S is the assumption of local thermodynamic equilibrium, LTE
(see Chap. 2.3.2) and the use of opacity distribution functions, ODFs (Chap. 2.3.3) to
represent spectral lines in the ATLASY spectral synthesis code. The detrimental effects
of these simplifications are largely confined to wavelengths below 300 nm. Incidentally,
this is where the variation in solar irradiance with solar activity is strongest (Fig. 6.7) and
it is also a critical spectral region for climate models. So, while the empirical correction
introduced in this study produced satisfactory results, going forward it is needful to tackle
the LTE and ODF simplifications directly.

The approach taken to generate the intensity spectra of solar surface components in
SATIRE-S has not been updated since the work of Unruh et al. (1999). Since then, the
application of various non-LTE spectral synthesis codes to semi-empirical modelling of
solar irradiance has been demonstrated by several groups, reviewed in Chap. 6. These
and other similar codes published in the literature differ by the approximations taken to
include non-LTE effects and line opacity. A favoured alternative to the use of ODFs is
the opacity sampling (OS) approach (described in Chap. 2.3.3), which allows a more
accurate account of line opacity, at the expense of computing time. It is our intention to
examine the non-LTE and OS schemes reported in the literature, with the eventual aim to
employ them in the generation of intensity spectra of solar surface components for solar
irradiance modelling.

In order to reconstruct solar irradiance over as long a period as possible, we employed
full-disc observations from multiple instruments. Of the instruments considered, MDI has
the coarsest spatial resolution and also the highest magnetogram noise level. To compose
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the model output based on data from the various instruments into a single, consistent time
series, we had to disregard bright magnetic features in the KPVT and HMI data sets that
are small and/or weak (in terms of the magnetogram signal) such that they would be unde-
tectable at MDI’s spatial resolution and magnetogram noise. Compared to other full-disc
spectromagnetographs, the unsurpassed image quality of HMI observations allows pre-
vailing photospheric magnetism to be resolved and quantified as accurately as currently
achievable. On top of the proposed enhancements to the SATIRE-S model discussed, a
reconstruction based on HMI data alone (optimized to the limits of the HMI instrument
rather than that of MDI), though limited in timespan, will be informative of the limit to
which variations in solar irradiance can be explained by photospheric magnetism.

Chapter 6: Yeo, K. L., Krivova, N. A., Solanki, S. K., 2014, Solar cycle variation in
solar irradiance, Space Sci. Rev., online

In this paper, we reviewed the current state of the measurement and modelling of solar
irradiance, and the key challenges in refining present-day models.

While tremendous progress have been made over the past four decades since satel-
lite measurements were first available, the direct observation of solar irradiance is still
plagued by considerable uncertainty. Specifically, in terms of the absolute radiometry, the
secular variation and the spectral dependence of the variation over the solar cycle. This
is due mainly due to the immense challenge in accounting for aging and exposure degra-
dation. For this reason, models of solar irradiance have emerged to become an important
complement to measurements, augmenting our understanding not just of the apparent
variability but the underlying physical processes.

We reviewed the present-day models that are able to recreate the full solar spectrum,
placing the SATIRE-S reconstruction discussed above in the context of contemporary
models (namely NRLSSI, SRPM, OAR and COSI).

There are two main approaches to the modelling of solar irradiance, termed proxy and
semi-empirical. The models discussed, apart from NRLSSI, take the semi-empirical ap-
proach. The SATIRE-S, NRLSSI, OAR and COSI models are broadly consistent with one
another, though not without disagreement. Specifically, the NRLSSI and COSI models
exhibit discrepant solar cycle variation at certain spectral ranges. We showed that in the
case of NRLSSI, these differences are due to shortcomings in the proxy approach, and for
COSI certain limitations in the current implementation of the model.

Present-day models, with the exception of SRPM, are successful in reproducing TSI
variability but not the overall trend in SIM SSI, in particular, the anti-phase (with the solar
cycle) variation in the visible registered by the instrument between 2003 and 2006. The
SRPM is the only model where visible solar irradiance varies in anti-phase with the solar
cycle. However, the adjustments made to the model to achieve this result almost com-
pletely suppressed the solar cycle modulation in the TSI from the reconstruction. From
a review of the literature and an examination of the SIM record, we summarized the ev-
idence that the overall trend in SIM SSI is likely dominated by instrumental effects. We
also argued that an inverse variation with the solar cycle in the visible is not consistent
with our current knowledge of the intensity contrast of network and faculae. All these
serve to refute claims that the failure of present-day models, including SATIRE-S, to
replicate SIM SSI might be due to a change in the physics of the Sun or gross insufficien-
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cies in current models of solar irradiance.

The daily reconstruction of TSI and SSI detailed in this thesis, based on the semi-
empirical SATIRE-S model, was shown to be more reliable than the proxy reconstruction
provided by the NRLSSI and highly consistent with measurements from multiple instru-
ments. It also extends multiple decades, much longer than the daily reconstructions from
contemporary semi-empirical models. This reconstruction is of utility not only to so-
lar irradiance studies but also to climate models (which require solar irradiance inputs).
The application of the SATIRE-S reconstruction to climate models, and a comparison of
the results with that obtained with other solar irradiance models and measurements, is
planned.
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A.1 Yeo, K. L., Solanki, S. K., Krivova, N. A., 2013, In-
tensity contrast of network and faculae, Astron. As-
trophys., 550, A95

The contents of Chapter 3 are identical to the printed version of Yeo, K. L., Solanki, S.

K., Krivova, N. A., 2013, Intensity contrast of network and faculae, Astron. Astrophys.,

550, A95. The printed version is reproduced here with permission from Astronomy &
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ABSTRACT

Aims. This study aims at setting observational constraints on the continuum and line core intensity contrast of network and faculae,
specifically, their relationship with magnetic field and disc position.

Methods. Full-disc magnetograms and intensity images by the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics
Observatory (SDO) were employed. Bright magnetic features, representing network and faculae, were identified and the relationship
between their intensity contrast at continuum and line core with magnetogram signal and heliocentric angle examined. Care was taken
to minimize the inclusion of the magnetic canopy and straylight from sunspots and pores as network and faculae.

Results. In line with earlier studies, network features, on a per unit magnetic flux basis, appeared brighter than facular features.
Intensity contrasts in the continuum and line core differ considerably, most notably, they exhibit opposite centre-to-limb variations.
We found this difference in behaviour to likely be due to the different mechanisms of the formation of the two spectral components.
From a simple model based on bivariate polynomial fits to the measured contrasts we confirmed spectral line changes to be a significant
driver of facular contribution to variation in solar irradiance. The discrepancy between the continuum contrast reported here and in
the literature was shown to arise mainly from differences in spatial resolution and treatment of magnetic signals adjacent to sunspots
and pores.

Conclusions. HMI is a source of accurate contrasts and low-noise magnetograms covering the full solar disc. For irradiance studies
it is important to consider not just the contribution from the continuum but also from the spectral lines. In order not to underestimate
long-term variations in solar irradiance, irradiance models should take the greater contrast per unit magnetic flux associated with

magnetic features with low magnetic flux into account.

Key words. Sun: activity — Sun: faculae, plages — Sun: photosphere — Sun: surface magnetism

1. Introduction

Photospheric magnetic activity is the dominant driver of vari-
ation in solar irradiance on rotational and cyclical timescales
(Domingo et al. 2009). Magnetic flux in the photosphere is partly
confined to discrete concentrations of kilogauss strengths, gen-
erally described in terms of flux tubes (Stenflo 1973; Spruit &
Roberts 1983). The brightness excess, or contrast relative to
the Quiet Sun, of flux tubes is strongly modulated by their size
and position on the solar disc (see Solanki 1993, for a review).
Within these magnetic concentrations, pressure balance dictates
an evacuation of the interior and consequent depression of the
optical depth unity surface (Spruit 1976). The horizontal extent
influences the effect of radiative heating from the surroundings
through the side walls on the temperature structure and contrast
(Spruit & Zwaan 1981; Grossmann-Doerth et al. 1994). The po-
sition on the solar disc changes the viewing geometry, and there-
fore the degree to which the hot walls are visible and the appar-
ent contrast (Steiner 2005). Models describing the counteracting
effects on solar irradiance of dark sunspots, and bright network
and faculae, characterizing the latter by the magnetic filling fac-
tor (related to number density) and position have been successful
in reproducing more than 90% of observed variation over multi-
ple solar cycles (Wenzler et al. 2006; Ball et al. 2012). Other fac-
tors, such as inclination, internal dynamics, phase of evolution
and surrounding convective motions affect the brightness excess

Article published by EDP Sciences

of a given flux tube, but become less important when consider-
ing the overall behaviour of an ensemble as is the case with such
models (Fligge et al. 2000). The same is assumed of flux tube
size, which enters these models only very indirectly, though it is
known to have a significant effect on contrast.

Evidently, the robust reconstruction of solar irradiance vari-
ation from models based on photospheric magnetic activity is
contingent, amongst other factors, on a firm understanding of the
radiant behaviour of magnetic elements, in particular the varia-
tion with size and position on the solar disc. While the radiant
behaviour of sunspots is relatively well known (Chapman et al.
1994; Mathew et al. 2007) and sufficiently described by current
models (Maltby et al. 1986; Collados et al. 1994; Unruh et al.
1999), the converse is true of network and faculae, and consti-
tutes one of the main uncertainties in current solar irradiance
reconstructions. This is primarily due to the difficulty in observ-
ing such small-scale features, the detailed structure of which are
only starting to be resolved (Lites et al. 2004; Lagg et al. 2010)
with instruments such as the Swedish 1-m Solar Telescope (SST,
Scharmer et al. 2003) and the Imaging Magnetograph eXper-
iment (IMaX, Martinez Pillet et al. 2011) onboard SUNRISE
(Solanki et al. 2010; Barthol et al. 2011). As such, the rela-
tionship between radiance and size cannot, as yet, be studied
directly. It is however appropriate and more straightforward to
consider instead the relationship between apparent intensity con-
trast and magnetogram signal. Apart from small-scale magnetic
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fields observed in the quiet Sun internetwork (Khomenko et al.
2003; Lites et al. 2008; Beck & Rezaei 2009), magnetic concen-
trations carrying more than a minimum amount of flux exhibit
similar field strengths regardless of size (Solanki & Schmidt
1993; Solanki et al. 1999). Flux tubes also tend towards verti-
cal orientation due to magnetic buoyancy. As flux tubes exhibit
a narrow range of magnetic field strengths and are largely verti-
cal, on average the magnetogram signal at a given image pixel
approximately scales with the proportion of the resolution ele-
ment occupied by magnetic fields. Also, although the relation-
ship between magnetogram signal and distribution of flux tube
sizes is degenerate (a given magnetogram signal can, for exam-
ple, correspond to either a single flux tube or a concentration of
numerous smaller ones), flux tube size appears, on average, to
be greater where the magnetogram signal is greater (Ortiz et al.
2002).

Relatively few studies examining network and faculae con-
trast variation with magnetogram signal and position on the so-
lar disc have been reported in the literature. The majority of
studies from the past two decades employed high-resolution
(<0.5 arcsec) scans made with ground-based telescopes. For ex-
ample, the efforts of Topka et al. (1992, 1997) and Lawrence
et al. (1993) with the Swedish Vacuum Solar Telescope (SVST)
and of Berger et al. (2007) with the SST. These studies suf-
fer from variable seeing effects introduced by the Earth’s at-
mosphere and poor representation of disc positions, a limita-
tion imposed by the relatively narrow fields-of-view (FOVs).
Ortiz et al. (2002) and Kobel et al. (2011) repeated the work
of Topka et al. (1992, 1997) and Lawrence et al. (1993) util-
ising observations from spaceborne instruments, and in so do-
ing avoided seeing effects. Ortiz et al. (2002) employed full-
disc continuum intensity images and longitudinal magnetograms
from the Michelson Doppler Imager (MDI) onboard the Solar
and Heliospheric Observatory (SoHO). While full-disc MDI ob-
servations presented a more complete coverage of disc positions,
allowing the authors to derive an empirical relationship relating
contrast to heliocentric angle and magnetogram signal, the spa-
tial resolution is significantly poorer than in the SVST studies
(4 arcsec versus 20.3 arcsec). Kobel et al. (2011) examined the
relationship between contrast and magnetogram signal near disc
centre using spectropolarimetric scans from the Solar Optical
Telescope (SOT) onboard Hinode (Kosugi et al. 2007). In this
instance, the spatial resolution (0.3 arcsec) is comparable.

In this paper we discuss continuum and line core intensity
contrast of network and facular elements from full-disc observa-
tions by the Helioseismic and Magnetic Imager (HMI) onboard
the Solar Dynamics Observatory (SDO) spacecraft (Schou et al.
2012), and their relationship with heliocentric angle and magne-
togram signal. The aim here is to derive stringent observational
constraints on the relationship between intensity contrast, and
position on the solar disc and magnetic field. This will be of util-
ity to solar irradiance reconstructions, especially as HMI data
will increasingly be used for this purpose.

This study partly echoes the similar studies discussed above,
in particular that by Ortiz et al. (2002) utilising MDI observa-
tions. It presents a significant extension of the effort by Ortiz
et al. (2002) in that we examined the entire solar disc not just
in the continuum but also in the core of the HMI spectral line
(Fe 16173 A). This is of particular relevance to solar irradiance
variation given the observation that spectral line changes appear
to have a significant influence on such variations (Mitchell &
Livingston 1991; Unruh et al. 1999; Preminger et al. 2002). Both
here and in the study by Ortiz et al. (2002), network and facular
elements were distinguished from quiet Sun by the magnetogram
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signal, and sunspots and pores by the continuum intensity. HMI
magnetograms are significantly less noisy than MDI magne-
tograms, allowing us to achieve a similar magnetogram signal
threshold while averaging over a much shorter period (315 s
versus 20 min). Network and facular features evolve at granu-
lar timescales (~10 min, Berger & Title 1996; Wiegelmann et al.
2012). It is pertinent to keep the averaging period below this
in order to avoid smearing and loss of signal. HMI also has a
finer spatial resolution (1 arcsec compared to 4 arcsec), allowing
weaker unresolved features to be detected at the same noise level
than with MDI. The finer resolution however, also renders inten-
sity fluctuations from small-scale phenomena such as granula-
tion and filamentation more severe, which complicates the clear
segmentation of sunspots and pores.

In Sect. 2.1 we briefly present the HMI instrument, the ob-
servables considered and the data set. The data reduction process
by which we identified and derived the intensity contrast of net-
work and facular features is detailed in Sect. 2.2. Following that
we describe the results of our analysis of these measured con-
trasts (Sect. 3). In Sect. 4 we discuss our findings in the context
of earlier studies and of their relevance to facular contribution to
solar irradiance variation, before presenting our conclusions in
Sect. 5.

2. Method
2.1. SDO/HMI data

SDO/HMI (Schou et al. 2012) is designed for the continuous,
full-disc observation of velocity, magnetic field and intensity
on the solar surface. The instrument comprises two 4096 X
4096 pixel CCD cameras observing the Sun at a spatial reso-
lution of 1 arcsec (corresponding to two pixels). By means of
a tunable Lyot filter and two tunable Michelson interferome-
ters, the instrument records 3.75-s cadence filtergrams at var-
ious polarizations and wavelengths across the Fe I absorption
line at 6173 A. 45-s cadence Dopplergrams, longitudinal magne-
tograms and intensity (continuum, line depth and width) images
are generated from the filtergram sequence. For this work we
considered the longitudinal magnetic field, continuum intensity
and line depth observables. HMI is full-Stokes capable, how-
ever, at time of study, only 720-s cadence Stokes IQUV param-
eters and Milne-Eddington inversions were available. As argued
in Sect. 1, for this study it is important to keep the integration
period of measurements below ~10 min. We opted to utilise the
45-s longitudinal magnetograms also to keep in line with earlier
studies, which examined intensity contrast variation with line-
of-sight magnetic field (e.g. Topka et al. 1992, 1997; Lawrence
et al. 1993; Ortiz et al. 2002; Kobel et al. 2011). More details on
the instrument can be found in Schou et al. (2012).

The data set comprises simultaneous longitudinal mag-
netograms, continuum intensity and line depth images from
15 high activity days in the period May 2010 to July 2011. From
each day, for each observable we took the average of the seven
45-s cadence images from a 315-s period, each rotated to the
observation time of the middle image to co-register. Aside from
signal-to-noise considerations, this averaging is to suppress vari-
ance from p-mode oscillations. The dates and times of the em-
ployed observations are listed in Table 1.

Longitudinal magnetograms describe the line-of-sight com-
ponent of the average magnetic flux density over each resolution
element. To first order, for a given flux tube of intrinsic magnetic
field strength B, the unsigned longitudinal magnetogram signal,
(By), is aB| cosy/, scaled by «, the magnetic filling factor and vy,
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Table 1. Observation date and time of the data set.

Date Time
(year.month.date)  (hour.minute.second)
2010.05.04 00:03:00
2010.06.11 00:00:00
2010.07.24 00:05:15
2010.08.11 00:00:00
2010.09.02 00:00:00
2010.10.25 00:00:00
2010.11.13 00:00:00
2010.12.04 00:00:00
2011.01.01 00:00:00
2011.02.14 00:00:00
2011.03.08 00:00:00
2011.04.15 00:00:00
2011.05.30 00:00:00
2011.06.02 00:00:00
2011.07.18 00:12:00

Notes. The time listed is the nominal time, in International Atomic Time
(TAI), of the middle cadence in the sequence of seven considered from
each day.

the inclination of the magnetic field from the line-of-sight. As
mentioned in the introduction (Sect. 1), flux tubes tend towards
vertical orientation. In this study we examined the overall prop-
erties of an ensemble of magnetic elements. Under this condition
it is reasonable to assume that on average y ~ 6, the heliocentric
angle, allowing us to employ the magnetogram signal as a proxy
for aB via the quantity (Bj) /u, where u = cos 6. This quantity
also represents a first-order approximation of the unsigned aver-
age magnetic flux density over each resolution element. At time
of writing, HMI Dopplergrams and longitudinal magnetograms
were generated from just the first Fourier component of the filter-
gram sequence resulting in a V2 factor increase in photon noise
from the optimal level (Couvidat 2011; Couvidat et al. 2012).

Each line depth image was subtracted from the correspond-
ing continuum intensity image to yield the line core intensity im-
age. Hereafter we will denote the continuum and line core inten-
sity Ic and I respectively. At time of writing, HMI data products
are generated from the filtergram sequence assuming a Gaussian
form to the Fe I 6173 A line and delta filter transmission pro-
files. The effect of these approximations on Doppler velocity
and longitudinal magnetic field measurements are accounted for,
but not completely for the intensity observables (Couvidat 2011;
Couvidat et al. 2012). The impact on this study is assumed min-
imal as we are only interested in contrast relative to the local
mean quiet Sun level.

2.2. Data reduction
2.2.1. Magnetogram noise level

The noise level of 315-s HMI magnetograms as a function of po-
sition on the solar disc was determined. For this purpose we used
10 spot-free 315-s magnetograms recorded over a seven month
period in 2010. First, we estimated the centre-to-limb variation
(CLV) of the noise level. The pixels within each magnetogram
were ordered by distance from the disc centre and sampled in
successive blocks of 5000 pixels. The blocks represent concen-
tric rings (near the limb, arcs, as the circumference of the solar
disc is greater than 5000 pixels) of pixels of similar distance
from the disc centre. Within each block we computed the av-
erage distance from the disc centre and the standard deviation
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Fig. 1. Magnetogram noise level in units of Gauss, as a function of disc
position, sampled at 16-pixel intervals in either direction on the CCD.

of the magnetogram signal (iteratively, with points outside three
standard deviations from the mean excluded from the succeed-
ing iteration till convergence). A fifth-order polynomial in u was
fitted to the noise CLV; the mean of the standard deviation versus
distance profiles so derived from the magnetograms. The mag-
netograms were then normalized by the noise CLV fit. At each
disc position, the standard deviation over a 401 x 401 pixel win-
dow centred on the pixel of interest was computed (iteratively as
above) for each normalized magnetogram and the median taken
(following Ortiz et al. 2002). (Near the limb, the standard devia-
tion was computed from just the image pixels that lie within the
solar disc.) A sixth-order polynomial was fitted to the resultant
surface (termed here the noise residue). This fit represents the
noise level after the removal of the CLV as a function of posi-
tion on the solar disc. The noise level, op,, shown in Fig. 1,
is then the product of the noise CLV fit and the noise residue
fit. The noise level is lowest near disc centre and increases radi-
ally up to the limb (mean of 4.9 G for u > 0.95 and 8.6 G for
1 < 0.05). The root-mean-square (RMS) difference between the
noise level and the noise CLV fit is 0.4 G. The correlation with
distance from disc centre and relatively small deviation from cir-
cular symmetry suggests photon noise is the dominant compo-
nent. The noise level of 45-s magnetograms, derived by a like
analysis, has a similar, albeit accentuated form. The ratio be-
tween the noise level, averaged over the solar disc, of 45-s and
315-s magnetograms is 2.7 (approximately V7). The noise level
of 45-s magnetograms determined by Liu et al. (2012), via a
vastly different method, also exhibits a similar CLV.

2.2.2. Quiet Sun intensity

For this part of the data reduction process, where we examined
how quiet Sun intensity and the noise level of the intensity im-
ages vary with position on the solar disc, we counted all pixels
with (By) /u < 10 G as corresponding to quiet Sun (QS).

The continuum and line core intensity images were normal-
ized by the fifth-order polynomial in g fit to the quiet Sun pixels
to correct for limb-darkening (following Neckel & Labs 1994).
In the case of the line core intensity images, this was also to
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Fig. 2. Standard deviation of quiet Sun ((B;) /u < 10G) intensity at con-
tinuum, o7 s (red) and line core, o7, ¢ (blue) as a function of u. The
dotted lines represents the linear fit to Tle s and O g5 OVEr the range
0.3 < 1 < 1.0 (largely hidden due to the close agreement), extrapolated
to u = 0. The dashed line denotes the threshold (u = 0.1) below which
pixels were excluded from the rest of the study in view of the scatter in
measured intensity.
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correct for the centre-to-limb broadening of the Fe I 6173 A
line (Norton et al. 2006). There are distortions in the intensity
images such that after this normalization, the mean quiet Sun
intensity is not constant at unity but varying with position on
the solar disc. The mean quiet Sun intensity at the continuum
and line core as a function of position on the solar disc, denoted
(Icgs) and (I os) respectively, were determined for each of the
selected days. A 401 x 401 pixel window was centred on each
disc position and the mean continuum and line core intensity of
all quiet Sun pixels inside the window computed. For each day
represented in the data set, (Ic,gs) and (I gs) were given by the
fifth-order polynomial fits to the mean quiet Sun continuum and
line core intensity surfaces so derived from the images from the
day. This analysis had to be repeated for each selected day as
we found the spatial distribution of (Icgs) and (/i gs) to vary
significantly over the period of observation. The RMS value of
(Icgs) — 1 and (I gs) — 1, the scale of the image distortions, is
on average 0.004 and 0.01 respectively.

The CLV of the standard deviation of quiet Sun intensity at
continuum, Tlegs and line core, oy, ,, were determined, from
Ic/ (Icqsy and I/ {I1gs). by an analysis similar to the proce-
dure used to derive the magnetogram noise CLV. In Fig. 2, we
express 0.5 and oy, which carry information on the noise
level of the intensity images and granulation contrast, as a func-
tion of u. Going from disc centre, 0., decreases gradually
down to u ~ 0.15 before increasing rapidly towards the limb.
The monotonic decline from disc centre to u ~ 0.15 resembles a
similar trend in the CLV of granulation contrast reported by var-
ious authors (Sanchez Cuberes et al. 2000, 2003, and references
therein). o, ,; exhibits a similar, though less accentuated, trend.
For both o, . and o7, , the u-dependence from disc centre to
u ~ 0.3 is approximately linear, as highlighted by the linear fits
(dotted lines). The elevation near limb is a direct consequence of
limb-darkening; the diminishing signal-to-noise ratio translates
into an escalating noise level in the normalized intensity. Given
the gross scatter towards the limb, we excluded pixels outside
u = 0.1, representing about 1% of the solar disc by area, from
further consideration.
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Fig. 3. Continuum intensity, Ic versus u (top) and (By) /u versus u (bot-
tom) scatter plots of pixels counted as network and faculae (green) from
June 2, 2011. The pixels counted as sunspots and pores by the contin-
uum intensity threshold and the magnetic extension removal procedure
(see text) are represented by the cyan and blue dots respectively. The
red dots represent network and faculae pixels that lie above the cutoff
(By) /u level. The dashed lines denote the continuum intensity threshold
(top) and the cutoff (B)) /u level (bottom).
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2.2.3. Identification of network and faculae

Network and facular features, the subject of this work, were
identified by first distinguishing them from quiet Sun by the
magnetogram signal and from sunspots and pores by the con-
tinuum intensity. Pixels with (By) /u > 30 gy/u (~14 G near
disc centre, where o (g is lowest) were considered to harbour
substantive magnetic fields. Isolated pixels above this threshold
were assumed false positives and excluded. Hereafter we will de-
note 30 p,y/1t as ({B) /w)ry. Pixels with Ic < 0.89 were counted
as sunspots and pores. This value of the threshold is given by
the mean of the minimum value of (I qs) — 307, from each
selected day. It was so defined to distinguish sunspots and pores
with minimal wrongful inclusion of intergranular lanes and mag-
netic features darker than the quiet Sun in the continuum. The
continuum intensity versus u scatter plot of network and facular
pixels for one of the selected days (June 2, 2011) is shown in
Fig. 3 (top panel). The pixels identified as network and faculae
lie clearly above the continuum intensity threshold.

In HMI magnetograms, magnetic signals produced by
sunspots and pores extend beyond their boundary (in our anal-
ysis, the Ic = 0.89 locus). This is illustrated for a sunspot near
disc centre and another that is close to the limb on one of the
selected days (July 18, 2011) in Fig. 4. The Ic = 0.89 lo-
cus is plotted over the continuum intensity image and magne-
togram of both sunspots (red contours) to highlight the extension
of the magnetogram signal. This arises predominantly from the
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Fig.4. Continuum intensity image (top left) and magnetogram (fop
right) from July 18, 2011 and the corresponding 50 X 50 arcsec in-
sets of the boxed sunspot features near disc centre (middle panels) and
limb (bottom panels). The red contours represent the continuum inten-
sity sunspot boundary (the Ic = 0.89 locus). The magnetograms have
been saturated at +80 G to highlight the extension of the magnetic sig-
nal from these sunspots beyond the intensity boundary (see grey scale
below the figure).

lateral expansion of their magnetic field with height (i.e., mag-
netic canopy) and partly also from the effect of straylight from
sunspots and pores on nearby pixels. Towards the limb, these
magnetic features become more extensive and bipolar due to
the acute orientation of the largely horizontal magnetic canopy
with the line-of-sight (Giovanelli 1980), as illustrated by the near
limb example (bottom panels). Figure 4 also highlights the pres-
ence of bright sunspot structures (such as bright penumbral fil-
aments) that lie above the continuum intensity threshold. All of
these could easily be misidentified as network and faculae by the
simple application of the magnetogram signal and continuum in-
tensity thresholds described earlier.

To account for the effects of straylight around sunspots and
pores, magnetic canopies and bright sunspot structures, we ex-
panded sunspots and pores to include adjoining magnetic signal.

Pixels adjacent to sunspots and pores that lie above ((By) /1)ty
are reassigned to these features. This was iterated till no more
pixels could be added. Here we will refer to this process as mag-
netic extension removal. Simply adding only adjoining pixels
within a threshold distance from sunspots and pores instead is
not useful as the physical extent of magnetic canopies exhibits
a broad dynamic range, dependent on the position and physi-
cal properties of the associated feature. Kobel et al. (2011), in a
similar study with Hinode/SOT scans, expanded pores to include
adjoining pixels above a threshold magnetogram signal level of
200 G to account for their influence on surrounding pixels from
telescope diffraction. While this technique appears to work for
Hinode/SOT scans, here we observed that adding only adjoin-
ing pixels above a threshold magnetogram signal level results in
the appearance of a knee in contrast versus (By) /u plots at this
threshold level regardless of the value chosen. For these reasons
we expanded sunspots and pores to include all adjoining mag-
netic signal, though this conservative approach inevitably as-
signs too many pixels, including legitimate faculae, to sunspots
and pores.

All pixels identified as magnetic, and not as sunspots and
pores or their extensions, were taken to correspond to network
and faculae. Figure 3 shows the continuum intensity versus u
(top panel) and (B;) /u versus u (bottom panel) scatter plots of
pixels identified as network and faculae (green), and counted as
sunspots and pores by the magnetic extension removal procedure
(blue) from June 2, 2011. The pixels captured by the magnetic
extension removal procedure are not well distinguished from
network and faculae by the continuum intensity; largely hidden
by network and faculae in the continuum intensity versus u scat-
ter plot. It is clear from the (B;) /u versus u scatter plots however
that the two classes are significantly different magnetic popula-
tions. As noted earlier, this procedure is likely too severe and
results in the exclusion of some true faculae. However, for the
purpose of this study it is not necessary to identify all faculae
present and far more important to avoid false positives.

Finally, network and facular pixels with (B;) /i above a con-
servative cutoff level of 800 G were excluded from the sub-
sequent analysis (following Ball et al. 2011, 2012). They are
mostly bright features concentrated near the limb (as illustrated
for June 2, 2011 by the red dots in Fig. 3) associated with
sunspots and pores. (The relatively high (B;) /u values likely re-
flect nearly horizontal fields, for which | cosy| > u towards the
limb.) This is to account for non-facular magnetic signals that
might have been missed by the continuum intensity threshold
and the magnetic extension removal procedure.

The classification image, indicating the positions of the pix-
els classed as sunspot and pores, and network and faculae for
another of the selected days (May 30, 2011) is shown in Fig. 5.
In spite of the severe measures taken to minimise the influence
of sunspots and pores, a fair fraction of active region faculae re-
mains. In total, 7.6 x 10° pixels were identified as corresponding
to network and facular features from the data set (i.e. 4.5% of all
solar disc pixels in the 15 continuum intensity image and mag-
netogram pairs examined).

2.2.4. Definition of intensity contrast
The average continuum and line core intensity contrast over a

given resolution element, C;. and C;, were defined as:

Ic (x,y) = {Icgs) (X, y)
(Ic.gs) (x, )

Cic (x,y) = ey
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Fig.5. HMI continuum intensity image (/eft), magnetogram (middle) and classification image (right) from May 30, 2011. The classification
image indicates the positions of the pixels classed as network and faculae (white), and sunspots and pores (black). The latter includes magnetic
signal adjoined to sunspots and pores, counted to them to avoid counting their magnetic canopy, possible bright structures within penumbrae and
straylight as network and faculae erroneously. The continuum intensity image and magnetogram are scaled between 0.6 and 1.2, and —80 G and

80 G respectively as in Fig. 4.

and
I (x, y) = {ILgs) (X, )
(ILgs) (x,y)

respectively, where (x,y) denote position on the CCD array.
These two quantities, computed for each of the pixels identified
as corresponding to network and facular features, represent the
normalized difference between the continuum and line core in-
tensities at a given pixel and the local mean quiet Sun levels as
given by the mean quiet Sun continuum and line core intensity
surfaces, (Ic gs) and (I gs), defined earlier in Sect. 2.2.2.

In summary, here we extracted an ensemble of 7.6 x 10°
continuum and line core intensity contrast measurements cor-
responding to network and facular features covering as wide a
range of heliocentric angles (0.1 < u < 1.0) and magnetogram
signal (((By) /i)ty < (B1) /u < 800 G) as reasonably possible
from the data set for the succeeding analysis.

Cr (x,y) = ©))

3. Results
3.1. Variation with position and magnetogram signal

The positions of pixels identified as network and faculae, clas-
sified by (B)) /i, in a quiet region and an active region on one
of the selected days (April 15, 2011) is shown in Fig. 6. As ex-
pected, at HMI’s spatial resolution, magnetic signals with higher
(By) /u are largely concentrated in active regions. Though mag-
netic signals with lower (Bj) /u are present in both quiet Sun and
active regions, the fact that the solar disc is predominantly quiet
Sun means these signals correspond largely to quiet Sun network
and internetwork.

To elucidate the CLV of intensity contrast, we grouped the
measured contrasts into eight intervals of (B;) /i spanning the
range ((B1) /Wty < (B /u < 800 G and within each inter-
val into u bins 0.05 wide. As the distribution of magnetogram
signal is skewed towards the lower bound (Wenzler et al. 2004;
Parnell et al. 2009), the (B;) /u intervals were defined such that
the widths slide from about 36 G (((By) /)t < (B1) /1t < 50 G)
to 160 G (640G < (B;) /u < 800 G) to ensure reasonable statis-
tics in every interval. In grouping the measured contrasts into
these broad (B;) /u intervals we are effectively grouping the net-
work and facular features by aB (Sect. 2.1), neglecting differ-
ences in quiet Sun network and active region faculae contrast
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(Lawrence et al. 1993; Kobel et al. 2011). This is reasonable
since the lower intervals are mainly populated by quiet Sun net-
work and the higher intervals by active region faculae. The bin-
averaged continuum and line core intensity contrast as a function
of 1 and the cubic polynomial fit for each of the (B;) /u intervals
are expressed in Figs. 7 and 8 respectively. For brevity we will
refer to these bin-averaged contrasts as the contrast CLV profiles.

The truncated u coverage in the lower (B)) /u intervals is due
to foreshortening. As flux tubes are mainly vertical, going from
disc centre to the limb the corresponding longitudinal magne-
togram signal diminishes, eventually dropping below the thresh-
old level which itself rises towards the limb (Fig. 1). The fluc-
tuations near the limb, more pronounced in the higher (B)) /u
intervals, is due to the inhomogeneous distribution of active re-
gions on the solar disc, where stronger magnetic signals are con-
centrated on the selected days. Diminishing statistics also play a
role; there are comparatively fewer pixels in the higher (B)) /u
intervals.

To investigate the (B;) /u-dependence of intensity contrast,
the measured contrasts were grouped into eight u intervals span-
ning the range 0.1 < ¢ < 1.0 and within each interval into (B;) /u
bins 40 G wide. The u intervals were defined such that they rep-
resent an approximately equal proportion of the solar disc by
area. The bin-averaged continuum and line core intensity con-
trasts as a function of (By) /u and the cubic polynomial fit for
each of the y intervals are shown in Figs. 9 and 10 respectively.
For brevity we will refer to these bin-averaged contrasts as the
contrast versus (B)) /u profiles. These profiles represent the vari-
ation of continuum and line core intensity contrast ranging from
internetwork and weak network to active region faculae at dif-
ferent distances from disc centre.

The cubic polynomial fit to each contrast versus (B;) /u pro-
file included the zeroth-degree term. This produced better fits to
data at low (B)) /u than constraining the fits to pass through the
origin by excluding it. Approaching (B;) /u = 0 G, the contrast
versus (By) /u profiles decline to weak, broadly negative levels.
Although the cubic polynomial fits express good agreement with
measurements, they are too simple to accommodate this decline
well without including the unphysical zeroth-degree term. For
similar considerations we included the zeroth-degree term in the
cubic polynomial fits to the contrast CLV profiles, so rendering
them non-zero at u = 0. These apparent offsets in the contrast
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Fig. 6. 100 x 100 arcsec insets of a quiet region near disc centre (u > 0.99, left) and active region NOAA 11187 (0.82 < u < 0.91, right) of the
continuum intensity image from April 15, 2011. The cyan contours indicate the boundary of network and faculae. The blue, green and red contours
correspond to (B)) /u = 100 G, 280 G and 500 G, respectively.
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Fig.7. CLV of continuum intensity contrast, C;. over eight (B)) /u intervals. The filled circles and error bars represent the mean and standard
deviation of C;. grouped by y in bins 0.05 wide. The red curves are third-order polynomial fits to the filled circles and the blue curves are the
cross-sections of the surface fit to Cy. at the mean (B) /u within each interval (largely hidden due to the close agreement), extrapolated to u = 0
(dotted segments). The horizontal dashed lines denote the mean quiet Sun level.
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Fig. 8. Similar to Fig. 7, but for line core intensity contrast.

CLV and contrast versus (Bj) /u profiles probably reflects the
fact that magnetic elements are generally located in dark inter-
granular lanes.

In Fig. 11 we show a recomputation of the continuum inten-
sity contrast versus (B)) /u profile over 0.94 < u < 1.00 from
Fig. 9 where we included pixels below the magnetogram sig-
nal threshold and not identified as sunspots and pores (i.e., quiet
Sun), and grouped the measurements by (B;) /u in bins 10 G
(instead of 40 G) wide. Approaching (Bj) /u = 0 G, contrast de-
clines gradually to below the reference level before turning back
up sharply towards the origin. Similar trends were reported by
Narayan & Scharmer (2010), Kobel et al. (2011) and Schnerr
& Spruit (2011), who termed it the fishhook feature, based on
SST and Hinode/SOT disc centre scans. Schnerr & Spruit (2011)
demonstrated the resolution of granules and dark intergranular
lanes, where magnetic flux concentrates, at the relatively fine
spatial resolution of both instruments (0.15 and 0.3 arcsec re-
spectively) to be the cause of the fishhook feature at low mag-
netogram signal levels. Though HMI has a coarser resolution
(1 arcsec) than either Hinode/SOT or SST, the fishhook fea-
ture near (By) /u = 0 G in Fig. 11 indicates granulation is still
sufficiently resolved to have a measurable impact on apparent
contrast.

Comparing the measured intensity contrast at continuum and
line core derived here, the most distinct difference is the opposite
CLV. Confining this discussion to broad trends in the measure-
ments, continuum intensity contrast is weakest near disc centre
and increases up to a maximum before declining quite signifi-
cantly towards the limb (Fig. 7). Conversely, line core intensity
contrast is strongest near disc centre and declines monotonically
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from disc centre to limb (Fig. 8). Line core intensity is mod-
ulated by line strength and shape, and continuum intensity. The
centre-to-limb decline exhibited by the measured line core inten-
sity contrast arises from variation in line strength and shape (if
this were absent the continuum and line core intensity contrast
would vary proportionally) and would be even more acute than
reflected in the CLV profiles if not partially offset by the accom-
panying increase in continuum intensity. This will be demon-
strated, along with a closer discussion of the diverging trends
exhibited by both sets of measurements in Sect. 4.3.

3.2. Surface fits

The cubic polynomial fit to the contrast CLV and contrast ver-
sus (By) /u profiles reproduced the observations well (Figs. 7 to
10). Given this, we fit the entire set of measured network and
faculae continuum and line core intensity contrast as functions
of wand (By) /u (following Ortiz et al. 2002). The measured con-
trasts were grouped by u and the natural logarithm of (B)) /u
into a grid of 36 X 41 bins. The grid spans 0.1 < u < 1.0
and 2.6 < In((By) /u) < 6.7 or about 14 G to 810 G. Each bin
represents an interval of 0.025 in u and 0.1 in In ({(By) /u). The
logarithmic binning in (B;) /u is to compensate for the bottom-
heavy distribution of magnetogram signal, to ensure the dis-
tribution of points is not too concentrated in the lower mag-
netogram signal bins. At each grid element we considered the
mean yu, (B)) /u, continuum and line core intensity contrast of
the points within the bin. In accord with the cubic polynomial
fits to the individual contrast CLV and contrast versus (Bj) /u
profiles, bivariate polynomials cubic in ¢ and (B) /i were fitted
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Fig. 9. Continuum intensity contrast, C;. as a function of (B) /u over eight u intervals. The filled circles and error bars represent the mean and
standard deviation of C;. grouped by (B;) /u in 40 G bins. The red and blue curves and the horizontal dashed lines have the same meanings as in

Fig. 7.

to the bin-averaged continuum and line core intensity contrast.
The zeroth p and (B)) /u orders were included based on similar
considerations as with the polynomial fits to the contrast CLV
and contrast versus (B)) /u profiles. In linear algebra notation,
the surface fit to the bin-averaged continuum and line core in-
tensity contrast are:

Clc (/‘l’ @) =
u

(@)
kIl =511 7.74 034 —4.727[4°
103 (E2) 1 | _0.04 3.84 =742 390 || ! ;
0o (@) | | 019 -627 1203 678 || 1 )
2 )| 008 358 -804 5.04 [,
()
and
(B1)
C ,_ =
" (ﬂ It )
o (2T 0
2 )l 1-1.08 209 -1.78 0.66 [ 4
107 (£2) | | 008 6.84 —11.22 6.34 || ! A
05 (@) | 007 -150 252 148 || )
7)ol =006 1.03 -190 118 ]|,
()

respectively. Since contrast is wavelength dependent and bright
magnetic features are largely unresolved at HMI’s spatial

resolution, these relationships are valid only at the instrument’s
operating wavelength (6173 A) and spatial resolution (1 arcsec).

The surface fits are illustrated as surface and grey scale plots
in Figs. 12 and 13. Cross-sections to the surface fits are plotted
in Figs. 7 to 10 (blue curves) along the contrast CLV and contrast
versus (By) /u profiles, and the corresponding cubic polynomial
fits (red curves). The surface fits are in excellent agreement with
the cubic polynomial fits almost everywhere. The agreement is
so close that the surface fit cross-sections are completely hidden
by the cubic polynomial fits in most places. The advantage with
these surface fits is that they allow us to describe how the mea-
sured contrasts vary with u and (By) /i almost equally well and
with far fewer free parameters than by the cubic polynomial fit to
each individual contrast CLV and contrast versus (B)) /u profile
(32 versus 128 free parameters; 4 from each of 32 profiles).

3.3. Intrinsic contrast

At each (Bj) /u interval, we estimated the maximum continuum
intensity contrast, Cj.max and the heliocentric angle at which
it is reached, pm,x from the cubic polynomial fit to the con-
trast CLV profile (Fig. 7). Following Ortiz et al. (2002) we
term Cj. max/ ((B1) /1) the specific contrast; estimated here from
the quotient of Cj.max and ((By) /u), the mean (B;) /u of all
the points within a given (B;) /u interval. The values of tmax,
Ciemax and Cj. max/ ((By) /1) are shown in Fig. 14 as a function
of (B)) /u where the abscissa is given by ((By) /u). Also plot-
ted are the values obtained from the surface fit (Eq. (3)). The
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Fig. 11. Continuum intensity contrast, C;. of quiet Sun, network and
faculae over 0.94 < u < 1.00 as a function of (By) /u. The filled circles
represent the mean of C;. grouped by (B;) /i in bins 10 G wide. The
dashed line denotes the mean quiet Sun level.

uncertainty in Cj.max 18 given by the RMS difference between
the contrast CLV profiles and their cubic polynomial fits. The
uncertainty in Cj.max/ ((B1) /1) was estimated from the uncer-
tainty in Cj.max and the standard error of ((B) /i) employing
standard propagation of errors.

While the position of the continuum intensity contrast CLV
maximum varies with (Bj) /u, line core intensity contrast at
a given (B)) /u is invariably strongest at disc centre (Fig. 8)
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Fig. 12. Grey scale plot of the polynomial fit to bin-averaged continuum
intensity contrast over the region where data exist, sampled at the mid-
point of each bin in the 36 x 41 bins grid employed to compute the
averages.

as pointed out in Sect. 3.1. Maximum line core intensity con-
trast (i.e., the value at 4 = 1), Cp ;=1 and specific contrast,
Cpu=1/ ((By) /) derived similarly as above from the cubic poly-
nomial fit to the contrast CLV profiles are expressed in Fig. 15
as a function of (Bj) /u, along with the values obtained from the
surface fit (Eq. (4)). In both instances, there is some disparity be-
tween the values obtained from the cubic polynomial fits to the
contrast CLV profiles and the surface fit below (B) /u ~ 100 G.
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Fig. 13. Same as Fig. 12, but for line core intensity contrast.

0.5
x 0.4 .
E o
3 ; i
0.3r 7
o 10F -
z - -
x 5_ n
g L _
O Qrr .
=37 1
AT L i
° L
L 2r .
N 2 F i
o X
PRl ]
Q 1
0 200 400 600 800
<B>/n [C]

Fig. 14. Heliocentric angle at which continuum intensity contrast
reaches its maximum, .y (fop), as well as the contrast, Cj. max (mid-
dle) and specific contrast, Cj. max/ ({B1) /1) (bottom) there, as a function
of (By) /u. The filled circles represent the values derived from the cubic
polynomial fit to the contrast CLV profiles (Fig. 7) and the error bars
the uncertainty in Cj.max and Cj. max/ ((B1) /u). The curves follow the
solution from the surface fit to measured continuum intensity contrast
(Eq. (3)).

This is likely due to the truncated coverage of disc positions at
low (By) /u discussed in Sect. 3.1.

Network and facular features exhibit similar, kilogauss
strength magnetic fields (Stenflo 1973; Solanki & Stenflo 1984;
Rabin 1992; Riiedi et al. 1992). This means, in general, the
intrinsic magnetic field strength of magnetic elements, B does
not vary significantly with (B;) /u and is also well above the
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Fig. 15. Line core intensity contrast, C;_,-; (fop) and specific contrast,
Cru=1/ By /) (bottom) at disc centre as a function of (By) /u. The
filled circles represent the values derived from the cubic polynomial fit
to the contrast CLV profiles (Fig. 8) and the error bars the uncertainty
in Cy =1 and Cy =1/ ({By) /1). The curves follow the solution from the
surface fit to measured line core intensity contrast (Eq. (4)).

range of (B)) /u examined here, thus allowing us to assume that
the magnetic filling factor, @ never saturates. As mentioned in
Sect. 2.1, the quantity (B) /u is representative of aB. Taking
these into account, within the limits of this study, (B;) /u is rep-
resentative of the magnetic filling factor. Therefore specific con-
trast, as it is defined and derived here, is a measure of the aver-
age intrinsic contrast or heating efficiency of magnetic features
within a given (B;) /u interval. Like the intrinsic field strength,
the intrinsic contrast cannot be measured directly because most
network and facular features are not resolved at HMI’s spatial
resolution and due to the effect of scattered light.

Above (By) /1 ~ 100 G, the heliocentric angle at which con-
tinuum intensity contrast reaches its maximum decreases (i.e.,
the maximum is reached further away from disc centre) with in-
creasing (B)) /u (Fig. 14). A similar trend was reported by Ortiz
et al. (2002) based on MDI continuum observations. Assuming
the hot wall model (Spruit 1976) and a simple flux tube geom-
etry, the authors demonstrated this to imply the average size of
flux tubes increases with (By) /.

Both continuum and line core intensity specific contrast in-
creases strongly with decreasing (B;) /u up to a maximum (at
around 200 and 50 G respectively) before gradually declining
(Figs. 14 and 15). The decline at low (B)) /u aside, the observed
trends suggests that brightness or temperature excess in both
the lower and middle photosphere in flux tubes decreases with
increasing magnetic filling factor (the continuum and line core
formation height of the Fe I 6173 A line is about 20 and 300 km
respectively, Norton et al. 2006). This may partly be due to the
increasing average size of flux tubes; larger magnetic elements
appear darker as lateral heating is less efficient (Spruit 1976;
Spruit & Zwaan 1981; Grossmann-Doerth et al. 1994) and mag-
netic suppression of surrounding convective energy transport is
more severe (Kobel et al. 2012). The total radiation flux de-
rived from MHD simulations by Vogler (2005) exhibits a similar
behaviour. This result also agrees with the observations that net-
work elements appear hotter than facular elements in the lower
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and middle photosphere (Solanki & Stenflo 1984; Solanki 1986;
Keller et al. 1990) and G-band bright points are brighter in the
quiet Sun than in active regions (Romano et al. 2012).

The decline in both continuum and line core specific con-
trast at low (B)) /u suggests a diminishing heating efficiency of
the smallest magnetic elements but is more likely due to the in-
fluence of intergranular lanes on apparent contrast. (As with the
low contrast towards (B) /u = 0 G in the contrast versus (B)) /u
profiles discussed in Sect. 3.1.) The probable impact of the trun-
cated coverage of disc positions at low (B)) /u on the quality of
the fits to measured contrast here might have also played a role.

4. Discussion
4.1. Comparison with Ortiz et al. (2002)

A comparison of the results reported here for continuum in-
tensity with those from the similar study based on full-disc
MDI observations by Ortiz et al. (2002) reveal several notable
differences.

— The contrast reported here is generally higher, by as much as
a factor of about two. The difference between the two studies
becomes increasingly pronounced with (B) /u and distance
from disc centre.

— Approaching disc centre, contrast appears to level off in our
study (Fig. 7). In the earlier work, the contrast declines ap-
proximately linearly towards u = 1 and there are also marked
fluctuations about u ~ 0.95 (Fig. 3, Ortiz et al. 2002).

— Near (Bj) /u = 0 G contrast is negative here (Fig. 9) but
positive in the previous study (Fig. 4, Ortiz et al. 2002).

— The specific contrast (a proxy of intrinsic contrast given by
the quotient of contrast at the maximum point on the CLV
profile and (B;) /u) presented here ascends with (By) /u up to
(By) /u ~ 200 G before descending monotonically thereafter
(Fig. 14). Ortiz et al. (2002) found specific contrast to decline
approximately linearly with (B;) /u (Fig. 8 in their paper).

— For (B)) /u = 200 G, the specific contrast reported here is
also nearly double that in the earlier work.

The lower contrast and specific contrast (for (B;) /u = 200 G),
and difference in CLV towards disc centre reported by Ortiz et al.
(2002) is likely, as we will show shortly, to be primarily due to
the misidentification of the magnetic signal adjacent to sunspots
and pores as network and faculae (discussed in Sect. 2.2) by
those authors. Care was taken here to minimise such misidentifi-
cation. The negative contrast towards (B)) /u = 0 G found here,
as argued in Sect. 3.1, arises from the resolution of intergranular
lanes at HMI’s spatial resolution. We demonstrate below that this
difference in spatial resolution also contributes to the opposite
(By) /pu-dependence of specific contrast below (B)) /ju ~ 200 G
reported here and by Ortiz et al. (2002).

To recreate the conditions of the study by Ortiz et al. (2002),
we recomputed continuum intensity contrast and specific con-
trast from the HMI data set employed here without applying the
magnetic extension removal procedure, binning the data set spa-
tially by 4 x 4 pixels to be consistent with MDI’s spatial res-
olution and (very approximately) transforming measured con-
trast to the corresponding value at MDI’s operating wavelength,
6768 A. This last transformation was carried out by describing
quiet Sun, network and faculae as black bodies, and taking an
effective temperature of 5800 K for the quiet Sun. This allowed
us to crudely convert contrast measured at 6173 A by HMI into
the corresponding contrast at 6768 A. It should be noted that this
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is a first-order approximation of the wavelength dependence of
contrast which ignores the variation of the continuum formation
height with wavelength (Solanki & Unruh 1998; Siitterlin et al.
1999; Norton et al. 2006). In Fig. 16 we depict the contrast CLV
profile of network patterns (50 G < (By) /u < 100 G) and active
region faculae (500G < (By) /u < 640 G) after the application of
the above procedure. Also plotted are the similarly treated con-
trast versus (Bj) /u profiles about disc centre (0.94 < u < 1.00)
and near limb (0.36 < p < 0.50). The specific contrasts from
this process are illustrated in Fig. 17.

Excluding the procedure to remove magnetic signal adjoined
to sunspots and pores produced the largest effect. It produced an
overall drop in contrast (cyan series, Fig. 16) and also repro-
duced the linear CLV near disc centre observed by Ortiz et al.
(2002) (640G < (By) /u < 800G panel). The eftects of the resiz-
ing of the data set (blue series) and the projection of measured
contrasts to MDI’s operating wavelength (green series) are rela-
tively minor. The contrast profiles derived from the application
of all three procedures (red series) are, in terms of both form
and magnitude, in general agreement with the profiles covering
similar disc positions and magnetogram signal levels reported by
Ortiz et al. (2002) (Figs. 3 and 4 in their paper).

Similarly for specific contrast, the result of applying all three
processes (red series, Fig. 17) resembles the measurements pre-
sented by Ortiz et al. (2002) (Fig. 8 in their paper) and the great-
est effect on magnitude came from the omission of the magnetic
extension removal procedure. Binning the data set down to a
MDI-like resolution also produced a significant increase in spe-
cific contrast at low (By) /u. After combining with the other two
processes, this rendered specific contrast approximately level be-
low 200 G. The influence of granulation on apparent contrast at
HMI’s spatial resolution plays a role in the observed decline in
specific contrast from (B;) /u ~ 200 G towards (B;) /u = 0 G.

The largest effect is produced by the removal of magnetic
signal adjoining to sunspots and pores. Hence it is worth con-
sidering this process more closely. The procedure by which we
removed these signals inevitably discriminates against active re-
gion faculae, and various authors have noted lower contrast in
active region faculae compared to quiet Sun network at sim-
ilar magnetogram signal levels (Lawrence et al. 1993; Kobel
et al. 2011), but we do not reckon this to be the reason for the
greater contrast reported here. In spite of the severe steps taken
to exclude magnetic signals adjoined to sunspots and pores, there
remains a fair representation of active region faculae in the mea-
sured contrasts (Fig. 5). Also, at HMI’s spatial resolution, net-
work patterns are largely confined to the lower half of the (B) /u
range considered (Fig. 6) while the difference between the con-
trast reported here and by Ortiz et al. (2002) is more pronounced
at higher (By) /u.

Following the example of earlier studies (e.g. Chapman
1980), Ortiz et al. (2002) fit quadratic polynomials to contin-
uum intensity contrast CLV profiles derived in their study. Here
we fit cubic polynomials instead because of the different CLV
near disc centre which we just demonstrated to arise from our
treatment of magnetic signal adjoined to sunspots and pores.

We surmise that the fluctuations about disc centre in the con-
tinuum intensity CLV profiles reported by Ortiz et al. (2002) is
due to the non-homogeneous distribution of active regions over
the solar disc. Each unit u represents a greater radial distance
towards the disc centre rendering these fluctuations increasingly
abrupt. Not accounting for magnetic signal adjoined to sunspots
and pores probably accentuated these fluctuations.
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Fig. 16. Selected continuum intensity contrast CLV (left) and contrast versus (By) /u (right) profiles from Figs. 7 and 9 (open circles and dotted
curves). The selected profiles correspond to quiet Sun network (top left), active region faculae (bottom left), disc centre (top right) and near limb
(bottom right). The cyan, blue and green series denote the profiles obtained by omitting the magnetic extension removal procedure, spatially
binning the data set by 4 x 4 pixels and converting measured contrast to 6768 A respectively. The red series indicates the results of taking into
account all these three considerations. The circles represent the mean of measured contrast binned as in the referenced figures and the curves the
corresponding third-order polynomial fits. The dashed lines mark the mean quiet Sun level.

4.2. Continuum intensity contrast about disc centre

In this section we compare the magnetogram signal dependence
of continuum intensity contrast near disc centre reported here
with that from other recent studies, summarized in Table 2. Apart
from the work of Ortiz et al. (2002), the CLV of continuum in-
tensity contrast has been examined in detail previously by Topka
et al. (1992, 1997) and Lawrence et al. (1993). While we and
Ortiz et al. (2002) employed full-disc observations made at a
single wavelength and spatial resolution, these authors collated
telescope scans made at multiple wavelengths and resolutions.
The magnetogram signal intervals represented by the contrast
CLV profiles presented in these papers also differ considerably
from those presented here and by Ortiz et al. (2002). For these
reasons it is not straightforward to make any quantitative com-
parisons with the contrast CLV reported by these studies, there-
fore the focus on results for near disc centre here.

The negative contrast at low magnetogram signal levels
found here and by the majority of the compared works coun-
ters expectations from thin flux tube models, which predict in-
trinsically bright magnetic features in this regime (Knolker et al.
1988). As discussed in Sect. 3.1, this is attributed here (and in
Title et al. 1992; Topka et al. 1992; Kobel et al. 2011) to the
influence of intergranular lanes, an assertion supported by vari-
ous models (Title & Berger 1996; Schnerr & Spruit 2011). Of
the studies compared, only that by Ortiz et al. (2002) noted
positive contrasts. Binning the data set here to a MDI-like
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Fig. 17. Continuum intensity specific contrast as a function of (B)) /u
from Fig. 14 (open circles). The cyan, blue and green filled circles rep-
resent the same quantity obtained by omitting the magnetic extension
removal procedure, spatially binning the data set by 4x4 pixels and con-
verting measured contrast to 6768 A respectively. The red filled circles
represent the result of taking into account all these three considerations.
The points in each series are joined by straight lines to aid the eye.

resolution raised the disc centre end of the contrast CLV pro-
file in the 50 G < (By)/u < 100 G interval into positive
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Table 2. Continuum intensity contrast dependence on magnetogram signal near disc centre obtained in the present and from earlier studies.

Reference  Instrument Target” Resolution [Arcsec] Wavelength [/D\] Results
Present SDO/HMI  u > 0.94¢ 1 6173 Negative near (By) /u = 0 G. Peak at (B)) /u ~ 200 G.
1,2,3,4 SVST AR 20.3 Various? Negative near (B;) = 0 G. Monotonic decline with (B)).
3 SVST QS 20.3 6302 Negative near (B) = 0 G. Peak at (B;) ~ 400 G.
SFO/SHG* QS 21 6302 Negative near (B;) = 0 G. Peak at 100 G < (B;) < 200 G.
AR Negative near (B;) = 0 G. Monotonic decline with (B).
5 SoHO/MDI  u > 0.92¢ 4 6768 Positive near (B)) /u = 0 G. Peak at (By) /u ~ 100 G.
6 SST AR 0.15 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 650 G.
7 Hinode/SOT QS 0.3 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 700 G.
AR Negative near (B;) = 0 G. Peak at (B;) ~ 700 G.
8 SST QS 0.15 6302 Negative near (B;) = 0 G. Saturate at (B;) ~ 800 G.
Hinode/SOT QS 0.3 6302 Negative near (B;) = 0 G. Peak at (B;) ~ 500 G.

Notes. @ San Fernando Observatory (SFO) 28-cm vacuum telescope and vacuum spectroheliograph (SHG). ® AR and QS denote active region
and quiet Sun respectively. ©© Segment of full-disc observations considered. @ 5250 A, 5576 A, 6302 A and 6768 A.

References. (1) Title et al. (1992); (2) Topka et al. (1992); (3) Lawrence et al. (1993); (4) Topka et al. (1997); (5) Ortiz et al. (2002); (6) Narayan
& Scharmer (2010); (7) Kobel et al. (2011); (8) Schnerr & Spruit (2011).

territory (Fig. 16), suggesting that the positive contrasts reported
by Ortiz et al. (2002) arose from utilising data at a resolution
(the lowest of the studies compared) where granulation is largely
unresolved.

From SVST scans of active regions, Title et al. (1992), Topka
et al. (1992, 1997) and Lawrence et al. (1993) found contrast
to decline monotonically with magnetogram signal. Lawrence
et al. (1993) also noted the same with active region data ac-
quired at the San Fernando Observatory (SFO). Kobel et al.
(2011) demonstrated the comparatively poorer resolution and
straylight from pores to be likely culpable for the monotonic de-
cline observed in the SVST studies. In all the other compared
works, contrast exhibits a peak, the position of which varied
from (B)) /u ~ 100 G (Ortiz et al. 2002) to (B;) ~ 700 G
(Kobel et al. 2011), except for the quiet Sun SST scan exam-
ined by Schnerr & Spruit (2011), where contrast saturated at
(B)) ~ 800 G. Generally, the finer the spatial resolution, the
higher the position of the peak. Most of these studies were based
on observations made at the Fe I 6302 A line. Even if we dis-
count the studies made at other wavelengths, this broad pattern
is still apparent, ruling out differences in wavelength as the ma-
jor driver. Kobel et al. (2011) reported similar contrast peak po-
sitions for quiet Sun and active region scans. Therefore the dif-
ference between active region and quiet Sun contrast had likely
little role in the spread in reported peak positions amongst the
compared works. As shown in the 0.94 < u < 1.00 panel of
Fig. 16, both resizing the HMI data set to a MDI-like spatial res-
olution and omitting the magnetic extension removal procedure
shifted the position of the contrast versus (Bj) /u profile maxi-
mum towards the origin.

The above comparison points to differences in spatial reso-
lution and treatment of magnetic signal near sunspots and pores
as the dominant factors behind the spread in reported depen-
dence of contrast on magnetogram signal. Indeed, the recent
MHD simulation work of Rohrbein et al. (2011) suggests that
the contrast peak at intermediate magnetogram signal levels seen
in direct observations, but not observed in MHD simulations, is
a product of the limited spatial resolution. The bulk of the stud-
ies listed in Table 2 were based on higher spatial resolution data
than utilised here. For this reason, a more quantitative compari-
son like we did in Sect. 4.1 with the findings of Ortiz et al. (2002)
is not workable here.

The recent works of Berger et al. (2007) and Viticchié et al.
(2010), examining the contrast of bright points in the G-band,
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bear tenuous relevance to our study. These studies utilised ob-
servations made in a molecular band (i.e., neither continuum
nor line core) where the contrast of magnetic features is en-
hanced (due to CH depletion, Steiner et al. 2001; Schiissler et al.
2003). More importantly, while this study and the works cited
in Table 2 considered each pixel a separate entity, Berger et al.
(2007) and Viticchi€ et al. (2010) examined the overall contrast
of each individual bright structure. As the body of magnetic fea-
tures isolated by both approaches differ, the results are not di-
rectly comparable. Berger et al. (2007) did however also report
a pixel-by-pixel consideration of G-band contrast. Scans at four
disc positions were surveyed. Barring one that appeared anoma-
lous, the contrast versus magnetogram signal profiles from each
scan bear general resemblance to ours in terms of form. Notably,
the profile from the disc centre scan, with a spatial resolution
of 0.15 arcsec, exhibits a peak at (B;) ~ 700 G, consistent with
the broad pattern between spatial resolution and peak position
described here.

4.3. Line core intensity contrast

As pointed out in Sect. 3.1, the most notable difference between
the continuum and line core intensity contrasts present here is
the converse CLV. While continuum intensity contrast is weak-
est near disc centre and strengthens towards the limb, line core
intensity contrast is strongest at disc centre and declines to-
wards the limb. The divergent CLV exhibited by the two sets of
measurements stem from their rather different physical sources.
Continuum intensity is enhanced largely in the hot walls of mag-
netic elements, thus the centre-to-limb increase. The line core is
formed in the middle photosphere, which is heated either by ra-
diation from deeper layers (Knolker et al. 1991), or by mechan-
ical and Ohmic dissipations (Moll et al. 2012). Also stated in
Sect. 3.1, line core intensity is modulated by line strength and
shape, and continuum intensity. Excluding variation related to
continuum excess, line core intensity enhancement arises from
the influence of the temperature excess in the middle photo-
sphere and Zeeman splitting on line strength and shape. Given
the relatively narrow, vertical geometry of flux tubes, as mag-
netic elements rotate from disc centre to limb, line-of-sight rays
go from being largely confined to single flux tubes to increas-
ingly passing into and out of multiple flux tubes, especially in
densely packed facular regions (Biinte et al. 1993). Line core in-
tensity contrast decreases towards the limb as the contribution
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Fig. 18. Selected line core intensity (open circles and dotted curves) and corresponding residual intensity (filled circles and solid curves) contrast
CLV (left) and contrast versus (B)) /u (right) profiles. The circles represent the mean of measured contrast binned as in Figs. 8 and 10 and the
curves the corresponding cubic polynomial fits. The selected profiles correspond to quiet Sun network (zop left), active region faculae (bottom left),

disc centre (fop right) and near limb (bottom right).

to the spectral line from magnetic elements diminishes from ab-
sorption in the non-magnetic part of the atmosphere transversed
by the rays (Solanki et al. 1998). Another probable cause of the
centre-to-limb decline is the spatial displacement of the line core
with respect to the corresponding continuum towards the limb
caused by the difference in formation height and oblique view-
ing geometry (Stellmacher & Wiehr 1991, 2001). The line core
intensity enhancement arising from temperature excess in the
middle photosphere and Zeeman splitting discussed here is not
to be confused with that from the centre-to-limb broadening of
the Fe 1 6173 A line mentioned in Sect. 2.2.2, which arises from
the viewing geometry independent of magnetic field.

We recomputed line core intensity contrast, this time nor-
malizing the line core intensity images by the corresponding
continuum intensity images prior to data reduction. The result,
the line core residual intensity contrast, is essentially the com-
ponent of line core intensity contrast arising from line weaken-
ing in magnetic features alone. Line core intensity and resid-
ual intensity contrast values can be compared directly. (Line
core residual intensity contrast equates to the line core inten-
sity contrast we would get from scaling the line core intensity
of just the network and faculae pixels by (Icgs) /Ic.) The line
core residual intensity contrast CLV profile of network patterns
(50 G < (By) /u < 100 G) and active region faculae (500 G <
(By) /u < 640 G), and contrast versus (Bj) /u profile about disc
centre (0.94 < u < 1.00) and near limb (0.36 < u < 0.50) so
derived are plotted along with the corresponding line core inten-
sity contrast profiles from Figs. 8 and 10 in Fig. 18. Line core
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Fig. 19. Line core intensity (open circles) and corresponding residual
intensity (filled circles) specific contrast as a function of (B)) /u. The
circles are joined by straight lines to aid the eye.

residual intensity specific contrast is plotted along with the line
core intensity specific contrast from Fig. 15 in Fig. 19.

As expected, excluding the contribution of continuum inten-
sity enhancement to line core intensity contrast results in a more
pronounced centre-to-limb decline (50 G < (By) /u < 100 G
and 500 G < (B)) /u < 640 G panels, Fig. 18). This decline
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in the line core residual intensity contrast CLV profiles is also
consistent with the spectroscopic observations of Stellmacher &
Wiehr (1979) and Hirzberger & Wiehr (2005). Comparing line
core intensity and residual intensity contrast (Figs. 18 and 19),
the broad similarity, especially near disc centre, imply that line
core intensity contrast is dominated by the contribution from line
weakening. Even towards the limb, where magnetic line weaken-
ing is at its weakest, it still comprises a significant proportion of
observed line core intensity contrast. The potential implications
of this result and the opposite CLV exhibited by continuum and
line core intensity contrast on facular contribution to solar irra-
diance variations will be discussed in Sect. 4.4.

Very few studies examining the disc position and magne-
togram signal dependence of line core intensity contrast exist
in the literature. Frazier (1971), Lawrence et al. (1991) and Title
et al. (1992) measured intensity contrast at disc centre in the core
of the Fe 1 5250 A, Fe 1 6302 A and Ni I 6768 A lines, respec-
tively. Results from different lines are not directly comparable
but it is still encouraging to see that in terms of magnitude and
general trend with magnetogram signal, the results from these
earlier studies express broad agreement with ours. The only no-
table exception is the steep monotonic decline at (B;) > 600 G
reported by Title et al. (1992), which largely persisted even after
the authors masked out pores. The decline coincides with a simi-
lar trend in intensity contrast measured at the nearby continuum,
suggesting a greater relative influence of the continuum excess
to magnetic line weakening at the Ni I 6768 A line compared
to the Fe 1 6173 A line. Frazier (1971) also made measurements
away from disc centre, but due to data scatter the author could do
no better than to present a schematic representation of the CLV
through visually fitted linear functions. Walton (1987) reported
measured line core residual intensities for eight magnetically
insensitive lines at various disc positions. There were however
only a small number of scattered measurements for each line,
and a relatively narrow range of disc positions (u > 0.6). To our
knowledge, the present study is the first to examine line core in-
tensity contrast employing full-disc observations. Together with
the relatively fine resolution and low noise level, this allowed us
to describe the magnetogram signal dependence and especially
the CLV with greater accuracy and detail than in the previous
efforts.

4.4. Facular contribution to variation in solar irradiance

Our finding that intensity contrast in the line core is dominated
by line weakening rather than continuum intensity enhancement
and exhibits the opposite CLV as continuum intensity contrast
has potential implications on facular contribution to total solar
irradiance variation. Total solar irradiance (TSI) variation is the
sum manifest of variation in the continuum and spectral lines.
The converse CLV of the continuum and line core intensity con-
trasts reported here imply a different time variation of the con-
tribution by the continuum and spectral lines to solar irradiance
as magnetic features rotate across the solar disc.

In Fig. 20a we show the level 2.0 hourly TSI measure-
ments from the DIARAD radiometer (Dewitte et al. 2004) on the
SoHO/VIRGO instrument (Frohlich et al. 1995) for the 22-day
period of August 19 to September 9, 1996 (open circles). Active
region NOAA 7986 rotated into view on August 23 and out of
view on September 5, and was the only active region on the so-
lar disc for the duration of its passage across the solar disc. The
period is otherwise relatively quiet. This data therefore allows
us to chart variations in TSI arising mainly from the passage
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of a single active region across the solar disc. The dip around
August 29 corresponds to active region NOAA 7986 crossing
disc centre. Even with darkening from sunspots present in the
active region, the nadir of the dip is ~0.2 Wm™2 above the level
before August 23 and after September 5. This suggests an over-
all positive contribution to TSI variation by the faculae in NOAA
7986 when it was near disc centre (first pointed out by Fligge
et al. 2000).

A schematic representation of facular contribution to varia-
tion in TSI during the passage of NOAA 7986 across the solar
disc, depicted in Fig. 20e, was derived as follows.

— The DIARAD TSI data was interpolated at 0.1 day intervals
and the result smoothed (via binomial smoothing, Marchand
& Marmet 1983). Sunspot darkening was estimated from
the Photometric Sunspot Index (PSI) by Chapman et al.
(1994) based on full-disc photometric images acquired with
the Cartesian Full Disk Telescope 1 (CFDT1) at SFO. A
quadratic polynomial was fitted to the PSI values from the
period of interest excluding the points where PSI = 0 (i.e.,
no sunspots in view). Taking a value of 1365.4 Wm~2 for the
total irradiance of the quiet Sun, the fit was converted from
units of parts per million to Wm™ and subtracted from the
DIARAD data. This value for the total irradiance of the quiet
Sun is given by the average TSI at the last three solar min-
ima stated in version d41_62_1204 (dated April 2, 2012) of
the PMOD TSI composite (Frohlich 2000). The DIARAD
data, after this treatment, represents variation in TSI largely
from faculae in NOAA 7986 alone. In Fig. 20a we plot the
DIARAD data after interpolation and smoothing (red dot-
ted curve), and after removing sunspot darkening (red solid
curve) along the original measurements. In Fig. 20b we show
the PSI (open circles) and the quadratic polynomial fit to the
non-zero segment (curve).

— The trajectory of NOAA 7986 during its passage across the
solar disc was estimated from 142 level 1.8 5-min MDI mag-
netograms (Scherrer et al. 1995) on which the active region
was entirely in view (i.e. not only partially rotated into, or
partially rotated off the solar disc). Taking the unsigned mag-
netogram signal, the magnetograms were binned spatially
by 16 X 16 pixels. For each binned magnetogram, the po-
sition of NOAA 7986, in terms of u, was estimated from the
mean position of the five pixels within the active region with
the strongest signal. The trajectory of NOAA 7986 is then
given by the quadratic polynomial fit to these estimates. In
Fig. 20c we show the estimated position of NOAA 7986 in
the magnetograms (open circles) and the quadratic polyno-
mial fit (curve).

— Facular contribution to variation in TSI was very approxi-
mately modelled from the empirical relationships describing
contrast as a function of u and (Bj) /u derived in this study.
Assuming a power law distribution of (B;) /u with a scal-
ing exponent of —1.85 (Parnell et al. 2009), we evaluated

Egs. (3) and (4), scaled by (% / 15) b and integrated over
(By) /u =15 G to 800 G, at 0.1 day intervals taking ¢ from
the trajectory of NOAA 7986 estimated earlier. The result-
ing time series were then scaled by u (to correct for the CLV
of projected area on the solar disc) and the limb darkening
function from Foukal et al. (2004). Given the approximate
manner of this derivation, the results are non-quantitative.
However for this analysis it is not the actual values but the
temporal trends that is important. Here we had approximated
the active region as a point object and so cannot include
variation arising from the active region being only partially
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Fig. 20. a) Total solar irradiance, TSI from DIARAD on SoHO/VIRGO (open circles) for the period of August 19 to September 9, 1996. The dotted
and solid red curves represent the interpolated and smoothed version before and after subtracting sunspot darkening. b) Photometric Sunspot Index,
PSI (open circles) by Chapman et al. (1994) and the quadratic polynomial fit to the non-zero points (curve). The dashed line marks the zero level.
¢) Position of NOAA 7986 as estimated from MDI magnetograms (open circles) and the quadratic polynomial fit (curve). d) TSI minus sunspot
darkening (red curve) and model of facular contribution to TSI based on observed intensity contrast in the continuum (blue dashed curve) and line
core (blue dotted curve), each mean subtracted and normalized by the area bound between the time series and the zero level (black dashed line).
e) TSI minus sunspot darkening (red curve) and the multiple linear regression fit of the continuum and line core models (blue solid curve). The
dotted lines running down all the panels mark the period where NOAA 7986 was entirely on the solar disc in MDI magnetograms.

visible as it rotates into and off the solar disc. This deriva-
tion is therefore only valid, and confined to, the period where
NOAA 7986 was entirely in view in MDI magnetograms.

The treated DIARAD data, giving TSI variation largely from
faculae in NOAA 7986 alone, is plotted in Fig. 20d (red curve)
along the conjectures based on the observed intensity contrast
in the continuum (blue dashed curve) and line core (blue dotted
curve). To compare how they varied with time, we subtracted the
mean from and normalized each time series by the area bounded
by the curve and the zero level. In Fig. 20e we show the multiple
linear regression fit of the continuum and line core models to the
DIARAD series (blue solid curve), which showed a much better
agreement to it than either model. Facular contribution to varia-
tion in solar irradiance appears to be strongly driven by intensity
contrast in both the continuum, and spectral lines, which derives
largely from line weakening in magnetic elements. This com-
plies with the observation that solar irradiance variations over
the solar cycle seems to be significantly influenced by changes
in spectral lines (Mitchell & Livingston 1991; Unruh et al. 1999;
Preminger et al. 2002).

Various studies examining the photometric contrast of fac-
ulae, as identified in calcium line images, reported positive
values near disc centre (Lawrence et al. 1988; Walton et al.
2003; Foukal et al. 2004). The apparent divergence between the

findings of these works, and the largely negative contrast near
disc centre reported here (Fig. 9) and in the similar studies listed
in Table 2, where network and faculae were characterized by the
magnetogram signal, arises from the different selection methods
(Ermolli et al. 2007). Significantly, the results of Foukal et al.
(2004) were based on near total light broadband measurements.
From the statistical analysis of an extensive catalogue of full-
disc photometric observations obtained with the SFO/CFDTI,
Walton et al. (2003) found contrast, in a continuum passband
(i.e., negligible spectral line contribution) in the visible red, av-
eraged over each facular region (as identified in the Ca II K)
to be positive (~0.005) near disc centre. The authors took this
result to indicate the distribution of flux tube sizes in facular re-
gions is biased to the low end (i.e., more small bright flux tubes
than large dark ones), which is reasonable considering the typ-
ical distribution of magnetogram signal (i.e., much more weak
signals than strong, Parnell et al. 2009) and the observation that
the average flux tube size is greater where magnetogram signal
is greater (Ortiz et al. 2002). This suggests the continuum com-
ponent of facular contribution to TSI variation is on average pos-
itive at disc centre in the visible red. From this and the analysis
presented above, we conclude that the apparent overall positive
contribution to TSI variation by the faculae in NOAA 7986 when
it was near disc centre is, at least in part, due to the prevalence
of smaller flux tubes and line weakening.
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5. Conclusion

Here we have presented measured network and facular intensity
contrast in the continuum and in the core of the Fe I 6173 A
line from SDO/HMI full-disc observations. We studied the de-
pendence of the contrast on disc position and magnetogram sig-
nal, represented by u and (By) /u respectively. Specifically, we
derived empirical relationships describing contrast as a function
of u and (By) /u, and specific contrast (contrast per unit (B;) /u,
representative of intrinsic contrast) as a function of (Bj) /u.
This study exploits the unprecedented opportunity offered by
the SDO mission to examine co-temporal full-disc observations
of magnetic field and intensity at a constant intermediate spa-
tial resolution (1 arcsec), relatively low noise, and without at-
mospheric interference. The quality of the data allowed us to
examine intensity contrast for a larger sample at greater accu-
racy and detail than previous, similar studies, especially in the
case of the line core. These results constitute stringent obser-
vational constraints on the variation of network and facular in-
tensity with disc position and magnetogram signal in the low
and middle photosphere. By constraining atmospheric models
of network and faculae, these results should be of utility to solar
irradiance reconstructions, especially as HMI data will increas-
ingly be used for this purpose. Given this is the first study of its
kind to examine the entire solar disc in both the continuum and
line core, it should also be useful to reproduce these results in
models of magnetic flux concentrations.

There are significant discrepancies in the continuum inten-
sity contrast reported here and from earlier studies. In this study
we had taken steps to account for magnetic signal in the periph-
ery of sunspots and pores, arising from their magnetic canopies
and the influence of straylight, which can easily be misidentified
as network and faculae. From a comparison with the findings
of past efforts, including a recomputation of the results obtained
here recreating the conditions of the similar study by Ortiz et al.
(2002), we showed differences in resolution, and treatment of
magnetic signal adjacent to sunspots and pores to be the likely
main factors behind the spread in reported results. The apparent
radiant behaviour of network and faculae elements is strongly
modulated by spatial resolution (Title & Berger 1996; Rohrbein
et al. 2011; Schnerr & Spruit 2011). An understanding of its in-
fluence is necessary for the proper interpretation of direct mea-
surements.

In terms of magnitude, trend with magnetogram signal and
in particular the CLV, the results obtained here in the contin-
uum and line core differ considerably. While continuum inten-
sity contrast broadly ascends towards the limb, line core inten-
sity contrast is greatest near disc centre and diminishes from disc
centre to limb. The divergence between both sets of measure-
ments arises dominantly from spectral line changes due to heat-
ing in the middle photosphere and Zeeman splitting in magnetic
features, and the different mechanisms by which apparent con-
trast vary with viewing geometry going from disc centre to limb.
From a simple model based on the empirical relationships be-
tween contrast, and ¢ and (B;) /u derived here we confirmed that
facular contribution to variation in solar irradiance is strongly
driven by both continuum excess and spectral line changes.

The specific contrast in both the continuum and line core ex-
hibit a marked decline with increasing magnetogram signal, con-
firming that network elements are, per unit magnetic flux, hotter
and brighter than active region faculae. The different radiant be-
haviour of network and faculae, not accounted in present mod-
els of solar irradiance variations, would be an important factor
to consider for more realistic modelling. This observation also
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implies that secular changes in solar irradiance may be consider-
ably larger than what some models of solar irradiance variations
have suggested, given the variation in the number of small-scale
magnetic elements on the solar disc is a prime candidate driver
of secular changes (Solanki et al. 2002). For example, the model
employed by Krivova et al. (2007) to reconstruct variation in TSI
from 1700 and by Vieira et al. (2011) for over the Holocene as-
sumed the faculae contrast model by Unruh et al. (1999) for both
network and faculae. This renders network and faculae with sim-
ilar magnetic filling factors equally bright and therefore possibly
underestimate the contribution by network to secular variation.
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ABSTRACT

Aims. We present a point spread function (PSF) for the Helioseismic and Magnetic Imager (HMI) onboard the Solar Dynamics
Observatory (SDO) and discuss the effects of its removal on the apparent properties of solar surface phenomena in HMI data.
Methods. The PSF was retrieved from observations of Venus in transit by matching it to the convolution of a model of the Venusian
disc and solar background with a guess PSF. We described the PSF as the sum of five Gaussian functions, the amplitudes of which vary
sinusoidally with azimuth. This relatively complex functional form was required by the data. Observations recorded near in time to
the transit of Venus were corrected for instrumental scattered light by the deconvolution with the PSE. We also examined the variation
in the shape of the solar aureole in daily data, as an indication of PSF changes over time.

Results. Granulation contrast in restored HMI data is greatly enhanced relative to the original data and exhibit reasonable agreement
with numerical simulations. Image restoration enhanced the apparent intensity and pixel averaged magnetic field strength of photo-
spheric magnetic features significantly. For small-scale magnetic features, restoration enhanced intensity contrast in the continuum
and core of the Fe I 6173 A line by a factor of 1.3, and the magnetogram signal by a factor of 1.7. For sunspots and pores, the
enhancement varied strongly within and between features, being more acute for smaller features. Magnetic features are also rendered
smaller, as signal smeared onto the surrounding quiet Sun is recovered. Image restoration increased the apparent amount of magnetic
flux above the noise floor by a factor of about 1.2, most of the gain coming from the quiet Sun. Line-of-sight velocity due to gran-
ulation and supergranulation is enhanced by a factor of 1.4 to 2.1, depending on position on the solar disc. The shape of the solar
aureole varied, with time and between the two CCDs. There are also indications that the PSF varies across the FOV. However, all
these variations were found to be relatively small, such that a single PSF can be applied to HMI data from both CCDs, over the period
examined without introducing significant error.

Conclusions. Restoring HMI observations with the PSF presented here returns a reasonable estimate of the stray light-free intensity
contrast. Image restoration affects the measured radiant, magnetic and dynamic properties of solar surface phenomena sufficiently to

significantly impact interpretation.

Key words. instrumentation: miscellaneous — space vehicles: instruments — Sun: faculae, plages — Sun: granulation —

Sun: photosphere — sunspots

1. Introduction

Solar telescopes, like any real optical system, diverge from
diffraction-limited behaviour due to optical aberrations and,
in the case of ground-based instruments, the influence of the
Earth’s atmosphere. Optical aberrations arise from factors such
as design and material constraints, imperfections in the fabri-
cation, presence of impurities, thermal changes and jitter, and
are practically unavoidable. Due to aperture diffraction and op-
tical aberrations, radiation entering a given optical system is not
entirely confined to the intended area on the focal plane but
instead spread out, as described mathematically by the point
spread function (PSF). This image blurring or loss of contrast
is the so-termed stray light.

The apparent properties of solar phenomena is sensitive to
stray light, accounting for its influence on solar imagery is nec-
essary for proper interpretation and comparison with numerical

Article published by EDP Sciences

models. This has been demonstrated repeatedly in the literature,
for example, in studies looking at the limb darkening function
(Pierce & Slaughter 1977; Neckel & Labs 1994), the intensity
contrast of granulation (Sanchez Cuberes et al. 2000; Danilovic
et al. 2008; Wedemeyer-Bohm & Rouppe van der Voort 2009;
Afram et al. 2011), and the brightness of small-scale magnetic
concentrations (Title & Berger 1996; Schnerr & Spruit 2011)
and sunspots (Albregtsen & Maltby 1981; Mathew et al. 2007).

Sophisticated techniques to correct solar observations for in-
strumental and atmospheric effects exist, the most common be-
ing speckle interferometry (de Boer et al. 1992; von der Liihe
1993) and phase diversity (Gonsalves 1982; Lofdahl & Scharmer
1994) methods. For spaceborne instruments, where variable at-
mospheric seeing is not a factor, a more conventional approach
is often sufficient. Specifically, inferring the PSF from the dis-
tribution of intensity about the boundary between the bright
and dark parts of partially illuminated scenes (such as, of the
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solar limb, and of transits of the Moon, Venus or Mercury) and
restoring data by the deconvolution with it. Recent examples
include the work of Mathew et al. (2007) with observations from
SoHO/MDI', Wedemeyer-Bohm (2008), Wedemeyer-Bohm &
Rouppe van der Voort (2009) and Mathew et al. (2009) with
Hinode/SOT/BFI?, and DeForest et al. (2009) with TRACE?.

In this paper we present an estimate of the PSF of the
Helioseismic and Magnetic Imager onboard the Solar Dynamics
Observatory, SDO/HMI (Schou et al. 2012b). The PSF was de-
rived from observations of Venus in transit. We also demonstrate
the effects of correcting HMI data for stray light with this PSF
on the apparent properties of various photospheric phenomena.

This study broadly follows the approach taken with the other
spaceborne instruments listed above. It departs from these ear-
lier efforts in that we constrain the PSF not only in the radial
dimension but also in the azimuthal direction, recovering the
anisotropy. This we will show to be crucial for accurate stray
light removal (Sect. 2.3).

The relationship between the radiance of magnetic features
in the photosphere, and their size and position on the solar disc,
is an important consideration in understanding and modelling
the variation in solar irradiance (Domingo et al. 2009). HMI re-
turns continuous, seeing-free, full-disc observations of intensity,
Doppler shift and magnetic field at a constant, intermediate spa-
tial resolution (~1 arcsec) and at relatively low noise. This ren-
ders it a suitable tool for constraining the radiant behaviour of
photospheric magnetic features (Yeo et al. 2013). It is therefore
of interest to enhance the quality of HMI observations by quan-
tifying the stray light performance of the instrument. This would
be of utility not only for the accurate examination of the radiant
behaviour of magnetic features in HMI data but also any ap-
plication that can benefit from stray light-free measurements of
intensity, line-of-sight velocity and magnetic flux density.

The PSF presented here is, to our knowledge, the first on-
orbit measurement of the stray light of HMI reported in the liter-
ature (see Wachter et al. 2012, for the pre-launch measurement).
This is necessary given that the exact operating conditions of
the sensor cannot be exactly simulated on the ground. Also, the
stray light of the HMI might have changed from the time of
the pre-launch calibration from changes in the condition of the
instrument.

The HMI comprises of two identical 4096 x 4096 pixel CCD
cameras, denoted “side” and “front”. The PSF was retrieved
from images recorded on the side CCD during the transit of
Venus on June 5 to 6, 2012. In addition to this transit of Venus,
the HMI has also witnessed several partial lunar eclipses (seven,
as of the end of 2012). In Sect. 2.5 we discuss the reasons for
choosing the observations of Venus in transit over data from the
partial lunar eclipses or of the solar limb for constraining the
PSF, even though Venus has an atmosphere which had to be
taken into account in deriving the PSF, introducing additional
complexity to the task and uncertainty to the final estimate of
the PSF.

In the following section, we detail the data selection
(Sect. 2.1), the PSF derivation (Sect. 2.2) and image restora-
tion method (Sect. 2.3), and how we accounted for the influ-
ence of Venus’ atmosphere (Sect. 2.4). Then, we verify the util-
ity of the PSF presented here for image restoration, comparing

' The Michelson Doppler Imager onboard the Solar and Heliospheric
Observatory (Scherrer et al. 1995).

2 The Broadband Filter Imager of the Solar Optical Telescope onboard
Hinode (Kosugi et al. 2007).

3 The Transition Region And Coronal Explorer (Handy et al. 1998).
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the apparent granulation contrast in restored HMI observations
and synthetic intensity maps generated from numerical simula-
tion (Sect. 3.1). We illustrate the result of image restoration on
the intensity, Dopplergram and magnetogram data products of
the instrument, looking at its effect on the following.

— The intensity and magnetic field strength of small-scale mag-
netic concentrations (Sect. 3.2.1).

— The intensity and magnetic field strength of sunspots and
pores (Sect. 3.2.2).

— The amount of magnetic flux on the solar surface
(Sect. 3.2.3).

— Line-of-sight velocity (Sect. 3.2.4).

The retrieved PSF represents the stray light behaviour of the side
CCD at the time of the transit of Venus, at the position in the
field-of-view (FOV) occupied by the Venus disc. In Sect. 4 we
examine the applicability of this PSF to other positions in the
FOV, and to observations from the front CCD as well as from
other times. Finally, a summary of the study is given in Sect. 5.

2. PSF derivation
2.1. Data selection

The HMI is a full-Stokes capable filtergram instrument. The in-
strument records full-disc polarimetric filtergrams continuously,
at 3.75 s cadence, on the two identical CCDs. The filtergram
sequence of the side CCD alternates between six polarizations
(I+Q,I+U and I +V) and six positions across the Fe I 6173 A
line (at £34, £103 and £172mA from line centre). A set of 36 fil-
tergrams, of each polarization at each line position, is collected
every 135 s. The front CCD collects a set of 12 filtergrams, cov-
ering the Stokes I + V and I — V polarizations at the same line
positions, every 45 s.

Dopplergrams, longitudinal magnetograms and intensity
(continuum, and line depth and width) images, collectively
termed the line-of-sight data products, are generated from the
filtergram sequence of the side CCD at 720 s intervals, and from
that of the front CCD at 45 s intervals. Stokes parameters (/,
0, U and V) and the corresponding Milne-Eddington inversion
(Borrero et al. 2011) are also produced, at 720 s cadence, from
the filtergram sequence of the side CCD.

During the transit of Venus on June 5 to 6, 2012, the side
CCD recorded filtergrams in the nearby continuum (—344 mA
from line centre), instead of the regular filtergram sequence. For
the purpose of estimating the PSF of the instrument, we exam-
ined the 854 x 854 pixel crop, centred on the Venus disc, of
249 continuum filtergrams collected between second and third
contact (i.e., the period the Venusian disc was entirely within
the solar disc). Care was taken to avoid filtergrams with pixels
with spurious signal levels, a result of cosmic ray hits, on the
Venusian disc. The pixel scale was 0.504 arcsec/pixel. A sum-
mary description of this and the other HMI data employed in
this study is given in Table 1.

When generating the various data products in the HMI data
processing pipeline, filtergrams (from an interval of 1350 s for
the 720 s data products and 270 s for the 45 s data products)
are corrected for spatial distortion (Wachter et al. 2012), cosmic
ray hits, polarization crosstalk (Schou et al. 2012a) and solar
rotation, and the filtergrams of similar polarizations averaged.
These time-averaged filtergrams are then combined non-linearly
to form the various data products (Couvidat et al. 2012). For the
side CCD, these time-averaged filtergrams are outputted as the
720 s Stokes parameters product.
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Table 1. Summary description of the HMI data employed in this study and the sections in which their analysis is detailed.

Index  Description

UTC time of observation Denotation Section(s)

1 854 x 854 pixel crop, centred on the Venusian disc, of
249 continuum (—344 mA from line centre) filtergrams
recorded on the side CCD during the transit of Venus, be-
tween second and third contact.

2 The mean of 42 of the 249 images in item 1, between
which the spatial distribution of intensity on the Venusian
disc is relatively similar.

3 One of the 42 images used to produce item 2.

4 854 x 854 pixel crop, centred on the Venusian disc, of a
continuum side CCD filtergram recorded just before sec-
ond contact.

5 Continuum side CCD filtergram taken right after the
Venusian disc exited the solar disc completely.

6 45 s longitudinal magnetogram from the front CCD clos-
est in time (<1 min) to item 5.

7 A set of simultaneous 720 s Dopplergram, longitudinal

magnetogram, line depth and continuum intensity images
from the side CCD, recorded about an hour after the end
of the transit of Venus, when said CCD resumed collection
of the regular filtergram sequence.

8 A pair of filtergrams, one from each CCD, of similar band-
pass (=172 mA from line centre) and polarization (Stokes
1 — V), taken less than one minute apart of one another.

9 The continuum filtergram recorded on each CCD when-
ever the SDO spacecraft passes orbital noon and midnight.
A total of 1866 filtergrams from each CCD, from when
the HMI commenced regular operation to the time of the
study.

Between 22:30, June 5 2.1
and 04:14, June 6, 2012.

Between 02:04 and 02:46, Mean transit image 2.1,22,2.4
June 5, 2012.

02:25:37, June 6, 2012. Test transit image 23,24
22:25:33, June 5, 2012. Ingress image 24

04:35:59, June 6, 2012. Test continuum filtergram 3.1,4.1

04:35:22, June 6, 2012. 3.1,4.1
05:35:32, June 6, 2012. 3.2,4.1
Around 05:36, June 6, 4.2
2012.

Around 06:00 and 18:00 4.2

daily, between May 1,
2010 and June 30, 2013.

As a consequence of the correction for spatial distortion, the
apparent PSF is different in the unprocessed and time-averaged
filtergrams. The non-linearity of the algorithms used to derive
the data products means they cannot be corrected for stray light
by the deconvolution with the PSF. Instead, their restoration
must go via restoring the unprocessed or time-averaged filter-
grams.

The 249 continuum filtergrams considered (and all the other
filtergram data utilised in the rest of the study) were corrected
for spatial distortion. The retrieved PSF therefore represents
stray light in undistorted HMI observations. This allows the gen-
eration of stray light-free data products through the deconvo-
lution of the PSF from the time-averaged filtergrams. For the
line-of-sight data products, this means correcting just the time-
averaged Stokes / + V and I — V at each line position, a total
of 2 X 6 = 12 images in each instance, instead of all the unpro-
cessed filtergrams, which numbers 360 and 72 for the 720 s and
45 s data products respectively.

In this study we assumed Venus to be a perfect sphere
(Archinal et al. 2011). Radial distance and azimuth are denoted
r and ¢, respectively. Azimuth is taken anti-clockwise from the
CCD column axis such that zero is up.

The spatial distribution of intensity on the Venusian disc,
predominantly instrumental scattered light (aperture diffraction
and stray light), varied significantly over the course of the transit
(Fig. 1). The figure gives the intensity on the Venusian disc in
the 249 continuum filtergrams,

— as a function of radial distance from the centre of the
Venusian disc, averaged over all azimuths and normalized
to the level at the point of inflexion (/,, top panel), and

— as a function of azimuth along the edge of the Venusian disc
as given by the point of inflexion on /;, normalized to the
mean level (I, bottom panel).

Also plotted are the mean /. and f¢ of all the filtergrams, <f,> and
<f¢> (red curves). The radius of the Venusian disc as given by the

point of inflexion on I.1s, to 0.1 arcsec, constant at 29.5 arcsec.
The fluctuation in the intensity on the Venusian disc over the
course of the transit arises from changes in the solar background
from granulation, p-mode oscillations and limb darkening, as
well as the variation of the PSF with position in the FOV.

To quantify the variation in the spatial distribution of inten-
sity on the Venusian disc over the course of the transit, and the
influence of the changing solar background and the variation of
the PSF with position in the FOV, we computed, for each of the
249 continuum filtergrams, the following two quantities.

— The integral under /, from the centre of the Venusian disc to
the point of inflexion, [ [,dr. The broader the PSF at a given
position in the FOV, the brighter the Venusian disc is relative
to the level at its edge, and the greater this integral.

— The root-mean-square or rms difference between I; and

<f¢>, ms; 7.y The closer the agreement in the trend with

azimuth between f¢ and <f¢>, the smaller this quantity.
ms;, () reflects changes in the isotropy of the PSF (such

as, from astigmatism and coma aberrations) and variation in
the spatial distribution of intensity of the solar background.

f I,dr and ms; ¢,y are plotted along the trajectory of the

Venusian disc, given in terms of the cosine of the heliocentric
angle, u = cos 8 of the disc centre, as a function of time in Fig. 2.
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Fig. 1. Intensity on the Venusian disc in the 249 continuum filtergrams
from the transit of Venus. 7op: intensity as a function of distance from
the centre of the Venusian disc, averaged over all azimuths and nor-
malized to the level at the point of inflexion (dashed line), I.. Bottom:
intensity versus azimuth along the edge of the Venusian disc as given
by the point of inflexion on I, normalized to the mean level, I},. The red
curves follow the mean 1, and I; of all the filtergrams, while the blue
line represents IA(,) =1.

f I,dr changed slowly but notably over the course of the
transit and the variation appears to be uncorrelated to distance
from solar disc centre (and therefore, limb darkening). This sug-
gests that the width of the PSF varies significantly along the path
of Venus in the FOV. ms; ;) showed a marked point-to-point
fluctuation but is otherwise relatively low (<0.1) and exhibits
no obvious trend with time. This indicates that the azimuth de-
pendence of f¢ and <f¢> is mainly driven by a persistent PSF
anisotropy along the path of Venus in the FOV rather than limb
darkening (see also Sect. 2.2). The marked point-to-point fluctu-
ation is likely from granulation and p-mode oscillations. This is
supported by the comparatively smooth time variation of f Idr,
which is less sensitive to these small-scale intensity fluctuations
in the solar background due to the averaging over all azimuths.

From the trend of [ I,dr and rms;,_z,y With time, we sur-
mise that the width of the PSF varies significantly along the path
of Venus in the FOV and while the anisotropy of the PSF is rel-
atively stable, it is obscured by granulation and p-mode oscilla-
tions in individual filtergrams. Based on these considerations, we
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Fig. 2. Integral under f,, f I.dr (top), rms difference between f¢ and

<IA¢>, ms;,_j,y (middle), and position of the centre of the Venusian disc
in terms of the cosine of the heliocentric angle, u = cos 8 (bottom) as a
function of time from 22:00:00 UTC, June 5, 2012. The red circles high-
light the values for the filtergrams used to derive the PSF. The dashed
lines mark the approximate time of the second and third contacts; the
period between which the Venusian disc was entirely within the solar
disc from SDO’s position.

retained just the 42 filtergrams highlighted in Fig. 2 (red circles),
taken over a 40 min period where f I.dris relatively stable, for
the derivation of the PSF. The selected filtergrams were aligned
by the Venusian disc and the average, hereafter referred to as the
mean transit image, taken. The objective is to derive an image of
Venus in transit where the influence of granulation and p-mode
oscillations is minimal by averaging filtergrams where the PSF
at Venus’ position in the FOV is fairly similar.

The 249 continuum filtergrams examined alternated between
four polarizations (Stokes I + Q, I — Q, I + U and I — U). We
found no systematic differences in the spatial distribution of in-
tensity on the Venusian disc between filtergrams of different po-
larizations and so made no distinction between them here. We
repeated the analysis described in this subsection on the filter-
grams recorded at the six regular wavelength positions, on the
front CCD during the transit of Venus. There are systematic dif-
ferences (in f I.dr and rms;¢_<;¢>) between different positions,
even between positions at similar distance from but opposite
sides of the line centre. This suggests spectral line changes from
effects unrelated to the stray light behaviour of the instrument
may exert an influence on intensity measured on the Venusian
disc. Specifically, Doppler shifts from the motion of the space-
craft (SDO is in a geosynchronous orbit) and the rotation of the
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Sun. For this reason we restricted ourselves to the continuum
filtergrams from the side CCD.

2.2. PSF derivation method

A bivariate polynomial function was fitted to the mean transit
image. We excluded the circular area of 50 arcsec radii centred
on the Venusian disc (about three times the area of the Venusian
disc) from the regression. The extrapolation of the surface fit
over this excluded area represents an estimate of the intensity if
Venus had been absent. We filled a circular area in the surface fit,
corresponding to the Venusian disc, with zeroes. We will refer to
the result, essentially a model of the mean transit image in the
absence of an atmosphere in Venus, aperture diffraction and stray
light, as the artificial image.

The PSF was determined by minimizing the chi-square be-
tween the convolution of the artificial image with a guess PSF
and the mean transit image, in the circular area of 50 arcsec
radii centred on the Venusian disc. For this we employed the
implementation of the Levenberg-Marquardt algorithm (LMA)
included in the IDL Astronomy User’s Library, mpfit2dfun.pro.

Intensity in the circular area was sampled at equal inter-
vals in the radial (0.504 arcsec, the pixel scale) and azimuthal
(1/360 radians) dimensions. This is to give intensity measured
at each radius from the centre of the Venusian disc more equal
weight in the LMA optimization. The result is a closer agree-
ment between the convolution of the artificial image with the
guess PSF and the mean transit image on convergence than
achieved by comparing the circular area in the artificial and mean
transit images directly.

We scaled the artificial image by a factor prior to convolution
with the guess PSF. We allowed this factor and the radius of the
disc of zeroes in the artificial image to be free parameters in the
LMA optimization, taking an initial value of unity (i.e., no scal-
ing) and 29.5 arcsec (the position of the point of inflexion on /,.).
This is to minimize error from any misestimation of the surface
fit to the mean transit image and the radius of the Venusian disc*.

Following the example of previous studies (Martinez Pillet
1992; Mathew et al. 2007, 2009), we attempted to model the
guess PSF as the linear sum of various combinations of Gaussian
and Lorentzian functions. Except here we allowed the amplitude
of each Gaussian and Lorentzian component to vary sinusoidally
with azimuth to accommodate PSF anisotropy. We also tried to
set the ideal diffraction-limited PSF as one of the components.
The guess PSF we found to reproduce the measured intensity in
the artificial image best, denoted K, is given by

2 1 r?

K(r.¢) Z] [1+ Aicos(uigp + v)] wy [ I exp( 20?)] (1)
That is, the linear combination of five Gaussian functions, with
weight w; and standard deviation o, the amplitudes of which
vary sinusoidally with azimuth, with amplitude A;, period of
2nu; radians (where u; € Z) and phase v;.

Modelling the guess PSF as the linear combination of four
Gaussian or three Gaussian and a Lorentzian, as done in the cited
works, still reproduces measured intensity in the artificial im-
age reasonably well. The retrieved PSFs are however, negative
at parts (i.e., unphysical) from the LMA converging to solutions
where |A;] > 1. And introducing additional sinusoidal terms to

4 The point of inflexion on 1, is not an accurate indication of the posi-
tion of the edge of the Venusian disc due to the influence of the Venusian
atmosphere.

the azimuth dependence of each Gaussian and Lorentzian func-
tion did not alleviate this problem. The linear combination of
five Gaussians appeared necessary to reach a physical solution
while reproducing the measured intensity in the artificial image
in both the radial and azimuthal dimensions.

The guess PSF was applied to the artificial image by eval-
uating K (Eq. (1)) at pixel scale intervals (0.504 arcsec) on
a 251 x 251 grid, the centre element representing the origin
(r = 0), and taking the convolution of the artificial image with
the result. On convergence, the value at each grid element rep-
resents the integral of the PSF over the element. The retrieved
PSF therefore describes the pixel integrated PSF. This was done,
instead of filling the grid with the pixel integrated value of K, for
a practical reason. When correcting HMI observations for stray
light via deconvolution with the PSF, it is the pixel integrated
PSF that is required.

Care was taken to repeat the LMA optimization, varying the
initial value of the free parameters, to reduce the likelihood that
the solution lies in a local chi-square minimum. To accommo-
date the requirement that u; € Z, we executed the LMA opti-
mization with no constraint on the value of u;, rounded the re-
trieved u; to the nearest integer and repeated the process with
these parameters fixed.

The PSF derivation method described here implicitly as-
sumes there is no interaction between solar radiation and the
Venusian atmosphere. We will qualify this statement, and de-
tail the adjustments made to the artificial image and the mean
transit image to account for the influence of the Venusian atmo-
sphere on the retrieved PSF in Sect. 2.4. The method also ignores
motion blurring from the lateral movement of the Venusian disc
relative to the solar disc. The displacement of the Venusian disc
within the exposure time of the instrument is, on average, about
0.015 pixels and can therefore be neglected without significant
loss of accuracy.

In the following, we denote the PSF retrieved as described
above, a preliminary estimate of the stray light behaviour of the
instrument, by K. The retrieved value of the parameters of K
are listed in Table 2. The best fit value of the scale factor ap-
plied to the artificial image is 1.0029, and the radius of the disc
of zeroes, 29.29 arcsec. Though only a slight departure from the
initial values (unity and 29.5 arcsec), this correction to the am-
plitude of the artificial image and the size of the disc of zeroes
effected a marked improvement in the chi-square statistic.

In Fig. 3 we plot the intensity along different radii from the
centre of the Venusian disc; from the mean transit image (black
curves) and reproduced in the artificial image by the convolution
with K, (red curves). Also plotted is the intensity reproduced
in the artificial image by fixing the A; at zero (blue curves). In
this instance, the variation with azimuth arises solely from limb
darkening, which enters the process through the surface fit to
the mean transit image. Evidently, limb darkening alone cannot
account for all the observed variation with azimuth, confirming
that the PSF of the instrument is significantly anisotropic. By
allowing the amplitude of each Gaussian component in the guess
PSF to vary sinusoidally with azimuth, we are able to reproduce
most of the observed intensity azimuth dependence. The close
overall agreement between observed and reproduced intensities
in the radial dimension is illustrated in Fig. 4.

Here we choose to describe the PSF as the linear combi-
nation of five Gaussian functions over more physically realis-
tic models, such as the convolution of the diffraction-limited
PSF with a Voigt function (Wedemeyer-Bohm 2008). Apart from
yielding a closer agreement between the PSF-blurred artificial
image and the mean transit image, this functional form is more
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Table 2. Parameter values (and associated formal regression error) of the guess PSF retrieved neglecting (K;) and accounting for the influence of

the Venusian atmosphere (K5).

PSF  Gaussian component w; o; [Arcsec] A; u; v; [Radians]

K i=1 0.641 = 0.002 0.470 £0.001  0.131 £0.002 1 -1.85+0.02
i=2 0.211 +0.002 1.155+0.008 0.371 £0.006 1 2.62 +0.01
i=3 0.066 = 0.002 2.09 +0.02 0.54 £ 0.01 2 =234+0.01
i=4 0.0467 + 0.0005 4.42 +0.02 0.781 £0.006 1 1.255+0.004
i=5 0.035 £ 0.004 25.77+0.04 0.115+0.001 1 2.58 +£0.01

K i=1 0.747 + 0.001 0.417 0.164 £ 0.002 1 -2.22 +0.01
i=2 0.126 + 0.003 1.45+£0.01 0.48 +£0.01 1 2.36 £ 0.01
i=3 0.049 + 0.003 2.10 £ 0.02 0.74 £ 0.04 2 =236+0.01
i=4 0.0428 + 0.0004 4.66 + 0.02 0.776 £0.007 1  1.194 = 0.006
i=5 0.035 = 0.004 26.16 £0.05  0.122+0.002 1 2.63 £ 0.01

Notes. The PSFs are given by the linear combination of five Gaussian functions (Eq. (1)), denoted by i, with weight w; and listed in ascending
order by the standard deviation, o-;. The amplitude of each Gaussian component modulates sinusoidally with azimuth, with amplitude A;, period
of 2mru; radians (where u; € Z) and phase v;. There are no associated formal regression errors for u;, and in the case of K, 07— as the value of these

parameters were fixed in the LMA optimization (see text).
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Fig.3. Intensity on the Venusian disc at distances of 6, 12, 18, and
24 arcsec from the centre, and along its limb (taking the radius of
the Venusian disc retrieved along with K; by the LMA optimization,
29.29 arcsec), as a function of azimuth. The black curves follow the
values from the mean transit image and the red curves the values re-
produced in the artificial image by the convolution with K;. The blue
curves represent the intensity obtained in the artificial image by fix-
ing A; at zero. The intensity fluctuations along the Venusian limb arises
from aliasing artefacts.

amenable to incorporating the complex azimuthal dependence.
The retrieved parameter values of K; (Table 2) and the azimuth
dependence of measured intensity on the Venusian disc at differ-
ent radii (Fig. 3) suggest that the overall amplitude and phase of
the anisotropy of the PSF varies with radial distance.
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Fig. 4. Radial intensity as a function of distance from the centre of the
Venusian disc; from the mean transit image (black solid curve) and
the convolution of the artificial image with K; (red dotted curve). The
dashed line marks the position of the Venus limb as returned along with
K, by the LMA optimization.

The linear combination of Gaussian functions is not a phys-
ically realistic model of real PSFs for the following reasons:

— It allows solutions with Strehl ratios exceeding unity, which
is unphysical.

— The Fourier transform of the Gaussian function, and there-
fore the modulation transfer function (MTF) of such PSF
models, is non-zero above the Nyquist limit. Correcting ob-
servations for stray light by the deconvolution with such a
PSF can introduce aliasing artefacts from the enhancement
of spatial frequencies above the Nyquist limit.

We will address these two potential issues in Sects. 2.4 and 3.1,
respectively.

The approach taken here to derive the PSF is broadly
similar to that applied to images of Mercury in transit from
Hinode/SOT/BFI by Mathew et al. (2009). Specifically, by min-
imising the difference between observed intensity and that pro-
duced in a model of the aperture diffraction and stray light-free
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Fig.5. 201 x 201 pixel inset, centred on Venus, of the test transit image; before (left) and after image restoration with K, (middle), and with K,
(right). The three grey scale plots are saturated at 6 x 10* DN/s, about 120% of the mean photospheric level.

image (termed here the artificial image) by the convolution with
a guess PSF. There are two significant departures.

Firstly, in this study, the artificial image is given by the sur-
face fit to the mean transit image, with a disc of zeroes repre-
senting the Venusian disc. In the cited work, the authors filled
the mercurian disc in the recorded image with zeroes and took
the result as the artificial image. As stated earlier in this subsec-
tion, having excluded the Venusian disc and surroundings in the
regression, the surface fit to the mean transit image is, in this ex-
cluded region, an approximation of the intensity had Venus been
absent. For this we consider the approach taken here to yield a
more realistic model of the instrumental scattered light-free im-
age.

Secondly, as mentioned in the introduction, while the earlier
effort assumed an isotropic form to the PSF, here we allowed the
PSF to vary with azimuth. We were motivated by the observa-
tion that the stray light behaviour of the instrument is evidently
anisotropic (Sect. 2.1 and Fig. 3).

2.3. Image restoration method

To correct HMI observations for aperture diffraction and stray
light, we utilised the implementation of the Richardson-Lucy al-
gorithm, RLA (Richardson 1972; Lucy 1974), included in the
IDL Astronomy User’s Library, max_likelihood.pro.

The RLA is an iterative method for restoring an image
blurred by a known PSF, in our study, the guess PSE, K. Let f
denote the estimate of the restored image from the &-th iteration,
Jr+11s given by

fev1 = fio (i * K) %K), (2)

where the o, * and * symbols represent the pixel-by-pixel prod-
uct, convolution and correlation, respectively. The method has
been shown, empirically, for data obeying Poisson statistics, to
converge towards the maximum likelihood solution (Shepp &
Vardi 1982). Following Mathew et al. (2009), we employed a
threshold for the chi-square between the original image and f;*K
as the stopping rule. Here we set the threshold at 99.99% confi-
dence level.

In Figs. 5 and 6a we show the result of restoring one of the
42 continuum filtergrams averaged to yield the mean transit im-
age (recorded at 02:25:37 UTC, June 6, 2012), hereafter referred
to as the test transit image, with K;. The image restoration sharp-
ened the test transit image considerably and removed most of the
signal on the Venusian disc. The restoration however, also left a

ringing artefact around the Venusian disc; manifest as the bright
halo in the grey scale plot (middle panel, Fig. 5) and the peak in
the radial intensity profile (black solid curve, Fig. 6a). Restoring
other observations taken nearby in time (within a few hours of
the test transit image), we found similar artefacts in the boundary
of active region faculae, and sunspot penumbra and umbra.

Mathew et al. (2009) in the similar study with images of
Mercury in transit from Hinode/SOT/BFI noted similar ringing
artefacts around the mercurian disc upon image restoration with
the RLA. The authors attributed it to Gibb’s phenomenon, ring-
ing artefacts in the Fourier series representation of discontinuous
signals. In the PSF derivation and image restoration process de-
scribed here, discrete Fourier transforms, DFTs were executed
in convolution and correlation computations. We found that re-
peating the derivation of K; and the restoration of the test transit
image without performing any DFTs in the convolution and cor-
relation computations had negligible effect on the ringing arte-
fact, ruling out Gibb’s phenomenon as the main cause in this
instance. In the following subsection we will demonstrate the
ringing artefact found here to arise from us not taking the inter-
action between solar radiation and the Venusian atmosphere into
account in deriving K.

Figure 7 is a colour scale plot of the Venusian disc in the
restored test transit image (left panel). The plot is saturated at
about 2% of the mean photospheric level to reveal the spatial
distribution of residual intensity (instrumental scattered light not
removed by the image restoration) on the Venusian disc. Also
shown is the result of restoring the test transit image with K, ex-
cluding the anisotropy of the PSF by setting A; at zero (right
panel). There is a gross, broadly east-west graduation of the
residual intensity in the latter, not apparent in the former, where
the residual intensity level is significantly more uniform across
the Venusian disc. This demonstrates the necessity to constrain
the anisotropy of the PSF to properly correct HMI observations
for instrumental scattered light.

2.4. Interaction between solar radiation and the Venusian
atmosphere

As stated in Sect. 2.2, the PSF derivation method described so
far builds on the assumption that there is no interaction between
solar radiation and the Venusian atmosphere.

In representing the Venusian disc as a disc of zeroes in the ar-
tificial image, we have presumed that the body would, in the ab-
sence of aperture diffraction and stray light, be completely dark
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Fig. 6. Top: radial intensity in the test transit image, corrected for limb darkening, as a function of distance from the centre of the Venusian disc
before (black dotted curves) and after image restoration with the various PSF estimates. a) With K, (black solid curve). b) With the PSFs obtained
by blurring the edge of the disc of zeroes in the artificial image with kernels representing Gaussian functions with standard deviations of 0.2, 0.3
and 0.4 arcsec (blue dotted, dashed and solid curves). ¢) With the PSF retrieved by subtracting the estimated aureole intensity from the mean transit
image (green solid curve). d) With K, (red solid curve). Middle and bottom: blow-up insets of the boxed areas. The radius of the Venusian disc,
a free parameter in the LMA optimization, is in all instances about 29.3 arcsec and not marked to avoid cluttering. The horizontal dashed lines
follow unit intensity. The test transit image was corrected for limb darkening by normalizing it by the surface fit, computed as done for the mean

transit image in Sect. 2.2.
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Fig.7. 201 x 201 pixel inset, centred on Venus, of the test transit image
after image restoration with K (left) and the same, except with A; set to
zero (right).

and exhibit a discrete edge. Diffusion and scattering of solar radi-
ation in the Venusian atmosphere can, however, render the edge
of the Venusian disc diffused.

The PSF is retrieved from matching the mean transit image
to the convolution of the artificial image and the guess PSF. This
is valid if all measured intensity came directly from the Sun.
This is, however, not the case; there is a bright halo around the
Venusian disc when it is in transit (termed the aureole) from
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the refraction of solar radiation by the upper layers of the at-
mosphere towards the observer.

2.4.1. Diffusion and scattering of solar radiation
in the Venusian atmosphere

To elucidate the influence of diffusion and scattering of solar ra-
diation in the Venusian atmosphere on the retrieved PSF we re-
peated the derivation, approximating the action of diffusion and
scattering by blurring the edge of the disc of zeroes in the ar-
tificial image prior to the convolution with the guess PSF. We
generated a copy of the artificial image that is unity everywhere
outside the Venusian disc and zero inside, convolved it with a
Gaussian kernel, and scaled the original artificial image by the
result. This procedure introduces Gaussian blur that is confined
to near the edge of the disc of zeroes. We repeated the derivation
of the PSF with different degrees of Gaussian blurring.

In Fig. 8 (top panel) we display the PSFs retrieved after
blurring the edge of the disc of zeroes with kernels represent-
ing Gaussian functions with standard deviations of 0.2, 0.3 and
0.4 arcsec (blue dotted, dashed and solid curves) along K; (black
dashed curve). In Fig. 6b we have the radial intensity profile of
the test transit image before and after image restoration with
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Fig.8. Comparison between K; (black dashed curves), the ideal
diffraction-limited PSF (black solid curves) and the other retrieved
PSFs. The blue curves (fop) represent the PSFs retrieved after blurring
the edge of the disc of zeroes in the artificial image by kernels rep-
resenting Gaussian functions with standard deviations of 0.2 (dotted),
0.3 (dashed) and 0.4 arcsec (solid). The green curve (middle) corre-
sponds to the PSF found by subtracting the estimated aureole intensity
from the mean transit image. The red curve (bottom) corresponds to K.
For illustration purposes, we set the value of A; at zero (i.e., ignoring the
azimuthal dependence) and normalized each PSF to the level at r = 0.
As the retrieved PSFs represent estimates of the pixel integrated true
PSF, the ideal diffraction-limited PSF was smoothed with a box func-
tion of pixel scale width to allow a direct comparison.

these PSFs. The stronger the blurring, the narrower the core
of the PSF and the weaker the ringing artefact. The narrowest
Gaussian kernel (0.2 arcsec) returned a PSF that is still very
similar to K; while the broadest (0.4 arcsec) yielded a PSF that
is unphysical, significantly narrower at the core than the ideal
diffraction-limited PSF. As the Gaussian blurring is confined to
near the edge of the disc of zeroes, the retrieved PSFs do not
differ significantly from K; beyond a few arcseconds from the
centre of the PSF.

2.4.2. Refraction of solar radiation in the Venusian
atmosphere

We estimated the contribution by the aureole to apparent inten-
sity in the mean transit image. For this purpose we examined the

Fig. 9. 151151 pixel inset, centred on Venus, of the ingress image. The
edge of the Venusian disc (as given by the point of inflexion on /,) and
of the solar disc are indicated by the red and green contours respectively.
They do not coincide with the apparent boundaries due to the low grey
scale saturation level. The grey scale is saturated at 3000 DN/s (~5%
of the mean photospheric level at disc centre) to allow the aureole, the
bright arc on the part of the Venusian disc outside the solar disc, which
is much dimmer than the solar disc, to be visible. The blue lines mark
the minor sector within which the intensity of the aureole is relatively
stable with azimuth. The bright feature on the northwest quadrant of the
Venusian disc is an artefact of cosmic ray hits on the CCD.

854 x 854 pixel crop, centred on the Venusian disc, of a con-
tinuum filtergram taken shortly (~10 s) before the Venusian disc
moved completely into the solar disc (recorded at 22:25:33 UTC,
June 5, 2012), hereafter referred to as the ingress image. The
ingress image is expressed as a grey scale plot in Fig. 9.

The aureole is only directly observable at ingress and egress
(i.e., when the Venusian disc is only partially within the solar
disc), in the part of the Venusian disc outside the solar disc.
This is because the aureole is much dimmer than the photosphere
and therefore difficult to distinguish from direct solar radiation.
Generally, the intensity of the aureole increases with the propor-
tion of the Venusian disc sitting inside the solar disc (Tanga et al.
2012). Therefore, observations taken right before second contact
(such as the ingress image) or right after third contact give the
closest direct indication of the intensity of the aureole when the
Venusian disc is entirely within the solar disc. The intensity of
the aureole also varies with azimuth. This is, at least in part, be-
cause it is modulated by the spatial distribution of photospheric
intensity (Tanga et al. 2012) and variation in the physical struc-
ture of the Venusian atmosphere with latitude (Pasachoff et al.
2011).

Here we looked at the intensity of the aureole in the ingress
image over the minor sector marked in Fig. 9 (blue lines), where
it is relatively stable with azimuth.

The radial intensity profile over the minor sector marked in
Fig. 9 is plotted in Fig. 10 (circles, top panel). The peak near the
edge of the Venusian disc (dashed line) corresponds to the aure-
ole while the slowly varying background is largely instrumental
scattered light from the solar disc. We subtracted the polynomial
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Fig. 10. Intensity in the ingress image, averaged over the minor sec-
tor marked in Fig. 9, as a function of distance from the centre of the
Venusian disc (circles); before (fop panel) and after (bottom panel)
subtracting the polynomial fit to the slowly varying background (red
curve). The blue curve corresponds to the sum-of-two-Gaussians fit to
the background-subtracted series, while the green curve is the same af-
ter scaling by the quotient of the total photospheric intensity behind the
Venusian disc in the mean transit image and in the ingress image. The
black dashed and dotted lines denote the position of the Venus limb
(as given by the point of inflexion on 1) and the zero intensity level,
respectively.

fit to the background (red curve) from the radial intensity pro-
file. To the background-subtracted radial intensity profile (cir-
cles, bottom panel) we fit the linear combination of two Gaussian
functions (blue curve). We then scaled this fit by the quotient of
the integrated photospheric intensity behind the Venusian disc
in the mean transit image and in the ingress image’. The result
(green curve) represents an estimate of the radial intensity profile
of the aureole in the mean transit image.

In Fig. 8 (middle panel) we compare the PSF retrieved after
first subtracting the estimated radial intensity profile of the au-
reole from the mean transit image (green curve) with K; (black
dashed curve). In Fig. 6¢c we have the radial intensity profile in
the test transit image, before and after image restoration with
this PSF. The effect of removing the contribution by the aure-
ole to observed intensity on the retrieved PSF and the ringing

5> The intensity of the photosphere behind the Venusian disc in the
mean transit image is given by the surface fit described in Sect. 2.2. For
the ingress image, we binned the image pixels on the solar disc by , ex-
cluding the Venusian disc and surroundings, and took the bin-averaged
intensity. The intensity behind the Venusian disc was then estimated
from the polynomial fit to these bin-averaged intensities given the u of
each image pixel within the Venusian disc.
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artefact in the restored test transit image is similar as that from
introducing Gaussian blur to the edge of the disc of zeroes in the
artificial image. The retrieved PSF is slightly narrower than K;
at the core. The ringing artefact in the restored test transit image
is slightly weaker. As the aureole is concentrated near the edge
of the Venusian disc, removing it from the mean transit image
made little difference to the retrieved PSF beyond a few arcsec-
onds from the core.

In removing the contribution of the aureole from the mean
transit image as described above, we have made two simplifying
assumptions:

— One, that the intensity of the aureole is directly proportional
to the integrated photospheric intensity behind the Venusian
disc.

— Two, that the intensity of the aureole does not change with
azimuth.

Tanga et al. (2012) recently published a model of aureole in-
tensity, relating it to the spatial distribution of photospheric in-
tensity and physical structure of the Venusian atmosphere. This
is, to our knowledge, the only model of its kind reported in
the literature. Given the fact that the aureole is blurred by in-
strumental scattered light, the uncertainties over the structure of
the Venusian atmosphere, and in the interest of simplicity, we
favoured the rather approximate approach taken here over a more
rigorous computation based on the model of Tanga et al. (2012).
The estimated peak intensity of the aureole in the mean transit
image is about 1500 DN/s (blue curve, Fig. 10), much smaller
than the photospheric level (~5 x 10* DN/s, Fig. 4). Taking into
account this as well as the relatively minor effect of subtracting
the radial intensity profile of the aureole from the mean transit
image on the retrieved PSF, we surmise that the uncertainty in-
troduced by the two assumptions listed is likely minimal.

By repeating the derivation of the PSF and restoration of the
test transit image, first blurring the edge of the disc of zeroes in
the artificial image or subtracting the estimated contribution by
the aureole to the mean transit image, we have demonstrated that
the interaction between solar radiation and the Venusian atmo-
sphere has a palpable impact on the width of the core of the re-
trieved PSF. Both adjustments yielded PSFs that were narrower
at the core compared to K; (Fig. 8). And the narrower the core of
the PSF, the weaker the ringing artefact in the restored test tran-
sit image (Fig. 6). The width of the core of K, derived with no
consideration of the Venusian atmosphere, is over-estimated and
the over-sharpening this produces when used to restore HMI data
shows up as ringing artefacts near where the signal is changing
rapidly.

2.4.3. Final estimate of the PSF

We arrived at our final estimate of the PSF by making the follow-
ing changes to the derivation procedure described in Sect. 2.2.

— Firstly, we subtracted the estimate of the radial intensity pro-
file of the aureole from the mean transit image.

— Secondly, we blurred the edge of the disc of zeroes in the
artificial image with a Gaussian kernel, the width of which
we allowed to be a free parameter in the LMA optimization.

— Lastly, we fixed the width of the narrowest Gaussian compo-
nent in the guess PSF such that the full width at half max-
imum, FWHM of the component is similar to that of the
pixel-integrated ideal diffraction-limited PSF. The pixel in-
tegration was achieved by smoothing the ideal diffraction-
limited PSF with a box filter of HMI pixel scale width.
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Fig.11. As in Fig. 8 (bottom panel), but with the PSF on a logarithmic
scale and over an extended radial range.

The parameters of the PSF so derived, hereafter referred to as K5,
are summarized in Table 2. The adjustments to the PSF deriva-
tion procedure yielded a PSF that is significantly narrower at the
core compared to K, though not more than the ideal diffraction-
limited PSF (bottom panel, Fig. 8). The agreement between the
aureole-subtracted mean transit image, and the convolution of
the Gaussian-blurred artificial image with K is similar as in the
K instance, illustrated in Figs. 3 and 4, and therefore not plotted
here.

The best fit value of the scale factor applied to the artificial
image is 1.0028 and the radius of the disc of zeroes 29.33 arc-
sec. The retrieved standard deviation of the Gaussian kernel is
0.26 arcsec. The scale height of the Venusian atmosphere, at
15.9 km or approximately 0.08 arcsec, is of similar order. The
degree of Gaussian blurring introduced is, as far as one can infer
from such a comparison, physically plausible.

The intention here is to recover a conservative estimate of the
PSF, making use of the fact that the PSF of the instrument can-
not be narrower at the core than the ideal diffraction-limited PSF.
Also, it was necessary to fix the width of the narrowest Gaussian
component as allowing both this and the standard deviation of
the Gaussian kernel to be free parameters leads to a degener-
acy of the LMA optimization®. Though a conservative estimate,
restoring the test transit image with K, still removed most of
the intensity on the Venusian disc while largely suppressing the
ringing artefacts (Figs. 5 and 6d).

As stated in Sect. 2.2, a potential hazard of modelling the
PSF as the linear combination of Gaussian functions is that it
allows solutions with Strehl ratios greater than unity. This func-
tional form is only appropriate when the weight and width of
the broader Gaussian components, representing the non-ideal
contribution to the PSF (instrumental effects other than aperture
diffraction) are sufficiently high to avoid this (Wedemeyer-Bohm
2008). As evident in Fig. 11, this is indeed the case here for both
K (dashed curve) and K, (red curve). The greater integral un-
der both PSFs compared to the pixel-integrated ideal diffraction-
limited PSF, all normalized to the level at » = 0, indicates Strehl
ratios of less than unity. (We cannot compute the Strehl ratio of
K and K, directly as they describe the pixel-integrated PSF.)

6 Specifically, the LMA converged to different solutions for the PSF,
some of which are narrower at the core than the ideal diffraction-limited
PSF, depending on the initial value of the free parameters.

2.5. Partial lunar eclipse and solar limb observations

As stated in the introduction, we consider the observations of
Venus in transit the most appropriate available for recovering
the PSF of the HMI, preferring them over data from partial lunar
eclipses and of the solar limb.

It is challenging to constrain the PSF in both the radial and
azimuthal dimensions with data from partial lunar eclipses due
to the combination of the geometry, as well as jitter and defocus
issues brought on by the lunar occultation itself.

— The radius of curvature of the terminator, the edge of the lu-
nar disc, is much greater than the width of the PSF. So at any
given point along the terminator, the spatial distribution of
signal smeared onto the lunar disc largely reflects the PSF in
the direction of the centre of curvature. Therefore, a given
partial lunar eclipse image only contains information about
the PSF within a limited range of azimuths. Circumventing
this limitation by looking at multiple images with the termi-
nator at different orientations is not straightforward due to
the variation of the PSF with position in the FOV.

— The terminator is uneven from lunar terrain. This makes it
complicated to model the aperture diffraction and stray light-
free image as we did here for the mean transit image with the
artificial image (Sect. 2.2). A possible solution is to reduce
the problem from 2D to 1D by looking at the radial intensity
profile over segments of the terminator relatively free of lu-
nar terrain features. This is, however, only appropriate when
the terminator is near solar disc centre, where we can take
the solar background to be uniform.

— The image stabilization system, ISS of the instrument was
not always functional during the partial lunar eclipses due to
the lunar disc blocking the diodes necessary for its operation,
increasing the jitter.

— Having the lunar disc occult a significant proportion of the
solar disc, and therefore greatly reducing the amount of im-
pinging radiation, causes the front window of the instrument
to cool, resulting in defocus (Schou et al. 2012b).

— There are observations made when the lunar disc was
just starting to cover the solar disc and not blocking the
ISS diodes. These data do not suffer jitter and defocus prob-
lems, but we cannot resolve the lunar terrain issue by re-
ducing the problem from 2D to 1D as described above, as
the variation in the solar background from limb darkening is
significant here.

Our approach in this study is to constraint the PSF by the spatial
distribution of intensity about a closed bright and dark bound-
ary as this allows us to recover the full azimuthal dependence
(i.e., all directions). For this we can either employ observations
of Venus in transit or of the solar limb. The PSF of HMI likely
varies with position in the FOV, as shown for the part of the FOV
transversed by Venus in Sect. 2.1. The longer the boundary used
to constrain the PSF, the greater the contribution by the variation
of the PSF with position in the FOV to observed intensity fluctu-
ation along and near the boundary, which introduces bias to the
retrieved PSF. The Venusian disc occupies only about 0.06% of
the FOV by area, and the solar disc, over 60%. The variation of
the PSF over the part of the FOV occupied by the Venusian disc
is likely minimal, making these observations more suited for the
purpose.

In view of the issues associated with deducing the PSF from
partial lunar eclipse and solar limb data, we utilised the obser-
vations of Venus in transit though the interaction between solar
radiation and the Venusian atmosphere is challenging to account
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for, leaving us with only a conservative estimate of the PSF
(Sect. 2.4).

3. Application of the derived PSF to HMI
observations

3.1. Granulation contrast

Restoring HMI data with K, is not exact. This is due to the ap-
proximate account of the influence of the Venusian atmosphere
in the derivation of K, (Sect. 2.4) and from applying a single
PSF to the entire FOV (so ignoring the variation of the PSF with
position in the FOV, discussed in detail in Sect. 4.1). In this sub-
section we examine the effect of image restoration with K, on
apparent granulation contrast, represented by the rms intensity
contrast of the quiet Sun’. We compare the values deduced from
HMI continuum observations and from synthetic intensity maps
generated from a 3D MHD simulation. The purpose is to demon-
strate that image restoration with K,, with all its limitations, still
yields reasonable estimates of the aperture diffraction and stray
light-free intensity contrast.

The side CCD continued to observe in the continuum for
about an hour after the end of the transit of Venus. For this
analysis we employed a continuum filtergram from this period
(recorded at 04:35:59 UTC, June 6, 2012), hereafter referred to
as the test continuum filtergram. Of the various types of data
available from HMI, the continuum filtergram represents the
closest to a near instantaneous continuum capture (exposure time
of ~0.135 s). This implies minimal loss of apparent contrast
from averaging in time. It is worth noting however, that the con-
tinuum bandpass (—344 mA from line centre), whilst close to the
clean continuum, may be slightly affected by the far wing of the
Fe 16173 A line.

The intensity contrast of pixels corresponding to quiet Sun
in the test continuum filtergram was computed largely follow-
ing the method of Yeo et al. (2013), who examined the intensity
contrast of small-scale magnetic concentrations utilizing the 45 s
continuum intensity and line depth data products from the front
CCD. As in the cited work, the intensity contrast at a given im-
age pixel is defined here as the normalized difference to the mean
quiet-Sun intensity.

First, we identified magnetic activity present using the 45 s
longitudinal magnetogram from the front CCD closest in time
(<1min) to the test continuum filtergram?. Let (B;) /u denote the
magnetogram signal, the mean line-of-sight magnetic flux den-
sity within a given image pixel, corrected (to first order) for fore-
shortening by the quotient with . The magnetogram was resam-
pled to register with the test continuum filtergram. Image pixels
in the test continuum filtergram corresponding to points where
[(B)|/i > 10 G in the resampled magnetogram were taken to
contain significant magnetic activity and masked, leaving quiet
Sun.

The test continuum filtergram was corrected for limb dark-
ening by normalizing it by a fifth order polynomial in y fit to the
quiet Sun pixels (following Neckel & Labs 1994). Let 1/1, de-
note the limb darkening corrected intensity. Next, we derived the
mean 1/l of the quiet Sun, (I/Iy)qs as a function of position on
the solar disc. As similarly noted for the 45 s continuum and line
depth data products by Yeo et al. (2013), there are distortions

7 Intensity variation in the quiet Sun arises mainly from granulation.

8 The 720 s longitudinal magnetogram data product from the side
CCD, generated from the regular filtergram sequence, is evidently not
available when this CCD is observing in the continuum.
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Fig.12. RMS intensity contrast of the quiet Sun in the test continuum
filtergram as a function of u, before (black curve), and after image
restoration with K (blue curve) and with K, (red curve). The black cir-
cles represent the values from the synthetic intensity maps and the green
circles the same, rescaled to reflect the proportion arising from spatial
frequencies up to the cutoff spatial frequency of the restored (with K;)
test continuum filtergram (see text).

in HMI filtergrams such that (//Iy)qs is not at unity but varying
with position on the solar disc. (This is not to be confused with
the spatial distortion present in HMI data discussed in Sect. 2.1.)

We sampled the solar disc at 16pixel intervals in both the
vertical and horizontal directions. At each sampled point, we re-
trieved the median intensity of all the quiet Sun pixels inside
a 401 x 401 pixel window centred on the point. We then fit a
bivariate polynomial surface to the values so obtained from the
entire disc. This surface describes (I/lp)qs as a function of po-
sition on the solar disc. The intensity contrast at a given image

. . . Iy
pixel is then given by the value of Whes 1 there.

Finally, we derived the rms intensity contrast of the quiet
Sun as a function of u. To this end we grouped the quiet Sun
pixels by x in bins with a width of 0.01 and took the rms inten-
sity contrast within each bin. The results are expressed in Fig. 12
(black curve). Also plotted are the values from first restoring the
test continuum filtergram with K; (blue curve), and with K, (red
curve). Quiet Sun pixels near the limb (u < 0.2) were excluded.
Towards the limb, the spread in measured intensity contrast in
HMI data is dominated by scatter from the combination of the
diminishing signal-to-noise ratio and the limb darkening correc-
tion (Yeo et al. 2013).

The decline in granulation contrast with distance from disc
centre, seen here for the test continuum filtergram, is a known,
well reported phenomenon (see Sdnchez Cuberes et al. 2000,
2003, and references therein). Also within expectation, image
restoration resulted in greater rms contrasts, by a factor of about
2.6 near limb in the K instance, going up to 3.2 at disc centre,
and going from 1.9 to 2.2 for K>.

The apparent granulation contrast is not only significantly
enhanced by image restoration but also rather sensitive to dif-
ferences between K| and K. This makes the rms intensity con-
trast of the quiet Sun a suitable check of the goodness of K,
for the restoration of HMI data. We compared the values ob-
tained here with values from synthetic intensity maps, artifi-
cial images of the quiet Sun produced from a numerical simu-
lation. To this end, synthetic Stokes spectra were generated by
applying the LTE radiative transfer package SPINOR/STOPRO
(Solanki 1987; Frutiger et al. 2000), to snapshots of a 3D MHD
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simulation performed with the MURaM code (Vogler 2003;
Vogler et al. 2005), as done in, for example, Danilovic et al.
(2010, 2013).

The simulation, set up as in Danilovic et al. (2013), repre-
sents a layer encompassing the solar surface in the quiet Sun.
The mean vertical magnetic flux density is 50 G. The simula-
tion ran over about 23 min solar time after reaching a statisti-
cally steady state. Synthetic Stokes profiles were computed for
ten snapshots of the simulation output, recorded at intervals of
approximately two minutes solar time. From each snapshot we
produced nine synthetic intensity maps corresponding to u of
0.2,0.3, 0.4 and so on, up to 1.0, rotating the snapshot along one
dimension. The computational domain of the simulation spans
6 X 6 Mm in the horizontal, 1.4 Mm in depth, the top of the box
lying about 0.5 Mm above the mean optical depth unity level,
in a 288 x 288 x 100 grid. This translates into a pixel scale of
(0.0287u) arcsec and 0.0287 arcsec, in the rotated and static di-
rection, in the synthetic intensity maps.

The Stokes I and Q components of the synthetic spectra were
convolved with a Gaussian function with a FWHM of 75 mA
and sampled at —327 mA from the centre of the Fe 1 6173 A line
in order to yield synthetic intensity maps mimicking the polar-
ization (Stokes / + Q) and bandpass of the test continuum fil-
tergram. The FWHM and central wavelength of the continuum
bandpass were estimated from the main lobe of the CCD centre
filter transmission profile’.

The synthetic intensity maps were resampled in the fore-
shortened direction such that the pixel scale is similar along both
dimensions. The rms contrast of a given intensity map is given
by the rms value of <—§> — 1 over all points, (/) denoting the mean
intensity of the map. The mean rms contrasts from the synthetic
intensity maps at each y level for which we simulated data are
plotted along the measured values from the test continuum filter-
gram in Fig. 12 (black circles).

The rms intensity contrast of the quiet Sun in the test contin-
uum filtergram and the synthetic intensity maps cannot be com-
pared directly due to the gross difference in the pixel scale (0.504
versus 0.0287 arcsec). Resampling the synthetic intensity maps
to HMTI’s pixel scale is not feasible as the resampled synthetic in-
tensity maps will extend only 16 X 16 pixels in the 4 = 1.0 case,
going down to 3 X 16 pixels for 4 = 0.2. Simulations with con-
siderably larger computational domains are necessary to yield
synthetic intensity maps from which we can compute the rms
contrast at HMI’s pixel scale with statistical confidence. What
we did instead was to estimate, by comparing the power spectra
of the synthetic intensity maps and the test continuum filtergram,
the contribution to intensity variations in the synthetic intensity
maps by spatial frequencies up to the resolution limit of the test
continuum filtergram.

In Fig. 13 we plot the encircled energy of the power spec-
trum of the 361 x 361 pixel crop, centred on solar disc centre,
of the test continuum filtergram. There are no sunspots present
in this crop. We define the cutoff spatial frequency as the spatial
frequency at which the encircled energy of the power spectrum
reaches 0.99, taken here as an indication of the resolution limit.
The cutoff spatial frequency is 0.75 cycle/arcsec for the original
test continuum filtergram (black curve), and 0.79 cycle/arcsec

° The filter transmission profiles of the HMI varies slightly with posi-
tion in the CCD. The central wavelength of the main lobe, at —327 A
from line centre, differs from the bandpass position of —344 A stated
earlier. Quoted bandpass positions for HMI are theoretical figures de-
rived assuming the filter transmission profiles are delta functions.
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Fig. 13. Encircled energy of the power spectrum of the 361 x 361 pixel
inset, centred on the centre of the solar disc, of the test continuum
filtergram, before (black), and after image restoration with K; (blue)
and with K, (red). The green series gives the encircled energy of the
mean power spectrum of the synthetic intensity maps corresponding to
= 1.0. The vertical dashed line marks the cutoff spatial frequency (see
text) of the restored (with K5) test continuum filtergram and the horizon-
tal dashed line the encircled energy of the mean power spectrum of the
p = 1.0 synthetic intensity maps at this spatial frequency. The dotted
line denotes encircled energy of unity.

and 0.78 cycle/arcsec for the iterations restored with K; (blue
curve) and with K, (red curve).

As mentioned in Sect. 2.2, image restoration with a PSF that
is the linear combination of Gaussian functions can potentially
introduce aliasing artefacts from the enhancement of spatial fre-
quencies above the Nyquist limit (0.99 cycle/arcsec for HMI).
While image restoration with K; and K, enhanced image con-
trast, indicated here by the rightward displacement of the encir-
cled energy profile for the restored iterations of the test contin-
uum filtergram, it made little difference to the resolution limit
which is also significantly lower than the Nyquist limit. Even
after image restoration, almost all energy is confined to spatial
frequencies well below the Nyquist limit. Aliasing artefacts from
the restoration, if present, are likely negligible.

At each u level for which we generated synthetic intensity
maps, we computed the power spectrum of each intensity map
and then the encircled energy of the mean power spectrum.
Following that we estimated the encircled energy at the spa-
tial cutoff frequency of the restored (with K;) test continuum
filtergram, illustrated in Fig. 13 for g = 1.0. The encircled en-
ergy here gives the proportion of observed intensity variation in
the synthetic intensity maps arising from spatial frequencies up
to the spatial cutoff frequency of the test continuum filtergram.
The product of this quantity with the rms intensity contrast of
the quiet Sun from the synthetic intensity maps (green circles,
Fig. 12) then represents an approximation of the rms contrast if
the spatial resolution of the synthetic intensity maps were sim-
ilar to that of the test continuum filtergram. This treatment is
very approximate, ignoring the fact that the spatial frequency re-
sponse of the test continuum filtergram and synthetic intensity
maps, up to the cutoff, are in all likelihood not similar.

In this analysis we had,

— defined the cutoff spatial frequency as the level where the
encircled energy of the power spectrum reaches 0.99, and

— used the cutoff spatial frequency of the copy of the test con-
tinuum filtergram restored with K, to find the factors by
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which to rescale the rms intensity contrast of the synthetic
intensity maps (as the comparison between this restored ver-
sion of the test continuum filtergram and the synthetic inten-
sity maps is of greatest interest).

As stated above, the restoration of the test continuum filtergram
made little difference to the cutoff spatial frequency. Also, the
encircled energy of the power spectrum of the synthetic intensity
maps does not vary strongly with spatial frequency in the regime
of the cutoff spatial frequency of the test continuum filtergram,
as visibly evident for the u = 1.0 example in Fig. 13. Hence,
tests showed that the level of the rescaled rms contrast is not
sensitive to small variations in the threshold encircled energy
level chosen in the definition of the cutoff spatial frequency. The
result is also not changed significantly if we employ the cutoff
spatial frequency of the unrestored and restored with K versions
of the test continuum filtergram to derive the rescaling factors
instead.

The rms intensity contrast of the quiet Sun in the restored
(with K3) test continuum filtergram (red curve, Fig. 12) and in
the synthetic intensity maps, rescaled as described above (green
circles), are of gratifyingly similar magnitude, less than or close
to 0.01 apart at most u, especially near disc centre. They do,
however, differ in that the latter exhibits a steeper decline with
distance from disc centre. The diverging trend with decreasing u
is likely, at least in part, from

— the approximate way of accounting for the influence of the
Venusian atmosphere in the derivation of K, (Sect. 2.4),

— applying a single PSF to the entire FOV, so ignoring the vari-
ation of the PSF with position in the FOV (discussed in detail
in Sect. 4.1),

— the difference in the spatial frequency response of the test
continuum filtergram and the synthetic intensity maps,

— sensor noise and its centre-to-limb variation (CLV), and

— Doppler shift of the spectral line from the motion of SDO
and the rotation of the Sun, which may produce small,
p-dependent effects on apparent intensity in the continuum
bandpass through the line wing.

The observation that these two series are close, even with these
factors present, confers confidence that image restoration with
K>, though not exact, returns a reasonable approximation of the
true aperture diffraction and stray light-free intensity contrast.

A quantitative comparison of the rms intensity contrast of
the quiet Sun presented here for HMI and other measurements
reported in the literature would require taking into account in-
strumental differences such as the spatial resolution and band-
pass, which is beyond the scope of this study. Due to HMI’s lim-
ited spatial resolution, the rms contrast, even after image restora-
tion with K,, remains below the values returned from spaceborne
and balloon-borne (i.e., similarly seeing-free) observatories at
finer spatial resolutions, namely Hinode (Danilovic et al. 2008;
Mathew et al. 2009; Wedemeyer-Béhm & Rouppe van der Voort
2009) and SUNRISE (Hirzberger et al. 2010). (Note though, that
the divergence is also due in part to the different bandpass of the
various instruments.)

3.2. Effect of image restoration on the Dopplergram,
longitudinal magnetogram, continuum intensity and line
depth data products

In this subsection we discuss the effect of image restoration with
K, on the Dopplergram, longitudinal magnetogram, continuum
intensity and line depth data products. We examine the influence
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on the apparent continuum and line-core intensity, and magnetic
field strength of small-scale magnetic concentrations, as well as
sunspots and pores. We will also describe the result of image
restoration on the apparent amount of magnetic flux on the solar
surface and the line-of-sight velocity.

For this purpose we utilised a set of simultaneous (generated
from the same sequence of filtergrams) 720 s Dopplergram, lon-
gitudinal magnetogram, continuum intensity and line depth im-
ages from the side CCD, taken shortly after this CCD resumed
collection of the regular filtergram sequence, about an hour after
Venus left the solar disc (at 05:35:32 UTC, June 6, 2012). Here
we will refer to the result of subtracting the line depth image
from the continuum intensity image, giving the intensity in the
Fe 16173 A line, as the line-core intensity image.

As mentioned in Sect. 2.1, HMI data products cannot be cor-
rected for stray light by the deconvolution with the PSF but in-
stead we must correct either the Stokes parameters or the fil-
tergrams used to compute the data products. The data set was
restored for stray light by applying image restoration with K,
to the corresponding 720 s Stokes parameters, and returning the
result to the HMI data processing pipeline. A 200 x 200 pixel
inset of the original and restored version of the data set, near
disc centre (1 > 0.93), featuring active region NOAA 11494, is
shown in Fig. 14. The enhanced image contrast and visibility of
small-scale structures is clearly evident.

The 720 s Milne-Eddington inversion data product includes
the vector magnetogram. Since the inversion procedure em-
ployed to obtain this data product assumes a magnetic filling fac-
tor of unity everywhere, the process treats noise in the Stokes Q,
U and V parameters as signal, creating pixel-averaged horizontal
magnetic field strengths of ~100 G in the vector magnetogram
even in the very quiet Sun. For ease of interpretation we confined
ourselves to the longitudinal magnetogram data product here.

3.2.1. Intensity contrast and magnetogram signal
of small-scale magnetic concentrations

Both the original and restored continuum and line-core intensity
images were normalized by the fifth order polynomial in u fit
to the quiet Sun pixels. Then the intensity contrast at each im-
age pixel was computed following the procedure applied to the
test continuum filtergram in Sect. 3.1. For the line-core intensity
image, the normalization not only corrects for limb darkening,
but also the centre-to-limb weakening of the Fe I 6173A line
(Norton et al. 2006; Yeo et al. 2013).

Sunspots were identified by applying a continuum intensity
threshold representing the quiet Sun-to-penumbra boundary, de-
noted (1/1p)qs p- We took the threshold value for MDI contin-

uum intensity images, taken at 6768 A, from Ball et al. (2012),
0.89, and estimated the equivalent level at HMI’s wavelength,
6173 A. Assuming sunspots to be perfect blackbodies and an ef-
fective temperature of 5800 K for the quiet Sun, the result is a
threshold value of 0.88. This is a crude approximation, ignoring
the difference in spatial resolution and variation in the contin-
uum formation height with wavelength (Solanki & Unruh 1998;
Siitterlin et al. 1999; Norton et al. 2006). Pores were also iso-
lated by the application of this threshold. In the following we
count these features to the sunspots and do not mention them
separately.

We selected the image pixels where u > 0.94 (i.e., near
disc centre), excluding sunspots (i.e., all points with I/l <
(I/10)qs,p) and all points within three pixels of a sunspot. The se-
lected points were binned by | (Bj)|/u such that we end up with
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Fig. 14. 200 x 200 pixel (101 x 101 arcsec) inset, near disc centre (u > 0.93), encompassing active region NOAA 11494, of the simultaneously
recorded 720 s data products examined, before (fop) and after (bottom) image restoration with K,. The grey scale is saturated at —1200 and
1200 ms™! for the Dopplergrams, at —100 and 100 G for the longitudinal magnetograms, and at 0.6 and 1.2 for the continuum and line-core
intensity images. The Dopplergram was corrected for the velocity of SDO relative to the Sun and for differential rotation (Sect. 3.2.4). Both the
continuum and line-core intensity images were normalized to the mean quiet-Sun level (Sect. 3.2.1). The red and blue contours in the grey scale
plot of the uncorrected longitudinal magnetogram and continuum intensity image follow 1/ly = (I/Io)gsp, the quiet Sun to penumbra boundary.
The colour coding is to distinguish the big sunspot feature (red) from the smaller sunspots and pores (blue), treated separately in Fig. 17.

800 bins of equal population. We then took the mean | (B) |/u,
as well as the median continuum and line-core intensity con-
trast within each bin. The values for the uncorrected and re-
stored copy of the data set are represented by the black and red
curves respectively in Fig. 15. These profiles depict the intensity
contrast of small-scale magnetic concentrations as a function of
| (B1) |/, which serves as an approximate proxy of the magnetic
filling factor (Ortiz et al. 2002; Yeo et al. 2013), in the contin-
uum and core of the Fe 16173 A line. This is effectively a repeat
of part of the analysis of Yeo et al. (2013), except now on HMI
observations corrected for aperture diffraction and stray light.

Comparing the magnetogram with the continuum inten-
sity image, we found the magnetogram signal associated with
sunspots to extend beyond the continuum intensity boundary,
given by the I/1lp = (I/lp)gsp locus (for example, in Fig. 14).
This was similarly noted by Yeo et al. (2013), who attributed
it to the encroachment of the magnetic canopy of sunspots, and
the smearing of polarized signal originating from sunspots onto
its surrounds by instrumental scattered light. Hence, close to
sunspots, the magnetogram signal is not entirely from local, non-
sunspot magnetic features alone and would introduce a bias into
the intensity contrast versus | (By) |/u profiles (Fig. 15) if left un-
accounted for. In the cited work pixels contiguous to sunspots
and with | (By)|/u above a certain threshold level were masked.
Here, we excluded only all points within three pixels of each
sunspot, observing that excluding pixels further than this dis-
tance made no appreciable difference to the resulting intensity
contrast versus | (By) |/u profiles. This measure is sufficient here
as, unlike in the earlier study which examined almost all disc
positions (u > 0.1), we are only looking at image pixels near
disc centre (u > 0.94). Near disc centre, the influence of mag-
netic canopies, which are largely horizontal, on the longitudinal

magnetogram signal near sunspots is not as significant or exten-
sive as at disc positions closer to the limb.

The continuum and line-core intensity contrast versus
| (By) |/ profile of small-scale magnetic concentrations near disc
centre presented here for the uncorrected data set (black curves,
Fig. 15) is nearly identical to that by Yeo et al. (2013; Figs. 9
and 10 in their paper), who employed similar data and method
of derivation. The profiles from the restored data set (red curves)
span a wider range, by a factor of about 1.3 in the continuum and
line-core intensity contrast, and 1.7 in | {(B;) |/u, but are qualita-
tively similar in form.

Image restoration produced an absolute increase in the
continuum and line-core intensity contrast everywhere except
around the peak of the continuum contrast versus | (Bj) |/u pro-
file. The lower maximum in the profile from the restored data set,
compared to the profile from the uncorrected data set (2.6 x 10~
versus 5.7 X 1073), is likely from the enhanced contrast of dark
intergranular lanes.

In Fig. 16 we show the uncorrected and restored contin-
uum intensity and |(B;)|/u along a 21 pixel cut across exam-
ple magnetic features near disc centre (1 = 0.97). The troughs
and peaks in the intensity curve (top panel) correspond to in-
tergranular lanes and granules respectively. The magnetic fea-
tures, the peaks in the |(B;)|/u curve (bottom panel), sit inside
the intergranular lanes. The |(B;)|/u level at the core of these
magnetic features lie in the regime of the peak of the contin-
uum contrast versus | (By) |/u profile. The stray light correction
boosted the magnetogram signal at the core of these magnetic
features but also rendered them darker here, even from positive
contrast to negative, as radiation originating from nearby gran-
ulation is removed from the intergranular lanes. The spatial res-
olution of HMI is insufficient to resolve many of the magnetic
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Fig.15. Continuum (fop) and line core (bottom) intensity contrast of
small-scale magnetic concentrations, near disc centre (u > 0.94), as a
function of | (By) |/u. The black and red curves correspond to the values
from the original and restored (with K,) data sets, respectively.

elements. Consequently, measured intensities contain contribu-
tions not only from magnetic features but also from the inter-
granular lanes that host them.

The intensity contrast of small-scale magnetic concentra-
tions in both the continuum and spectral lines component of the
solar spectrum, in particular the variation with position on the
solar disc and magnetic field strength, is an important consider-
ation in understanding the contribution by these features to vari-
ation in solar irradiance (Yeo et al. 2013). To the extent tested,
image restoration with K, enhanced measured intensity contrast
and | (By) |/u significantly but made little qualitative difference
to the dependence of apparent contrast on | (B)) |/u. The analysis
here was restricted to image pixels near disc centre (1 > 0.94).
To extend the analysis to other disc positions, we would need to
examine multiple full-disc images from different times featuring
active regions at various disc positions as done by Ortiz et al.
(2002) and Yeo et al. (2013), beyond the scope of this paper.

3.2.2. Intensity and magnetogram signal of sunspots
and pores

In Fig. 17 we illustrate the change introduced by image restora-
tion with K, on |{B;)|, as well as the continuum and line-
core intensity of the sunspots and pores defined by the /1y =
(I/1p)qs p contours in Fig. 14. Signal enhancement is expressed
as a function of the original level, separately for the big sunspot
bounded by the red contours, and the smaller sunspots and pores
bounded by the blue contours. We binned the image pixels by
the uncorrected |(By)| in intervals of 100 G and plotted the
bin-averaged change in | (B)| against the bin-averaged original
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Fig. 16. Uncorrected (black circles) and restored (with K5, red cir-
cles) continuum intensity contrast (fop) and | (By)|/u (bottom) along a
21 pixel section across magnetic features near disc centre (1 = 0.97).
The plotted points represent image pixel values and are connected by
straight lines to aid the eye. The dotted lines highlight the image pixels
inside the magnetic features where the stray light correction effected a
decrease in continuum intensity contrast accompanied by an increase in
[ (By)|/u. The dashed lines follow the zero level.

[(By)| (Fig. 17a). This was repeated for the continuum and line-
core intensity (Figs. 17b and 17¢), taking a bin size of 0.05 in
both instances.

Within expectation, the influence of image restoration on
| (By) | and intensity is highly correlated to the original values of
these quantities. This comes largely from the fact that the darker
regions, where | (B)) | is also typically higher, are more affected
by stray light as scattered radiation forms a greater proportion of
measured intensity, and therefore respond more strongly to im-
age restoration. Also within expectation, the effect of restoration
is more pronounced (greater absolute change) for smaller fea-
tures, which are more susceptible to instrumental scattered light.
An exception is the peak in the line-core intensity profile for
the big sunspot feature (red curve, Fig. 17c), which arose from
the enhanced brightness of the bright filaments in the penumbra
from the restoration, visible in Fig. 14.

Given the variation in the response of sunspots to image
restoration, it could have a profound effect on the apparent radi-
ant and magnetic properties of these features. A full account of
the effect of image restoration on sunspots, including the varia-
tion with size and disc position, would require examining a much
larger sample of sunspots from multiple images taken at differ-
ent times, which is outside the scope of this work (see Mathew
et al. 2007 for such a study, based on MDI data).
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Fig.17. Change in |(B))| (left), as well as in the continuum (middle) and line-core intensity (right) introduced by image restoration with K, as a
function of the original value. Both the continuum and line core intensities are normalized to the quiet-Sun level. The red and blue series follow
the values derived from the sunspot and pore features encircled by the similarly colour-coded contours in Fig. 14. The black and green curves (leff)
correspond to the change in | (B} | in the quiet Sun field depicted in Fig. 19, and in a 201 x 201 pixel active region field near disc centre (u > 0.92),

respectively. The dashed lines mark the zero level.
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Fig. 18. Plotted as a function of y, a) the noise level of the 720 s longitudinal magnetogram, (B b) the proportion of image pixels counted as

containing significant magnetic activity, 7y, €) the mean |(B;)| of these points, €(B,Y.mag>

d) and the product of ny,, and €(B,) .mag- Left axes: the

uncorrected (black series) and restored with K, levels (red series). Right axes: the quotient of the restored and uncorrected values (blue series).

3.2.3. Amount of magnetic flux on the solar surface

We segmented the solar disc in the 720 s longitudinal magne-
togram by u (excluding points where u < 0.1, ~1% of the solar
disc by area) into 50 annuli of equal area. Within each annu-
lus, we computed the quantities listed below, plotted in Fig. 18.
For each quantity, we derived the level in the uncorrected and
restored magnetogram (black and red series, left axes), and the

ratio of the restored and the uncorrected values (blue series, right
axes), denoted by the A preffix.

— The noise level, o, (Fig. 18a), given by the standard de-
viation of (B;). The standard deviation was computed it-
eratively, points more than three standard deviations from
the mean were excluded from succeeding iterations till con-
vergence, to exclude magnetic activity. The variation of the
noise level of HMI longitudinal magnetograms with position
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Fig. 19. 201 x 201 pixel inset, centred on disc centre, of the 720 s con-
tinuum intensity image, with the points displaying |(B))| > 30'< B) in
the 720 s longitudinal magnetogram highlighted. Blue corresponds to
the points realizing this condition in both the uncorrected and restored
magnetogram, red the points fulfilling it only in the uncorrected data
and green the points satisfying it only in the restored data. The grey
scale is saturated at 0.8 and 1.2 times the mean quiet-Sun level.

on the solar disc is dominated by a centre-to-limb increase
(Liu et al. 2012; Yeo et al. 2013). It is therefore reasonable
to represent the noise level within a given annulus by a single
value of 0. Image restoration increased the noise level, on
average, by a factor of 1.6.

— The proportion of image pixels counted as containing sig-
nificant magnetic activity, nm,e (Fig. 18b), taken here as the
points where |(B) | > 30 p)).

— The mean |(B))| of the image pixels counted as magnetic,
€|(B))|.mag (Flg 180)

— The product of ny.e and €pymag (Fig. 18d). The quantity
A(nmangm,mag) represents the factor by which the appar-

ent amount of line-of-sight magnetic flux changed from stray
light removal.

Image restoration resulted in less image pixels being counted
as magnetic (around —10% to —25%, Fig. 18b), though the en-
hancement to the magnetogram signal (30% to 60%, Fig. 18c)
meant that there is an overall increase in the apparent amount of
line-of-sight magnetic flux (10% to 40%, Fig. 18d). Computing
A(nmagq<31>|,mag) taking all the annulus as a whole, the total
amount of line-of-sight magnetic flux over the solar disc in-
creased by a factor of 1.2.

In Fig. 19, we mark the location of image pixels counted as
magnetic in the original and restored data, in a 201 x 201 pixel
inset centred on the disc centre. Image restoration renders
magnetic features spatially smaller as polarized radiation orig-
inating from these features, lost to the surrounding quiet Sun by
aperture diffraction and stray light, is recovered (illustrated by
the blue and red clusters). This change in the size of magnetic
features likely depends on factors such as the surface area, and
circumference to surface area ratio. The enhanced noise level
also contributes to the smaller count in the restored data. Image
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restoration does recover some magnetic features smeared below
the magnetogram signal threshold (| (By)| = 307p,) in the origi-
nal data by instrumental scattered light (green clusters). Overall,
less image pixels are counted as magnetic.

The overall increase in o g,y towards the limb is partly re-
lated to the increase in low-level magnetogram signal fluctua-
tions from the ubiquitous weak horizontal magnetic fields in the
quiet Sun internetwork (Lites et al. 1996, 2008; Beck & Rezaei
2009), which obtain a line-of-sight component near the limb,
and magnetic features foreshortening towards the background
noise regime when approaching the limb. A probable cause of
the overall centre-to-limb increase in Ao, is the enhancement
of these true signal contributions to apparent noise.

In Fig. 17a we display the change in magnetogram signal as
a function of the original signal, in the quiet Sun field illustrated
in Fig. 19 and in a 201 x 201 pixel crop of an active region near
the disc centre (1 > 0.92), represented by the green and black
curves, respectively. This was computed as done in Sect. 3.2.3
for the sunspots and pores in Fig. 14, the results of which are also
plotted for comparison (blue and red curves). The only differ-
ence is here we binned the image pixels by the uncorrected | (By) |
in intervals of 40 G instead of 100 G. As done in Sect. 3.2.1, we
minimised the influence of pores present in the active region field
by excluding the image pixels where 1/1y < (1/1y)qs p and points
up to three pixels away from them. (There are no image pixels
where 1/1y < (I/1p)gsp in the quiet Sun field.) The result from
the quiet Sun and active region fields represent the effect of im-
age restoration on the magnetogram signal of quiet Sun network,
and active region faculae, respectively.

As noted for sunspots and pores (Sect. 3.2.2), the enhance-
ment of the magnetogram signal of network and faculae from
image restoration is highly correlated to the original level. This is
possibly from the restoration enhancing the signal in the core of
magnetic features, where it is also typically stronger, while de-
pressing the signal in the fringes, from the recovery of polarized
radiation scattered from the core to the fringes and surrounding
quiet Sun, as discussed above and visible for the magnetic fea-
tures depicted in Fig. 16.

The effect of image restoration on network and faculae is
also more pronounced than in sunspots and pores, in particular
for network. This is likely related to the smaller spatial scale of
these features, which makes them more susceptible to stray light,
and consequently they respond more acutely to restoration, than
sunspots and pores. The stronger response of network compared
to faculae is probably due to the fact that they appear in smaller
clusters and the restoration of small-scale mixed polarities in the
quiet Sun smeared out by instrumental scattered light.

As image restoration affects different magnetic features dif-
ferently, the overall effect on the apparent amount of magnetic
flux fluctuates with prevailing magnetic activity. This is the
likely reason neither Anpyag, A€p,)mag NOT A (nmangl)Lmag) ex-
hibit any obvious trend with y, modulated by the magnetic fea-
tures present within each annulus. Importantly, the relatively
acute effect of image restoration on network, and the fact that
the solar disc is, by area, predominantly quiet Sun means most
of the increase in the measured amount of magnetic flux comes

from the enhancement of these features. This is consistent with
the findings of Krivova & Solanki (2004).

3.2.4. Line-of-sight velocity

Here we are interested in the part of measured line-of-sight ve-
locities in HMI Dopplergrams arising from convective motions
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on the solar surface. To this end, we corrected the 720 s
Dopplergram for the contribution by the rotation of the Sun
and the relative velocity of SDO to the Sun'®, vgpo, following
the procedure of Welsch et al. (2013). Oscillatory motions as-
sociated with p—modes are largely undetectable in the 720 s
Dopplergram data product as it is a weighted combination of
filtergram observations from a 1350 s period, much longer than
the period of these oscillations (~5 min).

The rotation rate of the Sun varies with heliographic lati-
tude, @. Let v,¢ denote the velocity of the surface of the Sun
from its rotation. We first determined the Stonyhurst latitude and
longitude at each image pixel within the solar disc. Then, we de-
rived the v, at each latitude from the differential rotation profile
by Snodgrass (1983),

w (@) = 2.902 — 0.464 sin> ® — 0.328 sin* @, (3)

which relates angular velocity, w = R@"L‘% (R being the radius
of the Sun in metres) to ®. The contribution by v, and vspo to
measured velocity at a given image pixel is then given by the
projection of v, and vspo onto the line-of-sight to the point,
taking the small-angle approximation. The projection of vspo,
in this instance, varied between 500 and 800 ms~!' with posi-
tion on the solar disc. The significant magnitude and variation of
this with disc position arises from SDO’s geosynchronous orbit
about Earth and Earth’s orbit about the Sun.

Let (v;) represent the signed Dopplergram signal, the mean
line-of-sight component of the vector velocity over a given im-
age pixel.

As done in Sect. 3.2.3, we segmented the solar disc by g,
into 50 equal annuli, excluding points where u < 0.1. The image
pixels where |(B;)|/u > 10G in the 720 s longitudinal magne-
togram were masked, leaving quiet Sun. Within each annulus,
we binned the unmasked points by the uncorrected (v;) in inter-
vals of 20 ms~!, and retrieved the median original and restored
(vy) within each bin, ignoring bins with less than 100 points. The
factor enhancement of (v) from image restoration, A (v1)qs is
then given by the slope of the linear regression fit to the restored
bin-median (v;) against the original, illustrated for the disc cen-
tremost interval of ¢ (1 > 0.99) in Fig. 20a. By performing this
computation over small intervals of u, we avoid introducing scat-
ter or bias in A (v))qs from the u dependence of the convective
blueshift of the spectral line.

The enhancement of the Dopplergram signal in the quiet Sun
from image restoration with K is significant and exhibits an
acute CLV; A (v1)qs increases monotonically with u, from about
1.4 near the limb to 2.1 at disc centre (Fig. 20b).

In looking only at the quiet Sun, we excluded phenom-
ena localised in active regions (for example, Evershed flow in
sunspots), leaving signal largely from granulation and super-
granulation. Supergranulation flows are largely horizontal. The
line-of-sight velocities of supergranulation flows are thus great-
est near the limb and diminishes towards disc centre from fore-
shortening. In contrast, the apparent line-of-sight velocities of
granulation flows diminish towards the limb. Approaching the
limb, granulation is more and more difficult to resolve from fore-
shortening and the line-of-sight increasingly crossing into mul-
tiple granulation cells. The typical diameter of granulation and
supergranulation cells is about 1 Mm and 30 Mm, respectively.
Granulation is therefore more affected by stray light and experi-
ences greater signal enhancement from image restoration than
supergranulation. The observed CLV of A({vj)qs is consistent

10 Given by the radial, heliographic west and north velocity of the
spacecraft relative to the Sun listed in the data header.
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Fig. 20. a) Scatter plot of the Dopplergram signal, (v;) in the quiet Sun,
near disc centre (u > 0.99), in the restored (with K;) and uncorrected
versions of the 720 s Dopplergram. The red circles denote the bin-
median (from binning the points by the uncorrected (v;) in intervals
of 20 ms™!) and the blue line the corresponding linear regression fit.
b) The factor enhancement of (v;) in the quiet Sun from image restora-
tion, A (v1)os as a function of .

with the converse CLV of the line-of-sight velocities of granula-
tion and supergranulation flows, and the stronger effect of image
restoration on granulation compared to supergranulation.

By correcting both the original and restored Dopplergram for
differential rotation with Eq. (3), we had implicitly assumed that
this component of measured line-of-sight velocity is not signif-
icantly changed by stray light or its removal. Given the line-of-
sight component of v, varies gradually across the solar disc, this
is true except very close to the limb. Therefore, the effect on this
analysis is likely minute and confined to the annuli closest to the
limb.

The pronounced Dopplergram signal enhancement effected
by image restoration with K, could have an impact on the char-
acterization of plasma flows in the solar surface with HMI data.
In this study we will not attempt to examine the effects of image
restoration on apparent Doppler shifts in active regions, p—mode
oscillations (detectable in the 45 s Dopplergram data product
of the front CCD) or the individual physical processes driving
plasma motion on the solar surface.

A22, page 19 of 23


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201322502&pdf_id=20

A&A 561, A22 (2014)

0.08

0.06

0.04

0.02

RMS Intensity Contrast

O"IO T T T T T

0.08

0.06

0.04

0.02

RMS Intensity Contrast

— T T T T
¥

0.00 . . s s !

Fig. 21. RMS intensity contrast of the quiet Sun as a function of y, be-
fore (black lines) and after (red) image restoration with K,. a) In the
test continuum filtergram, the solar disc segmented into eight equal sec-
tors. b) In the near-simultaneous filtergrams of similar bandpass and
polarization from the side (dotted lines) and front (dashed) CCD.

4. Variation of the PSF within the FOV, between
the HMI CCDs and with time

Derived from observations of Venus in transit recorded on the
side CCD, K, characterizes the stray light in the employed data,
at the position in the FOV occupied by the Venusian disc. Here
we discuss the applicability of K to the entire FOV, to data from
the front CCD and, importantly, from other times.

4.1. Variation of the PSF with FOV position

Taking the test continuum filtergram (from Sect. 3.1), we seg-
mented the solar disc into eight equal sectors and computed the
rms intensity contrast of the quiet Sun within each sector. The
level before and after image restoration with K, are illustrated in
Fig. 21a. There is scatter in the rms contrast between the sectors
which is more pronounced in the restored data. This enhanced
divergence is, at least in part, caused by the fact that we restored
the entire solar disc with a single PSF when the true PSF varies
from sector to sector.

The scatter in rms contrast is, however, at least to the extent
tested, relatively small in comparison to the absolute level. More
importantly, the divergence between the sectors in the restored
data (red curves) is small compared to the difference between
the restored and the original data (black curves). This implies
that the inhomogeneity introduced by applying a single PSF to
the entire FOV is small in comparison to the contrast enhance-
ment. Nonetheless, for sensitive measurements, care should be
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taken, where possible, to average measurements from different
positions in the FOV after deconvolution with the PSF deduced
here.

Next, we looked at the variation, over the solar disc, of the
effect of image restoration with K, on the 720 s longitudinal
magnetogram from Sect. 3.2. Sampling the solar disc at 16 pixel
intervals in both the north-south and east-west directions, we
centred a 401 x 401 pixel window over each sampled point and
took the mean | (B)) | of all the solar disc pixels within the win-
dow, denoted €p). Let Agp,y represent the ratio of €p,y in the
restored and uncorrected data, representing the factor enhance-
ment to €,y from the restoration.

Expectedly, Agpy varied with position on the solar disc
(Fig. 22b). This variation is driven by:

— differences in the magnetic activity present in the sampling
window (image restoration affects different magnetic fea-
tures differently, Sect. 3.2.3) and

— fluctuations in the effect of image restoration from the varia-
tion of the stray light behaviour of the instrument across the
FOV.

The scatter plot of Agqpy versus the original g reveals an
inverse relationship between the two quantities (Fig. 22¢). The
cause of this correlation is that the restoration enhances the mag-
netogram signal in the quiet Sun more strongly than in active
regions (Fig. 17a). The relatively weak spread of the scatter
plot suggests the variation in Aggpy with disc position is domi-
nantly due to the inhomogeneous distribution of magnetic activ-
ity (Fig. 22a) and the diverging effects of restoration on different
magnetic features. This is further evidence that it is a reasonable
approximation to restore the entire FOV of HMI for instrumental
scattered light with a single PSF.

4.2. Variation of the PSF between the HMI CCDs
and with time

In Fig. 21b we show the rms intensity contrast of the quiet
Sun in two near-simultaneous filtergrams, one from each CCD,
taken less than one minute apart. The two filtergrams were
recorded about an hour after Venus left the solar disc (at around
05:36 UTC, June 6, 2012), shortly after the side CCD resumed
collection of the regular filtergram sequence.

The two near-simultaneous filtergrams were taken in the
same bandpass (—172 mA from line centre) and polarization
(Stokes I —V). Any disparity in the rms contrast between the two
would arise mainly from differences in the performance of the
two CCDs, including the stray light behaviour. The rms contrast
in the two filtergrams is very similar, even after image restora-
tion with K, (red curves). Since we expect any disparity due to
differences in the stray light behaviour of the two CCDs to be
amplified by the application of the side CCD PSF to a front CCD
filtergram, this agreement is encouraging.

Comparing the close similarity in the rms intensity contrast
of the quiet Sun in the two near-simultaneous filtergrams to the
scatter between different FOV positions in the test continuum
filtergram (top panel), it appears that the difference in the stray
light behaviour of the two CCDs is much smaller than the varia-
tion with position in the FOV of the side CCD. The side and front
CCDs are identical and share a common optical path (Schou
et al. 2012b), it is therefore within reason that the stray light be-
haviour, even the variation of the PSF with position in the FOV,
is broadly similar.

The SDO satellite is in a geosynchronous orbit. Since the
HMI commenced regular operation (May 1, 2010), the side and
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front CCDs recorded a continuum filtergram each during the
daily pass through orbital noon and midnight. For the purpose
of investigating the stability of the stray light behaviour of the
instrument over time, we examined the solar aureole, the inten-
sity observed outside the solar disc arising from instrumental
scattered light, in these daily data''. We examined 2307 orbital

T The solar aureole is not to be confused with the aureole about the
Venusian disc when it is in transit, discussed in Sect. 2.4.

noon and midnight continuum filtergrams from each CCD, span-
ning the 1157 day period of May 1, 2010 to June 30, 2013.

For each continuum filtergram, we averaged the solar aureole
over all azimuths. From the resulting radial intensity profile, we
determined the intensity of the solar aureole at distances of 1 and
10 arcsec from the edge of the solar disc. The derived intensities,
normalized to the limb level, are expressed in Figs. 23a and 23b,
respectively.

We excluded the points that are spurious or from contin-
uum filtergrams with missing pixel values, leaving 2248 and
2288 points from the side and front CCDs respectively. To show
up the broad trend with time we interpolated each time series at
one day intervals and smoothed the result by means of binomial
smoothing (Marchand & Marmet 1983). The time variation in
the relative (to the limb level) intensity of the solar aureole at 1
and 10 arcsec from the limb reflects changes to the shape of the
PSF near the core and in the wings respectively.

There is clear point-to-point fluctuation in the relative inten-
sity of the solar aureole at 1 arcsec from the limb. This is due to
the fact that near the limb, the intensity of the solar aureole de-
cays rapidly with radial distance such that small variations in the
width of the core of the PSF show up as large swings in the rela-
tive intensity at a fixed distance from and near the limb. Overall,
the magnitude of the scatter, given by the standard deviation, is
below 2% of the mean level. Also, the side and front CCD series
are relatively stable and similar, with no overt long term trends
or divergence from one another. This suggests that the width of
the core of the PSFs of the two CCDs are, to the extent tested,
broadly similar and constant over the period examined.

For the relative intensity of the solar aureole at 10 arcsec
from the limb, there is an approximately synchronous periodic
variation between the two CCDs. There is also a gradual over-
all drift between May 2010 and July 2011, and between August
2012 and June 2013. The fluctuation of the two time series and
the divergence between them is minute, less than 5% of the over-
all level. The time variation of, and difference between the wings
of the PSFs of the two CCDs, implied by these fluctuations, has
likely little effect on image contrast. Even with the ~3% oft-
set between the front and side CCD time series around the time
of the Venus transit, the rms intensity contrast of the quiet Sun
in the near-simultaneous filtergrams from the two CCDs (taken
about an hour after the end of the transit) is practically identical
(Fig. 21b).

Going from 1 to 10 arcsec from the limb, the time depen-
dence of the relative intensity of the solar aureole changes grad-
ually from the trend seen at 1 arcsec to that seen at 10 arcsec.
Beyond 10 arcsec the variation with time does not change sig-
nificantly. The relative intensity of the solar aureole at 1 and
10 arcsec from the limb therefore constitute a reasonable repre-
sentation of variation in the shape of the PSFs of the two CCDs
with time.

From the near identity of the rms intensity contrast of the
quiet Sun in the near-simultaneous filtergrams from the two
CCDs (Fig. 21b) and the minute time variation of the PSFs of
the two CCDs implied by the relative stability of the shape of
the solar aureole in daily data (Figs. 23a and 23b), we assert that
K> can be applied to observations from both CCDs for the period
examined (May 1, 2010 to June 30, 2013) without introducing
significant error.

This assertion is consistent with the state of the focus of
the instrument over the period examined. The PSF of HMI, like
any optical system, is strongly modulated by the focus. The in-
strument is maintained in focus by varying the heating of the
front window and the position of two five-element optical wheels
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Fig. 23. Radial intensity of the solar aureole, at distances of a) 1 and b) 10 arcsec from the edge of the solar disc, in the orbital noon and midnight
continuum filtergrams from the side (red) and front (blue) CCDs. The value from each filtergram is normalized to the level at the edge of the solar
disc. The dots represent the measured values and the curves the smoothed time series. Segments of measured values spaced more than one day
apart were treated as separate time series, giving the gaps in the curves. ¢) The position of best focus, in units of focus steps (see text), from the
(approximately) weekly focus calibration of the side (red circles) and front CCDs (blue circles). The dashed line marks the time of the transit of

Venus.

(Schou et al. 2012b). By varying the elements of the two optical
wheels placed in the optical path, they allow the focus to be ad-
justed in 16 uniform, discrete steps, each corresponding to about
two-thirds of a depth of focus. In Fig. 23c we plot the position of
best focus, in units of the focus steps, from the regular (roughly
weekly) focus calibration of the sensor, over the same period as
the daily data. The focus of the two CCDs are remarkably sim-
ilar and stable, differing from one another and varying over the
period of interest by much less than a depth of focus. The con-
tribution by focus to the variation of the PSF between the two
CCDs and with time is most probably minute.

5. Summary

In this paper we present an estimate of the PSF of the SDO/HMI
instrument. The PSF was derived from observations of Venus in
transit. We convolved a simple model of the Venusian disc and
solar background with a guess PSF iteratively, optimizing the
agreement between the result of the convolution and observation.
We modelled the PSF as the linear sum of five Gaussian func-
tions, the amplitude of which we allowed to vary sinusoidally
with azimuth. This azimuthal variation was necessary to repro-
duce the observations accurately. Recovering the anisotropy of
the PSF was also shown to be important for the proper removal
of stray light from HMI data by the deconvolution with the
PSF. The interaction between solar radiation and the Venusian
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atmosphere is complex and not straightforward to account for.
The result is a conservative estimate of the PSF, similar in width
to the ideal diffraction-limited PSF in the core but with more
extended wings.

The PSF was derived with data from one of the two iden-
tical CCDs in the sensor. It therefore represents the stray light
behaviour of that particular CCD, at the time of the transit of
Venus, at the position in the FOV occupied by the Venusian disc
in the employed observations.

Comparing the apparent granulation contrast in different
parts of a single image, we showed that although the variation
in the stray light behaviour of the instrument with position in the
FOV introduces uncertainty to measured contrast, amplified by
restoring observations with a single PSF, the scatter is relatively
minute and will likely have little quantitative influence if care
is taken to average measurements from multiple FOV positions.
This was confirmed by an examination of the uniformity, over
the FOV, of the effect of image restoration on the 720 s longitu-
dinal magnetogram data product.

The time variation of the shape of the solar aureole in daily
data was taken as an indication of PSF changes over the period
examined (May 1, 2010 to June 30, 2013). Based on the rela-
tively weak time variation of the aureole, and the similarity of the
aureole and granulation contrast in data from the two CCDs, we
assert that the PSF derived here can be applied to observations
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from both CCDs over the period examined without introducing
significant error.

Apparent granulation contrast, given here by the rms inten-
sity contrast of the quiet Sun, in HMI continuum observations
restored by the deconvolution with the PSF, exhibit reasonable
agreement with that in artificial images generated from a 3D
MHD simulation at equal spatial sampling. This demonstrates
that the PSF, though an approximation, returns a competent esti-
mate of the aperture diffraction and stray light-free contrast. The
restoration enhanced the rms intensity contrast of the quiet Sun
by a factor of about 1.9 near the limb (1 = 0.2), rising up to
2.2 at disc centre.

We also illustrated the effect of image restoration with the
PSF on the 720 s Dopplergram and longitudinal magnetogram
data products, and the apparent intensity of magnetic features.

— For small-scale magnetic concentrations, image restoration
enhanced the intensity contrast in the continuum and core
of the Fe I 6173 A line by a factor of about 1.3, and the
magnetogram signal by a factor of about 1.7.

— Magnetic features in the longitudinal magnetogram are ren-
dered smaller, as polarized radiation smeared onto surround-
ing quiet Sun by instrumental scattered light is recovered.

— Image restoration increased the apparent amount of magnetic
flux above the noise floor by a factor of about 1.2, mainly in
the quiet Sun. This may be, in part, from the recovery of
magnetic flux in opposite magnetic polarities lying close to
one another partially cancelled out by stray light.

— The influence of image restoration on sunspots and pores
varied strongly, as expected, within a given feature and be-
tween features of different sizes.

— Line-of-sight velocity due to plasma motions on the solar
atmosphere increases by a factor of about 1.4 to 2.1. The
variation comes from the restoration enhancing granulation
flows more strongly than larger scale supergranulation flows.
Given the spatial scale dependence, the effect on Doppler
shifts from large scale motions such as the meridional flow
and differential rotation is probably minute.

The pronounced effect of image restoration on the apparent ra-
diant, magnetic and motional properties of solar surface phe-
nomena could have a significant impact on the interpretation
of HMI observations. For instance, the observation that restor-
ing HMI longitudinal magnetograms renders magnetic features
smaller while boosting the magnetogram signal, and the increase
in the amount of magnetic flux is dominantly in the quiet Sun,
can influence models of variation in solar irradiance based on
HMI data. Specifically, with models that relate the contribution
by small-scale magnetic concentrations to solar irradiance varia-
tions to the number density and magnetogram signal (for exam-
ple, Wenzler et al. 2006; Foukal et al. 2011; Ball et al. 2012).
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ABSTRACT

Context. Total and spectral solar irradiance are key parameters in the assessment of solar influence on changes in the Earth’s climate.
Aims. We present a reconstruction of daily solar irradiance obtained using the SATIRE-S model spanning 1974 to 2013 based on
full-disc observations from the KPVT, SoHO/MDI, and SDO/HMI.

Methods. SATIRE-S ascribes variation in solar irradiance on timescales greater than a day to photospheric magnetism. The solar
spectrum is reconstructed from the apparent surface coverage of bright magnetic features and sunspots in the daily data using the
modelled intensity spectra of these magnetic structures. We cross-calibrated the various data sets, harmonizing the model input so as
to yield a single consistent time series as the output.

Results. The model replicates 92% (R* = 0.916) of the variability in the PMOD TSI composite including the secular decline
between the 1996 and 2008 solar cycle minima. The model also reproduces most of the variability in observed Lyman-« irradiance
and the Mg Il index. The ultraviolet solar irradiance measurements from the UARS and SORCE missions are mutually consistent
up to about 180 nm before they start to exhibit discrepant rotational and cyclical variability, indicative of unresolved instrumental
effects. As a result, the agreement between model and measurement, while relatively good below 180 nm, starts to deteriorate above
this wavelength. As with earlier similar investigations, the reconstruction cannot reproduce the overall trends in SORCE/SIM SSI. We
argue, from the lack of clear solar cycle modulation in the SIM record and the inconsistency between the total flux recorded by the
instrument and TSI, that unaccounted instrumental trends are present.

Conclusions. The daily solar irradiance time series is consistent with observations from multiple sources, demonstrating its validity
and utility for climate models. It also provides further evidence that photospheric magnetism is the prime driver of variation in solar

irradiance on timescales greater than a day.

Key words. Sun: activity — Sun: faculae, plages — Sun: magnetic fields — solar-terrestrial relations — sunspots

1. Introduction

Solar radiation is the principal source of energy entering the
Earth system. As such, the variation in the Sun’s radiative out-
put, solar irradiance, is a prime candidate driver of externally
driven changes to the Earth’s climate. A significant body of pub-
lications citing correlations between solar variability and climate
parameters exist in the literature and numerous mechanisms have
been mooted to explain these observations (see e.g., Gray et al.
2010, for a review). The Earth’s climate is believed to be mod-
ulated by variations in solar irradiance through effects related
to its absorption at the Earth’s surface (the so-termed “bottom-
up” mechanisms) and in the atmosphere (“top-down’). An estab-
lished mechanism is the interaction between ultraviolet irradi-
ance and stratospheric ozone (see e.g., Haigh 1994; Solanki et al.
2013). As these mechanisms are wavelength dependent (Haigh
2007), both total and spectral solar irradiance (TSI and SSI) are
of interest in assessing the impact of variation in solar irradiance
on the Earth’s climate.

TSI has been monitored since 1978 through a succession
of spaceborne radiometers. The measurements from the vari-
ous radiometers diverge, mainly in terms of the absolute level
and long-term trends, due to instrument-related factors such as

Article published by EDP Sciences

the radiometric calibration, degradation with time and design.
Accounting for these influences to combine the various data sets
into a single time series is non-trivial and still a topic of de-
bate (see e.g., Scafetta & Willson 2009; Krivova et al. 2009a;
Frohlich 2012). There are at present three composites published
in the literature: ACRIM (Willson & Mordvinov 2003), IRMB
(Dewitte et al. 2004b; Mekaoui & Dewitte 2008) and PMOD
(Frohlich 2000). The long-term trends in these competing se-
ries do not agree. Notably, the successive solar minima in 1986,
1996 and 2008 exhibit conflicting cycle-to-cycle variation in the
three composites, encapsulating the difficulty in observing secu-
lar changes in TSI unambiguously.

As in the case of TSI, ultraviolet spectral irradiance (120 to
400 nm) has been measured from space on a regular basis since
1978. Again, the combination of the measurements from the suc-
cession of instruments into a single time series is an ongoing
challenge (DeLand & Cebula 2008, 2012). In this instance, the
difficulty in producing a composite is compounded by the wave-
length dependence of instrumental influences.

The series of GOME instruments (the first of which was
launched in 1996 onboard ERS-2, Weber et al. 1998; Munro
et al. 2006) and ENVISAT/SCIAMACHY (launched in 2002;
Skupin et al. 2005a) made regular measurements of the solar
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spectrum in the 240 to 790 nm and 240 to 2380 nm wave-
length range, respectively. As these instruments are designed for
atmospheric sounding measurements which do not require ab-
solute radiometry, they lack the capability to track instrument
degradation in-flight. Consequently, long-term trends in solar ir-
radiance cannot be recovered from these spectral observations.
The spectral measurements from the Sun PhotoMeter (SPM) on
the SOHO/VIRGO experiment (spanning 1996 to the present,
Frohlich et al. 1995, 1997) cover just three narrow (FWHM of
5 nm) passbands at 402, 500 and 862 nm. In the visible and the
infrared, regular observation of spectral irradiance only started,
in effect, with SORCE/SIM (Harder et al. 2005a,b) in 2003. The
instrument, which has been surveying the wavelength range of
200 to 2416 nm ever since, provides what is effectively the only
continuous and extended SSI record spanning the ultraviolet to
the infrared presently available!.

The available body of solar irradiance measurements is in-
valuable. However, given the limited period in time covered and
uncertainties in the long-term variation, there is a need to aug-
ment observations with models. The models that ascribe vari-
ations in solar irradiance to the evolution of magnetic concen-
trations in the photosphere (which influences the temperature
structure and therefore radiant behaviour of the solar surface and
atmosphere, Spruit & Roberts 1983) have been particularly suc-
cessful (Domingo et al. 2009). The recent TSI reconstructions
by Ball et al. (2012) and Chapman et al. (2013) based on such
models replicated 96% and 95% of the observed variation in
SORCE/TIM radiometry (Kopp & Lawrence 2005; Kopp et al.
2005a,b), respectively. The model by Ball et al. (2012) also re-
produced 92% of the variations in the PMOD TSI composite.

In the case of SSI, gaping disagreements between models
and observations persist, exemplified in the current debate on
the overall trends in the SORCE/SIM record (Harder et al. 2009;
Lean & DelLand 2012; Unruh et al. 2012; Wehrli et al. 2013;
Ermolli et al. 2013). SIM registered a decline in ultraviolet flux
(200 to 400 nm) between 2004 to 2008 that is a factor of two
to six greater than in other measurements and models. This pro-
nounced drop in the ultraviolet, almost twice the decrease in TSI
over the same period, is accompanied and so compensated by
a comparable increase in visible flux (400 to 700 nm). Coming
at a time where solar activity is declining, this increase in vis-
ible flux runs counter to models of solar irradiance (apart from
Fontenla et al. 2011, discussed below), which point to visible
solar irradiance varying in phase with the solar cycle instead.

The reconstruction of TSI and SSI by Fontenla et al. (2011)
based on PSPT observations (Coulter & Kuhn 1994; Ermolli
et al. 1998) and the model atmospheres of Fontenla et al. (2009)
with certain adjustments does qualitatively reproduce the over-
all trends in early SIM visible observations. However, the re-
construction failed to reproduce the solar cycle variation in TSI.
Employing PSPT images and the model atmospheres of Fontenla
etal. (2009) without modification, the analogous computation by
Ermolli et al. (2013) reproduced observed rotational and cyclical
variation in TSI but not the long-term behaviour of SIM SSI.

Apart from the models based on the regression of indices
of solar activity to measured solar irradiance, commonly re-
ferred to as proxy models (e.g., Lean et al. 1997; Lean 2000;
Pagaran et al. 2009; Chapman et al. 2013), present-day models
of spectral solar irradiance have a similar architecture to one an-
other (reviewed in Ermolli et al. 2013). The proportion of the

' Due to signal-to-noise considerations, SIM measurements between
200 and 240 nm are not included in the current release of the record,
version 19 (Jerry Harder, priv. comm.).
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solar disc covered by magnetic features (such as faculae and
sunspots) is deduced from full-disc observations. This informa-
tion is converted to solar irradiance utilizing the calculated inten-
sity spectra of said features (derived applying radiative transfer
codes to semi-empirical model atmospheres). The Spectral And
Total Irradiance REconstruction for the Satellite era (SATIRE-S;
Fligge et al. 2000; Krivova et al. 2003, 2011b) is an established
model of this type.

The SATIRE-S model has previously been applied to full-
disc observations of intensity and magnetic flux from the Kitt
Peak Vacuum Telescope (KPVT, Livingston et al. 1976; Jones
et al. 1992) and the Michelson Doppler Imager onboard the
Solar and Heliospheric Observatory (SoOHO/MDI, Scherrer et al.
1995). The solar irradiance reconstructions by Krivova et al.
(2003, 2006, 2009b, 2011a); Wenzler et al. (2005, 2006, 2009);
Unruh et al. (2008); Ball et al. (2011,2012,2014), spanning var-
ious periods between 1974 to 2009, achieved considerable suc-
cess in replicating observed fluctuations in TSI, SSI measure-
ments from the missions preceding SORCE and, at rotational
timescales, SORCE SSI.

The reconstruction of solar irradiance with SATIRE-S was
curtailed by the deactivation of MDI in 2011. (The KPVT had
ceased operation earlier in 2003.) In this study, we present a
SATIRE-S reconstruction of total and spectral solar irradiance
from 1974 to 2013. We update the preceding efforts with obser-
vations from the Helioseismic and Magnetic Imager onboard the
Solar Dynamics Observatory (SDO/HMI, Schou et al. 2012).

The apparent surface coverage of the solar disc by magnetic
features, the main input to the model, is instrument dependent.
Concurrent observations from different instruments can diverge
significantly from differences in spatial resolution, calibration,
stray light, noise and the like. The combination of the model
output based on data from multiple instruments into a single time
series constitutes one of the main challenges to such a study.
Apart from the extension to the present time with HMI data, this
study departs from the earlier efforts with the SATIRE-S model
in how this combination is done.

In the following, we describe the SATIRE-S model (Sect. 2)
and the data used in the reconstruction (Sect. 3). Thereafter, we
detail the reconstruction process (Sect. 4) before a discussion of
the result (Sect. 5) and summary statements (Sect. 6).

2. The SATIRE-S model

SATIRE-S is presently the most precise version of the SATIRE
model whose main assumption is that variations in solar irradi-
ance on timescales of days and longer arise from photospheric
magnetism alone (Foukal & Lean 1986; Fligge et al. 2000;
Solanki et al. 2002; Preminger et al. 2002; Krivova et al. 2003).
The solar surface is modelled as being composed of sunspot um-
brae and penumbrae, faculae and quiet Sun. The different ver-
sions of the model differ by the data used to deduce the sur-
face coverage of sunspots and faculae (see Krivova et al. 2007,
2011b; Vieira et al. 2011). SATIRE-S utilises full-disc contin-
uum intensity images and longitudinal magnetograms.

Image pixels with intensities below threshold levels rep-
resenting the umbral (umbra-to-penumbra) and the penumbral
(penumbra-to-granulation) boundaries are classified as umbra
and penumbra, respectively. Points with magnetogram signals
exceeding a certain threshold and not already classed as umbra
or penumbra are denoted as faculae. While the bright magnetic
features thus isolated include both network and faculae, we re-
fer to them collectively as faculae for the sake of brevity. The
remaining image pixels are taken to correspond to quiet Sun.
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Table 1. Summary description of the daily full-disc continuum intensity images and longitudinal magnetograms selected for this study.

Proportion of

Instrument  No. of data days Period [year.month.day] period covered  Image size [pixel] Pixel scale [arcsec]  Spectral line
KPs;» 1371 1974.08.23 to 1993.04.04 0.20 2048 x 2048 1 Fe 18688 A
KPspm 2055 1992.11.21 to 2003.09.21 0.52 1788 x 1788 1.14 Fe 18688 A
MDI 3941 1999.02.02 to 2010.12.24 0.91 1024 x 1024 1.98 Nil6768 A
HMI 1128 2010.04.30 to 2013.05.31 1.00 4096 x 4096 0.504 Fel6173 A

Standalone facular pixels are reassigned to quiet Sun to mini-
mize the misidentification of magnetogram noise fluctuations as
bright magnetic features.

Let (B)) denote the longitudinal magnetogram signal (the
pixel-averaged line-of-sight magnetic flux density) and u the
cosine of the heliocentric angle. Due to magnetic buoyancy,
the kilogauss magnetic flux tubes that make up faculae are
largely normal to the solar surface (Martinez Pillet et al. 1997).
Therefore, the quantity (Bj) /u represents a first-order approxi-
mation of the pixel-averaged magnetic flux density. This approx-
imation breaks down very close to the limb from the combined
action of foreshortening and magnetogram noise. For this rea-
son, image pixels near the limb (¢ < 0.1, about 1% of the solar
disc by area) are ignored. Following Ball et al. (2011, 2012), we
counted facular pixels with (By) /u above an arbitrary but con-
servative cutoff level denoted ((B)) /i), as quiet Sun instead.
Especially towards the limb, these points correspond mainly to
the magnetic canopy of sunspots instead of legitimate faculae
(Yeo et al. 2013).

The small-scale magnetic concentrations associated with
bright magnetic features are largely unresolved at the spatial
resolution of available full-disc magnetograms. This is approxi-
mately accounted for by scaling the filling factor of facular pix-
els, defined here as the effective proportion of the resolution ele-
ment occupied, linearly with (B;) /u from zero at O G to unity at
what is denoted ((By) /u)g,, Where after it saturates (see Fligge
et al. 2000, for details). The quantity ({(By) /1), is the sole free
parameter in the model. It modulates the amplitude of the solar
cycle in the reconstruction through its influence on the apparent
faculae area. The appropriate value of ((By) /1), is recovered by
comparing the reconstruction to measured TSI.

In this study, we used the same intensity spectra of umbra,
penumbra, faculae and quiet Sun (at various values of u) em-
ployed by Wenzler et al. (2006) and Ball et al. (2012) to convert
the surface coverage of magnetic features to solar irradiance (the
derivation of these intensity spectra is detailed in Unruh et al.
1999). The model output is the summation over the entire so-
lar disc of the intensity spectrum assigned to each image pixel
according to its filling factor. The resulting spectrum (covering
the wavelength range of 115 to 160 000 nm) and the correspond-
ing integral represent the prevailing SSI and TSI at the sampled
point in time.

3. Data selection and preparation

3.1. Daily full-disc continuum intensity images
and longitudinal magnetograms

In this study, we employed full-disc continuum intensity images
and longitudinal magnetograms collected at the KPVT and from
the first-ever spaceborne magnetographs, SOHO/MDI and its
successor instrument, SDO/HMI. The NASA/NSO 512-channel
diode array magnetograph (Livingston et al. 1976) installed at
the KPVT started operation in 1974. In 1992, it was replaced

with the NASA/NSO spectromagnetograph (Jones et al. 1992)
which was itself retired in 2003. We denote the two config-
urations of the KPVT as KPsj; and KPgpy, respectively. We
selected, for each instrument, an intensity image and a mag-
netogram recorded simultaneously or close in time from each
observation day. The number of observation days with suitable
data and the period covered are summarized in Table 1. The im-
age size, pixel scale and spectral line surveyed by each instru-
ment are also listed.

3.1.1. HMI

The HMI (in regular operation since 30th April 2010) cap-
tures full-disc filtergrams at six wavelength positions across the
Fe16173 A line almost continuously at 1.875 s intervals. The fil-
tergram data are combined to form simultaneous continuum in-
tensity images and longitudinal magnetograms at 45-s cadence.
We took, from each observation day, the average of the intensity
images and of the magnetograms collected over a 315-s period.
This is to suppress intensity and magnetogram signal fluctua-
tions from noise and p-mode oscillations. For the period of over-
lap with the MDI data set (30th April to 24th December 2010),
we selected the 315-s intensity images and magnetograms taken
closest in time to the MDI magnetograms. Thereafter, we took
the first available 315-s intensity image and magnetogram from
each day (up to 31st May 2013, essentially the time this work
started).

3.1.2. MDI

The MDI returned observations from 19th March 1996 to
11th April 2011. The instrument recorded full-disc filtergrams
at four wavelength positions across the Ni I 6768 A line and
one in the nearby continuum, from which a number of contin-
uum intensity images and longitudinal magnetograms are pro-
duced each observation day. Unlike HMI, the two data products
are recorded at different times. Following Ball et al. (2012), we
selected the level 1.5 continuum intensity image and level 1.8.2
5-min longitudinal magnetogram (Liu et al. 2012) recorded clos-
est in time to one another each observation day, excluding the
observations from before 2nd February 1999. The authors pre-
sented evidence that the response of MDI to magnetic flux might
have changed over the extended outages suffered by the SOHO
spacecraft between June 1998 and February 1999.

The flat field of MDI continuum intensity images is se-
vere enough to impede the reliable identification of sunspots
by the method employed in SATIRE-S and varied over the
lifetime of the instrument. Following Krivova et al. (2011a),
we corrected the intensity images for flat field by the divi-
sion with the appropriate median filter, kindly provided by the
MDI team. As median filters for the intensity images from af-
ter 24th December 2010 are not available, we excluded the daily
data from after this date.
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Fig. 1. 200200 arcsec crop of one of the KPs;, magnetogram excluded
from the study because of instrumental artefacts (left) and the similar
inset of a relatively unaffected magnetogram from a nearby day. The
grey scale is saturated at +20 G.

3.1.3. KPVT

Co-temporal full-disc continuum intensity images and lon-
gitudinal magnetograms based on spectropolarimetry of the
Fe18688 A line were collected at the KPVT on a daily ba-
sis with the KPs;, between 1st February 1974 and 10th April
1993, and with the KPspy; between 19th November 1992 and
21st September 2003. We considered just the 1757 KPs;, and
2055 KPspy daily continuum intensity image and longitudinal
magnetogram identified by Wenzler et al. 2006 (out of the 4665
and 2894 available) to be sufficiently free of atmospheric seeing
and instrumental artefacts.

On visual examination, we found instrumental artefacts in
some of the KPs;, magnetograms similar to what is depicted in
Fig. 1 (left). The magnetogram signal is spurious along rows and
columns of image pixels, producing the line and cross features in
the grey scale plot. Large parts of the solar disc are pervaded with
this noise pattern in 386 of the 1757 KPs5;» magnetograms, con-
centrated between 1989 and 1992, where 268 of the 321 magne-
tograms are so affected. We excluded the daily data from these
386 days.

From a comparison of magnetic field observations from
KPVT, Mount Wilson Observatory (MWO) and Wilcox Solar
Observatory (WSO), Arge et al. (2002) noted that up to 1990, the
total unsigned magnetic flux in KPs;, data appear lower than in
concurrent MWO and WSO observations. In response, Wenzler
et al. (2006) and Ball et al. (2012) introduced various empir-
ical corrections to pre-1990 KPs;, magnetograms. We found
such measures to be unnecessary (see Appendix A), leaving the
KPs;, magnetograms as they are for the succeeding analysis.

3.2. TSI measurements

For the purpose of determining the optimal value of ({By) /1)y
we considered the daily TSI measurements from four radiome-
ters in current operation: ACRIMSAT/ACRIM3 (version 11/13,
Willson & Mordvinov 2003), the DIARAD (Crommelynck &
Domingo 1984; Dewitte et al. 2004a) and PMO6V (Brusa &
Frohlich 1986) radiometers on SoHO/VIRGO (level 2, ver-
sion 6_002_1302, Frohlich et al. 1995, 1997), and SORCE/TIM
(level 3, version 14, Kopp & Lawrence 2005; Kopp et al.
2005a,b). There are two calibrations of the TSI measurements
from DIARAD, one by IRMB and the other by PMOD/WRC,
denoted here as DIARADryp and DIARADpy0p, respectively.
The final reconstruction was also evaluated against the three

A8S5, page 4 of 18

published TSI composites: ACRIM (version 11/13), IRMB (the
version dated 19th December 2013, kindly provided by Steven
Dewitte) and PMOD (version d41_62_1302).

The absolute radiometric calibration of the various radiome-
ters differ. In particular, TIM measurements were about 5 Wm 2
lower than the concurrent observations from preceding instru-
ments. Tests conducted at the TSI Radiometer Facility (TRF)
with ground copies of ACRIM3, TIM and VIRGO revealed stray
light effects in the ACRIM3 and VIRGO instruments (Kopp &
Lean 2011). Stray light correction introduced to the ACRIM3
record based on these tests brought it down to within 0.5 Wm™2
of TIM TSI (Kopp et al. 2012). The TSI measurements from
Picard/PREMOS (launched in 2010; Schmutz et al. 2009, 2013;
Fehlmann et al. 2012), the only TSI radiometer calibrated in vac-
uum at full solar power levels before launch at two separate fa-
cilities (the National Physical Laboratory and the TRF), agree
with TIM to within a similar margin. The results of these efforts
have established the lower TSI level first registered by TIM as
likely the more accurate.

Taking the 2008 solar minimum as the reference, we normal-
ized the SATIRE-S reconstruction and all the TSI measurements
and composites listed in this section to the mean level in the TIM
record over the period of November 2008 to January 20092,

4. Solar irradiance reconstruction
4.1. Harmonizing the model input from multiple instruments

The apparent surface coverage of magnetic features is modulated
by the properties of the observing instrument. If left unaccounted
for, instrumental differences can introduce inconsistencies be-
tween the segments of the reconstruction based on the various
data sets. To avoid this we treat the KPsi», KPspy, MDI and
HMI data sets such that the apparent surface coverage of mag-
netic features in the various data agrees in the periods of overlap
(see Sects. 4.1.1 and 4.1.2).

4.1.1. Umbra and penumbra

The KPspy, MDI and HMI continuum intensity images were
first corrected for limb darkening by the normalization to the
fifth-order polynomial in y fit (following Neckel & Labs 1994).

Granulation and fine sunspot structures are starting to be
spatially resolved in HMI observations. To minimize the mis-
classification of darker non-sunspot and brighter sunspot fea-
tures, we convolved each HMI intensity image with a 7 X 7 pixel
(3.5 x 3.5 arcsec) Gaussian kernel.

We adopted the umbral and penumbral intensity thresholds
determined for KPspy; by Wenzler et al. (2006) and for MDI by
Ball et al. (2012). Wenzler et al. (2006) set the KPspy; penumbral
threshold at 0.92, where the resulting sunspot area agrees with
the sunspot area record by Balmaceda et al. (2009). Assuming
this value for KPgpy, Ball et al. (2012) found the penumbral
threshold for MDI that brought the sunspot area in concurrent
KPspy and MDI data into agreement to be 0.89. In both in-
stances, the umbral threshold (0.70 for KPspy and 0.64 for MDI)
was set at the level that produced an umbra to sunspot area ra-
tio of 0.2 (a level consistent with observations, Solanki 2003;
Wenzler 2005). Following the approach of Ball et al. (2012), we
fixed the penumbral threshold for HMI at 0.87, the level that

2 We took the epoch of solar cycle extrema from the ta-
ble at www.ngdc.noaa.gov/stp/space-weather/solar-data/
solar-indices/sunspot-numbers/cycle-data/
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equalized the sunspot area in overlapping HMI and MDI data.
An umbra to sunspot area ratio of 0.2 was achieved with an
umbral threshold of 0.59. The umbral and penumbral thresholds
vary between the data sets primarily from the fact that sunspot
contrast is wavelength dependent.

Due to the 4-bit digitization, KPs;, continuum intensity im-
ages cannot be treated in a similar manner. For this data set, we
employed the umbra and penumbra filling factors determined by
Wenzler et al. (2006) from an examination of the distribution
of intensities within each image. To ensure consistency with the
KPgpy data set, the authors brought the sunspot area to agree-
ment with the Balmaceda et al. 2009 record and assumed an um-
bra to sunspot area ratio of 0.2.

4.1.2. Faculae

In the previous SATIRE-S reconstruction based on similar
KPsi2, KPspv and MDI data by Ball et al. (2012, 2014), the
authors accounted for differences in magnetogram properties
by adjusting the magnetogram signal threshold, ((B;) /)., and
({B1) /)¢y to each data set (in such a manner that does not intro-
duce additional free parameters). This left weak differences in
the reconstructed spectra from the various data sets which were
then corrected for empirically by regression.

In this study, we took an alternative approach that allowed
us to compute the faculae filling factor applying the same mag-
netogram signal threshold, ((By) /). and ((B1) /1), to all the
data sets. We rescaled the magnetogram signal in the KPs,,
KPspy and MDI magnetograms to the HMI-equivalent level.
The relationship between the magnetogram signal in the various
data sets were found comparing the daily data from the differ-
ent instruments taken close in time to one another employing
the histogram equalization method of Jones & Ceja (2001). We
examined the KPs;, and KPspy; observations from 11 days that
were recorded within about three hours of one another, KPspy
and MDI observations from 67 days that are less than an hour
apart, and MDI and HMI observations from 187 days that are
less than five minutes apart.

The histogram equalization method has been widely em-
ployed to derive the relationship between the magnetogram sig-
nal in simultaneous observations from multiple instruments, in-
cluding the instruments considered in this study (see Jones &
Ceja 2001; Wenzler et al. 2004, 2006; Ball et al. 2012; Liu
et al. 2012) The idea is to first sort the magnetogram signal
in a given magnetogram in order of strength, bin the points
into N bins of equal population and take the bin-average. The
N bin-average values are then matched to the similarly derived
N bin-average values from the co-temporal magnetogram from a
second instrument, essentially matching the distribution of mag-
netogram signals in the two magnetograms?®. We applied the his-
togram equalization method to the co-temporal data from the
various instruments with two major modifications relative to ear-
lier studies.

— We masked the sunspot pixels. Our interest is the magne-
togram signal of bright magnetic features. Instrumental fac-
tors such as stray light can influence the apparent magne-
togram signal of faculae and of sunspots diftferently (see e.g.,
Yeo et al. 2014), making it necessary to exclude sunspots
here. Another consideration is the saturation of MDI (Liu
et al. 2007, 2012) and HMI (Sebastien Couvidat, pers.
comm.) magnetograms in sunspot umbrae.

3 We adjusted the value of N depending on the image size of the data
in comparison to ensure reasonable statistics within each bin.

— Earlier studies have largely treated the solar disc as a whole,
implicitly assuming that the underlying relationship between
the magnetogram signal recorded by the various instruments
is uniform across the solar disc. In this study, we divided the
solar disc by u into 68 partially overlapping intervals, each
representing about 10% of the solar disc by area and repeated
the comparison for each interval.

First, we found the relationship between the magnetogram signal
registered by MDI and by HMI, denoted (Bj)ypr and {B1)umr-
For each of the 68 u intervals, we binned the matched {B))yp;
and (B))pw values from all the data days by (Bj)yp; in inter-
vals of 5 G and derived the median absolute (Bi)yp; and {B1)gmr
within each bin, expressed in Fig. 2a. As evident from the figure,
the ratio (By)pwmi / (Bi)mpr varies significantly between u inter-
vals, demonstrating why it was necessary to segment the solar
disc. The marked decline towards O G comes from the fact that
MDI 5-min magnetograms are significantly noisier than HMI
315-s magnetograms (see the noise level estimates by Ball et al.
2012; Liu et al. 2012; Yeo et al. 2013) and so does not reflect
the true relationship between (By)yy and (By)ypy in this regime.
We fitted a polynomial in (By)yp and u to (B /{Bi)mpr (€x-
cluding, conservatively, the points where (B))yp; < 100 G) and
used the result to rescale the absolute magnetogram signal in the
entire MDI data set to the HMI-equivalent level.

To bring the magnetogram signal in the KPs;, and KPspm
data sets to the HMI-equivalent level, we repeated this pro-
cess on the KPgspy and rescaled MDI data sets to bring the
KPspv magnetogram signal to the rescaled MDI-equivalent, and
then on the KPs5;, and rescaled KPspy data sets to bring the
KPs;, magnetogram signal to the rescaled KPgpy-equivalent.
The matched KPgspy and rescaled MDI magnetogram signal, and
KPsi, and rescaled KPspy; magnetogram signal values from the
histogram equalization comparison is shown in Figs. 2b and c,
respectively.

The noise level of rescaled KPs;,, KPspy and MDI magne-
tograms over the solar disc was derived following the analysis
of Ortiz et al. (2002) with HMI magnetograms. Essentially, we
took sunspot-free, low-activity magnetograms and calculated the
standard deviation of the magnetogram signal within a window
centred on each point on the solar disc.

To calculate the faculae filling factor in a consistent manner
for all the data sets, we had to take into account the fact that the
MDI data set has the coarsest pixel scale and, after the rescaling
of the magnetogram signal, the highest noise surface of all the
data sets (Fig. 3). To this end, we took the following measures.

— The magnetogram signal threshold is set at three times the
noise surface of rescaled MDI magnetograms.

— In SATIRE-S, standalone facular pixels are reclassified as
quiet Sun to minimize the inclusion of magnetogram noise
fluctuations as bright magnetic features at the expense of le-
gitimate faculae that occupy just a single image pixel. To en-
sure that we are discriminating against similar sized faculae
across all the data sets, we excluded the bright magnetic fea-
tures in the KPs;>, KPspy and HMI data sets that would ap-
pear standalone if we resample the magnetograms to MDI’s
pixel scale.

We assumed an arbitrary but conservative value of 600 G for
((B1) /t)cye- The optimal value of the free parameter ((By) /)y
was determined to be 230 G (see Sect. 4.2).

Let nyg, represent the proportion of the solar disc covered by
faculae. The ng, in the MDI and HMI data sets over the period
of overlap is drawn in Fig. 4. The red dashed curve represent the
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Fig. 2. a) Ratio of the magnetogram signal registered by HMI and by MDI, (B} / {Bi)mpr as a function of (B))yp; within 68 partially overlapping
intervals of u (the boundary of ten of which are annotated). Also illustrated is the same from the comparison between b) KPgpy and rescaled MDI
magnetograms, and ¢) KPs;, and rescaled KPgspyy magnetograms. The vertical dashed lines at 100 G mark the threshold below which the points
are excluded from the surface fitting to these data due to the influence of magnetogram noise (see text).
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Fig. 3. Noise level of rescaled KPs;», KPspy and MDI 5-min magnetograms, and of HMI 315-s magnetograms (taken from Yeo et al. 2013) as a
function of position on the solar disc. The circular area covered by each colour scale plot corresponds to the part of the field-of-view occupied by
the solar disc and the surrounding box the boundary of the field-of-view. The contours correspond to the first, second and third quartiles, and the
crosses to the minimum and maximum points. The contour and point labels are in units of Gauss. We omit the second quartile in the KPs;, and
KPgpy plots to avoid cluttering. The KPs;,, KPspy and HMI noise surfaces were resampled to MDI image size (1024 x 1024 pixels) to allow a

direct comparison.

ng,e in the MDI data set if we derive the faculae filling factor as
described above without first rescaling the magnetogram signal.
As expected, the result departs significantly from the level in the
HMI data set (black curve). Rescaling the magnetogram signal
in the MDI data set to the HMI-equivalent level accounted for
most of this disparity (red dotted curve). The residual discrep-
ancy, though weak, is not negligible. The apparent facular area
in the KPs;», KPspy and MDI data sets over where they over-
lap exhibit a similar response to the analysis, not shown here to
avoid repetition.

The residual disparities in ng, are likely due to differences
in spatial resolution and the stray light properties of the various
instruments. As bright magnetic features remain largely unre-
solved even at HMI’s superior spatial resolution, they are partic-
ularly susceptible to spatial smearing effects (see e.g., Yeo et al.
2014). We accounted for this empirically by regression, rescal-
ing the ng, in the MDI data set to bring it to agreement with the
HMI data set over the period of overlap (red solid curve, Fig. 4¢).
Again, we did not treat the solar disc as a whole, dividing it by
w in intervals of 0.01 and treating each interval separately (moti-
vated by the observation that the required correction varied sig-
nificantly from disc centre to limb). We then applied the same
procedure to bring the ng,. in the KPgpy data set to agreement
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with the corrected MDI data set, and finally the ng, in the KPs;,
data set to agreement with the corrected KPspy; data set.

4.2. The free parameter

The appropriate value of the free parameter ((B;) /i)y, was de-
termined by optimizing the agreement between reconstructed
and measured TSI. For this purpose we considered the ACRIM3,
DIARADRrMB, DIARADpyvop, PMO6V and TIM records. These
records exhibit discrepant overall trends, reflecting the long-term
uncertainty present (Fig. 5). This long-term uncertainty is why
we considered multiple records, all of which extend for at least a
decade, for this part of the analysis. This is to avoid introducing
bias to ({(By) /u)g, by relying on just a single record or on shorter
TSI records, such as that from PREMOS.

((B1) /)¢y 1s set at the value that minimizes the root mean
square (RMS) difference between observed and reconstructed
TSI, denoted k. We found the value of ((B) /1), that optimizes
the agreement with each TSI record (summarized in Table 2), so
generating five candidate reconstructions. The scatter in the es-
timates of ((By) /u)g, arises from the discrepant overall trends
in the TSI records. The estimates from the comparison with
DIARADpMop and PMOG6V TSI are identical due to the similar
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Fig. 4. Proportion of the solar disc covered by faculae, ng, in the MDI
(red) and HMI (black) data sets over the period of overlap. The solid red
line gives the final result which incorporates the cross-calibration of the
magnetogram signal and ng, in the MDI data set (see text). The dotted
red line shows the level if we omit the adjustment to ng,. and the dashed
red line that from the original MDI data.
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Fig.5. 181-day moving average of the daily TSI observations from
the ACRIM3 (black), DIARAD (blue), PMO6V (green) and TIM (red)
radiometers. The dotted and solid blue curves correspond to the cal-
ibration of DIARAD measurements by IRMB and by PMOD/WRC,
DIARAD Mg and DIARADpyop. The DIARADpyop series is almost
completely hidden by the PMOGV series due to the close similarity. The
dashed line follows the mean level in the TIM record over the period of
November 2008 to January 2009. Here and in all the subsequent time
series plots in this paper, segments spaced more than 27 days apart are
drawn separately, giving the gaps in the plots.

overall trend exhibited by the two records (solid blue and green
curves, Fig. 5).

In Fig. 6, we plot the TSI from each candidate reconstruc-
tion along with the corresponding reference TSI record (top
row) and the difference between the two (middle row), smoothed
with a 181-day boxcar filter to elucidate the overall trend. In the
DIARADppMop and PMOG6V cases, the overall trend in modelled
and measured TSI agree to within 0.05 Wm~2 over nearly the en-
tire period of comparison. The alignment is significantly poorer
in the other instances. The coefficient of determination, R? be-
tween reconstructed and observed TSI within a 361-day win-
dow centred on each data day, representing the short-term agree-
ment, is also drawn (bottom row). The short-term agreement
between modelled and measured TSI is relatively good; R? is

Table 2. To the nearest Gauss, the value of ((By) /1)
the agreement between reconstructed and measured TSI.

that optimizes

TSI record (By) /1)g [G] R? k [Wm™2]
ACRIM3 204 0.928 0.155
DIARADrMB 255 0.925 0.141
DIARADpymoD 230 0.940 0.131
PMO6V 230 0.959 0.107
TIM 220 0.921 0.108

Notes. Also tabulated is the coefficient of determination (R?) and RMS
difference (k) between each TSI record and the corresponding candidate
reconstruction.

generally above 0.8 except around solar cycle minima where it
dips as variation in solar irradiance diminishes, allowing noise
a greater influence. In the ACRIM3 and DIARADpyop cases,
there are also other periods where the short-term agreement de-
teriorated markedly. The closest short-term agreement is seen
with the TIM record.

In terms of the overall agreement, given by the R> and k over
the entire period of comparison, the closest alignment was found
between the PMOG6V record and the corresponding candidate re-
construction (Table 2). Considering this and the observation that
only with the PMOG6V record did reconstructed TSI exhibit con-
sistent close agreement at both rotational and cyclical timescales
(Fig. 6), we retained this candidate reconstruction for the suc-
ceeding analysis. The R? of 0.959 between this candidate recon-
struction and the PMOG6V record, which spans 1996 to 2013,
also suggests that at least 96% of the variability in TSI over this
period can be accounted for by photospheric magnetism alone.

4.3. Ultraviolet solar irradiance

The intensity spectra of umbra, penumbra, faculae and quiet
Sun currently employed in SATIRE-S were synthesized with
the ATLASO radiative transfer code (Kurucz 1993), which as-
sumes local thermodynamic equilibrium (LTE). As a conse-
quence, modelled solar irradiance starts to diverge from observa-
tions below around 300 nm and progressively so with decreasing
wavelength, as previously noted by Krivova et al. (2006, see their
Fig. 1). This is due to the breakdown of the LTE approximation
in the upper layers of the solar atmosphere.

The limitations of the model in the ultraviolet from assum-
ing LTE in the spectral synthesis were previously accounted for
by rescaling the 115 to 270 nm segment of the reconstruction
to UARS/SUSIM SSI (Brueckner et al. 1993; Floyd et al. 2003),
detailed in Krivova et al. (2006). The authors noted a close agree-
ment between their SATIRE-S reconstruction and SUSIM SSI
between 220 and 240 nm, which they termed the reference inter-
val. The authors found, by regression, the relationship between
each wavelength channel and the integrated flux within the refer-
ence interval in the SUSIM record. They then regenerate the 115
to 270 nm segment of the reconstruction applying these relation-
ships to the integrated flux in the reference interval in the recon-
struction. In this study, we corrected the ultraviolet segment of
the reconstruction by a modified approach.

— 180 to 300 nm: we offset this segment of the reconstruction
(wavelength element by wavelength element) to the Whole
Heliospheric Interval (WHI) reference solar spectra (ver-
sion 2, Woods et al. 2009). The aim was to bring the absolute
level here to a more realistic level while retaining the vari-
ability returned by the model. This less obtrusive approach
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Fig. 6. Top: 181-day moving average of the five TSI records examined (black) and the corresponding candidate TSI reconstruction (red). Middle:
the difference between the two, TSI0q — TSIyhs. The dashed lines mark the zero level and TSIyeq — TSIy = +0.05 Wm™2. Bottom: the R?
between measured and modelled TSI within a 361-day window centred on each data day. The TIM series is plotted over the other series in blue

for comparison.

was prompted by our observation that the reconstruction re-
produces the variability in observed SSI in this wavelength
range well (see Sect. 5.3). We are prohibited from extend-
ing this correction below 180 nm due to the gross disparity
in the absolute level between modelled and measured solar
irradiance there (see Fig. 1 in Krivova et al. 2006).

— 115 to 180 nm: we rescaled this segment of the reconstruc-
tion by an analysis similar to that of Krivova et al. (2006)
except we based the correction on the observations from the
FUV (115 to 180 nm) instrument on SORCE/SOLSTICE
(level 3, version 12, McClintock et al. 2005; Snow et al.
2005a) instead of SUSIM SSI. We made this switch in the in-
terest of consistency with the offset introduced to the 180 to
300 nm segment (this part of the WHI reference solar spectra
is provided by SOLSTICE spectrometry).

The SOLSTICE FUV record extends from 14th May 2003 to
15th July 2013. We excluded the measurements from after 2008
on the observation that the agreement between model and mea-
surement deteriorated slightly but palpably after this time. We
took the wavelength range of 164 to 174 nm, where the recon-
struction and SOLSTICE FUV agree best, as the reference inter-
val. Let SSIops ref and SSIyoqrer denote the integrated flux within
the reference interval in observed and reconstructed SSI, respec-
tively. The linear regression of SSIopsrer t0 SSIhodrer 1S plotted
along the scatter plot of the two in Fig. 7. Though the overall
level of SSIopsrer and SSIyodrer differ by about a factor of three,
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Fig. 7. Scatter plot of the integrated flux over the reference interval (164
to 174 nm) in the SOLSTICE FUYV record, SSIosrer and in the recon-
struction, SSIeqrer (prior to the correction of the 115 to 300 nm seg-
ment, see text). The red line is the straight line fit to the scatter plot.
The R? between the two series, and the slope and offset of the fit are
indicated.

the absolute variability is remarkably similar, as indicated by the
R? (0.975) and the slope of the fit (0.989). SSIybs ref and SSIiod et
differ largely only by an offset of 3.23 x 107> Wm™2, the vertical
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Fig. 8. Total solar irradiance from the reconstruction (black). The other time series indicate the contribution by the SATIRE-S reconstruction based
on the various data sets and by the regression series (see text), progressively offset to aid visibility. The values in parentheses indicate the number

of daily values.

intercept of the straight line fit. We regressed each SOLSTICE
FUV wavelength channel to SSIypsrer and applied the relation-

ships derived to (SSImod’ref +3.23%x 1073 Wm‘z) to regenerate
the 115 to 180 nm segment of the reconstruction.

4.4, Data gaps

We collated the reconstructed solar irradiance from the KPs»,
KPspm, MDI and HMI data sets into a single time series taking,
for the days where the model output from more than one data set
is available, the value from the succeeding instrument (Fig. 8).
The time series extends from 23rd August 1974 to 31st May
2013. Due to the limited availability of suitable magnetograms, it
covers just 7378 of the 14 162 days within this period (Table 1).
To yield an uninterrupted time series, we regressed indices of
solar activity to the reconstruction and used the result to fill the
gaps in the latter, loosely following the analysis of Ball et al.
(2014).

We employed the following solar activity index records: the
Ottawa and Penticton adjusted 10.7 cm radio flux (Tapping 1987,
2013), the LASP Lyman-a composite (Woods et al. 2000), the
IUP Mgl index composite (version 4, Viereck & Puga 1999;
Skupin et al. 2005b,¢) and the projected sunspot area composite
by Balmaceda et al. 2009 (version 0613). For each wavelength
element in the reconstruction, we reproduced the daily solar ir-
radiance over the entire period of the reconstruction using the
index or linear combination of two indices that replicates the re-
construction best on regression. Hereafter, we refer to the result
as the regression series. Minor discrepancies in the overall trend
in the regression series and the reconstruction (from long-term
uncertainties) were accounted for by offsetting the former to the
latter.

The R? between the reconstruction and the regression se-
ries varies between 0.78 and 0.98 with wavelength. The R? be-
tween the TSI from the two series is 0.883. Within expectation,
the regression series cannot reproduce all the variability in the

SATIRE-S reconstruction. The agreement is however sufficient
for the intended purpose of the regression series (to fill in the
gaps in the reconstruction).

4.5. Error analysis

Due to the complexity of the reconstruction procedure and lim-
itations imposed by the full-disc observations employed, a rig-
orous determination of the reconstruction uncertainty is not fea-
sible. For instance, possible variation in instrument properties
with time and the amount of magnetic activity hidden by magne-
togram noise and the finite spatial resolutions are neither known
nor directly determinable from the various data sets. However,
a reasonable estimate can be obtained by considering the un-
certainty introduced by the steps taken to harmonize the model
input from the various data sets and by the uncertainty in the free
parameter ((B)) /)¢, loosely following Ball et al. (2012, 2014).

We estimated the uncertainty for each wavelength element
and the TSI from the reconstruction as follows. The uncertainty
associated with the cross-calibration of the KPs;>, KPspy, MDI
and HMI data sets is given by the RMS difference between the
reconstruction based on the various data sets over the periods
where they overlap. For the days with no SATIRE-S reconstruc-
tion, plugged with values from the regression series, we took
the RMS difference between the SATIRE-S reconstruction and
the regression series over the days where the former is available
as the uncertainty. Due to the long-term uncertainty of the TSI
records considered to recover ({B)) /)¢, We arrived at estimates
ranging from 204 to 255 G (Table 2) before adopting 230 G, the
value recovered with the PMOG6YV record as the reference, as the
final value. Taking the scatter in these estimates into account,
we assumed an uncertainty of 30 G for ((B) /). The upper
(lower) bound of the uncertainty range of the reconstruction is
then given by the reconstruction generated with ((B1) /), set at
200 G (260 G) plus (minus) the cross-calibration error.
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Fig. 9. Quotient of the average reconstruction uncertainty and the dif-
ference between the maximum and minimum reconstructed solar irra-
diance as a function of wavelength.

Table 3. The R? and the rms difference, k between reconstructed TSI,
and the ACRIM, IRMB, and PMOD composites.

Series R? k[Wm™2]
ACRIM  0.747 0.301
IRMB 0.805 0.251
PMOD 00916 0.149

Notes. Here and in the rest of the paper, these quantities are calcu-
lated excluding the part of the reconstruction provided by the regression
series.

The cross-calibration error depends on the data used to re-
construct the solar spectrum for a given day and the uncertainty
associated with ((By) /u)s, on the amount of prevailing mag-
netism. As such, the reconstruction uncertainty varies day-to-
day. The quotient of the average (over all days and between the
lower and upper bounds) uncertainty and the difference between
the maximum and minimum reconstructed solar irradiance, an
indication of the scale of the uncertainty in relation to the range
of variability, varies between about 0.03 and 0.08 with wave-
length (Fig. 9). The value for the TSI from the reconstruction is
about 0.04.

5. Comparison with observations
5.1. TSI composites

As with the preceding SATIRE-S reconstructions by Wenzler
et al. (20006); Krivova et al. (2011a); Ball et al. (2012), of the
three published composite records of TSI, the reconstruction is
most consistent with the PMOD composite. The R?> between
the reconstruction and the PMOD composite (0.916) is higher
and the RMS difference (0.149 Wm™2) lower than with either
the ACRIM or the IRMB composite by a significant margin
(Table 3).

The overall trend in the PMOD composite, including the sec-
ular decline between the solar cycle minima of 1996 and 2008,
is well-replicated in the reconstruction (bottom panel of Fig. 10
and Table 4) although the reconstruction is broadly higher by
about 0.1 to 0.3 Wm™2 between 1984 and 1994 (Fig. 11). As
a result, the reconstruction registers a stronger secular decline
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Table 4. The difference between the TSI level at the solar cycle minima
of 1976, 1986, and 1996, and the level at the 2008 minimum.

Series 1976 [Wm™2] 1986 [Wm™] 1996 [Wm™2]
ACRIM -0.205 0.341
IRMB —-0.084 —-0.048
PMOD 0.273 0.188
SATIRE-S 0.423 0.399 0.236

Notes. We considered the mean level over the 3 month period centred
on each minimum.

between the 1986 and 1996 solar cycle minima than the PMOD
composite (0.163 Wm™2 versus 0.085 Wm™2, Table 4). To put
this disparity in context, it is well within the reconstruction un-
certainty and minute compared to the discrepancy between the
three composites or between the TSI records depicted in Fig. 5.

The offset between the reconstruction and the PMOD com-
posite between 1984 and 1994 is unlikely to be related to the
cross-calibration of the KPs;, and KPgspy data sets. Going back
in time, the reconstruction and the PMOD composite started to
diverge in 1994 while the period of overlap between the KPs;»
and KPgspy; data sets is November 1992 to April 1993. This dis-
crepancy could possibly be from unaccounted instrumental vari-
ation in the KPVT data sets or in the PMOD composite, espe-
cially as the period of 1984 to 1994 encompasses the ACRIM
gap (Frohlich 2006; Scafetta & Willson 2009; Krivova et al.
2009a). The higher level in reconstruction over this period sug-
gests that a stronger correction for the ACRIM gap than already
incorporated into the PMOD composite (Frohlich 2006) might
be necessary, in opposition to the claims of Scafetta & Willson
(2009).

Although the PMOD composite is based on VIRGO TSI
(a combination of the DIARADpyop and PMOG6V records) for
1996 onwards, the fact that we had relied on the PMOG6V record
to fix ((By) /u)g, 1s not the reason the reconstruction is more
aligned towards this composite than the other two. The discrep-
ancy in the overall trend in the five TSI records considered to
retrieve ((By) /i), is small compared to that between the three
composites (see Figs. 5 and 10) such that fixing ((B1) /)¢y Us-
ing any of the other TSI records still leads to reconstructed TSI
agreeing best with the PMOD composite.

The fact that we are able to replicate the secular decline
between the 1996 and 2008 solar cycle minima in the PMOD
composite using a model based on photospheric magnetism
alone runs counter to the claims of Frohlich (2009, 2012, 2013)
that mechanisms other than photospheric magnetism must be at
play and suggested a cooling/dimming of the photosphere as an
alternative.

5.2. Lyman-a irradiance and Mg Il index composites

Next, we compare the reconstruction to the LASP Lyman-a
composite and the Mg Il index composites by IUP and by LASP
(Viereck et al. 2004; Snow et al. 2005b).

In the spectral range of 115 to 290 nm, the wavelength scale
of the reconstruction is 1 nm, given by the ATLAS9 code. We
took the reconstructed solar irradiance in the 121 to 122 nm
wavelength element, SSIiod.121-122nm @s the Lyman-« irradiance.
The Mg II index of the reconstruction is given by

2 X SSIinod,279-281nm

ey

9
SSIinod,276-2770m + SSInod,283-284nm
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Fig. 11. Difference between reconstructed TSI, and the ACRIM, IRMB, and PMOD composite (blue dots). The red curves follow the corresponding
361-day moving average. The dashed and solid black lines represent the reconstruction uncertainty and the zero level, respectively.

crudely following the definition of the MgII index by Heath &
Schlesinger (1986). The Lyman-« irradiance and Mg II index so
derived from the reconstruction are clearly not exactly equiva-
lent to that in the various composites, which are computed from
higher spectral resolution line profiles. However, as we are only
interested in comparing the relative variability, these approxima-
tions are still appropriate. The correlation between model and
measurement is excellent. The R?> between the reconstruction
and the LASP Lyman-o composite is 0.942. The R*> with the
Mg II index composites by IUP and by LASP is 0.963 and 0.899,
respectively.

To compare the overall trend, we rescaled the various com-
posites such that the rotational variability is matched to that in
the reconstruction.

The overall trend in the LASP Lyman-a composite is repro-
duced in the reconstruction to well within the limits of uncer-
tainty at most places (Fig. 12a). A notable exception is the higher
levels in the reconstruction at the solar cycle minima of 1976,
1986 and 1996. Even with this discrepancy, the minimum-to-
minimum trend in the LASP Lyman-a composite is qualitatively
replicated. The observation here that the reconstruction repli-
cates the overall trend in two independent records (the PMOD
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Fig. 12. 361-day moving average of the a) Lyman-« irradiance and the b) Mg Il index. The various composites by [UP and by LASP were matched
in terms of the rotational variability and the level at the 2008 solar cycle minimum (dotted lines) to the SATIRE-S reconstruction to allow a direct
comparison of the overall trends. The dashed lines indicate the lower and upper uncertainty of the Lyman-« irradiance and Mg II index taken from

the reconstruction.

TSI composite and the LASP Lyman-a composite) confers con-
fidence on the long-term stability of the reconstruction.

The TUP MgII index composite exhibits a secular decline
between the solar cycle minima of 1996 and 2008 that is repli-
cated in the reconstruction to within uncertainty, albeit weaker
(Fig. 12b). In contrast, the LASP MgII index composite is ef-
fectively level between the two minima. This discrepancy be-
tween the two composites suggests that the long-term uncer-
tainty might be severe enough to obscure underlying secular
variations, contributing to the failure of proxy models based
on the MgII index to replicate the secular decline in VIRGO
radiometry. Foukal et al. (2011) proposed that the discrepant
decadal trends in TSI and in chromospheric indices might be
due to the non-linear relationship between the two (see Solanki
& Krivova 2004).

5.3. UARS and SORCE SSI

We contrasted the reconstruction against the daily spectral mea-
surements from the SOLSTICE* (covering 119 to 420 nm,
Rottman et al. 2001) and the SUSIM (version 22, 115 to 410 nm,
Brueckner et al. 1993; Floyd et al. 2003) experiments onboard
the UARS mission, and SOLSTICE (level 3, version 12, 114 to
310 nm, McClintock et al. 2005; Snow et al. 2005a) and SIM
(level 3, version 19, 240 to 2416 nm, Harder et al. 2005a,b)
onboard SORCE. Apart from discarding the daily spectra with
missing measurements, we employed these records as they are.
In the following, we discuss how the reconstruction compares
to these records in the ultraviolet, where the wavelength range
of the various instruments overlap (Sect. 5.3.1) and to the en-
tire SIM record, the only to extend from the ultraviolet to the
infrared (Sect. 5.3.2).

5.3.1. Ultraviolet solar irradiance

The R? between the reconstruction and UARS and SORCE
SSI in the ultraviolet as a function of wavelength is given in
Fig. 13. The R? with the observations from SUSIM and the two
SOLSTICE experiments is relatively high (largely above 0.8)
at lower wavelengths but starts to decrease after about 250 and

4 The version archived on lasp.colorado.edu/lisird/
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Fig. 13. R? between the reconstruction and UARS and SORCE observa-
tions in the ultraviolet as a function of wavelength in intervals of 10 nm.
The dashed lines at 180, 250 and 300 nm mark approximately where
there is a marked decline in the R? with one or more of the records
(highlighted in the text).

180 nm, respectively. For SIM, the R? is around 0.7 up to about
300 nm before it also starts to drop. To elucidate the cause of the
deteriorating agreement between the reconstruction and the var-
ious records towards longer wavelengths, we examined the inte-
grated flux over 120 to 180 nm, 180 to 250 nm, 250 to 300 nm
and 300 to 410 nm. The boundaries of these intervals correspond
to where R” begins to decline in the various comparisons.

The overall trend in the reconstruction and in the various
records is illustrated in Fig. 14. In the lowest wavelength interval
(120 to 180 nm), the overall trend in the records from SUSIM
and the two SOLSTICE experiments agree over the periods of
overlap and are also well-replicated in the reconstruction. Both
model and measurement exhibit clear solar cycle modulation. In
the higher intervals (180 to 410 nm, Figs. 14b to d), the various
records no longer agree over the periods of overlap or exhibit any
consistent relation to the solar cycle. For example, in the 300 to
410 nm interval, SIM SSI appears to vary in phase with the so-
lar cycle between 2005 and the 2008 solar cycle minimum, but
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2008 solar cycle minima, respectively. The dashed lines indicate the uncertainty range of the reconstruction.

in anti-phase before and after this period. The only exception is
the SUSIM record, where the overall trend, largely reproduced
in the reconstruction, remained broadly in phase with the so-
lar cycle over the entire duration of the record. The discrepant
overall trends and lack of obvious solar cycle modulation in the
UARS/SOLSTICE and SORCE records after 180 nm is indica-
tive of significant unaccounted instrumental trends above this
wavelength (long-term stability issues in these records towards
longer wavelengths had similarly been noted by DeLand et al.
2004; Ball et al. 2011; DeLand & Cebula 2012; Lean & DeLand
2012; Ermolli et al. 2013).

We found that the short-term uncertainty of UARS and
SORCE SSI is also greater towards longer wavelengths. The
rotational variability in the various records is similar and well-
reproduced in the reconstruction up to around 250 nm (top tow,
Fig. 15) before discrepancies between the different observations
start to appear (middle and bottom rows).

As an additional check, we contrasted the reconstruction
against the empirical model of ultraviolet solar irradiance by
Morrill et al. (2011), kindly provided by Jeff Morrill. This
model, which spans 150 to 410 nm, is based on the regression
of the MgII index to SUSIM SSI. It represents an approxima-
tion of SUSIM-like spectroscopy with the stability corrected to
that of the Mgl index. The R” between the reconstruction and
the Morrill et al. (2011) model is high (>0.8) almost everywhere,
even above 250 nm, where the R? between the reconstruction and
SUSIM SSI drops (Fig. 13).

The close alignment between the reconstruction and the
SUSIM-based model of Morrill et al. (2011) suggests that the

deteriorating R*> between the reconstruction and measurements
at longer wavelengths is dominantly due to the increased mea-
surement uncertainty there (Figs. 14 and 15).

Ultraviolet solar irradiance below 242 nm and from 242 to
310 nm is responsible for the production and destruction of
ozone in the stratosphere, respectively. The amplitude of the
variation over the solar cycle above 240 nm is poorly constrained
in available measurements and models, which differ from one
another by as much as a factor of six (see Ermolli et al. 2013, and
Fig. 14). Due to this spread, their application to climate models
has led to qualitatively different results for the variation in meso-
spheric ozone (Haigh et al. 2010; Merkel et al. 2011; Ball et al.
2014). In Fig. 16, we plot the decrease in SSI over the declining
phase of solar cycle 23 in the reconstruction (black) and in the
Morrill et al. (2011) model (red). The solar cycle amplitude in
the reconstruction is a close match to that in the Morrill et al.
(2011) model, even after 240 nm, lending credence to the cycli-
cal variability reproduced in both models.

5.3.2. SORCE/SIM SSI

Finally, we examine how the reconstruction compares to the en-
tire SIM record. The R? between the reconstruction and SIM SSI
remains very poor above 420 nm (0.2 at most wavelengths).
The overall trend in SIM SSI varies with wavelength. Most
notably, it alternates between showing a broad increase over the
duration of the record and the opposite at around 400, 700 and
1000 nm. This is illustrated in Fig. 17 where we plot the inte-
grated flux in the reconstruction and in the SIM record over 240
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Fig. 16. Decline in SSI between the solar cycle maximum in 2000 and
the minimum in 2008 in the reconstruction (black) and in the Morrill
et al. (2011; red) model as a function of wavelength in intervals of
10 nm. We considered the mean spectrum over the 3 month period cen-
tred on the stated activity maximum/minimum. The integral between
240 and 410 nm is given in parentheses.

to 400 nm, 400 to 700 nm, 700 to 1000 nm and 1000 to 2416 nm.
We included SIM ultraviolet solar irradiance, discussed in the
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last section, for completeness and ease of comparison. As Visi-
bly evident in the figure, SIM SSI does not exhibit any consistent
relation to the solar cycle in any of the wavelength intervals, in
conflict with the solar cycle modulation evident in the recon-
struction, certain records of ultraviolet solar irradiance (see e.g.,
DeLand & Cebula 2008, and Fig. 15) and VIRGO SPM photom-
etry (Wehrli et al. 2013).

We also compared the total flux recorded by SIM with the
integrated flux in the reconstruction over a similar wavelength
range and PMOG6V TSI (Fig. 18). With the bulk of the energy in
solar radiation confined within the wavelength range surveyed
by SIM (>97%), the integrated flux over this range should al-
ready replicate most of the variability in TSI (as similarly argued
by Ball et al. 2011; Lean & DeLand 2012). The total flux regis-
tered by SIM, as with the integrated flux over the various wave-
length intervals discussed above, lacks obvious solar cycle mod-
ulation. The R? with the reconstruction and the PMO6V record
is very weak (0.170 and 0.183, respectively). In comparison, the
integrated flux in the reconstruction over the wavelength range
of SIM still replicates over 94% of the variability in PMO6V TSI
(R* = 0.942).

The absence of any consistent relation to the solar cycle in
the SIM record and the failure of the total flux to replicate TSI
variability indicate significant unaccounted instrumental trends.
It is responsible, at least in part, for the poor R? with the recon-
struction. We are held back by the fact that there are no other
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Fig. 17. Integrated flux over the wavelength intervals given at the top of each panel in the reconstruction (black) and in SIM SSI (red). The SIM
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Fig. 18. Total flux recorded by SIM (red), integrated flux in the re-
construction over a similar wavelength range (black) and PMO6V TSI
(blue). The SIM and SATIRE-S time series were normalized to the
PMOG6V series at the 2008 solar cycle minimum. The PMOG6V series
is largely hidden by the SATIRE-S series due to the close similarity.

continuous and extended SSI records covering a similar spectral
range from a more conclusive evaluation of reconstructed visible
and infrared SSI as done for the ultraviolet in Sect. 5.3.1. This
highlights the need for a more accurate calibration of SIM SSI
and for other measurements in the visible and infrared.

6. Summary

In this paper, we present a SATIRE-S model reconstruction of
daily total and spectral solar irradiance spanning the period of
1974 to 2013. The reconstruction is based on full-disc obser-
vations of continuum intensity and line-of-sight magnetic field
from the KPVT, MDI, and HMI. Gaps in the time series from
the limited availability of suitable magnetograms were plugged
by the regression of indices of solar activity to the reconstruc-
tion. This work extends the preceding reconstruction based on
similar observations from the KPVT and MDI covering the pe-
riod of 1974 to 2009 by Ball et al. (2012, 2014). Apart from the
extension to 2013 with HMI data, we updated the reconstruction
method.

The most significant enhancement to the reconstruction
method is the procedure by which the model input from the vari-
ous data sets are combined into a single solar irradiance time se-
ries. The earlier approach had been to tailor the parameters of the
model to each data set. This left weak residual discrepancies be-
tween the reconstructed spectra generated from the various data
sets that were then accounted for by regression. In this study,
we compared the magnetogram signal and the apparent faculae
area in the various data sets and brought them into agreement in
the periods of overlap between them by regression. This allowed
us to apply the same model parameters (apart from the umbral
and penumbral intensity thresholds, which are wavelength de-
pendent) to all the data sets. This updated procedure yielded a
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consistent solar irradiance time series without the need for any
additional correction of the reconstructed spectra.

The model has a single free parameter which modulates the
contribution by bright magnetic features to reconstructed solar
irradiance variability. The optimal value was recovered by com-
paring the reconstruction to TSI measurements. We considered
the observations from four TSI radiometers in current operation:
ACRIM3, DIARAD and PMO6V on VIRGO, and TIM. Each
TSI record led to a somewhat different value for the free param-
eter and hence reconstructed solar irradiance. Based on the par-
ticularly close consistency between the PMOG6V record and the
TSI reconstruction generated using it as the reference to retrieve
the free parameter, we adopted this candidate reconstruction for
further study. The R? of 0.959 between the reconstruction and
the PMOG6V record, which extends 1996 to 2013, suggests that
at least 96% of the variability in TSI over this period can be ex-
plained by photospheric magnetism alone.

We evaluated the reconstruction against the ACRIM, IRMB
and PMOD composite records of TSI, the LASP Lyman-« com-
posite, the Mg IT index composites by TUP and by LASP, and SSI
measurements from the UARS and SORCE missions.

As with previous SATIRE-S reconstructions, we found the
closest match with the PMOD composite (R> = 0.916 over
the span of the record, 1978 to 2013). The long-term trend in
the PMOD composite is well-reproduced in the reconstruction
almost everywhere except between 1984 and 1994, where the
reconstruction is broadly higher by between 0.1 and 0.3 Wm™2.
This discrepancy is however, minute compared to the spread
between the three composites, or between ACRIM, TIM and
VIRGO radiometry. We attribute it to possible unresolved in-
strumental trends in the KPVT data sets or in the PMOD com-
posite, especially as the period in question encompasses the
ACRIM gap. In opposition to the claims of Scafetta & Willson
(2009), the higher levels in the reconstruction over this period
suggest that a stronger correction for the ACRIM gap than al-
ready incorporated into the PMOD composite (Frohlich 2006)
might be necessary. The reconstruction replicates the secular
decline between the 1996 and 2008 solar cycle minima in the
PMOD composite. This counters the suggestion by Frohlich
(2009) that a dimming of the solar photosphere, rather than pho-
tospheric magnetism, might be responsible for the secular de-
cline registered by VIRGO.

The Lyman-« irradiance and MgII index from the recon-
struction exhibit excellent agreement with the LASP Lyman-«
composite (R> = 0.942) and the TUP MgII index composite
(R* = 0.963). The overall trend in the LASP Lyman-a com-
posite is also replicated largely to within uncertainty. The fact
that the overall trend in both the PMOD TSI composite and
the LASP Lyman-a composite is well-reproduced in the recon-
struction is strong evidence of the long-term stability of the re-
construction. The IUP MgII index composite exhibits a secular
decline between the 1996 and 2008 solar cycle minima that is
largely replicated in the reconstruction while the LASP Mg II in-
dex composite is effectively level from one minimum to the next.
This implies that the long-term uncertainty in the MgII index
can possibly obscure underlying secular variation, contributing
to the observation that proxy models of solar irradiance based on
the Mg Il index cannot replicate the secular decline between the
1996 and 2008 solar cycle minima in VIRGO radiometry.

We contrasted the reconstruction against the ultraviolet so-
lar irradiance measurements from the SOLSTICE and SUSIM
experiments onboard UARS, and SOLSTICE and SIM onboard
SORCE. The agreement between reconstructed and measured
solar irradiance is relatively good up to about 180 to 250 nm
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(depending on the record) before it starts to deteriorate, which
coincides with a marked increase in measurement uncertainty.
The variability reproduced in the reconstruction is supported
by the excellent agreement with the SUSIM-based empirical
model by Morrill et al. (2011). Importantly, the amplitude of
the variation over the solar cycle is similar, even above 240 nm.
Ultraviolet solar irradiance is crucial for climate modelling but
the solar cycle variation above 240 nm is poorly constrained in
measurements and preceding models.

As with other similar studies, the reconstruction failed to
reproduce the overall trend in the SIM record. We argue from
the lack of constancy in how SIM SSI relate to the solar cycle
and the disparity between the total flux recorded by the instru-
ment and TSI that significant unaccounted instrumental trends
are present. In comparison, the reconstruction exhibits clear so-
lar cycle modulation and the integrated flux over the wavelength
range of SIM still replicates at least 94% of the variability in
PMOG6V TSI radiometry (R> = 0.942). The present quandary
between SIM SSI, and other measurements and models of solar
irradiance emphasizes the need for continual calibration efforts
and alternative measurements.

The results of this work strengthen support for the hypoth-
esis that variation in solar irradiance on timescales greater than
a day is driven by photospheric magnetic activity. The recon-
struction is consistent with observations from multiple sources,
confirming its reliability and utility for climate modeling.
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Appendix A: Is a correction of pre-1990 KPVT
magnetograms necessary?

Arge et al. (2002) compared the Carrington rotation synoptic
charts of full-disc magnetograms from KPVT, Mount Wilson
Observatory (MWO) and Wilcox Solar Observatory (WSO). The
data sets spanned the period of 1974 to 2002. The authors noted
that the total amount of unsigned magnetic flux in the KPVT
charts, up to around 1990, appear slightly lower than in the
MWO and WSO charts (Fig. 1 in their paper). This was at-
tributed to the bias in the zero level of KPs;, magnetograms,
which was stated to vary with time and with position in the
solar disc (from disc centre to limb and from east to west).
The authors brought the magnetic flux levels in a subset of the
KPVT synoptic charts from before 1990 to agreement with the
MWO and WSO data by modifying the procedure by which

> The SATIRE-S daily total and spectral solar irradiance time series
is available for download at http://www.mps.mpg.de/projects/
sun-climate/data.html
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Fig. A.1. Zero level bias of KPs;; magnetograms around disc centre
(0.72 < u < 1.00) and limb (0.1 < u < 0.72), and east and west of
the central meridian. The dashed line indicates the null level.

KPs;, magnetograms are combined to form the synoptic charts.
Wenzler et al. (2006) and Ball et al. (2012) attempted, by vari-
ous approximations, to replicate the effect of this correction in
KPs;, magnetograms from before 1990. Wenzler et al. (2006)
multiplied the magnetogram signal by a factor of 1.242 while
Ball et al. (2012) added 5.9 G to the absolute value.

We examined the zero level bias of the KPs;, magnetograms
selected for the present study. Here, we term the result of calcu-
lating the mean of a sample recursively excluding points more
than three standard deviations from the mean from succeeding
iterations till convergence as the trimmed mean. We divided the
solar disc along the central meridian and the ¢ = 0.72 locus,
yielding four segments approximately equal in area. Taking each
magnetogram, we computed the trimmed mean of the signed
magnetogram signal within each segment. The 361-day moving
average of the time series of the trimmed mean within each seg-
ment (Fig. A.1) was taken as the zero level bias. The purpose
of taking the moving average is to minimise error from the in-
fluence of magnetic activity on the trimmed mean in individual
magnetograms. Consistent with the claims of Arge et al. (2002),
the zero level bias is non-zero and varied with time and between
the four segments. However, we found that subtracting the zero
level bias from the magnetogram signal made negligible differ-
ence to the reconstruction, having little appreciable effect on the
apparent surface coverage and magnetic field strength of bright
magnetic features. This is likely due to the fact that the zero level
bias, though non-zero, is much weaker than magnetogram noise
fluctuations (the noise level of KPs;, magnetograms is around
8 G, Wenzler et al. 20006).

Arge et al. (2002) interpreted the observation that the amount
of magnetic flux in the KPVT synoptic charts is slightly lower
than in the MWO and WSO charts up to around 1990 and
broadly similar after to indicate a problem with pre-1990 KPs,
data. Most of the KPs;, magnetograms recorded between 1989
to 1992 are pervaded by instrumental artefacts similar to what is
depicted in Fig. 1 (left). The additional magnetogram signal in-
troduced by these artefacts, which manifest as rows and columns
of image pixels with spurious signals, might be responsible for
the fact that the flux level in the KPVT charts from this period
is no longer weaker than in the MWO and WSO charts. (The
KPVT charts from after this period are based on KPgpy mag-
netograms.) Considering this and our observations that the zero

level bias is actually rather weak, we surmise that the disparity
between the KPVT charts and the MWO and WSO charts prior
to 1990 might be from systematic effects not accounted for in
the analysis of Arge et al. (2002) and does not constitute any
conclusive indication that a correction of pre-1990 KPs;, mag-
netograms is necessary. This is the reason why we did not adopt
either of the corrections to pre-1990 KPs;, magnetograms pro-
posed by Wenzler et al. (2006) and Ball et al. (2012) or subtract
the zero level bias determined here from the magnetogram sig-
nal, leaving the KPs;, magnetograms as they are for the solar
irradiance reconstruction.
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Abstract The correlation between solar irradiance and the 11-year solar activity cycle is
evident in the body of measurements made from space, which extend over the past four
decades. Models relating variation in solar irradiance to photospheric magnetism have made
significant progress in explaining most of the apparent trends in these observations. There
are, however, persistent discrepancies between different measurements and models in terms
of the absolute radiometry, secular variation and the spectral dependence of the solar cy-
cle variability. We present an overview of solar irradiance measurements and models, and
discuss the key challenges in reconciling the divergence between the two.

Keywords Solar activity - Solar atmosphere - Solar cycle - Solar irradiance - Solar
magnetism - Solar physics - Solar variability

1 Introduction

The 11-year solar activity cycle, the observational manifest of the solar dynamo, is apparent
in indices of solar surface magnetism such as the sunspot area and number, 10.7 cm radio
flux and in the topic of this paper, solar irradiance. The observational and modelling aspects
of the solar cycle are reviewed in Hathaway (2010) and Charbonneau (2010), respectively.
Solar irradiance is described in terms of what is referred to as the total and spectral solar
irradiance, TSI and SSI. They are defined, respectively as the aggregate and spectrally re-
solved solar radiative flux (i.e., power per unit area and power per unit area and wavelength)
above the Earth’s atmosphere and normalized to one AU from the Sun. By factoring out the
Earth’s atmosphere and the variation in the Earth-Sun distance, TSI and SSI characterize the
radiant behaviour of the Earth-facing hemisphere of the Sun.

The variation of the radiative output of the Sun with solar activity has long been suspected
(Abbot et al. 1923; Smith and Gottlieb 1975; Eddy 1976). However, it was not observed di-
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rectly till satellite measurements, free from atmospheric fluctuations, became available. TSI
and SSI, at least in the ultraviolet, have been monitored regularly from space through a suc-
cession of satellite missions, starting with Nimbus-7 in 1978 (Hickey et al. 1980; Willson
and Hudson 1988; Frohlich 2006; DeLand and Cebula 2008; Kopp et al. 2012). A con-
nection between variations in TSI and the passage of active regions across the solar disc
was soon apparent (Willson et al. 1981; Hudson et al. 1982; Oster et al. 1982; Foukal and
Lean 1986), leading to the development of models relating the variation in solar irradiance
to the occurrence of bright and dark magnetic structures on the solar surface. While not
the only mechanism mooted, models that ascribe variation in solar irradiance at timescales
greater than a day to solar surface magnetism have been particularly successful in reproduc-
ing observations (Domingo et al. 2009). At timescales shorter than a day, excluded from this
discussion, intensity fluctuations from acoustic oscillations, convection and flares begin to
dominate (Hudson 1988; Woods et al. 2006; Seleznyov et al. 2011).

The measurement and modelling of the variation in solar irradiance over solar cycle
timescales, a minute proportion of the overall level (about 0.1 % in the case of TSI), is a sub-
stantial achievement. Though significant progress has been made over the past four decades,
considerable discrepancies remain between different measurements and models in terms of
the absolute radiometry, secular variation and the spectral dependence of the cyclical vari-
ability (see the recent reviews by Ermolli et al. 2013; Solanki et al. 2013). In the following,
we present a brief overview of the current state of solar irradiance observations (Sect. 2) and
models (Sect. 3). We then discuss the key issues in reconciling measurements and models
(Sect. 4) before giving a summary (Sect. 5). Our focus will be on the far-ultraviolet to the
infrared region of the solar spectrum. This is the spectral range where the bulk of the energy
in solar radiation is confined and commonly covered by present-day models aimed at return-
ing both TSI and SSI. We refer the reader to Lilensten et al. (2008), Woods (2008) for an
overview of solar cycle variability in the extreme-ultraviolet and shortwards, and Tapping
(2013), Dudok de Wit et al. (2014) for radio wavelengths.

2 Measurements
2.1 Total Solar Irradiance, TSI

The measurements from the succession of TSI radiometers sent into space since 1978, col-
lectively representing a nearly uninterrupted record, exhibit clear solar cycle modulation.
This is illustrated in Fig. 1 by the comparison between the various TSI records and the
monthly sunspot number. All these instruments are based on active cavity electrical substi-
tution radiometry (Butler et al. 2008; Frohlich 2010). Succinctly, TSI is measured by allow-
ing solar radiation into a heated absorptive cavity intermittently and adjusting the heating
power as necessary to maintain thermal equilibrium. While these observations are suffi-
ciently stable over time to trace solar cycle variability, only about 0.1 % of the overall level,
the measurements from the various instruments are offset from one another by a greater
margin, reflecting the uncertainty in the absolute radiometry.

With the early instruments, specifically Nimbus-7/ERB (Hickey et al. 1980; Hoyt et al.
1992), SMM/ACRIM1 (Willson 1979) and ERBS/ERBE' (Lee et al. 1987), the spread in
absolute radiometry arose mainly from the uncertainty in the aperture area (Frohlich 2012;

INimbus-7/ERB denotes the Earth Radiation Budget instrument onboard Nimbus-7, SMM/ACRIM1 the Ac-
tive Cavity Radiometer Irradiance Monitor onboard the Solar Maximum Mission and ERBS/ERBE the Earth
Radiation Budget Experiment onboard the similarly named satellite.
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Fig. 1 The measurements from the succession of TSI radiometers sent into orbit since 1978 (colour coded)
and the monthly mean of the sunspot number (black, lower right axis). Each TSI record is annotated by the
name of the instrument and where applicable, the version number and/or the year and month of the version.
Courtesy of G. Kopp (http://spot.colorado.edu/~koppg/TSI/)

Ermolli et al. 2013). As the determination of the aperture area improved, so the absolute
radiometry from the succeeding missions converged. That is, up till the Total Irradiance
Monitor, TIM (Kopp and Lawrence 2005; Kopp et al. 2005a,b) onboard the SOlar Radiation
and Climate Experiment, SORCE, launched in 2003 (Rottman 2005).

The measurements from TIM were about 5 Wm ™2 lower than the concurrent observations
from ACRIMSAT/ACRIM3? (Willson and Mordvinov 2003) and SoHO/VIRGO? (Fréhlich
et al. 1995, 1997). Tests conducted at the TSI Radiometer Facility, TRF (Kopp et al. 2007)
with ground copies of ACRIM3, TIM and VIRGO revealed unaccounted stray-light effects
in ACRIM3 and VIRGO (Kopp and Lean 2011; Kopp et al. 2012; Fehlmann et al. 2012).
Correction for scattered light subsequently introduced to the ACRIM3 record based on the
results of these tests brought it down to within 0.5 Wm™2 of the TIM record. The similar
proximity between the measurements from the PREcision MOnitor Sensor, PREMOS on-
board Picard, launched in 2010 (Schmutz et al. 2009, 2013; Fehlmann et al. 2012), with TIM
radiometry provided further evidence that the lower absolute level first registered by TIM is
likely the more accurate. In a first, PREMOS was calibrated in vacuum at full solar power
levels prior to flight at two separate facilities, the National Physical Laboratory and the TRF.
As such, it is considered to be more reliably calibrated than preceding TSI radiometers.

Due to the limited lifetime of TSI radiometers, there is no single mission that covered
the entire period of observation. Apart from ERBS (1984 to 2003) and VIRGO (1996 to
present), there are no records that encompass a complete solar cycle minimum-to-minimum.

2The ACRIM radiometer onboard the ACRIM SATellite.

3The Variability of IRradiance and Gravity Oscillations experiment onboard the Solar and Heliospheric Ob-
servatory.
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Fig.2 (a) TSI measurements from ACRIMSAT/ACRIM3 (version 11/13), SORCE/TIM (level 3, version 14)
and SoHO/VIRGO (level 2, version 6_002_1302). (b) The ACRIM (version 11/13), IRMB (version dated
19th December 2013, provided by S. Dewitte) and PMOD (version d41_62_1302) composite records of TSI.
Also plotted is the SATIRE-S (Yeo et al. 2014b) reconstruction of TSI. The vertical dashed lines mark the
position of solar cycle minima. All the time series were normalized to TIM at the 2008 solar cycle minimum
(horizontal dashed line) and smoothed with a 181-day boxcar filter

Combining the measurements from the various missions into a single time series, obviously
essential, is non-trivial due to ageing/exposure degradation, calibration uncertainty and other
instrumental issues. The ACRIM, PREMOS, TIM and VIRGO instruments are designed
with redundant cavities to allow in-flight degradation tracking. Even with this capability
and the best efforts of the respective instrument teams, significant uncertainty persists over
the long-term stability: conservatively, about 0.2 Wm~2 or 20 ppm per year (Solanki et al.
2013). This is visibly apparent in the discrepant amplitude of solar cycle variation in the
ACRIM3, TIM and VIRGO records (Fig. 2(a)). Accounting for changes in instrument sen-
sitivity, which are often particularly severe during early operation and can see discrete shifts
such as that suffered by ERB and VIRGO, has proven to be particularly precarious (Hoyt
et al. 1992; Lee et al. 1995; Dewitte et al. 2004a; Frohlich 2006). It is worth mentioning
here that the observations from the various radiometers do largely agree at solar rotational
timescales, where apparent variability is much less affected by the instrumental influences
discussed above.

There are, at present, three composite records of TSI, published by the ACRIM science
team (Willson and Mordvinov 2003), IRMB* (Dewitte et al. 2004b; Mekaoui and Dewitte
2008) and PMOD/WRC? (Frohlich 2000, 2006). These composites differ in terms of the

4IRMB is the francophone acronym of the Royal Meteorological Institute of Belgium. This composite is also
variously referred to as the RMIB or SARR composite.

SThe Physikalisch-Meteorologisches Observatorium Davos/World Radiation Center.

@ Springer



Solar Cycle Variation in Solar Irradiance

1000 I T N N T T T T T Y N N T YT T T T Y N |

| I |
SCIAMACHY —— " SORCE liss |
c ; ; ; — SPM
ASSI 1 B
M GOME ]
| R
—_ EURECA \ ol
g ( } GOME-2
= |
SBUV
t:2’ NOAA-16, 17, 151 L
% NOAA-9, 1 1 e==———1+— PREMOS
3 ~ . =
E: U — -
1SS
AE-C, AE-D, SME UARS | LYRA
0S03,4,6 ARE L -
SEE
100 L e B e B S IS S i m s e e e e e e i e e e e e S e e e B e e e e e
1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015
Time [year]

Fig. 3 Timeline and spectral range of the space missions making observations of the solar spectrum above
100 nm. Reproduced from Ermolli et al. (2013), Creative Commons Attribution 3.0 License

amplitude of solar cycle variation, most readily apparent in the conflicting secular trend of
the solar cycle minima level (see Frohlich 2006, 2012 and Fig. 2(c)). The TSI reconstruc-
tions presented by Wenzler et al. (2009), Ball et al. (2012), Yeo et al. (2014b) based on the
SATIRE-S model (Fligge et al. 2000; Krivova et al. 2003, 2011) replicated, of these com-
posites, the solar cycle and secular variation in the PMOD composite best (see Sect. 3.3.1).

2.2 Spectral Solar Irradiance, SSI
2.2.1 Ultraviolet Solar Irradiance

The solar spectrum has been probed through a miscellany of spaceborne instruments over
the past five decades (Fig. 3) which differ in the regularity of measurements and the spectral
range surveyed. As with TSI, SSI between around 120 and 400 nm has been monitored
almost without interruption from space since 1978.

The key features of the body of ultraviolet solar irradiance measurements are similar
to that of TSI, just discussed in Sect. 2.1. The observations from the various spectrome-
ters display similar rotational variability but diverge in terms of the absolute radiometry
and the amplitude of solar cycle variation, especially at wavelengths above 240 nm (see
Fig. 4 and DeLand and Cebula 2012; Unruh et al. 2012; Ermolli et al. 2013; Yeo et al.
2014b). In particular, the solar cycle amplitude in the measurements from the SIM (Harder
et al. 2005a,b) and SOLSTICE (McClintock et al. 2005; Snow et al. 2005a) experiments
onboard SORCE is stronger than that registered by the SOLSTICE (Rottman et al. 2001)
and SUSIM (Brueckner et al. 1993; Floyd et al. 2003) instruments onboard the predecessor
mission, UARS® by a factor of three to ten, depending on wavelength (see Fig. 7 in DeLand
and Cebula 2012). This disparity, while broadly within the long-term uncertainty of said
instruments, is much greater than encountered between pre-SORCE instruments (DeLand
and Cebula 2012; Ermolli et al. 2013). The long-term uncertainty of available ultraviolet
solar irradiance observations is of similar magnitude as the variation over the solar cycle: on
the order of 0.1 to 1 % per year, varying with wavelength and between instruments (Snow
et al. 2005a; Merkel et al. 2011; DeLand and Cebula 2012). The long-term uncertainty is

6SIM denotes the Spectral Irradiance Monitor, SOLSTICE the SOLar STellar Irradiance Comparison Exper-
iment, SUSIM the Solar Ultraviolet Spectral Irradiance Monitor and UARS the Upper Atmosphere Research
Satellite.
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Fig. 4 Integrated solar irradiance in the annotated wavelength intervals in the SATIRE-S reconstruction
of SSI (black). Also drawn are the measurements from the UARS and SORCE missions, rescaled to the
SATIRE-S reconstruction at the 1996 and 2008 solar cycle minima, respectively. All the time series were
smoothed by taking the 181-day moving average. Adapted from Yeo et al. (2014b)

also grossly greater than that afflicting TSI measurements. Again, due to the limited lifetime
of spaceborne instrumentation, there is no record that extends beyond a complete solar cy-
cle minimum-to-minimum with the exception of the observations from NOAA-9 SBUV/2’
(DeLand and Cebula 1998).

The solar cycle modulation in and disparity between the various pre-SORCE records
is illustrated in the time series plot by DeLand and Cebula 2008 (Fig. 2 in their paper),
which is qualitatively analogous to Fig. 1. The authors presented the first published effort
to compose the ultraviolet solar irradiance observations from these instruments into a single
time series. The result, spanning 1978 to 2005, still contains overt instrumental trends for
which the appropriate correction is not known. The challenge in the account of instrumental
influences is substantially greater than with TSI, exacerbated by the wavelength dependence
of instrumental effects and differences in the design, operation and calibration approach.

2.2.2 SORCE/SIM SSI

The series of GOME instruments, the first of which was launched onboard ERS-2 in 1996
(Weber et al. 1998; Munro et al. 2006) and ENVISAT/SCIAMACHY,? launched in 2002
(Skupin et al. 2005b) made regular measurements of the solar spectrum in the 240 to 790 nm

TThe second generation Solar Backscatter UltraViolet spectrometer onboard the ninth National Oceanic and
Atmospheric Administration satellite.

8GOME is short for the Global Ozone Monitoring Experiment, ERS-2 the second European Remote Sens-
ing satellite and ENVISAT/SCIAMACHY the SCanning Imaging Absorption spectroMeter for Atmospheric
CHartographY onboard the ENVIronmental SATellite.
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Fig. 5 181-day moving average of the integrated solar irradiance over the spectral intervals specified above
each panel in the SORCE/SIM record (red) and in the SATIRE-S reconstruction (black). The SATIRE-S time
series were rescaled to the corresponding SIM time series at the 2008 solar cycle minimum, the position and
level at which is indicated by the dashed lines. Adapted from Yeo et al. (2014b)

and 240 to 2380 nm wavelength range, respectively. These instruments are designed primar-
ily for atmospheric sounding measurements which do not require absolute radiometry rather
than solar irradiance monitoring. As such, they lack the capability to track instrument degra-
dation in-flight, rendering the observations unsuitable for tracing the solar cycle variation of
the solar spectrum reliably. The long-term stability of the narrowband (FWHM of 5 nm)
photometry at 402, 500 and 862 nm from the Sun PhotoMeter, SPM on SoHO/VIRGO
(Frohlich et al. 1995, 1997) is similarly problematic, though considerable progress has been
made (Wehrli et al. 2013).

With these caveats in mind, one can say that regular monitoring of the solar spectrum
longwards of the ultraviolet only started, in effect, with SIM. The instrument has been sur-
veying the wavelength range of 200 to 2416 nm since 2003, providing the only continuous
and extended record of the solar spectrum spanning the ultraviolet to the infrared presently
available. The latest release (version 19, dated 23rd November 2013), covering the wave-
length range of 240 to 2416 nm,’ is depicted in Figs. 5 and 6.

SIM returned rather unexpected results, precipitating the ensuing debate on the overall
trend registered by the instrument (Harder et al. 2009; Ball et al. 2011; DeLand and Cebula
2012; Unruh et al. 2012; Ermolli et al. 2013; Yeo et al. 2014b). Between 2004 and 2008,

9SIM measurement from between 200 and 240 nm are not made publicly available in consideration of the fact
that below about 260 nm, SIM observations start to register a lower signal-to-noise ratio than the concurrent
observations from the SOLSTICE experiment onboard the same mission (J. Harder, private communication).
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Fig. 7 Ratio of the variation in SSI over the same spectral intervals examined in Fig. 5, ASSI, and the
corresponding variation in TSI, ATSI, between solar cycle maximum and minimum (2002 and 2008) in the
models discussed in Sect. 3.3. For the model by Morrill et al. (2011), denoted Meall, we took ATSI from
the SATIRE-S model. Also depicted is the same for SORCE measurements between 2004 and 2008, with
ASSI and ATSI from the SIM and TIM records, respectively. Adapted from Ermolli et al. (2013), Creative
Commons Attribution 3.0 License

which is within the declining phase of solar cycle 23, SIM recorded a drop in ultraviolet flux
(240 to 400 nm, Fig. 5(a)) that is almost double the decrease in TSI over the same period
and multiple times greater than projections from pre-SORCE SSI measurements and models
of solar irradiance (Fig. 7). Up to 2006, this pronounced downward trend in the ultraviolet
is accompanied by a comparable increase in the visible (400 to 700 nm, Fig. 5(c)), in anti-
phase with the solar cycle. This is in conflict with SPM photometry (see next paragraph)
and present-day models, all of which (apart from Fontenla et al. 2011 see Sect. 3.3.2) point
to visible solar irradiance varying in phase with the solar cycle (Fig. 7). The variation in
the infrared (700 to 2416 nm, Figs. 5(c) and 5(d)) between 2004 and 2008 is also signif-
icantly stronger than in model reconstructions (Fig. 7). The investigations of Unruh et al.
(2008, 2012), DeLLand and Cebula (2012), Lean and DeLLand (2012), Yeo et al. (2014b) did,
however, note that the rotational variability in SIM SSI is similar to that in pre-SORCE
measurements and models.

Looking now at the full length of the SIM record, there is no constancy in how the overall
trend at a given wavelength relate to the solar cycle (Fig. 5). Measured solar irradiance is
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neither in phase nor anti-phase with the solar cycle. Apart from the solar cycle modulation
evident in pre-SORCE ultraviolet solar irradiance measurements, this also runs counter to
the positive correlation between SPM visible (500 nm) photometry and TSI over the simi-
lar period of 2002 to 2012 reported by Wehrli et al. (2013). There being no other extended
record of SSI covering a similar spectral range, it cannot be ruled out completely that seg-
ments of the solar spectrum may vary in a non-cyclic manner as apparent in SIM SSI. It is,
however, almost irrefutable that the integral of the solar spectrum over all wavelengths, TSI,
does exhibit solar cycle variation. As the spectral range surveyed by SIM accounts for more
than 97 % of the power in solar radiation, the total flux recorded by the instrument should
already replicate most of the variability in TSI but that is evidently not the case (Fig. 6). In
contrast, the reconstruction of the integrated solar irradiance over the spectral range of SIM
from SSI models replicates most of the variability in TSI (see Fig. 6 and Ball et al. 2011;
Lean and DeLand 2012; Yeo et al. 2014b).

The discrepancies between SIM SSI and other measurements and models reported in
various studies, summarized above, were taken to indicate that there are unaccounted in-
strumental trends in the SIM record (Ball et al. 2011; DelLand and Cebula 2012; Lean and
DeLand 2012; Unruh et al. 2012; Yeo et al. 2014b). This is favoured here over alternative
interpretations such as the apparent trends between 2004 and 2008 implying a change in
the physics of the Sun during this period compared to earlier times or that there are gaping
insufficiencies in our understanding of the physical processes driving variations in solar ir-
radiance. As we will argue in Sect. 3.1, the decline in visible flux between 2003 and 2006
(Fig. 5(c)) is not consistent with our current understanding of solar surface magnetism and
its effect on solar irradiance.

Evidently, the direct observation of the variation in SSI over solar cycle timescales is
afflicted by considerable uncertainty. The situation is set to improve with the continuing
efforts to calibrate SCIAMACHY and SORCE spectrometry, and spectral measurements
expected from ISS/SOLSPEC (Thuillier et al. 2009, 2014a) and the upcoming JPSS'® mis-
sion (Richard et al. 2011). JPSS, set to be launched in 2017, will carry an improved version
of the SIM instrument. For more extensive reviews of the measurement of solar irradiance,
we refer the reader to DeLand and Cebula (2008, 2012), Domingo et al. (2009), Kopp et al.
(2012), Frohlich (2012), Ermolli et al. (2013), Solanki et al. (2013).

3 Models

The body of satellite measurements of solar irradiance, while evidently core to our under-
standing of the solar cycle variation in the radiative output of the Sun, cover a limited period
in time and suffer significant uncertainty. Models of solar irradiance serve both to comple-
ment these observations and to advance our understanding of the physical processes driving
the apparent variability.

3.1 Solar Surface Magnetism
A feature of the 11-year solar activity cycle is the cyclical emergence and evolution of

kilogauss-strength magnetic concentrations in the photosphere (Solanki et al. 2006). The
main properties of these magnetic concentrations can be explained by describing them as

10[SS/SOLSPEC denotes the SOLar SPECtrum experiment onboard the International Space Station and JPSS
the Joint Polar Satellite System.
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a) HMI Longitudinal b) HMI Continuum c) AIA Continuum
Magnetogram Intensity (617.3nm) Intensity (170nm)

Fig. 8 Top: Concurrent observations, from 11th July 2012, of (a) the line-of-sight magnetic field and the
continuum intensity at (b) 617.3 nm and (¢) 170 nm from the Helioseismic and Magnetic Imager, HMI
(Schou et al. 2012) and the Atmospheric Imaging Assembly, AIA (Lemen et al. 2012) onboard the Solar
Dynamics Observatory, SDO. The AIA image has been resampled to register with the HMI images. Bottom:
Blow up of the boxed region, featuring active region NOAA 11520. From (a) to (¢), the grey scale is saturated
at £30 G, about 60 % and 120 %, and 20 % and 300 % of the mean quiet Sun level at disc centre

magnetic flux tubes (Spruit 1976; Spruit and Roberts 1983; Solanki 1993). They range in
physical extent from on the order of 10! to 10° km in cross section. The lower end corre-
sponds to the small-scale magnetic elements which make up active region faculae and quiet
Sun network/internetwork (Lagg et al. 2010; Riethmiiller et al. 2014), and the upper end to
sunspots and pores.

Solar irradiance is modulated by photospheric magnetic activity from its effect on the
thermal/radiant property of the solar surface and atmosphere. The influence of magnetic
concentrations on the local temperature structure of the solar surface and atmosphere varies
strongly with the size of the magnetic feature, as described below.

As a consequence of pressure balance, the interior of magnetic concentrations is evacu-
ated. The lower density creates a depression in the optical depth unity surface and magnetic
buoyancy, the result of which is flux tubes are largely vertical. The intensity contrast in the
continuum is influenced by the competing effects of magnetic suppression of convection
and radiative heating from surrounding granulation through the side walls of the depres-
sion. Sunspots and pores are dark from the magnetic suppression of convection within these
features (see Fig. 8 and the reviews by Solanki 2003; Rempel and Schlichenmaier 2011).
For small-scale magnetic concentrations, this is overcome by the lateral heating, rendering
them bright (Spruit 1976; Spruit and Zwaan 1981; Grossmann-Doerth et al. 1994; Vogler
et al. 2005), especially away from the disc centre as the side walls come into greater view

@ Springer



Solar Cycle Variation in Solar Irradiance

a) SIM (400 to 700 nm)

531.5[
531.0F

530.5F

[Wm™]

530.0F

[x10% ppm]

529.5F

520.003 ., ‘ ‘ st ‘ ‘ ‘
2003 2004 2005 2006 2007 2003 2004 2005 2006 2007
Year Year

Fig. 9 (a) Integrated solar irradiance in the visible in SIM SSI and (b) the concurrent projected sunspot area
from the composite record by Balmaceda et al. 2009 (version 0613). Points corresponding to days where the
projected sunspot area is less than 200 ppm are highlighted in red. The vertical axis of the projected sunspot
area plot is inverted to aid interpretation

(Spruit 1976; Keller et al. 2004; Carlsson et al. 2004; Steiner 2005). This feature gives
rise to the bright faculae visible near the limb in white-light. The upper layers of the at-
mosphere enclosed within flux tubes are heated by mechanical and resistive dissipations
(Musielak and Ulmschneider 2003; Moll et al. 2012), and radiation from deeper layers
(Knolker et al. 1991). This enhances their intensity within spectral lines and in the ultra-
violet, which are formed at greater heights than the visible continuum (see Fig. 8(c) and
Frazier 1971; Mitchell and Livingston 1991; Morrill et al. 2001; Ermolli et al. 2007; Yeo
et al. 2013; Riethmiiller et al. 2010). A schematic of thin flux tubes and the mechanisms
described above can be found in Fig. 5 of Solanki et al. (2013).

Models describing the variation in solar irradiance at timescales greater than a day by the
intensity deficit and excess facilitated by photospheric magnetism have achieved substantial
success in reproducing measured solar irradiance (see Sects. 3.2 and 3.3, and Domingo et al.
2009). While other plausible mechanisms have also been proposed (Wolff and Hickey 1987;
Kuhn et al. 1988; Cossette et al. 2013), related to physical processes in the solar interior,
supporting evidence is not straightforward to obtain and consequently still largely lacking.

The increase in visible solar irradiance registered by SIM between 2003 and 2006
(Fig. 5(c)) came at a time when solar activity was declining. For the solar cycle variation in
photospheric magnetism to be compatible with this trend in visible solar irradiance, small-
scale magnetic concentrations would have to be dark in the visible. The intensity deficit
from sunspots and pores, while weakening over this period, is not driving the upward trend
apparent in SIM visible solar irradiance. This is demonstrated in Fig. 9(a) by the variation
in SIM visible flux over the days with minimal sunspot activity, highlighted in red. If the
increase in SIM visible flux is indeed from sunspot darkening, then it should be absent or at
least markedly weaker in the days with minimal sunspot activity. As depicted in the figure,
the overall trend in the SIM visible flux time series is no less manifest in the days where the
projected sunspot area is minimal, below 200 ppm.

Turning now to small-scale magnetic concentrations, various studies have noted negative
contrasts in the visible continuum near disc centre at both low and high magnetogram signal
levels (summarized in Table 2 of Yeo et al. 2013).

However, the results of recent investigations suggest that these apparent negative con-
trasts are associated with the fact that small-scale magnetic elements congregate mainly
within dark intergranular lanes (Schnerr and Spruit 2011; Kobel et al. 2011) and observa-
tional effects related to the limited spatial resolutions and telescope diffraction (Réhrbein
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et al. 2011) than any indication that small-scale magnetic concentrations are dark in the
visible continuum near disc centre.

Taken together with the intensity enhancement towards the limb and within spectral lines
(Topka et al. 1997; Ortiz et al. 2002; Yeo et al. 2013), it is highly unlikely that small-scale
magnetic concentrations, at least overall, might be dark in the visible. The upward trend
in SIM visible solar irradiance between 2003 and 2006 is not consistent with our current
understanding of solar surface magnetism and its effect on solar irradiance.

3.2 Model Architectures

There are two broad categories of solar irradiance models, distinguished by the modelling
approach, commonly referred to as ‘proxy’ and ‘semi-empirical’.

3.2.1 Proxy Models

As stated in the introduction, the measurement of solar irradiance from space quickly re-
vealed an apparent connection between TSI and the passage of active regions across the
solar disc. This was followed by the development of models aimed at reconstructing solar
irradiance by the multivariate regression of indices of solar activity to measured solar irra-
diance. The index data serve as proxies of the effects of bright and dark magnetic structures
on the radiative output of the Sun, therefore the term proxy models.

Sunspot darkening is usually represented by sunspot area or the photometric sunspot in-
dex, PSI (Hudson et al. 1982; Frohlich et al. 1994) and facular brightening by chromospheric
indices such as the Ca I K (Keil et al. 1998), Mg II (Heath and Schlesinger 1986) or F10.7
(10.7 cm radio flux, Tapping 1987, 2013) indices. In this context the term sunspot includes
pores and the term faculae encompasses quiet Sun network. The Ca II K and Mg II indices
are given by the ratio of the disc-integrated flux in the line core of the Ca II K line and the
Mg IT h and k doublet to that at nearby reference wavelengths. The line core to ‘continuum’
ratio is preferred over absolute fluxes as it is more robust to instrument degradation.

The reconstructions of TSI by the group at the San Fernando Observatory, SFO (Chap-
man et al. 1996, 2012, 2013; Preminger et al. 2002) employ sunspot and faculae indices de-
rived from full-disc photometric images obtained at the observatory. These models proved
to be particularly successful among proxy models. By employing full-disc imagery instead
of Sun-as-a-star measures such as the indices listed above, they include the centre-to-limb
variation of sunspot and faculae contrast, albeit only at the photometric bandpass. The latest
iteration, based on visible red and Ca II K observations, reproduced most of the variation in
TIM radiometry (R? = 0.95, Chapman et al. 2013).

Since the proxy model approach relies on reliable solar irradiance measurements, it is not
straightforward to reconstruct SSI by this method due to the long-term uncertainty of avail-
able measurements and the relative paucity of observations outside the ultraviolet (Sect. 2.2).
Certain proxy models make use of the fact that the effects of instrument degradation on ap-
parent variability is relatively benign at shorter timescales to circumvent long-term stability
issues. The idea is to fit index data to measured rotational variability, either by detrending
the index and SSI data or confining the regression to rotational periods, and then assume the
indices-to-irradiance relationships so derived to all timescales (Lean et al. 1997; Pagaran
et al. 2009; Thuillier et al. 2012). As we will discussed in Sect. 4.1, the assumption that the
underlying relationship between indices of solar activity and solar irradiance is similar at all
timescales is not likely valid.
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3.2.2 Semi-empirical Models

The next level of sophistication in the modelling of solar irradiance is realized by semi-
empirical models. In these models, the solar disc is segmented by surface feature type,
termed ‘components’. The filling factor (proportion of the solar disc or a given area cov-
ered) and time evolution of each component is deduced from indices of solar activity or
suitable full-disc observations. This information is converted to solar irradiance employ-
ing the intensity spectra of the various components. These are calculated applying spectral
synthesis codes to semi-empirical model atmospheres of said feature types (Fontenla et al.
1999, 2009; Unruh et al. 1999; Shapiro et al. 2010). The reconstruction of the solar spec-
trum is given by the filling factor-weighted sum of the component intensity spectra. The
semi-empirical model atmospheres describe the temperature and density stratification of the
solar atmosphere within each component, constrained and validated by observations (there-
fore the term ‘semi-empirical’).

The semi-empirical approach has the advantage that it yields SSI independent of the
availability of reliable measurements. Additionally, for the models that rely on full-disc
observations for the filling factor of the solar surface components (i.e., when the exact disc
position of magnetic features is known), the centre-to-limb variation of the radiant behaviour
of each component can be taken into account by generating and applying the corresponding
intensity spectra at varying heliocentric angles.

3.3 Present-Day Models

At present, there are five models aimed at reconstructing both TSI and SSI reported in the
literature, reviewed in Ermolli et al. (2013). These models describe the solar spectrum over
at least from the far-ultraviolet to the infrared, such that the bolometric value is a close
approximation of TSI. They are,

— NRLSSI (Naval Research Laboratory Solar Spectral Irradiance, Lean et al. 1997; Lean
2000),

— SATIRE-S (Spectral And Total Irradiance REconstruction for the Satellite era, Unruh
et al. 1999; Fligge et al. 2000; Krivova et al. 2003, 2006, 2011; Yeo et al. 2014b),

— SRPM (Solar Radiation Physical Modelling, Fontenla et al. 1999, 2004, 2006, 2009,
2011),

— OAR (Observatorio Astronomico di Roma, Ermolli et al. 2003, 2011, 2013; Penza et al.
2003) and

— COSI (COde for Solar Irradiance, Haberreiter et al. 2008; Shapiro et al. 2010, 2011,
2013).

Apart from the NRLSSI, these models adopt the semi-empirical approach. In the follow-
ing, we discuss the recent results obtained with the SATIRE-S model by Yeo et al. 2014b
(Sect. 3.3.1) before giving an overview of the other models listed (Sect. 3.3.2). For a broader
review of models of solar irradiance, we refer the reader to Domingo et al. (2009), Ermolli
et al. (2013), Solanki et al. (2013).

3.3.1 SATIRE-S
The SATIRE-S model (Fligge et al. 2000; Krivova et al. 2003, 2011) relies on spatially-

resolved full-disc observations of magnetic field and intensity to segment the solar disc into
quiet Sun, faculae, sunspot umbra and sunspot penumbra. It has been applied to longitudinal
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magnetograms and continuum intensity images collected at the KPVT (in operation from
1974 to 2003, Livingston et al. 1976; Jones et al. 1992), as well as from SoHO/MDI (1996
to 2011, Scherrer et al. 1995) and SDO/HMI'' (2010 to the present, Schou et al. 2012)
to reconstruct total and spectral solar irradiance over various periods between 1974 and
2013 (Krivova et al. 2003; Wenzler et al. 2006; Ball et al. 2012, 2014; Yeo et al. 2014b).
In the latest iteration (Yeo et al. 2014b), KPVT, MDI and HMI magnetograms were cross-
calibrated in such a way that the model input from all the data sets combine to yield a single
consistent TSI/SSI time series covering the entire period of 1974 to 2013 as the output. Apart
from the NRLSSI, which extends back to 1950, this is the only other daily reconstruction
of the solar spectrum spanning the ultraviolet to the infrared from present-day models to
extend over multiple solar cycles.

At present, the model employs the intensity spectra of quiet Sun, faculae, umbra and
penumbra from Unruh et al. (1999), which were generated with the ATLAS9 spectral syn-
thesis code (Kurucz 1993). As ATLAS9 assumes local thermodynamic equilibrium (LTE),
it fails in the ultraviolet below approximately 300 nm. Ultraviolet solar radiation is formed
in the upper photosphere and lower chromosphere, where the plasma is increasingly less
collisional. The breakdown below 300 nm is accounted for by rescaling the 115 to 180 nm
segment of the reconstructed spectra to SORCE/SOLSTICE SSI'? and offsetting the 180
to 300 nm segment to the Whole Heliospheric Interval (WHI) reference solar spectra by
Woods et al. (2009), as detailed in Yeo et al. (2014b). SATIRE-S is the only semi-empirical
model to include the influence of departures from LTE through such a data-driven approach.
The SRPM, OAR and COSI models take a more direct approach, making use of various
non-LTE spectral synthesis codes to generate the intensity spectra of solar surface compo-
nents. The various non-LTE codes differ from one another by the method non-LTE effects
are approximated (see Fontenla et al. 1999; Uitenbroek 2002; Shapiro et al. 2010).

Recall, due to uncertainties in the amplitude of solar cycle variation, the three published
TSI composites exhibit conflicting decadal trends (Sect. 2.1). The TSI reconstructed by
SATIRE-S is a significantly closer match to the PMOD composite than to the ACRIM or
the IRMB composite, replicating most of the variability (R? = 0.92) over the entire length
of the composites (Fig. 2(c)). Reconstructed TSI also exhibits excellent agreement with the
measurements from individual instruments such as ACRIM3, TIM and VIRGO. The record
from the PMOG6V'? radiometer on VIRGO is particularly well-matched (R? = 0.96). The
secular decline between the 1996 and 2008 solar cycle minima in VIRGO radiometry is
reproduced to within 0.05 Wm~2 (Fig. 2(a)). This agreement between SATIRE-S TSI and
VIRGO radiometry, which extends 1996 to the present, encompassing all of solar cycle 23,
is significant. It implies that at least 96 % of the variability in solar irradiance over this pe-
riod, including the secular variation between the 1996 and 2008 solar cycle minima can be
explained by solar surface magnetism alone.

The bolometric facular brightening and sunspot darkening, ATSIg,. and ATSI, with
respect to the TSI level of the magnetically quiet Sun, binned and averaged by month and

UTn full, the Kitt Peak Vacuum Telescope (KPVT), the Michelson Doppler Imager onboard the Solar and
Heliospheric Observatory (SoHO/MDI)), and the Helioseismic and Magnetic Imager onboard the Solar Dy-
namics Observatory (SDO/HMI).

12This is relatively unaffected by the long-term stability issues plaguing available SSI measurements dis-
cussed in Sect. 2.2.1 as they only emerge towards longer wavelengths (Fig. 4).

I3VIRGO TSI is actually given by the combination of the measurements from two onboard radiometers,
DIARAD and PMOG6V. The solar cycle variation in the DIARAD and PMOG6V records is nearly identical
but they do differ at rotational timescales resulting in very different R? values on comparison with other
measurements or models.
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Fig. 10 Variation in TSI from (a) faculae brightening, ATSlg,. and (b) sunspot darkening, ATSIgp in the
SATIRE-S model, as a function of time and latitude (the monthly average in sine latitude intervals of 0.01).
The black bars along the horizontal axes mark the months with no values from the lack of suitable magne-
togram data. The gaps around the maxima of solar cycles 21 and 22 are filled by interpolation. The horizontal
and vertical dashed lines denote the equator and epoch of solar cycle minima, respectively

sine latitude, is expressed in Fig. 10. This is an update of the similar figure by Wenzler
(2005) based on an earlier SATIRE-S reconstruction that employed KPVT data alone. Since
solar surface magnetism is concentrated in active regions, it follows then that the latitudinal
distribution of the associated intensity excess/deficit demonstrate Sporer’s law, resembling
butterfly diagrams of sunspot area/position and magnetic flux (see e.g., Figs. 4 and 14 in
Hathaway 2010). A diagram similar to Fig. 10(c), based on the PSI, was presented by Froh-
lich 2013 (Fig. 5 in his paper).

Since sunspots are largely absent around solar cycle minima, the minimum-to-minimum
variation in SATIRE-S TSI is dominantly from the change in facular brightening. In Fig. 11,
we plot the latitudinal distribution of facular brightening at the last three solar cycle min-
ima, taken from the butterfly diagram (Fig. 10(a)). Around the 1986 solar cycle minimum,
facular brightening is elevated close to the equator, around mid-latitudes and towards high
latitudes (red curve). The broad peaks near the equator and at mid-latitudes correspond to
active regions associated with the preceding cycle and the succeeding cycle, respectively.
The increase towards high latitudes relates to magnetic elements transported polewards by
meridional circulation over the course of the previous cycle (i.e., polar flux). The differ-
ing latitudinal distribution at the three solar cycle minima illustrates how the minimum-
to-minimum trend in faculae brightening and therefore TSI is modulated by the prevailing
magnetic activity in the three latitude regions. The low flat profile of the blue curve, corre-
sponding to the 2008 solar cycle minimum, reflects the near-complete absence of any form
of activity during this period, which contributed significantly to the secular decline between
the 1996 and 2008 solar cycle minima.
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The ultraviolet solar irradiance measurements from the various instruments sent into
space diverge in terms of the amplitude of solar cycle variation, especially above 240 nm and
between SORCE and pre-SORCE missions (Sect. 2.2.1). Consequently, while the SATIRE-
S reconstruction reproduces the cyclical variability in the ultraviolet solar irradiance obser-
vations from the UARS and SORCE missions closely below 180 nm, above this wavelength,
it replicates certain records better than others (Fig. 4). The reconstruction is a close match
to the empirical model by Morrill et al. (2011). This model, based on the matching of the
Mg II index to SUSIM SSI, represents an estimation of SUSIM-like spectrometry with the
stability corrected to that of the Mg II index. Notably, the amplitude of solar cycle variation
is similar, even above 240 nm (Figs. 7 and 12). The reconstruction does not replicate the
overall trend in SIM SSI (Fig. 5). It is worth noting here that there is no model reported thus
far that is able to reproduce the solar cycle variation in SIM SSI and TSI simultaneously.

The Lyman-e irradiance of the reconstruction reproduces most of the variability (R? =
0.94), including the solar cycle trend (Fig. 13(a)), in the LASP'* Lyman-a composite
(Woods et al. 2000). The Mg II index derived from the reconstruction is highly correlated
to the competing Mg II index composites by LASP (Viereck et al. 2004; Snow et al. 2005b)
and by TUP'S (Viereck and Puga 1999; Skupin et al. 2005a,c), in particular with the latter

14The Laboratory for Atmospheric and Space Physics.

I51UP is the germanophone acronym of the Institute of Environmental Physics at the University of Bremen.
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Fig. 13 (a) The Lyman-« irradiance and (b) Mg IT index based on the SATIRE-S reconstruction of SSI (black
solid lines). The reconstruction uncertainty is denoted by the dotted lines. Also illustrated, the LASP Lyman-«
composite (red), and the IUP (green) and LASP (blue) Mg 11 index composites, regressed to the rotational
variability and offset to the 2008 solar cycle minimum level (dashed lines) in the respective SATIRE-S time
series. All the time series were smoothed with a 181-day boxcar filter. Adapted from Yeo et al. (2014b)

(R? = 0.96). It was, however, less successful in replicating the decadal trend in these two
composites (Fig. 13(c)). That said, it did reproduce, to within model uncertainty, the secular
decline between the 1996 and 2008 solar cycle minima in the [UP Mg II index composite.

3.3.2 Other Present-Day Models

The present-day models capable of returning the solar spectrum over the ultraviolet to the
infrared are, with the exception of the SRPM, broadly consistent with one another. They
differ in certain aspects, most notably in terms of the spectral dependence of the cyclical
variability (Fig. 7). In this section, we will give a brief description of the NRLSSI, SRPM,
OAR and COSI models, and highlight the key discrepancies between these models and
SATIRE-S.

The NRLSSI (Lean et al. 1997; Lean 2000) describes the effect of sunspot darkening and
faculae brightening on a model spectrum of the quiet Sun. The time evolution of sunspot
darkening is given by the PSI derived from sunspot area records and facular brightening
by the Ca II K, Mg II and F10.7 indices. In the ultraviolet (120 to 400 nm), the variation in
solar irradiance is inferred from the multivariate regression of the index data to the rotational
variability in UARS/SOLSTICE SSI. This is achieved by detrending both index and SSI data
prior to the regression. Above 400 nm, it is given by the sunspot and faculae contrast models
from Solanki and Unruh (1998), modulated in time by the index data.

The models discussed here, apart from the SRPM, all see reconstructed SSI varying in
phase with the solar cycle in the ultraviolet and visible (Fig. 7). In the infrared, facular
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contrast is weak and negative at certain wavelengths, depending on the model. This allows
sunspot darkening to dominate such that the overall level at activity maximum can be lower
than at minimum as illustrated for SATIRE-S in Fig. 5(d). Depending on the sunspot/facular
contrast adopted by the various models, they differ in the wavelength range and strength of
this effect (see Fig. 7 in Ermolli et al. 2013). This effect is relatively weak in the NRLSSI
such that the integrated flux over the shortwave-infrared (1000 to 2430 nm) still varies in
phase with the solar cycle, contrary to the other models (Fig. 7). The variation over the solar
cycle between 240 and 400 nm is also weaker, almost half of that in SATIRE-S, attributed
to confining the regression to rotational variability (Ermolli et al. 2013). The consistency
between SATIRE-S and the SUSIM-based model of Morrill et al. (2011) gives further sup-
port to the amplitude of solar cycle variation in the ultraviolet exhibited by these two models
(Fig. 12). While SATIRE-S replicates the secular decline between the 1996 and 2008 solar
cycle minima in VIRGO TSI radiometry (Fig. 2(a)), the NRLSSI does not as this minimum-
to-minimum variation is absent in the Mg II index composite employed, that released by
LASP (Fig. 13(c)).

The SRPM denotes the set of data and tools for semi-empirical modelling of solar irradi-
ance, including a non-LTE spectral synthesis code, developed by Fontenla et al. (1999, 2004,
2006, 2009, 2011). Currently, the package features semi-empirical model atmospheres for
nine solar surface components: quiet Sun internetwork, quiet Sun network lane, enhanced
network, plage, bright plage, sunspot umbra and sunspot penumbra, presented in Fontenla
et al. (2009), and dark quiet Sun internetwork and hot facula, introduced later in Fontenla
et al. (2011). Fontenla et al. (2011) made various adjustments to the Fontenla et al. 2009
model atmospheres guided by SORCE SSI. The solar irradiance reconstruction presented
by the authors, extending 2000 to 2009, is based on these modified model atmospheres. The
filling factors of the various components were derived from full-disc images in the red part
of the visible spectrum and Ca Il K acquired with the Precision Solar Photometric Telescope,
PSPT at OAR (Coulter and Kuhn 1994; Ermolli et al. 1998).

The modifications to the Fontenla et al. (2009) model atmospheres resulted in the re-
constructed visible solar irradiance registering lower levels during periods of higher activity
(Figs. 6 and 9 in Fontenla et al. 2011), qualitatively consistent with the increase in SIM
visible flux between 2003 and 2006 (Fig. 5(c)). However, the solar cycle variation in the
ultraviolet is still weaker than what was recorded by SORCE/SOLSTICE. The model thus
failed to reproduce the solar cycle variation in measured TSI, which all the other present-
day models are able to do with reasonable success. These shortcomings were taken by the
authors to imply that the number of solar surface components is insufficient, which runs
counter to the OAR results.

The team at OAR also employed the full-disc images recorded with the PSPT at the
observatory in the series of proxy and semi-empirical reconstructions of solar irradiance
reported (Penza et al. 2003; Domingo et al. 2009; Ermolli et al. 2011). Work on a new semi-
empirical model is in progress (Ermolli et al. 2013). This latest effort considers the seven
solar surface components defined in Fontenla et al. (2009). The filling factors were ob-
tained from PSPT observations covering the period of 1997 to 2012 following Ermolli et al.
(2010). The intensity spectra corresponding to each component were calculated with the
Fontenla et al. (2009) model atmospheres, without the more recent modifications introduced
by Fontenla et al. (2011), using the non-LTE spectral synthesis code RH'® (Uitenbroek
2002). The computation is therefore, apart from employing the Fontenla et al. (2009) model

16Based on the work of and abbreviated after Rybicki and Hummer (1991, 1992).
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atmospheres as is, broadly analogous to the SRPM reconstruction presented by Fontenla
etal. 2011.

In the ultraviolet and visible, the OAR reconstruction is roughly consistent with NRLSSI,
SATIRE-S and COSI, exhibiting a similar disparity with SIM SSI (Fig. 7). Also in line with
these other models, the TSI from the reconstruction replicates most of the variability in
TIM radiometry and the PMOD composite. The agreement with measured TSI suggests that
the seven solar surface components described in Fontenla et al. (2009) are sufficient for
the semi-empirical modelling of at least TSI, in contradiction to the conclusion of Fontenla
etal. (2011). The OAR results also support the conclusions of Ball et al. (2011), DeLand and
Cebula (2012), Lean and DeLand (2012), Unruh et al. (2012), Yeo et al. (2014b), that the
discrepancy between SIM SSI and models arise from unaccounted instrumental effects in the
SIM record and does not warrant a significant rethink in how solar irradiance is modelled.

The non-LTE spectral synthesis code COSI (Haberreiter et al. 2008; Shapiro et al.
2010) has been utilised to generate intensity spectra of solar surface components for semi-
empirical modelling of solar irradiance (Haberreiter et al. 2005). The current implementation
utilizes intensity spectra generated with the model atmospheres by Fontenla et al. (1999).
These were applied to sunspot number, °Be and neutron monitor data to reconstruct so-
lar irradiance back to the Maunder minimum period and over the Holocene at 1-year and
22-year cadence, respectively (Shapiro et al. 2011). More recently, they were also applied
to SRPM PSPT-based filling factors (Shapiro et al. 2013), and HMI full-disc longitudinal
magnetograms and continuum intensity images (Thuillier et al. 2014b).

Contrary to the NRLSSI, SATIRE-S and OAR models, the Shapiro et al. (2011) recon-
struction varied in anti-phase with the solar cycle in the near-infrared (700 to 1000 nm,
Fig. 7), accompanied and compensated by an enhanced variability in the ultraviolet. This
was attributed to the use of a single model atmosphere each for sunspots and for plage, so not
distinguishing between sunspot umbra and penumbra and between plage and bright plage
(Ermolli et al. 2013). To account for this simplification, Shapiro et al. (2013) reduced sunspot
and plage contrast in such a manner that brought the reconstruction presented into align-
ment with SORCE/SOLSTICE measurements in the Herzberg continuum (190 to 222 nm).
A more comprehensive approach is in development.

4 Reconciling Measurements and Models
4.1 Proxy Models

Solar irradiance observations, in particular SSI, suffer non-trivial long-term uncertainty
(Sect. 2). As mentioned in Sect. 3.2.1, in the regression of indices of solar activity to mea-
sured SSI, certain proxy models confine the fitting to rotational variability to circumvent
bias from instrumental trends. Such a step implicitly assumes that the relationship between
the two is similar at all timescales.

While the rotational variability in solar irradiance is largely driven by the time evolution
of active regions, the variability at longer timescales is dominated by the magnetic flux
distributed in the quiet Sun (Foukal and Lean 1988; Fligge et al. 2000; Solanki et al. 2002).
The response of chromospheric indices to magnetic flux in active regions and in the quiet
Sun is evidently not the same (Tapping 1987; Solanki and Krivova 2004; Ermolli et al.
2010; Foukal et al. 2011). The weak solar cycle variation in the ultraviolet in the NRLSSI
highlights the limitation of applying the relationship between chromospheric indices and
solar irradiance at rotational timescales to longer timescales.
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VIRGO registered a secular decline in TSI of over 0.2 Wm™2 between the 1996 and 2008
solar cycle minima, approximately 20 % of the solar cycle amplitude (Frohlich 2009). The
NRLSSI does not replicate this clear secular trend in VIRGO radiometry as it is absent in the
LASP Mg Il index composite. Frohlich (2009, 2012, 2013) attributed the discrepant decadal
trend in the LASP Mg II index composite and VIRGO TSI to a possible cooling/dimming of
the photosphere between the two solar cycle minima. This disparity is more likely related to
the non-linear relationship between chromospheric indices and solar irradiance, discussed
in the previous paragraph (Foukal et al. 2011) and the long-term uncertainty of Mg II in-
dex data. While the LASP Mg II index composite is effectively level between the 1996 and
2008 solar cycle minima, the competing composite by IUP does exhibit a secular decline
(Fig. 13(c)). This minimum-to-minimum drop in the IUP composite is qualitatively repli-
cated in the Mg II index produced from the SATIRE-S reconstruction, the TSI from which
reproduces the secular decline in VIRGO TSI (Sect. 3.3.1). The discrepancy between the
IUP and LASP composites demonstrates how even for an activity proxy as robust to instru-
mental effects as the Mg II index, the long-term uncertainty can still be sufficient to obscure
the underlying decadal variation.

The rigorous reconstruction of solar irradiance through proxy models would require a
greater understanding of the relationship between indices of solar activity and solar irradi-
ance, and of the long-term stability of index data, which is still largely unknown.

4.2 Semi-empirical Models

Present-day semi-empirical models, reviewed in Sect. 3.3, all employ one-dimensional or
plane-parallel model atmospheres. Various studies have pointed out that the intensity spec-
tra synthesized from one-dimensional representations of the spatially inhomogeneous solar
atmosphere do not necessarily reflect the true average property (Uitenbroek and Criscuoli
2011; Holzreuter and Solanki 2013).

The intensity contrast of network and facular magnetic features varies with distance from
disc centre and magnetic flux. In SATIRE-S, the magnetic flux dependence is linear with the
magnetogram signal up to a saturation level, the free parameter in the model (Fligge et al.
2000). For the SRPM, OAR and COSI models, which employ full-disc Ca II K images,
after identifying sunspots, the rest of the solar disc is segmented by the Ca II K intensity
into multiple components. These measures are not only empirical but also do not properly
account for the observation that the continuum and line core intensity contrast of small-
scale magnetic concentrations scale differently with magnetogram signal (Yeo et al. 2013).
As set out by Unruh et al. (2009), three-dimensional model atmospheres would allow the
possibility to relate the appropriate calculated intensity spectra to the magnetogram signal
or Ca II K intensity directly.

In the continuum, the intensity contrast of small-scale magnetic elements increases with
distance from disc centre before declining again close to the limb while the converse is ob-
served within spectral lines. This difference comes primarily from the differing interaction
between the line-of-sight, and magnetic flux tubes and the intervening atmosphere at the
continuum and spectral lines formation heights (Solanki et al. 1998; Yeo et al. 2013). In em-
ploying one-dimensional model atmospheres, present semi-empirical models do not capture
these effects.

Three-dimensional model atmospheres based on observations (Socas-Navarro 2011) and
magnetohydrodynamics (MHD) simulations (Vogler et al. 2005), while growing in sophis-
tication and realism, cannot as yet reproduce observations at all heights (Afram et al. 2011).
A limiting factor is our understanding of the effects of spatial resolution, that is, the point
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spread function and how it is sampled by the imaging array, on observations (Danilovic
et al. 2008, 2013; Rohrbein et al. 2011). This is especially severe for the small-scale mag-
netic concentrations which make up network and faculae as they are largely unresolved
in current observations. The increasing availability of atmospheric seeing-free observations
from space and balloon-borne missions, in particular high spatial resolution imagery, such as
those from SUNRISE (Solanki et al. 2010; Barthol et al. 2011), will provide stringent con-
straints on model atmospheres. Space and balloon-borne telescopes have the advantage that
the point spread function can be well-constrained (Mathew et al. 2007, 2009; Wedemeyer-
Bohm 2008; Yeo et al. 2014a), rendering them particularly useful for this purpose.

Another source of uncertainty is the treatment of non-LTE effects, which are highly com-
plex and not fully understood. The SRPM, OAR and COSI models employ various non-LTE
spectral synthesis codes which differ by the approach taken to approximate non-LTE ef-
fects. In SATIRE-S, which relies on an LTE spectral synthesis code, non-LTE effects are
accounted for empirically instead. While inexact, the one-dimensional model atmospheres
and the various measures taken to account for non-LTE effects, direct or empirical, in
present-day semi-empirical models are a practical necessity. As these simplifications are
tested against and so constrained by observations, current models are found to be reason-
able for the purpose of solar irradiance reconstruction. This is demonstrated by the broad
consistency between reconstructed solar irradiance and measurements (Sect. 3.3).

5 Summary

The TSI observations from the succession of radiometers sent into space since 1978 readily
reveal solar cycle modulation. The clear detection of such modulations, only about 0.1 %
of the overall level, is a remarkable achievement. The records from the various instruments
do, however, differ in terms of the absolute level and the apparent amplitude of solar cycle
variation. This is chiefly from the difficulty in accounting for instrument degradation. While
the absolute radiometry of present-day instruments is converging due to the collaborative
efforts of various teams, significant uncertainty persists over the long-term stability. This is
evident in the conflicting decadal trends exhibited by the three published TSI composites.

Like TSI, ultraviolet (120 to 400 nm) solar irradiance has been monitored from space,
almost without interruption, since 1978. Spectrometry is obviously a more complicated mea-
surement. Not surprisingly, the uncertainty in the absolute radiometry and the amplitude of
solar cycle variation is more severe than with TSI. Compounded by the wavelength depen-
dence of instrumental influences, this translates into uncertainty in the spectral dependence
of the cyclical variability. The problem is particularly acute above 240 nm and between
measurements from the SORCE satellite and preceding missions.

The SIM instrument onboard SORCE provides what is still the only extended (2003 to
2011) record of SSI spanning the ultraviolet to the infrared (240 to 2416 nm) available. The
measurements from the first few years of operation (2003 to 2008) saw ultraviolet solar ir-
radiance declining almost twice as rapidly as TSI and visible solar irradiance ascending, in
apparent anti-phase with the solar cycle. These trends conflict with projections from other
measurements and models. Looking at the full period, the overall trend shows no obvious
solar cycle modulation. The total flux recorded by the instrument, which surveys a wave-
length range responsible for more than 97 % of the power in solar radiative flux, also fails
to replicate the solar cycle variation evident in TSI.

Satellite monitoring of solar irradiance has been accompanied by the development of
models aimed at recreating the observed variability. Solar irradiance is modulated by pho-
tospheric magnetism from its effect on the thermal structure and consequently the radiant
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behaviour of the solar surface and atmosphere. Models of solar irradiance based on the
assumption that variations at timescales greater than a day are driven by solar surface mag-
netism have achieved considerable success in replicating observations.

There are two broad categories of solar irradiance models, termed proxy and semi-
empirical. Proxy models are based on the regression of indices of solar activity to solar
irradiance observations. Semi-empirical models employ the intensity spectra of solar surface
features calculated from semi-empirical model atmospheres with spectral synthesis codes.
These intensity spectra are combined with the apparent surface coverage of the various fea-
tures, derived from index data or full-disc observations, to reconstruct the solar spectrum.

We discussed the present-day models capable of returning the spectrum over the ultravi-
olet to the infrared: NRLSSI, SATIRE-S, SRPM, OAR and COSI. Apart from the NRLSSI,
these models adopt the semi-empirical approach.

In the regression of index data to solar irradiance observations, certain proxy models
including the ultraviolet segment of NRLSSI restrict the fitting to the rotational variability
to factor out any bias from the long-term uncertainty of the solar irradiance measurements
employed. In doing so, these models implicitly assume that the relationship between chro-
mospheric indices, utilized in these models as a proxy of facular brightening, and solar
irradiance at rotational timescales is applicable to longer timescales. Likely a consequence
of the fact that the relationship between chromospheric indices and solar irradiance is really
non-linear, the amplitude of solar cycle variation in the ultraviolet in the NRLSSI is weaker
than in other present-day models.

Another limitation of the proxy approach is the fact that the reconstructed solar irradi-
ance adopts the variability of the index records used in the reconstruction, along with the
associated uncertainty. We argued that the long-term uncertainty of Mg II index data might
be the reason why the NRLSSI does not replicate the secular decline between the 1996 and
2008 solar cycle minima in VIRGO TSI radiometry.

The SRPM reconstruction of solar irradiance presented by Fontenla et al. (2011) is the
only one where visible flux varied in anti-phase with the solar cycle, in qualitative agreement
with early SIM observations. This was achieved with modifications to the Fontenla et al.
(2009) model atmospheres. However, the TSI from the reconstruction failed to replicate the
solar cycle variation in measured TSI. The other models reviewed see visible solar irradiance
varying in-phase with the solar cycle and reproduced TSI variability, including the solar
cycle modulation, with reasonable success. Significantly, the OAR computation is, apart
from the use of the Fontenla et al. (2009) model atmospheres without any modifications,
largely analogous to the Fontenla et al. (2011) study in terms of the approach.

Considering the role of photospheric magnetism in driving variations in solar irradiance,
the increase in the visible registered by SIM during its early operation, coming at a time
where solar activity is declining, requires that small-scale magnetic concentrations be darker
than the quiet Sun in this spectral region. However, our current understanding of the radiant
properties of these solar surface features point to the converse.

Apart from the NRLSSI, the semi-empirical model SATIRE-S, recently updated by Yeo
et al. (2014b), gives the only other daily reconstruction of the solar spectrum spanning the
ultraviolet to the infrared from present-day models to extend multiple solar cycles, covering
1974 to 2013. Of the three divergent TSI composites, the model found the greatest success in
replicating the solar cycle variation in the PMOD composite. The TSI reconstruction is also
a good match to present-day measurements, reproducing about 96 % of the variability in
the PMOG6V record and the secular decline between the 1996 and 2008 solar cycle minima
in VIRGO radiometry. The SSI reconstruction replicates the solar cycle variation in the
ultraviolet solar irradiance observations from the UARS and SORCE missions very closely
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below 180 nm. As the amplitude of solar cycle variation is poorly constrained in available
SSI measurements at longer wavelengths, particularly above 240 nm, SATIRE-S, as with
all other models, cannot exactly replicate SORCE solar cycle variation very well there. The
amplitude of solar cycle variation in the reconstruction does however, match closely to the
empirical model of Morrill et al. (2011), which represents an approximation of SUSIM-like
SSI with the stability corrected to that of the Mg II index. The model also replicates the solar
cycle variation in the LASP Lyman-«a composite and the secular decline between the 1996
and 2008 solar cycle minima in the [UP Mg II index composite.

The intensity spectra of solar surface features employed in present-day semi-empirical
models are derived from one-dimensional model atmospheres which do not capture all
the complexities of the radiant behaviour of the solar surface and atmosphere. Three-
dimensional model atmospheres, though increasingly realistic, still cannot reproduce obser-
vations at all heights. Their development is impeded by the limited availability of high spa-
tial resolution observations and the challenge in understanding instrumental influences on
apparent radiance. Current semi-empirical models account for non-LTE effects either empir-
ically by offsetting/rescaling reconstructed spectra to measured SSI or directly by employing
non-LTE spectral synthesis codes, neither of which is exact. Constrained by observations,
the intensity spectra of solar surface features generated from one-dimensional model atmo-
spheres and present non-LTE schemes, are still somewhat reliable for the intended purpose.
This is demonstrated by the broad consistency between the various semi-empirical models
and their success in replicating measurements.

The direct observation of solar irradiance is a challenging endeavour. At present, the body
of spaceborne measurements is still afflicted by uncertainties in the absolute radiometry,
secular variation and spectral dependence of the cyclical variability. However, one cannot
discount the considerable progress made over the past four decades with the collective effort
of the community. A good example is the collaborative efforts which led to the convergence
of ACRIM3, TIM and PREMOS absolute TSI radiometry. Models of solar irradiance based
on solar surface magnetism have proved to be an able complement, augmenting our under-
standing of the observations and the physical processes underlying solar cycle variation in
solar irradiance. While open questions remain, continual observational and modelling ef-
forts will undoubtedly see the emergence of a more cohesive picture of solar cycle variation
in solar irradiance.
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Kok Leng Yeo: Analysis and modeling of solar irradiance
variations

A prominent manifestation of the solar dynamo is the 11-year
activity cycle, evident in indicators of solar activity, including so-
lar irradiance. Although a relationship between solar activity and
the brightness of the Sun had long been suspected, it was only
directly observed after regular satellite measurements became
available with the launch of Nimbus-7 in 1978. The measure-
ment of solar irradiance from space is accompanied by the de-
velopment of models aimed at describing the apparent variability
by the intensity excess/deficit effected by magnetic structures in
the photosphere. The more sophisticated models, termed semi-
empirical, rely on the intensity spectra of photospheric magnetic
structures generated with radiative transfer codes from semi-
empirical model atmospheres. An established example of such
models is SATIRE-S (Spectral And Total Irradiance REconstruc-
tion for the Satellite era). One key limitation of current semi-
empirical models is the fact that the radiant properties of net-
work and faculae are not adequately represented due to the
use of plane-parallel model atmospheres (as opposed to three-
dimensional model atmospheres). This thesis is the compilation
of four publications, detailing the results of investigations aimed
at setting the groundwork necessary for the eventual introduction
of three-dimensional atmospheres into SATIRE-S and a review
of the current state of the measurement and modelling of solar
irradiance. Also presented is an update of the SATIRE-S model.
We generated a daily reconstruction of total and spectral solar ir-
radiance, covering 1974 to the present, that is more reliable and,
in most cases, extended than similar reconstructions from con-
temporary models.

uni-edition ISBN 978-3-944072-07-4



	Introduction
	Method
	SDO/HMI data
	Data reduction
	Magnetogram noise level
	Quiet Sun intensity
	Identification of network and faculae
	Definition of intensity contrast


	Results
	Variation with position and magnetogram signal
	Surface fits
	Intrinsic contrast

	Discussion
	Comparison with Ortiz et al. (2002)
	Continuum intensity contrast about disc centre
	Line core intensity contrast
	Facular contribution to variation in solar irradiance

	Conclusion
	References
	Introduction
	PSF derivation
	Data selection
	PSF derivation method
	Image restoration method
	Interaction between solar radiation and the Venusian atmosphere
	Diffusion and scattering of solar radiation in the Venusian atmosphere
	Refraction of solar radiation in the Venusian atmosphere
	Final estimate of the PSF

	Partial lunar eclipse and solar limb observations

	Application of the derived PSF to HMI observations
	Granulation contrast
	Effect of image restoration on the Dopplergram, longitudinal magnetogram, continuum intensity and line depth data products
	Intensity contrast and magnetogram signal of small-scale magnetic concentrations
	Intensity and magnetogram signal of sunspots and pores
	Amount of magnetic flux on the solar surface
	Line-of-sight velocity


	Variation of the PSF within the FOV, betweenthe HMI CCDs and with time
	Variation of the PSF with FOV position
	Variation of the PSF between the HMI CCDs and with time

	Summary
	References
	Introduction
	The SATIRE-S model
	Data selection and preparation
	Daily full-disc continuum intensity images and longitudinal magnetograms
	HMI
	MDI
	KPVT

	TSI measurements

	Solar irradiance reconstruction
	Harmonizing the model input from multiple instruments
	Umbra and penumbra
	Faculae

	The free parameter
	Ultraviolet solar irradiance
	Data gaps
	Error analysis

	Comparison with observations
	TSI composites
	Lyman- irradiance and MgII index composites
	UARS and SORCE SSI
	Ultraviolet solar irradiance
	SORCE/SIM SSI


	Summary
	Is a correction of pre-1990 KPVT magnetograms necessary?
	References
	Solar Cycle Variation in Solar Irradiance
	Introduction
	Measurements
	Total Solar Irradiance, TSI
	Spectral Solar Irradiance, SSI
	Ultraviolet Solar Irradiance
	SORCE/SIM SSI


	Models
	Solar Surface Magnetism
	Model Architectures
	Proxy Models
	Semi-empirical Models

	Present-Day Models
	SATIRE-S
	Other Present-Day Models


	Reconciling Measurements and Models
	Proxy Models
	Semi-empirical Models

	Summary
	Acknowledgements
	References


