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Abstract Onboard the International Space Station (ISS), two instruments are observing the
solar spectral irradiance (SSI) at wavelengths from 16 to 2900 nm. Although the ISS plat-
form orientation generally precludes pointing at the Sun more than 10— 14 days per month,
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in November/December 2012 a continuous period of measurements was obtained by im-
plementing an ISS ‘bridging’ maneuver. This enabled observations to be made of the solar
spectral irradiance (SSI) during a complete solar rotation. We present these measurements,
which quantify the impact of active regions on SSI, and compare them with data simultane-
ously gathered from other platforms, and with models of spectral irradiance variability. Our
analysis demonstrates that the instruments onboard the ISS have the capability to measure
SSI variations consistent with other instruments in space. A comparison among all available
SSI measurements during November—December 2012 in absolute units with reconstructions
using solar proxies and observed solar activity features is presented and discussed in terms
of accuracy.

Keywords Spectral solar irradiance variability - International Space Station - SOLSPEC -
SolACES - Solar Modeling

1. Introduction and Scientific Motivation

The long-term variability of the solar spectral irradiance (SSI) exhibits approximate peri-
odicities at 27 days and 11 years, with wavelength-dependent amplitudes traceable to the
origins of the emission within different layers of the solar atmosphere. The primary cause of
SSI variability is the occurrence of active regions in the solar atmosphere, and the balance
between the darkening by sunspots and pores and the enhanced brightness of the faculae and
network. In general, solar variability increases in amplitude with decreasing wavelengths, as
concerned species emit photons at higher altitude in the solar atmosphere.

The Sun’s rotation, which transports active regions across the solar hemisphere visible
from the Earth, induces SSI variability with a period near 27 (and sometimes 13) days. The
temporal structure of this rotation modulation of solar irradiance depends on the patterns of
emergence, evolution, and decay of the active regions. This variability is indirectly linked
to the 11-year solar activity cycle in that high solar activity increases the number of active
regions and hence the overall amplitude of the 27-day irradiance modulation. Studying the
amplitude of SSI variability as a function of wavelength during solar rotation is important
for:

— Solar physics, because it demonstrates the relationship of the changing locations and ex-
tent of active regions with solar irradiance. Such information is required for the validation
of empirical and theoretical models of the solar atmosphere.

— Planetary atmospheres, which have specific properties (composition and temperature) that
generally vary in phase with the Sun’s rotation,

— Models of the Earth’s atmosphere, which use the 27-day variability to test their capability
in comparison with measurements of, for example, ozone concentration variations.

Consequently, reliable and validated measurements of the SSI from space are key param-
eters for understanding the physics of the Sun, climate, and planetary atmospheres. Contin-
uous time series are crucial because individual solar cycles evolve differently in length and
amplitude. Cycle 24, for example, commenced after an unexpected prolonged minimum
during 2008 —2009, and is relatively weak, compared to the three previous cycles 21, 22,
and 23.

An international effort to precisely measure and understand solar spectral irradiance
variability has been under way for some decades, with measurements made by different
instruments on a variety of space platforms, including the Solar Backscatter UltraViolet
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(SBUV) instruments onboard National Aeronautical Space Administration (NASA) and Na-
tional Oceanic and Atmospheric Administration (NOAA) spacecraft (Cebula et al., 1992),
the Solar Ultraviolet Spectral Irradiance Monitor (SUSIM, Brueckner et al., 1993) and
SOLar STEllar Irradiance Comparison Experiment (SOLSTICE, Rottman et al., 1993) on-
board the Upper Atmosphere Research Satellite (UARS), and SOLar SPECtrum (SOLSPEC,
Thuillier er al., 2009) flown on three Atmospheric Laboratory for Applications and Sci-
ence (ATLAS) missions. Whereas the SBUV, SUSIM, and SOLTICE instruments observed
only the ultraviolet solar spectrum (100 to 400 nm), SOLSPEC made the first direct space-
based measurements of the spectral irradiance simultaneously at ultraviolet, visible, and
infrared wavelengths. These several decades of space spectrophotometry observations in-
dicate that degradation of the instrument’s sensitivity is the primary difficulty limiting the
accuracy and repeatability of observations of solar spectral irradiance and its variability,
at all wavelengths. Many efforts, based on the use of internal calibration lamps, ionization
chambers (IC), stable-star irradiance references, optical redundancy and twin-instrument
inter-comparisons, and twin-instrument rocket flights, were made with the goal of main-
taining the absolute photometric scale of solar spectrophotometers for the duration of their
space-based missions.

Since 2002, a new generation of instruments is measuring the entire solar spectrum from
the extreme ultraviolet (EUV) spectrum to the near infrared. The SCanning Imaging Ab-
sorption spectrometer for Atmospheric CHartograpY (SCIAMACHY, Bovensmann et al.,
1999), SOLSTICE (McClintock et al., 2005) and Spectral Irradiance Monitor (SIM, Harder
et al., 2010) on the Solar Radiation and Climate Experiment (SORCE, Rottman, 2005),
SOLar SPECtrum (SOLSPEC, Thuillier et al., 2009, 2013b) and Solar Auto Calibrating
EUV/IUV Spectrometers (SOIACES, Schmidtke et al., 2006a), which constitute the SOLAR
(Schmidtke et al., 2006b) payload onboard the ISS, use a variety of onboard and under-flight
calibration techniques to monitor in-flight instrument sensitivity changes. These advances
have significantly improved the specification of varying solar EUV irradiance such that
data from the Thermosphere lonosphere Mesosphere Energetics and Dynamics (TIMED,
Woods et al., 2005), Solar Heliospheric Observatory (SoHO), Project for OnBoard Au-
tonomy (PROBA-2, Dominique et al., 2013), SOLAR, and Extreme Ultraviolet Variability
Experiment (EVE, Woods et al., 2012), Solar Dynamics Observatory (SDO) provide the
most reliable, thus far, estimates of the magnitude of irradiance variability, not just during
solar rotational modulation, but also on the longer time scales of the solar cycle. But while
the accuracy of the near ultraviolet — visible spectral irradiance has improved, uncertain-
ties remain about the magnitude of variability reported by SIM on SORCE at the end of
cycle 23, which differs notably from prior UARS observations and models of solar spec-
tral irradiance variability that account for the active region influences (Haigh et al., 2010;
Thuillier et al., 2012) possible because of unresolved sensitivity changes in the SIM (Lean
and DeLand, 2012).

A reliable attribution of global change in the Earth’s atmosphere and in surface climate
requires knowledge of natural variability induced by changing solar irradiance and volcanic
aerosols, in addition to anthropogenic greenhouse gas concentrations. In particular, because
the Earth’s atmosphere absorbs solar spectral irradiance over a wide range of altitudes, state-
of-the art climate model simulations now require the input of the entire solar spectrum and its
variability (Schmidt et al., 2011), not of just the total (spectrally integrated) solar irradiance
(TSI). In particular, changes in ozone concentrations and stratospheric radiation, chemistry,
and dynamics in the response to changing solar ultraviolet irradiance are invoked to explain
the amplitude of the observed temperature variations on decadal to century time scales,
involving amplification by dynamical coupling between the stratosphere and troposphere
(e.g. Meehl et al., 2009; Anet et al., 2013).
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For estimating SSI at times preceding the space-age measurements, for use in global
change simulations, models have been developed to estimate irradiance changes arising from
sunspot and facular influences, using various proxies of solar activity that exist over multi-
ple decades. The models’ estimates of contemporary irradiance spectra with available direct
observations anchor and validate these historical reconstructions. Furthermore, the recon-
structions allow for interpolation between data interruptions and may assist in identifying
instrument sensitivity changes (e.g. Lean and DeLand, 2012). However, various irradiance
reconstructions may themselves disagree (in different ways at different wavelengths) de-
pending on the solar activity proxies used, the assumptions made to connect solar activity
and irradiance, and the accuracy and the property of the proxies. Recent comparisons of
solar spectral irradiance variability models that focused primarily on the long-term recon-
structions shows general overall agreement but also some significant differences at certain
periods, especially at low solar activity, and in the UV spectral regions (Thuillier et al.,
2013a).

Long-term solar variability specification requires extremely stable instruments, with no
aging or very precise corrections for on-orbit sensitivity changes, both of which have proven
difficult to achieve. However, short-term variability studies can be undertaken by observing
a single solar rotation, which generates an irradiance change (e.g. maximum to minimum),
induced by the active regions’ movement in the field of view of the instrument. To correctly
capture such irradiance variability, it is crucial to make observations that cover a full solar
rotation. Since the SOIACES and SOLSPEC measurements are periodically interrupted due
to the ISS orbital attitude and the limitation of the solar pointing platform capability on
which these two instruments are mounted, normal operations do not allow for the possibility
of covering a full solar rotation. Using fractions of the solar rotation period rather than
a full solar rotation strongly limits the accuracy of the study of active region effects. For
this reason, a change of the nominal attitude of ISS was requested and approved, with the
Space Agencies strongly supporting a special operation. The measurements were made in
November/December 2012, and enabled the following studies:

— Verification by cross-comparison the ability of all existing instruments to reliably measure
the amplitude of the EUV and UV solar irradiance variability.

— Models validation of the sunspots and faculae effects on the UV irradiance.

— Utilization of models based on solar proxies to reconstruct the solar spectrum for com-
parison with the SOLAR observations.

— Verification of the method of extracting EUV spectra from modeled ionization chamber
measurements of SOlACES.

— Verification of the method of deriving the integrated SSI shorter than 17 nm from back-
ground currents of the SOlACES ionization chambers.

The variation of the EUV and UV solar irradiance spectrum has important effects on the
Earth’s atmosphere, i.e. on its temperature, density, composition, and dynamics. In order to
determine these effects with high accuracy it is important to have a continuous time series
with a complete wavelength coverage. However, as observations in this spectral range are
inhomogeneous in time, modeling the EUV-UV variability in a robust way is an important
step in advancing our understanding of their effects on the Earth’s atmosphere. This is why
the approach used in this paper follows Thuillier ez al. (2013a), except that here we concen-
trate on the shorter-timescale variability induced by the solar rotation, in the spectral range
spanning the EUV to the UV.
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2. Instrumentation Descriptions

On the ISS SOLAR platform, two instruments participated in the November/December 2012
campaign, namely SolACES and SOLSPEC, especially activated during this period. They
are briefly described below.

2.1. SolACES

SolACES (Schmidtke et al., 2006a, 2014) records the solar EUV irradiance from 16 nm to
150 nm with a wavelength-dependent spectral resolution of 0.5 nm to 1.8 nm. The instru-
ment uses three grazing incidence planar grating spectrometers. On the optical entrances of
two three-signal double-ionization chambers (IC), a filter wheel inserts a series of band-pass
filters. The filter transmission is repeatedly measured by the spectrometers. The current gen-
erated by the absorption of the transmitted EUV photons into the ionization chambers is the
measure of the absolute photon fluxes. Ionization chambers are considered as a primary de-
tector standard at those wavelengths for which one EUV photon produces one ion-electron
pair. For each of these calibration measurements, the ionization chambers are refilled with
gas. SolACES is operated up to several times per day in order to capture the high variability
of the EUV solar spectral irradiance, which this instrument observes. The design of So-
IACES allows long-term studies. The absorption cross-sections of the idle gases being con-
stant, the ionization chambers are primary calibration standards, providing that the changes
of the filter transmission can be determined, which is performed with SolACES. Further-
more, the NIST electron synchrotron radiation has been validated via ionization chambers
in the XUV spectral range, which includes EUV and soft X-ray ranges (Schmidtke et al.,
2014 with personal communication from Gethyn Timothy at Harvard College Observatory).

2.2. SOLSPEC

The SOLSPEC instrument, described by Thuillier et al. (2009), consists of three double grat-
ings spectrometers (which operate in the UV, Visible, and IR regions) allowing simultaneous
measurements of solar spectral irradiance from 170 to 2900 nm. The spectral resolution is
a slowly varying function of the wavelengths with typical values of 1 nm at UV and visible
wavelengths, and 9 nm in the IR domain. The instrument utilizes several means of on-orbit
calibration. A hollow cathode lamp filled with Argon emits lines, which allow measurement
of the relationship between wavelength and grating position. Deuterium lamps and tungsten
ribbon lamps provide information for the instrument aging. A complete solar spectrum is
measured in 11 minutes. A solar sensor provides information of the Sun’s position within
the field of view allowing flat-field corrections.

2.3. Other Instruments

PREMOS (PREcision MOnitoring of Solar variability, Schmutz et al., 2009) comprises
several instruments presently operating onboard the Picard solar mission. The experiment
uses filter sunphotometers and absolute radiometers to measure the spectral and total solar
irradiance, respectively. The filter sunphotometers are calibrated on the absolute scale and
redundant channels are periodically operated to take into account the possible aging. The
spectral channels are centered at 215, 268, 535, 607, and 782 nm. For the present study of
the UV SSI variability, we use the 215 nm channel, which has a spectral width of 10 nm.
However, measurements in space generally require corrections to set their absolute scale,
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which are not implemented here. Consequently, PREMOS data provide preliminary charac-
terizations of the short-term variability generated by the solar rotation.
We also use data from other space instruments concurrently in operation, including

— SORCE instruments (Rottman, 2005),
— Extreme ultraviolet Variability Experiment (EVE, Woods et al., 2012) onboard SDO,
— Solar EUV Experiment (SEE, Woods et al., 2005) onboard TIMED.

The NASA SORCE satellite, launched in January 2003, monitors the solar spectral ir-
radiance using three instruments, the SOLar STellar Irradiance Comparison Experiment
(SOLSTICE, Rottman, 2000) measuring from 115 to 320 nm, the Solar Irradiance Monitor
(SIM, Harder et al., 2005a, 2005b) operating from 200 to 2400 nm, and the XUV Pho-
tometer System (XPS) measuring from 0.1 nm to 34 nm and Ly o.. We use SOLSTICE data
version 12 available on http://lasp.colorado.edu/lisird.

Launched in 2002, the SEE instrument (Woods et al., 2005) onboard TIMED mission
measures from 0.1 to 200 nm. Within this range, the measurements in the 0.1 -105 nm
range are also provided by the EVE spectrometer (Woods et al., 2012) onboard SDO. The
measurements accuracy is 25 % or better, based on a rocket flight of the same instrument
calibrated just before, and just after its retrieval.

3. ISS Observing Campaign

The campaign was held between 20 November and 23 December 2012 corresponding to
Carrington rotation 2131. This was a period of relatively high surface magnetic coverage,
with 29 active regions listed in the NOAA catalog, including 20 appearing during the cam-
paign per se. However, flaring activity remained fairly low, with 45 C-class flares across the
time period, and three M-class flares observed on 27 and 28 November. The northern solar
hemisphere was generally more active magnetically than its southern counterpart through-
out most of CR 2131, as can be seen upon examination of SDO/HMI magnetograms (see
Figure 9 further below).

3.1. ISS Attitude Change

The SolACES and SOLSPEC instruments of the SOLAR payload are mounted on the
Coarse Pointing Device (CPD), which rotates along two axes to achieve solar pointing
within nominally 5 arcminutes precision. One degree of freedom (4 24°) compensates the
elevation of the Sun with respect to the orbital plane of ISS. The other compensates the
Sun’s apparent motion along the orbit (amplitude =+ 40°). This platform allows tracking of
the Sun during 20 minutes per orbit, for a minimum of 10 to 14 days per month (designated
the Solar Visibility Windows). The duration of no Sun visibility is a function of season and
reaches a minimum of a few days around the solstices. Consequently, by a slight ISS atti-
tude change, it is possible to obtain a continuous Sun visibility during one month. However,
to observe a complete Sun rotation, we have to take into account the angular limitation of
the CPD and to minimize the impact on the other instruments onboard the ISS during their
duty cycle as well as the ISS systems (solar arrays, antenna). To achieve this opportunity,
NASA/ESA have altered the attitude of the ISS by a few degrees during 11 days in order
to fill the gap between two consecutive solar windows of measurements. The details of this
study are given in Jacobs et al. (2013). This operation was managed by the Belgian User
Support and Operation Center (B-USOC) ground station in charge of the SOLAR payload
operations.
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3.2. Campaign Description

Throughout the campaign, the SOIACES measuring strategy was implemented, and the state
of the instrument monitored (Schmidtke et al., 2014). Whenever possible, a series of ion-
ization chamber measurements per day and one spectrometer measurement every three or
four days were carried out. From the ionization current recordings, EUV spectra are recon-
structed via the modeled ionization chamber measurements.

SOLSPEC operations consist of measuring two to three solar spectra per day, with cali-
brations using the onboard lamps. In spectral domains of weak signal-to-noise ratio (e.g. at
UV wavelengths), special commands were issued to increase the integration time of SOL-
SPEC’s measurements. Furthermore, a special sequence of high spectral sampling measure-
ments was undertaken in the vicinity of 280 nm to determine the Mg II index variations.

3.3. Solar Activity During the Campaign

We describe solar activity during this campaign through different proxies, as shown in Fig-
ure 1. Prior to day 340 of 2012 there is general agreement between variations in sunspot
number (SSN, Figure 1a) and the Mg II indices (Figure 1b). However, a loss of correlation
appears at certain times (day 340 and 350). Nevertheless, a minimum and a maximum are
observed at day 340 and 351, respectively (Figure 1a).

The Mg II time series from Snow et al. (2014) and DeLLand and Cebula (2008) are shown
in Figure 1b for days 325-365, and indicate some disagreement about the dates of max-
imum and minimum solar activity during the ISS campaign epoch. Since SOLSPEC also
has the capability of measuring the Mg II index with 0.3 % precision, we have used the
method proposed by Cebula et al. (1992) to construct an additional Mg II index for this
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period. Mg II indices are instrument dependent due to the spectrometer spectral pass-band.
This generally explains the differences in absolute values. We note that according to the
SOLSPEC Mg II index, the day of minimum solar activity agrees with the Snow et al.
(2014) Mg II time series, while the maximum agrees with DeLand’s series. We also note
that various proxies are sensitive to different manifestations of solar activity and therefore it
is not surprising that they do not necessarily correlate strongly with each other. For example
while SSN is a proxy for the coverage of the solar disk by sunspots, the Mg II index is a
proxy for the facular coverage, and the Fj(; index is likely sensitive to both sunspots and
faculae (Tapping and DeTracey, 1990).

3.4. Measurements
3.4.1. SolACES

The variability induced by solar rotation in the EUV spectrum is around 30 %. To be reliably
measured, it is necessary that instrumental stability or corrections enable temporal precision
that exceeds the expected variability. Indeed, the stability of SOlACES during the period of
one solar rotation is less than 5 %, based on the recording of the IC currents.

In order to correct for the effect of degradation the SOlACES measurements, an indi-
vidual analysis of each spectrum is required. Though the gratings, parabolic mirrors, and
channeltrons are individually degrading, it is not possible to trace the efficiency changes
of each optical component. Instead, repeated integral re-calibration of the spectrometers is
performed based on the stable ionization chamber measurements. Schmidtke ez al. (2014)
provide details as regards the data processing.

After two years of operation, the degradation of the spectrometers suggested to change
the SolACES measurements strategy: the modeling of the IC current tracings allows us to
reconstruct the solar EUV spectra from IC measurements, provided the transmission of the
filters is known. Since there is almost no degradation with several filters and there is an easy
tracing of the transmission changes for the other filters, a combination of few spectrometer
measurements and regular ionization chamber measurements provide the solar SSI EUV
data.

Figure 2 shows the daily mean photons flux variation from the X-ray domain measured to
Ly B (102.6 nm) Figures 2a and b present the daily variation in the X-ray domain measured
by SDO/EVE and the 16 —25 nm range measured by SolACES and SDO-EVE. Figures 2c
and d show the SolACES SSI in the EUV and the Ly P line variation during a solar rotation.

As Figure 2 illustrates, there is good agreement between SolACES and EVE in terms of
absolute irradiance as well as variations as a function of time. The minimum and maximum
of EUV SSI are found on day 338 and 349 of 2012, respectively. This is also observed in
four selected spectral ranges gathering several lines of interest (Kenneth ef al., 2008), and

Ly B:

— 19.15-19.8 nm (Fe XII, Fe XIII, Fe XXIV, Ca XVII)

— 20-20.4 nm (Fe XIII)

— 25.2-26 nm (Fe XIV, Fe XXII, Fe XXIV, Si X, Si XI, He II
— 28-29 nm (Fe X1V, Fe XV, Si XI, S XII)

Ly B (102.6 nm)

The variability is defined here as the ratio of irradiance on the day of maximum irradi-
ance to irradiance on the day of minimum. SolACES data in the range 16—29 nm show a
variability ranging from 1.19 to 1.27, which represents a weak dependence on wavelength.
The variability at Ly B decreases to 1.11 as expected.
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Figure 2 Shown on panels a, b,
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3.4.2. SOLSPEC

As for SolACES, it is also necessary to ensure that the aging of SOLSPEC’s UV channel
remains negligible with respect to the expected variability generated by the solar rotation.
Toward this end, the solar irradiance in the range 214 —216 nm is calculated from 1 January
2010 and fitted to remove the rotation effect (around 1 %) while the aging is 13 % in two
years (see in Thuillier ef al., 2013b, Figure 4). This corresponds to an aging of 0.15 % for
the period studied here.

The SSI UV irradiance variation is displayed in Figure 3 at four wavelengths extending
from 178.3 nm to 200.2 nm in spectral domains of about 1 nm. The instrument operation has
allowed up to three spectra per day. The average was calculated and displayed in Figure 3,
nevertheless the data are noisy at these wavelengths. The polynomial fit was used to better
define the days of maximum and minimum.

Maximum and minimum SSI occur on the same days in the different time series and are
nearly in phase with the EUV irradiance variations shown in Figure 2. The maximum to
minimum SSI ratio measured by SOLSPEC is 1.016. For this article, we were not ready to
make the aging correction needed after five years in orbit. For consistency with the other
spectra in absolute scale (including PREMOS), we have scaled SOLSPEC in relative scale
to SOLSTICE-SORCE SSI at day 347.

3.4.3. Other Spectral Irradiance Observations

Figure 4 shows the SSI from the 215 nm channel measured by PREMOS.

PREMOS data at 215 nm show similar variations in phase with those observed by SOL-
SPEC (Figure 3). The SSI maximum to minimum ratio is equal to 1.006.

SOLSTICE provides data at 215.5 nm, however, only available from day 343. Only the
maximum SSI is available and found on day 350 (a plot is shown in Figure 8).

As a preliminary conclusion, the simultaneous maximum and minimum SSI occurrence
is then observed from the X-rays to UV.

4. Models of Solar Spectral Irradiance EUV Variability

SolACES measurements during the ISS campaign are compared with two different models
of solar EUV irradiance variability; one model (SOLMOD) utilizes physical descriptions of
the solar atmosphere in quiet and active regions to estimate the contributions of active region
features to EUV irradiance changes while the second model (NRLSSI) is constructed from
wavelength-dependent statistical relationships between the solar EUV irradiance measured
by TIMED/SEE from 2002 to 2014 with solar activity proxies (Lean et al., 2011).

4.1. SSI Reconstruction of the EUV Based on SOLMOD

4.1.1. AIA Image Segmentation

For input to SOLMOD, the area coverage of the coronal features is determined from images
of the solar corona. In the current study, images obtained with the Armospheric Imaging
Assembly (AIA, Lemen et al., 2012) onboard SDO are employed. The feature identification

is carried out with the Spatial Possibilistic Clustering Algorithm tool (Verbeeck et al., 2013,
SPoCA), a suite of algorithms designed to perform the pixel-intensity based segmentation
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of EUV images. Following the approach described in Haberreiter et al. (2014), the area
covered by six different solar activity features, i.e. Coronal Holes (CH), Quiet Sun 1 (QS,),
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Figure 4 PREMOS | | 1 1
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Quiet Sun 2 (QS,), Active Region 1 (AR,), Active Region 2 (AR;), and Active Region 3
(AR3), is determined for concentric rings r; from disk center to 1.3 solar radii.

4.1.2. EUV Reconstruction

We use the SOLMOD code, which is a variant of the Solar Radiation Physical Modeling
code (see Fontenla, Balasubramaniam, and Harder, 2007; Fontenla et al., 2014 and refer-
ences therein) to calculate synthetic EUV spectra for each coronal feature. The description
of SOLMOD is given in Haberreiter (2011). We employ the coronal atmosphere structures
as described by Haberreiter (2012) for the five different components of the corona: QS;,
QS,, ARy, AR;, and ARj. The dark CHs are considered as having a contrast of 0.5 with
respect to QS;. The time-dependent EUV irradiance is then calculated as the sum of the
synthetic spectra weighted by the respective area coverage.

4.2. SSI Reconstruction of the EUV Based on NRLSSI

The Naval Research Laboratory Solar Spectral Irradiance (NRLSSI) variability model cal-
culates the Sun’s extreme ultraviolet (EUV) irradiance in 1 nm bins from 0 to 120 nm using
parameters derived from multiple regression of the Mg II and Fjo7 solar activity indices
with irradiance observations made by the Solar EUV Experiment (SEE) on the Thermo-
sphere lonosphere Mesosphere Energetic and Dynamics (TIMED) spacecraft since 2002
(Woods et al., 2005). As described by Lean ef al. (2011), a model version designated 3C
empirically relates the SEE observations in each 1 nm wavelength band to the daily and
(time-centered) 81-day smoothed Mg II and Fj(; indices. The 2C version of the model also
utilizes wavelength-dependent combinations of the Mg II and F)(; indices of solar activity,
but to reproduce only the observed rotational modulation; solar cycle variations are deter-
mined by the long-term variations in the two indices rather than by the SEE observations
directly.

As originally formulated (Lean et al., 2011), NRLSSI used the SEE Version 10 database
from 2002 to 2010 (the descending phase of Solar Cycle 23) to determine the model’s
wavelength-dependent scalings of the Mg II and Fjj; indices, using the original NOAA
SBUV Mg II composite compiled by Viereck et al. (2004), extended with an Mg II in-
dex determined from SORCE-SOLSTICE measurements (Snow et al., 2005). For compari-
son with the SOlACES observations, the NRLSSI model was reformulated (and designated
NRLSSI2), using the SEE Version 11 database from 2002 to 2014 and the GOME Mg II in-
dex (Skupin et al., 2004). Used here for comparison with the SOlACES observations are the

@ Springer



Solar Spectral Irradiance Variability in November/December 2012 4445
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solar EUYV irradiance variations specified by version 3C of the NRLSSI2 model, although
on solar rotational time scales the 3C and 2C models are essentially equivalent (see Lean
etal., 2011, Figure 7).

4.3. Comparison Between SolACES Measurements and Models in the EUV Range

Figure 5a shows the EUV reconstruction for the five spectral intervals 19.15—19.87 nm, 20—
20.4 nm, 25.2-26 nm, 28 —29 nm, measured with SOIACES and modeled with SOLMOD.
The absolute level of the EUV reconstruction has been adjusted to the irradiance level of
SolACES. This implies a correction of the minimum level of 90 % for 19.15-19.87 nm,
75 % for 20—-20.4 nm, 40 % for 25.2—-26 nm, 30 % for 28 —29 nm, and 30 % for the 16—
25 nm interval. SOLMOD predicts the SSI and days of maximum and minimum Irradiance
from which the SSI variability is calculated. These results are in agreement with SolACES,
but not the absolute values. In order to show the agreement of the days of extrema with So-
1ACES using a the figure, a value (wavelength dependent) was added to the minimum level
(given in % of the minimum). The text is correct. Figure 5a only aims to show the agree-
ment between SOLMOD and SolACES concerning the days of extrema in order to present
all data (SolACES and SOLMOD) in the same Figure 5a. The correction for the two first
intervals is rather high. Updating the atomic data used in SOLMOD is expected to improve
the agreement with the observations. The irradiance variability as modeled with SOLMOD
is wavelength dependent and varies between a factor of 1.17 to 1.52. The SolACES mea-
surements indicate that the irradiance variability varies between a factor of 1.19 to 1.27 with
amean of 1.23.

Figure 5b presents the NRLSSI in four spectral domains close to the domains observed by
SolACES. NRLSSI data are available in 1 nm bins, so precise comparisons with SOIACES
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Table 1 EUV predictions and measurements comparison in the four spectral domains measured by So-
1ACES, SOLMOD, and NRLSSI. Measurements are indicated by italics.

Instruments/Reconstruction  Maximum to minimum ratio  Day of SSI minimum  Day of SSI maximum

SolACES 1.191t01.27 339 350
SOLMOD 1.17 to 1.52 331 and 340 348
NRLSSI 1.22t0 1.30 339 350

Figure 6 Integrated intensity of L L L L L L

the spectral solar irradiance from 2.0
16 nm to 29 nm is shown for
SDO/EVE, SOLAR/SolACES, _ 187 i
NRLSSI, and SOLMOD in NE
mW m™2 for four solar rotations. = 1.6 N
The range of absolute uncertainty E
of both measured data sets is é 1.4 -
10 %. c

o

2 1.2 -

o

1.0 -

T T T T T
280 300 320 340 360 380

Day counted from 1 January 2012

bins are not possible. Nevertheless, the day of maximum and minimum SSI are those of
SolACES. NRLSSI variability is slightly wavelength dependent as SOlACES and SOLMOD
ranging from 1.22 to 1.30, however, closer to measurements than SOLMOD (Table 1).

Table 1 presents the variability and the phase of the maximum and minimum SSI mea-
sured by SolACES and predicted by the models. The closest predictions with respect to
SolACES are provided by NRLSSI.

A similar comparison between SolACES and SDO-EVE is shown in Figure 6 over four
solar rotations including the period of the present study. The agreement between the two
measured data sets is within 10 %.

Figure 6 also shows the NRLSSI variability in good agreement with the observations.
However, its absolute values are about 25 % greater than the measurements, the reason for
this being that the NRLSSI-EUV model is based on the TIMED-SEE data. Thus the dif-
ferences in absolute values presumably reflect differences in the absolute calibrations of the
SEE and EVE instruments. The SOLMOD reconstruction has been shifted by +0.1 mW/m?.
Overall, the SOLMOD reconstruction shows a higher rotational variation than the observa-
tion. The reason for this is that for the AIA image segmentation, the theoretical contrast
values calculated from the SOLMOD atmosphere models are employed. Due to currently
uncorrected straylight in the AIA observation, the observed contrast of the coronal features
is lower than the theoretical contrast we apply. Therefore, generally the variability of the re-
construction is overestimated. In particular, this explains the peak around day 386, for which
an overestimated contribution of feature AR, is responsible. The reconstruction taking the
AIA straylight correction into account is currently being worked on.
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Figure 7 Daily variation of SSI N
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5. Models of Solar Spectral Irradiance UV Variability

A recent analysis of five SSI reconstructions operating above Ly o, has been published by
Thuillier et al. (2013a) who compared the following models:

— MOCASSIM (Bolduc et al., 2012).

— MGNM (Thuillier et al., 2012).

— NRLSSI (Lean, 2000).

— SATIRE (Krivova, Solanki, and Unruh, 2011).
— SEA (Shapiro et al., 2011).

These models use as inputs different proxies and spectral intensity contrasts, either the-
oretical or measured. The analysis mentioned above summarizes their key principles and
properties, which are not repeated here. Rather, we compare their predictions on the solar
rotation time scale with measurements carried out during the ISS observational campaign.

While the Shapiro et al. (2011) model only provides annual values of the solar irradi-
ance, the new model COSIR (COde of Solar Irradiance Reconstruction) allows calculation
of solar irradiance with daily resolution. COSIR, as introduced in Cessateur et al. (2014),
is a five-component reconstruction of solar spectral irradiance, which treats separately the
contribution from the quiet Sun, sunspots (umbra and penumbra), active network and plages.
The filling factors for COSIR have been provided by Yeo et al. (2014) who used full-disc
magnetograms and intensity images by the Helioseismic and Magnetic Imager (HMI, Schou
et al., 2012) onboard SDO. These filling factors are then convolved with the synthetic spec-
tra calculated with the COSI code by Haberreiter, Schmutz, and Hubeny (2008) and Shapiro
et al. (2010). Cessateur et al. (2014) give a detailed comparison of the solar irradiance vari-
ability as calculated by COSIR and measured by PREMOS, which will also be shown below
(Figure 9) with other SSI predictions.

5.1. Dates of Maximum and Minimum Irradiance

In the UV domain, the reconstructions exhibit spectral variability that are almost indepen-
dent of wavelength. This is illustrated for COSIR in Figure 7, for wavelengths measured by
SOLSPEC.

There is a very small variation of the shape. We have verified this property for the four
other reconstructions in the same spectral domain. This property allows us to choose a wave-
length for comparison of the five reconstructions variability. We have chosen 215 nm, which
was observed by PREMOS.
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Figure 8 Shown are from the L L L L
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5.2. Models and PREMOS Data at 215 nm Comparison

Figures 8, 9, 10 display PREMOS measurements and several models.

Figure 8 compares the five reconstructions of solar UV irradiance at 215 nm. Absolute
SSI values show large variations from one reconstruction to the other, but the days of max-
imum and minimum SSI are in close agreement within one day. The MOCASSIM model
stands apart from the other reconstructions in that it does not use daily images or indices.
Instead, the surface coverage of magnetic structures is generated by a surface magnetic flux
evolution model driven by active region emergences. Because backside and near-limb emer-
gences are not observed, a stochastic procedure injects additional active regions at the same
rate as observed emergences, in order to correctly capture the cycle amplitude. This implies
that over any given month, up to two thirds of emergences occur at the wrong longitude or
day (see Section 2.1 in Crouch et al. (2008) for more details of this procedure). It is there-
fore not surprising that MOCASSIM fails to properly reproduce observed spectral irradiance
variations on daily to monthly timescales.

Figure 9 presents the variation in relative unit, together with PREMOS data, and illus-
trates the agreement in the temporal variation of the solar irradiance. The three closest re-
constructions to PREMOS are NRLSSI, COSIR, and MGNM.
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Figure 10 Shown are the L L L L L
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Table 2 SSI variability and SSI absolute value predicted by five reconstructions compared to measurements
by PREMOS and SOLSTICE at 215 nm.

Instruments/ Maximum to Maximum SSI Day of SSI Day of SSI
Reconstructions minimum ratio (mW m~2nm~! ) minimum maximum
PREMOS 1.006 NA 338 350
SOLSTICE/SORCE 1.010 33.3 338 349
COSIR 1.008 37.15 340 350
MGNM (Mg II index) 1.006 36.99 340 350
MOCASSIM 1.007 35.5 338 350
NRLSSI 1.008 35.14 338 350
SATIRE 1.013 32.97 339 350

Figure 10 compares the variations predicted by the two MGNM reconstructions: that
based on Snow et al.’s Mg II index provides closer predictions than does Deland’s index
when compared to PREMOS variation. Interestingly, the MGNM empirical model shows
slightly less variability than the PREMOS measurements indicate (in particular, MGNM
gives higher irradiance values around day 360). This is caused by the fact that the Mg II
index is mainly sensitive to faculae and is basically unaffected by the sunspots so that Fig-
ures 8, 9, 10 suggest that there is a spot contribution to the 215 nm SSI (see Cessateur et al.,
2014).

The five models are in phase as the values in Table 2 show. Dates of minimum and
maximum agree within one day. Furthermore, the dates of maximum and minimum SSI
predicted by these models are not wavelength dependent per constructions. We note that the
smallest irradiance is predicted by SATIRE to about 3 mW m~2 nm~! lower than the mean of
the four other predicted irradiance values, however, very close to SOLSTICE measurements.

Figure 8 also shows that the irradiance time variations using the two Mg II indices gener-
ate wavelength-dependent differences of the order of 0.1 mW m~2nm™!. In the analysis of
different SSI reconstructions (Thuillier e al., 2013a) one has discussed their accuracy. Given
the time-dependent accuracy of each proxy time series, their different combinations utilized
in each reconstruction, together with the uncertainty of the spectra used to provide the mod-
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els’ absolute scales, it was concluded that quoting the accuracy of a given reconstruction was
not possible as yet, and that the best way to estimate its accuracy was the comparison with
other models and measured spectra. Applying this strategy here, the different amplitudes of
the maximum are consistent within 6 %, around 35 mW m~2 nm~! (Table 2).

COSIR, MGNM (Snow’s series), NRLSSI, and SATIRE’s SSI at 215 nm after the max-
imum at day 350 are decreasing with time at a rate larger than predicted by MOCASSIM.
Maximum irradiance is consistently found at day 350, while a lesser agreement is found for
the day of minimum irradiance.

6. Conclusions

As part of a special ISS solar observing campaign of Carrington rotation # 2131 (days 325 —
360 of 2012), we have gathered several data sets of solar spectral irradiance observations at
EUV and UV wavelengths. The movement of the active regions across the instrument field
of view generates a solar irradiance modulation, as a function of day which is evident in
all the available data. We find that for wavelengths from 16 to 215 nm the maximum and
minimum irradiance occur nearly in phase (within a day). Furthermore the mean irradiance
ratio is 1.23 in the EUV range. In the UV spectrum, the dates of maximum and minimum
are the same as in the EUV domain, however, the irradiance ratio is significantly lower and
found to be around 1.01.

Measurements have been compared with a variety of different models, all of which are
based on solar activity features (SSN, Mg II index, etc.):

For the EUV, the SOLMOD reconstruction was employed, predicting days of maximum
close to the measurements but not in close agreement with the observed minimum. Fur-
thermore, the irradiance ratio is found between 1.17 to 1.52 wavelength dependent, while
measurements provide less (1.19 to 1.27 also wavelength dependent). However, the absolute
level of the simulated spectral EUV irradiance needs to be adjusted by 30 % to 90 % to agree
with the measurements. NRLSSI EUV predicts an amplitude of the variability as well as a
phase of the maximum and minimum SSI in close agreement with SOlACES. This result
is also true over the four available rotations for which some SolACES data are available.
However, its absolute values are about 25 % greater than the measurements, likely due to
the use of the SEE/TIMED data.

For the UV spectral irradiance, five models were compared with the ISS-based obser-
vations and all provided consistent predictions in terms of days of maximum and minimum
irradiance with an irradiance ratio close to the measurements (* 1 %) and nearly wavelength
independent. Using DeLand’s and Snow’s Mg II time series as input to the MGNM recon-
structions yields wavelength-dependent differences reaching 0.1 mW m~2nm~! at 215 nm.
Among the five reconstructions COSIR, and MGNM’irradiance remain within 0.2 mW m~2
nm~! around 37 mW m~2 nm~!; MOCASSIM and NRLSSI are within 0.3 mW m~2nm™!
around 35.5 mW m~2nm~', while SATIRE is the lowest at 32.7 mW m~2 nm~!, however,
close to the SOLSTICE measurements.

Detailed comparisons of the calculated short-term variability from different models with
observations, such as we report here, are important for validating the physics of these mod-
els; an example has been shown with the specific role of the sunspots even in the UV.
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