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Abstract—The first implementation of NASA’s Total and Spectral Solar Irradiance Sensor (TSIS-1)
launched on December 15th, 2017, and was integrated into the International Space Station (ISS) to measure
both the total solar irradiance (TSI) and the solar spectral irradiance (SSI). The direct measurement of the
SSI is made by the LASP Spectral Irradiance Monitor (SIM) and provides data essential to interpreting how
the Earth system responds to solar spectral variability. Extensive advances in TSIS-1 SIM instrument
design and new SI-traceable spectral irradiance calibration techniques have resulted in improved absolute
accuracy with uncertainties of less than 0.5% over the continuous 200-2400 nm spectral range. Further-
more, improvements in the long-term spectral stability corrections provide lower trend uncertainties in
SSI variability measurements. Here we present the early results of the TSIS-1 SIM measurements covering
the first 5 years of operations. This time period includes the descending phase of solar cycle 24, the last
solar minimum, and the ascending phase of solar cycle 25. The TSIS-1 SIM SSI results are compared
to previous measurements both in the absolute scale of the solar spectrum and the time dependence of
the SSI variability. The TSIS-1 SIM SSI spectrum shows lower IR irradiance (up to 6% at 2400 nm)
and small visible increases (~0.5%) from some previous reference solar spectra. Finally, initial comparisons
are made to current NRLSSI2 and SATIRE-S SSI model results and offer opportunities to validate model
details both for short-term (solar rotation) spectral variability and, for the first time, the longer-term (near

half solar cycle) spectral variability across the solar spectrum from the UV to the IR.

Keywords: Spectral irradiance / Solar variability / Solar spectrum / Solar cycle

1 Introduction

The Sun is the dominant source of energy for the Earth’s
climate system (Kren et al., 2017) yet the full influence of solar
variability on climate remains quantitatively incomplete. Solar
forcing influences combined with other natural variabilities
are complex in both magnitude and phase. Decoupling these
natural influences from anthropogenic impacts is critical to
understanding human attribution to the rate of change of Earth’s
surface temperature (Lean, 2017; Eyring et al., 2021; IPCC,
2023). While historically the measurements of the total solar
irradiance (TSI) have provided the solar variability constraint
(Tett et al., 2002; Meehl et al., 2003), the long-term measure-
ments of solar spectral irradiance (SSI) are recognized as being

“Corresponding author: erik. richard@lasp. colorado. edu

increasingly important to fully elucidate the Sun-climate con-
nection (Haigh, 2007, Gray et al., 2010; Ermolli et al., 2013;
Solanki et al., 2013; Seppild et al., 2014). The wavelength
and height dependence of solar radiation deposition, including
ozone absorption in the stratosphere, absorption in the ocean
mixed layer, and water vapor absorption in the lower tropo-
sphere, all contribute to the “top-down” (Haigh, 1996; Kodera
& Kuroda, 2002; Matthes et al., 2006; Wang et al., 2019) and
“bottom-up” (van Loon et al., 2007; Meehl et al., 2008) mech-
anisms that have been proposed as possible amplifiers of solar
forcing for ultraviolet (UV) and visible-infrared (Vis-IR) SSI
variability, respectively. Therefore, the observational continuity
of both the TSI and SSI are critical for advancing the under-
standing of the Earth’s energy budget and the full impact of
solar variability on influencing atmospheric photochemistry
and climate (Hansen et al., 2005; Stephens et al., 2012;
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L’Ecuyer et al., 2015; Wild et al., 2013, 2015, 2019). Increas-
ingly sophisticated coupled chemistry-climate model (CCM)
simulations require as input not only TSI at the top of the atmo-
sphere (TOA) (Eyring et al., 2021) but SSI variations at TOA as
well (Hood et al., 2015; Matthes et al., 2017; Shindell et al.,
2020). To this end, accurate and long-term SSI measurements
are vital direct inputs for advancing scientific understanding
of the wavelength-specific processes influencing atmospheric
response and climate variability.

Central to elucidating the roles and connections of the
Earth’s radiative, chemical, and dynamical responses to solar
influences are both the data quality and measurement continuity
of solar irradiance records — without sufficient mission overlap,
there will be little chance of tying records together with the
necessary accuracy and trend stability to quantify true long-term
climate signatures (Weatherhead et al., 2017). From over four
decades of partial overlapping TSI measurements, it is now well
established that irradiance variations correlate with the solar
activity over the typical 10—13-year solar cycle and are on aver-
age ~0.1% higher at solar maximum than at solar minimum.
However, the SSI varies considerably depending on the wave-
length, typically larger relative variability in the UV and pro-
gressively less in the longer wavelengths of the visible
through IR. Because of the relatively large UV variability over
the solar cycle (~10% in the FUV: 115-200 nm and part of the
MUV: 200-300 nm) early SSI measurement missions focused
more on the shorter solar wavelengths to establish the strong
correlations with the solar cycle. Consequently, it has been
established that ultraviolet irradiance variations — that influence
the middle and upper atmosphere — have significant impacts on
the radiative heating and the ozone budget in the stratosphere
(Haigh et al., 2010; Swartz et al., 2012; Ball et al., 2019).

Beginning with the Solar Radiation and Climate Experi-
ment (SORCE), the effort was to establish a long-term data
record for nearly the full solar spectrum (SORCE SSI measure-
ments covered a continuous wavelength range of 115-2400 nm
— an integrated region >96% of the TSI). The majority of this
wavelength range was measured by the SORCE SIM instrument
to provide the daily solar spectrum from 200 to 2400 nm for the
long-term solar data record (Harder et al., 2005a). The SORCE
mission operated for a full 17 years — long enough to provide
for 2 years of overlapping measurements with the follow-on first
Total and Spectral Solar Irradiance Sensor (TSIS-1) mission.

A key objective of the TSIS-1 mission is to extend the solar
irradiance data records of TSI and SSI variability from the
SORCE mission with improved versions of the Total Irradiance
Monitor (TIM) and Spectral Irradiance Monitor (SIM) instru-
ments. As shown in Figure 1, the TSIS-1 mission successfully
overlapped with the SORCE mission for 2 years (2018-2020)
during a period of solar minimum conditions and continued
observations into solar cycle 25 (SC25). Several other LASP
missions are also shown for reference in this timeline. These
include the TSI Calibration Transfer Experiment (TCTE)', a
TSI-only mission that launched a spare SORCE TIM instrument
(Kopp & Lawrence, 2005) as a rapid response to mitigate a TSI
gap after the Glory mission failed to reach orbit, and the
Compact Spectral Irradiance Monitor — CSIM (Richard et al.,
2019) and the Compact Total Irradiance Monitor — CTIM

! The TCTE TSI data products can be found at: http://lasp.colorado.
edu/home/tcte/data/.

(Harber et al., 2019) flight demonstration (FD) missions that
are both technology demonstrations for future SSI and TSI
instrument concepts, respectively. Finally, for the future TSI
and SSI measurements, the second Total and Spectral Solar
Irradiance Sensors (TSIS-2) mission is currently in develop-
ment to eventually be launched to partially overlap with the
TSIS-1 mission in the 2025 (near solar maximum) time period.

Figure 2 illustrates the critical importance of having partially
overlapping missions, focusing on the TSI measurements here,
and the goal of the generation of a long-term, low-uncertainty
composite solar record. For both the SORCE and TSIS-1
TIM instruments the measurement-to-measurement uncertainty
(<10 ppm precision) is an order of magnitude smaller than
the absolute uncertainty of the measurements. This means that
a time series of coincident measurements from two instruments
can be matched by scaling the measurements of the less accurate
instrument (SORCE TIM) to agree best with the more accurate
instrument (TSIS-1 TIM). Additionally, small trending differ-
ences during the overlap time period can provide validation of
the independent long-term stability corrections applied, and ulti-
mately reduce the combined uncertainty in the composite TSI
record (Kopp, 2014, 2021). With respect to the SSI, the chal-
lenge of achieving a long-term composite is multidimensional
in scope. Not only are temporal and spectral overlaps critical,
but spectral resolution and sampling differences between
sensors must be carefully understood. Thus, only through care-
ful analysis of partial overlapping measurements can we begin
to understand the long-term trends in solar spectral irradiance.

The following sections provide details of the TSIS-1 SIM
SSI measurements for the first 5 years of operations. First, an
overview is provided of the TSIS-1 SIM instrument and opera-
tions, including improvements in the absolute spectral irradiance
calibration and new methodologies for long-term spectral degra-
dation corrections. The results sections highlight both the abso-
lute solar spectrum at the last solar minimum (late 2019)
including comparisons to previous solar reference spectra and
then present measurements of the solar spectral variability from
the UV to the IR. The variability results are compared and
contrasted to the previous SSI measurements (including partial
overlapping observations with the SORCE SSI instruments
during the end of SC24 and the last solar minimum). Finally,
comparisons of the TSIS-1 SIM observations with both the
NRLSSI2 and SATIRE-S SSI models are presented — from
the short-term (solar rotational) variability to the long-term
SSI changes during the ascending phase of SC25.

2 TSIS-1 SIM overview

The TSIS-1 SIM is a solar spectral irradiance radiometer
designed to measure the SSI from 200 nm to 2400 nm in units
of Wm ™2 nm ™. The SSI is defined as the solar spectral energy
flux per unit area per unit wavelength normal to the solar vector
at the top of the atmosphere (TOA) normalized to 1 AU. The
instrument derives heritage from the SORCE SIM (Harder
et al., 2005a,b) but has been redesigned based on lessons
learned to improve absolute accuracy and lower uncertainties
in spectral stability corrections (Richard et al., 2020). Like
SORCE SIM, TSIS-1 SIM utilizes a Féry prism to disperse
and image the solar radiation on a fixed focal plane. This is
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Figure 1. Timeline of LASP solar irradiance measurements over the prior and future decades. The SORCE mission launched in January of
2003 and was the first mission to contain a full solar irradiance suite, including a TSI instrument and several SSI instruments coving the X-rays
through the near IR. Two new technology missions (CSIM-FD and CTIM-FD) overlapped with the TSIS-1 mission and provided direct
comparison and validation of measurement performance. For the SSI, the CSIM-FD early mission and the TSIS-1 SIM observations overlapped
during the time of the solar minimum conditions in late 2019 as shown by the lower plot of the sunspot number as a proxy for solar cycle

activity for SC24 and the beginning of SC25.
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Figure 2. The TSIS-1 solar observations overlapped with SORCE
measurements for two years during solar cycle minimum conditions.
Shown here are the SORCE TIM and TSIS-1 TIM total solar
irradiance measurements (SORCE TIM native TSI scale in black and
then adjusted by 0.88 W/m? to match TSIS-1 TIM TSI scale at the
TSI determined solar minimum time denoted by the dotted line).
TSIS-1 measurements are now capturing the rise of SC25.

the only optical element within the instrument and provides
spectral scanning through very precise prism rotation control
using a closed-loop, optical-encoder mechanism (Harder et al.,
2005a; Richard et al., 2019, 2020).

The TSIS-1 SIM incorporates improved detector perfor-
mance in both the absolute electrical substitution radiometer
(ESR) and the UV, visible, and near IR photodiode detectors.
These detector improvements include higher signal-to-noise
ratios and faster response times to those of the SORCE SIM.
For the TSIS-1 SIM, we also completed a direct optical power
calibration of the ESR. The SIM ESR is a bolometric detector

that compares the heating effect of absorbed optical radiation
with that of electrical power heating via an accurate, high-
stability standard-Watt circuit. It is established as an SI-traceable
calibration standard detector by pre-launch spectral calibra-
tions against a cryogenic radiometer traceable to the US
National Institute for Standards and Technology (NIST)
Primary Optical Watt Radiometer (POWR), the principal US
standard for radiant power measurements (Richard et al.,
2020; White et al., 2022).

The ESR is the primary absolute detector and is used for
two purposes: (1) the primary SSI measurement detector for
the wavelength range 1650-2400 nm and (2) the long-term
SSI calibration maintenance of the absolute radiant scale of
the photodiode detectors that are used for daily rapid-scan, high
signal-to-noise solar measurements over the range 200-
1650 nm. The calibration maintenance approach involves using
the Sun as the common calibration source to periodically
calibrate the photodiode’s radiant sensitivity response and track
SIM channel-to-channel optical degradation changes. The
TSIS-1 SIM optical layout and detailed descriptions for the
SIM spectrometer design and pre-launch absolute calibrations
have been discussed previously by Richard et al. (2020).

Another significant improvement for TSIS-1 SIM is having
three redundant channels with one used frequently for daily
spectrum cadence, one used for weekly spectrum cadence,
and one used every 6 months for spectrum calibration mainte-
nance. In contrast, SORCE SIM only had two channels, and
long-term degradation tracking suffered from larger uncertain-
ties in the stability corrections as cumulative solar exposure
increased for both channels. To this end, redundant SSI mea-
surement channels with differing observation cadences augment
the ESR calibrations to provide more detailed instrument degra-
dation corrections for improved spectral coverage and for more
frequent calibration sampling.
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For the long-term TSIS-1 SIM SSI observations, the SIM
Channel A is used for twice-daily (~12-hour cadence) full
spectrum observations. SIM Channel B observes a portion of
the solar spectrum simultaneously with daily SIM Channel A
on a ~weekly cadence for full spectrum coverage, and finally,
SIM Channel C observes the full solar spectrum twice per year
coincident with SIM Channel A and B observations. Compar-
isons of trends of the three channels have established that
SIM degradation is primarily caused by cumulative solar expo-
sure during the measurements. Optical degradation by space
radiation (energetic particles) has been considered, but these
effects appear to be minor as compared to direct solar expo-
sure-time degradation. Therefore, the degradation rates for each
SIM channel are derived using various exponential or linear
decay functions as a function of cumulative solar exposure time
(see Appendix A for details).

The TSIS-1 SIM data products include 12-hour and 24-hour
averaged values and are operationally released for public use
5 days after acquisition (see Data availability statement). The
TSIS-1 SIM is integrated into the International Space Station
(ISS) and mounted on an independent solar tracking platform
to provide precise (~1 arc-s, | — ¢ uncertainty) solar pointing
control to track the Sun during the sunlit portion of the ISS
orbit. However, due to observational constraints related to ISS
activities, there are times that SIM solar scans cannot be
planned, these include periodic outages for visiting vehicle
dockings and departures, astronaut EVA activities, and unfavor-
able ISS solar panel orientations — all activities that preclude
normal solar scanning operations. The resulting SSI data gaps
can be as short as a few hours and typically no longer than a
couple of days. Seasonally, the ISS orbit encounters unfavorable
solar beta angles that limit the amount of solar viewing time and
also preclude complete solar scans. These periods, typically in
May and December, last for approximately a week. For these
periods, SIM solar scan sequences are modified to allow for
the collection of at least one 24-hour (daily) SSI data product
when favorable. As of 30 January 2023, 85% of the daily and
81% of the 12-hourly Level 3 data are available since the begin-
ning of SIM operations on March 14, 2018.

3 Results

3.1 Solar spectrum comparisons

SORCE SIM and TSIS-1 SIM observations temporally and
spectrally overlapped from March 2018 through February 2020
and provided an opportunity to compare the solar spectrum at
solar minimum conditions between solar cycles 24 and 25.
An example of the solar spectra comparison from TSIS-1
SIM and SORCE SIM is shown in Figure 3. The wavelength
region covered by both instruments is 200-2400 nm. The spec-
tra shown are plotted on their native irradiance scales and on a
log-wavelength scale (to highlight the UV region of the spec-
trum). Both SIM instruments have the same spectral resolution
due to the same dispersion geometries related to the fused silica
Féry prism optical element. The inset in Figure 3 shows the ratio
of the SSI spectra from TSIS-1 SIM to SORCE SIM for the
majority of the spectrum — below 240 nm, the SORCE SIM
instrument has large instrumental uncertainties due to lack of

pre-flight calibrations and adverse scattered light effects.
As can be seen here, there are spectral regions where there
are significant differences in the SSI. The near UV region
around 310 nm is at a detector transition region where the
SORCE SIM is more sensitive to temperature effects. Further-
more, for the SORCE SIM, this region was shown to have
relatively larger absolute uncertainties (>5%) based on FEL
lamp pre-launch calibrations (Harder et al., 2010; cf. Fig. 2).
The absolute calibration of the TSIS-1 SIM has been discussed
in detail (Richard et al., 2020) and has been shown to have a
pre-launch spectral irradiance calibration uncertainty of <0.5%
based on direct tunable laser-based spectral irradiance calibra-
tions against a NIST-traceable cryogenic radiometer. This low
uncertainty was also validated in orbit by direct solar spectral
measurements simultaneously with the CSIM-FD mission
(Stephens et al., 2019). The CSIM SSI instrument was indepen-
dently calibrated against the same NIST cryogenic radiometer
and showed in-orbit agreement with TSIS-1 to <1% differences
over the majority (250-2400 nm) of the measured spectrum
(Richard et al., 2019; Stephens et al., 2019) — this level of agree-
ment is within the combined standard uncertainties for both
instruments.

The largest difference with respect to the integrated irradi-
ance is in the near IR which shows a systematic decrease of
TSIS-1 SIM SSI from the SORCE SIM SSI. This begins near
900 nm and continues to ~6% relative difference by
2400 nm. As noted in Harder et al. (2010), the SORCE SIM
absolute scale in the 1300-2400 nm region showed up to 8%
relative difference from the ATLAS3 reference spectrum
(Thuillier et al., 2003) and was corrected to agree with ATLAS3
in this near IR wavelength range. A justification for this correc-
tion to the ATLAS3 irradiance scale for the near IR was a deficit
in the SORCE SIM integrated spectral irradiance of ~30 Wm ™2
that was not consistent with the 200-2400 nm integrated spec-
tral irradiance value in comparison to the TSI value. Differences
in the near IR SSI have been discussed previously regarding the
solar spectra measured during the solar minimum conditions at
the transition between solar cycles 23 and 24 (2008/09)
(Thuillier et al., 2014). The comparisons presented include both
measurements as well as two solar irradiance models. The over-
lapping measurements during this time period included the
Scanning Imaging Absorption Spectrometer for Atmospheric
Chartography — SCIAMACHY (Bovensmann et al., 1999)
and the updated SOLar SPECtrometer (SOLSPEC) instrument
on the second Solar Monitoring Observatory (SOLAR2)
launched in February 2008 and integrated on the ISS (Thuillier
et al., 2015). The models included the Solar Radiation Physical
Modelling — SRPM (Fontenla et al., 1999, 2011) and the Code
for Spectral Irradiance — COSI (Haberreiter et al., 2008;
Shapiro et al., 2010). The results show that there are significant
differences in the IR (outside reported individual instrumental
calibration uncertainties) compared to the ATLAS3; the
ATLAS3 irradiance between 1000 nm and 2400 nm is larger
by 5-10%. The two physical models are consistent in showing
relative near IR deficits from ATLAS3 of ~5% near 2000 nm
and direct measurements of SCTAMACHY and SOLAR?2 show
larger relative deficits of ~10% near 2000 nm. Both SORCE
SIM and the WHI reference (Woods et al., 2009) are consistent
with ATLAS3, but as noted the SORCE SIM IR irradiance
was adjusted to agree with ATLAS3, and the WHI composite
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Figure 3. The SSI spectrum comparison of TSIS-1 SIM (red) and SORCE SIM (black) for the overlap time of TSIS-1 and SORCE missions
covering the full range of 200-2400 nm (note: wavelength is plotted on a log-scale). Both spectra are plotted on their native irradiance scales
(no scaling applied). The inset shows the ratio (green) as a function of wavelength over the 240-2400 nm range (below 240 nm, the SORCE
SIM has large relative uncertainties). Clearly seen is the lower IR SSI longward of 900 nm, up to ~6% lower for TSIS-1 SIM. However,
excellent agreement is seen throughout the visible where the SSI is a maximum.

Table 1. Integrated SSI compared to TSI for solar reference spectra. The common integrated region includes 205-2395 nm. ATLAS3 (Thuillier
et al., 2003); WHI (Woods et al., 2009); SOLAR-ISS (Meftah et al., 2018).

Spectrum 205-2395 nm (W/m?)  +52 (W/m?»®  Adopted TSI value (W/m?)  Diff from TSI (W/m?)  Diff from TSI (%)
ATLAS3* 1333.6 1385.6 1361 +24.6 +1.8
WHI 1321.0 1373 1361 +12.0 +0.9
SOLAR-ISS 1320.8 1372.8 1361 +11.8 +0.9
TSIS-1 SIM 1308.7 1360.7 1361.5¢ 0.8 —0.06

# Excludes normalization to TSI.

> Common scalar offset accounting for unmeasured SSI <205 nm and >2390 nm.

¢ TSI measured same day as SIM first-light reference spectrum.

reference is based on the SORCE SIM spectrum for the IR
wavelengths. The high accuracy measurement of the TSIS-1
SIM solar spectrum also shows a lower IR irradiance than
ATLAS3 (and correspondingly SORCE SIM) by ~6% near
2400 nm, a systematic decrease between 1000 nm and
2400 nm that is consistent with both recent SCIAMACHY
(Hilbig et al., 2018) and SOLAR2 (Meftah et al., 2020)
re-calibrated solar reference spectra.

Table 1 summarizes the difference in the integrated SSI for
various solar reference spectra (all representing near solar min-
imum conditions). The integrated region here encompasses
205-2395 nm. Note that for the ATLAS3 and WHI, the values
exclude the a-posteriori normalization to the TSI in the final
reported spectra. As can be seen, the ATLAS3 integrated value
exceeds the TSI by nearly 2% (~25 Wm™2) when accounting
for the common irradiance outside the measured range. The
spectral integral of the TSIS-1 SIM together with a common
~52 Wm ™2 added to account for the missing irradiance outside
of the measured region (Mauceri et al., 2018) yields a TSI value
of only 600 ppm different than the actual TSI value measured
by the TIM instrument during the same solar viewing time.

The TSIS-1 SIM measurements during the solar cycle min-
imum period near the end of 2019 have been used to develop a

new, high-accuracy, solar reference spectrum called the 7SIS-1
Hybrid Solar Reference Spectrum — HSRS (Coddington et al.,
2021). The TSIS-1 HSRS is a composite reference spectrum
that acquires its high accuracy between 200 nm and 2400 nm
from the TSIS-1 SIM instrument (Richard et al., 2020) and from
2400 nm to ~2800 nm from the CSIM-FD CubeSat instrument
(Richard et al., 2019). High spectral resolution, which is neces-
sary for some Earth-science applications, is introduced by nor-
malizing independent solar line data to the radiometric scale of
the TSIS-1 SIM and CSIM instruments (Coddington et al., 2021
and references therein). In March 2022, the Working Group on
Calibration and Validation (WGCV) of the Committee for
Earth Observation Satellites (CEOS) endorsed the TSIS-1
HSRS as a solar irradiance reference spectrum standard (see
Data availability statement).

Recently, the TSIS-1 HSRS has been extended down into
the far ultraviolet (FUV) range of 115 nm and up into the far
infrared (FIR) to 200,000 nm. This was completed to support
additional Earth-science applications, such as detailed radiative
transfer modeling, climate modeling, and SSI modeling. This
new reference spectrum is known as the Full Spectrum — Hybrid
Solar Reference Spectrum — FS-HSRS (Coddington et al.,
2023). This wavelength extension required incorporating
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Table 2. An integrated band comparison of the TSIS-1 SIM with both the FS-HSRS and the current solar forcing reference spectrum provided
by the Coupled Model Intercomparison Project-Phase 6 (CMIP6), a dataset utilized in many current climate models.

Band Band range TSIS-1 SIM FS-HSRS CMIP6 Arsis.i — omips Ags_HsrS - cMIP6
(nm) (W/m?) (W/m?) (W/m?) (W/m?) [%] (W/m?) [%]
1 200-260 2.6855 2.6738 2.5422 0.1433 [5.637] 0.1316 [5.177]
2 260-340 42.2457 42.2241 41.8127 0.4330 [1.036] 0.4114 [0.984]
3 340-440 131.9235 131.9218 129.3265 2.5970 [2.008] 2.5953 [2.007]
4 440-630 359.3186 359.6758 356.0259 3.2927 [0.925] 3.6499 [1.025]
5 630-780 210.5653 211.2113 210.9445 —0.3793 [—0.180] 0.2668 [0.126]
6 780-1240 340.4387 340.9444 343.1782 —2.7395 [—0.798] —2.2338 [—0.651]
7 1240-1300 25.5719 25.5966 26.0287 —0.4568 [—1.755] —0.4321 [—1.660]
8 13001630 102.1468 102.2366 103.9975 —1.8507 [—1.780] —1.7609 [—1.693]
9 1630-1940 53.5159 53.5694 54.7487 —1.2328 [-2.252] —1.1794 [—2.154]
10 1940-2150 22.3023 22.2891 22.5943 —0.2920 [—1.292] —0.3052 [—1.351]
11 2150-2500 - 23.5531 23.7459 - —0.1929 [—0.812]
12 2500-3080 - 20.2597 20.3185 - —0.0587 [—0.289]
13 3080-3850 - 12.0093 11.9903 - 0.0190 [0.158]
14 3850-12,200 - 12.7663 12.7411 - 0.0252 [0.198]

theoretical knowledge where no direct observations currently
exist. The original HSRS encompasses ~97% of the TSI, and
the extended FS-HSRS now integrates to the full TSI value to
within 0.1% of direct observations of TSI by the TSIS-1 TIM
instrument; a subsequent wavelength-independent scaling was
applied to the final data product so the integral of the FS-HSRS
equates to TSIS-1 TSI for that time period. The FS-HSRS spec-
trum is representative of the same solar minimum conditions of
the TSIS-1 SIM observational era between solar cycles 24 and
25 (December 1-7, 2019). The spectral integral of the FS-HSRS
spectrum from 115 nm to 200,000 nm yields a TSI value of
1361.5 + 5.9 Wm 2 (a difference of <0.1% that is within
uncertainties).

Table 2 shows a comparison of 14 separate, integrated bands
from the UV (200 nm) to the longwave IR (12,200 nm) between
the FS-HSRS and the solar forcing specified in the sixth Cou-
pled Model Intercomparison Project — CMIP6 (Matthes et al.,
2017), which is used in the solar forcing inputs to climate model
runs in the IPCC Sixth Assessment Report (Eyring et al., 2021).
Also shown in the table are the corresponding 10 bands
observed by the TSIS-1 SIM that overlap with both the FS-
HSRS and the CMIP6 spectrum. The TSIS-1 SIM Data Version
10 (V.10) values are taken from the same December 1-7, 2019
time frame as the FS-HSRS (see Data availability statement for
data release notes). The values for CMIP6 solar forcing, which
is specified by the average of the NRLSSI2 (Coddington et al.,
2016) and SATIRE-S (Yeo et al., 2014) SSI variability models,
are obtained from the previous solar minimum from November
21, 2008 to April 30, 2009.

These differences between both the FS-HSRS results and
the TSIS-1 SIM observations from the CMIP6 spectrum for
the common spectral bins are noted in Table 2 and are plotted
in Figure 4. The FS-HSRS, by design, closely matches the inte-
grated TSIS-1 SIM values in the 10 common bands. The irradi-
ance scale of the CMIP6 spectrum is baselined from older and
less accurate solar irradiance measurements and/or theory and
the CMIP6 values are shown to differ more substantially from
TSIS-1 SIM (and FS-HSRS). Both the TSIS-1 SIM and the
FS-HSRS show enhanced visible irradiance and reduced
infrared irradiance relative to the CMIP6 values. In the longest
wavelength infrared portion, a region that is not directly

measured by the TSIS-1 SIM, the FS-HSRS is consistent with
a theoretical understanding of the magnitude of the solar spec-
trum (see Coddington et al., 2023 for details).

3.2 SSI variability observations

The direct measurements of SSI provide the spectral decom-
position of the TSI, and together both observations are critical
for a detailed understanding of the spectral variability of the
solar irradiance. As discussed previously, the magnitude of
the SSI variability varies considerably over a solar cycle, with
shorter wavelengths (<400 nm) showing the largest relative
variability — contributing nearly half of the TSI variability while
only representing <7% of the TSI (Lean et al., 1997; Krivova
et al., 2006; Woods et al., 2015). For the visible wavelengths,
the relative variability is comparable to the TSI variability
(~0.1% over the solar cycle) with progressively less variability
for the longer IR wavelengths (predicted <100 ppm over the
solar cycle) (Lean et al., 2005; Harder et al., 2009).

3.2.1 Ultraviolet variability

As noted previously, the long-term SSI observations have
concentrated in the ultraviolet (and shorter wavelengths) due
to the large relative variability and the strong impact on the
upper/middle atmosphere, e.g. ozone photochemistry and radia-
tive heating (Rottman et al., 2001; Woods, 2008). The SORCE
mission provided the first continuous measurements of SSI cov-
ering a nearly full spectrum (115-2400 nm). In particular, the
SORCE SIM instrument provided key new SSI observations
of visible and near IR variability over the broad wavelength
range of 200-2400 nm, an instrumental range that encompasses
the spectral content of >96% of the TSI. However, the nearly
2-decade observational record of the SORCE SIM instrument
was not without controversies. Perhaps most notable was the
SORCE SIM measured SSI variability during the declining
phase of solar cycle 23 from 2004 to 2009. The SORCE
SIM UV irradiance variability showed ~3 times larger vari-
ability than previous measurements and model predictions.
For example, in the integrated 250-300 nm region, representing
~13 Wm 2 (or ~1% of the TSI), SORCE SIM observations
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Figure 4. Binned spectral irradiance bands for both the FS-HSRS and TSIS-1 SIM compared against the CMIP6 solar forcing reference. The
TSIS-1 SIM range cuts off at 2400 nm and therefore only covers bands 1 through 10. The integral of FS-HSRS(NRL4) from Band 1 through Band
14 = 1360.9312 Wm™?; the Integral of the CMIP6 (avg from November 21, 2008 to April 30, 2009) from Band 1 through Band
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2400 nm = 1309.42 Wm™ 2.

showed a decrease from 2004 to the 2008/09 solar minimum of
~0.35 Wm (>2.5%), where previous measurements (covering
solar cycles 21-23) showed much smaller decreases
0.1 Wm 2, or <1%) (Harder et al., 2009; Lean & DeLand,
2012). Such large SSI differences were at odds with upper
atmospheric heating rates and ozone production and had signif-
icant impacts on the influence of solar variability on the strato-
spheric response in several model results (Haigh et al., 2010;
Ball et al., 2011; Swartz et al., 2012). This caused much debate
in the scientific community about the veracity of the SORCE
SIM UV observations.

Given the consistency of the short-term (solar rotational)
SORCE SIM variability with other measurements and models
in the UV, questions about possibly larger-than-expected uncer-
tainties in the long-term instrumental degradation corrections
(that were unaccounted for in the published data) were consid-
ered. Figure 5 shows the SORCE SIM and SORCE SOLSTICE
(McClintock et al., 2005a,b) and TSIS-1 SIM data records,
plotted on their own irradiance scales, for the UV integrated irra-
diance in the 240-260 nm range — a spectral range that covers the
O; Hartley absorption band). Evident here is the anomalously
large irradiance variability of SORCE SIM for the declining
phase of SC23 — over a factor of 3 larger than the SOLSTICE
results. Also noticeable in the SORCE data is the significant
decreasing trend through the 2008/09 solar minimum, inconsis-
tent with other direct observations and historical proxies and
indicative of under-corrected instrument degradation effects.
For SC24 the agreement between the SORCE SSI instruments
is better both in trending and magnitude of the solar variability.
This is most likely a result of decreases in the optical degradation
rates from the early mission operations.

The TSIS-1 SIM overlapped with SORCE instruments in
the 2018-2020 time period (across the December 2019 solar

1359.9950 Wm™?; the integral of TSIS-1 SIM (V10 average spectrum covering December 1-7, 2019) from 200 to

minimum). For this period, both SORCE instruments show
larger than-expected decreasing trends compared to the TSIS-1
SIM approaching solar minimum. For this 2-year overlap period
in the 240-260 nm region, the UV integrated irradiance vari-
ability to solar minimum for SORCE SOLSTICE is ~0.4%,
for SORCE SIM is ~0.2%, and the TSIS-1 SIM is <0.08%.
As shown in Appendix A, the TSIS-1 degradation correction
uncertainty in this wavelength region is <0.04% per year, and
the trending result is within the 2-year stability correction uncer-
tainty. These differences suggest that both SORCE SIM and
SOLSTICE may have some residual, uncorrected degradation
for this time period.

Figure 6 shows the UV SSI of several wavelengths for
5 years of continuous TSIS-1 SIM measurements. The time
range includes March 2018 through January 2023, covering
the last activity features in the decline of SC24, the solar
minimum in late 2019/early 2020, and the ascending activity
phase of SC25. Predictions place the next solar maximum in
the late 2024 time period (Upton & Hathaway, 2023) indicating
that SC25 is currently over halfway into its ascending phase.
The plot shows the SSI covering 202 nm, 220 nm, 251 nm,
and 280 nm. The active regions peak around 7-8% relative vari-
ability for the 202 nm (shortward of the 208 nm Al ionization
edge) and 280 nm (core of Mg II line) with the corresponding
220 nm and 251 nm variability peaking near 3.5% for SC25
activity in January 2023. These values are consistent with the
relative variability observed near the halfway point in the
decline of SC24 (Woods et al., 2018). As discussed in
Appendix A, these UV wavelengths show the largest instrumen-
tal degradation. For example, at 220 nm the spectral degradation
is the largest and currently over 10% in channel A and 3.5% in
channel B after five years of operations; recall that channel A
(daily measurement channel) experiences the largest solar
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Figure 5. Comparison of solar UV irradiance in the 240-260 nm integrated region. SORCE covers 17 years of operations that overlapped for
2 years with the new TSIS-1 SIM measurements. The time period covers the decline of SC23, the full SC24, and the ascending phase of SC 25.
Clear large differences in the UV variability in SC23 are obvious for the comparative measurements of SORCE SSI instruments. While
SOLSTICE shows a variability consistent with both proxy-based and model UV irradiance variability predictions, the SORCE SIM variability
appears to have large uncertainties in the instrumental degradation corrections (consistent with being under-corrected here). The new TSIS-1
SIM measurements — with significant improvements in signal-to-noise performance and stability corrections — are showing the last activity
features of SC24 and the beginning increases of SC25. The SSI values for all instruments are plotted on their native reported irradiance scales.

exposure with channel B exposure at 11.8% that of channel A.
Based on the spectral degradation corrections, the stability cor-
rection uncertainties for these UV wavelengths range from
~150 ppm/year at 280 nm to ~400 ppm/year at 202 nm at the
native SIM resolution and sampling. These instrumental trend
uncertainties in the complete degradation corrections were
based on multiple SIM channel irradiance ratios tied to the
SIM channel C calibrations (least exposed channel). Further
evidence of the low uncertainties in the stability corrections is
found in the lack of trending differences for all wavelengths
across the solar minimum time period — consistent with all
historical proxies for UV solar variability over many decades
of solar observations (viz. Mg II index, Ly-alpha emission,
F10.7 cm radio flux).

3.2.2 Visible/near IR variability

The SORCE SIM measurements of the long-term variability
in the visible and near-IR (400-2400 nm) were not free of
controversy either, especially for the declining phase of SC23.
Relatively large variability, and in some cases out-phase behav-
ior, relative to the TSI, were counter to the results of many
proxy-based coupled-climate model simulations for visible
and near IR solar variability inputs and showed anomalous heat-
ing rates inconsistent with known amplification mechanisms
(van Loon et al., 2007; Meehl et al., 2008). For example, over
the same time period (2004-2009) coincident with the large
0.35 Wm 2 decrease in 250-300 nm integrated UV irradiance,
SORCE SIM showed a corresponding 0.3 Wm 2 (~0.2%)
increase in visible energy at 600-700 nm — variability that
was out-of-phase with TSI and controversial (Lean & DeLand,
2012). It should be noted that the measurement requirements to
provide long-term SSI variability to detect solar trends at <0.1%
over a decade are challenging, especially for an instrument that
covers a large spectral range encompassing >96% of the TSI

For example, Figure 7 shows the 17-year SORCE SIM SSI in
the integrated 500-600 nm visible region of the solar spectrum.
Here there are clear irradiance signatures of solar activity (e.g.
sunspot decreases and facular enhancements) corresponding to
the declining phase of SC23 and the full SC24, however the
out-of-phase behavior with TSI for the declining cycle SC23 is
clearly evident. Taken together with the larger UV variability
observed during this early mission time period leads to concerns
about inadequately separating instrumental trending corrections
from true solar variability. Like the UV data of Figure 6, the
overall visible variability of SORCE SIM for SC24 appears
to have less significant instrumental trending when compared
to expectations based on historical solar cycle proxies. For
the full SC24 from the 2008/09 minimum to the 2019/20
minimum, there is a long-term trending increase of ~0.015%
(150 ppm) per year evident in the SORCE SIM results. For
comparison, we show the TSIS-1 SIM 500-600 nm integrated
data for the ascending phase of SC25 that is entirely consistent
(both in-phase and relative change) with the TSI variability
(cf. Fig. 2).

A reanalysis of the SORCE SIM data record from 2004 to
2012 using the concurrent measured TSI to constrain the inte-
grated SIM uncorrected SSI along with the measured spectral
dependence of the degradation function provided a revision of
the SORCE SIM SSI variability (Mauceri et al., 2020b). The
results of this study showed SIM UV variability for the declin-
ing phase of SC23 and the ascending phase of SC24 consistent
with both the NRLSSI2 and SATIRE-S solar irradiance models
within the expanded measurement uncertainties. Additional,
independent analyses showed similar results to Mauceri et al.
(2020b) attempting to separate true solar cycle irradiance vari-
ability from residual instrumental degradation trends across
the solar spectrum: the Multiple Same Irradiance Level (MuSIL)
technique using different times but common irradiance periods
across multiple solar cycles to provide long-term trends in SSI
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Figure 6. The TSIS-1 SIM Level 3 Version 10 (V.10) time series is shown at select wavelengths in the UV over the current mission. Left axis
shows the absolute irradiance scale and the right axis shows the relative change (in %) from the first day of operations (March 14, 2018).

(Woods et al., 2018) and a mathematical framework study
decoupling instrumental trends from solar irradiance data by
comparing the observed variability with several solar proxies
such as the F10.7 index, the Mgll index, and the sunspot num-
ber (Dudok de Wit, 2022).

Figure 8 shows the same five years for the TSIS-1 SIM con-
tinuous measurements over several selected visible and near IR
wavelengths: 471 nm, 652 nm, 857 nm, and 1035 nm. These
are four representative wavelengths that were shown by Harder
et al. (2009) to have alternating in-phase to out-of-phase long-
term trending between SORCE SIM SSI and TSI. The relative
variability here (referenced to the start of operations in mid-
March 2018) is shown on the right axis for each wavelength,
decreasing from ~0.15% at 471 nm down to <0.06% at
1035 nm. The channel-to-channel degradation corrections are
applied here and result in stability correction uncertainties in
the 20-50 ppm/year based on the standard deviations of the

exponential fits for the correction factors over these wavelengths
(see Appendix A).

Dark sunspot passage depletions and limb facular brighten-
ing in the irradiances are clearly observed at all these wave-
lengths with the onset and increasing activity in SC25. For
the near IR wavelengths, a small, periodic irradiance variation
correlating with a residual Earth-Sun distance (1 AU) differen-
tial effect is present at the ~100 ppm level (most noticeable in
the early 2018-2021 range). These small artifacts are currently
under further investigation but are believed to be caused by a
combination of effects related to the sensitivity of the tempera-
ture correction coefficients of the Si- and InGaAs-photodiodes;
the Si detector long wave cutoff is near 900 nm and the InGaAs
detector shortwave cut off begins near 1000 nm. The radiant
sensitivity values of these detectors have large response gradi-
ents (in Amps per Watt) in the cutoff regions and consequently,
the temperature correction uncertainties increase. Additionally,
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Figure 7. Comparison of solar visible irradiance in the 500-600 nm integrated region for the SORCE SIM and the TSIS-1 SIM. Again, the
time period covers the decline of SC23, the full SC 24, and the ascending phase of SC25. Integrated irradiances are plotted on the native scales
of each instrument. Notice for the SORCE SIM, the irradiance for the declining phase of SC23 (2004-2008) shows a trend out-of-phase with
the TSI, however for SC24 there appears to be an in-phase relationship from 2008/09 minimum to 2019/20 minimum. Based on a linear trend
covering the full SC24, SORCE SIM results here are consistent with ~150 ppm/year increase — a rate at the limit of the instrumental stability
corrections. The TSIS-1 SIM irradiance from the last solar minimum into the ascending phase of SC25 is highly correlated with TSI (see text).

there are larger diffraction corrections (~4% maximum) applied
in the measurement equation algorithms and a small residual
error at the 100 ppm level is possible. Both adverse effects
are currently being further evaluated and will be refined for
future TSIS-1 SIM data versions (released approximately at
6-month intervals throughout the mission).

Another useful way to present the solar variability for the
onset of SC25 is to correlate the relative spectral irradiance vari-
ability directly with that of the corresponding TSI variability.
Figure 9 shows the correlation plots of the visible and near IR
SSI variability relative to the TSI variability for the wavelengths
shown in Figure 8. As can be seen, near linear correlations exist
(and all in phase) with progressively decreasing SSI variability
from shorter to longer wavelengths relative to TSI variability
(i.e., ATSI/ASSI slope increases with increasing wavelength).
These results are largely consistent with the results of spectral
correlations of SSI and TSI with solar activity (Wehrli et al.,
2013) measured by the Variability of solar IRadiance and
Gravity Oscillations (VIRGO) experiment (Frohlich et al.,
1995) on the Solar and Heliospheric Observatory (SOHO)
satellite with over a decade of measurements spanning 2002—
2012 — a time period covering the full descending phase of
SC23 and the early activity of SC24. The three VIRGO Sun
Photometer (SPM) spectral bands spanned the near UV to the
near IR and were centered at 402 nm, 500 nm, and 862 nm.
Based on monthly comparisons, positive correlations of SSI
with TSI were reported at all three wavelengths, consistent with
the TSIS-1 SSI and TSI correlations shown here. For example,
at 500 nm, the VIRGO SPM ATSI/ASSI correlation (slope) was
reported as +0.61. This value is in very good agreement with the
TSIS-1 SIM 500 nm correlation of +0.66 = 0.004. The near
agreement of this mid-visible SSI to TSI variability correlation
from the decline of SC 23 and rise of SC24 with the recent rise
of SC25 is consistent with the expectations of the visible SSI
variations being completely in-phase with solar cycle variability
(Haberreiter et al., 2017).

Close examination of the correlation plots for the shorter
wavelengths (e.g. 470 nm and 652 nm) shows a possibility of
bi-linear behavior; the correlation slopes appear slightly differ-
ent during the early mission (solar minimum time frame)
compared to the later two years (rise of SC25). This is currently
under further investigation with respect to either potential refine-
ments in the degradation rate corrections based on increasing
irradiance in the damaging UV wavelengths or possibly due
to true solar variability changes between the SSI and the TSI
evolving during the solar cycle.

3.2.3 Integrated SSlI variability

A condition on the SSI is that the integral over all wave-
lengths must equal the TSI. The TSIS-1 SIM instrument mea-
sures the solar spectrum from 200 nm to 2400 nm, an
integrated region that makes up 96.2% of the TSI. The differ-
ence is 3.8% (~52 Wm ?) of solar irradiance <200 nm and
>2400 nm (wavelengths not directly measured by TSIS-1
SIM) with the overall majority of this irradiance deficit due to
the IR SSI longward of 2400 nm. This long wavelength region
of the spectrum is predicted to show very small relative variabil-
ity where studies have shown that the solar cycle variability of
this ~52 Wm ™ irradiance longward of the 2400 nm SIM cutoff
is <0.02% (Yeo et al., 2014; Mauceri et al., 2020b).

Figure 10 shows the 5-year continuous record of the com-
parison of the measured TSI by the TSIS-1 Total Irradiance
Monitor (TIM) and the spectrally integrated SSI from the
TSIS-1 SIM plus a constant 52.13 Wm 2 offset. The com-
parison shows excellent long-term trending agreement within

a 1 — o standard deviation of ~50 ppm (0.068 Wm ?) over
the first 5 years of observations. However, there are time periods
during the mission where there are larger, localized differences
observed. These time periods include the beginning of the mis-
sion (March—April 2018) where SIM degradation corrections
have larger relative uncertainties as well as June—July 2020
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Figure 8. The TSIS-1 SIM (V10) time series is shown at selected wavelengths in the visible and near IR, over the first 5 years of the mission.
Left axis shows the absolute irradiance and the right axis shows the relative change (in %) from the first day of operations (March 14, 2018).
Note the decrease in the relative variability in the ascending phase of SC25. Also, note that all wavelengths are in phase with the TSI, counter to
the early findings of Harder et al. (2009) for previous cycles. The presence of a residual annual cycle in the longest wavelengths (at the 0.01%

level) is instrumental in origin and discussed in the text.

where the SIM instrument experienced higher than nominal
temperatures due to a temporary ISS orbital orientation change.
Figure 10 also shows the high correlation of the integrated SIM
SSI with the TSI to capture all the short-term solar activity
irradiance changes. To highlight this, Figure 11 shows the
expanded view of the comparison for the year from January
2022 to February 2023 where SC25 solar activity was increas-
ing. All TSI variability is captured in the integrated SSI over the
full dynamic range of irradiance changes due largely to sunspot
and facular influences.

The agreement shown in Figure 10 provides validation of a
necessary condition for the integrated SSI variability over the
mission to date and gives confidence in the spectral degradation
corrections for SIM (and TIM). It is important to note here that
the SIM results are completely independent — the TSI data from
TIM was not used in any way as a boundary condition or con-
straint in the final spectral degradation corrections for SIM.

As discussed in detail in Appendix A, the TSIS-1 SIM degrada-
tion corrections are done entirely based on inter-channel spectral
ratio comparisons involving differing solar exposure rates on the
different SIM channels.

While it is true that immutable agreement of the integrated
SSI with the TSI is a necessary condition, it is not a sufficient
condition to fully validate the correctness of the relative magni-
tudes of the TSIS-1 SIM spectral correction factors. Indeed, an
infinite number of individual spectral contributions can integrate
into the same TSI value. However, based on the direct, low
uncertainty measurement of the spectral degradation rates by
the channel-to-channel SSI ratios between all three SIM chan-
nels, we have determined the known spectral degradation func-
tion across all wavelengths (Appendix A) and the methodology
remains robust against added SIM channel C calibrations with
mission time. The dominant irradiance in the visible and near
IR wavelengths are the major contributions to the integrated
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TSIS iSSI to TSI comparisons -- SIM and TIM
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Figure 10. Comparison of the integrated (200-2400 nm) SIM SSI (iSSI: red) to the TSIS-1 TIM measured TSI (blue). A constant offset of
52.13 Wm ™2 has been added to the integrated SIM to account for the irradiance outside of the SIM measurement range (mostly >2400 nm) to
put it on the TIM TSI scale. The agreement with the TSI short-term variability and the long-term trending over the full mission is excellent with
an overall difference from the TIM TSI of 0.068 W/m? (<50 ppm, 1¢) over the first five years of continuous observations. The SIM Channel A,
B, & C calibration dates noted are the 6-month cadence calibrations to constrain the spectral degradation functions to the SIM channel C
observations (see Appendix A for details). New version releases occur after each of these calibrations to provide updates on the stability
correction uncertainties by further refinements in the measured spectral degradation functions.

SSI and even small errors in the degradation corrections would
be noticeable deviations in the TSI comparisons. The observed
standard deviation of ~50 ppm difference over five years of
operations offers strong support for the consistency of the spec-
tral stability corrections over these wavelengths that dominate

the solar energy distribution. However, errors in the magnitude
of the UV degradation corrections may not be evident in the
integrated comparison, largely because the UV irradiances con-
tribute much less to the TSI. However, the larger magnitude of
the spectral degradations for the UV wavelengths during the

Page 12 of 25



E. Richard et al.: J. Space Weather Space Clim. 2024, 14, 10

TSIS iSSI to TSI comparisons -- SIM and TIM

1363.0

1362.5

1362.0

Total Solar Irradiance [W/m~2]

1361.5

|I|\[\[|TI

TSIS SIM Integrated SSI + 52.13

! I

I
I
|
. 1500
1
|
|
d

1000

PPM

500

TSIS TIM TSI 7
1361.0 - - - - ABC Calibration Scan Dates — 0
I
I N | N I | L ‘ I o | | I I
2022-Jan 2022-Mar 2022-Jun 2022-Aug 2022-Nov

2023-Feb

Figure 11. Comparison of the integrated (200-2400 nm) SIM (iSSI) + 52.13 Wm 2 (red) to the TSIS-1 TIM measured TSI (blue) covering the
year 2022 (January 1, 2022—February 1, 2023). This shows the excellent agreement for both the annual trending as well as the short-term (solar
rotational) structure during activity in SC25. Note that some differences are due to sampling differences in the interpolation of the
measurements to a common temporal grid (due to the different timing of the daily observations). Small data gaps for each instrument are
specific to ISS activities that preclude measurements and are different for each sensor.

solar minimum period allowed for strong exponential decay cor-
relations to provide instrumental decay rates in the absence of
solar activity.

4 Comparison with SSI models
4.1 NRLSSI2 and SATIRE-S SSI models

The more accurate SSI observations by TSIS-1 SIM are
being used to extend the SSI climate record and to improve
SSI models. Currently, the two models that provide comprehen-
sive reconstructions of solar irradiance (both TSI and SSI) and
are relevant to providing SSI variability inputs to the broader
Sun-climate communities are version 2 of the Naval Research
Laboratory Solar Spectral Irradiance — NRLSSI2 empirical
model (Lean et al., 2005; Coddington et al., 2016) and the
Spectral And Total Irradiance REconstruction for the Satellite
era — SATIRE-S semi-empirical model (Krivova et al., 2003;
Yeo et al., 2014). Both the TSI and SSI observational records
established the primary contributions of dark sunspots and bright
faculae in producing variability in the solar output (Willson et al.,
1981; Chapman, 1987; Solanki & Unruh, 1998; Fligge et al.,
2001; Lean et al., 2020). The dark sunspots deplete local solar
emissions and reduce the disk-integrated irradiance in the visible
and infrared spectral regions. Conversely, the bright faculae asso-
ciated with active regions and more distributed active networks
are longer lasting than the sunspots and consequently produce
enhancements in the irradiance showing strong spectral depen-
dence in the ultraviolet spectral regions. The two influences act
in opposition as solar surface active regions form, evolve, and
decay. The net result is a modulation of the relative strengths
and phases of the sunspot and facular contributions to the solar
irradiance variability. Both the NRLSSI2 and SATIRE-S solar

irradiance models have been developed to utilize these sunspot
and facular influences as well as surface magnetic features
through magnetograms and continuum intensity images (Lean
et al., 1998; Unruh et al., 1999; Krivova et al., 2003; Yeo
etal., 2014). Ultimately, the disk-integrated solar irradiance from
these SSI models is derived by integrating over the solar surface,
accounting for the presence of these dark (sunspots) and bright
(faculae and network) surface magnetic features.

To quantify the sunspot darkening and facular brightening
contributions, information about active region size and distribu-
tion across the entire solar disk is obtained typically from solar
images and magnetograms (Lean et al., 1998; Preminger et al.,
2002; Krivova et al., 2003). Unlike the localized sunspots, the
irradiance brightening enhancements are more widely dispersed
with active area evolution across the entire solar disk. Empirical
methods (e.g. NRLSSI2) using the Mg II chromospheric emis-
sions have been developed to quantify the spectral dependence
of the variability since photospheric faculae underlie the bright
chromospheric plage of these active regions (Lean, 2000). Alter-
natively, the more physically based model approach to spectral
irradiance reconstruction utilizes either full-disc magnetograms
and intensity images (e.g., Yeo et al., 2015; Krivova et al.,
2011) or Ca II K and red continuum images (e.g., Fontenla
et al., 1999; Ermolli et al., 2011; Criscuoli et al., 2023) to define
the fraction of the solar surface covered by the sunspots and fac-
ulae in conjunction with spectral intensities from semi-empirical
model atmospheres (e.g., Fontenla et al., 1999; Unruh et al.,
1999).

4.2 Short-term SSI variability
Active region onset, evolution, and decay during the current

ascending phase of solar cycle 25 are used in an ongoing anal-
ysis of multiple rotational periods that yield the statistics of SSI
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Figure 12. Comparison of the solar rotational relative spectral variability between TSIS-1 SIM observations (grey) with the NRLSSI2 model
(pink) and SATIRE-S model (blue) for active region contrast in August 2022 when multiple active regions were present during a solar 27-day
rotational period. Here maximum activity condition is the average SSI for the August 9-12, 2022 time frame, and the minimum activity
condition is represented by the average SSI for August 23-26, 2022 (see Fig. 13).

short-term solar variability in the faculae and sunspot-dominated
periods. The current NRLSSI2 model version utilizes a param-
eterization of the rotational irradiance variability from the
SORCE era (SORCE SOLSTICE and SIM), with an additional
correction to solar cycle TSI variability as observed by SORCE
TIM that adds uncertainty. The TSIS-1 SIM SSI observations
are being used to directly improve the NRLSSI2 model coeffi-
cients that scale solar magnetic variability to irradiance changes
(Lean et al., 2022). This will directly benefit advancing the solar
irradiance climate data record (CDR) algorithms that implement
parameterizations based on solar rotational (~27 days) SSI vari-
ability that will be validated against the long-term solar cycle
SSI observations (Coddington et al., 2016). These validation
efforts compare the observed faculae and sunspot spectrally
dependent contrast factors with those used in the model param-
eterizations. Figure 12 shows an expanded view of the active
region contrast of solar rotational variability in August 2022
when multiple active regions were present on the solar disk
early in SC25. To visualize the distribution of this activity,
Figure 13 shows the NASA SDO HMI line-of-sight (LOS)
synoptic activity map (for Carrington Rotations 2260 & 2261)
during this August 2022 time period and highlights the “active”
(maximum) and “quiet” (minimum) regions used in the SSI
contrast comparisons shown in Figure 12.

With respect to the short-term SSI relative variability
comparisons shown in Figure 12, the NRLSSI2 model (again,
parameterized based on the SORCE-era rotational spectral con-
trasts) shows very consistent agreement with the TSIS-1 SIM
observations, both in terms of fine-scale solar spectral variability
structure as well as the amplitudes associated with the variability

magnitudes. In contrast, the semi-empirical SATIRE-S model
shows relatively larger UV irradiance variability most noticeable
near wavelengths of the dominant emission line cores and
Al- and Mg-continuum edges (Lean et al., 2022). Additionally,
for this active region comparison, the SATIRE-S sunspot contrast
factors produce lower visible irradiance variability showing
nearly a factor of two decrease from the observations for some
wavelength regions (particularly 460480 nm and 550-
610 nm). Building on the successful SSI CDR analysis
(Coddington et al., 2016), the recent results suggest that improve-
ments in the NRLSSI2 darkening contrast factors due to sunspots
can be done that will reduce the overall uncertainties arising from
assumptions in the current differential darkening parameteriza-
tions. The TSIS-1 SIM observations are being used in a new/
improved model that will become version 3 of the NOAA/NCEI
Solar Irradiance CDR in August 2024. As solar activity during
the ascending phase of SC25 increases towards solar maximum,
it is anticipated that the TSIS-1 SIM observations will provide
valuable information to further refine both the NRLSS2 and
SATIRE-S models over many rotational scale activity features.

4.3 Long-term SSI variability

The improved spectral stability performance of the TSIS-1
SIM over previous SSI instruments is allowing the opportunity,
for the first time, to validate SSI models directly against longer,
near solar cycle, timescales. Figures 14 and 15 show the com-
parison of the TSIS-1 SIM full (200-2400 nm) measurement
record over the mission to date (March 2018-January 2023).
These comparison plots cover several key band-integrated
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Figure 13. HMI line-of-sight (LOS) synoptic charts showing magnetogram images of solar activity for early and late August 2022 (covering
CR2260 & CR2261) highlighting the time periods for the active region days used for the short-term irradiance variability shown in Figure 12.
For the SSI variability plot in Figure 12, the maximum and minimum activity periods are defined as SSI averages over ~4 consecutive days for
disk-centered times of August 9-12, 2022, and August 23-26, 2022, respectively. (Images courtesy of NASA/SDO and the HMI science team:

http://hmi.stanford.edu/data/synoptic.html).

spectral regions from the UV to the shortwave IR: 265-285 nm
(UV), 310400 nm (NUV), 400-700 nm (visible), 700-1000 nm
(NIR), 1300-1600 nm (NIR), and 1600-2400 (SWIR). As can
be seen by the relative variability scales, going longer in wave-
length shows progressively decreasing variability. Figures also
include the direct comparison to both the NRLSSI2 and
SATIRE-S models; each model has been separately scaled in
magnitude to match the TSIS-1 SIM observations over an
81-day averaged period centered on December 7, 2019. For
the UV and near UV regions there is overall good agreement
with both active region short-term variability and with the
long-term SSI trending of the observations with both the models.
However, overall better agreement with the observations is
found with the NRLSSI2 model for the UV (265-285 nm)
region. As shown in the previous section, the SATIRE-S shows
excess peak rotational variability relative to the observations
(and the NRLSSI2 model). However, apart from the solar
rotational variability differences, the irradiance trend of the
SATIRE-S UV SSI during the rise of SC25 is in very good
agreement with the TSIS-1 observations.

For the near UV (310400 nm), the TSIS-1 SIM long-term
variability increase is less than both model results, with
SATIRE-S showing the highest relative variability. This has
been discussed previously with respect to the model differences
in the 300400 nm region (Yeo et al., 2015) but has remained

an ongoing area of debate, largely due to the limited and more
uncertain observations at these longer near UV wavelengths
during previous solar cycles. For example, Yeo et al. (2015)
note that for the integrated 300400 nm band the variability
amplitude of the descending phase of SC23 is approximately
a factor of 2 less than the observations from overlapping instru-
ments — instruments that have been operating for over a decade
and near the end of their operational life where relative long-
term correction uncertainties are larger (Rottman et al., 2001;
Floyd et al., 2003).

In contrast to the near UV variability, in the visible (400—
700 nm) the TSIS-1 SIM observations show an irradiance
increase in SC25 exceeding both models; the models in this
visible range are essentially in mutual agreement. This differ-
ence from the SIM observations is most noticeable beginning
in late 2021 with a factor of 2 difference over several months
(overall difference is ~300 ppm for the last 3 months of
2021). From January 2022 onward, the visible irradiance trend
becomes more consistent with both models. For the late 2021
time period of the SIM observations, an abnormally large sea-
sonal temperature effect was experienced by the TSIS-1 instru-
ments due to a high beta angle ISS orbital orientation. For this
3-month duration, larger instrumental correction uncertainties
are documented for the TSIS-1 SIM and the SSI observations
here cannot be used to validate either of the models.
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Figure 14. SSI variability comparisons in broadbands covering the UV (265-285 nm & 310-400 nm), Visible (400-700 nm), and near IR
(700-1000 nm) of TSIS-1 SIM observations (grey) to the NRLSSI2 model (pink) and SATIRE-S model (blue) over the first 5 years of the

TSIS-1 mission.

At the longer wavelengths of 1000-2400 nm shown in
Figure 15, the TSIS-1 SIM observations are compared with
the models and show that there is generally good irradiance
trending agreement with the NRLSSI2 model results (within
the instrumental correction uncertainties). However, the
SATIRE-S variability in the 1000-1300 nm integrated band
shows a smaller irradiance increase (by about half) in the
ascending phase of SC25 compared to the observations.
In the 1300-1600 nm integrated region, there are further
differences between both models in terms of the amplitude

and the overall phase of the irradiance changes. Here the
TSIS-1 SIM observations and the NRLSSI2 model are more
consistent showing a weak increase in irradiance that is in phase
with the TSI whereas the SATIRE-S model result shows an
overall decrease in irradiance with increasing TSI. Both models
capture the sunspot and facular contrast amplitudes consistent
with the observations. The TSIS-1 SIM observations for
this spectral band (1300-1600 nm) have long-term stability
correction uncertainties <50 ppm/year and therefore, by 2023,
span an uncertainty range of +0.03% (lo). This instrumental

Page 16 of 25



E. Richard et al.: J. Space Weather Space Clim. 2024, 14, 10

TSIS SIM Observations versus Models
1000 to 1300 nm

162.80 9 0.10
162.75 -~ TSISSSIv10) — SATIRE-S — NRLSSI2 0.08 3
=)
o - 0.06 o<
O 4 C >
S £ 162.70 2£
i - 0.04 BZ
B2 : U
= 162.65 :W a1 0.02 x§
u ' 0.00
16260 :I 1 | I ‘ I I | ] I | I T I s | -002
2018 2019 2020 2021 2022 2023
1300 to 1600 nm
95.08 - ]
95.06 |- Joos =
° 95.04 ' S
U & £ s,
£ "¢ 95.02 >2
.© B il "=
T 2 95.00F T 0.00 83
= =~ r '
= 94.98 [ S
94.96 -0.05
:\ I I | | I ‘ I I I | ] I | I I I I |_
2018 2019 2020 2021 2022 2023
1600 to 2400 nm
: =0.2
101.1 & E 9
o E 3 <
£ g B Lot otk kL L 101 82
5 101.0 E= i L 5=
S = E Py T @
£ = E e 0.0 xc
= = ©
100.9 £ 5 S
=-0.1
:\ I I | | I ‘ I I | ] I | I I I I |:
2018 2019 2020 2021 2022 2023

Figure 15. SSI variability comparisons in broadbands covering the near IR (1000-1300 nm & 1300-1600 nm) and short-wave IR (1600-
2400 nm) of TSIS-1 SIM observations (grey) to the NRLSSI2 model (pink) and SATIRE-S model (blue) over the first 5 years of the TSIS-1
mission. For the near IR wavelengths there is a small (~100 ppm peak) annual residual signal that is instrumental in origin (see text). This is
most noticeable in the first three years of the mission but is also persistent in the SC25 onset. For the longest wavelength region (1600—
2400 nm) the measurements here are made by the ESR detector (bolometer-based) and are more sensitive to seasonal adverse temperature time
periods due to the ISS orbit in December and January (this is observed as uncorrected irradiance dips at these months for each year).

uncertainty is within the irradiance agreement of NRLSSI2, but
outside the irradiance result for SATIRE-S at this point in SC25.
We note that this spectral region is near the H-minus solar opac-
ity minimum and has been an active area of SSI variability
investigations with predictions of weak but out-of-phase solar
cycle behavior (Unruh et al., 1999). Further continuous mea-
surements (past the upcoming SC25 maximum) may be needed
to fully quantify the variability for this unique solar irradiance
region. Finally, for the longest (SWIR) integrated band
(1600-2400 nm) both models are within the larger uncertainties
of the TSIS-1 SIM observations where the overall instrument
performance can only provide a limit to the SSI variability
and bound it within only ~ +0.05%.

Noticeable in all the IR observations for these bands is a
small, but persistent annual correction residual at ~200 ppm
peak amplitude levels correlating with the Earth-Sun distance

change (1 AU effect). This is most obvious in the early, less
active (solar minimum) time period; however, it is likely persis-
tent for the entire 5-year time series but is in the background of
the ascending phase amplitudes. This is an instrumental effect
and ongoing efforts are focusing on correcting this residual
error. The effect is believed to be due to a combination of an
annual orbital temperature correction uncertainty as well as a
slight time-dependent optical diffraction correction uncertainty.
This diffraction change is caused by a solar optical image size
change at the prism baffle and modulates the IR throughput
dependent on Sun-ISS distance. This is a time-dependent cor-
rection in the full parametrization of the SIM measurement
equation (Richard et al., 2020). However, this residual error
does not factor into the overall stability corrections since the
optical degradation corrections are tied to the SIM channel C
observations and these only occur every 6 months in early April

Page 17 of 25



E. Richard et al.: J. Space Weather Space Clim. 2024, 14, 10

and early October when the Sun-Earth distance is exactly at the
same distance (the unity AU point) for all the inter-channel
calibrations. The interpolation of these corrections to the more
frequent SIM A (and SIM B) measurements does not provide
a constraint against the largest Sun-Earth distance differences
(early January at 0983 AU compared to early July at
1.017 AU) where corrections to the SSI measurement are most
sensitive to annual residual errors.

Here we have shown that the TSIS-1 SIM SSI measure-
ments are providing an opportunity to compare to solar variabil-
ity models that have never been validated on timescales longer
than ~3-6 months at wavelengths longer than 400 nm, particu-
larly at IR wavelengths longer than 900 nm. Testing the limits
of quantitative assessments of long-term wavelength SSI vari-
ability in the visible and near IR in relation to the rotationally
modulated variability proxy relationships remains an active
and somewhat controversial subject (Harder et al., 2009; March-
enko et al., 2016). To this end, the ongoing, long-term SSI mea-
surements of TSIS-1 SIM will continue to be vital to the overall
validation and improvement of the SSI variability models in
efforts to eventually elucidate the wavelength dependence of
solar-cycle changes and the relationships involving the longer
time-scale influence of dark sunspots and bright faculae (and
potentially active network) contributions.

5 Conclusions

The TSIS-1 SIM SSI measurements cover a time period that
includes the last activity features of solar cycle 24 and the early
ascending phase of the onset of solar cycle 25 with a solar
minimum during late 2019. The SSI spectrum is found to
have significant decreases by as much as 6% in IR irradiance
(900-2400 nm) in comparison to several previous SSI reference
spectra but in better agreement in the visible and IR irradiance
with more recent reference spectra reanalysis efforts.

The TSIS-1 SIM SSI observations during the first five years
of operations have demonstrated improved long-term spectral
stability with lower trend uncertainties than the SORCE SIM
measurements during its early mission operations. Moreover,
the spectrally integrated SSI variability is highly consistent with
the directly measured TSI variability with a long-term standard
deviation of ~50 ppm difference over the first 5 years of contin-
uous operations. All wavelengths in the visible and IR range are
shown to be in phase with TSI variability within the measure-
ment stability uncertainties, unlike previous SORCE SIM results
during the declining phase of SC23. Specifically, the TSIS-1 SSI
to TSI visible and near IR wvariability correlation plots
(ATSI/ASSI) are nearly linear over the recent rise of SC25 show-
ing an SSI variability near 470 nm ~70% greater than that of the
TSI variability whereas in the near IR at 1035 nm the SSI
variability is ~30% less than the TSI variability.

We have shown here more consistent results of the SSI mea-
surements at this phase of the TSIS-1 mission. We have also pre-
sented initial comparisons of these new SSI observations to SSI
model outcomes for the purpose of example during the onset of
the current solar activity cycle. Both short-term (solar rotation)
and longer-term (ascending phase of SC25) solar variability
comparisons to the models show overall good agreement with
noted spectral differences in both short-term UV active region
contrasts and long-term infrared solar cycle irradiance increases.

Future investigations will provide more in-depth compar-
isons between measurements and models. For example, over
the next several years, as SC25 activity approaches solar max-
imum conditions, the extant and future SSI observations should
provide the opportunity to begin to potentially validate the long-
term SSI variability and improve the parameterizations and
assumptions utilized by empirical and semi-empirical SSI mod-
els. Ultimately, the high-accuracy and high-stability observa-
tions of both the TSIS-1 SSI and TSI are critical for future
improvements of these solar irradiance variability models and
the establishment of a long-term solar irradiance data record.
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SIM L3 data is released on 12-hour and 24-hour cadences:

(a) 12-hour cadence: https://doi.org/10.5067/TSIS/SIM/DATA319
(b) 24-hour cadence: https://doi.org/10.5067/TSIS/SIM/DATA320

TSIS-1 SIM L3 data appears in three locations, in the specified formats:

1) The LASP LISIRD website (ASCII, CSV, and NetCDF)
12-hour: https://lasp.colorado.edu/lisird/data/tsis_ssi_12hr
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https://lasp.colorado.edu/home/tsis/data/
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Appendix A

TSIS-1 SIM spectral degradation corrections and
stability analysis

The lessons learned from the design and nearly two decades
of continuous solar viewing operations of the SORCE SIM
instrument provided the guidance for the improvements in
accuracy and long-term spectral stability for the TSIS-1 SIM
instrument. These instrument improvements and calibration
advancements have been discussed in detail previously (Richard
et al., 2020). A major change to reduce the uncertainties of the
long-term stability corrections was the addition of a third, redun-
dant spectral channel to further correct the solar exposure
degradation.

The three TSIS-1 SIM channels are duty-cycled with respect
to solar exposure to track and correct optical degradation due to
the solar exposure in the primary solar-observing channel. The
relative inter-channel exposure rates have been nearly constant
throughout the TSIS-1 mission. Duty-cycling rates and observa-
tion times for SIM are shown in Table Al. The duty-cycle
ratio between SIM Channel B and SIM Channel A is 11.8%,
and the ratio between SIM Channel C and SIM Channel B is
11.1%.

The initial SIM spectral degradation corrections using three
redundant channels with different duty cycles has been previ-
ously discussed (Mauceri et al., 2020a). Both the spectral and
temporal degradation are tracked and corrected through com-
mon solar measurements by all three SIM channels operating
under very different cumulative solar exposure times. The
instrument operation plan for the entire TSIS-1 mission over

Table Al. TSIS-1 SIM exposure rates.

SIM channel Spectrum Cumulative observing
cadence time (days)*
Channel A, Primary Twice daily 192.4
Channel B, Secondary = ~Once per week 22.6
Channel C, Tertiary  Once every 6 months 2.5

* Cumulative solar exposure through January 2023.

the last 5 years has been based on maintaining a constant expo-
sure ratio of SIM Channel B to SIM Channel A at ~12%. Using
the SIM Channel A, the twice daily SSI from 200 nm to
2400 nm is recorded by a series of photodiode detectors cover-
ing the UV to near IR range (200-1650 nm) and the ESR for the
infrared wavelengths from 1650 to 2400 nm to produce a 12-
hour and 24-hour SSI data product.

Figure A.1 presents the measured SSI data for several exam-
ple wavelengths spanning the UV to the near IR for all three
SIM channels over the current TSIS-1 mission through January
2023. The time series data here includes the degradation uncor-
rected channel irradiance for all three channels and the final cor-
rected channel A irradiance. The largest spectral degradation
occurs at ~220 nm which shows a decrease in signal throughput
of ~10% for 5 full years of continuous operations. As of January
2023, the TSIS-1 SIM Channel A exposure of 192 days is
approximately 7 times smaller than SORCE SIM degradation
at the same point — a direct consequence of the contamination
mitigation efforts in both the design and assembly of the
TSIS-1 SIM over the SORCE SIM. Another key advantage of
TSIS-1 SIM is that a third, redundant spectral channel was
implemented and limited to having only two observations per
year.

As can be seen from Figure A.l, the degradation occurs
together with increasing solar activity, therefore requiring the
common measurements from the different channels to separate
the instrumental degradation from the true solar variability. The
ratios of the different SIM channels are parameterized based on
the actual cumulative solar exposure time for each channel and
not the calendar time. By taking the ratios of the individual
channel measurements made on the same calendar time (i.e.,
same Sun) we are able to separate the optical degradation trend
from the solar activity. The current rate of degradation is stable
and the measurement signal-to-noise ratios (SNRs) remain high
thus the ability to fit these ratios to empirical degradation func-
tions improves the overall efficiency of the stability corrections
as nominal operations continue. As can be seen in Figure A.1,
increasing solar activity from SC25 is evident in the decay
curves as a function of calendar date. The method to quantify
the spectral degradation rates for TSIS-1 SIM is outlined below.

With reference to Figure A.l, the measured, uncorrected
spectral irradiance as a function of wavelength and mission time
is denoted &;(4, t), where i is the channel reference (A, B, or C).
The corrected (true) spectral irradiance is denoted E; (4, £), again
for the ith channel. The process for generating the corrected SSI
from the direct measurements (uncorrected) SSI involves using
multiple SIM channels together. The immutable agreement of
the corrected SSI, measured at the same time (i.e., same Sun)
means that for each channel A and channel B irradiance at a
given wavelength and a given calendar time, the following con-
dition must hold
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Figure A.1. Examples of SIM channel data as a function of mission calendar day for UV through near-IR wavelengths. The orange, green, and
red traces show the raw, uncorrected SSI data for SIM Channel A, B, and C, respectively. Note the relative percent change scale on the right
axis. The dominant optical degradation occurs in the UV at 220 nm where the optical throughput has decreased by ~10% over 5 years for SIM
Channel A. Degradations for SIM Channel B and C are less in direct proportion to the decreases in solar exposure time for those channels. The
Channel C data are used to correct Channel B data, and then the corrected Channel B data are used to correct Channel A data (blue traces in the
plots). As can be seen in the visible (682 nm) and near-IR (1043 nm) plots, optical degradation is relatively small but still requires correction.
Channel-to-channel ratio fits versus solar exposure time separates the degradation from solar activity changes.

E'\(A,1) = ER(2,1) (A.1)  To generate the corrected SSI from the measured (uncorrected)
SSI we apply a spectral degradation function that is parameter-
ized based not only on calendar time but also on the cumulative
solar exposure time for a given channel. Therefore, as an exam-
ple for SIM channel C, we have

where E’ denotes the true (corrected) spectral irradiance, ¢’ is a
specific calendar time. Likewise, for the less frequent channel
B and channel C common measurements at the same calendar
time, ¢, we have

E.(L1)

Ey(3,1) = Ep(hu1). (A2) E 0= 50,000

(A3)
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Figure A.2. Examples of the channel-to-channel ratios between SIM channels (recorded on the same calendar days) as a function of solar
exposure time. Because the different channels are measured nearly simultaneously, the spectral ratios are free of solar activity and reflect the
optical throughput degradation due to solar exposure. The degradation is fit with a two-term exponential decay as a function of the cumulative
solar exposure time. The SIM B irradiance used in the SIM A/SIM B ratio is the corrected SIM B irradiance determined from the SIM B/SIM C
ratio fits. These ratios are generated for each wavelength across the spectrum so degradation fits provide a spectrally dependent decay constant
for use in data processing. The standard deviations of the fits are used to derive the spectrally dependent correction rate uncertainties (ppm/yr)
over the current mission. As of January 2023, these plots show that for 220 nm the degradation is 10% for SIM A and 3% for SIM B, at 430 nm
3% for A and 0.8% for B, and at 681 nm 0.4% for A and ~0.1% for B.

where E.(4,7), is the SIM C measured, uncorrected spectral
irradiance, and again ¢’ is a specific calendar time and 7, is
the specific cumulative exposure time for a given channel
(here for the SIM C channel). This exposure time is accurately
monitored for each SIM channel and is the cumulative time
solar flux is impinging on the prism when the entrance shutter
is open. Based on a uniform exposure profile as a function of
time, we assume an exponential decay for the measured SSI as
a function of exposure time with a decay constant x, such that

D(/l, r, tec) o e KA (A.4)

To derive the spectral decay constant as a function of wave-
length, x, we use direct spectral ratios of the measured SSI at
common calendar times (i.e., the same Sun)

Ex(lt) _ u(W )8 —1E]

- 7 e e

Ec(}v, ﬂ) <A5)

A similar relationship applies to the more frequent SIM A and
SIM B channel ratios, but with a different, unique decay con-
stant. For the TSIS-1 SIM instrument, the common channel A
and B ratios covering the full wavelength range occur approxi-

mately weekly with the cumulative solar exposure of channel B
remaining at 11.8% that of channel A. The common channel B
and C ratios occur once every 6 months at equal 1 AU points in
early April and early October every year. These specific calen-
dar times are chosen to maintain a spatially uniform degradation
image on the SIM C prism due to the changes in the optical
image size with the 3.34% annual changes in Sun-to-Earth
(ISS) distance. This timing also maintains a uniform decay rate
with exposure time and avoids the ~6.7% 6-month maximum
difference in solar flux with distance between January and July.
Note that there are no spectral cut-off filters prior to the prism,
therefore all wavelengths of solar radiation impinge on the
prism. Solar radiation at wavelengths <200 nm is the dominant
optical degradation flux due to cumulative exposure.

To ultimately correct the degradation of the SIM Channel A
measured irradiances, common spectral and temporal scans are
recorded between SIM Channel A and SIM Channel B once per
day using both the photodiodes and the ESR over common
wavelength intervals of the spectrum. To limit the SIM Channel
B solar exposure, this comparison is done on one orbit for SIM
Channel B exposure and therefore needs 19 days of ESR scans
to cover the full wavelength range of the SSI spectrum (SIM full
photodiode scans covering 200—1650 nm on SIM B occur every

Page 23 of 25



E. Richard et al.: J. Space Weather Space Clim. 2024, 14, 10

0.12 0.06
S
< otob - 0.05
[0}
5
2 I T ®
Q_ g

0.08 |- - 0.04
X
> (@]
P o
ks r 1 @
o Q
] 0.06 |- ~o003 D
Q o
3 L , g
2 S
< 0.04 |- - 0.02
N ®
5 . I I 5
Q. [0
S 0.02 - I - 0.01 2
g I ta . &
o T  x a k) Y T I
> 000 = = = - 3 0.00
@ I 1T ]
D - -

ool L 00 Lo

200 400 600 800 1000 1200

-0.01
1400 1600 1800 2000 2200 2400

wavelength (nm)

Figure A.3. TSIS-1 SIM spectral degradation rate as a function of solar exposure. Results here are derived from the SIM A to SIM B spectral
ratios (as defined by the form of Eq. (A.5)) and the exponential fits. The individual 1 — ¢ error bars are representative of the standard deviation
of the exponential fits to the cumulative solar exposure time. The dominant degradation occurs near 220 nm and is plotted as a rate based on 24-
hours of solar exposure. The SIM channel C is corrected with this degradation rate based on the SIM channel C cumulative exposure time. SIM
Channel C experiences 12 h of solar exposure per year (6 h per 6-month calibration cadence).

8 days and are calibrated by the common ESR scans). However,
the coincident, common spectral scans between SIM Channel A
and SIM Channel B cover the same wavelength region at the
same time and thus remove any solar variability in the ratios
to determine the degradation factors. This exposure schedule
has remained constant throughout the entire TSIS-1 mission.
To correct the degradation in the SIM Channel B, the least
exposed SIM Channel C is used. Every 6 months at the unity
AU Earth-Sun distance (early April and early October) coinci-
dent spectral scans over common wavelength regions are done
between Channel C and Channel B. Solar exposure-related
spectral degradation corrections are generated based on this
approach across the full measured spectrum (200-2400 nm).
Fits to the exponential decay functions of the Channel B to
Channel C ratios generate a corrected SIM Channel B irradiance
that is then used to correct the SIM Channel A (twice daily)
measurements. Figure A.2 shows several examples of this from
the UV to visible wavelengths (220 nm, 430 nm, and 681 nm).
The left column plots are the SIM Channel A to SIM Channel B
ratios plotted as a function of SIM A solar exposure. The right
column plots are the corresponding SIM Channel B to SIM
Channel C ratios as a function of SIM B solar exposure.

Per the methodology discussed above, exponential fits (as a
function of exposure time) are generated for these common
spectral ratios to yield a degradation rate and rate uncertainty.
Based on the SIM A to SIM B spectral ratios, we derive a wave-
length-dependent degradation correction function that is param-
eterized by solar exposure time. Figure A.3 shows the derived
spectral degradation rate per 24 h of solar exposure. This is
applied to correct the least exposed channel C data to generate
a corrected SSI spectrum every 6 months. Notice here that the
degradation rate is a smooth function of wavelength, peaking
near 220 nm and then decreasing to near zero by 900 nm and
at the noise limit of detection. Recall that SIM Channel C is

TSIS-1 SIM Degradation Correction Uncertainty
(ppm/year through February 2023)

I | \

10200 312

950 1620 2400
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Figure A.4. TSIS-1 SIM degradation correction uncertainties for the
spectral stability corrections (relative ppm/year) as a function of
wavelength for the binned sampling of the Level-3 SSI data product
through February 2023. The spectral sampling involves 1 nm bins for
200-280 nm, 2.5 nm bins for 281-400 nm, and then 22.5 nm bins for
wavelengths greater than 400 nm. Detector (and gain) transition
regions are apparent in the relative uncertainty by the strongly
changing gradients across the spectra, noticeable in the 800-1000 nm
region (visible to IR detector transition) and at ~1650 nm (ESR
detector transition). The numeric wavelength labels designate the
various detector transitions across the spectrum in producing the final
SSI data product.

exposed only in early April and October and each calibration
scan accumulates 6 h of solar exposure, resulting in 12 h of
exposure per year. The corrected SIM channel C SSI is then
used to correct the SIM B SSI which then corrects the daily
SIM A SSI based on the cumulative solar exposure for each
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channel (cf. Fig. A.1). This is completed for all wavelengths
across the full spectrum to generate the stability corrections
and uncertainties per annum for the mission.

The SIM solar irradiance stability correction uncertainties
based on the first five years of the mission are presented in
Figure A.4. Here the degradation analysis has been completed
for all wavelengths and applied to the SIM SSI final data prod-
uct. Shown in the figure is the relative uncertainty in the spectral
degradation rate (in ppm/year) after five years of continuous

operations. Since the degradation function as seen in Figure A.3
varies smoothly with wavelength across the measured spectrum,
we make use of spectral binning to decrease the uncertainties in
the application of the corrections. Based on the gradients with
wavelength — relatively large in the UV and decreasing to flat
for the longer wavelengths — we use spectral bin widths of
1 nm from 200 to 280 nm, 2.5 nm from 281 to 400 nm, and
22.5 nm for wavelengths longer than 400 nm.

Cite this article as: Richard E, Coddington O, Harber D, Chambliss M, Penton S, et al. 2024. Advancements in solar spectral irradiance measurements by the
TSIS-1 spectral irradiance monitor and its role for long-term data continuity. J. Space Weather Space Clim. 14, 10. https://doi.org/10.1051/swsc/2024008.
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