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Abstract New models of the Sun's irradiance variability are developed from 15 years of direct
observations made by the Solar Radiation and Climate Experiment (SORCE) spacecraft from 2003 to
2017 (inclusive). Multiple linear regression parameterizes the observations in terms of facular brightening
and sunspot darkening, which are the primary sources of solar irradiance variability. The facular
influence is specified as a combination of a linear and nonlinear solar ultraviolet (UV) index; the
addition of the nonlinear term allows better reproduction of concurrent solar cycle and rotational
variability. The sunspot darkening index is calculated using sunspot observations from both the Debrecen
catalog and Air Force Solar Observing Optical Network (SOON) operational sites, the former providing
superior model performance. The new model of total solar irradiance variability, NRLTSI3, with the
Debrecen sunspot index reproduces the direct Total Irradiance Monitor (TIM) observations better than
does the NRLTSI2 model that currently specifies irradiance for the NOAA Climate Data Record (CDR);
the correlation of the model and observations increases from 0.956 to 0.971, and the standard deviation
of the residuals decreases from 0.124 to 0.100 W m™2 The new model of solar spectral irradiance
variability, NRLSSI3, which extends from 115 to 100,000 nm, reproduces rotational modulation in
independent Ozone Monitoring Instrument (OMI) observations at near-UV and visible wavelengths. The
SATIRE model overestimates rotational modulation of near-UV Fraunhofer spectral features because of
excess facular brightness; the EMPIRE model overestimates rotational modulation at all near-UV
wavelengths.

1. Introduction

Solar irradiance is Earth's dominant energy source and the only external agent of change of its surface
and atmosphere. Consequently, the reliable specification of solar irradiance variability on multiple time
scales informs a wide range of research and applications, the most obvious and controversial of which
is the detection and attribution of the Sun's natural influence on climate (Gray et al., 2010; Lean, 2017;
Matthes et al., 2017). The observational record of solar irradiance is one of 22 variables that NASA des-
ignates as crucial for Earth science, and it is an Essential Climate Variable (ECV) of the European
Space Agency. In 2015 the National Oceanic and Atmospheric Administration (NOAA) implemented
the Solar Irradiance Climate Data Record (CDR) to provide to the Earth science community operational
estimates of solar total and spectral irradiance at wavelengths from 115 to 100,000 nm (Coddington
et al., 2016).

Measurements made by dozens of radiometers on space-based platforms now span 40 years, contributing to
long-duration observational databases of solar irradiance magnitude and variability that are essential for
reliable climate change detection and attribution (NASEM, 2015). An outcome of ever lengthening solar
irradiance databases and their ongoing scrutiny is the construction of composite observational records that
combine multiple independent measurements with the goal of better characterizing solar irradiance cycles
and detecting longer-term irradiance changes. Multiple composite records now exist of total solar irradiance
since 1978 (e.g., Dewitte & Nevens, 2016; Dudok de Wit et al., 2017; Frohlich & Lean, 2004). There are also a
few composite records of solar spectral irradiance (DeLand & Cebula, 2008; Haberreiter et al., 2017) albeit
with less fidelity because spectral irradiance observations are less accurate, exist primarily at ultraviolet
(UV) wavelengths, and lack the overlap or the temporal repeatability necessary for straightforward cross-
calibration.
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In lieu of direct solar irradiance measurements (or composites thereof) with adequate duration and spectral
coverage, Earth science research and applications such as the Climate Model Intercomparison Project
(CMIP) and the Paleoclimate Model Intercomparison Project (PMIP), which simulate climate change for
the Assessment Reports of the Intergovernmental Panel on Climate Change (IPCC), use as inputs the solar
irradiance variability specified by models (Jungclaus et al., 2017; Matthes et al., 2017). Models of solar irra-
diance variability, constructed to reproduce contemporary observations, specify solar irradiance over the
past one and a half millennia and across the entire electromagnetic spectrum. The Naval Research
Laboratory Total Solar Irradiance (NRLTSI2) and Solar Spectral Irradiance (NRLSSI2) models parameterize
irradiance observations in terms of indices of bright faculae and dark sunspots. The Spectral and Total
Irradiance Reconstructions (SATIRE) uses a theoretical model of stellar atmospheres (Unruh et al., 2000)
to specify the wavelength dependence of bright faculae and network and dark sunspot umbra and penumbra
identified in solar magnetograms (Krivova et al., 2010, 2011). Additional models employ different numerical
approaches, solar imagery, and theoretical models to quantify the influences of dark features associated with
sunspots and bright features including faculae and network on solar irradiance variability (Ermolli
et al., 2013).

Extant solar irradiance composites and models disagree about the temporal structure and wavelength
dependence of the variability. For example, some composite reconstructions and the NRLTSI2 and
NRLSSI2 models suggest modest changes in irradiance during consecutive solar minima during the past
40 years, whereas other composites and the SATIRE model suggest notable differences (Lean, 2017,
Matthes et al., 2017); in the NRLTSI2 model the annual average value of total solar irradiance (TSI) in the
1986 solar minimum is comparable to that in the 2009 solar minimum (differing by 0.06 W m™~?2), whereas
in the SATIRE model it is 0.42 W m ™~ higher. Since TSI in the cycle minimum in 2009 was 1.1 W m ™2 less
than during the solar cycle maximum in 2000, differences as large as 0.42 W m ™2 in long-term trends inferred
from cycle minima changes are a significant fraction (~40%) of the solar cycle amplitude. Spectral irradiance
during the solar cycle varies ~50% less at wavelengths between 300 and 400 nm and more at visible and
near-infrared wavelengths in the NRLSSI2 model than in the SATIRE model. Solar spectral irradiances
between 300 and 1,000 nm contribute 68% of TSI and have similar temporal structure, so such
wavelength-dependent differences affect the reconciliation of spectrally integrated variability with that of
total irradiance.

As databases of solar irradiance observations continue to lengthen and advance, so too are extant models of
solar irradiance variability tested and new models developed to reflect improved specification and emerging
understanding. A component of NASA's Research Opportunities in Space and Earth Science (https://
science.nasa.gov/blogs/roses-2014/2014/8/4/amendment-29-final-text-16-solar-irradiance-science-team),
the Solar Irradiance Science Team (SIST), aims to provide reliable specification of solar irradiance variability
for input to models of terrestrial variability so that the effects of variations in solar output can be properly
represented and their impacts on the Earth system investigated. DeLand et al. (2019)summarize SIST activ-
ities which include the development of consistent multi-instrument space-based data sets of solar irradiance
(both total and spectrally resolved) and comparisons of solar irradiance data sets with those of proxies to help
define the range of relationships between them and support the inference of longer-term solar irradiance
records to force the Earth system models.

This paper utilizes the most recent and reliable observations of solar irradiance and indices to advance,
improve, and validate the performance of statistical models of solar irradiance variability, generating
new models for eventual migration to a new version of NOAA's Solar Irradiance CDR. A companion
paper (Coddington et al.,, 2019) demonstrates that the NOAA CDR, which uses the NRLTSI2 and
NRLSSI2 models to specify solar irradiance (Coddington et al., 2016; Coddington & Lean, 2015),
successfully reproduces total irradiance variations during the ~5 years subsequent to the 2003-2014
model “training period,” thereby illustrating the stability and operational utility of such models. This
motivates the systematic development, testing, and validation of new NRLTSI3 and NRLSSI3 models
and their uncertainties, incorporating more recent irradiance observations and indices, for transition
to future versions of the CDR in support of Earth science applications. Coddington et al. (2019) system-
atically compare the NRLTSI2 and NRLSSI2 models with the new models and with other models and
measurements.
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New proxy models of solar irradiance variability are constructed using measurements made by instruments
on the Solar Radiation and Climate Experiment (SORCE) spacecraft (Rottman, 2005) from 2003 to 2017. A
suite of statistical models of total solar irradiance variability is generated using the Total Irradiance Monitor
(TIM) observations in combination with different facular and sunspot indices then evaluated to assess the
preferred inputs. For comparison with the new NRLTSI3 model developed using the TIM observations,
and to quantify uncertainties in the new model, separate models are also developed from six different com-
posite records of observed TSI variations since 1978, including that developed as part of SIST. The facular
and sunspot components of the new NRLTSI3 model constructed using the SORCE TIM observations are
then used to construct a new, self-consistent model of spectral irradiance variability using observations made
by SORCE's Spectral Irradiance Monitor (SIM) and Solar Stellar Irradiance Comparison Experiment
(SOLSTICE).

Multiple statistical metrics are described to establish a methodology for quantifying the performance of new
models of solar irradiance variability relative to extant models, thereby quantifying the extent to which they
may, or may not, be applicable for transition to future versions of the NOAA CDR or for use in Earth science
applications such as climate modeling and assessment. The metrics are evaluated to assess the performance
of the new NRLTSI3 model developed from the SORCE TIM observations relative to multiple TSI composite
records since 1978. Validation of the new NRLSSI3 model of spectral irradiance variability utilizes indepen-
dent observations of spectral irradiance variability made by the Ozone Monitoring Instrument (OMI;
Marchenko & DeLand, 2014; Marchenko et al., 2016), improved as part of SIST, and the new composite of
Hydrogen I Lyman o emission at 121.5 nm developed as part of SIST (Machol et al., 2019). The comparisons
of solar spectral irradiance variations observed by OMI with NRLSSI3, NRLSSI2, SATIRE, and EMPIRE
(Yeo et al., 2017) models in the middle and near-UV spectrum articulate differences among the models that
are traced to both their formulations and inputs.

2. Total Solar Irradiance
2.1. Measurements

Of all space-based solar irradiance measurements, those made by the TIM on SORCE (Kopp et al., 2005;
Kopp & Lean, 2011) since 2003 have the smallest absolute uncertainty (+300 ppm) and the highest repeat-
ability (+10 ppm per year). The TIM achieves high accuracy by judicious radiometer design, in which the
defining aperture is positioned forward of the entrance baffle rather than of the entrance slit, and rigorous
preflight calibration (Kopp et al., 2007). The high repeatability of its measurements is the result of
in-flight sensitivity monitoring coupled with modest changes in cavity sensitivity (Kopp, 2014); the
200 ppm change in the sensitivity of TIM's primary cavity over 10 years is a factor of 5 or so smaller than cali-
bration drifts in most other space-based solar radiometers over a similar period of time.

Since TIM observations commenced only in 2003, following the maximum of Solar Cycle 23, knowledge of
total solar irradiance during previous cycles requires cross-calibration of TIM's absolute irradiance scale
with that of radiometric measurements made prior to 2003, and corrections for their in-flight calibration
drifts. The traditional approach combines judiciously selected data sets by cross calibration of their absolute
scales and adjustment of their concurrent trends. The composite records of total solar irradiance constructed
by the Physikalisch-Meteorologisches Observatorium Davos (PMOD; Frohlich & Lean, 2004; Frohlich,
2013), the Active Cavity Radiometer Irradiance Monitor (ACRIM; Willson, 2014; Scafetta & Willson,
2014), and the Royal Meteorological Institute of Belgium (RMIB; Dewitte & Nevens, 2016) are all products
of this approach.

Differing from this traditional approach, three new TSI composite records are constructed by extracting from
the measurements their common variability at different frequencies and combining these signals according
to uncertainties of the individual measurements. Dudok de Wit et al. (2017) developed and applied this sta-
tistical approach to produce two different composite records of TSI variability as part of the European Solar
Irradiance Data Exploitation (SOLID) initiative; one composite (SOLID) utilizes the TSI observations
reported directly by the instrument teams, while a second composite (SOLID-C) corrects a subset of the mea-
surements for “early signal increases” according to the prescription of Frohlich (2006). A third such compo-
site record of TSI observations is developed as part of the SIST effort.
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Table 1

Web Locations and File Names of the Time Series of Solar Irradiance Observations, Models, and Indices Used in This Paper

Time series

Web location

File name

Total solar irradiance observations

TIM http://lasp.colorado.edu/home/sorce/data/tsi-data/#data_files sorce_tsi_L3_c24h_latest.txt (181213)

PMOD http://www-old.pmodwrc.ch/pmod.php?topic=tsi/composite/ composite_42_65_1709.dat (181213)
SolarConstant

RMIB ftp://gerb.oma.be/steven TSI_composite_latest.txt (181213)

ACRIM http://www.acrim.com/web30/ACRIM/data/default.html composite_131130_hdr.txt

SOLID-C https://projects.pmodwrc.ch/solid/index.php/main-database TSI_composite.dat

SOLID https://projects.pmodwrc.ch/solid/index.php/main-database TSI_composite.dat

Solar spectral irradiance observations

SORCE
OMI

http://lasp.colorado.edu/home/sorce/data/ssi-data/
https://sbuv2.gsfc.nasa.gov/solar/omi/

Facular and sunspot proxies

Bremen Mg index
SORCE Mg index

http://www.iup.uni-bremen.de/gome/gomemgii.html
http://lasp.colorado.edu/lisird/

sorce_ssi_L3_c24h_0000nm_2413nm_20030301_20181210.txt
corrected_solar_flux_regular_diff may_2018.sav

MglI_composite.dat (181213)
LISIRD_Mg_composite.txt (181219)

sorce_mg_latest.txt (181213)

SOON sunspot https://www.ngdc.noaa.gov/stp/space-weather/solar-data/solar- multiple

regions features/sunspot-regions/usaf_mwl/
Debrecen sunspot http://fenyi.solarobs.csfk.mta.hu/DPD/ debrecen_sunspot_blocking_corrected_heliographic_1975-01-
index 01_2016-12-31.txt

debrecen_sunspot_blocking_corrected_heliographic_2017-01-
01_2017-12-31.txt
Balmaceda sunspot sunspot_area_psi_20170531.txt
index
Solar irradiance variability models
NOAA TSI CDR https://www.ncei.noaa.gov/data/total-solar-irradiance/access/daily/
NOAA SSI CDR https://www.ncei.noaa.gov/data/solar-spectral-irradiance/access/
daily/
http://www2.mps.mpg.de/projects/sun-climate/data.html
http://www2.mps.mpg.de/projects/sun-climate/data.html
http://www2.mps.mpg.de/projects/sun-climate/data.html
http://www2.mps.mpg.de/projects/sun-climate/data.html

http://www2.mps.mpg.de/projects/sun-climate/data.html

multiple
multiple

SATIRE TSI
SATIRE SSI
EMPIRE TSI
EMPIRE SSI

SATIRE-S_TSI_20180328.txt
SATIRE-S_20180328.sav
EMPIRE_TSI_20170531.txt
EMPIRE_SSI_20170531.txt

Table 1 lists the observation-based TSI records of the time series used in this paper and their web locations
and file names.

2.2. Model Formulation

A model of TSI variability, Ty0q(f), seeks to replicate direct observations, Tops(t), at time ¢, in terms of known
sources of irradiance variability, with minimum error in the residuals R(t), where

Tobs(t) = Tmoa(t) + R(t) (1)

The primary sources of solar irradiance variability are bright faculae in compact plage and an extended
network, and the central umbra and surrounding penumbra of dark sunspots. Solar irradiance varies
because solar activity alters the occurrence of these magnetic features and hence their local emission rela-
tive to the Sun's “quiet” background emission. As these features erupt, evolve, and rotate on the solar
hemisphere during the progression of the Sun's activity cycle, the projection at Earth of the altered local
radiative output in faculae and sunspots respectively increases and decreases the Sun's irradiance.

The observed total solar irradiance, Tops(t), at time t may thus be modeled as a combination of facular and
sunspot influences superimposed upon a “quiet” level;

Tmoa(t) =T + ATg(t) + ATs(t) )

where Ty, is the baseline total solar irradiance and ATx(t) and ATs(t) are the amounts that faculae and sun-
spots, respectively, alter T bolometrically (i.e., spectrally integrated). This approach adopts a constant
value of T in the space era because extant space-based TSI observations are insufficient for the reliable
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detection of changes in the Sun's “quiet” irradiance level during the past 40 years. However, a variety of
circumstantial evidence in historical proxies of solar activity suggests that the quiet Sun irradiance may
not be invariant on multidecadal time scales (Lean et al., 2005; Wang et al., 2005).

Models of solar irradiance variability are readily constructed independently of direct space-based measure-
ments by using ground-based solar observations that delineate the facular and sunspot sources and knowl-
edge of their contrasts, either bolometric or at a particular wavelength. To demonstrate this, Lean
et al. (1998) used histograms of solar images made in the Ca II k Fraunhofer line to quantify the total areas
of bright regions, sunspot areas and locations determined from the Air Force Solar Observing Optical
Network (SOON) white light images, and observation-based estimates of sunspot and facular contrasts.
Their model successfully replicated independent observations of the Sun's total and UV spectral irradiance
(at 200 nm) made by instruments on the Upper Atmosphere Research Satellite (UARS) during most of the
declining phase of Solar Cycle 22, that is, from maximum to minimum solar activity. The model thus demon-
strated that facular and sunspot magnetic sources fully account for both total and UV irradiance variations,
thereby “obviating the need for an additional component other than spots or faculae” (Lean et al., 1998) dur-
ing the contemporary epoch of space-based observations.

Models of solar irradiance variability may also be constructed by utilizing direct irradiance observations to
establish the relative facular and sunspot contributions without the need for independent knowledge of their
contrasts. The NRLTSI2 model, which NOAA uses to specify TSI for the CDR, calculates total solar irradi-
ance, T),04(t), as

Tmod(t) - TQ =aqag + al[M(t) - MQ} + aZS(t) (3)

with To = 1,360.45 W m~2 and the three model coefficients, ag, ay, and a,, determined by least squares
regression of facular and sunspot indices against the SORCE TIM observations from 2003 to 2014
(Coddington et al., 2016; Lean et al., 2005). The ratio of space-based measurements of irradiance in the
Mg II Fraunhofer line cores to that in the wings is the facular index, also known as the Mg II index,
M(®). The University of Bremen constructs a composite Mg index (for which Mg = 0.15) by combining
solar spectral irradiance observations made by the Global Ozone Monitoring Experiment (GOME),
SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY), and
GOME-2 instruments (Skupin et al., 2004; Snow et al., 2014). The index of the sunspot deficit is the sun-
spot darkening function, S(f), calculated from direct observations of the area, A, and heliographic loca-
tion, u, of Ny, individual sunspots present on the solar disk at time ¢, allowing for the center-to-limb
variation of the radiance, as (Foukal, 1981)

Nao (3p;+2
S(t) =032 3] Asi( o )ui @
i=1

The SOON sites measure the areas and locations of individual sunspot active regions present on the solar
disk on any given day. Figure 1 shows the Bremen Mg index (Figure 1a) and the sunspot darkening index
calculated from SOON operational sites (Figure 1c) from 1978 to 2017, and differences of these specific
indices with other renditions. Figure 2 compares the NRLTSI2 TSI with the TIM observations (Figure 2a, left
column) and shows the residuals, R(t), of the observations and model (Figure 2b, left column) and their his-
togram distribution (Figure 2c, left column). Table 1 lists the solar irradiance variability models and facular
and sunspot indices used in this paper, together with their web locations and filenames.

While the utility of the Mg II irradiance index for representing the facular contribution to solar irradiance
variability is well established (DeLand & Cebula, 1993; Thuillier et al., 2012; Viereck et al., 2001, 2004), there
is some uncertainty about whether the quantitative relationship is strictly linear, and the possible depen-
dence of the relationship on wavelength and time. For example, Viereck et al. (2001) found a nonlinear rela-
tionship between the Mg index and the Solar Extreme Ultraviolet Monitor (SEM) irradiance at 30.4 nm.
Frohlich and Lean (2004) found that using a combination of daily and smoothed Mg indices increases the
explained variance of the PMOD composite (from 1978 to 2004) from 77.2% to 78.6%. Woods et al. (2000)
found that a model with both daily and smoothed Mg indices better reproduces solar Lyman o irradiance
observations than a single Mg index.
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Figure 1. Compared are different facular and spot indices input to models of solar irradiance variability. (a) The Bremen
Mg facular index and (b) the differences from this index of the (scaled) NOAA Mg index extended with the SORCE Mg
index. (c) The sunspot darkening index constructed from SOON operational observations of sunspot areas and
locations, (d) differences from the SOON sunspot index of a (scaled) index constructed from the Debrecen catalog of
sunspot regions, and (e) differences from the SOON sunspot index of the (scaled) sunspot index constructed by
Balmaceda et al. (2009).

Recognizing the potential for improved model performance using a nonlinear M(t) dependence to provide
an extra degree of freedom, a new statistical model of TSI variability, designated NRLTSI3, is formulated
with two, rather than one, Mg index components, as

Tmod(t) — TQ =bg+ by [M(t) —MQ] + bz[M([)—MQ]x + b3S(t) (5)

Linear regression against direct observations establishes the four model coefficients, by, by, b,, and bs, and
their uncertainties for a specified value of the exponent, x. Since the TSI measurements and indices are spe-
cified relative to the quiet Sun, and since S(t) = 0 when T),,,q = T, then by = 0. The bolometric irradiance
change due to faculae is then

ATp(t) = by[M(t) — Mq] + ba[M(1)—M[* (6)
and the bolometric irradiance change due to sunspots is
ATs(t) = bsS(t) (7

It is not possible to reliably isolate a single preferred value of the exponent, x, using existing TSI observa-
tions. When the model is constructed using the SORCE TIM observations with values of the exponent in
the range x = 0.95 to x = 1.5, the model's b; and b, coefficients change, but the correlation of the model
and observations and the standard deviation of the residuals remain stable to the third decimal place.
Subsequent validation of the model's performance in section 2.5, using independent, longer-duration
TSI composites, confirms the insensitivity of the model to the choice of the exponent in Equation 5 over
a similar range.

To demonstrate the improvement of the new model formulation (Equation 5) relative to that of NRLTSI2
(Equation 3), Figure 2 (middle column) shows the new model constructed using the Bremen Mg facular
index (with exponent x = 0.96, arbitrarily selected within the relevant range) and SOON sunspot index with
TIM observations from 2003 to 2017. The correlation of this new model with the TIM observations is
ry = 0.965 (for n, = 5,463 daily values with df; = 1,309 degrees of freedom), which is higher than the
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Figure 2. (a) Shown in each panel are the TIM measurements of total solar irradiance (black lines) compared with (left
panel) the NRLTSI2 (NOAA CDR) model using the Bremen Mg index and the SOON sunspot index, (center panel) the
NRLTSI3 model (Equation 5 with x = 0.96) also using the Bremen Mg index and the SOON sunspot index, and
(right panel) the NRLTSI3 model using the Bremen Mg index and the Debrecen sunspot index. (b) The residuals of the
TIM measurements and each of the three models and (c) the histograms of the residuals. The gap in the residuals
near 2013 is due to the lack of TIM measurements. The green lines in (c) are Gaussian fits to the histograms of the
residuals. The slight negative skew of the histogram peaks may reflect the tendency of the models to slightly overestimate
the TIM measurements during solar cycle minima, evident in the slightly negative residual time series during 2008-2009,
a tendency that is less pronounced in the NRLTSI3 model than in the NRLTS2 model. The middle panel quantifies
the improvements in the NRLTSI3 model's representation of the TIM TSI observations relative to NRLTSI2, using the
Bremen Mg facular index and SOON sunspot index in both models. The right panel quantifies the improvements in the
NRLTSI3 model's representation of the observations using the Debrecen sunspot index instead of the SOON sunspot
index (with the Bremen Mg facular index in both cases). From the left to right panels, the correlation coefficient
increases, the standard deviation of the residuals of the model and observations decreases, and the histogram of the
residuals narrows. The increase in the correlation coefficient, r, is a result of both an increase in the sum of squares of
regression, SSR=Y"" | (mod;—obs,,)*, which quantifies the strength of the linear relationship between the n values of
the model, mod;, and observations, obs;, and a decrease in the sum of squares of the error, SSE:Z{‘:1 (modi—obsi)z, which
SSR

quantifies the spread of the model-observations residuals about the linear relationship. Specifically, ﬂ:m;

from left to right SSR increases from 857 to 867 to 875 and SSE decreases from 75 to 65 to 53.

correlation of the NRLTSI2 model with the TIM observations, for which r; = 0.956 (for n, = 5,125 daily
values with df; = 1,202 degrees of freedom). The degrees of freedom, df, in the model is significantly less
(by a factor of about 4) than the number of daily values, n, because of the presence of autocorrelation in
the residuals of the model and observations. Assuming that the residuals may be approximated by a
first-order autoregressive process, this is estimated as

(}’l - nparam)

[(1+ acfl)/(1 — acf1))

where nparam = 4 is the number of model parameters and acfI is the autocorrelation of the residuals at a
lag of 1 day.

df = ®
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The equivalent Fisher z transformation, z = 0.5 [In(14+r) — In(1 — r)], of the correlation coefficient, r;, of
the NRLTSI2 model and the TIM observations is z; = 1.9; for the correlation, r,, of the NRLTSI3 and the
TIM observations it is z, = 2.0. The Z metric for the increase of a z score from z; = 1.9 to z, = 2.0,
determined as

(Zz—Zl)
T T
dfy—3 df,-3

©)

is Z = 2.5. The cumulative standard normal distribution indicates that this Z value is significant at the
99.4% level. Even if the residuals are not exactly represented by a first-order autoregressive process and
the degrees of freedom are an order of magnitude less than the number of observations (instead of a factor
of 4), the corresponding Z = 1.6 indicates that the model improvement is still 94.5% significant.

Various additional metrics similarly confirm that the new model formulation (Equation 5) provides a better
representation of the TIM observations than does the formulation used to construct NRLTSI2 (Equation 3).
The standard deviation of the residuals, R(f), of the model and observations, shown in Figure 2b, decreases
from 0.124 to 0.109 W m™2, the full width at half maximum of the histogram of the residuals, shown in
Figure 2c, decreases from 0.246 to 0.207 W m™2, and the peak of the histogram (which indicates the number
of occurrences of residual values near 0) increases from ~900 to 1,140.

That the improvement in the model's specification of total solar irradiance variability with the addition of a
nonlinear facular index term is practically 100% statistically significant is formally established using a
metric, Fpqq, Which is amenable to testing with the F probability distribution. Following Roscoe and
Haigh (2007) and von Storch and Zwiers (1999)

(10

SSR — SSR
Fosa = df <$>

SSEr 1y

where SSR:Zf:l(modi—obsm,)2 is the sum of squares of regression and SSE:Zf’:I(modi—obs,-)2 is the sum
of squares of the residuals of the model and observations; mod; and obs; are the n individual common
values of the model and observations and obs,, is the mean of the observations. Specifically, SSR;.y,, is
the sum of squares and SSE;,, the sum of squares of the residuals of the TSI variability model using both
the daily and exponential Mg indices; SSR; is the sum of squares of the model using just the daily Mg
index. The number of degrees of freedom, df, takes into account autocorrelation of the residuals using
Equation 8. Using the TIM observations, the Bremen Mg index, and the SOON sunspot darkening index
from 2003 to 2017 to determine the model coefficients, F,qq = 200 (n = 5,463, df = 1,309). According to
the F probability distribution, values of F,qq > 10 are >99% significant. Even if the number of degrees
of freedom is an order of magnitude smaller than the number of observations, reducing F,qq to 83, the
addition of the nonlinear facular index term in the model is still practically 100% significant.

An alternative, more compact form of the NRLTSI3 model of total solar irradiance variability identifies the
variations expressly in terms of the facular, ATx(t), and sunspot, ATs(t), components as

Tmod(t) — To = co + 1ATE(t) + c2ATs(t) (11)

This specific formulation is used subsequently in section 2.3 to more efficiently estimate the uncertainties of
the modeled irradiance and of the individual facular and sunspot components and in section 3 to construct
corresponding models of spectral irradiance variability, NRLSSI3. For total solar irradiance variability, ATg
and AT are explicitly determined by Equations 6 and 7, so that in this case ¢y =0, ¢c; = 1, and ¢, = —1. These
values of the coefficients are verified, and their uncertainties estimated by regressing the facular and sunspot
irradiance components, instead of the indices themselves, against the TSI observations. For solar spectral
irradiance variability ¢; and ¢, are no longer unity because the wavelength dependences of facular and sun-
spot contrasts means that their influences differ from their bolometric counterparts. The use of two inputs
(i.e, ATrand ATg) instead of three (i.e., linear Mg, nonlinear Mg, and sunspot darkening indices) is essential
when constructing the NRLSSI3 model because the lack of long-term repeatability of spectral irradiance
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Table 2

Correlations of Observations and Models of TSI Variability Constructed From 42 Different Combinations of Observations and Facular and Sunspot Indices Using

Equation 5 (With x = 0.96)

Mg index sunspot index TSI TIM TSI PMOD TSI ACRIM TSI RMIB TSI SOLID-C TSI SOLID TSI SIST

Bremen SOON 0.965 (1,309) 0.932 (2,898) 0.826 (1,240) 0.931 (2,134) 0.918 (2,741) 0.847 (1,341) 0.906 (2,994)
Bremen Debrecen 0.971 (742) 0.940 (2,236) 0.825 (1,016) 0.931 (1,358) 0.916 (1,889) 0.842 (955) 0.906 (2,240)
Bremen Balmaceda 0.961 (1,383) 0.927 (3,685) 0.821 (1,400) 0.921 (2,719) 0.912 (3,358) 0.836 (1,526) 0.900 (3,521)
NOAA/SORCE SOON 0.949 (1,505) 0.916 (2,416) 0.817 (1,223) 0.923 (2,170) 0.909 (2,585) 0.844 (1,363) 0.901 (2,916)
NOAA/SORCE Debrecen 0.954 (1,168) 0.928 (2,085) 0.819 (1,046) 0.928 (1,645) 0.912 (1,978) 0.844 (1,030) 0.906 (2,392)
NOAA/SORCE Balmaceda 0.946 (1,554) 0.910 (2,944) 0.811 (1,361) 0.914 (2,640) 0.903 (3,035) 0.833 (1,617) 0.895 (3,331)

Note. In parenthesis are the number of degrees of freedom, df, in the residuals of the observations and model. The two different facular indices are the Bremen
and NOAA/SORCE Mg composite time series. The three different sunspot darkening indies are those constructed from SOON observations, the
Debrecen Observatory catalog, and by Balmaceda et al. (2009). Correlation coefficients, r, greater than 0.95 are in bold; those less than 0.9 are in italics. The z
transform of the correlation coefficient, z = 0.5[In(1 + r) — In(1 — r)], for the TIM-Bremen-Debrecen combination is z; = 2.0 (df; = 742) and for

PMOD-Bremen-Debrecen combination is z, = 1.74 (df, = 2,236). Therefore, Z = (@1 —22) / 1 7— = 8.5 for which the corresponding cumulative

df, -3 df,-3

standard normal distribution indicates the difference in these two correlation coefficients is >99.9% significant.

observations precludes reliable model development using a formulation analogous to Equation 5 (i.e., with
the additional facular index).

2.3. Model Inputs

The performance of a model of total solar irradiance variability depends on the fidelity of its facular and sun-
spot inputs. There are alternative realizations of the facular and sunspot indices to the Bremen Mg index and
SOON sunspot darkening function used in the NRLTSI2 (CDR) and NRLTSI3 variability models shown in
Figure 2 (left and middle columns, respectively). Figure 1b shows differences from the Bremen Mg index
of another composite Mg index constructed from multiple NOAA/Solar Backscatter Ultraviolet (SBUV)
measurements (Viereck et al., 2004), extended to the present with the SORCE/SOLSTICE Mg index (Snow
et al., 2005). The absolute value of an Mg index depends on the instrument's spectral resolution; the
NOAA/SORCE Mg index, for example, is about a factor of 2.5 less in magnitude than the Bremen Mg index
and is linearly scaled prior to calculating the residuals in Figure 1b. Although not negligible, differences
between these facular indices are small (~1%). Figures 1d and 1e show the differences from the SOON sun-
spot darkening index of the Debrecen (Gydri et al., 2011) and Balmaceda et al. (2009) sunspot darkening
indices, respectively. Differences during high solar activity are small (~1%) but larger (~10%) during solar
minimum epochs when sunspot darkening approaches 0. For the period from 1978 to 2017 the standard
deviations of the differences from the SOON index of the two indices are 31% and 27% of the mean value.

To assess whether the use of alternative indices improves the ability of the NRLTSI3 model to reproduce
observed TSI variability, a suite of models is constructed using the TIM TSI observations with different facu-
lar and sunspot indices to determine model coefficients (Equation 5 with x = 0.96). Figure 2 (right column)
illustrates the improvement in the NRLTSI3 model using the Debrecen instead of SOON sunspot darkening
index (with the Bremen Mg index); the correlation of the model with TIM observations increases from 0.965
(z=12.0)t00.971 (z = 2.1), a change for which Z = 2.17, Equation 9, is >98% significant, the standard devia-
tion of the residuals of the model and observations decreases from 0.109 to 0.10 W m ™2, and the full width at
half maximum of the histogram of the residuals decreases from 0.207 to 0.204 W m ™. Table 2 (second col-
umn) lists values of the correlations with observations of the models constructed using the TIM TSI observa-
tions and six different combinations of the Bremen and NOAA Mg indices and the SOON, Debrecen, and
Balmaceda sunspot darkening indices. The improvement using the Debrecen instead of SOON (or
Balmaceda) sunspot darkening index manifests when using the NOAA/SORCE Mg index as well as when
using the Bremen Mg index.

To quantify the statistical significance of replacing an old index, Ip(t), with a new index, In(t), the metric
Freplace 18 determined as
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(12)

SSR;y, — SSR
Freplace = df (M)

SSEj,

where SSR;,, is the sum of squares of the TSI variability model, SSEj,, is the sum of squares of the residuals
using the new index, and SSR;, is the sum of squares of the TSI variability model using the old index.
Replacing the SOON with the Debrecen sunspot darkening index, Frepace = 103, which indicates
improved performance that is practically 100% significant. When replacing either the SOON or
Debrecen sunspot darkening index with the Balmaceda et al. (2009) index, Fyeplace is negative and suffi-
ciently large that it is practically 100% certain that the Balmaceda sunspot darkening index yields inferior
performance when modeling TSI variability relative to both other sunspot darkening indices.

The observations of total solar irradiance made by TIM on SORCE, used to construct the NRLTSI2 and
NRLTSI3 models shown in Figure 2, are acknowledged to have the highest repeatability of all space-based
irradiance observations made thus far, but they commenced only in 2003 and thus extend for only 15 years.
This raises the question of whether models of TSI variability constructed using longer composite records that
now cover almost 40 years also show superior performance when formulated with the additional nonlinear
facular index and the Debrecen sunspot index. To address this question, models of total solar irradiance
variability are constructed using each of six different observational composite records (PMOD, ACRIM,
RMIB, SOLID-C, SOLID, and SIST) with each of six combinations of the two facular and three sunspot dar-
kening indices.

Compared in Figure 3 with the NRLTSI2 model from 1978 to 2017 (Figure 3, left column) is the new
model constructed using Equation 5 (with x = 0.96) with the longer PMOD TSI composite record
instead of the SORCE TIM observations and the Bremen Mg and SOON sunspot indices (Figure 3,
middle column), and, separately, with the Bremen Mg and Debrecen sunspot indices (Figure 3, right
column). Figure 3 also shows the residuals (Figure 3b) and the histogram distributions of the residuals
(Figure 3c) corresponding to the different models/inputs. The comparisons of the TSI observations and
models in Figure 3 confirm those in Figure 2, that using the additional nonlinear term and the
Debrecen sunspot index increases the correlation with the measurements (from 0.929 to 0.940),
decreases the standard deviation of the residuals of the model and observations (from 0.212 to
0.184 W m™?), and decreases the full width at half maximum of the histogram of the residuals (from
0.302 to 0.280 W m™?).

Table 2 (columns 3 to 8) lists values of the correlations with observations of the 36 additional models of
TSI variability constructed using Equation 5 with each of the six different TSI composite observational
records (in addition to the models constructed using the TIM observations, already described, in column
2) and multiple permutations of the Bremen and NOAA Mg indices and the SOON, Debrecen, and
Balmaceda sunspot darkening indices. The highest correlation (0.94) among these 36 additional models
pertains to that constructed with the PMOD irradiance composite, the Bremen Mg facular index, and
the Debrecen sunspot darkening index. As with the models constructed using the TIM TSI, those
constructed using all six TSI composites with either the NOAA/SORCE or Bremen Mg index have
superior performance using the Debrecen and SOON sunspot darkening index instead of the
Balmaceda sunspot index.

Of the total of 42 different realizations of the new model of TSI variability formulated using Equation 5 with
different combinations of seven TSI observational records, two Mg indices, and three sunspot indices, that
constructed by regressing the Bremen Mg index and the Debrecen sunspot darkening against the TIM obser-
vations is adopted as NRLTSI3 for subsequent comparisons in this paper with other models and observations
and for the construction in section 3 of the corresponding spectral irradiance variability model, NRLSSI3. As
the correlation coefficients in Table 2 indicate, and additional metrics confirm (e.g., Figures 2 and 3), this
particular realization of the new model reproduces the observations used to determine the model coefficients
better than does any of the models constructed using longer composite records (with any combination of
facular and sunspot indices). For consistency with the NRLTSI2 and NRLSSI2 models, versions of the
NRLTSI3 and NRLSSI3 models are also constructed using the Bremen Mg and the SOON sunspot
darkening indices.
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Figure 3. (a) Shown in each panel are the PMOD composite observations of total solar irradiance (black lines) compared
with (left panel) the NRLTSI2 (NOAA CDR) model using the Bremen Mg index and the SOON sunspot index, (center
panel) the NRLTSI3 model also using the Bremen Mg index and the SOON sunspot index, and (right panel) the
NRLTSI3 model using the Bremen Mg index and the Debrecen sunspot index. (b) The residuals of the PMOD
observations and each of the three models and (c) the histograms of the residuals. The green lines in (c) are Gaussian fits
to the histograms of the residuals. The middle panel quantifies the improvements in the NRLTSI3 model's representation
of the PMOD TSI observational composite relative to NRLTSI2, using the Bremen Mg facular index and SOON
sunspot index in both models. The right panel quantifies the improvements in the NRLTSI3 model's representation of the
observations using the Debrecen sunspot index instead of the SOON sunspot index (with the Bremen Mg facular index in
both cases). From the left to right panels, the correlation coefficient increases, the standard deviation of the

residuals of the model and observations decreases, and the histogram of the residuals narrows. The increase in the
correlation coefficient, 7, is a result of both an increase in the sum of squares of regression, SSR:Z;‘:I(modi—obsaU)z,
which quantifies the strength of the linear relationship between the n values of the model, mod;, and observations, obs;,
and a decrease in the sum of squares of the error, SSE:ZLl(modi—obsi)z, which quantifies the spread of the
model-observations residuals about the linear relationship. Specifically, r*=SSR/(SSR + SSE); from left to right SSR
increases from 3,410 to 3,425 to 3,482, and SSE decreases from 530 to 515 to 457.

2.4. Model Uncertainties

The usual approach for estimating uncertainty in a model's determination of TSI is the propagation of errors
in the model's inputs and coefficients. Since the NRLTSI3 model specifies total solar irradiance in terms of its
quiet Sun value, Ty, and its facular and sunspot components (Equation 11), model uncertainty is the quad-
rature sum of the uncertainties of these components;

O'mod(t) = \/O.quiet2 + (O'fac([))z + (GSPOt(t))Z (13)

where
1) = H=ciAT5(t)y ] |22 b [oanw]® 14
Otac(t) = Oeyar, (£)=C1ATE(1) {E} +{ATF(t)} “
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Figure 4. (a) Annual average values of total solar irradiance specified by
the NRLTSI3 model since 1978 with estimated 1o uncertainties. (b) The
model's facular component and (c) the model's sunspot component, and
their corresponding uncertainties. (d) The dependencies of the
uncertainties in TSI on the TSI magnitude, determined by direct error
propagation (black symbols) and from the standard deviations of the facular
and sunspot components of models constructed using 42 different
combinations of TSI observations and facular and sunspot indices (green
symbols). (e) The dependencies of the uncertainties in the facular
component on its magnitude and (f) the dependencies of the uncertainties
in the sunspot component on its magnitude.

OATR(t) _ OATs(1)
ATg(t) ATg(t)

= 0.06 and

and

5 2
Ospot(f) = Te,ars () = CZATS(t)\/E_ZCZ} - {Z?st((;))} (4

since ¢y & ¢, &~ 0.

The uncertainties in the model's facular and sunspot components, og,.(t)
and ogpo(1), together quantify uncertainties in the variability of the mod-
eled irradiance to which instrument calibration adds additional uncer-
tainty, Oquier, in its absolute value. Estimating these uncertainties
requires a priori knowledge of the uncertainties in the Mg II and sunspot
darkening indices, which are not well specified. The propagation of errors
used to estimate uncertainties in the NRLTSI2 model for the NOAA CDR
assumed an uncertainty of + 20% in the change of each of these indices
from their solar minimum values.

An alternative approach for estimating uncertainties in Ty,oq(f) makes use
of the multiple models constructed using various combinations of the TSI
observations and facular and sunspot indices; Table 2 identifies 42 such
combinations pertaining to seven different TSI observational records
(TIM, PMOD, ACRIM, RMIB, SOLID-C, SOLID, and SIST), two Mg facu-
lar indices (Bremen and NOAA/SORCE), and three sunspot darkening
indices (SOON, Debrecen, and Balmaceda). The standard deviations of
the facular and sunspot components of the 42 separate models provide
independent estimates of the uncertainties of these components for use
in Equation 13.

To illustrate estimates of the uncertainties in the NRLTSI3 model and
its components, Figure 4a shows annual values of the modeled TSI with
error bars (excluding oquie.) determined using two different approaches,
specifically the direct propagation of uncertainties in the model coeffi-
cients and the facular and sunspot components (black symbols and
lines) and, separately, as the standard deviation of the facular and sun-
spot components of the 42 separate models (colored symbols and lines).
Figures 4b and 4c show the corresponding facular and sunspot compo-
nents. Used for the propagation of errors (Equations 14 and 15) are

= 0.11 because these values provide approximate agreement with the uncer-

tainties estimated independently by the standard deviations of the facular and sunspot components of
the multiple models. The uncertainty in the facular and sunspot components, and hence in the change
in TSI relative to its quiet value, depend on the magnitude of these components, being larger at times
of higher solar activity. Figure 4d shows the dependence of uncertainties in TSI on the value of TSI itself
(note that To = 1360.45 W m™2), Figure 4e shows the dependence of the uncertainties in the facular
component on the value of the facular component itself, and Figure 4f shows the dependence of the
uncertainties in the sunspot component on the value of the sunspot component itself.

The errors of the facular and sunspot components used to estimate the net uncertainties in the new
NRLTSI3 model are those indicated by the linear dependence of the standard deviation of the multiple
models’ facular and sunspot components on the strength of these component, specifically, or, (t) = 0.056
+ 0.038ATR(t) (Figures 4e, pink line) and o7 (t) = 0.003 — 0.106(¢) (Figures 4f, blue line). The errors are
combined (in quadrature) to determine the uncertainty of the NRLTSI3 model of TSI variability for each
day. As Figure 4d shows, the resultant uncertainties are of order 0.2 W m™? at high solar activity and
0.05 W m™? at low solar activity. The uncertainty in the annual modeled irradiance increase of
~1 W m™? from solar cycle minimum to maximum, independent of the absolute scale uncertainty, is
~0.2 W m™? (Figure 4d).
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Finally, the additional absolute uncertainty in Equation 13 of o7, = 0.9 W m™? is determined from the stan-
dard deviation of the seven TSI observational records each of which has its own calibration scale. The quad-
rature combination of uncertainties of the model's absolute scale (o7, = 0.9 W m~2) and its average facular

(Ofae~0.1W m~?) and sunspot (Tgpor ~ 0.07 W m?) components yields a representative g;,,,4 ~ 0.91 W m2.

2.5. Model Validation

Metrics determined in prior sections to quantify the agreement between models and the observations used to
construct them establish that a statistical model of total solar irradiance variability that includes both linear
and nonlinear facular terms (Equation 5) reproduces observed TSI variability better than does a model with
a single linear facular term. This is true for both the TIM observations from 2003 to 2017 (Figure 1) and for
the longer-duration PMOD composite from 1978 to 2017 (Figure 2). Since these metrics are calculated by
comparing the model with the same observations used to estimate the model's coefficients, they measure
the goodness of the model's fit to the observations but do not independently validate the model's ability to
estimate TSI values not utilized for model construction.

Independent validation of the NRLTSI3 model performance requires additional metrics that compare the
new model with observations not used to estimate the model coefficients. For this purpose, we statistically
compare the TSI values estimated by the NRLTSI3 model constructed using the TIM observations from
2003 to 2017 and the Bremen Mg and Debrecen sunspot blocking indices with the PMOD, ACRIM, RMIB,
SOLID-C, SOLID, and SIST composite time series. The PMOD, ACRIM, and RMIB composites are indepen-
dent of the observations used to construct the model; they each employ the traditional approach of combin-
ing selected, cross-calibrated TSI data sets and do not include the TIM observations. While the SOLID,
SOLID-C, and SIST composites, which are constructed by combining common variability at different fre-
quencies in the measurements, do incorporate ~15 years of TIM observations since 2003, they are indepen-
dent of TIM observations during the prior ~25 years.

Metrics of the performance of a model of TSI, Ty;,0q, relative to n TSI observations, Ty, include (von Storch
& Zwiers, 1999; Wilks, 1995) the mean absolute error (MAE), root-mean-square error (RMSE), and mean
absolute percentage error (MAPE). These quantities are determined numerically as

1 n
MAE = — Z ‘Tmodk - Tobsk‘ (16)
Ng=1
1 2 5
RMSE = " > (Tmod, —Tobs; ) 17)
k=1

100 2 (|Tmodk — Tobsk|) (18)

MAPE = —
n kzzzl Tobsk

where Timod — Tobs are the model-observation residuals, R (Equation 1).

Although the RMSE is widely used as a metric for assessing model performance, the MAE may be preferable
for validating a model against observations. This is because the MAE simply averages the absolute
model-observation residuals, whereas the RMSE depends not just on the magnitude of the residuals but also
on “the distribution of error magnitudes (or squared errors) and n'/? (the square root of the number of resi-
duals). For this reason, Willmott and Matsuura (2005) argue that average model performance is better
assessed by the MAE rather than the RMSE, but Chai and Draxler (2014) question the superiority of MAE
over RMSE, noting that combinations of metrics “are often required to assess model performance.”

Table 3 therefore provides multiple metrics that quantify the performance of the NRLTSI3 model evaluated
since 1978 against each of the six observational composites (none of which was used in the model's construc-
tion). In addition to the correlation coefficients of the NRLTSI3 model and observations, Table 3 lists numer-
ical values for the MAE, RMSE, and MAPE of the residuals of the model and observations. For comparison,
Table 3 also includes these same metrics for the NRLTSI2 and SATIRE models. Note that the models and
observational composites each have their own absolute scales, differences of which do not affect the correla-
tion coefficients but do affect the MAE, RMSE, and MAPE.
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Table 3

Metrics Quantifying the Performance of the NRLTSI3 Model Constructed With the TIM TSI Observations From 2003 to 2017, the Bremen Mg Facular Index, and the
Debrecen Sunspot Index, Using Equation 5.

Number Degrees Correlation Mean absolute Root-mean-square Mean absolute

Observations models of days of freedom coefficient error (W m_z) error (W m_z) percentage error (%)
PMOD composite

NRLTSI3 model 13,491 2,260 0.939 0.180 0.226 0.013

NRLTSI2 model 13,491 3,131 0.929 0.174 0.238 0.013

SATIRE model 13,491 2,050 0.909 0.212 0.294 0.016
RMIB composite

NRLTSI3 model 12,080 1,353 0.929 2.284 2.292 0.168

NRLTSI2 model 12,080 2,267 0.927 2.288 2.297 0.168

SATIRE model 12,080 869 0.881 2.223 2.237 0.163
SOLID-C composite

NRLTSI3 model 13,559 1,970 0.915 0.165 0.232 0.012

NRLTSI2 model 13,559 2,746 0.911 0.167 0.248 0.012

SATIRE model 13,559 1,542 0.858 0.216 0.316 0.016
SIST composite

NRLTSI3 model 13,774 2057 0.906 0.284 0.333 0.021

NRLTSI2 model 13,774 2,907 0.902 0.307 0.362 0.023

SATIRE model 13,774 1,704 0.846 0.289 0.339 0.021
SOLID composite

NRLTSI3 model 13,559 999 0.841 0.231 0.344 0.017

NRLTSI2 model 13,559 1,519 0.842 0.228 0.345 0.017

SATIRE model 13,559 1,005 0.796 0.269 0.406 0.020
ACRIM composite

NRLTSI3 model 12,043 1,028 0.820 0.375 0.462 0.028

NRLTSI2 model 12,043 1,388 0.819 0.382 0.480 0.028

SATIRE model 12,043 1,119 0.805 0.369 0.431 0.027
Average

NRLTSI3 model 0.892 0.586 0.648 0.0430

NRLTSI2 model 0.888 0.591 0.662 0.0434

SATIRE model 0.849 0.596 0.671 0.0438

NRLTSI3 model
x=0.5 0.892 0.585 0.648 0.0430
X =0.67 0.892 0.586 0.648 0.0430
x=0.9 0.892 0.586 0.648 0.0431
x = 0.96 (above) 0.892 0.586 0.648 0.0430
x=11 0.892 0.587 0.648 0.0431
x=14 0.891 0.588 0.650 0.0432
x=1.5 0.891 0.588 0.650 0.0432
x=2.0 0.888 0.591 0.653 0.0434

Note. The metrics in the top six rows are determined from statistical comparisons of the new model with x = 0.96 (shown in Figure 2, right column) with six
composites of TSI observations since 1978. Included are the correlation coefficients, mean absolute error (MAE), root-mean-square error (RMSE), and

mean absolute percentage error (MAPE) of the models and observations. For comparison, the same performance metrics are determined for the NRLTSI2 and
SATIRE models for days from 1978 to 2017 common in all three models. The bottom two rows list average values of the metrics for all six TSI composites, for the
NRLTSI3, NRLTSI2, and SATIRE models, and for the NRLTSI3 model constructed using Equation 5 with different values of x.

Together, the metrics in Table 3 collectively establish that the new NRLTSI3 model constructed from 15 years
of TIM observations reproduces independent TSI observations over the longer 40-year record better, on aver-
age, than does the NRLTSI2 model. The averages of the correlations of the NRLTSI3 and NRLTSI2 models
with the six observational composites are 0.892 and 0.888, respectively, with the correlation of the NRLTSI3
model and observations exceeding that of the NRLTSI2 model and observations for five of the six observa-
tional composites. The average MAE, RMSE, and MAPE of the residuals of NRLTSI3 and the six composites
are 0.586 Wm ™2, 0.648 W m ™2, and .0430%, respectively, which are smaller than the corresponding averages
for NRLTSI2 0f 0.591 W m ™2, 0.662 W m ™2, and 0.0434%. The MAE, RMSE, and MAPE of the residuals of the
NRLTSI3 model and observations is smaller than the corresponding metrics for the NRLTSI2 model-
observations for a majority (respectively, four, six, and five) of the composites.
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The metrics in Table 3 quantify the performance of the NRLTSI3 model constructed using Equation 5 with
the particular exponent x = 0.96 by comparisons with six observational composite records of TSI variability
over ~40 years. At the bottom of Table 3 are the average performance metrics of models constructed using
Equation 5 with values of x ranging from x = 0.5 to x = 2.0. The model's performance is essentially
unchanged for values of x in the range 0.5 to 1.1, confirming that x = 0.96 is an appropriate choice to illus-
trate the NRLTSI3 model formulation throughout this paper.

The NRLTSI3 and NRLTSI2-CDR models both perform better than the SATIRE model according to the
metrics in Table 3 that compare these three models with six observational composites. The average correla-
tion of the models and observations for both NRLTSI3 (0.892) and NRLTSI2 (0.888) exceed that for SATIRE
(0.849). Also, the average MAE, RMSE, and MAPE of the residuals of the models and observations for both
NRLTSI3 (0.586 W m ™2, 0.648 W m™2, and 0.0430%) and NRLTSI2 (0.591 W m ™2, 0.662 W m ™2, and 0.0434%)
are systematically smaller than the corresponding metrics for SATIRE (0.596 W m™2, 0.671 W m™2,
and 0.0438%).

3. Solar Spectral Irradiance

3.1. Measurements

Multiple instruments have measured solar spectral irradiance at wavelengths shorter than 400 nm since
1980, including those on board the Solar Mesosphere Explorer (SME), UARS, and SORCE
(Rottman, 2005, 2006; Rottman et al., 2005; Snow et al., 2010, 2018; Woods et al., 1996). Solar UV spectral
irradiance is also a product of the SBUV instruments that measure primarily ozone concentrations on board
multiple NASA and NOAA spacecraft (DeLand & Cebula, 1998). With the launch of SORCE in 2003 the
database of solar spectral irradiance variability expanded to include visible and near-infrared wavelengths
(Mauceri et al., 2018; Rottman et al., 2005; Woods et al., 2018). The SORCE spectral irradiance observations,
which cover the wavelength range from 115 to 2,300 nm (Harder et al., 2010), have the longest duration
(15 years) and broadest wavelength coverage of any spectral irradiance measurements thus far.
Concurrent with SORCE measurements are those made by the OMI over a smaller wavelength interval from
265 to 500 nm (Marchenko & DeLand, 2014).

The lack of temporal overlap of the majority of solar spectral irradiance observations inhibits reliable cross
calibration of their absolute scales. The construction of composite records therefore requires the use of proxy
indicators or other techniques to interconnect independent observations (DeLand & Cebula, 2008;
Haberreiter et al., 2017). Products of SIST include new spectral irradiance composites that include OMI mea-
surements (DeLand et al., 2019; Marchenko et al., 2019) and a new composite record of HI Lyman o irradi-
ance since 1947 (Machol et al., 2019) that combines the SORCE/SOLSTICE measurements with prior
measurements made by spectroradiometers on the UARS, the SME, and Atmospheric Explorer E (AE-E)
as well as modeled values based on the solar radio flux at 10.7 and 30 cm (F10.7 and F30) prior to 1978
and the Bremen Mg II index thereafter. This composite extends and improves the first such Lyman o com-
posite of Woods et al. (2000).

3.2. Model Formulation and Inputs

A new statistical model of solar spectral irradiance variability, NRLSSI3, is constructed analogously to
the NRLTSI3 model of total solar irradiance variability in section 2. The modeled spectral irradiance,
Imoda(4,1), at wavelength, A, and time, ¢, is

Imod(A,t) =Io(A) + AIr(A,t) + Als(A,t) (19)

where AIFA, t) and Alg(4,t) are the wavelength-dependent amounts that faculae and sunspots alter a

reference solar irradiance spectrum, I(4), such that T Q:ﬁ:’I o(4)dA. As in NRLSSI2, the reference solar
irradiance spectrum at wavelengths shorter than 2,400 nm is based on the absolute scale of the Whole
Heliosphere Interval spectrum of Woods et al. (2009) but incorporating the somewhat higher spectral reso-
lution of the SOLar SPECtrum (SOLSPEC) spectrum measured on the Atmospheric Laboratory of
Applications and Science (ATLAS) 1 mission (Thuillier et al., 1998; Thuillier, private communication).
At longer wavelengths, from 2,400 to 100,000 nm, the reference spectrum is based on a theoretical
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stellar atmosphere model (Kurucz, 1991), adjusted to make the integrated energy of the quiet solar spec-
trum equal that of total solar irradiance.

While the fidelity of solar spectral irradiance observations continues to improve, at most wavelengths it is
not yet possible to construct models of solar spectral irradiance variability using direct observations,
Lops(4, t), to establish the model coefficients because the magnitude of solar cycle variability is comparable
to, or less than, that of the long-term repeatability of the observations. Possible exceptions are at far UV
wavelengths less than 205 nm (DeLand & Cebula, 2012) and in strong solar transitions and line blends.
An example is the dominant Hydrogen I Lyman a emission line at 121.6 nm for which the solar cycle change
is ~50% and measurement repeatability ~5%.

Solar rotation also modulates spectral irradiance by altering the population of faculae and sunspots on the
hemisphere of the Sun projected to Earth. The magnitude of this rotational modulation exceeds instrument
sensitivity drifts over time scales of months. Therefore, to ameliorate contamination of modeled spectral irra-
diance variability by residual instrumental drifts in the observations, the NRLSSI3 model is constructed by
first detrending the SORCE spectral irradiance measurements (by subtracting 81-day running means) then
using linear regression to obtain initial estimates of the coefficients that quantitatively relate the detrended
spectral irradiance changes with the similarly detrended bolometric facular and sunspot time series.

Use of the bolometric facular and sunspot components as the indices for the NRLSSI3 model recognizes that
the integrals of the wavelength-dependent facular and sunspot components must equal the bolometric
facular and sunspot components of total solar irradiance variability, so the facular and sunspot compo-
nents at a given wavelength are proportional to their bolometric counterparts, that is, AI{A, t) < ATKY)
and AIg(4, f) « ATs(t), where AT((t) and AT(t) are the time series determined using Equations 6 and 7 to
transform the input Mg II and sunspot darkening indices. Explicitly, on time scales of solar rotation

Ipea(A,8) = do(A) + di (A) [ATE (1) — (AT (1))g ] + da(A) [ATs(t) — (ATs(1))g ] (20)

where regression against the similarly detrended SORCE observations, Iops(4, £) — (Iops(4, £))s1 establishes
the coefficients dy, di, and d, at wavelength, A.

To estimate solar spectral irradiance variations during the solar cycle using the coefficients derived from
solar rotational modulation, the scaling of rotational to solar cycle variability is “calibrated” using TSI obser-
vations. This is necessary because the population of solar irradiance values that occurs during solar rotation
does not encompass the full range possible during the solar cycle. Uncertainties in the irradiance observa-
tions and indices and limitations of the facular and sunspot proxy representations of irradiance variability
cause the model coefficients derived from solar rotational modulation, alone, to differ slightly from those
derived using directly observed rotational plus solar cycle changes. The model assumes that the facular
and sunspot influences are linearly related to their respective disc-integrated bolometric counterparts at
all wavelengths, differing only by a scaling coefficient. In reality the contrast of an individual bright active
region or network element or of a sunspot's dark umbra or penumbra may depend on its heliographic loca-
tion, differing from that of the disc-integrated Mg emission that forms the Mg index or from the bolometric
sunspot darkening function in different ways at different wavelengths. Furthermore, the nonlinear Mg term
used to construct the bolometric facular index may not be optimal for separate active regions and network,
nor for individual wavelengths.

To quantify the scaling of solar rotational to solar cycle variability the coefficients that relate the similarly
detrended TSI observations (i.e., with 81-day running means removed) to the detrended facular and sunspot
time series are compared with those determined using the direct (i.e., not detrended) TSI observations. The
model of TSI variability determined from rotational modulation is

Thoa(t) = €0 +e1 [ATg () — (ATE(t))g | + 2 [ATs(t) = (ATs(t))g,] 1)
where regression against the similarly detrended SORCE TSI observations, Tops(4, £) — (Tops(4, £))g1, deter-

mines the coefficients e, e;, and e,. An initial model of spectral irradiance variability due to facular and
sunspot changes during the solar cycle is then
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Imod (A, £) — Ig(A) = do(A) + dy (A) {Z—j AT (E) + da(2) {Z—j AT (t) 22)

. . . C c

where ¢, and c, are the coefficients of the NRLTSI3 model (Equation 9) and the ratios “! and -2 scale the
(41 e

coefficients determined for spectral irradiance rotational modulation (Equation 20). It may be expected that

in the ideal case where the facular and sunspot indices exactly represent the irradiance changes accruing

from these respective variability sources, and for noise-free time series of observations and indices, the ratios

c c . . . . . .

e—l and e—z are unity. When determined using the TIM TSI observations, the Bremen Mg index to specify
1 )

bolometric faculae and the Debrecen database to specify bolometric sunspot darkening, these scaling factors

c c . . . .
are L = 1.2 and e—z = 1.05. Since the SORCE spectral irradiance observations extend only to ~2,300 nm,
€ 2

model coefficients at the longer wavelengths from 2,300 to 100,000 nm are estimated using theoretical
stellar atmosphere models of facular and sunspot contrasts (Unruh, private communication, April 2018).

A quantitative assessment of the fidelity of the initial model of solar spectral irradiance variability according
to Equation 22 is the extent to which the integrals of the spectral facular and sunspot components agree with
their respective bolometric counterparts. Since numerically, the integral of solar spectral irradiance at

Ao
any time must equal the total solar irradiance at that time, Tpoq(t) = f 2, Tmod (4, £)dA, so too must ATr(t) =

Moo Ao
j 1, AIr(4,t)dA and ATs(t) = f 1, AIs(4, t)dA. The final step in the construction of the NRLSSI3 spectral irra-

diance variability model ensures these equivalencies. The differences between the bolometric facular and
sunspot components of NRLTSI3 determined from the TIM TSI observations by Equation 11 and the spec-
trally integrated facular and sunspot components determined from SORCE spectral irradiance observations
by Equation 22 are

AT (1) = ATg(t) — ﬁ:AIF(/I, £)da (23)
and

AT (£) = ATs(t) — ﬁjAIS(A, t)da (24)

where AIp(4,t)=d;(2) {Z—l} ATp(t) and AL (A, t) = dy(4) {?} ATg(t.) Were the initial NRLSSI3 model a
1 2

“perfect” representation of the solar spectral irradiance variability that accounts for NRLTSI3 variability,
the differences AT%(r) and AT () would be 0 at all times, t. However, the actual numerical values of
the differences, although small, are nonnegligible and depend on solar activity, being larger for higher
values of the facular and sunspot components. These relationships are established numerically as AT (¢)
=fo +f1ATr(t) and AT (1)=g, + g, ATs(t). When using the Bremen Mg index, Debrecen sunspot darken-
ing and TIM TSI observations in the construction of the NRLSSI3 model, the coefficients are f, ~ 0,
f1 =002, go ~ 0, and g; = —0.04. ATj‘Tif and ATy are highly correlated (correlation coefficient of 1) since
they are both functions of the facular index; similarly, AT and AT are highly correlated since they
are both functions of the sunspot darkening index.

Incorporating these adjustments to ensure that the integral of the modeled spectral irradiance numerically
equals the modeled total solar irradiance at all times, the NRLSSI3 statistical model of spectral irradiance
variability at a particular wavelength, 4, is then

Imod(A,t) —Ig(A) = do(4) + d1(2) [Z—j (ATp(t) + Angf(t)) +dy(2) {Z—j (ATs(r) + ATgif(t)) (25)

where dy(1) ~ 0. In terms of Equation 19, the facular and sunspot influences on spectral irradiance are
specifically
[ ; c c
A1p ()= ()| 2] (Tr(0 + TH ) =@ |2 | 2T + @) |2 aTe) 26)
1

€1 €1
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Figure 5. Parameters and metrics of the NRLSSI3 model constructed from
detrended SORCE observations. (a) The model coefficients that scale the
bolometric facular (magenta) and sunspot (blue) time series to determine
the corresponding spectral irradiance changes at a given wavelength. (b)
The ratios of the scaling coefficients indicate the relative importance of

faculae versus sunspots for spectral irradiance variability at a given
wavelength. (c) The correlation coefficients of the detrended SORCE

measurements and NRLSSI3 model and (d) the standard deviations of the

detrended SORCE measurements and NRLSSI3 model.
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and

Als(A,£) = dy(A) [Z—j (ATs(1) + AT (1)) = dy(A) {Z—j ATs(t)

+dy (D) K‘j g ATs(t) 27)

Figure 5a shows the spectral dependence of the NRLSSI3 model coeffi-
cients for the facular and sunspot components and Figure 5b shows the
ratios of these coefficients, which characterize the relative contributions
of faculae and sunspots to spectral irradiance variability at different wave-
lengths. In Figures 5c and 5d are metrics quantifying the regression
model. The relatively low correlation coefficients of the model and obser-
vations (Figure 5c) and relatively high standard deviations of the residuals
(Figure 5d) in the wavelength region 300 to 400 nm reflect the transition
of the SORCE observations from measurements made by SOLSTICE to
those made by SIM, whose signal-to-noise ratio is smaller at near UV
and near-infrared wavelengths. The very low correlation coefficients of
the model and observations at wavelengths longer than 1,600 nm indi-
cates that the facular and sunspot influences on irradiance variability
are barely detectable from noise in the SIM observations at wavelengths
from 1,600 to 2,400 nm.

As the facular and sunspot influences increase from the minimum to the
maximum of the solar cycle, the solar spectral irradiance changes accord-
ingly. Figure 6 shows the spectrum changes from cycle minimum to max-
imum during Solar Cycle 23 (left column) and Cycle 24 (right column)
that the NRLSSI3 model estimates, compared with the NRLSSI2 (CDR)
and two other models. It can be seen in Figure 6a that the variability dur-
ing Solar Cycle 24 (right column of Figure 6) at near-UV wavelengths
from 300 to 400 nm is larger in NRLSSI3 (0.206 W m™?) than in
NRLSSI2 (0.181 W m™2). Nevertheless, the Solar Cycle 24 increases in
both models are smaller than in the SATIRE model (0.226 W m™2), espe-
cially at wavelengths of Fraunhofer lines, and the EMPIRE model
(0.280 W m™~?) at all wavelengths. Figure 6b shows the spectral irradiance
energy changes at wavelengths from 100 to 10,000 nm and Figure 6c
shows these changes as percentage increases. The slightly larger Solar

Cycle 24 increase in the new NRLSSI3 model relative to NRLSSI2 is evident also at visible wavelengths,
reflecting slightly larger TSI variability in the new model; the Cycle 24 increase at wavelengths from 500
to 750 nm is 0.258 W m™2 in NRLSSI3 and 0.222 W m ™2 in NRLSSI2, with both models having larger visible
irradiance increases than the SATIRE (0.157 W m™2) and EMPIRE (0.191 W m™~2) models. Differences in
solar cycle changes estimated by the NRLSSI3 and NRLSSI2 models at infrared wavelengths reflect different
incorporations of theoretical facular contrasts, which extant observations cannot yet verify. Coddington
et al. (2019) discuss in more detail the differences among the various models, including the discrepancies
between the EMPIRE and SATIRE models that contradict their purported agreement (Yeo et al., 2017).

3.3. Model Uncertainties

The uncertainty in the NRLSSI3 model of spectral irradiance variability at a specific wavelength and time is
obtained by propagating the uncertainties in the facular and sunspot components and the model coeffi-

cients, that is,

Omod (/1» t):\/o'quiet(/l)z + (o'fac(ly t))z + (Uspot(/lv t))

: (28)

where o¢,(4, £) = oar, (1) (Equation 26) and 0gp0(4, ) = 0ars(1) (Equation 27). The uncertainties at wave-

length, 4, and time, ¢, are thus
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Figure 6. Changes in solar spectral irradiance during the solar cycle
according to the NRLSSI3 model (magenta), the NRLSSI2 model (blue),
and the SATIRE (orange) and EMPIRE (green) models. On the left are the
changes during Solar Cycle 23, and on the right during Solar Cycle 24.

(a) Spectral energy increases at wavelengths between 300 and 500 nm, from
solar cycle minimum (2009.0-2009.2) to solar cycle maximum (2001.9-
2002.2 in Cycle 23 and 2013.5-2013.8 in Cycle 24). (b) The spectral energy
increases over a wider wavelength range, from 100-10,000 nm, and

(c) the corresponding relative increases in percentages.
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The uncertainties in the bolometric faculae and sunspot darkening are
oary(t) = 0.056 + 0.038Ax(t), and oar,(t) = 0.003 — 0.106As(t), deter-
mined in section 2 (Figure 4e, pink line and 4f, blue line) as the standard
deviation of multiple models of TSI variability using different Mg and sun-
spot darkening indices and TSI observations. As an example, the modeled
spectral irradiance uncertainties (excluding the uncertainty in the abso-
lute spectral irradiance scale, ©qguiet(r)), during Cycle 23 maximum at

200, 500, and 900 nm are of order 7%, 30%, and 20% of the energy increase
during the cycle (Figure 6b).

3.4. Model Validation

Direct observations of solar spectral irradiance variability lack, as yet, the
long-term repeatability needed to reliably track solar cycle changes (Lean
& DeLand, 2012; Mauceri et al., 2018) and hence to validate spectral irra-
diance variability models on these time scales. One possible exception is
the HI Lyman a irradiance at 121.56 nm for which the estimated repeat-
ability of measurements by SOLSTICE on SORCE since 2003 is 5% com-

pared with solar cycle changes of order 50% (Snow et al., 2018). Figure 7 shows that the NRLSSI3 model
of spectral irradiance variability at 121.5 + 0.5 nm reproduces the SOLSTICE observations in the same
1 nm bin slightly better than does the NRLSSI2 (CDR) model; the correlation of the model and observations
increases marginally (from 0.987 to 0.988), the standard deviation of the model and observations decreases
(from 0.121 to 0.113 mW m™2) and the histogram of the residuals is more Gaussian-like (with FWHM

decreasing from 0.282 to 0.241).

The newly constructed SIST composite of Lyman a irradiance observations at 121.5 nm provides a time ser-
ies over a much longer duration (>40 years) than the 15 years of SOLSTICE observations (Machol
et al., 2019). Analogous to Figure 7, Figure 8 compares with the SIST Lyman o composite irradiance since
1978 the variations at 121.5 nm according to the NRLSSI3 and NRLSSI2 (CDR) models. Contrary to the com-
parisons in Figure 7 of the models with the shorter duration but more precise SOLSTICE Lyman o irradi-
ance, Figure 8 suggests that the NRLSSI3 model does not reproduce the SIST Lyman a irradiance
variations better than the NRLSSI2 model. The correlation of the observations and model and the FWHM
of the histogram of the residuals are essentially unchanged although the standard deviation of the residuals
of the observations and model is slightly larger for NRLSSI3 than NRLSSI2 (0.233 vs 0.212 mW m™2). The
larger uncertainties in the composite record prior to the SORCE observations possibly limit its ability to
properly validate the NRLSSI3 model.
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Figure 7. (a) The SORCE measurements of Lyman o spectral irradiance at 121.5 nm (black line) compared with the
NRLSSI2 (NOAA CDR) model using the Bremen Mg index. (b) The residuals of the SORCE measurements and the
NRLSSI2 model and (c) the histogram of the residuals. (d) Compared are the SORCE Lyman « irradiances and the
NRLSSI3 model, also using the Bremen Mg index. (¢) The residuals of the SORCE measurements and the NRLSSI3 model
and (f) the histograms of the residuals. The green lines in (c) and (f) are Gaussian fits to the histograms of the residuals.

While quantitative comparisons of the NRLSSI3 model with direct spectral irradiance observations are pro-
blematic at wavelengths other than 121.5 nm, a partial validation of modeled irradiance variability at wave-
lengths between 265 and 500 nm is possible on shorter rotational time scales using the independent OMI
database (Marchenko et al., 2019). Figure 9 compares time series of near-UV spectral irradiance at five dif-
ferent wavelengths in two different epochs (in 2012, on the left, and in 2014 on the right), detrended by
removing 81-day running means to expose the variations (in energy units) on time scales of days to months.
The NRLSSI3 model tracks the short-term spectral irradiance variability measured independently by OMI
with high fidelity, matching the rotational modulation amplitude throughout the spectral range from 300
to 400 nm in both epochs. Also shown in Figure 9 is rotational modulation in the (similarly detrended)
SATIRE model, which overestimates OMI rotational modulation at some, but not all, near-UV wavelengths
(e.g., 315.5 and 375.5 nm), and in the (detrended) EMPIRE model, which systematical overestimates the
magnitude of the short-term variations measured by OMI at essentially all near-UV wavelengths.

To better compare the spectral dependence of irradiance variability during solar rotation in the NRLSSI3,
SATIRE, and EMPIRE models with the OMI observations, Figure 10 shows two independent, and quite dif-
ferent, metrics that numerically quantify the magnitude of these changes. Compared in Figure 10a are the
average absolute deviations of the solar spectral irradiance at wavelengths from 265 to 500 nm, relative to
81-day running means. Compared in Figure 10b are the demodulated amplitudes (minimum to maximum)
of the variability at a period of 27 days, calculated using complex demodulation (Bloomfield, 1976). Complex
demodulation is a form of local harmonic analysis that captures the temporal evolution of the amplitude and
phase of variability in a selected frequency band in a time series.

Both the standard deviations and the demodulated amplitudes of the magnitude of short-term (~27-day)
spectral irradiance variations from 265 to 500 nm show the overall good agreement of the NRLSSI3 model
and independent OMI observations; a notable exception is in the vicinity of the Fe I Fraunhofer line at
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Figure 8. (a) The SIST composite record of observations of Lyman o spectral irradiance at 121.5 nm (black line) and the
NRLSSI2 (NOAA CDR) model using the Bremen Mg index. (b) The residuals of the SIST observational composite and
the NRLSSI2 model and (c) the histogram of the residuals. (d) Compared are the SIST Lyman o composite and the
NRLSSI3 model, also using the Bremen Mg index. (e) The residuals of the SIST composite and the NRLSSI3 model and
(f) the histogram of the residuals. The green lines in (c) and (f) are Gaussian fits to the histograms of the residuals.

382.04 whose variability the NRLSSI3 model overestimates relative to the OMI observations. Compared with
the OMI observations, the SATIRE model overestimates short-term irradiance variability excessively in
broad wavelength regions in the vicinity of most Fraunhofer lines (e.g., the Fe I lines at 382.0, 373.5, and
358.1 nm), while the EMPIRE model systematically overestimates the variability by 50% or more at
essentially all wavelengths less than ~430 nm. At wavelengths from 430 to 500 nm, both the OMI
observations and NRLSSI3 model show larger short-term spectral irradiance changes than both the
SATIRE and EMPIRE models; the EMPIRE model, in particular, underestimates the rotational
modulation of spectral irradiance variability in this region by more than a factor of two.

The direct TSI observations afford additional, albeit indirect, validation of modeled spectral irradiance varia-
bility. The assumption underlying this approach is that solar emissions emergent from similar regions of the
solar atmosphere vary similarly. The equivalent effective temperature of formation of TSI is 5770 K which is
comparable to the formation temperature of solar spectral emission near 650.5 nm (see Harder et al., 2009,
Figure 2). Figure 11 thus compares the NRLSSI3 model of solar spectral irradiance variability at 650.5 nm
with that of (scaled) TSI. As expected, the correlation is high (0.97); the standard deviation of the residuals
of the NRLSSI3 650.5 nm time series with the (scaled) TIM TSI variations, shown in Figure 11b is
0.00012 W m™2, which is 0.008% of the absolute irradiance and 12% of the irradiance increase of
~0.001 W m~? during the solar cycle. Neither the SATIRE nor EMPIRE models of SSI variability at
650.5 nm track the (scaled) TIM TSI variations as well as does the NRLSSI3 model; the standard deviations
of the residuals of the SATIRE model is 0.00021 (0.013%, Figure 11c) and of the EMPIRE model is 0.00017
(0.011%, Figure 11d). Figure 1le further shows that the correlation with TIM TSI observations of the
NRLSSI3 model is higher at all wavelengths from 600 to 1,000 nm than are the correlations of either the
SATIRE or EMPIRE models.
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Figure 9. Compared for two different epochs, in 2012 on the left and 2014 on the right, are solar spectral irradiance
variations in the middle ultraviolet spectrum observed by OMI (black) and estimated by the NRLSSI3 (magenta),
SATIRE (orange), and EMPIRE (green) models at (a) 270.5 nm, (b) 315.5 nm, (c) 349.5 nm, (d) 375.5 nm, and

(e) 399.5 nm. Longer-term trends have been removed from the measurement and model time series.

While not conclusive, the comparisons in Figure 11 of modeled spectral irradiance variations with the
(scaled) concurrent TIM TSI variations suggest that the NRLSSI3 model better captures the time dependence
of solar variability at most visible and near-infrared wavelengths than do either the SATIRE or EMPIRE
models. The SATIRE spectral irradiance variations have a systematic solar cycle drift relative to the TIM
TSI observations that contributes to the higher standard deviation of the SATIRE spectral irradiance model
residuals, such as Figure 11c illustrates at 650.5 nm. In contrast, larger short-term fluctuations contribute to
the larger standard deviation of the residuals of the EMPIRE model and (scaled) TIM TSI observations, pos-
sibly because of EMPIRE's use of the Balmaceda et al. (2009) sunspot darkening index, which section 2.3
established as inferior relative to the Debrecen and SOON sunspot indices in reproducing TSI variability.

4. Discussion
4.1. Total Solar Irradiance Variability

It is well established that faculae and sunspots are the primary sources of solar irradiance variability and that
model parameterizations of these magnetic features readily reproduce the observations. As the fidelity of a
model's facular and sunspot representations improves, so too does its ability to reproduce observed irradi-
ance variability. Using a facular component constructed with a linear and nonlinear Mg index and sunspot
component constructed using observations of sunspot areas and locations in the Debrecen catalog, the
NRLTSI3 model captures a higher fraction of TSI variance in 39+ years of independent observations than
do extant models of TSI variability. It explains, on average, 80% of the variance in daily values in six
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Figure 10. Compared are the magnitudes of rotational modulation of solar

spectral irradiance at wavelengths between 265 and 500 nm in the OMI
observations (black) and the NRLSSI3 (magenta), SATIRE (orange), and
EMPIRE (green) models, estimated in two different ways, using (a) the
standard deviation of the time series relative to 81-day means and (b) the
magnitude of the 27-day cycle, extracted using complex demodulation.

Different long-term trends in the TSI composite records and models of TSI
variability are a primary reason for differences among the observations
and models. For 12,863 common daily values in the PMOD, SOLID-C
and SIST TSI composites and the NRLTSI3, NRLTSI2, and SATIRE
models from 1978 to 2017, the trends of —5.6 + 2 ppm per year in the
PMOD composite, —6 + 2 ppm per year in the NRLTSI3 model and
—4 + 2 ppm per year in the NRLTSI2-CDR model agree to within their mutual 1o uncertainties (taking into
account autocorrelation). In contrast, the trends of —1 + 2 and ~0 + 2 ppm per year in the SOLID-C and SIST
composites are less negative than in the PMOD composite and the NRLTSI3 and NRLTSI2 models. There isa
prominent linear trend of —13 + 2 ppm per year in the SATIRE model that exceeds the trends in both the
NRLTSI3 and NRLTSI2 models and in the PMOD, SOLID-C, and SIST observational composites, with the
differences exceeding their mutual uncertainties in all cases. This trend is a likely reason why SATIRE does
not reproduce the multidecadal TSI composites as well as does the NRLTSI3 or NRLTSI2 models.

The linear trend in the SATIRE model of TSI variability over more than three solar cycles is likely spurious
since it is a factor of two or more larger than trends in both the NRLTSI3 model and the observational com-
posites. To better assess multidecadal trends and solar cycle amplitudes, Figure 12a compares annual values
of the NRLTSI3 and SATIRE models with observational composite records of TSI over the past ~40 years.
Especially prominent is the deviation of the SATIRE model from the NRLTSI3 model and observations prior
to 1996. Figure 12a shows that SATIRE's TSI value in the 1986 cycle minimum is ~0.4 W m™2 higher than in
the 2009 cycle minimum whereas in the TSI composites and the NRLTSI3 model TSI levels are comparable
or lower in 1986 than in 2009. SATIRE's overestimation of the 1986 cycle minimum level results in its dis-
tinct underestimation of the magnitude of Solar Cycle 21 relative to the observational composites and the
NRLTSI3 model. The origin of SATIRE's spurious Cycle 21 amplitude and inter minima trend may be its
use of ground-based solar magnetograms to estimate its two facular components, prior to availability of
the space-based SOHO magnetograms in 1996. Faculae are more dispersed over the solar disc and have
lower contrast than sunspots, making it difficult to determine their disc-integrated signal with adequate
long-term stability using an index derived from spatially resolved, rather than irradiance, observations.
This is especially true when using measurements made by ground-based magnetograms which themselves
have uncertain calibration and repeatability.

4.2. Solar Spectral Irradiance Variability

Solar irradiance varies differently throughout the spectrum because the contrasts of the faculae and sunspots
that alter the background emission depend on wavelength. The new NRLSSI3 model determines the relative
contributions of these two features by multiple regression of spectral irradiance observations against facular
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Figure 11. (a) Compared with the (scaled) TIM measurements of total solar irradiance are the NRLSSI3 model estimates
of solar spectral irradiance at 650.5 nm (magenta), whose formation temperature of 5770 K is similar to the equivalent
effective temperature of formation of TSI. The residuals of the observed (scaled) TSI observations and modeled
spectral irradiance variations at 650.5 nm are shown (b) for NRLSSI3, (c) SATIRE, and (d) EMPIRE. (e) The correlations
of the TIM TSI observations with the spectral irradiance at wavelengths from 400 to 1,250 nm estimated by the NRLSSI3
(magenta), SATIRE (orange), and EMPIRE (green) models.

and sunspot indices. The SATIRE model achieves this using contrast factors estimated by theoretical stellar
atmosphere models (Unruh et al., 2000).

The good agreement between the NRLSSI3 model and the independent OMI observations (not used to con-
struct the model) of the rotational modulation of solar spectral irradiance suggests that the spectral depen-
dence of NRLSSI3's facular and sunspot components are robust, at least for wavelengths less than 500 nm. At
wavelengths corresponding to the Sun's near-UV continuum emission the magnitude of spectral irradiance
rotational modulation in the SATIRE model also agrees well with the OMI observations and the NRLSSI3
model. The SATIRE model, however, significantly overestimates rotational modulation of spectral irradi-
ance in the vicinity of Fraunhofer lines. Prior work also suggests that the SATIRE model overestimates
the variability of spectral features at UV wavelengths (Unruh et al., 2008) because of limitations of the the-
oretical stellar atmosphere model used to estimate the facular and sunspot contrasts. These limitations
include the assumption of local thermodynamical equilibrium and the difficulty in specifying “line blanket-
ing,” the extensive absorption of the photospheric radiation continuum by species in the Sun's overlying
solar atmosphere (Shapiro et al., 2015).

Shown in Figure 13 are estimates of the facular and sunspot contrasts derived from the coefficients of
the NRLSSI3 model (by normalizing to the quiet spectrum). These observation-derived values are scaled
to match the absolute values of the SATIRE model's facular and sunspot contrasts at visible and
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lines in Figure 13a) in the middle UV spectral region, SATIRE's stellar
atmosphere model may also underestimate the sunspot darkening in both
el ey this region, and possibly in the near-infrared spectrum.

(b) Annual HI Lyman « Irradiance, 121.5 nm

Differences between the observationally derived and theoretically speci-
fied facular and sunspot contrasts in Figure 13 are a primary cause of dif-
ferences in the magnitude of spectral irradiance variability estimated by
NRLSSI3 the NRLSSI3 and SATIRE models during the solar cycle as well as during

SATIRE solar rotation. For example, from solar activity minimum (2009.0-2009.2,
A Figure 6) to Cycle 24 maximum (2013.5-2013.8, Figure 6), solar irradiance
ﬁ///\ in the wavelength band from 300 to 400 nm increases 0.206 W m™ > in
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NRLSS3 model and 0.226 W m™2 in the SATIRE model. At the same time,
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""""""""" visible irradiance from 500 to 750 nm increases 0.258 W m™“ in the

Figure 12. (a) Compared are annual values of the NRLTSI3 model of total
solar irradiance (blue), with uncertainties, and the SATIRE model (orange)
with three different observational composite records of TSI: PMOD

NRLSSI3 model and 0.157 W m™2 in the SATIRE model.

Itis argued, incorrectly, that the larger variability in the EMPIRE model in
the region 300-400 nm validates the SATIRE model (Yeo et al., 2017). In

(magenta), SOLID-C (black), and SIST (green). (b) Compared are annual  Teality, spectral irradiance variability in the EMPIRE and SATIRE models
values of the NRLSSI3 model of solar Lyman « spectral irradiance (blue), ~ differ notably in a number of ways. First, the increase from Solar Cycle
with uncertainties, and the SATIRE model (orange) with the SIST 24 minimum to maximum of 0.280 W m ™2 at 300 to 400 nm in the

observational composite record (green).

EMPIRE model exceeds the increase of 0.226 W m™2 in the SATIRE model

(this latter model agrees better with the NRLSSI3 model's increase of
0.206 W m™2). Second, the EMPIRE model systematically overestimates rotational modulation throughout
the entire middle UV spectrum, not just in Fraunhofer lines (as the SATIRE model does). This suggests that,
independently of wavelength, EMPIRE's model coefficients overestimate the irradiance changes per given
change in predictors at wavelengths less than ~420 nm. This may be because of the use of orthogonal dis-
tance regression to estimate the model coefficients. It is well recognized that misapplication of orthogonal
distance regression can produce spurious results (e.g., Carroll & Ruppert, 1996; Coddington et al., 2019),
as a result, for example, of poor model formulation and/or lack of reliable knowledge of the predictor uncer-
tainties, a priori estimates of which orthogonal distance regression requires.

The requirement that integrated spectral irradiance variability matches that of TSI necessitates that a conse-
quence of EMPIRE's systematic overestimation of spectral irradiance variability and SATIRE's overestima-
tion of spectral irradiance variability in Fraunhofer lines at wavelengths less than 420 nm, is the
simultaneous underestimation by these models (in different amounts) of spectral irradiance variability at
longer wavelengths; the increase during Solar Cycle 24, for example, at 500-750 nm is 0.191 W m ™2 in the
EMPIRE model and 0.157 W m ™2 in the SATIRE model, compared with 0.258 W m~2 in the NRLSSI3 model.

Differences in long-term trends in solar spectral irradiance over the past 40 years in the NRLSSI3 and
SATIRE models mimic the differences in the long-term trends in total solar irradiance in the corresponding
NRLTSI3 and SATIRE models. Figure 12b shows that whereas in both the NRLSSI3 model and the SIST
observational composite, the solar Lyman a emission in 1986 is ~0.2 mW m ™2 higher than in 2009, in the
SATIRE model it is ~0.7 mW m™2. This suggests that SATIRE's declining Lyman « irradiance from 1986
to 2009, like its declining trend in TSI over this same period, is spurious, and likely traceable to the same
cause, namely the lack of long-term repeatability in the SATIRE's facular indices derived from
ground-based magnetograms. However the Lyman « spectral irradiance database may lack sufficient
long-term stability to quantify long-term spectral irradiance trends.

5. Summary

New models of solar total and spectral irradiance variability derived from SORCE observations since 2003
and utilizing improved facular and sunspot inputs reproduce observed irradiance variations with higher
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Figure 13. Compared are the contrasts of faculae and sunspots pertaining
to the NRLSSI3 (black) and SATIRE (orange) models. The contrasts for
NRLSSI3 are determined by dividing the model's facular and sunspots
coefficients by the quiet spectral irradiance then scaling to the magnitude of
the SATIRE model's contrasts in the visible and near-infrared wavelength
region. (a) The contrasts for wavelengths from 280 to 530 nm. The dashed
vertical lines indicate the locations of some prominent Fraunhofer lines in
the solar spectrum. (b and c) The contrasts are compared across a broader
wavelength range from 100 to 10,000 nm. The contrasts derived from the
coefficients of the NRLSSI3 model (black) are scaled to match those used in
SATIRE (orange) estimated by theoretical stellar atmosphere models in the
visible spectral region. The green lines in (b) and (c) are the coefficients
derived directly from the SORCE observations. Because of their large scatter
at wavelengths from 1,600 to 2,300 nm, the model adopts the smooth black
line to estimate spectral irradiance variability.

fidelity than extant models, according to comparisons with independent
total and spectral irradiance observations.

The new NRLTSI3 model of total solar irradiance variability accounts for
67% to 88% percent of the variance in six independent, differently con-
structed observational composite records and its trend over the period
from 1984 to 2013 (for which all six composite records exist) of
—4 + 3 ppm per year agrees with trends in the observational composites,
which range from —4 + 3 ppm per year in the PMOD composite to
3 + 3 in the SIST composite, to within their mutual uncertainties. In com-
parison over this same time period the SATIRE model explains a smaller
fraction of the variance in the observational composites (65% to 83%) and
its trend of —14 + 3 ppm per year exceeds that in all six composites (and in
the NRLTSI3 model) by more than a factor of 3.

The new NRLSSI3 model of spectral irradiance variability closely tracks
the rotational modulation of the independent OMI observations at all
available wavelengths from 265 to 500 nm, suggesting that the model's
parameterizations of the relative facular and sunspot influences are
robust. Both the SATIRE and EMPIRE models overestimate the OMI rota-
tional modulation suggesting that their facular and sunspot parameteriza-
tions are less well specified. In the case of the SATIRE model, the
significant overestimation of middle UV Fraunhofer lines may be a conse-
quence of that model's use of facular and sunspot contrasts estimated
using theoretical stellar astrophysical models that assume thermodynami-
cal equilibrium in the formation of the lines and the difficulty in properly
quantifying line blanketing by the Sun's atmosphere of the underlying
continuum emission. In the case of the EMPIRE model the systematic
overestimation of middle UV rotational modulation by a factor of ~50%
is likely linked to the limitations of orthogonal distance regression to
properly constrain that model's coefficients.

Except for the Lyman o emission at 121.5 nm, it is not possible to validate
the magnitude of spectral irradiance variations at most wavelengths dur-
ing the solar cycle in the new NRLSSI3 model, because of the lack of
repeatability of the observational database. The NRLSSI3 model tracks
the new SIST Lyman o observational composites to within their combined
uncertainties but the SATIRE model's Lyman o spectral irradiance, like its
TSI, has a larger multidecadal trend than both the observational compo-
site and the NRLSSI3 model. The disagreement of the SATIRE model's
long-term irradiance trends as well as its underestimation of the magni-
tude of irradiance variability in Solar Cycle 21 suggests that its
long-term trend is spurious. A possible cause is the use of facular inputs
derived from ground-based solar magnetograms prior to the availability

of space-based observations in 1996; it is difficult, if not impossible, to secure the needed long-term stability
from ground-based spatially resolved observations with unmonitored calibration drifts.

It is expected that the new NRLTSI3 and NRLSSI3 models will contribute to a new version of the NOAA
Solar Irradiance CDR, following extension of the models prior to 1978 and further improvements and vali-
dation using independent observations. New irradiance observations commenced in 2017 with the launch of
the Total Solar irradiance Monitor (TSIS) on the Space Station (Richard et al., 2011) and new spectral irra-
diance composite records have been developed as part of the SIST (DeLand, Kopp, & Considine, 2019).
Preliminary estimates suggest that the repeatabilities of the TSIS total and spectral irradiance measurements
exceed those of prior measurements. These superior observations will enable improved validation of
both the existing CDR and new models, using the multiple metrics developed in this paper to assess the
performance of the models with existing observations. A particular focus of future work is improved
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characterization of irradiance variability in the spectral region longward of 900 nm, where the new TSIS
observations have substantially higher repeatability than the extant SORCE measurements used to construct
the NRLSSI3 model.
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