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Abstract

The need for reliable estimates of solar extreme ultraviolet (EUV) for operational
space weather nowcasting and forecasting has motivated the development of new model
of solar irradiance variability in 59 wavelength bins between 1 and 1750 A. The model
employs a nonlinear parameterization of rebinned daily FISM2 irradiances and is termed
NEUVAC: Nonlinear Extreme Ultraviolet Irradiance Model for Aeronomic Calculations.
The model is parameterized in terms of F10.7 and 54-day averaged F10.7 in a backwards-
looking window. The model takes advantage of the high accuracy and resolution of FISM2,
and the consistent availability of F10.7 data in order to provide the space weather com-
munity with an empirical irradiance model that requires only two inputs, and is appli-
cable for solar EUV forecasting. Additionally, the model is capable of running ensem-
bles and providing estimates of quantified uncertainty for usage by downstream ionosphere-
thermosphere models. The model is evaluated against native FISM2 outputs in the 37
bins used by the EUVAC model, as well as the bins specified by Solomon and Qian. Its
accuracy and precision is also compared to that of EUVAC, HEUVAC, and the HFG mod-
els.

Plain Language Summary

NEUVAC, a new empirical model of solar extreme ultraviolet (EUV) irradiance is
presented. The model represents solar EUV irradiance in 59 wavelength bins between
1 and 1750 A, and is constructed between F10.7, 54-day averaged F10.7 in a backwards-
looking window, and binned estimates of solar irradiance provided by the FISM2 model.
NEUVAC is evaluated against FISM2 and compared with other empirical models such
as EUVAC, HEUVAC, and the HFG models.

1 Introduction

Solar EUV irradiance plays a dominant role in modulating the temperature, den-
sity, and composition of the terrestrial upper atmosphere (H. Hinteregger, 1981; Hedin
& Mayr, 1987; Anderson & Hawkins, 2016). Due to the effects of solar EUV on the at-
mospheric density in particular, the space weather community requires accurate estimates
of the solar EUV in order to carry out space situational awareness and for conducting
satellite collision avoidance (Bussy-Virat et al., 2018). Though measurements of the so-
lar EUV spectrum began in the 1970s with the advent of the AE satellites (H. Hintereg-
ger et al., 1976) and were succeeded by the SUSIM instrument aboard the Upper At-
mospheric Research Satellite (UARS) in the 1990s (Brueckner et al., 1993), it has only

been following the success of missions such as TIMED/SEE (Woods et al., 2000), SORCE/SOLSTICE

(Rottman, 2005), and SDO/EVE (Woods et al., 2012) that consistent and reliable mea-
surements of the solar EUV spectrum have been available. These successes notwithstand-
ing, satellite instrument degradation issues that have necessitated the conducting of reg-
ular calibrations - often with the aid of rocket measurements (Woodraska et al., 2004)

- have hampered the fidelity of the satellite measurements. As a result, the community
has continuously relied on solar proxies strongly correlated with solar EUV irradiance

in order to generate operational predictions of the atmospheric state. Some of these prox-
ies include the F10.7 solar index (Tapping, 2013), the Mg-IT core-to-wing ratio (Viereck
et al., 2004), Lyman-a (Machol et al., 2019), Ca-IT K line emissions (Bertello et al., 2010),
and the revised sunspot number (Clette & Lefevre, 2016). Since no proxy in particular
has yet been shown to satisfactorily capture the various modes of temporal variability
throughout the entire solar EUV spectrum (de Wit et al., 2008), various empirical mod-
els have been developed between multiple solar proxies and the binned solar EUV spec-
trum.
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These models include the well-known EUVAC model (P. Richards et al., 1994; Schunk
& Nagy, 2009), which consists of linear fits between F10.7 and 81-day averaged F10.7
(hereafter referred to as F10.7A) and the F74113 solar EUV reference spectrum obtained
by a rocket experiment (Heroux & Hinteregger, 1978). EUVAC returns solar fluxes across
37 wavelength bins between 5 and 105 nm. EUVAC was succeeded by the HEUVAC model,
which introduced variable wavelength resolution and extended wavelength coverage to
below 5 nm (P. G. Richards et al., 2006). Another widely-used approach uses the SC2IREFW
reference spectrum and scaling factors obtained from the Atmospheric Explorer (AE)
program and associated rocket measurements by H. E. Hinteregger et al. (1981) (HFG).
The HFG model parameterizes the solar EUV flux in 22 variable-width wavelength bins
at coarse resolution (Solomon & Qian, 2005), and enables improved calculations of altitude-
dependent energy deposition into the thermosphere. Other paradigms include SOLAR2000,
which parameterizes solar irradiance between 1 and 1,000,000 nm in terms of the novel
E10.7 proxy, which is the time-dependent, integrated solar EUV flux at the top of the
Earth’s atmosphere (Tobiska et al., 2000), the NRLEUV2 model, which parameterizes
the quiet solar spectrum based on CDS and SUMER spectrometer measurements aboard
SOHO (Warren, 2006), the Girazian and Withers (2015) empirical model, which param-
eterizes TIMED/SEE irradiance as a function of the average of daily F10.7 and F10.7A,
and the GOES-R EUVS model developed by the National Oceanic and Atmospheric Ad-
ministration (NOAA), which models solar EUV irradiance in twenty-two 5 nm wide in-
tervals from 5 nm to 115 nm, and one 10 nm wide interval from 117 to 127 nm (Thiemann
et al., 2019).

The Flare Irradiance Spectrum Model (FISM), has seen particular success due to
highly accurate modeling of solar EUV irradiance between 0 and 190 nm through para-
metric modeling of daily and flare-related irradiance based on multiple solar proxies and
satellite measurements. The first version of the model (FISM1) achieved high-fidelity es-
timates of solar EUV irradiance in wavelength bins from 0.1 nm to 190 nm at 1 nm wave-
length resolution by modeling a long-term variations away from the solar minimum ref-
erence spectrum due to the solar rotation, adjusting daily values in each bin based on
the strength of individual solar proxies in affecting changes of irradiance in that bin, and
individually modeling the impulsive and gradual phases of solar flares. FISM thus con-
tains a daily component (Chamberlin et al., 2007) and a flare component (Chamberlin
et al., 2008). FISM2 improved upon FISM1 by modeling irradiance between 0.5 to 1899.5
nm at 0.1 nm wavelength resolution, through the inclusion of measurements from newer
instruments such as SDO/EVE, SORCE/XPS (Woods & Rottman, 2005), and SORCE/SOLSTICE
(Chamberlin et al., 2020). Due to the fact that FISM2 uses 108-day smoothed proxies
to generate estimates of irradiance on a given date, it is limited for near-real-time ap-
plications, where the previous 54 days, plus whatever days after that are available, are
used.

Even with the numerous modeling paradigms previously mentioned, the space weather
community has continued to rely on proxies in operational situations; atmospheric mod-
els that see widespread use by the community, including the NCAR Thermosphere-lonosphere-
Electrodynamics General Circulation Model (TTE-GCM) (Qian et al., 2014), the Cou-
pled Thermosphere Ionosphere Plasmasphere Electrodynamics Model (CTIPe) (Codrescu
et al., 2012), The Whole Atmosphere Community Climate Model (WACCM) (Liu et al.,
2018), the Whole Atmosphere Model-Ionosphere Plasmasphere Electrodynamics Fore-
cast System (WAM-IPE) (Akmaev et al., 2008; Maruyama et al., 2016; Zhan et al., 2024),
and the International Reference Ionosphere (IRI) (Bilitza et al., 2022) all use either F10.7
directly, or use the EUVAC, HEUVAC, or HFG models driven by F10.7 to estimate EUV
input into the upper atmosphere. This has necessitated the development of robust meth-
ods for ensuring continuous coverage of solar proxies during outages (Elvidge et al., 2023),
and the success of the FISM2 model in particular as well has led to the development of
entirely data-driven statistical approaches for forecasting future values of the irradiances
with quantified uncertainties (Brandt et al., 2024). The reliance on proxies alone, how-
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ever, is not ideal, since each each proxy has its own limitations in describing the solar
EUV variations on different time scales (Dudok de Wit et al., 2009; Y. Chen et al., 2011).
The space weather community has therefore made it clear that estimates of EUV irra-
diance itself are ideal for nowcasting and forecasting (Vourlidas & Bruinsma, 2018). In

the case of FISM2, reliance on future data to make an estimate of irradiance at the present
can limit the utility of nowcasts and forecasts, and an approach is needed that captures
FISMZ2’s accuracy but relies only on historical information.

In order to respond to this need, we present NEUVAC: Nonlinear Extreme Ultra-
violet Irradiance Model for Aeronomic Calculations. NEUVAC is an empirical model of
the EUV irradiance that uses nonlinear fits between F10.7, 54-day averaged F10.7 in a
backwards window (hereafter referred to as F10.7B), and rebinned FISM2 irradiance.
The model uses F10.7 as the only input due to its regular availability and ease of mea-
suring from the ground, and reconstructs FISM2 irradiances since those irradiances them-
selves represent the community standard for EUV estimates, given that they are gen-
erated with the aid of direct measurements of EUV from several satellite missions. In
relying on only F10.7 and F10.7B, NEUVAC uses only a single proxy and does not rely
on future estimates of that proxy in order to perform nowcasting. Additionally, given
a suitable means of forecasting F10.7, such as with flux transport(Henney et al., 2012,
2015), EUV forecasts can be obtained for operational use. NEUVAC generates EUV ir-
radiance estimates in the 59 wavelength bins between 0.1 and 175 nm used in the Global
Tonosphere Thermosphere Model (GITM) (Ridley et al., 2006). These bins are an ex-
pansion of the 37 EUVAC bins, extending to both higher and lower energies, which al-
lows energy deposition into the mesosphere, where CO5 and NOx chemistry are impor-
tant in the energy balance of the atmosphere. NEUVAC also provides uncertainty quan-
tification derived from normalized bin-wise correlations of residuals with respect to FISM2.
The model construction enables the generation of ensembles of irradiance estimates. Model
performance is evaluated against native FISM2 outputs to assess accuracy, and compared
with EUVAC, HEUVAC, and the HFG models.

2 Methodology
2.1 Irradiance Data

The fitting of NEUVAC itself was performed between F10.7, F10.7B and FISM2
rebinned into the 59 wavelength bins used by GITM. In order to compare NEUVAC and
FISM2 to EUVAC and HEUVAC, selection of certain bands must be done. EUVAC and
HEUVAC cover a smaller range of wavelengths than FISM2 and NEUVAC, so only the
corresponding 37 bands between the rebinned FISM2 data, the NEUVAC outputs, and
the native EUVAC/HEUVAC outputs are compared. These 37 bins can be found below
in Table 1, and we refer to them henceforth as the 'EUVAC bins’. The parameters for
the EUVAC model were taken from Table 1 of (P. Richards et al., 1994), and the param-
eters for HEUVAC were directly provided by Phil Richards. The EUVAC model employs
a simple scaling method according to the following formula:

Q) = fret V) [1+A(A) (P —80)], (1)

where fior is the binned reference spectrum, A is a scale factor, and P = (F'10.7+F10.74)/2.

—4—

This article is protected by copyright. All rights reserved.



manuscript submitted to Space Weather

Table 1: Parameters for the EUVAC model.

Lower Upper Bin Center EUVAC fref A;
Boundary ~ Boundary (A) (F74113)
(A) (A)
50 100 75 1.200 1.0017e-02
100 150 125 0.450 7.1250e-03
150 200 175 4.800 1.3375e-02
200 250 225 3.100 1.9450e-02

250 300 275 1.679 2.6467e-02

300 350 325 0.965 2.2450e-02

350 400 375 0.314 3.6542e-02
400 450 425 0.383 7.4083e-03

450 500 475 0.285 2.0225¢-02
500 550 525 0.452 8.7583e-03

550 600 975 0.357 3.6583e-03

1.1800e-02
4.2667e-03
3.0417e-03
4.7500e-03

4.7667e-03
4.8167e-03
5.6750e-03
4.9833e-03

1.475 4.4167e-03

1000 1050 1025 2.467 4.3750e-03

Note: The FISM2 data were rebinned into these bins before perform-
ing the fits for NEUVAC. HEUVAC outputs were also distributed in
these bins for comparisons. The fourth column gives the F74113 refer-
ence fluxes (x10~ photons cm™2 s7!), while the fifth column gives the
factor A(A) for scaling the F74113 fluxes. The turquoise rows indicate
the singular wavelength emission lines in the model. Read 1.0017e-02 as
1.0017 x 1072,

156 In addition to the above comparisons, we also performed comparisons in the Solomon
157 and Qian bins (Table 2) (referred to henceforth as the b22 bins). The scaled spectrum
158 for the HFG model in the b22 bins is given by the following formula:

—5—
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f (>‘) = fref ()\) +ricy ()\) + roco ()\) s

where fof is binned reference spectrum, ¢y are the contrast ratios in Table 2, and

1 = 0.0138 (F10.7 — 71.5) + 0.005 (F10.7 — F10.7A + 3.9)
ry = 0.5943 (F10.7 — 71.5) 4 0.381 (F10.7 — F10.7A + 3.9).

3)

FISM2 outputs are directly obtainable in the b22 bins, so no rebinning is required.
We then performed the fitting for NEUVAC again between F10.7, F10.7B and FISM2

in the b22 bins and made comparisons to the b22 bins corresponding to EUVAC and HFG

models.

For the sake of brevity, in the rest of this paper, we will use 'NEUVAC-59’ to re-
fer to the standard NEUVAC model in the GITM bins, of which the 37 EUVAC bins are
a subset. We will use 'NEUVAC-37" when displaying NEUVAC results in the 37 EUVAC
bins. We will use 'TEUVAC’ and "THEUVAC-37’ to describe those models in the 37 EU-

VAC bins, while we will use 'NEUVAC-22’ to describe the NEUVAC model in the Solomon

bins and '"EUVAC-22’ to describe the EUVAC model in the b22 bins. We will simply use

'HFG’ to describe the model of H. E. Hinteregger et al. (1981) based off of the SC2IREFW

reference spectrum. Coeflicients for EUVAC-22 and HFG can be found in Table A1 of
Solomon and Qian (2005), and are replicated in Table 2. When referring to binning schemes,
we will use 'b59’ to refer to the 59 bins used by GITM and ’b37’ to refer to the EUVAC
bins. A schematic of the corresponding wavelength coverage in the EUVAC bins and the
Solomon bins can be found in Figure 1.

Table 2: The b22 bins, including parameters for EUVAC-22 and HFG. NEUVAC-22 was
fit to FISM2 data in these bins, and afterwards was compared to EUVAC-22 and HFG.
Overlapping bins are in light gray.

This article is protected by copyright. All rights reserved.

Lower Upper Bin HEG fret HFG ¢; HFG c; EUVAC EUVAC A
Bound- Bound- Center Sret
ary (A) | ary (A) (A)
0.5 4 2.25 5.010e+01 0.000e+00 | 2.948e+02 5.010e+01 6.240e-01
4 8 6 1.000e+-04 0.000e4+00 | 7.6000e+03 | 1.000e+04 3.710e-01
8 18 13 2.000e+-06 0.000e4-00 | 4.6000e+05 | 2.000e+06 2.000e-01
18 32 25 7.600e+06 7.470e+05 | 9.220e+05 2.850e+07 6.247e-02
32 70 51 1.659e4+08 | 6.623e+07 | 4.293e+06 5.326e+08 1.343e-02
70 155 112.5 4.012e+08 1.662e+08 5.678e+06 1.270e+09 9.182e-03
155 224 189.5 2.078e+09 1.510e4+08 | 6.273e+07 | 5.612e+09 1.433e-02
224 290 257 1.724e+09 3.310e+08 9.834e+07 4.342e+09 2.575e-02
290 320 305 6.793e+409 2.220e+09 4.286e+07 8.380e+-09 7.059¢-03
320 540 430 2.750e+09 | 5.469e+08 1.080e+08 2.861e+09 1.458e-02
540 650 595 5.035e+09 | 2.969e+09 1.590e+07 | 4.830e+09 5.857e-03
650 798 724 1.562e4+09 | 6.938e+08 | 8.208e+06 1.459e+09 5.719e-03
650 798 724 1.264e4+09 | 6.690e+08 | 5.445e+05 1.142e+-09 3.680e-03
798 913 855.5 3.011e+09 | 3.011e+09 | 0.000e+00 | 2.364e+09 5.310e-03
798 913 855.5 4.661e+09 | 4.213e+09 | 0.000e+00 | 3.655e+09 5.261e-03
798 913 855.5 1.020e+09 1.020e+09 | 0.000e+00 | 8.448e+08 5.437e-03
913 975 944 5.441e+08 | 4.187e+08 | 0.000e+00 | 3.818e+08 4.915e-03
913 975 944 1.483e+09 1.307e+09 | 0.000e+00 1.028e+-09 4.955e-03
913 975 944 8.642e+08 8.440e+08 0.000e4-00 7.156e+08 4.422¢-03
975 987 981 6.056e+09 | 3.671e+09 | 0.000e+00 | 4.482e+09 3.950e-03
987 1027 1007 5.569e+09 | 4.984e+09 | 0.000e+00 | 4.419e+09 5.021e-03
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Wavelength Coverage for the EUVAC and Solomon Bins

EUVAC Bins

Solomon Bins

200 400 600 800 1000
Wavelength (A)

Figure 1: Wavelength coverage for the b37 bins (top) and the b22 bins (bottom). The
green region corresponds to the EUVAC bins that are divided into wavelength ranges of
variable with. The red vertical lines denote the specific EUV emission lines in the EUVAC
binning scheme. The light blue region shows the b22 bins divided into wavelength ranges
of variable width. There are no distinct emission lines that are part of the b22 bins.

Figure 2 shows an example of the data (excluding NEUVAC outputs) in the b37
bins and in the b22 bins in three different wavelengths throughout the EUV spectral range.
The data are displayed as a function of P = % (Fi0.7 + Fio7a). It is immediately ap-
parent that EUVAC and HEUVAC are for all intents and purposes, indistinguishable,
and are limited in their ability to describe the variability of EUV irradiance in compar-
ison to FISM2. Additionally, HFG and EUVAC-22 both overestimate FISM2. HFG has
significant variance compared to other models, and it tends to worsen in its overestima-
tion of FISM2 at high solar activity. The high variance of HFG in comparison to EUVAC-
22 is significant enough that a mere 1% increase in F10.7 translates to percent increases
in irradiance beyond 3% in multiple wavelength bins, compared to corresponding increases
no greater than 1.5% for EUVAC-22.

Note also that HEUVAC and EUVAC are linear with P, so they are straight lines,
while FISM2 has significant spread. HFG is not linearly-dependent on P (despite lin-
earity in F10.7 and F10.7A), so it also has spread when comparing to P.

We discuss the specifics of our wavelength rebinning scheme, in which we handle
wavelength ranges and specific wavelength emission lines separately, in Appendix A.

2.2 Nonlinear Model Parameterization

A nonlinear parameterization is employed for the model of irradiance across the
b59 bins (which include the b37 bins) and the b22 bins, with F10.7 and F10.7B as the
inputs. NEUVAC uses a nonlinear parameterization in order to ensure that the distri-
bution of FISM2 irradiances in each bin is better captured by the model. NEUVAC lim-
its itself to 6 model parameters per bin in order to avoid overfitting. The NEUVAC ir-
radiance @ ;(t) at time ¢ in a given wavelength band i, is defined as:

() = A; [Fﬁﬁ(t)} +C; {Fféfw(t)} + E; [Fro.7(t) — Fio.7(t)] + F; 4)

—7—
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Figure 2: EUV irradiance in 3 wavelength bands in the b37 bins (top) and the 3 near-
est corresponding wavelengths in the Solomon bins (bottom). FISM2 data are in blue,
EUVAC-37/22 data are in green, HEUVAC-37 data are in red, and HFG data are in pur-
ple.

where A;,...F; are parameters determined via linear regression, and Fig7(t) and Fig.75(¢)
represent F10.7 and F10.7B at time ¢t. NEUVAC was formulated using FISM2 daily ir-
radiances extending back to 1951, provided by the LASP Interactive Solar Irradiance Dat-
acenter (LASP, 2005). We used F10.7 and F10.7B values corrected to 1 AU (Tapping,
2013), with flares removed. These were obtained via the Collect Localisation Satellites
(CLS) group in France (https://spaceweather.cls.fr/services/radioflux/). We

use the 54-day trailing mean of F10.7 in order to take into account 2 preceding solar ro-
tations, during which modulations of the large-scale coronal magnetic field take place,

and slowly-varying photospheric features can persist (Poland, 1978; Zherebtsov et al.,
1997; Rouillard et al., 2010).

An example of the results of fitting the nonlinear model in both the b37 bins and
the b22 bins can be found in Figure 3 (at the same wavelengths as Figure 2). We ob-
serve that the NEUVAC model is able to reproduce very well the average behavior of
FISM2, without sacrificing the variability in irradiance that is often lost when using a
linear model.

2.3 Uncertainty Quantification

We perform uncertainty quantification (UQ) through assessment of the residuals
of historical NEUVAC estimates over which the base model was fit, in conjunction with
the statistical properties of those same residuals. We employ Monte Carlo (MC) meth-
ods to obtain the probability distributions for NEUVAC irradiances in each wavelength
bin. These distributions are determined from residuals between the initial NEUVAC fit
and FISM2 in each bin, and since the residuals in each bin are correlated, we take into
account their covariance. This approach is essentially the standard forward UQ approach
but under the condition that the input random variables (F10.7 and F10.7B) are drawn
from a probability distribution that is taken to be known with complete certainty (Sullivan,
2015; Zhang, 2021). The result of this procedure is that by repeatedly running NEUVAC,
an ensemble of irradiance estimates is generated, from which a confidence interval can

This article is protected by copyright. All rights reserved.
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Figure 3: EUV irradiance in 3 wavelength bands in the b37 bins (top) and the 3 near-
est corresponding wavelengths in the b22 bins (bottom). FISM2 data are in blue and
NEUVAC-37/22 results are in orange.

be determined to describe the region which the true values of irradiance may be found.
This ensemble approach has been used for UQ in other contexts such as solar flare fore-
casting (Guerra et al., 2015), simulations of the ring current (M. W. Chen et al., 2018),
and F10.7 forecasting (Daniell & Mehta, 2024).

We note that there are other techniques that could be applied for UQ for NEU-
VAC. For example, one may find the error distributions in each bin, and then randomly
sample from that distribution each time NEUVAC is run for a given F10.7, F10.7B pair.
This approach is advantageous due to its simplicity and ability to capture the statisti-
cal behavior of a system when there are a large number of measurements for which to
calculate the distributions. We however avoided using this method since it assumes that
irradiance in each bin can be treated as independent and identical distributed random
variables; it takes no account of the fact that the irradiance in different bins are mutu-
ally correlated. Another approach involves computing the residuals in each bin, and de-
termining how and if they vary as a function of the value of the irradiance in the bin it-
self. This approach, however, is even more naive than the one previously-mentioned, and
in assuming a functional relationship between irradiance and error, does not faithfully
preserve in the estimated irradiance the statistical characteristics of the true irradiance.

Instead of pursuing the aforementioned simpler UQ methods, we implement the
specific version of our MC forward UQ approach as follows:

1. The fitting of the base NEUVAC model coefficients is performed between F10.7,
F10.7B and rebinned FISM2 irradiances ® prgar2,; between 1951 and 2023, using
Equation 4.

2. Historical NEUVAC irradiances @ ; are generated for that time period.

3. Residuals A; between ®prgare,; and @y ; are computed over the time period for
fitting.

4. The normalized covariance matrix C is computed from A
cross-correlation between A; and A;.

ij> where Cj; denotes the
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5. The normalized standard deviation oy ; in each band 7 is computed from A,;, where
for a single band:

STD (®rrsmz,i — Pni)
ON,i

;= o 5)

where ’STD’ refers to the standard deviation.

This is done because the brightness in the different EUV bins are highly correlated with
each other. This means that if an ensemble of irradiances is created using given values
of F10.7 and F10.7B, the spectra need to include this correlation. In order to create an
ensemble member, the following procedure (applied to each wavelength band) is used:

1. A random number P; is drawn from a normal distribution with mean 0 and stan-
dard deviation of 1. The first obtained P; value is denoted P; o, and used in all
following computations of the normalized correlated perturbation (for all later ir-
radiance ensemble members).

2. The normalized correlated perturbation N; is computed as N; = C; . P; o+(1 — Ci i) P;.
Note that C} j is obtained from C: When NEUVAC is run in the b59 bins, it is
the normalized correlation of band i with the first wavelength band (k = 0) of
the b59 bins (equivalently the first wavelength band of the b37 bins) when i <
7 and the eighth wavelength band (k = 7) when ¢ > 7, and when NEUVAC is
run in the b22 bins, it is the normalized correlation of band ¢ is with the first wave-
length band (k = 0) of the b22 bins when ¢ < 5 and the sixth wavelength band
when i > 5. We stress that the choice of k affects the spread of the ensemble and
was chosen so that perturbations in each band move by an amount that incorpo-
rates their correlation with another wavelength bin. A poor choice of k corresponds
to a wavelength bin with which nearly all others in some range are weakly cor-
related, whereas a good choice of k corresponds to the reverse. We chose two val-
ues of k in two ranges since the EUV bins near the soft x-ray range behave dif-
ferently than those outside of it.

3. Scaling with the standard deviation is performed to yield A; = o ;N;.

4. The irradiance ensemble member is obtained via @ ; * (1 — A;)

The resulting ensemble of irradiances form a distribution which may be used for
uncertainty quantification. In all results below, we show results of the ensemble mean
of 100 NEUVAC ensemble runs (®g ;). We show the covariance matrix C for the b59
bins and the b22 bins in Figure 4. We implement the entirety of NEUVAC and the as-
sociated UQ in Python relying primarily on the NumPy (Harris et al., 2020) and Seaborn
(Waskom, 2021) packages.

2.4 Validation

For validation, we compare model results to FISM2 outputs in the relevant bins,
and use the percentage deviation J, defined below:

_ D i(t) — Prrsme,i(t)
Crrsnmo,i(t)

5:(t) % 100% (6)

as well the mean absolute percentage error (MAPE), defined as follows:

n

MAPE = % Z
t=1

D i(t) — Prrsme,i(t)
Drrone.i(t)
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Figure 4: The normalized covariance matrix C for the b59 bins (left) and the b22 bins
(right).

where ®prsare2,4(t) is the ith irradiance value from FISM2 at time ¢, and ®pz;(t) is the
ith irradiance value either modeled by NEUVAC, EUVAC, HEUVAC or HFG.

Figure 5 shows the distribution of § between NEUVAC-59 and FISM2, and NEUVAC-
22 and FISM2, in 6 different wavelength bands, corresponding to the entire period of time
used to perform the fitting. Kernel Density Estimation (Rosenblatt, 1956; Parzen, 1962)
was used to generate the approximate probability density for each distribution. Each dis-
tribution is centered around zero, showing the overall accuracy of NEUVAC. We note
that at the lower wavelengths, (namely 425 A and 430 A), the spread of the distribu-
tion is wider, with maximum deviations approaching +20%. This highlights the difficulty
of modeling irradiance at wavelengths approaching those of soft x-rays, which are sig-
nificantly enhanced in response to solar active regions (Briand et al., 2021).

1500

425 A 2500 725 A 2000 975 A
u:0.38 5000 u: 0.2 u: 0.3
1000 0. 3.87 0:2.13 1500 o: 3.02
€ : 1500 ‘g
5
3 3 31000
© ©1000 ©
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500 500
A N I
RT] T10 20 T -10 0 10 20 0% 10 0 0 20
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1000 / 724A 1 000 A 981 A
800 3000 u:0.15 u:0.22
0:1.52 0:1.86
o £2000
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© 400 o
1000 1000
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A N A -
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Figure 5: Distributions of percent deviation between NEUVAC and FISM for NEUVAC-
59 (top row) and NEUVAC-22 (bottom row) at the same wavelengths as considered in
Figure 3. The histograms show the number (count) of values in each bin, and in each
plot, w is the arithmetic mean, and o is the standard deviation of the distribution.

These results indicate similar performance of NEUVAC in both the b59 and b22
bins. While there are minor discrepancies in the distributions of § in both bins for the
wavelengths shown in Figure 5, the wavelength bins of b22 are in many cases significantly
larger than that of b59. As such, the variability of irradiance within those bins is dom-
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inated by the variable bright solar lines they contain, thereby affecting the error distri-
butions for NEUVAC-59 in comparison to NEUVAC-22, even when the center wavelength
of the bins is very close.

3 Results

We first show sample spectra (excluding bright emission lines) for all of the mod-
els during low solar activity (March 30, 2004) and high solar activity (February 2, 2002),
respectively (Figure 6). In the b37 bins, the ensemble average of 100 NEUVAC runs is
almost indistinguishable from FISM2. Additionally, EUVAC and HEUVAC exhibit no
significant differences, except in the vicinity 350 A, where EUVAC is lower than HEUVAC
during solar minimum. EUVAC and HEUVAC generally overestimate FISM2 below 350
A and underestimate FISM2 above 350 A during low and high solar activity, respectively.

In the b22 bins, there are noticeable differences between the behavior of EUVAC-
22 and HFG. During solar minimum, below 300 A, EUVAC-22 overestimates FISM2 while
HFG underestimates FISM2. In contrast, between 300 A and 600 A, HFG matches FISM2
more closely than EUVAC. During solar maximum, EUVAC-22 generally overestimates
FISM2 below 400 A and underestimates it above 400 A. In comparison HFG underes-
timates FISM2 more often below 600 A, and overestimates it above 600 A. These results
confirm those initially reported by Solomon and Qian (2005) (c.f. Figure 1 of the same),
though we note that there may be discrepancies owing to the fact that in this paper, the
irradiance in overlapping bins was simply summed together before being displayed.

3.1 MAPE Analysis

We next consider the values of the Mean Absolute Percentage Error as a function
of wavelength band for both the b37 bins and the b22 bins, across the entire dataset span-
ning years between 1963 and 2023 inclusive (Figure 7). EUVAC and HEUVAC display
overall performance closest to NEUVAC at wavelengths below 300 A. NEUVAC, by com-
parison demonstrates increasingly accurate performance as wavelength increases, with
values of MAPE that are lowest between 600 and 800 A. EUVAC and HEUVAC, by com-
parison, show values of MAPE that oscillate nearly symmetrically around 50% for wave-
lengths greater than 300 A.

Results in the b22 bins show a similar difference of behavior between NEUVAC-
22 and EUVAC-22 and HFG, save that values of MAPE for EUVAC-22 are much closer

to that of NEUVAC-22 above 900 A. As is seen in the b37 bins, values of MAPE for NEUVAC-

22 slightly increase as a wavelength increases, while for EUVAC-22, they slightly decrease
as wavelength increases. The greatest values of MAPE for EUVAC-22 and HFG occur
below 50 A. In contrast to the b37 bins, values for EUVAC-22 and HFG remain approx-
imately 60%, lower than the higher values the non-NEUVAC models attained in the b37
bins. This behavior is shared by NEUVAC-22, which attained values on the order of 7%,
compared to ~5% for NEUVAC-37.

Figure 8 shows percent deviations with respect to FISM2, in select wavelength bands
as a function of F10.7. The spread of NEUVAC percent deviation values remains clus-
tered about zero in each case, indicating that even at extreme levels of solar activity (dur-
ing which variability in EUV is most intense due to the prominence of highly-transient
active regions), NEUVAC maintains appreciable accuracy. In contrast, percent devia-
tions are clustered around negative values for EUVAC and HEUVAC in the b37 bins,
indicating that EUVAC and HEUVAC underestimate FISM2 at these wavelengths, though
the slightly positive trend in the percent deviation suggests that H/EUVAC has a slight
bias towards higher solar activity.
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Figure 6: Top: Solar spectra in the b37 bins during low (left) and high (right) solar ac-
tivity. Bottom: Same as the top but for the b22 bins.
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Figure 7: Values of MAPE as a function of wavelength band for NEUVAC, EUVAC, and
HEUVAC (left) and for NEUVAC-22, EUVAC-22, and HFG (right).

352 In the b22 bins, the percent deviations for EUVAC-22 and HFG have biases that

353 are increasing with increasing solar activity compared to NEUVAC, with those corre-

354 sponding to HFG being the most strongly positive. This indicates that, in a number of

355 bands, EUVAC-22 and HFG have the lowest accuracy at high levels of solar activity. The
356 general trend of systemic underestimation by EUVAC-22 comports well with the fact that
357 the F74113 spectrum on which it is based was obtained via rocket measurement on April
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23, 1974, which was well into the declining phase of Solar Cycle 20, and highlights again
the known issue of consistent underestimation by HFG originally observed by P. Richards
and Torr (1984).

Table 3 shows how the MAPE values for all models vary as a function of solar ac-
tivity. In the calculation of these values, we considered the energy integrated across all
bins, for both the b37 bins and the b22 bins. We follow Jin et al. (2021) in denoting low
solar activity as F10.7 < 80 sfu, moderate solar activity as 80 sfu < F10.7 < 120 sfu,
and high solar activity as F10.7 > 120 sfu. We observe, consistent with previous obser-
vations, that NEUVAC MAPE values are lowest in both the b37 and the b22 bins.

Interestingly, however, NEUVAC MAPE values are proportional to solar activity
in EUVAC bins but they are inversely proportional to solar activity in the Solomon bins.
This behavior is not observed for EUVAC/HEUVAC-37 and EUVAC-22. HFG MAPE
values were also inversely proportional to solar activity in the b22 bins. In the b37 bins,
MAPE values for HEUVAC-37 were the highest at moderate activity, while they were
highest for EUVAC at low and high activity. These results indicate that in the b37 bins,
the best performance of H/EUVAC will be at moderate activity, and in the b22 bins, the
best performance of EUVAC will be at moderate activity, and that of HFG will be ob-
served at high solar activity.

Table 3: Values of MAPE as a function of solar activity, for energy integrated across all
bins: the sky blue-colored rows correspond to the b37 bins and the salmon-colored rows
correspond to the b22 bins.
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3.2 Time Series

We also evaluated time series of irradiance at several wavelength bands in order
to evaluate NEUVAC’s performance during solar minimum and solar maximum. An ex-
ample of time series of irradiance during the ascending phase of Solar Cycle 25 is shown
for NEUVAC (centered at 425 A in the b37 bins) and NEUVAC-22 (centered at 430 A
in the b22 bins) in Figure 9. For an ensemble run of n = 100, the uncertainty bounds
corresponding to the range of ensemble results encompass FISM2 throughout nearly the
entire time period. Again, as seen in Figure 6, EUVAC and HEUVAC are essentially in-
distinguishable. More significantly, at 430 A, HFG corresponds to FISM2 in magnitude
more closely than EUVAC-22; even though its variance increases significantly more than
that of EUVAC as solar maximum approaches.

) Solar Irradiance Centered at 425.0 A (Solar Cycle 25) Solar Irradiance Centered at 430.0 A (Solar Cycle 25)
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Figure 9: Time series of solar EUV irradiance centered at 425 A in the b37 bins (left)
and at 430 A in the b22 bins (right), during the entirety of the ascending phase of Solar
Cycle 25.

A more comprehensive analysis of time series of solar EUV irradiance in both the
EUVAC bins and the Solomon bins is shown Figure 10, where the first and third rows
correspond to solar minimum (end of Solar Cycle 21) and the second and fourth rows
correspond to solar maximum during Solar Cycle 22. The same wavelengths are shown
as those in Figures 2 and 3.

In the b37 bins, there is strong correspondence between the ensemble average of
NEUVAC and FISM2, along with a consistent underestimation of the magnitude of the
irradiance by EUVAC and HEUVAC at all of the considered wavelengths (which are at
the low, middle, and high regions of the wavelength ranges of the EUVAC bins). Of note
is that the underestimation of energy by EUVAC and HEUVAC grows larger at high so-
lar activity. A small difference between EUVAC and HEUVAC at 975 A is noted that
is not observed at lower wavelengths.

In the b22 bins, the behavior is essentially the same for EUVAC-22. HFG, in com-
parison shows an increase in accuracy with solar activity, except for irradiance centered
at 981 A. These results call to mind the importance of discrepancies in scaling of the ir-
radiance amplitudes as a function of wavelength, initially pointed out by Lean et al. (2003):
while the total energies between the models may be rather close (as will be considered
in the following subsection) the absolute scale of the irradiance in any given band may
vary significantly between each model. NEUVAC-22 remains close to FISM2 through-
out all conditions.
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Figure 10: Top: Time series of solar spectra in the b37 bins at 425, 725, and 975 A (left
to right) at solar minimum (top row) and solar maximum (bottom row). Bottom: Time
series of solar spectra in the b22 bins at 430, 724, and 981 A (left to right) at solar mini-
mum (top row) and solar maximum (bottom row).

3.3 Earth-Incident Energy Deposition

Finally, we present an assessment of the total Earth-incident energy estimated by
all of the models, in order to broadly survey their quantification of EUV energy applied
to the entire solar-terrestrial environment (Figure 11). In the calculation of Earth-incident
energy deposition, for each model, we sum the irradiance values across all of the bins,
and take the product of that sum with the cross-sectional area of the Earth, where we
use the nominal terrestrial radius of the Earth (6.3781x10% m) as suggested by Mamajek
et al. (2015). The Earth-incident energy presented here corresponds to the EUV inci-
dent on the sunward side of the Earth.

NEUVAC tracks FISM2 very well in the b37 bins, during both low and high so-
lar activity, underestimating FISM2 by only ~ 3 GW on in both cases. The EUVAC
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Figure 11: Top: Total integrated EUV energy in GW across all b37 bins at solar mini-

mum (top), solar maximum (middle), and throughout the entire time period considered.

Bottom: The Same but in the b22 bins.

and HEUVAC models, by comparison, most strongly track FISM2 at low solar activity
with an underestimation of ~32 GW, but strongly overestimate the total energy dur-

ing solar maximum, by ~48 GW on average. The amount of total energy deposited over

the time period was very close between all models: NEUVAC differed from FISM2 by
~ 0.5%, while differences were approximately —1.4% and approximately —1.3% for EU-
VAC and HEUVAC, respectively.

In the b22 bins, NEUVAC underestimates the irradiance in comparison to FISM2,
most severely during solar maximum (by an average of ~ 76 GW), as compared to so-
lar minimum (where the underestimation is on average ~ 59 GW). The EUVAC model
also underestimated irradiance compared to FISM2, by ~ 108 GW during solar min-

imum and by ~ 64 GW during solar maximum. The HFG model in particular is strongly
variable, especially at high solar activity, underestimating irradiance the most compared
to the rest of the models. During solar minimum, HFG’s estimation was most severe (by

~ 180 GW) compared to solar maximum (by ~ 163 GW). Regarding total energy de-
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posited over the time period, NEUVAC-22 differed from FISM2 by ~ 11.72%, while dif-
ferences were ~ 17.07% and ~ 32.14% for EUVAC-22 and HFG, respectively.

We wish to emphasize that overall, the b22 bins don’t allow modeling the total en-
ergy input into the thermosphere-ionosphere as accurately the b37 bins. This can be seen
in the much larger percent errors in the models for total energy in the b22 bins compared
to the b37 bins.

4 Summary

A Nonlinear Extreme Ultraviolet Irradiance Model for Aeronomic Calculations (NEU-
VAC) has been developed, based on nonlinear fits between F10.7, F10.7B and solar ir-
radiance estimated by the FISM2 model. The model has been developed in 59 wavelengths
bins used by the GITM model, as well as in the Standard Bands initially presented by
Solomon and Qian (2005), in order to support immediate ingestion into global ionosphere-
thermosphere models. The model approximates the FISM2 irradiances to a high degree
of accuracy, and is capable of running ensembles for uncertainty quantification. As shown
by MAPE values, the model performs with < 5% error under all solar conditions in the
EUVAC bins, and with < 15% error under all solar conditions in the Solomon bins. The
model represents an innovation in that it reproduces the FISM2 flux with high accuracy
from an index that is nearly always obtainable without gaps, and may be predicted with
a variety of methods (Huang et al., 2009; Henney et al., 2012; Warren et al., 2017; Du,
2020; Petrova et al., 2021; Stevenson et al., 2022; Daniell & Mehta, 2023; Hao et al., 2024).
To this end, we recommend NEUVAC for consideration in the context of operational space
weather nowcasting and forecasting.

Future work will involve the running of GITM with NEUVAC irradiance ensem-
bles to perform uncertainty quantification on downstream ionosphere-thermosphere pa-
rameters both directly and indirectly connected to solar EUV irradiance. Additional de-
velopment of the NEUVAC model will include extending the uncertainty quantification
component inherent in its running of ensembles by parameterizing ensemble generation
in terms of correlations of residuals between all bins, instead of just two bins. NEUVAC
will also be investigated in terms of its effects on altitude-dependent photoionization and

photodissociation rates, given the importance of these rates in affecting ionosphere-thermosphere

composition. Long-term, comprehensive development of a successor model will be un-
dertaken, in order to assess the strengths of the nonlinear paradigm in modeling EUV
irradiance in terms of a single proxy. This model development will take advantage of his-
torical EUV measurements as well as those which may be taken by a number of future
missions (Young, 2021).

5 Open Research

NEUVAC was developed with Sun-Earth distance adjusted and flare-corrected F10.7
values provided by Collecte Localisation Satellites (Collecte Localisation Satellites, 2000).
FISM2 data were obtained via LISIRD, which is curated by the University of Colorado,
Boulder (LASP, 2005). NEUVAC is available via GitHub repository as part of the EU-
Vpy irradiance package, and available also via Zenodo (Brandt & Ridley, 2024).

Appendix A Wavelength Rebinning

The native FISM2 data require rebinning into the b59 bins. However, there is a
complication in that some of the “bins” are single wavelength lines, while others are bins
that are wider than the FISM2 bins. These therefore must be treated separately.

For the b59 and b37 bins that are wider than the FISM2 bins, the calculation works
by summing the irradiances multiplied by the FISM2 bin width (6A=0.1 nm):

—18—

This article is protected by copyright. All rights reserved.



480

481

482

483

484

485

486

487

489

490

491

492

496

497

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

high®
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where ®¢. is one of the wider EUV bins, low’ and high represent the low and high wave-
lengths of the bin i, where the low bin is included and the high bin is excluded. ®prgps2

is the irradiance from FISM2.

For the individual spectral lines, the irradiance in a 4-nm centered window around
the FISM2 emission line is summed, multiplied by the FISM2 bin width, and then as-
signed to the GITM bin:

A-+2002
bin = Z PrrsmadA (A2)
A2001

There are two complicating factors with this method:

1. Due to the fact that these individual lines are in the middle of normal b59 and
b37 bins, it is unclear if the irradiance should be zeroed out before calculating the
irradiances in the larger bins.

2. There are sometimes lines that end up being in the same FISM2 bin. It is unclear
whether the irradiance intensity within the FISM2 bin should be divided between
the two lines in some way.

For the present study, we have elected to zero out the irradiance in the individual
lines before determining the binned irradiances in the remaining wavelength ranges.
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