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Recent Solar Extreme Ultraviolet Irradiance Observations and Modeling:

A Review

W. KENT TOBISKA

TELOS/Jet Propulsion Laboratory, Pasadena, California

For more than 90 years, solar extreme ultraviolet (EUV) irradiance modeling has progressed from empirical
blackbody radiation formulations, through fudge factors, to typically measured irradiances and reference spectra
as well as time-dependent empirical models representing continua and line emissions. A summary of recent
EUV measurements by five rockets and three satellites during the 1980s is presented along with the major
modeling efforts. The miost significant reference spectia are reviewed and thiee indepenidently derived empirical
models are described. These include Hinteregger’s 1981 SERF1, Nusinov’s 1984 two-component, and Tobiska’s
1990/1991 SERF2/EUV91 flux models. They each provide daily full-disk broad spectrum flux values from 2
to 105 nm at 1 AU. All the models depend to one degree or another on the long time series of the Atmosphere
Explorer E (AE-E) EUV database. Each model uses ground- and/or space—bnsed proxies to create emissions
from solar atmospheric regions. Future challenges in EUV modeling are summarized including the basic
requirements of models, the task of incorporating new observations and theory into the models, the task of
comparing models with solar-terrestrial data sets, and long-term goals and modeling objectives. By the late
1990s, empirical models will potentially be improved through the use of proposed solar EUV irradiance
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INTRODUCTION

The requirement for an accurate estimate of the solar extreme
ultraviolet (EUV) flux, a fundamental thermosphenc energy input,
is driven by the effort to provide a seif-consistent model of the
ionospheric and neutral atmospheric cormpositional and tempera-
ture structure that compares favorably with-in situ and remotely
sensed measurements. Research to understand the energy balance
in the thermosphere has produced considerable activity over the
past three decades to measure and model the solar EUV irradiance
variations.

The broad spectrum of solar EUV madmnces at wavelengths
below 105 nm has not been continuously measured since the At-
mosphere Explorer E (AE-E) mission which ceased EUV observa-
tions in December 1980. The one exception has been the recent
San Marco solar EUV experiment from March to December 1988.
These measurements are just completing the calibration process.
Short-duration rocket observations have been made on five occa-
sions during the 1980s and these data sets serve ds useful absolute
reference points but do not contribute information about the long-
term variations.

Given the paucity of continuously measured EUV data, a state of
affairs termed the "EUV hole" by Donnelly [1987a} and graphi-
cally shown in Figure 1, three independently derived empirical so-
lar EUV models have been developed which estimate the daily
average full-disk flux variation for up to 39 wavelength groups or
discrete lines at 1 AU. The model of Hinteregger et al. [1981]
which was designated SERF1 by the World Ionosphere - Thermo-
sphere Study (WITS) program called the Solar Electromagnetic
Radiation Flux Study (SERFS), the Nusinov [1984] two-compo-
nent model, and the EUV91 model [Tobiska, 1991], which
evolved out of the SERFS program [Donnelly, 1988a] all utilize
the AE-E EUV data set as either the only time-varying input to the
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at selected wavelengths that will greatly enhance modeling and predictive capabilities.

model (SERF1 and Nusinov) or as a significant componerit of the
model (EUV91). All of the empirical solar EUV models are simi-
larly limited to producing only full-disk emissions with daily av-
erage values often with a relatively coarse wavelength scale. The
complexity in the models has increased with their attempt to re-
produce solar rotational irradiance variations and other temporal
phenomena. Additional complications have been introduced as the
models attempt to reproduce emissions from specific solar temp-
erature regions and from the evolution of disk features. Distinct
periods in empirical solar EUV modeling are summarized by
Simon and Tobiska [1991] including early theoretical description,
data collection, and empirical modeling.

BACKGROUND

Early Theoretical Description (1900-1937)

The first empirically modeled, time-independent, solar EUV ir-
radiance was described on October 19, 1900, at a meeting of the
Berlin Physical Society. Planck, who had been searching for a
way to reconcile the Wien and Rayleigh-Jeans formulations of the
spectral distribution of blackbody radiation, revealed to the gather-
ing an empirical formulation that fit quite well the experimental
data of the day [Planck, 1901]. This function, Planck's law, is
shown in Figure 2 compared with the Rayleigh-Jeans and Wien's
energy densities and demonstrates the well-known equation
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This formulation, which assumed that the energy of an oscillator
can only take on discrete values, set the stage for the quantum
theory of light and solved the "ultraviolet catastrophe.” This ex-
pressive term referred to the infinitely increasing UV energy with
shorter wavelengths in the Rayleigh-Jeans formulation seen in
Figure 2.

For several decades it was expected that the solar irradiance in

. the EUYV followed the Planck blackbody spectrum. Finally, Saha

[1937] noted that the only reasonable explanation for the forma-
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Fig. 1. Time and wavelength coverage of EUV measurements from satellites (adapted from Schmidtke [1992]).

tion of the first negative bands of nitrogen in the night sky ob-
served at high-altitude sunrise and sunset (z > 200 km) was ion-
ization from solar EUV (0.1 < 66 nm). His contribution to the field
of empirical EUV modeling was based on estimating a photon
flux value. He noted that the number of photons available for N,
ionization, according to Planck’s law, was insufficient given the
total ion production rate needed to maintain a total ionization of
3% 1010 electrons [Chapman, 1931]. Even if only 10% of the ion-
ization were due to N, Saha concluded that an "ultraviolet excess
factor” of 1 x 106 more photons would be needed to maintain the
ionization compared to the theoretical flux provided by a solar
blackbedy at 6500 K. Thus a "fudge factor" of a million times
more photons in the EUV than those predicted by Planck’s law be-
came the next de facto EUV model.

Data Collection (1946- 1980)

It was not until successful sounding rocket flights were made
above the atmosphere that solar EUV observations were actually
taken. The first solar UV flux from a sounding rocket was ob-
tained shortly after the Second World War [Raum et al., 1946].
These rocket experiments later led to the first EUV photographic
spectra below 100 nm which were obtained through photographs
sensitive in the FUV and later EUV. The early history is presented
in a summary by Tousey [1961]. The first spectrophotometric solar
EUV measurements down to 6 nm were presented by Hintereg-
ger [1960] and the broad spectrum between 30 and 120 nm was
described by Hall et af. {1963]. These observations were followed
by rocket flights and satellite measurements that filled in spectral
gaps or provided information leading to the revision of the earlier
results. Timothy [1977] reviewed the history of observations from
30 to 120 nm through the mid-1970s.
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Fig. 2. Comparison of blackbody radiation for Planck’s law,
Wien's law, and Rayleigh-Jeans law. The Planck energy density
spectrum fit experimental data of the day. Relative units of U(})
are in energy density. This spectral distribution is for a 5700 K
blackbody (e.g., the Sun).

Figure 3 shows the solar spectrum published by White [1977] as
a compilation of these early observations. The wealth of emission
lines in the EUV, compared to the Planck solar blackbody in
Figure 2, testifies to the remarkable observational progress in the
three decades following World War I1. Later, Schmidtke [1984],
Lean [1987], Rotiman [1988], and Tobiska [1991] summarized
EUV observations from 10 to 120 nm through the mid-1980s.
Feng et al. [1989] have provided a useful intercomparison of the
integrated flux from 2 to 10 nm and 5 1o 57.5 nm for many of the
rocket observations of the 1970s and 1980s. Schmidtke [1992] has
tabulated the observation periods, wavelength ranges, and results
of the satellite missions monitoring the EUV during this same pe-
riod.

Data Coltection (1981-1989)

There are five rocket and three satellite data sets of the measured
solar EUV irradiance that were obtained during the decade of the
1980s following the AE-E mission. In general, the rocket-mea-
sured irradiances have provided more accuracy in the measure-
ments of the absolte solar flux below 57.5 nm and have provided
calibration opportunities for one satellite data set which is just
completing it's calibration analysis.

The University of Southern California (USC) has flown three
rocket experiments in 1982, 1983, and 1988. Carlson et al.
11984], Ogawa and Judge [1986], and Ogawa et al. [1990] de-
scribe these flights in detail. In brief, the August 10, 1982 flight
occurred during high solar activity conditions where the 10.7-cm
radio flux, Fy, 5, was 210 x 1 022 W m2 Hz'!. The instrument
consisted of a windowless rare-gas (neon) ionization chamber to
measure the total absolute EUV irradiance between 5 and 57.5 nm
to + 7% uncertainty. The same instrument was reflown a year
later on August 16, 1983, when the ¥, ; was 132 representing
moderate to low solar activity conditions. The USC group flew a
third rocket experiment on October 24, 1988, using a newly de-
veloped silicon photodiode to obtain the integrated absolute solar
irradiance between 5 and 80 nm with an uncertainty of +14%. The
Fig.7 of 168 on this date represented moderate solar activity.

The University of Colorado flew two rockets in 1988 [Woods
and Rottman, 1990] and 1989 {Woods and Rottman, 1990; T. N.
Woods, private communication, 1991] which measured solar EUV
irradiance. The first, launched on November 10, 1988, included an
EUYV spectrograph that measured irradiances between 30 and 114
nm with an average wavelength-dependent uncertainty of + 13%
and spectral resolution of 0.5 1o 1 nm. The Fy; of 148 on this date
represented moderate solar activity and this experiment has been
used to calibrate the San Marco satellite EUV measurements dis-
cussed below. The second flight on June 20, 1989 used the same
instrument when F , ; was 243 which represented high solar activ-
iy.

The San Marco 5 satellite carried the Airglow Solar Spectro-
meter Instrument (ASSI) during its mission between March and
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Fig. 3. The solar spectrum from gamma rays to radic wavelengths
from White [1977].

December 1988. Schmidtke et al. [1985], Schmidtke et al. [1992],
and Schmidtke et al. [1993] describe the instrument and prelim-
inary results. The instrument consisted of two spectrometers cov-
ering the wavelength region of 28 nm to the visible with a resolu-
tion of approximately 1 nm. Preliminary conclusions (T. N.
Woods, private communication, 1992) indicate that the contrast
ratios for both chromospheric and coronal emissions measured by
ASSI are similar to those derived using AE-E data, while daily
deviations from simple empirical relationships are of the order of
30%.

The Prognoz 7 satellite operated between November 1978 and
February 1979 during high solar activity. It measured solar EUV
irradiances with an instrument developed by the Institute of
Applied Geophysics of the State Committee for Hydrometeorol-
ogy using a thermoluminescent phosphorus CaSO, (Mn) detector
[Kazachevskaya et al., 1985]. This instrument was sensitive to the
integrated wavelength region of 1 to 130 nm; daily variability
consistent with solar rotational effects has been described by
Ivanov-Kholodny and Kazachevskaya [1981] and Kazachevskaya
and Lomovsky [1992].

The Phobos 1 and 2 spacecraft en route to Mars (July to August
1988 and July 1988 to March 1989, respectively) carried the Solar
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Ultraviolet Radiometer (SUFR) instruments that measured solar
EUYV irradiances on a daily basis and was particularly sensitive to
solar flares at integrated wavelengths less than 130 nm. Kaza-
chevskaya et al. [1991] and Kazachevskaya and Lomovsky [1992]
describe the preliminary results of those observations during large
M and X class flares.

MODELING

EUY Irradiance Modeling (Reference Spectra 1965-1992)

The first comprehensive review of solar EUV modeling was
conducted by Schmidtke [1984] and covered the period through
the early 1980s. A brief synopsis of the activities of this period is
given here. Following a successful rocket observation of a broad
EUYV spectrum in 1963, Hinteregger et al. {1965] tabulated an
EUV flux standard spectrum for quiet solar conditions. The early
resulis were later revised and corrected, leading to a spectrum of
"medium" solar activity with nonflaring conditions [Hinteregger,
1970]. This was followed by the Donnelly and Pope [1973] com-
pilation of an EUV model spectrum for moderate solar activity
that summarized numerous successful rocket and satellite obser-
vations up to the early 1970s. Figure 4 shows the Donnelly and
Pope spectrum where moderate solar activity was defined when
F, 7 was 150. Hinteregger [1976] reviewed the advances in mea-
suring EUV irradiances following the Atmospheric Explorer C
(AE-C) mission in the mid-1970s while Heroux and Hinteregger
[1978] released a revised reference spectrum for moderate solar
activity based upon the detailed study of a 1974 rocket flight.
Roble and Schmidtke [1979] contributed a description of a variety
of typical EUV flux cases for different solar conditions applied to
aeronomical calculations. The most recent reference spectrum
[Schmidtke et al., 1992] has been provided through the San Marco
ASSI calibration based upon the Woods and Rottman {1990]
sounding rocket data. Figure 5 shows this spectrum for moderate
solar activity (F; ; = 150) in 1-nm intervals.

Figure 5 shows that although there is general agreement in the
overall magnitude of important emission features, there are also
differences in the ASSI spectrum compared with SERF1. For ex-
ample, the ASSI emission lines of Lyman-ot (121.6 nm), Lyman-§
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Fig. 4. Moderate solar activity spectrum compiled from several
rocket observations [Donnelly and Pope, 1973). Several discrete
lines that are the most significant EUV emission lines in terms of
magnitude are shown. The remaining flux (both lines and inter-
vals) from Table 2 in Donnelly and Pope has been binned in 1-nm
bins except for emissions below 3.1 nm where the average bin size
is 0.3 nm. The abscissa wavelength conversion is 1 A = 0.1 nm.
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Fig. 5. ASSI solar EUV and FUYV irradiance spectrum in 1 nm intervals (solid line) compared with modeled EUV flux
from SERF1 (dashed line). The figure is from Schmidtke et al. [1992].

(102.6 nm), C IT (97.7 nm), He I (58.4 nm), and He II (30.4 nm)
all have smaller magnitude than SERF1. The He I and H Lyman
continua have different slopes compared with each other. This
suggests that the reference spectra and models still require a closer
correspondence with one another.

As noted by Simon and Tobiska [1991], this period of EUV
modeling was characterized by the presentation of reference spec-
tra under a variety of solar conditions, by the categorizing of
quiet, moderate, and active solar condition spectra, and by the de-
scription of the primary line and continua emission features.
Important morphological features of the irradiance time series
from satellite observations were described by Timothy {1977} in-
cluding the 27-day variation corresponding to solar rotational ef-
fects with a peak-to-valley ratio of + 15% for emissions originat-
ing in the solar chromosphere and the hint of active region evolu-
tion on longer time scales. Rottman [1988] noted that the EUV ir-
radiances varied with the 11-year solar cycle and had a maximum-
to~-minimum ratio ranging from a factor of 2 to greater than 10 de-
pending upon the solar source region for the wavelength.

By the end of the 1970s, it had become customary to represent
solar EUV flux with the F,; values [Neupert, 1967; Hall and
Hinteregger, 1970; Chapman and Neupert, 1974, Schmidtke,
1976}, although it has been pointed out [Timothy, 1977; Donnelly,
1982; Donnelly et al., 19864] that the F,,, , is an unreliable indica-
tor of EUY irradiance variability. Hedin [1984], Donnelly et al.
[1986b], Donnelly [1987b], Tobiska [1988, 1990], Tobiska and
Barth [1990], and Donnelly and Puga [1950] additionally describe
the correlations of full-disk EUV irradiances with F;, ;. Neupert
[1992] describes in detail the correlations between specific solar
EUYV emission lines and the solar 10.7- and 21-cm measurements
in one spatial dimension.

Despite the tremendous observational advances of the period,
the primary weaknesses that existed in solar EUV modeling could
be attributed to the lack of long-term daily irradiance measure-
ments combined with limited proxy representation of the flux.
Reference spectra represented general levels of solar activity and
provided more spectral detail than had been previously available.

EUV Irradiance Proxies

Prior to a continued discussion of EUV irradiance modeling, and
particularly related to the effort to improve proxy representation
of BUV flux, it is useful to describe those proxies, or indices,
which have been correlated to various EUV emissions. Just as
modeling has evolved over time, so has the use of proxies in order
to estimate the EUV irradiances.

The most common proxy of solar EUV irradiance is the F\,
which was previously called the Covington index. The 27-day
variability in this solar radiometric emission, coincident with the
appearance of sunspots, was first described from ground-based
daily measurement during the late 1940s [Covington, 1948]. The
daily F,;,, formerly measured regularly at the Algonquin
Observatory in Ottawa since February 1947, is now measured
with automated equipment at the Penticton (British Columbia) ob-
servatory since June 1991, Gelfreikh [1992] reviews the observa-
tional methods of solar radio astronomy and includes the main
mechanisms for radio radiation generation. Tapping [1987] de-
scribes the two primary emission components of bright, compact
sources and weaker, diffuse emission of the F, ;.

The early connections of Fq 5 with the EUYV irradiances were
made through a sequence of events. Roemer et al. [1983] summa-
rize some of the early connections between the solar EUV, the
decimetric indices, and the thermospheric density variations. First,
observations of 27-day variations in satellite drag [Jacchia, 1958]
were linked to solar rotational radiation variation in F ¢ 5. This
1958 article referred to a previous suggestion that the thermo-
spheric densities actually varied, although it was known at the
time that FIO.’I did not contribute to heating, ionization, nor disso-
ciation processes in the atmosphere. Much more energetic radia-
tion in the UV and EUV was needed to accomplish those tasks.
The first conclusive evidence of solar EUV irradiance (He 1 30.4
nm, Fe XV 28.4 nm, and Fe XVI 33.5 nm) variation with a 27-day
periodicity corresponding to the F, ; and sunspot solar rotational
variability was obtained by the OSO 1 satellite [Neupert et al.,
1964].
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By the late 1970s, modelers [Hinteregger et al., 1981;. (H. E.
Hinteregger, private communication for the World Ionosphere-
Thermosphere Study (WITS) Solar Electromagnetic Radiation
Flux Study (SERFS) program, 1985)] began using other proxies
for EUV variability including several that came from space-based
observations. The AE-E-measured Lyman-p (102.6 nm) and the
Fe XVI (33.5 nm) emissions were selected by Hinteregger to rep-
resent similar solar temperature regions, i.e., the chromospheric
and the coronal emissions, respectively. Later, Tobiska [1988] ex-
plored the use of satellite-measured Lyman-a (121.6 nm) and 0.1
to 0.8 nm X rays to represent chromospheric and coronal EUV
emissions since the proxy emissions selected by Hinteregger were
no longer available on a regular basis.

H I Lyman-c (121.6 nm), H I Lyman-B (102.6 nm), Fe XVI
(33.5 nm), and 0.1 to 0.8 nm X ray emissions must all be mea-
sured above the atmosphere by satellites. There is an exhaustive
literature set covered by several reviews describing the production
mechanisms [e.g., Vernazza et al., 1981; Fontenla et al., 1990,
1991], the observations, and the variability of the Lyman-o, emis-
sion [e.g., Vidal-Madjar, 1977; Lean and Skumanich, 1983; Lean,
1987; Rottman, 1987; Barth et al., 1990]. The 0.1 to 0.8 nm X ray
measurements are also described in an extensive literature base
[e.8., Kreplin et al., 1977; Donnelly, 1981; Donnelly and Bouwer,
1981; Wagner, 1988; Kreplin and Horan, 1992; Kahler, 1992].

An important ground-based proxy which has been correlated
with chromospheric emissions is the equivalent width (EW) of the
He I 1083-nm line, the measurements of which are described by
Harvey [1984] and the formation in the solar atmosphere of which
is described by Vernazza et al. [1981] and by E.H. Avrett (private
communication, 1993). Other ground-based measurements of
chromospheric EUV proxies include the Ca II K (.1-nm index as
described or summarized by White and Livingstone [1978, 1981],
Keil and Worden [1984), and White [1987] and the solar plage in-
dex based on the Ca II K line [e.g., White, 1987]. Space-based
measurements of the Mg II core-to-wing ratio (c/w) at 280 nm
have also provided a reliable proxy for solar EUV chromospheric
irradiances [e.g., Heath and Schlesinger, 1986; Donneily, 19885].
Ground-based measurements of the 530.3-nm green line coronal
index (CI) summarized by Rusin and Rybansky [1992] and
Rybansky and Rusin [1992] are a potential coronal proxy cur-
rently being considered (R. F. Donnelly, private communication,
1991). Finally, the correlations between solar UV and EUV emis-
sions and several of the ground- and space-based proxies have
been extensively discussed or reviewed by Donnelly et al. [1983,
1985}, Donnelly [1987b], White [1987), Tobiska [1988, 1990], and
Lean [1987], for example.

EUYV Irradiance Modeling (Proxy Correlation 1979-1992)

The first complete empirical solar EUV model was developed by
Hinteregger et al. {1981] and fully documented by H. E. Hintereg-
ger (private communication for the World Ionosphere-Thermo-
sphere Study (WITS) Solar Electromagnetic Radiation Flux Study
(SERFS) program, 1985) following the completion of the AE-E
mission. A substantial contribution of this work was the publica-
tion of the cycle 21 solar minimum reference spectrum
SC#21REFW as shown in Figure 6. The emission lines from high-
ly ionized elements and the continua features in Figure 6 are a re-
sult of magnetic activity originating below the surface, coupling
with the solar atmosphere, and exchanging that energy in complex
processes. Linsky [1977)], Spruit [1987], and Zirin [1987] outline
general, theoretical reviews of the processes producing these EUV
lines and continua. The detailed identification of these emission
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Fig. 6. This spectrum represents the July 1976 period from SERF1
with a 0.1-nm wavelength grid where several wavelengths are
missing. The total integrated flux from 5 to 57.5 nm for this spec-
trum is 15.0 x 109 ph cm2 571,

lines and continua can be found by Kelly [1968], Hinteregger
[1969], and Kurucz [1991}].

Emerging from Hinteregger's work was an EUV "class” model
combined with a two-variable F), ; "association” formula for es-
timating the EUV flux. The EUV class model was limited to the
time frame of the AE-E mission between July 1977 through
December 1980. The irradiance values of the EUV class relation-
ship are described in photons cm? s by

L=l g+ Ry - 1) CA) @)

where I, . is the EUV flux at solar cycle minimum. R, is the ratio
for a specific date of a key EUV flux to the solar minimum value.
C()) is a wavelength-dependent scaling parameter for each EUV
wavelength. The two key, &, emissions are H Lyman-p and Fe
XVI where the Lyman-f§ flux was used to estimate other chromo-
spheric emission intensities, and the Fe XVI (33.5 nm) line was
used to estimate other coronal and transition region (hereafter re-
ferred to as coronal) emission intensities.

The association formula (H. E. Hinteregger, private communica-
tion for the World Ionosphere-Thermosphere Study (WITS) Solar
Electromagnetic Radiation Flux Study (SERFS) program, 1985)
used both F, ; daily and 81-day mean values in a linear correla-
tion with AE-E EUV flux values in order to estimate EUV irradi-
ances outside the AE-E time frame. This irradiance association
formulation is described by

* 3
5 =4y Figq+By (Fio7-Fiop) +Cy &)

where F ; is the daily value and F;o.’r is its 81-day mean value.
A, Bx, and C, are obtained from a least squares fit to the AE-E
EUYV data. This model was reviewed by Schmidtke [1984] and
more recently summarized by Rottman [1988] and Tobiska and
Barth [1990]. In the late 1980s, Hinteregger's model was desig-
nated the SERF1 EUV model [Donnelly, 19884].

Foliowing the release of Hinteregger's AE-E data, Nusinov
[1984] developed a two-component model of full-disk solar EUV
irradiance variation based upon nonlinear regression formulas be-
tween F,; ; and the AE-E EUV data set. In this second indepen-
dently derived model, he developed radio background and active
region components such that the EUV wavelengths for seven dis-
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crete lines could be modeled with time variation. An empirically
determined function that fit-the 73, background provided a new
capability for predicting this background component. Figure 7
shows the Nusinov F\,; background component (chromospheric
network), and (4) describes his irradiance model as

I, =B, +B, (F, - A +B, (F |, ~F, @
where the first term is the background component, the second term
is the active region component, and the A, By, B,, and B, coeffi-
cients are found in the work by Nusinov [1984].

The Nusinov background component is

F, = 63 + 482 sin®7 (nt/T) 52T )
where ¢ is time in years from the beginning of the cycle and T is
the period of the cycle also in years. Bruevich and Nusinov [1984]
extended this model throughout the EUV from 10 to 105 nm and
Nusinov [1992] extended the model between 1 and 10 nm in addi-
tion to providing a method for determining the F, background
component for cycles 20 and 21.

The third independent modeling effort by Tobiska [1988] was
characterized by the development of a two-index EUV flux model
based on the Hinteregger et al. [1981] class model concept and
the AE-E data set. It used the H Lyman-o to estimate the chromo-
spheric irradiances and 0.1 to 0.8 nm X rays to estimate the coro-
nal irradiances. Tobiska and Barth {1990] changed and improved
this model by replacing the 0.1 to 0.8 nm X ray index with the
F 7 daily values for use in estimating coronal EUV fluxes and by
incorporating additional rocket EUV measurements to lower the
uncertainty of the absolute irradiance values. This fourth empirical
model by Tobiska and Barth was subsequently designated SERF2
[R.F. Donnelly, private communication, 1989; Tobiska and Barih,
1990] and covered the time frame between October 1981 and
April 1989. Tobiska [1990] detailed the SERF2 model develop-
ment.

SERF1 and SERF2 were compared by Lean [1990] over
timescales of the 27-day solar rotation and the 11-yedr solar cycle.
Significant differences were found between the models and be-
tween each model and the data sets upon which they were based.
The differences appeared in the estimation of absolute intensities,
the magnitude of peak-to-valley variation of irradiance due to so-
lar rotation, and the maximum-to-minimum flux values over the
11-year solar cycle. Lean concluded that neither the models nor
measurements yet provided a consistent picture of long-term vari-
ability in the EUV portion of the Sun's spectrum.
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Fig. 7. Nusinov [1984] provided a F,; , background emission
which is representative of the chromospheric network. He deter-
mined an empirical fit to the data given in (5) in the text. The units
of Fy are 1 x 10-22 W m2Hz 1. The abscissa value is time labeled
with years.
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In an effort to address the weaknesses of SERF2 and in order to
assist the evaluation of the solar data from the San Marco Airglow
Solar Spectrometer Instrument (ASSI) [Tobiska et al., 1993], the
SERF2 model was substantially revised [Tobiska, 1991]. This fifth
model, called EUV91, represents an advance over the previous
EUV models in proxy use, modeling technique, consistency of
model results with data sets, and ability to incorporate into the
model new solar data sets and recent proxy measurements. The
model extends from 1947 to the present for coronal EUV full-disk
irradiances and from 1976 to the present for chromospheric EUV
full-disk irradiances. The solar Lyman-o. (121.6 nm) emission line
and He I 1083-nm EW measurements are used as the independent
model parameters for the chromospheric irradiances while the
F'| g daily and 81-day running mean values are the independent
parameters for the coronal and transition region irradiances. The
tesults of the model are full-disk photon fluxes at 1 AU for 39
EUYV wavelength groups and discrete lines between 1.8 and 105
nm for a given date. Data from the OSO1/3/4/6, AEROS A, AE-E
satellites and six rocket data sets are used in the model develop-
ment. The irradiances from this model are given as

4
FOW) = ag) + 3 a;WF (0 ©

i=1

where F;(t) are the proxy data sets. For example, F(t) is Lyman-
a, F,(t) is He I 1083-nm EW scaled to Lyman-o. values, F3(¢) is
daily F 5, and Fy(1) is the 81-day running mean value of F, ;.
The a; () coefficients are tabulated by Tobiska [1991]. Missing
proxy data are substituted through an empirical relationship with
another proxy for which data exist on given dates, Figure 8 shows
three examples of this model under low, moderate, and high solar
activity conditions on the same wavelength scale as SC#21REFW.
As a detailed example, Table 1 lists the EUV91 irradiance values
for the moderate solar activity case on November 10, 1988, i.e.,
the date of the LASP rocket [Woods and Rottman, 1990]. Figure
9, adapted from Ogawa et al. [1990], shows a comparison of the
mode] with several rocket flights and two previous models, i.e.,
those of Donnelly and Pope {1973] and SC#21REFW [Hintereg-
ger et al., 1981], for the 5 to 57.5 nm integrated flux.

A sixth model, SERF3, is presently under development as a full-
disk muliiple proxy model for chromospheric and coronal emis-
sions. It correlates Mg II (c/w), Ca K 0.1 nm index, He I 1083-nm
EW, F,4 4 530.3-nm, and 0.1- to 0.8-nom data with the AE-E data

. set (R. F. Donnelly, private communication, 1993).

The SERF program concluded with the end of WITS on
December 31, 1989. Since then, much of the international collabo-
rative effort to study long-term changes in the solar iotal and spec-
tral irradiance has been centered in the Solar Electromagnetic
Radiation Study 22 (SOLERS22). The SOLERS22 program, a
project of the Solar-Terrestrial Energy Program (STEP), has posed
two questions to define its work: What are the daily flux values of
the solar spectral irradiance in the X ray, EUV, UV, visible and
infrared wavelength ranges and the total solar irradiance? and
What evolving solar spatial structures cause the temporal varia-
tions of these full-disk fluxes? One project objective is to develop
improved solar flux models for the irradiance variations.

In general, this period of proxy correlation concluded with im-
portant advances. A common strength of all six models is that
each uses multiple indices to estimate solar EUV emissions whose
source regions are in different temperature layers of the solar at-
mosphere. Each model represents, to first order, the 27-day (solar
rotation), intermediate-term (active region evolution and decay),
and long-term 11-year (solar cycle) relative variability of the ir-
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Fig. 8. The EUV91 model solar EUV spectrum for November 26, 1985 (low solar activity), for November 10, 1988
(moderate activity), and for August 10, 1982 ¢high activity) are shown in three panels. The total integrated flux for 5 to

57.5 nm is 17.7 x 10? ph cni? 5! for the November 1985 case, 48.2 x 109 ph cm™2

s! for the November 1988 case,

and 60.3 x 10° ph ent? 5! for the August 1982 case. The He I continuum is visible between 45 and 50.4 nm, the H
Lyman continuum is between 70 and 91.2 nm, and the C I continuum is between 91.3 and 105 nm in each panel.
Discrete emission lines rise considerably higher than the continua. The modeled spectrum is based on the wavelength
ranges of the SC#21REFW spectrum and contains missing lines.

radiance. Each model also estimates the magnitude, phase, rise,
and decline of the measured EUV emissions with uncertainty
(compared 1o the data and neglecting the uncertainty of the data)
from less than + 10% to greater than a factor of + 2 depending
upon wavelength and model. Several generally reliable ground-
and space-based proxies have been found for the chromospheric
and coronal emissions that are now in use or are being developed
for use in models. Lyman-o. and He I 1083-nm EW emissions
were found to be good full-disk indices for chromospheric emis-
sions and F;, ; daily and §1-day mean values were found to be ac-
ceptable indices for transition region and coronal emissions.
Current EUV models are specifically designed for use by the
aeronomy community to provide thermospheric energy inputs.
The solar models provide irradiances at a variety of spectral reso-
lutions for campaign dates, solar maximum to minimum periods,
and terrestrial seasonal time frames. On the basis of the models
and data available at the end of the 1980s, Lean [1988] and
Tobiska [1988] graphically show spectral irradiance ratios for so-
lar maximum to minimum by wavelength and show unit optical
depth penetration into the terrestrial atmosphere for the EUV
wavelengths during solar maximum and minimum conditions.

There are a number of weaknesses still remaining in the models.
First, each of the models has inconsistencies, often in absolute
magnitude of emission, between modeled flux values and ob-
served data. In large part, these inconsistencies can be traced to
phase and amplitude differences in temporal variation between
proxies and data; they can also be traced to errors of approxima-
tion which are inheérent in linear or nonlinear regression tech-
niques as applied to the proxy-data correlations. Additionally,
sparse or discontinuous EUV data also contribute to model uncer-
tainty. These missing data combine with flux magnitude dis-
agreements between the independent EUV data sets that are used
in model correlations. Weighting some data sets over others fur-
ther magnifies modeling uncertainties.

A second weakness is that two of the models (SERF1 and
Nusinov) rely solely on one data set (AE-E) for temporal variation
and for all flux absolute magnitudes. The other models are heavily
influenced by the AE-E data set for temporal variation and rely on
one rocket measurement for absolute magnitudes below 15 nm at
any spectral resolution.

A third weakness is that limited comparison between the solar
EUV models and their inputs into thermospheric/ionospheric
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TABLE 1. EUV91 Modeled Irradiances for November 10, 1988

A* o 7y o A o A ® A @
18.62  7.22B+05 6714 920B+06  90.14 9.53E+06 12765 1.18E+07 19352  1.84E+08
1897  7.22E+05 6735 61SE+06 9045 6.15E+06 12987 8.88E+06 19513 3.01E+08
216  216E+06 6835 7T.07E+06 9071 9.22E+06 1303  2.61E+05 19652  2.73E+07
218 T.2E+05 6965 424E+07 91 1.20E+07 13102 136E+07 19665 8.17E+06
221 216E+06 70 307E+05 0148 SB84E+06 13121 1.25E+07 19744 1.13E+07
2847 3.61E+06 7054 101E+07 9169 166E+07 13621 2.61E+05 19858  2.00E+07
2879 180E+07 7075 9.22E+06 9181 148E+07 13628 2.61E+05 20002  6.32E+07
2952  159E+07 71 135E+07 9209 LI7E+07 13634 2.61E+05 20113 1.07E+08
3002 3.88E+06 7194 3.69E+06 9281 LITE+07 13645 2.61E+05 20205 1.66E+08
3043 2.59E+06 7231 197E+07 9361 172E+07 13648 2.61E+05 20264 9.31E+07
3374 A7JAB+06 7263 492E+06 09407 250407 1412  2.95E+07 20381  822E+07
4095 2.59E+06 728  646E+06 9425 3.07E+05 14427 2.87E+06 20425  3.03E+07
4376  9.06E+06 7295 1.05E+07 9439 S5.23E+06 14504 3.68E+07 20494  2.06E+07
4402 345E406 1347 1.54E+06 949  3.07E+05 1484  7.68E+07 20626 6.32E+06
44.16 388E+06 7355 584E+06 9537 148E+07 1501  2.14E+07 20638 6.32E+06
4566 216E+06 7421 T69E+06 9551 892E+06 15215 3.69E+07 20746 6.32E+06
464  1.16E+07 7444 A00E+06 0581 B8O92E+06 15418 1.94E+07 20833 7.58E+06
4667 173E+07 7483 1.23E+07 9605 252E+07 15773 1.7SE+07 20963 3.79E+06
4787 194E+07 7503 141B+07 9649 S584E+06 15837 4.00E+07 20978  4.63E+06
4922 185E+07 7529 7.69E+06 9683 830E+06 15998 3.66E+07 21132 1.15E+08
5052 1.72E+07 7546 147E+07 9712 1.60E+07 16037 3.10E+07 21214  3.37E+07
5069 172E+07 7573 T69B+06 9751 O.22E+06 162  1.55E+07 21378 1.05B+07
523 108E+07 7601 9.84E+06 9787 7.0TE+06 16415 1.04E+07 21475 1.81E+07
5291 3.07E+05 7648 3.07E+06 9812 830E+06 1675  5.49E+07 215.16  6.11E+07
5415 2.52E+07 7683 126E+07 9826 830E+06 16817 1.01E+08 21688 4.21E+07
5442 1.11E+07 7694 101E+07 985  7.99E+06 16855 5.77E+07 21819  7.79E+07
5506 1.23E+07 773  S892E+06 9971 6.15B+06 16892 3.55E+07 219.13 3.03E+07
5534 326E+07 7174 120E+07 9999 830E+06 1697  6.59E+07 220,08 4.34E+07
5608 78E+06 7856 9.22E+06 10054 2.19E+07 17108 8 66E+08 2144  7.50E+07
5692 228E+07 787  8.61E+06 10301 392E+06 17217 3.15E+07 22182 3.79E+06
5736 191E+07 7908  S5.84E+06 10315 2.61E+05 17308 6.03E+07 22474 1.76E+08
5756 154E+07 7948  5.53E+06 10358 1.59E+07 17458 7.57E+08 22512 3.22E+08
5788 132E+07 7976  7.07E+06 10394 159E+07 17526 9.32E+07 22701 1.75E+08
5896 2.1SE+06 80 430E+06 10523 133E+07 17724 4.58E+08 22719  8.43E+05
59.62 2.15E406  80.55  7.07E+06 10625 5.228406 17805 5.77E+07 22747 124E+08
603  T60E+06 8243  151E+07 108.05 3.92E+06 17927 1.13E+06 287  8.59E+07
6085 1.11E+07 8274  7.99E+06 10998 261E+05 17975 5.80E+07 230.65 5.A48E+07
6107 178E+07 8284  7.99E+06 110.56 261E+05 18041 5.04E+08 23155 6.66E+07
61.63 892E+06 8342  138E+07 11062 261E+05  181.14 S5.97E+07 2326  9.69E+07
619  154E+07 8367 1.17E+07 11076 392E+06 18217 6.51E+07 23384  1.52E+07
623  3.07E+05 84 1.57E+07 11116 2.61E+05 18345 4.22E+06 23438 139E+08
6235 338E+06 8677  1.41E+07 11125 125E+07 18453 1.23E+08 2712 1.64E+07
6277 105B+07 8686  5.84E+06 113.8  7.84E+06 1848  6.48E+06 2372 843E+05
6316 10IE+07 8698  9.S3E+06 11409 6.79E+06 18521 5.13E+07 23733 8.13E+07
633  166E+07 873  7.38E+06 11424 2.61E+05 1866  9.01E+06 23987 8.43E+07
6365 126B+07 8761  6.15E+06 11539 261E+05 18687 6.51E+07 24071  7.04E+07
6411 338E+06  88.09 138E+07 11582 627E+06 18795 1.97E+06 24174 3.77E+08
646  7.69E+06 8811  1.88E+07 11675 102E+07 18823 2.73E+07 243.03  3.67E+08
6521 9.20E+06  88.14  3.07E+05 1172  6.79E+06 18831 3.38E+08 2378 2A0E+07
6571 126E+07 8842  S5.84E+06 1204 261E+05  190.02 1.19E+08 24492  2.44E+08
6585 9.22E+06  88.64  7.38E+06 12115 2.61E+05 19104 2.96E+07 24594  4.21E+06
6626 9.22E+05 889  1.17E+07 12179 2.87E+06 19134 2.53E+07 24621  9.61E+07
663  117E+07  89.14  8.30B+06 1227 1.07E+07 1924  1.13E+08 24691 4.93E+07

1.23E+406 897  9.22E+06 1235 679E+06 19282 1.66E+08 247.18 1.05E+08

66.37

models has been done. This is in spite of the fact that there is
widespread -aeronomy community use of the solar minimum and
solar maximum reference spectra that were derived from the AE-
E data set [e.g., Roble, 1987; Donnelly, 1987a]. Donnelly (private
commiurnication; 1990) noted that SERF1 and SERF2 concentrated
on relative temporal vatiations rather than absolute fluxes and that
nio. comparisons with spatially resolved solar measurements had
yet been made. In addition, no terrestrial atmosphere model evalu-
ationis using these temporal solar flux models had been completed
by the end of the decade.

Buonsanto et al. [1992] have begun this process of comparing
atmospheric data sets and solar EUY models and have obtained
interesting results. They compared measured and modeled elec-
tron densities in the E-F, region ionosphere. The modeled electron
densities were produced by two separate photochemical models
using SERF1, EUV91, and rocket-measured solar EUV flux. They
concluded that although the photochemical models generally un-
derestimated the atmospheric data, especially in winter, the model
results were an improvement over previous work when the new
solar data were used. In particular, since the EUV91 model pro-
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TABLE 1. (continued)

A* ot A @ A @ A ® A @
249.18 5.06E+06 401.14 9.33E+07 499 8.55E+07 712.7 2.29E+07 761 1.04E+07
2511 513E+06 40194 247E+08 49937 576E+08 713 258E+06 76113 S5.11E+07
25195 146E+08 40326 144E+08  S00  424E+07 714  258E+06 762  1.06E+07
25219 1.03E+08 41724 238E+07 501  449B+07 715 277E+06 76201 7.69E+07
253.78 1.06E+08 43047 2.22E+08 502 4.70E+07 716 2.77E+06 763 1.08E+)7
25632 5.92E+08 436.7  3.31E+08 503 4.95E+07 717 2.77E+06 764 1.12E+07
25638 2.33E+08 453 9.67E+06 504 5.27E+07 718 3.14E+06 765 1.15E+07
256.64 9.61E+07 454 9.67E+06 50793 2.71E+08 7185  9.80E+07 765.15 3.28E+08
25692 160E+07 455 = 9.67E+06 5156 LISE+08 719  3.14E+06 766  1.17E+07
25716 A421E+08 456  O.67E+06 52066 126E+08 720  3.14E+06 767  L19E+07
25739 115B+08 457  O9.67E+06 5258 2.67E+08 721  3.14E+06 768  1.23E+07
25836 545E+08 458  9.67E+06  537.02 658E+08 722 332E+06 769  1.26E+07
25952 232E+08 459  9.67E+06 5428 820E+07 723 3.32B+06 770  1.28E+07
26105 269E+08 460  1I9E+07 550  131E+08 724  351E+06  770.41 4.15E+08
26299 128E+07 461  LI9E+07 55437 643E+08 725  351B+06 771 134E+07
26424 200E+08 462  1.19E+07 5586 348E+08 726  3.5iE+06 772 137E+07
2648  192E+08 463  119E+07 5628 464E+08 727  3.51E+06 773 1.39E+07
27051 1.60E+08 464 1.19E+07 568.5  2.93E+08 728 3.69E+06 774 1.46E+07
27199 292E+08 465  149E+07 5723 390E+08 729  3.69E+06 775  L46E«07
272.64 5.64E+07 46522 271E+08 5804  6.29E+07 730 4.06E+06 776 2.60E+07
27419 320E+08 466  149E+07 58433 339E+09 731  4.06E+06 77601 1.50E+07
27535 138E+08 467  149E+07 5924  1.09E+08 732 4.06E+06 777  LS5TE+07
27567 11SE+08 468  186E+07  599.6 108E+09 733  443E+06 778  L59E+07
27615 391E+07 469  186E+07 60976 100E+09 734  443E+06 779 161E+T
27684 A81E+07 470  186E+07 6166 225E+08 735  443E+06 780  L6SE+07
277 192B+07 471 186E+07 62493 135E+09 736  4.62E+06 78032 2.88E+08
27727 A04E408 472 216E+07 62973 228E+09 737  4.62E+06 781  L70E+07
2784  154E+08 473 216E+07 6385 336E+08 738  4.99E+06 782  L76E+07
28141 673E407 474 245E+07 64041 797E«07 739  4.99E+06 783  L79E«07
284.15 2.08E+09 475 245E+07 64093 9.45E+07 740 4.99E+06 784 1.83E+07
2857 923E+07 476 245E+07 64181 124B+08 741 S5.17E+06 785  1.90E+07
289.17 7.56E+07 477  283E+07 6441 147E+08 742 535B406 78  1.92E+07
29069 192E+08 478  283E+07 6503 389E+07 743  535E406 78647 3.23E+08
2917  9.61E+07 479 305E+07 6573  154E+07 744  S5.54E406 787 2.01E+07
29278 282E+08 480  3.05B407 6614 154E+07 745  S554E+06 78771 4:20E+08
29619 320E+08 481  335B+07 6715 264E+07 746  S591E+06 788  2.03E+07
2995 557E+07 482 335E+07 6817 944E+07 747  6.09E+06 789  2.09E+07
30331 163E+09 483 372E+07 68571 252E+08 748  6.28E+06 790  2.12E+07
30378 874E+09 484  4.02E+07 6908 S21E+07 749 6.28E+06  790.15 7.22E+08
31502 105E+09 485  4.02E+07 6943 563E+07 750  T.72E+06 791  2.20E+07
3162  884E+08 486  431E+07 700  185E+06 75001 893E+07 792  2.25E+07
31901 137E+08 487  454E+07 701  185E+06 751  8.16E+06 793  2.27E+07
31983 LISE+09 488  491E+07 702  185E+06 752  8.16E+06 794  2.36E+07
32056 3.69E+07 489  491E+07 703  2.03E+06 753  8.38E+06 795  243E+07
33541 267E+08 4895  8.18E+07 70336 4.56E+08 754  B.60E406 796  2.47E+07
34513 7.56E+08 490  S521E+07 704  203E+06 755  8.60E+06 797  2.54E+07
34574 6.60E+08 491  550E+07 705  2.03E+06 756  9.04E+«06 798  2.62E+07
34739 L11E+09 492 S87E+07 706  2.03E+06 757  9.26E«06 799  2.67E+07
34985 7.56E+08 493  6.17E+07 707  2.03E+06 758  9.48E+06 800  2.31E+07
356.01 1.77E+09 494 6.4GE+07 708 2.03E+06 758.68 7.69E+07 801 2.40E+07
3608  299E+08 495  7.06E+07 709  2.03E+06 759  1.01E+07 802  2.44E+07
36448 129E+09 496  736E+07 710  240E+06 75944 S.89E+07 803  2.51E+07
36807 9.88E+08 497  7.73B+07 711 240E+06 760  10IE+07 804  2.50E+07
399.82 2.67E+08 498 8.03E+07 712 2.40E+06 760.3 2.05E+08 805 2.63E+07

vides generally greater intensities at short wavelengths compared
to SERF1, the modeled electron densities using EUV91 were in
better agreement with the data in and above the E-F, region.
However, Lyman-8 flux from EUV91 produced smaller E-region
peak densities than the rocket-measured flux, the latter which pro-
vided modeled electron densities in closest agreement with the
data.

Siskind et al. [1992] have also utilized solar EUV irradiances
from EUV91 and SERF1 in a comparative study. The flux from

each model was used as the solar input to a photoelectron model
and the resultant modeled photoelectron ‘ﬂu:_c was compared with
the Low Altitude Plasma Instrument (LAPI) photoelectron data
from the Dynamics Explorer (DE) 2 satellite. They concluded that
EUYV91 yields an improved fit to the LAPI data as compared to
SERF1. However, they also point out that all models still probably
underestimate the magnitude of solar flux for wavelengths less
than 4 nm.
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TABLE 1. {continued)

¢T

A A ) A @ A @ A )
806 2.70E+07 859 1.15E+08 912 3.93E+08 953 8.89E+06 1003 2.21E+07
807 2.78E+07 860 1.18E+08 913 4.55E+06 954 8.89E+06 1004 2.25E+07
808 2.85E+07 861 1.21E+08 913.99 2.94E+08 955 9.07E+06 1005 2.30E+07
809 291EH07 862 1.24E+08 914 4.55E+06 956 9.42E+06 1006 2.34E+07
810 2.98E+07 863 1.27E+08 91499 2.46E+08 957 9.60E+06 1007 2.38E+07
811 3.07E+07 864 1.30E+08 915 4.55E+06 958 9.78E+06 1008 2.43E+07
812 3.15E+07 865 1.34E+08 91599 2.18E+08 959 9.96E+06 1009 247E+07
813 3.22E+07 866 1.37E+08 916 4.74E+06 960 9.96E+06 1010 2.50E+07
814 3.32E+07 867 1.40E+08 916.99 1.90E+08 961 1.01E+07 10102 1.53E+08
815 3.41E+07 868 1.44E+08 917 4.74E+06 962 1.03E+07 1011 2.54E+07
816 347E+07 869 ‘1.48E+08 918 5.12E+06 963 1.05E+07 1012 2.59E+07
817 3.56E+07 870 1.51E+08 91899 1.90E+08 964 1.08E+07 1013 2.66E+07
818 3.63E+07 M 1.55E+08 919 5.12E+06 965 1.10E+07 1014 2.70E+07
819 3.76E+07 872 1.59E+08 920 5.31E+06 966 1.12E+07 1015 2.75E+07
820 3.82E+07 873 1.63E+08 92096 2.18E+08 967 1.16E+07 1016 2.79E+07
821 3.95E+07 874 1.68E+08 921 5.31E+06 968 1.17E+07 1017 2.84E+07
822 4.04E+07 875 1.72E+08 922 5.31E+06 969 1.19E+07 1018 2.90E+07
823 4.15E+07 876 1.76E+08 923 5.69E+06 970 1.21E+07 1019 2.95E+07
84 4.27E+07 877 1.80E+08 923.15 2.27E+08 971 1.23E+07 1020 3.01E+07
825 4.36E+07 878 1.85E+08 924 5.69E+06 972 1.24E+07 1021 3.06E+07
826 447TE+07 879 1.90E+08 925 5.87E+06 972.54 147E+09 1022 3.11E+07
827 4.60E+07 880 1.95E+08 926 5.87E+06 973 1.26E+07 1023 3.17E+07
828 4.69E+07 881 2.00E+08 9262 2.37E+08 974 1.28E+07 1024 3.20E+07
829 4.82E+07 882 2.05E+08 927 6.06E+06 975 1.32E+07 1025 3.20B+07
830 4.96E+07 883 2.10E+08 928 6.06E+06 976 1.35E+07 1025.72 1.18E+10
831 5.07E+07 884 2.15E+08 929 6.25E+06 977 1.39E+07 1026 3.35E+07
832 5.20E+07 885 2.21E+08 930 6.25E+06 977.02 1.04E+10 1027 3.40E+07
833 5.35E+07 886 2.26E+08 930.75 2.46E+08 978 1.40E+07 1028 3.47E+07
834 5.46E+07 887 2.32E+08 931 6.44E+06 979 1.42E+07 1029 3.55E+07
8342 1.24E+09 888 2.38E+08 932 6.44B+06 980 1.46E+07 1030  3.60E+07
835 5.63E-+07 889 244E+08 933 6.63E+06 981 1.48E+07 1031 3.65E+07
836 5. 14E+07 890 2.50E+08 933.38 1.86E+08 982 1.49E+07 103191 7.66E+09
837 5.89E+07 891 2.57E+08 934 6.63E+06 983 1.51E+07 1032 3.73E+07
838 6.04E+07 892 2.63E+08 935 6.82E+06 984 1.56E+07 1033 3.78E+07
839 6.20E+07 893 2.70E+08 936 6.82E+06 985 1.58E+07 1034 3.87E+07
840 6.35E+07 894 2.76E+08 937 7.01E+06 986 1.60E+07 1035 3.94E+07
841 6.54E+07 895 2.83E+08 9378  3.60E+08 987 1.64E+07 1036  4.00E+07
842 6.67E+07 896 2.91E+08 938 7.20E+06 988 1.65E+07 1036.34 7.52E+08
843 6.86E+07 897 2.98E+08 939 7.20E+06 989 1.71E+07 1037 4.07E+07
844 7.02E+07 898 3.05E+08 940 7.39E+06 989.79  3.40E+08 1037.02 8.46E+08
845 7.21E+07 899 3.13E+08 941 7.39E+06 990 1.72E+07 1037.61 3.07E+09
846 7.40E+07 900 2.91E+08 942 7.77E+06 991 1.78E+07 1038 4.16E+07
847 7.58E+07 901 2.98E+08 943 8.15E+06 991.55 6.80E+08 1039 4.23E+07
848 7.77E+07 902 3.06E+08 944 8.15E+06 992 1.80E+07 1040  4.32E+07
849 7.95E+07 903 3.14E+08 944.52 1.23E+08 993 1.83E+07 1041 4.37E+07
850 9.16E+07 904 3.22E+08 945 8.34E+06 994 1.85E+07 1042 4.46E+07
851 9.42EH07 904.1  2.22E+08 946 8.53E+06 995 1.88E+07 1043 4.55E+07
852 9.65E+07 905 3.30E+08 947 8.53E+06 996 1.92E+07 1044  4.63E+07
853 9.92E+07 906 3.38E+08 948 8.72E+06 997 1.94E+07 1045 4.70E+07
854 1.01E+08 907 347E+08 949 8.91E+06 998 2.01E+07 1046 4.81E+07
855 1.04E+08 908 3.56E+08 949.74 6.63E+08 999 2.04E+07 1047 4.88E+07
856 1.07E+08 909 3.64E+08 950 8.36E+06 1000 2.11E+07 1048 4.97E+07
857 1.10E+08 910 3.74E+08 951 8.54E+06 1001 2.12E+07 1049 5.04E+07
858 1.12E+08 911 3.83E+08 952 8.71E+H06 1002 2.16E+07 1050 0.00E+00

Read 7.22E+05 as 7.22 x 10°.
Wavelength in A.
Flux in photons cm2 -1
DISCUSSION ducible by the models, including solar cycle (11-year) magnitude,

There are a number of basic requirements for full-disk empirical
EUYV irradiance models. The models must have wavelength repre-
sentations of discrete lines, continua, and intervals which are
compatible with user requirements. The models must demonstrate
consistency between their results and the data sets for all periods
of solar activity. Several physical phenomena must be repro-

phase, rise, and decline, solar rotation (27-day) magnitude and
phase, and differences in emissions from specific solar regions
and features. Our current understanding of physics should be rep-
resented in the models, i.e., accuracy in continua and line shapes.
Finally, the models should allow easy application to special cases
such as solar minimum, solar maximum, and campaign dates.

In order to improve substantially on current models, work is
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Fig. 9. The total integrated solar EUV flux from 5 to 57.5. nm
adapted from Ogawa et al. [1990]. Organizations that made indi-
vidual rocket measurements are described in that reference. The
USC data have the lowest uncertainty and are denoted by dia-
monds. The model values for a variety of levels of solar activity,
as indicated by F\, ; in the abscissa, are shown as filled circles
with no error bars. Additional data points have been added: the
AEROS A satellite measurement on January 19, 1973, when F 107
= 95, which had an integrated flux of 34.6 x 10 ph cm2 5

+20% described by Schmidtke [1976]; the Donnelly and Pope
[1973] (DP) integrated flux; and the SC#21REFW integrated flux.
The integrated fluxes for the two latter spectra are 26.9 x 10% ph
em2 571 (F g7 =150) and 15.0 x 10° ph cmi? 57! (F | 5 = 68), re-
spectively. They are denoted by a cross on the figure.

needed in several areas. The primary goal is to obtain regular,
consistent measurements above the atmosphere with high photo-
metric accuracy over a substantial part of the solar cycle. Far and
above anything else, these measurements improve solar EUV mo-
deling. For example, one area is that there still have not been un-
ambiguous full-disk measurements over a full solar cycle with a
set of calibrated or intercalibrated instruments A second area, in-
strument calibration, is an issue addressed by Neupert [1986],
Schmidtke [1992], and Parkinson et al. {1992). For a third area,
one notes that within and between the existing satellite data sets
there are gaps. Fourthly, not all usable data sets have been incor-
porated into the present models. Finally, a comparison of the AE-
E and San Marco data sets for the ascending phase of the solar cy-
cle, exemplified by work started by Schmidrke et al. [1993}, is
useful to better understand the solar variations in solar cycle
phases.

There are also secondary areas of work within the context of
obtaining more data that improve sclar EUV modeling. For exam-
ple, long-term data with high spectral, temporal, and spatial reso-
lution throughout the EUV are needed. Combined spectral, tempo-
ral, and spatial resolution allows the incorporation of solar physics
into modeis. This results from connecting the irradiance variations
to solar feature evolution (e.g., active regions, network emission,
loops, and holes) and to center-to-limb functions. These irradi-
ances differ from background or full-disk emissions.

Spectral resolution much less than 0.1 nm allows lines shapes to
be modeled and species' temperatures over defined altitude re-
gions to be determined. Higher spectral resolution measurements
of full-disk emissions allows higher resolution distinctions be-
tween chromospheric and coronal lines that are spectrally close to
one another such as He IT 30.378 nm and Si XI 30.331 nm lines.
Higher resolution allows the differentiation of weak emission lines
from nearby continua emissions. Finer spectral resolution also-as-
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sists the development of spectrum formats with highly defined line
binning. An example of this is in the region of 0.1 < 3 nm where
several inner shell electron ionization thresholds exist. Higher res-
olution wavelength binning is possible with better known atmo-
spheric constituent absorption cross sections [Conway, 1988]. S.
C. Solomon (private communication, 1992) suggests a refinement
of the wavelength binning format used in SERF1 and EUV91 en-
compassing 95 wavelength intervals including the brighter emis-
sion features and continuum intervals between 0.1 and 205 nm.

Temporal resolution of the order of minutes allows periodic he-
lioseismic and flare activity to be modeled. Spatial resolution on
the arcsec level allows investigation and modeling of the small-
and medium-scale dynamics of the solar subsurface, photosphere,
and atmospheric layers based upon their deviations from the solar
"climatological” norms. Current developments in imaging tech-
nology strongly encourage these studies in solar physics.

From an aeronomical perspective, thete are important solar EUV
questions to be resolved. For example, during solar cycle min-
imum conditions should an EUV flux value be used for the 5 to
57.5 nm total integrated flux that is higher than irradiances mea-
sured by rockets in the 1970s? Richards and Torr [1984], Ogawa
and Judge [1986), Link et al. [1988], and Winningham et al.
[1989] suggest that some or all of the total flux in that wave-
length range be higher during low solar activity by up to a factor
of 2. Either the entire range of 5 to 57.5 nm should have greater
flux or the shorter wavelengths should vary more dramatically
than those variations presently modeled. In the latter scenario the
total flux of 5 to 57.5 nm remains approximately the same. The
longer wavelengths contribute the bulk of the measured photons
while the shorter wavelengths provide more secendary ionization
energy into the lower thermosphere. Inclusion of the AEROS B
[Schmidtke et al., 1974; Schmidtke, 1979] and SOLRAD [Kreplin,
1970; Kreplin et al., 1977; Kahler and Kreplin, 1991; Kreplin and
Horan, 1992] data in EUV models will potentially answer that
question. These data, which are archived with the NSSDC
(AEROQS B) or need to be digitized (R. Kreplin, private communi-
cation, 1991), have not yet been included in contemporary EUV
models. Soviet Prognoz data may also aid in this research as
would combined ionization cell and spectrographic EUV measure-
ments during solar minimum conditions in the mid-1990s.

A corollary question is whether or not a value for the soft X rays
(0.1 < 10 nm) should be used which is substantially higher by
more than an order of magnitude at all levels of solar activity?
Barth et al. {1988] and Siskind et al. [1990] suggest from lower
thermospheric nitric oxide {NO) data and model comparisons that
these soft X rays should be scaled upwards significantly (up to 60
times). Inclusion into EUV models of the SOLRAD data and the
new YOKHOH data binned into full-disk values may provide an
answer.

Another question can be posed. Can the EUYV irradiances that
produce F- and E-region ionization be estimated with better abso-
lute accuracy? Measured electron densities are still higher by 30 to
50% or more, depending upon date, compared to state-of-the-art
ionospheric model calculations (PRIMO workshop, 1991 CEDAR
meeting; M. Buonsanto, private communication, 1991). Even
slight increases in solar EUV irradiance values of the order of 5 to
10% would contribute to a clearer understanding of ionospheric
variability if this flux were to have less uncertainty than the solar
data that are presently used. The low, moderate, and high solar
activity measurements by the AEROS A/B, SOLRAD, and San
Marco satellites, combined with recent and pending solar rocket
measurements (T. N. Woods, H. Ogawa, and S. Chakrabarti, pri-
vate communications, 1991) will potentially improve ionospheric
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modeling by constraining the solar Lyman-f and the soft X rays to
more accurate irradiance values. There are new techniques to esti-
mate Lyman-§ flux through proxy use [Bouwer, 1992] which ad-
ditionally may help constrain the range of energy input to the E-
region for peak ionization modeling and which have not yet been
included in EUV models,

Another aeronomically important task is the extension of EUV
models into the FUV to connect with existing data sets from the
Solar Mesosphere Explorer (SME) and Upper Atmosphere
Research Satellite (UARS) and 1o overlap with UV empirical
models. Of particular interest in the FUV are important discrete
lines like 121.6 nm (H I) and 130.4 nm (O I) as well as the Schu-
mann-Runge continuum and bands.

Some contemporary solar EUV models use multiple linear re-
gression techniques to correlate the independent proxy data sets
with the EUV data sets, thus allowing the opportune inclusion of
new proxy or EUV data as they become available. However, there
may be other techniques for modeling the irradiance variations
that have not yet been investigated. Nusinov {1984, 1992] used
nonlinear regression formulas that provide an interesting step in
this direction.

New proxy candidates for chromospheric emissions (6000-
10,000 K) include space-based observations of He I (58.4 nm), He
IT (30.4 nm if it can be resolved from the Si XI line), and Mg I
(c/w) along with the ground-based observations of Ca II K plage
and Ca K 0.1-nm index. These candidates complement the
Lyman-o and He I 1083-nm EW proxies presently being used.
New proxy candidates for transition region irradiance (T > 20,000
K) include space-based observations of Fe IX (16.9-17.3 nm) and
Fe XI (18 nm). A candidate irradiance proxy of the low-tempera-
ture (T = 1 X 10 K) coronal emission is the space-based observa-
tion of Fe XII (20-20.4 nm). Hot coronal irradiance proxy candi-
dates (2 or 3 x 106 K) include the space-based 0.1 to 0.8 nm X
rays and the Fe XV (28.4 nm) along with the ground-based coron-
agraph observations of the Fe XIV (530.3 nm) green line. The
transition region and coronal candidates complement the present
Fi¢.7 daily and 81-day mean value ground-observed data. R. F.
Donnelly (private communication, 1991) has indicated that
SERF3 will take advantage of many of these new proxies.

Important improvements in empirical models may incorporate
more physical processes into the irradiance variations. For exam-
ple, the provision of the theoretical solar blackbody continuum
that underlies the line emission is important for those parts of the
spectrum where few lines are prominent. This theoretical contri-
bution to empirical models might first occur through the incorpo-
ration of the He I, Lyman, and C I continua slopes and magni-
tudes.

There are other long-term objectives for developing accurate
solar EUY empirical models in addition to the need for under-
standing fundamental solar physics and solar-terrestrial energy
coupling. For example, accurate modeling capabilities fulfill fu-
ture aerospace requirements. Those requirements anticipate daily
or hourly full-disk predicted EUYV irradiance values to be utilized
for satellite operational purposes.

A current major goal of STEP is to advance the quantitative un-
derstanding of the coupling mechanisms responsible for the trans-
fer of energy and mass between regions of the solar-terrestrial sys-
tem. Solar EUV irradiance modeling which is linked to iono-
spheric and upper atmospheric modeling continues to be an impor-
tant element of that study. The culmination of the current stage of
empirical EUV modeling refinements is an EUV component of a
COSPAR international reference solar model. This activity is co-
ordinated within the goals of the Solar Electromagnetic Radiation
Study for Solar Cycle 22 (SOLERS22).
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SUMMARY

Empirical solar EUV irradiance modeling, starting with empiri-
cal solar blackbody function fitting, has progressed through fudge
factors and reference spectra to muliiple linear correlations using
sparse data sets. After four decades of rocket and satellite mea-
surements that provided typical (or reference) fluxes and time se-
ries measurements, three independently derived empirical models
were completed by the beginning of the 1990s. These are
Hinteregger's 1981 SERF1, Nusinov's 1984 two-component, and
Tobiska's 1990/1991 SERF2/EUV91 models that provide daily
full-disk flux values from 2 to 105 nm at 1 AU. The models fol-
lowed, or were coincident with, the development of four reference
spectra. These latter spectra were the Hinteregger EUV flux stan-
dard in 1965 for quiet solar conditions, the Donnelly and Pope
moderate solar activity spectrum in 1973, the Hinteregger
SC#21REFW solar minimum reference spectrum in 1981, and the
Schmidtke ASSI reference spectrum for moderate solar activity in
1992.

Efforts to refine EUV models are still in progress. Issues cur-
rently being considered include finer spectral, temporal, and spa-
tial resolution within the context of obtaining regular and accurate
EUV flux measurements. More complete use of existing full-disk
data sets is also contemplated where temporal and spectral gaps in
existing models can be filled in. Atmospheric and ionospheric
modeling, with its use of modeled solar EUV irradiances, provides
an integrity check for the solar models. The solar models, with
some of the proposed revisions, can answer several important
questions related to solar-terrestrial coupling. In particular, ques-
tions related to secondary ionization, NO production, and E-region
peak densities can be addressed with models which incorporate
the contemplated revisions. Proposed extensions of EUV models
into the FUV provide the basis for self-consistent solar irradiance
modeling useful for aeronomical applications. Improved EUV
models will advance our understanding of the fundamental cou-
pling of energetics in the Sun-Earth system and will provide the
foundation for a new generation of operational and prediction
models at the tum of the century.
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