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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. 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].



