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Abstract. Several semi-empirical models of the terrestrial upper atmosphere are presently available.
These models take into account solar activity effects by using the solar decimetric flux as an index. Such
a procedure is a consequence of the lack of continuous determinations of the solar spectrum directly
responsible for the physical structure of the upper atmosphere. Variations of the thermopause tem-
perature are discussed. Using five sets of solar irradiances measured in the ultraviolet and in the extreme
ultraviolet, the penetration of solar radiation is analyzed as a function of solar activity. Several examples
of absorption profiles and ion production rates are discussed for variable conditions. Various energetic
effects are also described. All computations are made for physical conditions above Scheveningen
(52.08° N) where the 14th ESLAB symposium was held.

1. Introduction

Soon after 1900 it became progressively clear that the propagation of wireless waves
is influenced by ionized particles in the upper atmosphere. Around 1925, the
ionizing agent was tentatively attributed to solar ultraviolet radiation. The absence
of direct measurements of this radiation, the lack of laboratory data on absorption
cross sections and recombination coefficients and the poor knowledge of the upper
atmosphere composition lead to several contradictory explanations. The early
ionospheric investigations described by Bates (1973), Waynick (1975), and Ratcliffe
(1978) are, however, a first milestone for our understanding of the upper atmos-
phere. Ground based radio propagation experiments remained a unique technique
until the advent of space vehicles.

The first ultraviolet solar spectrum down to 240 nm was recorded at 55 km altitude
on October 10, 1946 using a V-2 rocket (Baum ef al., 1946) and Johnson et al.
(1952) observed shorter wavelengths above 100 km in 1949. These experiments
opened a new area for upper atmosphere research, since they proved the existence
and the measurement feasability of the short wavelength part of the solar spectrum.
Since that time, significant progress has been achieved in the measuring techniques
which will not be discussed here. The primary objective of this paper is to stress the
importance of reliable solar ultraviolet data for a quantitative understanding of the
physical phenomena occurring in the upper atmosphere. Such an objective is
sometimes in conflict with the primary interest of solar physicists since they may
consider the Earth’s atmosphere as an obstacle. It is, however, suitable to know the
structure and the behavior of an obstacle if one wants to avoid it.
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As a consequence the behavior of the upper atmosphere as a function of solar
activity is discussed in the framework of the limited amount of solar ultraviolet data
presently available.

2. Solar Activity and Temperature of the Thermosphere

After the launching of the first artificial satellites, Jacchia (1959), Groves (1959),
Priester (1959), and King-Hele and Walker (1959) showed almost simultaneously
that the apparently erratic fluctuations of the orbital periods are a direct con-
sequence of total density variations in the upper atmosphere. Satellite drag data
actually lead to a determination of the atmospheric total density in the vicinity of
the satellite perigee. Variations of the total density at a given height may result from
composition changes and/or temperature modifications. Above the mesopause,
near 85 km altitude, molecular oxygen is photodissociated by solar radiation with
wavelengths shorter than 175 nm and atomic oxygen becomes progressively more
abundant than O, and N, as a consequence of diffusive separation in the Earth’s
gravitational field. Furthermore, diffusive transport is such that two minor con-
stituents at the mesopause, namely helium and atomic hydrogen, become success-
ively the most abundant components above 500 km altitude. In such an over-
simplified picture, the terrestrial thermosphere is characterized by four belts in which
molecular nitrogen, atomic oxygen, helium and atomic hydrogen are successively
the most abundant constituents (Kockarts and Nicolet, 1962, 1963). For a given
temperature profile, the vertical variation of the total density is, however, insufficient
to explain the observed drag data over a long period of time. It is actually necessary
to introduce temperature variations which also affect the atmospheric composition.
Temperature variations can be induced by particle transport processes, by day to
night variations and by changes of the external heat sources. The importance of
molecular heat conduction and of external heat sources were indicated by Lowan
(1955) and Johnson (1956) in several attempts to construct thermospheric models.
Detailed calculations of theoretical models are extremely difficult, since they require
a simultaneous solution of continuity, momentum and energy conservation
equations. Even with an appropriate mathematical technique, it is still necessary to
make use of experimental results for upper and lower boundary conditions. Solar
ultraviolet fluxes below 175 nm are among the most important boundary conditions
and these data should be available for all solar activity conditions.

Present thermospheric models are, however, based on an empirical approach
partially justified by the lack of continuous solar ultraviolet flux measurements and
by the mathematical difficulties to solve the coupled conservation equations. Several
types of vertical temperature profiles are commonly used in thermospheric
modelling. A practical profile which allows an analytical expression for the vertical
distributions of the atmospheric constituents was introduced by Bates (1959). It
should be realized that this profile is not a solution of the heat conduction equation.
Therefore, it can only be considered as an approximation. Such a profile depends
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on the thermopause temperature, on the lower boundary temperature at 120 km
and on a shape parameter which relates these two quantities to the temperature
gradient at the lower boundary altitude. With given shape parameter and lower
boundary temperature it is possible to establish an analytical relation p(z) = (T, z)
between the total density p(z) at height z and the thermopause temperature T.
Determining T'» remains then the fundamental problem. Collecting all nighttime
total densities near 4 to 5 hr local solar time and searching to which thermopause
temperature they correspond, one can establish an empirical relation between the
thermopause temperature and a parameter reflecting the solar activity level. In all
semi-empirical thermospheric models, solar activity is represented by the 10.7 cm
radioelectric flux measured regularly at Ottawa. This decimetric flux has no influence
on the thermal structure of the upper atmosphere. When the solar decimetric flux
is averaged over several solar rotations, usually three, the long term variation of the
thermopause temperature To(1) is given by

T-(1)=a+bF, (1)

where F is the daily solar decimetric flux in units of 10 >> Wm > Hz " averaged over
three solar rotations and a and b are model dependent numerical coefficients.

The 27 days variation is taken into account by correcting expression (1) in a way
such that ‘

To(2)=Tu(l)+c(F-F), 2)

where F is the daily 10.7 cm solar flux taken one day before the day to which Tw(2)
corresponds. A third approximation is obtained by correcting Tw(2) for a geomag-
netic effect associated with particle precipitations and or Joule heating. In this case,

To(3)=TL(2)+ AT, 3)
where AT is essentially a function of the geomagnetic index in the first thermospheric
models (Jacchia, 1965). The temperature increase AT is not associated with solar
ultraviolet flux variations. Roemer (1971) has shown that the geomagnetic effect
depends on the latitude. A fourth correction intends to represent the semi-annual
variation observed in the total density such that the thermopause temperature is
given by

To(4) = T=(3)+ (1), )

where f(¢) is a function of the day count in the year. Such a procedure was used by
Jacchia (1965) to obtain a nighttime minimum temperatiire and the diurnal variation
was then estimated from a one-dimensional theoretical calculation of Harris and
Priester (1962).

A functional relation like expression (4) combined with constant boundary
conditions at 120 km and the diffusion equilibrium hypothesis, implies that any
temperature variation induces instantaneously a modification of the total density. In
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situ measurements have shown that composition changes are not necessarily associ-
ated with temperature changes. As an example, Champion (1967) has shown that a
seasonal-latitudinal variation of the total density exists in the lower thermosphere
below 200 km and Keating and Prior (1968) observed a strong increase of helium
concentration above the winter pole as compared to the local summer value. With
such considerations a new set of models (Jacchia, 1971) was constructed and adopted
as the COSPAR International Reference Atmosphere (CIRA, 1972). Lower boun-
dary conditions are now taken at 90 km; a departure from diffusive equilibrium is
introduced for atomic and molecular oxygen between 90km and 120 km; the
geomagnetic effect is latitude dependent and associated simultaneously with a
temperature variation and a total density variation; the semi-annual effect is
represented as a correction to the total density; and, the diurnal variation of the
thermopause temperature is given by an empirical expression.

Two important aspects are, however, not covered by these improvements. First
of all, temperature determinations from incoherent scatter observations (Carru et
al., 1967; Nisbet, 1967) clearly indicate that the thermopause temperature peaks
later than the 14 hr local solar time maximum of the total density. This important
contribution is only taken into account in very recent models and specific models
are now available for Saint-Santin (44.6° N) (Bauer et al., 1970) and for Millstone
Hill (42.6°N) (Salah et al, 1976). Furthermore, OGO-6 mass spectrometer
observations (Mayr et al.,, 1974) have shown that the partial density of each
constituent reaches a maximum value at a local time which depends on the altitude
and on the constituent.

Since the description of the terrestrial thermosphere is becoming more complex
as it approaches physical reality, Jacchia (1977) developed a new set of models
consisting of two parts: static models and a set of empirical expressions to compute
the thermopause temperature and the expected deviations from the static models
resulting from all recognized thermospheric variations. The formulation is, however,
more complicated, since any new refinement must not destroy the previous achieve-
ments.

A completely different approach has been made by Hedin et al. (1974) who used
spherical harmonics for a global representation of mass-spectrometric data. In a very
general case, one writes

To=TwG1, (5)
T120= T120G2, (6)
s =3Gs, (7
n:(120) = 7,(120) exp (G; — 1) , (8)

where T is the thermopause temperature, 7,4 is the temperature at 120 km, s is
the shape parameter in the analytical temperature profile given by Bates (1959),
and #n; (120) is the concentration of constituent i at 120 km altitude. G1, G, G,
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and G; are spherical harmonics expansions which depend on latitude, local solar
time, geomagnetic index K, or A,, daily solar decimetric flux F, solar decimetric flux
F averaged over three solar rotations and day count in the year. Tw, T(120), 5,
and 7;(120) are averaged values of the respective quantities, when the corresponding
G function is one. Formal expressions G, to G; slightly vary from one author to
another. Several semi-empirical models based on spherical harmonics are presently
available (Hedin et al., 1977a, b; von Zahn et al., 1977; Barlier et al., 1978;
Kohnlein, 1980). All these models allow a computation of the thermopause tem-
perature at any place over the globe as a function of solar activity, geomagnetic
activity, local solar time and day count in the year. Comparisons between various
models have been made by Barlier ef al. (1977), by Jacchia (1979), and by Kockarts
(1981). For very low (F=70x10"2Wm>Hz ") or very high (F=200x
107> Wm > Hz ') the resulting daily averaged thermopause temperature can vary
by approximately 100 K depending on the adopted semi-empirical model.

Figures la and 1b give the thermopause temperature above Scheveningen
(52.08° N) between 1958 and 1980. Computations are made at 17 hr LST (local
solar time) on the first of each month. The adopted LST approximately corresponds
to time of the daily temperature maximum. Vertical dotted lines show the tem-
perature increase resulting from geomagnetic activity. The full line in the lower part
indicates the 10.7 cm solar flux F averaged over three solar rotations whereas the
dashed line gives the daily solar decimetric flux F taken the day before the first of
each month as required by the model of Barlier ef al. (1978). This model, called
DTM (Drag Temperature Model) is based on satellite drag data and on a tem-
perature model constructed by Thuillier et al. (1977) from Fabry-Perot inter-
ferometer measurements of spectral profiles of the 630 nm airglow line as observed
on OGO-6 by Blamont and Luton (1972). Incoherent scatter data are also included
in the temperature model. Temperature data were obtained from 8 June 1969 to
16 August 1970 as indicated by the horizontal line in Figure 1b. The DTM model
is adopted here since it is the sole semi-empirical model which is constructed with
optically measured temperatures. In all other semiempirical model thermopause
temperatures are quantities deduced in a way as to fit measured concentrations or
total densities. Optical determinations are presently the sole technique used to
determine directly global temperature coverage, since the incoherent scatter tech-
nique is unfortunately restricted by the limited amount of incoherent scattering
stations. Furthermore, Fabry-Perot interferometer measurements are limited up to
now to a very short time period as it can be seen in Figure 1b. From an absolute
point of view, all temperatures in Figures 1a and 1b before June 1969 and after
August 1970 are extrapolations! However, these temperatures lead to concentra-
tions and total densities in reasonable agreement with mass spectrometer data and
satellite drag data.

Several interesting features can be seen in Figures 1a and 1b. The variation of the
thermopause temperature with the 11 years solar cycle is clearly apparent. Further-
more, two consecutive solar cycles are not necessarily identical. As an example, the
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thermopause temperature was much higher during the 1958 maximum than during
the 1969 maximum, which seems to be lower than the 1980 maximum. An annual
variation appears in the temperature and it is not correlated with the solar decimetric
flux. Therefore, a higher solar decimetric flux can correspond to a lower tem-
perature, depending of the day in the year. Peaks in the daily flux F do not
necessarily lead to peaks in the thermopause temperature which cannot be con-
sidered as directly proportional to F or F or a combination of both.

3. Global Temperature and Terrestrial Insolation

In the DTM model of Barlier ez al. (1978) the spherical harmonics expansions used
in expressions (5) to (8) are formally given by

G=1+Fi+M+ Y alPo(6)+B ¥ boPY(8)cos [p(d—5,)]+
1 p=1

q=

+8 21 Y {ci P (8) cos(mwt)+d, Py (8) sin (mwt)}, 9)
n=1m=1

where P, () are associated Legendre functions of the colatitude 6, 2 =27/365
(day"l) and o =2m/24 (hr "). The solar decimetric flux dependence and the
geomagnetic effect are respectively given by F; and M. Coeflicient 8 is 1 + F4, d is
the day count in the year and ¢ is the local solar time. The development (9) is limited
such that 35 unknown coeflicients must be determined by a least square technique.
It should be noted that the form of some terms in expression (9) is chosen a priori
before a least square is used to determine the unknown coefficients. This is the case
for the solar activity effect given by

Fi=A4F—F)+As(F-F)*+ A¢(F —150), (10)

where the decimetric fluxes F and F are measured in units of 10™*> Wm ™ Hz ' and
for the geomagnetic activity effect given by

M =(A;+AgP3(0)K,, (11)

where K|, is the three-hourly planetary index taken 3 hr before the considered local
solar time.

When F = F = 150 and K, = 0 expressions (5) and (9) lead to a global temperature
distribution which only depends on annual, semi-annual and diurnal variations. The
last effect can also be eliminated by integration over the 24 hr day period. A global
diurnally averaged temperature distribution can be computed as shown in Figure 2
where thermopause temperature isopleths are given as a function of geographic
latitude and day count in the year. Such a map shows a pronounced seasonal
variation in both hemispheres. This variation is independent of a modification in the
decimetric flux (F = F = 150 = constant through the year) or in K, kept always equal
to zero. Such a hypothetical case can be used to make a comparison with the daily
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Fig.2. Isopleths of daily averaged thermopause temperature for Fi 7 = Fig7 =150 % 107 Wm 2 Hz?
and K, =0.

averaged insolation which should be at least partially responsible for a seasonal
variation.

According to Milankovitch (1930), the daily averaged insolation I on a horizon-
tal surface at latitude ¢ for a solar declination & is given by

I= Ia7r'1(a/r)2 (o sin ¢ sin & +sin ¢y COS ¢ cos 8) , (12)

where I, is the solar flux at 1 AU=gq,r is the actual Sun—Earth distance, and
o= —tg ¢ tg 8. For regions with permanent sunlight ¢»o = 7 and during polar night
Yo =0. Application of expression (12) leads to the isopleths shown in Figure 3
computed for an arbitrary incident flux I, = 1. Values of I are given on each curve.
Solar declination is indicated by the dashed line and limits of polar nights are shown
by dotted-dashed lines. Figure 3 can be applied to any solar ultraviolet flux reaching
a horizontal surface at the top of the atmosphere before absorption processes
become effective. Daily averaged values are obtained by multiplying solar ultraviolet
fluxes by the numbers on each isopleth. Figures 2 and 3 have some obvious
similarities indicating that the geometry of the insolation plays a significant role in
the global structure of the thermopause temperature. Furthermore, both figures
show a definite north-south asymmetry: during local summer the temperature is
higher in the southern hemisphere which receives also more solar energy than the
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Fig. 3. Isopleths of daily averaged insolation for an arbitrary solar irradiance I, =1 at 1 AU. Solar
declination is given by the dashed line and permanent polar nights are indicated by dotted-dashed lines.

northern hemisphere. Such asymmetries exist also in the thermospheric composition
(Barlier et al., 1974), but no quantitative explanation has been given.

Figures 2 and 3 are superimposed in Figure 4 in order to show the relation between
insolation and thermopause temperature. In the southern hemisphere the local
summer maximum of the thermopause temperature corresponds rather well with
the maximum insolation. However, in the northern hemisphere the maximum
temperature occurs before maximum insolation. The partial similarity between both
types of isopleths in Figure 4 is, nevertheless, an indication to justify another
semiempirical representation as given by expression (9). Since the instantaneous as
well as the daily averaged illumination are known analytically it could be rewarding
to introduce them in expression (9) for a better representation of the effect of solar
ultraviolet radiation.

When the daily mean temperature is averaged in each hemisphere one obtains
the result shown in Figure 5 which gives also the daily mean insolation as a function
of the day count in the year. The north—south asymmetry appears very clearly in the
mean hemispheric temperature. However, it should be noted that the annual mean
temperature as well as the annual mean insolation are identical in both hemispheres.

No ultraviolet solar flux data are included in any semi-empirical model, but this
does not imply that much better models can be constructed without such data. The
10.7 cm decimetric flux is commonly used, since no better index is presently available
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Fig. 4. Superposmon of Figures 2 and 3 in order to show a correlation between insolation (dashed lines)
and temperature (full lines).

to represent variations of solar ultraviolet fluxes responsible for the highly variable
state of the terrestrial upper atmosphere.

4. Penetration of Solar Radiation

Before estimating effects of solar ultraviolet radiation on the terrestrial atmosphere,
it is necessary to know how deeply any solar radiation can penetrate into the
atmosphere. The best quantity to make such an estimation is the optical depth
defined by

T(A7 X Z)=Za-i(A)niI_Ii Ch (X9 Z)) (13)

where x is the solar zenith distance, o;(A) is the absorption cross section at
wavelength A for the i-type atmospheric constituent with concentration n,, and scale
height H; at altitude z. Ch (x, z) is simply the secant of the solar distance when y is
smaller than 75°. For larger distances Chapman (1931) has shown that the Earth’s
curvature must be taken into account and various analytical approximations are
available for the Chapman function Ch (x, z) (Swider, 1964; Swider and Gardner,
1969).
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Fig. 5. Daily mean thermopause temperature averaged over northern (full curve) and southern (dashed
curve) hemisphere. Relative daily mean insolation is given in the lower part.

DAILY MEAN INSOLATION (I,=1at1AU)

As a consequence of the exponential decrease of the atmospheric constituents,
maximum of absorption approximately occurs at the altitude where 7(A, x, z) =1.
Using the semi-empirical model DTM of Barlier et al. (1978) and the absorption
cross sections tabulated for 5 nm wavelength intervals by Torr et al. (1979) between
5 nm and 105 nm, one obtains in Figure 6 the altitudes where unit optical depth is
reached as a function of wavelength. Computations are made for 12 hr LST above
Scheveningen for specific days when solar ultraviolet fluxes are available in tabular
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Fig. 6. Altitude for unit optical depth as a function of wavelength. Computations are made at 12 hr
LST above Scheveningen for five days.

form. Above 105 nm molecular oxygen absorption cross sections are adopted as
averaged values of the detailed measurements of Ogawa and Ogawa (1975). These
values are in reasonable agreement with the averaged cross sections suggested by
Ackerman (1971). Since semi-empirical models usually do not extend below 120 km
altitude, the U.S. Standard Atmosphere for 45° N was used below that height with
some arbitrary adjustment to match the concentrations given by DTM at 120 km.
It can be seen in Figure 6 that the height for unit optical depth strongly depends on
the wavelength, on the solar zenith distance and on solar activity. Although no solar
flux value enters in the computation of the optical depth, the neutral atmosphere
above 120 km is sufficiently variable with solar activity to modify the height where
maximum absorption occurs. Solar activity variations induce strong mocdifications
in the composition and temperature of the upper atmosphere and it is completely
unrealistic to adopt a unique curve for the altitude of unit optical depth. Further-
more, seasonal and diurnal variations also affect the penetration of solar radiation.

Solar ultraviolet fluxes corresponding to the dates indicated in Figure 6 were
measured on board of Atmosphere Explorer E and are tabulated by Torr ef al.
(1979) below 105 nm. Figure 7 shows the extreme values corresponding to high
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Fig. 7. Extreme values of solar irradiances between 5 nm and 105 nm corresponding to minimum (23
April 1974) and to maximum (19 February 1979) solar activity conditions. Dots and crosses correspond to
solar emission lines included in the 5 nm intervals averaged values.

solar activity (19 February 1979) and to low solar activity (23 April 1974). Dots and
crosses correspond to solar emission lines whose intensities are included in the flux
values averaged over 5 nm intervals. Above 105 nm the height of unit optical depth
is only given for 23 April 1974 since tabulated flux values are only available for this
date (Heroux and Hinteregger, 1978) at the present time. Hopefully more data will
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become available very soon, since the lower thermosphere between 85 km and
120 km is still poorly known. Good solar irradiance data in the Schumann—-Runge
continuum below 175 nm are of paramount importance, since molecular oxygen is
strongly photodissociated in this wavelength range in the lower thermosphere and
leads to atomic oxygen which becomes a major atmospheric constituent above
150 km altitude. Comparisons between atomic oxygen concentrations at 120 km
from semi-empirical models and from optical measurements reveal discrepancies
which may reach a factor of four (Kockarts, 1981).

Whereas semi-empirical atmospheric models use only two solar activity indices
(F and F), solar ultraviolet fluxes measurements deal with more than 1000 individual
wavelengths. Hinteregger (1981) discussed various representations of solar fluxes
for aecronomical applications. There is actually no universal solution, since the
adopted wavelength intervals depend on the objective which has to be tackled. On
one hand the solar spectrum has its own characteristics and on the other hand the
atmospheric species have their individual absorption spectra. The cross sections
tabulated by Torr et al. (1979) at 5 nm wavelength intervals are weighted values
computed from a compilation by Kirby ef al. (1979) at all wavelengths of the solar
lines and continua given in a solar reference spectrum of Hinteregger (1976).
Molecular oxygen and molecular nitrogen have complicated absorption and ioniz-
ation cross sections (see Banks and Kockarts, 1973a; Lofthus and Krupenie, 1977)
which are not always perfectly known.

As stated previously the optical depths used in Figure 6 are computed with 5 nm
interval averaged molecular oxygen absorption cross sections between 105 nm and
175 nm. Measured absorption cross sections (Ogawa and Ogawa, 1975) are shown
in Figure 8 for the ground state O,(X >3} ). The strong band structure below 130 nm
clearly indicates that a detailed analysis of the penetration of solar radiation would
require a much higher resolution of the solar spectrum. Incidentally, the small
absorption cross section of O, at La indicates why this radiation can penetrate in
the terrestrial atmosphere down to mesospheric levels. La line at 121.567 nm is not
included in the unit optical depth computation of Figure 6.

Another interesting example is given by the highly variable absorption cross
section of O, in the Schumann-Runge bands. Using the absorption cross sections
of Ackerman et al. (1970) it is possible to estimate the structure of the solar spectra
which could be observed at 85 km altitude for 90° solar zenith distance. The results
of such a computation is shown in Figure 9 for the 10-0 band. The incident solar
irradiance, shown in the upper part of Figure 9, is taken from Samain and Simon
(1976). It appears that the incident spectrum is strongly modified and the resulting
spectrum is even temperature dependent since the absorption cross section in the
Schumann-Runge bands is influenced by the atmospheric temperature. Such an
experiment could provide information not only on the solar spectrum, but also on
the absorption spectrum of molecular oxygen. A first approach along this line has
been made by Longmire et al. (1979) during re-entry of a rocket launched from the
White Sands, New Mexico, missile range. Other examples showing how the optical
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Fig. 8. Absorption cross section of ground state molecular oxygen between 109 nm and 165 nm.

depth varies in several bands of the Schumann-Runge system are given by Kockarts
(1971). In photochemical models dealing with numerous chemical reactions and
transport phenomena, it is, however, difficult to introduce the detailed absorption
in the Schumann-Runge bands. Therefore, several simple approximations have
been established (see Kockarts, 1976) in order to provide a convenient technique
for the computation of solar penetration in the Schumann~Runge bands of
molecular oxygen.

5. Energetic Effects of Solar Radiation

Any consideration of the effect of solar radiation on the terrestrial atmosphere
should deal with three aspects: the intensity of the solar radiation, the capability for
atmospheric species to absorb this radiation and the abundance of the absorbing
species. With the tabulated values of Torr ef al. (1979) for solar irradiances between
5 nm and 105 nm and the values of Heroux and Hinteregger (1978) between 105 nm
and 175 nm, the atmospheric model of Barlier et al. (1978) leads to the absorbed
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Fig. 9. Penetration of solar radiation in the 10-0 band of the Schumann-Runge system of O,. Grazing
incidence (x = 90°) is assumed at 85 km altitude where two extreme temperatures are adopted. Incident
solar flux is shown in the upper part.

energy rates above Scheveningen shown in Figure 10 for 12 hr LST on the day when
the solar fluxes were measured. The U.S. Standard Atmosphere was used below
120 km altitude. The full curve gives the total energy absorbed between 5 nm and
175 nm. The dashed, dotted—dashed and dotted curves are the contributions of the
indicated wavelength ranges to the total absorption. La is not included in the
105-135 nm interval, since this radiation is only absorbed below 100km as a
consequence of the low absorption cross section of O, (see Figure 8) at 121.567 nm.
It can be seen that the extreme ultraviolet wavelength range (AA 5-105 nm) is mainly
absorbed above 150 km, whereas absorption in the Schumann-Runge continuum
(AA 135-175 nm) peaks around 100 km and La has its maximum absorption in the
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mesosphere below 85 km altitude. The wavelength range AA 105-135 nm corres-
ponds to a highly variable absorption cross section for O, (see Figure 8) but the
absorbed energy rate has been computed with averaged cross sections. Crosses in
Figure 10 indicate total absorbed energy rates obtained when the neutral model of
Hedin et al. (1977a, b) is used instead of DTM.

In order to emphasize the high variability of solar absorption in the extreme
ultraviolet, Figure 11 shows the absorbed energy rate for five days between 1974
and 1979, i.e. from minimum (curve 1) to maximum (curve 5) solar activity
conditions. Extreme ultraviolet irradiances (Torr et al., 1979) increase during that



EFFECTS OF SOLAR VARIATIONS ON THE UPPER ATMOSPHERE 313

ALTITUDE (km)

350 \' \T 1 T T '] \ \Y T 1 II T T T 1 1 171
i (2) (1) (3) ) (5) Scheveningen (52.08 N) :
i 12h LST 7
300 —
I AAS - 105nm
250__ (1) 23 April 1974 ]
F (2) 183uly 1976 1
[ (3) 14 Dec 1978 ¢
200 (4) 22 Jan. 1979 —
[ (5) 19 Feb. 1979 T
150— -
1201 ] L Q@ ]
35 3 7 €
10 10 10 10

ABSORBED ENERGY RATE (erg cm-’s™')

Fig. 11. Absorbed energy rates above 120 km for the five days considered in Figure 6. Solar zenith
distances y are given for each day.

period, but composition and temperature in the neutral model are simultaneously
modified. Furthermore, at 12 hr LST the solar zenith angle y is not constant with
seasons. As a result, there is no simple relation between the absorbed energy rate
and the variations of solar extreme ultraviolet fluxes. Figure 11 indicates that around
150 km for the same local solar time, the absorbed energy rate can be much smaller
for maximum solar activity than for minimum solar activity conditions. The vertical
integral of the absorbed energy is, however, greater for maximum solar activity.

Since the first ionization potentials of O,, O, N, and He are at 102.7 nm, 91.0 nm,
79.6 nm, and 50.4 nm, respectively, a significant part of the absorbed energy rate
below 105 nm is consumed in ionization processes. Figures 12 and 13 show ion
production rates at 12 hr LST on 18 July 1976 and 14 December 1978, respectively.
These two days have been chosen since they correspond to the extreme solar zenith
distances used previously. In Figure 12 the major ion production results from N,
whereas the N, production rate is never the most important in Figure 13. Further-
more the He™ production rate is completely negligible below 350 km in Figure 12.
Actually the total ion production rates in Figures 12 and 13 follow closely the
corresponding absorbed energy rates in Figure 11.

For a given extreme ultraviolet irradiance, ion production rates vary strongly
during the day as it can be seen on Figures 14 and 15 where diurnal variations of
N; and O™ are shown at 150 km and 200 km altitude. Such an effect is a combination
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Fig. 12. Total and partial ion production rates on 18 July 1976 at 12 hr LST in the extreme ultraviolet.
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of the time variation of the solar zenith angle and the diurnal variation of the neutral
atmosphere. Both figures indicate that ionic production is more important at
150 km than at 200 km for spring and summer conditions. During winter the
opposite situation occurs and no simple dependence on solar activity can be deduced.
Furthermore, a good knowledge of solar irradiances is required when specific
applications are attempted. As an example, Taieb et al. (1978) explained an
observed daytime valley in the ionospheric F; layer by introducing a downward
ionization drift. These calculations were made by using Hinteregger’s (1976) fluxes
(Fio7=73%x10"2Wm Hz™') and measurements on board of AEROS-A
(Schmidtke, 1976) when Fip7=95X 1072 Wm 2 Hz . Schmidtke’s values were
closer to the solar activity conditions at the time when the valley was observed and
only these data lead to a good fit with the incoherent scatter results.

A fundamental parameter for the determination of the thermal structure of the
upper atmosphere is the heating efficiency which is the fraction of the absorbed
energy rate (see Figure 10) transferred into heat. Some of the absorbed energy is
used for photodissociation, mainly in the Schumann-Runge continuum and below
102.6 nm some energy is consumed for ionization processes. The problem is,
however, complicated by the fact that products of photodissociation such as excited
atomic oxygen O(*D) can undergo collisional deactivation and can be transported
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at lower heights. Moreover, after the production of electron-ion pairs the photoelec-
trons can excite neutral species leading to airglow phenomena and/or to atmospheric
heating. Banks and Kockarts (1973b) suggested that the heating efficiency should
depend on the solar cycle because the relative abundances of the different ions,
atoms and molecules are variable. Recently, Torr e al. (1980) found that the heating
efficiency is a function of altitude and solar cycle. It peaks actually near the height
of maximum extreme ultraviolet absorption (see Figure 11) at a value of approxi-
mately 50%. At present time, it is extremely difficult to construct theoretical models
which could give results comparable to those obtained in Figures 1a and 1b from
semiempirical models, since there are not enough solar ultraviolet irradiances
available for all solar activity conditions. But, there are also high latitude heat
sources which must be included in three-dimensional models. These high latitude
heat sources result from particle precipitations and from Joule dissipation by electric
currents (see Banks, 1977) and the whole thermosphere is influenced by dynamical
interactions between the atmosphere, the ionosphere and the magnetosphere (see
Mayr et al., 1978). High latitude heat sources may reach values as high as
100 erg cm 2s7! (Banks, 1977). But solar extreme ultraviolet is the most important
heat source since it influences permanently 50% of the whole thermosphere.
Using the values of Torr et al. (1979) for the extreme ultraviolet, the values of
Heroux and Hinteregger (1978) in the Schumann-Runge continuum and their
variations quoted by Hinteregger (1981) and the Lo variations of Vidal-Madjar
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(1975), the energetic variations of solar irradiances between minimum and
maximum solar activity can be summarized as follows:
-1

El

From 5 nm to 105 nm, E=(5x3)erg cm s

from 105 nm to 175nm, E=(9+3)erg cm 2 s_l,

at La, E=(6x2)erg cm 25t

When these irradiances are compared to the solar constant value of 1.367 x
10° erg em st (Willson, 1978), it appears that observed variations in the solar
ultraviolet fluxes only represent parts per million of the total electromagnetic
emission of the Sun. It could seem surprising how such a small fraction can induce
the observed large variations in the upper atmosphere. The quantitative importance
of solar flux variations can be understood by comparing the total kinetic energy in
a vertical atmospheric column to the solar energy which can be absorbed in such a
column. Table I gives a rough comparison between these quantities. The available
solar energy is estimated by assuming a 24 hr permanent illumination. It is, there-
fore, an upper limit. It is seen that the extreme ultraviolet energy (AA 5-105 nm) is
comparable to the kinetic energy present in a column above 100 km. Since this solar
energy is actually absorbed in this column, it can strongly modify the thermospheric
structure. The Schumann-Runge continuum including Lo is comparable to the
atmospheric kinetic energy down to the mesopause level. Even when the available
solar energy is extended up to 200 nm or 300 nm it becomes less important
compared to the existing kinetic energy in the stratosphere. As an example the
energy available in the 5 nm-200 nm range represents only 1% of the kinetic energy
at the stratopause. Between 200 nm and 300 nm absorption by ozone is clearly
important in the stratosphere. But above 200 nm there is apparently not enough
variation in the solar irradiance (Cook ef al., 1980; Thuillier and Simon, 1981) to
induce changes in the absorbed energy comparable to the atmosphereic kinetic
energy.

6. Conclusion

Some solar ultraviolet irradiances below 175 nm are now available for aeronomical
applications. One solar cycle, however, can be very different from the next one

TABLE I

Kinetic energy column content and available solar energy for 24 hr illumination

Altitude Kinetic energy AA (nm) Solar energy
(km) (erg cm™?) (erg cm ?)
15 7.0x10"° 5-300 1.4x10°
50 7.1x10® 5-200 (7£0.8) x 10°
85 2.5x10° 5-175 (1.7£0.7)x 10°

100 2.5%10° 5-105 (4.3£2.6)x10°
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(Hinteregger, 1979) and up to now no single measurement has ever been performed
for very high solar activity such as in 1958. Considering the period from 1 January
1958 to 30 April 1980, i.e. 8156 days, it is possible to compute the probability for
finding solar activity conditions approximately identical to the decimetric fluxes
and F existing on the days when the five sets of irradiances used in this paper were
measured. Figure 16 shows this probability as a function of simultaneous variations
in the daily 10.7 cm flux and in the three solar rotation averaged values. Such a
probability is seen to be very low, especially for high solar activity. In semi-empirical
models a variation AF = AF = 10 leads to a thermopause temperature variation of
the order of 50K and a quantitative determination of the variations of solar
ultraviolet irradiances is far from being available for all solar activity conditions.

Independently of the complicated interaction between solar radiation and the
Earth’s atmosphere, it should be clear that solar irradiances constitute the most
important upper boundary condition which should be determined with the highest
possible accuracy. Since this upper boundary condition is changing over short and
long time periods, many measurements are required before a definite picture of the
variability can be established.
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