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A THEORY OF THERMOMLPHERIC DYNAMICS

PART II
GEOMAGNETIC ACTIVITY EFFECT,
27 DAY VARIATION AND SEMIANNUAL VARIATION

H, Volland
Goddard Space Flight Center
Greenbelt, Maryland

ABSTRACT

The geomagnetic activity effect, the 27 day variation and the semiannual
variation of the thermospheric density are nearly independent of local time.
Therefore, they are treated by a one dimensional model in order to find out the
height distribution and the amount of energy necessary to create the observed
amplitudes and phases of the neutral density between 120 and 400 km altitude.
Three types of heat energy sources have been considered which simulate energy
input: I at the bottom of the thermosphere; Il within the thermosphere; and I
at the top of the thermosphere. The geomagnetic activity effect and the 27 day
variation can be described as generated by heat source II which is interpreted
as resulting from corpuséula,r radiation into the aurora zones and from solar
active region EUV radiation, respectively, The semiannual effect can be de-
scribed by heat source I and is interpreted as resulting from dissipated energy
of a tidal wave from the lower atmosphere. The leakage of the energy of this
tidal wave into the thermosphere shows a semiannual variation which creates
the observed density variations. Quantitative calculations give the amount of
energy of the various heat sources, amplitudes and phases of the generated
density and temperature variations and their dependence on solar activity.
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A THEORY OF THERMOSPHERIC DYNAMICS

PART II
GEOMAGNETIC ACTIVITY EFFECT,
27 DAY VARIATION AND SEMIANNUAL VARIATION

1. INTRODUCTION

In part I of this paper (Volland, 1968) (referred to as paper I) we used a two
dimensional model of the thermosphere, valid at low latitudes, to reproduce the
diurnal variation and the solar cycle variation of the thermospheric density be-
tween 100 and 400 km altitude. This model requires that besides the solar EUY
radiation, which had been assumed to be proportional to the 10.7-cm solar flux
?, a tidal wave of constant amplitude penetrates from the lower atmosphere into

the thermosphere, The tidal wave dominates the density variations below 250 km

height and is significant even at 400 km height.

In this paper we shall deal with the geomagnetic activity effect, with the 27
day variation and with the semiannual variation of the thermospheric density.
All thi:ee effects are nearly independent of local time which means that the energy
input into the thermosphere occurs on a global scale. Therefore, we can treat
these effects theoretically by a one dimensional model in which horizontal ex~
change of mass, momentum and energy is neglected. We shall consider three
different heat sources as generators of the density disturbances which represent
energy input into the entire thermosphere, at the bottom and at the top of the
thermosphere. The two last heat sources shall simulate a wave input from below

and from above respéctively into the thermosphere. We shall compare the



ad ¢, is the mean component averaged over one solar day.

theoretically results with available density observations and shall select the
respective heat sources which optimally describe the measured density vari~
ations of the different effects in amplitude and phase and their dependence on

height and solar cycle.

2. THE MODEL

Our two dimensional model is based on perturbation theory which is a
sufficient approximation for thermospheric diurnal tides below 400 km altitude.
Perturbation theory results in a decoupling of the disturbances due to the dif-
ferent energy sources. In the case of the diurnal tide we therefore could separate
by a mathematical method the density and temperature variations which were
generated by an internal EUV heat source within the thermosphere on the one
hand and those which were due to a tidal wave from the lower atmosphere on the
other hand. The energy sources and the physical parameters of the thermo-

spheric diurnal tide can be written in general form as

c(y,z, t)y = cg(zlt) + Acdiurn(z’ t) COS{Q(T ~ Tdiurn (z))} (1)

where

ACy;ypq oS {7 - Tatarn)} = DBCgyy cos {Q (7 - Teuv)} ¥

Acy;go COS {Q("" - Ttide)}

is the diurnal component consisting of an EUV component and a tidal component

Tdiurn® TEUY

and 7.;4. are the times of maximum of the different components, y is the



longitudinal coordinate along the equator, z is the height, t the universal time,

“ﬁ% the local time, R the Earth's radius and O the angular frequency of

T =t +
the earth's rotation. c, and &c,, ., are height dependent. For the 27 day varia-
tion and the semiannual effect they are also slowly varying with time with periods
large compared with one solar day. However, during a geomagnetic activity

effect the time variation of c, occurs with a quasiperiod which is of the order of

one solar day. We write

co(2zit) = cg(2) + Deg(z) cos {w (t = tg(2))}

(2)

Acdiurn(z’t) = Acdiurn(z) + AAcdiurn(z) cos {w(t . tdiurn (z))} '

w is the angular frequency of one of the disturbances which we will consider in

this paper: geomagnetic activity effect, 27-day variation or semiannual effect.

Ocy and BAcy,, .are the amplitudes of those disturbances. ¢, and Ac; urp AT€

mean values averaged over the time of the respective disturbances.

Consistent with the use of perturbation theory we consider the amplitude
DAcy; ., of the diurnal disturbance as a second order effect which we shall neg-
lect in the following calculations. This is justified by the observations. E.g.,
for the 27 day solar rotation effect one derives a maximum temperature increase

at day and at night, respectively, of

|
il

y = 2.4(F - F)
(@)

-
I

w = L8(F~-F



(Priester et al., 1967; Jacchia, 1964). F is the instantaneous 10.7 em solar flux
(in units of 10~22 W/m? Hz) and T is a mean value averaged over several solar

rotations. Using Equation (3) we determine

AT, = 2,1(F ~ F)

DAy yen = 0.3(F - F)

Thus
A/"\'I‘clh.lrn _ _];<< 1
AT, 7 '

Similar estimates can be made for the semiannual effect and for the geomagnetic
activity effect. Therefore we shall deal in this paper exclusively with the time

variations of the mean valueg ¢.

Since the energy imputs into the thermosphere which create the disturbances
Ac, are world wide and do not depend on local time, the model to treat these
disturbances at low latitudes becomes a one dimensional vertical model. The
mathematical treatment of this one dimensional model is exactly the same as
for the two dimensional model (see paper I). We only have to take the horizontal
wavenumber equal to zero, which means neglection of horizontal energy, mass

and ‘momentuin exchange.

3. THE HEAT SOURCES

One of the prchlems of thermospheric dynamics is the height distribution

and the amount of heat which causes the different density disturbances. This
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question is closely related with the generation mechanism of the disturbances.
There are essentially three possible ways of energy input into the neutral

thermosphere;

I. Heating at the bottom of the thermosphere by Joule heating or by energy

dissipation of a tidal wave from below.

II. Direct energy input into the thermosphere by solar EUV radiation con-

verted into heat of the neutral air.

IIT. Heating at the top of the thermosphere through energy impact of hydro-
magnetic waves from the magnetosphere.

4

All three heating mechanisms have been discussed in the literature as the
possible causes for the three different thermospheric disturhances. We shall
refer to these references in the following sections. In order to differentiate
between the possible energy mechanisms we adopted in this paper three heat
energy sources of amplitude Aq, varying in time with frequency « and placed at
different heights within the thermosphere. Heat source I (curve I in Figure 1)
provides a heat input of constant amplitude between z, = 100 and 2z, = 120 km
altitude. Heat source II situated between z, = 120 and z, = 400 km altitude has
the same height distribution as the EUV heat source in paper I [ Equation (8)].
Heat source I is shown in Figure 1 where its amplitude Aq, is labelled as
curve II. The amplitude of heat source III (curve III in Figure 1) is constant
between z, = 400 and z, = 420 km and zero elsewhere. Heat sources I and III
shall simulate energy imputs into the thermosphere from below and from above.

The total heat input of each source H

5 i



AEy = [ gy d )
Z4

will be chosen such that it provides equal density amplitudes at 400 km sltitnde
for all three sources. Because of our linearized problem density and tempera-

ture amplitudes are directly proportional to the heat input values.

4. THE GEOMAGNETIC ACTIVITY EFFILCT

During geomagnetic disturbances the thermospheric density increnses be-
tween 160 and 1000 km altitude (Facchia, 1959). The amplitude of the density
disturbance increases with height below the Helium belt. According to Jacchia
and Slowey (19642, 1964b) the intensity of the geomagnetic activity effect, repre~
sented by Jacchia's exosph .ri¢ temperature, is proportional to the planetary
geomagnetic index a, for large disturbances and is proportional to the index Kp
for small disturbances, The effect occurs world wide. But the density disturb-
ance appoars to be systematically larger and to ocour carlier within polar re-
gions than within lower latitudes., The time of the density maximum is delayed
by about 5 to 7 hours with respect to the time of maximum of the geomagnetic
index a, (Roemer, 1967a; Jacchia et al., 1966). The time of density maximum
gseems to be irdependent on height. The density disturbance has an impulse form

with a typical duration of one day.

From these observational facts mentioned above Jacchia (1959) concluded
that geomagnetic disturbances and the géomagnetic activity effect have a common
cause namely the amplification of the solar wind. There remains the question in
what manner the energy of the solar wind is transferred into heat of the thermo-

sphere. Two hypotheses exist to explain this phenomenon:

et



a. High energy particles precipitate into the aurora zones and heat
directly the neutral thermosphere there. Moreover the increase of the
olectron density within the aurora zones gives rise to an increase of
the electric currents within the ionospheric auroral electro jet. Thus
the thermosphere at high latitudes becomes additionally heated by
Joule heating. This heating process occurs predominantly between
100 and 200 km altitude (Jacchia, 1966; Cole, 1966) and is transported

by heat conduction and heat convection into lower latitudes.

b. The direct impact of the solar wind on the magnetosphere creates
hydrodynamic waves which travel into the upper atmosphere. The dis-
sipation of their energy or the coupling betwesn hydromagnetic waves
and heat conduction waves causes a heating of the thermosphere from

above (Dessler, 1958; Volland, 1967).

In order to test these hypotheses we apply a one dirnensional vertical model
in which a harmonic wave with the period of Ar = 1.15 days (angular frequency:
w = 2 /AT = 6.3 X 10~5 gec~!, equivalent to the predominant frequency within
a typical impulse type disturbance) genevaiss neutral air waves. This model is

of course a grogs simplification. In an exaci treatment of the geomagnetic

activity effect one has to consider the entire frequency spectrum of the impulse, -

Nevertheless, we shall see that essential features of the observations can be

interpreted by such simple model,

We suppose that the maximum heating of the thermosphere coincides with

the maximum of the geomagnetic disturbance. The specific impulse time of



A7 = 1.15 days had been chosen in our model such that the observed time lag in
the density can best be reproduced. Since the observed duration of geomagnetic
aclivity effects varies hetween about 0.5 and 2 days this impulse time is a rea-~

sonable average value.

The response of the neutral thermosphere to the three different heat sources
of angular frequency « and with amplitudes Aq, according to Figure 1 has been
calcalated, The density and temperature variations résulting from these three
heat generators are plotted versus height in Figure 2 (relative amplitude) and
Figure 3 (fime lag between maximum heating and maximum densily and tempera-
ture variationsz). The basic thermospheric model adopted in those calculations

was the Jacchia model at "’f‘m = 1004°K (for details see paper I).

For comparison the dashed lines in Figure 2 give the relative density and
temperature amplitudes determined from the J acchia-gmdel (Jacchia, 1964) at
T, = 1000°K (F = 125) and for an exospheric temperature amplitude of AT =
100°K. According to Jacchia et al. (1966) the height distribution of the density
amplitude of the geomagnetic activity effect is similar to that of the diurnal

variation represented by the dashed line in Figure 2a.

Tigure 4 gives the absolute amplitudes of density and tenmiperature at 400 km
altitude versus solar activity factor F calculated with the same heat input of
heat source II. It shows that the density amplitude increases and the temperature
amplitude decreases with F, which results merely from the changing propagation

conditions for the waves within the thermosphere.



From Figures 2 and 3 we can immediately exclude heat sources I and III as
the sole causes for the geomagnetic activity effect, because the height dependence
of the d. sity amplitude in model I and the height dependence of the time lag in
mode] I are inconsistent with the observations. The last point has been pre-

dicted already by Thomas and Ching (1968) from a more sophisticated model.

Heat input II can explain rather well the observed height distribution of the
density variation as well as the time lag of about 6 hours between maximum
heating and maximum density. [See the dashed lines in Figures 2a and 3a which
give the relative density amplitude of the Jacchia model and the density time lag

determined by Roemer (1967a) and Jacchia et al. (1966).]

The time lag (t,) of each individual effect of course depends on its

geomagn

respective impulse duration A7 (in days) and is for heat source II approximately

(tO)GEOmngn ~ 0.18 A7

at 400 km altitude.

From these calculations we have to exclude hypothesis (b) — the direct heat
imput from the magnetosphere into the thermosphere — as the origin of the geo-
magnetic activity effect. Hypothesis (a) — aurora zone heating and subsequent
heat transport into the lower latitudes — then describes most likely the energy

input distribution of that effect.

A nearly complete agreement between observations and theory could be
achigeved from a combinaiion between heat sources I and II with energy inputs of

both sources which are of the same order of magnitude. This is equivalent to a



heat distribution with a scale height increasing with altitude. In view of the very
crude approximations made in this model we did not pursue this point further.
From the same argument we should consider the following numerical data

merely as estimates.

According to the observations a geomagnetic index of X , = 018 related to

an exospheric temperature increase of the Jacchia model of

AT, = 100°K

o0

which corresponds at 400 kin altitude to a relative density amplitude of

Bp, _
—_= = 0.39 for F = 125.
Py

According to Figure 2 such density amplitude is generated by heat source II

with a total heat input of

(AEy) = (.31 erg/cm®sec . (5)

geomagn

The temperature amplitude created by heat source II is AT‘= 120°K (see Fig-

ure 2b). The larger temperature amplitude in our model compared with Jacchia's
exospheric temperature increase resulis from the different density and tempera-
~ ture versus altitude profiles adoptéd in both models. Since we neglect in our
model the diurnal variation of the molecular weight (see paper I) the temperature
difference between our and Jacchia's data is underestimated and becomes even

larger if we take into account the temporal variation of the molecular weight.
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Roemer gave an empirical formula of Jacchia's exospheric temperature
increase as function of the Kp index [see Equation (2.5) in Priester et al., 1967} .
Using the result of our Equation (5) we can transform that formula into a

relationship between Kp and heat input:

(AE,) = 3.1x 107 (20K, +0.03 %) erg/em?scc. (6)

geomagn

According to Equation (6) during very strong geomagnetic storms (K, Z 8)a

total heat input of (AE,) R 1 erg/cm?sgec into the thermosphere is neces-

geomagn
sary to increase the density to the observed value. If that heat input is provided
exclusively from the aurora zones, a heat input of the order of 2 100 erg/cm?sec
has to be provided into the aurora belts. According to O'Brien and Taylor

(1964) the energy flux of high energy particles can increase up to 2000 erg/cm? sec
during severe geomagnetic storms. Taking an efficiency factor of 0.1 for the
transformation of particle energy into heat encrgy of the neutral air, we come

up with the right order of magnitude to explain the geomagnetic activity effect

by aurora heating of high energetic particles.

The energy transport from the aurora zones into the lower latitudes remains
a problem. Joule heating at ionospheric heights within low latitudes must be
ruled out because the electric currents during geomagnetic storms flow outside
the ionosphere (Langel and Cain, 1968; Cain, personal communication). Probably
it is mainly heat convection and heat conduction by which the "line sources! |

within the aurora zones distribute their energy into the entire thermosphere.

11
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5, 27 DAY-SOLAR ROTATION EFFECT

On the surface of the sun certain long-lifed activity regions with excessive
EUV radiation can exist near coronal condensations. These regions rotate with
the sun with a period of 27 days. Their varying energy input into the thermo-
sphere can be observed as thermospheric density variations with periods of 27
days (Jacchia and Briggs, 1958; Priester, 1959). The relationship between solar
activity number F and the exospheric temperature of the Jacchia model (Jacchia,
1964) is given by Equation (3). The time delay between the maximum of the
density variation and the maximum of the correspondent excessive EUV radiation
is 2.3 days according to MacDonald (1963) and one day above 350 km according
to Roemer (1967b). The height dependence of the density variations is similar
to that of the geomagnetic activity effect (see section 4). Blum (1969) has shown
that an appropriate energy input from the exosphere into the thermosphere can

shift the time delay of the density maximum to the desired value.

Our model to describe this effect consists again of a one dimensional
vertical model in which a heat source with a height disi:ribution equal to the EUV
heat source (source Il in Figure 1) and with a period of A+ = 27 days (angular
frequency « = 2.7 X 107° sec”!) generates wavés within the neutral thermo-
sphere. The results of these calculations are shown in Figure 5 (relative ampli~
tude) and Figure 6 (time delay between maximum heating and maximum density
and temperatlire variation), where density and temperature variations are plotted

versus height. The basic thermospheric model is again the Jacchia model at

12



Jacchia (1964) observed that the height distribution of the amplitude of the
27 day variation is similar to the height profile of the diurnal variation. In

Figure 5 the dashed lines give the relative density and temperature amplitudes

of the Jacchia model (Jacchia, 1964) for F = 125. We notice sufficient agreement
in their height dependence bet;.veen the density distribution of heat source II
(curve II) ard the data of the Jacchia model above 200 km altitude. From Fig-
ure 6 we observe that the natural time response of the thermospheric density
with respect to heat source II is 2 days at 400 km altitude which lies between

the numbers observed by Roemer (1967b) and McDonald (1963) (see the dashed

lines in Figure 6b).

For comparison we also plotted in Figures 5 and 6 the 27 day variations of
density and temperature due to heat sources I and IIl. Heat source I can be
excluded as the origin of the 27 day variation because the time delay of 6 days
as well as the height dependence of the density variation are inconsistent with
the observations. Heat sources II and IIl generate similar density variations.
However in order to generate the same density amplitude at 400 km height the
temperature amplitude of source III is nearly twice as large as the temperature
amplitude of heat source II while the iotal energy input of heat source LI is only
half the input of source II. Therefore only a teniperature measurement can de-
cide whether a heat input of the general form of source II or of source III is
responsible for the 27 day variation, though heat source II approximates most

likely the real energy source considering its generation mechanism.

The total heat input of heat source II in Figure 5 has been chosen such that
it creates a density variation equivalent to an increase of the exospheric tem-
perature in the Jacchia model of

13



AT = 100K at F = 125,

o

From Figure 6 and from Equation (3) we derive a relationship between

excessive EUV heat input and solar activity factor F:

(AEy)p,y = 1,19 x 1073 (F - E) erg/om?sec for F = 125, (7)

The temperature variation due to heat source II in our model is smaller than that

of the Jacchia model:

AT,

_AToa = 0.70 at 400 km altitude.

This difference results from our neglect of a time varying molecular weight

(for details see paper I).

TFigure 7 gives the absolute amplitudes of density and temperature of heat
source II versus solar activity factor F. The density amplitude increases by a
factor of 4 between minimum and maximum cohditions though the excessive EUV
heat input remains the same. However the relative dengity amplitude decreases
with increasing F because P, increases stronger than Ap,. These features are

consistent with the observations (Jacchia, 1966).
6. SEMIANNUAL EFFECT

The semiannual variation of the thermospheric density with its maximum
during April and October has been discovered by P#tzold and Zschorner (1960).

This effect can be observed between 150 and 1500 km altitude in the density

14



(King-Hele, 1968; Cook and Scott, 1966). The relative density amplitude only
slightly increases with height. At 190 km altitude King-Hele (1968) observed a
ratio between maximum and minimum density of f = 1.45. The density ampli-

tude increases with solar activity and is proportional to F (Jacchia et al., 1968).

A semiannual effect can likewise be observed in the geomagnetic S, varia-
tions (e.g. Wapner, 1968), in the geomagnetic activity (e.g. Priester and Cattani,
1962), in the virtual height of the ¥2 maximum (Becker, 1966), in the electron
density of the F2 peak (Yonezawa, 1967), in the electric and neutral components
of the mesosphere (e.g. Lauter et al., 1966) and in the wind circulation within
mesosphere (Kochanski, 1964) and stratosphere (Quiroz and Miller, 1967; Newell,

personal communication).

Several hypotheses try to explain this effect either by the solar wind im-~
pinging on the magnetosphere (P#tzold and Zschérner, 1960; Priester and
Cattani, 1962), by a sexhiannual variation of the height of the turbopause (Cook,
1966) or by a change in the mesospheric circulation system of the wind [Johnson,

(see Jacchia, 1965); Newell, 1968]. A review article ahout the semiannual effect

is given by Harris and Priester (1969).

Our explanation of the semiannual effect follows closely an idea of Newell
(1968): A semiannual oscillation of the stratospheric wind is related to the
semiannual change of the polar vortex from the summer into the winter hemi-
sphere during the equinox. The generation and the propagation characteristics
of the diurnal tidal wave within the lower atmosphere are influenced by those

winds. The diurnal component of the tidal wave within the lower atmosphere is

15
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of an evanescent wave type. Therefore changing prevailing wind systems might
be responsible for a variation in the leakage of wave energy flux of the tidal

wave into the upper atmosphere. Thus the amplitude of the tidal wave is modu~
lated with a seruiannual period, which causes the various mesospheric semiannual
effects, Within E.-layer heights the horizontal wind of the tidal wave, which
generates the S variations, creates a semiannual variation of the S, current.
Since the S, current is proportional to the electron density, we expect an increase
of the semiannual amplitude of the S, current with increasing solar activity.

This has been in fact observed (Wagner, 1968).

3

In paper I we estimated a time averaged wave energy input of the tidal wave
at 100 km altitude of 0.1 erg/cm?sec. This energy is totally dissipated within
the thermosphere and contributes to the mean thermospheric heat input in ad-
dition to the EUV heat input. It is our hypothesis that the semiannual variation
of this tidal wave dissipation generates the semiannual variation of the thermo~
spheric dengity. That heating has a component averaged over one day and a

diurnal component [AE, and AAE in Equation (2)]. Because of our use of

diurn

perturbation theory we only can deal with the averaged component (AE)) .
though one observes from the behavior of the 8 o eurrent that the diurnal com-

ponent (AAE, . is of significant influence at least within the lower

iurn )sem

thermosphere.

In order to test our hypothesis we repeated the calculations performed in
sections 4 and 5 taking now a period of A7 = 182.5 days equivalent to an anguiar
frequency of w = 4 X 10”7 see”!. To adjust our theoretical density values to

the observed data we derived from Jacchia's observations (Jacchia et al., 1968)

16



a relative density amplitude of the semiannual effeat at 400 km altitude of

Bpy

p 0.24 for F = 125 (T, * 1000%)
0

corresponding to an increase of Jacchia's exospheric temperature of

AT, = 60K,

24}

Figures 8 and 9 show the relative amplitudes of the density and temperature
variations and the time delay between maximum heat input and maximum density
and temperature plotted versus height. These were calculated for the three heat
sources I, Il and III, The Jacchia model at F = 125 was used. From these fig-
ures we can exclude heat sources Il and III as the cause of the semiannual effect
hecause the resulting density disturbances do not penetrate deep enough into the
lower thermosphere to generate the various effects observed there. Heat source
I describes well the observations, namely the slight increase of the relative
density amplitude with height and the rather large density amplitude at 190 km
altitude observed by King-Hele (1968). Note that between 140 and 400 km the
relative density amplifude of the semiannual effect has increased by a factor of
about 2 in Figure 8 while, for comparison, in the case of the geomagnetic activity
effect the relative density amplitude of heat source Il increased by a factor of

30 within the same height range (see Figure 2).

From Figure 9 we notice a time delay of 23 days between heat source I and
its correspondent density variation, This is the observed time lag of the density
maximum of the semiannual effect with respect to the equinoxes. It suggests

that the heat source of the semiannual effect is in phase with the equinox.

17
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The total energy amplitude of heac source I necessary to generate the ob-

served relative density amplitude at 400 km altitude is

(AE,) = 0,03 erg/cm3sec , (8)

somi
It gives rise to a temperaturce amplitude at 400 km height of

AT, = 15%.

This temperature amplitude i8 smaller by a factor of 4 than Jacchia's exospheric
temperature amplitude. The difference is quite understandable in the light of the
density and temperature profiles in our model which are completely different
from Jacchia's profiies (see Tigure 8, where the dashed lines show the relative

density and temperature amplitudes of the Jacchia model).

A semiannually varying energy input of heat source I with the constant
amplitude of Equation (8) ereates an absolute density amplitude at 400 km altitude
which varies by a factor of 5 between solar minimum and solar maximum. This
is shown in Figure 10 where absolute density and temperature amplitudes are '
plotted versus solar activity factor F. This result is in excellent agreement
with the observations as can be seen from the dashed line in Figure 10a. That
curve has been calculated from Jacchia's formula of the semiannual variation of
the exospheric temperature, converted into density amplitudes at 400 km alti‘cb.de :
from his static diffusion model (Jacchia, 1964). We notice that such density in- :
crease with F results exclusively from the change in the propagation conditions
for the neutral waves within the thermosphere considering th:a fact that the

- amplitude of the heat source has been kept constant during the solar cycle.

18 -

bt



Contrary to the behavior of the density amplitude the temperature amplitude
in Figure 10h shows a slight decrease with increasing F. Moreover its value is
far below Jacchia's exospheric temperatuve amplitude that desoribes the semi-

annual effect (the dashed line in Figure 1.0b).

The amplitude of heat source I of 0.03 erg/cm?sec [see Equation (8)], neces~
sary to generate the observed semiannual density variations, is a reasonably small

fraction of the mean total tidal wave energy of (E o) ~ 0.1 erg/em?sec which

somi
is dissipated within the thermosphere (see paper I). Therefore, we conclude that
the residual energy of the diurnal component of the tidal wave at 100 km height
generated within the lower atmosphere varies by a factor of about 2 hetween

solstitudes and equinox.

Heat source I which is the most likely energy distribution to generate the
semiannual variation can of course only approximate the real situation. The
tidal wave, whose energy is supposed to be dissipated within the thermosphere,
penetrates high into the thermosphere (see paper I, Figure 5), However, the
height distribution of th¢ dissipated wave energy follows an exponential law with
a scale height much smaller than that of heat source Il (which is H = 100 km),
Moreover, as we can see from a comparison between the energies AE, of the
three heat sources (see the tables in Figures 2, 5, 8), the energy input into the
lower thermosphere, represented by heat source I, becomes with increasing
period increasingly more important for the generation of density variations

within the upper part of the thermosphere. ]

For these two reasons and from the results in this section we can

conclude that the dissipation of the tidal wave energy and its semiannual | a
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variation predominantly occurs within the lower thermosphere below 120 km
altitude and that the energy dissipation above that height range has only a small

cffect vpon the density variations within the entire thermosphere,

7. CONCLUSION AND DISCUSSION

Three kinds of density disturbances within the thermosphere which are
nearly independent of local tin.e — the geomagnetic activity effect, 27 day vari-
ations and semiannual variation — have been treated theoretically using a vne
dimensional mode] of the thermosphore in order to find out their generation
mechanism and the amount of energy necessary to generate the obgerved density

variations hetween 120 and 400 km altitude.

Three types of heat energy sources have been chosen in the calculations
which simulate an energy input (see Figure 1): |
I from thé bottom of the thermosphere
II within the entire thermosphere

III from the top of the thermospheore

The geomagnetic cctivity effect and the 27 day variations can be explained
as generated by energy inputs of the general form of heat source II, The origin
of the geomagnetic activity effect is interpreted as resulting from corpuscular
radiation into the aurora zones and from a subsequent heat distribution by heat
conduction and heat convectior into the lower latitudes which is in agreement
with earlier ideas (Tacchia, 1966). The time delay of the density variation with
respect to the heat input is about 6 hours and is nearly independent of height

above 200 km also in agreement with the obhservations (Jacchia et al., 1966;
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Roemer, 1967a). The theoretical resulis exclude a heat input from below (heat
source I) or froia the exosphexre (heat source HI) as a possible cause of the

geomagnetic activity effect.

The theoretical calculations of the 27 day variation support the idea that it
is penerated by excessive solar EIJV radiation from activity centers on the sun.
Here the time lag between maximum heating and maximum density is 2 days in

sufficient agreement with the observations (MacDonald, 1963, Roemer, 1967h).

The semiannual effect can be described by heat source I (heat input below
120 km altitude) which shows the observed large density variation below 200 km
and the slow increase of the relative density amplitude with height. Moreover
the observed dependence of the density amplitudes on the solar activity factor F
can be correctly reproduced. The time lag between maximum heating and maxi-
mum density is about 20 days. The semiannual effect is interpreted as resulting
from the semiannual variation of the tidal wave from the lower atmosphere; which
is dissipated within the thermosphere. This variation follows from the semi-
annually varying leakage of energy of the diurnal component of the tidal wave
from the lower into the upper atmosphere which is due t7 3emiannual variations
in the global stratospheric and mesospheric winds systems. From the theoretical
results a heat inpﬁt from the exosphere or within the thermosphere (heat sources

I and IIT) can be excluded as the origin of the semiannual effect,

While the observed density disturbances can be reasonably well reproduced
in our model, the calculated temperature variations do not agree so well with
the temperature amplitudes derived from the Jacchia model. This is espenisily

true during the semiannual effect where our temperature amplitude is smaller
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by a factor varying from 2 to 8 with solar activity as compared with Jacchia's
data. The main reason for this discrepancy is the difference between the
density-height profiles in both models which becomes especially large during the
semiannual effect. However, in our model we neglected the temporal variations
of the composition of the neutral air. As shown in part I of this paper this gives
rise to & value in the calculated temperature amplitude too low by about 30% at
400 km altitude. In the case of the semiannual effect the correction of such
error would diminish the ratio between Jacchia's and our temperature ampli-

tude to the factor 1,5 to 6. Even then is our temperature amplitude significantly
smaller than Jacchia's value which results from the two different temperature-
height profiles adopted in both models,

The altitude of 400 km is the upper limit of our model. Below that height
composition changes are only of small influence for the dynamies of the thermo-
sphere, Above that height range the composition changes predominate the total

density and temperature variations. However, these problems are outside the

gcope of this paper.
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Figure 1. Energy distribution versus height of the amplitude Aqy of three different heat sources
harmonically varying in time which simulate energy imput at the bottom (I) within the entire
thermosphere (II), and ot the top {IIl) of the thermosphere. The integral energy amplitude of cazh

heat source is AE, = 0.1 erg/cm sec.
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SEMIANNUAL EFFECT
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Figure 10. Absolute amplitudes of density (Figure 10a) and of temperature (Figure 10b) at 400 km
altitude versus solar activity tacfor F which are generated by Yzat source I of constant energy
amplitude - AEL— 0,030 erg/cm sec during the semiannual variation. The dashed lines are de-
rived from Jacchia’'s formula of the semiannual variation of his exospheric temperature and from

his static diffusion model (Jocchia, 1964).
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