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A THEORY OF THERMOSPHERIC DYNAMICS
PART I: DIURNAL AND SOLAR CYCLE VARIATIONS

H. Volland
Goddard Space Flight Center
Greenbelt, Maryland

ABSTRACT

}It' is shown that the diurnal density and temperature variation within the
- thermosphere is generated not only by solar EUV heat input but also by‘a tidal
wave from the lower atmosphere which penetrates into the thermosphere and
'predominates the diurnal variations below 2.50 kﬁm altitude. Assuming a tidal
wave from below which is mdependent of solax cLOtIVIty and assummg golar

- BUV heat input to be proportmnal to the solar activity index F,,,, the ob-

~ gerved diurnal density variation and its dependence on solar activity can be ox-
' plained and reproduced quantitatively with help of a two dimensional model be~
, 1ween 100 and 400 km hexght “The calculated denSity"agreeS with the Jacchia -

model above 300 1~:m and wnh observauons made by Pmester May, ng~IIelo,l -

Taeusch and by Meu ov below 250 km
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A THEORY OF THERMOSPHERIC DYNAMICS
PART Im DIURNAL ARD SOLAR CYCLE VARIATIONS

1. INTRODUCTION

Sinee the launeh of the first satellite in 1957, satellite drag measurements
and direet In situ nhgervations have rapidly inercased our knowledge of the
neutral denslty and itg temporal variations within the thermosphere. We ean
now distinguish basieally between the followlng regulur and sporadie density
disturbanees within the thermosphere (see ¢.g. the veview artiele by Pricester

et nl., 1067),

Regular effects;
1, Diurnal variution (Period: 1 day)

1h. Selar rotation variation  (Period: 27 days)

le. Semiannual variation (Period: 0.5 years)
1d. Solar syele vavintion (Poriod: 11 years)

Sporadie effocts:
2a. Large scale neutral alr waves (Quasiperiod; « 1 hour)

2h, Geomagnetie activity effecet (Quasiperiod: ~1 day)

While the regular disturbances labelled (1) are predlietable in occurrence
and period, the sporadic effects labelled (2) are not. Nevertheless the last two
elfects have simple hasie [eatures: o train of harmonic waves in case (2a) and
an impulse form in case (2h). Thus, they both are accessible to simple model

calculations.



Apart from the disturbances wentioned above there exist of eourse other
frregular disturbances without such simple features which we shall not diseuss

In this peper.

There 18 general agreement that the effeets numbered (1a), (1b) and (1d) are
clearly related to solar EUV radiation whieh 18 absorbed In the thermosphere
and teansforred Into heat of the neutral alr. Effcet numbered (2h) {8 conneeted
with geomagnetie and ionospherie disturbanees within the thermosphere and ie
thought to be caused by solar corpuscular radiation. Effect numbered (1e) is
also correlated with geomagnetie activity, but in this case the causal relationship
18 not known. Effcet numbered (2a) which is related to large scale travelling
tonospherie disturbances 1s caused in ox helow the hase of the thermosphere and
{8 interpreted as free internal gravity wave propagation Info the thermosphere
(Newton et al., 1969). We shall exclude this effeet entirely In our subsequent

discussions,

The effect, hest understood, 18 the diurnal variotion (numbered 1a), The
theoretical model of Harrls and Priester (1962) conneeted diurnal EUV heat input
with density and temperature variations within the thermosphere, The diffieulties
of obtalning quantitative ngreement between ealeulated and observed density
data in the Harris-Priester model have been settled »ecently by volland et al.

(1968).

As o working hypothesis Jacchia and other people (sce c.g. Priester of al.,
1967) invented empirical formulae which relate the exospherie temperature of

the static Jacchio model (Jacchia, 1964) or of the Harris-Priester model (CIRA,



1465 to the various aetivity parameters, This method works well between 200
and =0 km altitude, TE fulls however to reproduce some observations helow
a0 km e the semfannuil elfeet and the diuenal variations. Moreover, this
method does not peovide any insight into the physieal proeesses which cause the

vitrious elfeefs,

Same of the problems moge or Iess unsolved until now are the following:

1 At what helght 18 the predominant energy deposited for the various
effeets and what form and amount of energy Is 162

2, What are the reasons for the delay between the time of observed density
neaximum for the different effeets and the assumed time of maximum

heating?

Wo shall try In this papor to glve o conslsient answer to these questions,
Part I deals with diurnal and solar cyele variations. In Part I of this paper we
shall treat solar rotation variatlons, seminnnual variations and the geomagnetie

activity effoct.

2. DBASIC THEORY

It has been shown that a two dimensional cquatorinl model of the thermo-
sphere ean explain faivly well hasie data of the diurnal tide within the theymo-
sphere between 100 and 400 km altitude (Volland and Mayr, 19684, Volland of al.,
1968), The diurnal variation of density and temperature 1s generated by solar
LUV heat input within the thormosphere and by a tidal gravity wave from the
lower atmosphere which penctrates into the thermosphere (sce IMigure 1), [eat
input ¢, density ,» and temperature T therefore can be separated in the following

mannex;
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are amplitudes and times of maximum of the diurnal disturbance generated
within the thermosphere by EUV heat input,
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are amplitudes and times of maxtmum of the disturbanee within the thermasphere
generated hy the tidal wave from the lower aumosphere. These terms, too, are
hefght dependent and glowly varying with time with periods large evmpared with

one day,

s is the angular frequeney of the earth's rotation,

HE “if“ s the local time,

v {g the universal time, y the horizontul distance along the equator, ¢ the
helght and R the earth's radiug.

! and : _ are amplitudes and times of maximum of the total

T ES
e diurn T ER

diurnal disturbance observed within the thermosphere.

The ealeulations are based on perturbation theory which is a sufficient ap=
proximation below 400 km altitude, Sinee perturbation theory i linear, the
varintions generated by EUV and by the tidal wave [rom below within the ther=
mosphere are completely decoupled from each other. Moveover, the physienl
parameters density and temperature nre diveetly proportional to thelr respeetive
exelting sourees Ay, and Hq,, 4.+ To obtain agreement hetween the theoretienl
results and the obsorved density, temperature and horizontal wind only the two
components of tho heat source Aqyy and Hq,, 4, can be ndjusted, These will be
chosen so that the density dato of Jaechin between 300 and 400 km helght and the
denslty data of Priester et al. (1960), Moy (1903), Marov (1965, 1968), Taeusch
et al. (1968) and of King=Ilele and Ilingston (1067, 1068) below 200 km are vo=
produeed. Then it turns out (Volland and Mayr, 1008a) that the caleulated hori=

zontal equatorial wind at 100 km altitude approaches very closely the amplitude



and phase of the divrnal wind derived by Rat- 11363 from the geomagner'e 8

i

eurrent.

We consider only the first harmonies of the diurnal vapintion, heeause the
diurnal wave is predominant throughout the thermosphere above 160 km altitude.
Thus. we ean mike use of the following relationsiip that allows 6 comparigon

anel o are the ebgerved maxi-

Y 333

hetween obgervations and ealeulations: If ¢

[2dE 1

mum and minimum values of o eertain phveieal parameter during one day then

PR T T T or BRI 3
Cain g ™ Chsure Cq f 1

is an excellont approximation us long us the diurnal component predominntes.,

‘The mean thermospheric denslty, temperature and moleceular welght between
120 and 400 km altitude have been chogen from Jacehia's static diffusion meodel
(Jacehia, 1904) and between 100 and 120 km from CIRA (1965). By this cholee

we have oliminated the mean heat input g,

3. TIDAL WAVE FROM BELOW

A dlurnal tidel gravity wave is thormally driven by direct 1golation absoxp-
tlon by water vapor in the troposphere and by nzone in the stratosphere and
mesosphere (Lindzen, 1907). Its exelting force = solar radiation within the UV
and visual light spectrum =~ does not depend on solay aetivity. Iowever, its
transformation into wave energy and the propagation characteristies of the tidal
wave depend on the meteorologleal conditions which vary with the seasons, We

shall show in Part II of this paper that this scasonnl variation of the tldal



wave causes the seminnnual effeet of the thermospherie densitv, In th.s
paper whore we deal onlv with diurnul amd solup evele vieriutions we enn=-
gidor the tidul wave from below as eopstant sl indepentdent on golap

uetivity.

Binee the lower boumliey of our nesdel ig at Do ki altitudes, ond thus fare
feom the helght range of the generation of the witve, wee must treat the diurnnl
tidnl wave from helow g an externad energy gouree (kee Plgure 1) and eonsider
it magnitude and phuse ax purameters. In opder to adjust this tidal wave to the
nhgerved density ditu of Taeuseh ot al, (1965 and ol Ring=Hele and Hingston
(1067, 100x) as well us to the wind vitlue of Kato (1654) we chose the relutive

density ut 100 km altbtude of the tidel geavity wave to e

o tydde ]
e 0.12 ,
"o at oz, ke (6)
F ol 20" loenl tame

The longlitudinal wind component of this tidal wave ut the equutor at 100 km

altitude is then

Vede 10 m see

o tide 730 1aenl time

which 18 eloge to the value derived by Kato (1956) from the 5, current,



It ean be shown that the time averaged vevtieal energy flux of that tidal
wave 19 of the order of 1072 erg/em?ace at 100 km aliftude, This is two ordoers
of magnitude smaller than Lindzen's (1967) theory prediets, In Lindzen's cal-
eulations, dissipation of wive energy due to heat eonduetion and {on drag has
heen negleet Y, Therefore his energy value 18 probably exaggerated at 100 km
altitude, On the other hand, in that height range the diurnal tdal gravity wave
helongs to the evaneseent modes for whieh the classical definition of elfeetive

vertical energy flux

L 1.
) oW peos [n (i, ’91]

on which the above mentioned energy data are based 18 problematie (Volland,

1969y, "w, ¢, and "p, p Are amplitudes and thmes of maximum of vertical wind

and pressure components, respceiyelw, of the wave, Note that -2 an evanescent
freo internal gravity wave within an atmosphere of zero heat conducetivity we

have

i1y 7 1y) n/2, thus o "o

‘Wave

‘The tidal wave penetrates Into the thermosphere and predominates the
horizontal diurnal wind system helow 250 km height (Volland and Mayr, 19684).
Most of its wave energy is dissipated by heat conduetion and ion-neutral colli-
slons in this height Zeglon which heats the thermosphere in addition to the EUV
heating. Wp. shall see in Section 8 of this paper that the solor eycle effect pro-
vides the possibility of estimating the amount of heat due to the dissipated energy

of the tidal wave within the thermosphere.



+. SOLAR LUV HEAT INpPUT

Solar EUY pradiation is transtferred into heat of the neutral gas primarily by
photodisgoctation of 0, and N, by lon reeombination and by eleetron cooling,
Phatodigsoelation, the dominant heat mechanisin within the lower thermosphere,
hecomes Insignificant at about 100 km and below beeause at thege altltudes almost
all of the EUV radiation is attenmited, On the other hand, above 400 km fon
eooling I8 the predominant heat souree. However, I68 heating rate there is at -
least two orders of mugnitude smaller than the heating rate at altitudes between
100 and 150 km, Beeause of these reasons we eonfine our thermospherie model
to o helght range between 100 and 100 km and assume that the varlable part of the
golar speetrum = namely BUV radiation = 18 deposited mainly in thig altitude

range.

#

The helght and time dependence of the various heating mechanisms is not
veey well known, Tarels and Priester (1962) assumed that the heat Input is
proportional to the lon production rate. Thelr KUV heating rate for CIRA

model 4 (I¥ - 125) can he approximated by the following analytlenl expression

UEUY o geyg il
UV Hguy
(8)
7o BUV 1290 local time



Here, "Eppy 66 erg/(emsee) is the diurnal eamponent of the total effeetive
heat input inte the thermosphere above 100 km. 2z, 100 km i8 the lower boundary

of our model and Hp,. 65 km 18 an cmpirieal seale height.

We shall adopt o heat input of the general form of Bguation (8). However,
beeause of owr lack of knowledge we conslder "k and Hpy, 05 free parameters
In order to adjust our ealeulations to Juechin's density data between 300 and
400 km altitude. IFor simplielty we consider the seale helght Hp,, as & constant
independent on solar aetivity, ‘The total diurnal EUV heat input is supposed to
be diveetly proportional to the solar actlvity factor ¥ (I 18 the 10.7-em [lux in

units of 10=22Watt/n:? 1z smoothed over two or three solar rotations).

'The optimal parameters which for reprodueing Jacchia's data in the height

range between 300 and 400 km ave

~Epyy 0.27 755  erg’ Cem?see)
9)
Heuy 100 ki

We shall use these parameters in the following caleulations.

Our scale height Hy,, 18 larger by a [actor of two than the value derived
from Ilarris and Priester's (1962) calculations. This is not surprising because
we shall see in section ¢ that the EUV heat input significantly influences the ther-
mospheric density variations only ahove 260 km altitude, The heating of the
thermosphere at these heights is provided mostly by the plasma of the ionosphere.

Thus, the height distribution of the heating rate not only depends on the neutral

10



deasity but also on the density ond temperature distribution of the eleetrons,
Our seale height Hy,., approximates the EUV heat digtribution hetween about
400 and 100 ki altitude, ‘The real heating rate certalnly is8 mueh more eomplex

than Eqguation (8) exhibits.

G COLLISION NUMBER

Collisions hetween neutrals and fons play a deelgive role in the dynamies of
the thermosphere at I'2=laver heights. There, collisions hetween nxvgen=atoms
and oxygen~ions predominate, Dalgarne (1961) gave the formula [or eollisions

hetween oxygen-itoms and =ions:
TR N, gee=! (1)

where the factor < varies between 5 and 10 at lon temperatures bewween T,
400" and 2000 K, and N, (In em=3) is the number density of O-lons. Near the
equator the real height of the F2<layer is between 300 and 400 km, We approxi=-

mate the time averaged eollision number :» by the analytical expression

1 F . -bi{ 7 - 2
L (51 Yo 07 (11)
1.4

whore

Cmuax

% 10=% gee=! is the maximum collision number al the maximum

helght z,,, - 850 km for F < 125, and b = 7 % 105 km~2 determines the
height dependence of . The bracket on the right side of Equation (11) allows
for a variation of » by a factor of two between solar minimum and solar maxi-

mum, According to Equation (10) the value of » in Equation (11) for ¥ 125

11



eorresponds to an ion density wid an eleetron plasma irequeney 1, respeetively,

of N, 6.4 1t em tand £, 6T Mz

Equation (10 I8 oversimplilied at E-laver helghts, ‘Thoere, the eollision erogs
geetion deereases due to the ehange in the major eonstituents of plasma and nenteal
air. However, heeause of the small lon number density at this height range the ine-
fluenee ol fon drye on the divenal wave beeomes small, It ean he shown that the
exaet altitude profile of , determined by the exponential fetor b oIn Bguation (11),
i8 not of great gignifieance for the diurnol dynamies, However, the ubsolute vilne
of maxtmum eollision nwnber ., within the maximum F2=layer has an important
Influenee on the time response of the thepmospherie density with respeet to soluy
EUV heating. This {s shown in Figure 2 where the time of maximum . of
the diurnal density variation at 350 km altitude has heen ealeulated for values
Of ., varying from 10°% to 107 see ', We note immediately that the observed
time delay of 2 hours in the density variation maximum at 14" loeal time) with
respeet to the KUV heot input maxtmum af 1299 local time) eorresponds just to
the eolllision number derived from Kquation (10) and from the obscrved time
averaged maximum eleetron density of the equatorial I2-layer (see upper seale

in T{gure 2 where the ion number density 18 sealed).

The observed time lag of two hours of the thermospherie density is there-
fore the natural time response of the thermosphere to the BUV heul input. The
dependence of this response time on the collision number results from the strong
influence of . on the horizontal winds. The maximum longitudinal wind speed

Aivgny of the diurnal wave at 350 km altitude is plotted versus - In Figure 2



as dashed line, The eollisions aet Hke a "resistunee’ within an agefllitor systen,
On the other hand, the horizontil winds determine the conveetive heat eapaeity of
the thermosphierie "eondensor”.  An inevease of the eollislon nuniber leads to

a deerease of the horizontal wind speed, thus to an inerease of the conveetive
heat eapaelty and an inerease of the time yg For small horizontal veloelties
the time lag beeomes 5 hours (eovresponding to o density maximum at 179 loeal
time), This is just Harrls and Priester's (1962) result In thelr one dimensional
vertieal model In which horizontal winds have been negleeted, A deerease of the
eollision number glves rise to o phase advanee of the density masimum with re=
speet to the EUV heat source which becomes 90 (or 6 hours) at small collision
numbers. This is the diveet result of the deereasing resistance and of the de=

ereasing conveelive heal eapuaeity within the thermospherice "elreult system®.

The relative amplitude 7. 0/, 18 not influenced very mueh by the eollision

number ...

6. DIURNAL AND SOLAR CYCLE VARIATIONS

Using the assumptions about the encrgy input made in seetion 2 to § and
using Jacchia's static diffusion model [or the mean values [Jacchia (1964)]
our thermospheric model of the diurnal variations over the period of one solar
cyele is uniquely determined. Figure 8 shows the relative amplitude of density
and temperatuze variations versus height due to the internal BEUV heat input
[ Equations (8) and (9)] for four different solar activity factors F - 62.5, 125,
187.5 and 250, equivalent to Juechia's exospherie temperatures of T, - 7507,
10007, 1250 and 1500 K. Though the heat input increases with increasing F , tne

relative amplitudes decrease at altitudes above 200 km. This results [rom the

13



Let that mean density ) ond miean teniperatnee 1 inereise more with F

than the divenal variation, However, the absolute wiaplitndes o oand L oot
ot hm altitude, plotted sersus P oin Figuee |, inevewse with Foo Below 200 km
the strong heat input eauses o minop fnerease of the relotive amplitude with in-
ereasing solar aetivity, However, the rebitive density sarfation due o0 BUY I8

snutller than 2. there and 18 ol no signiteanee,

Flgure 5 shows the relative amplitudes of density and temperature for the
contributions due to the thdal wave rom below, The tidal wave propuagates treely
through the thermosphere, Between Too and oo B altiiude about 95 of its wive
energy 18 dissipated by heat eonduetion and fon deag. ‘Pherelore the relative
density amplitude remains roughly eonstint with helisht while the relative tem-
perature amplitude deereases between 150 and Soo km altitude, The deercase of
the relative amplitudes with Inerveasing solar aetivity is again the result of the
strong nercease of the mean values with . In Pigure 1 we notice that the absolute

density varlation genevated by the tidal wave inereases with I, while the tempera-

4\

-~

e vaviation remains constunt, This resulis irom ihe ebanging propagation con=
ditlons within the thermosphere with solar activity hecause aceording to our ag-

sumptions the tidal wave Input at 100 km does not depend on solar actlivity.

The sum of both econteibutions is plotted in Figure 6 versus height for the
four exospherie temperature values T, . The dashed Hnes in lgure 6 are
Jueehla's equivalent day to night ratios converted into relative amplitudes by
Equatton (3). The full and open elreles are N, measurements by Tacuseh et al.
(1968) and satellite drag measurements by King=Hele and Hingston (1967, 106%)

made at moderate solay activity (F 100 - 150y, We repeat that the four

1t



svitdleble pipimeters of the too hesed sourees moone noeslel sse Ie en chosen
sueh that Sheeenfo's dita hetw eon o caud ton ke sl Deeasels oond King=Ilele's

it helow 200 km ot F oo T2 enubd bee v praiuedsd,

Eap results show that in view of oue highly fdealzed nsoded the ageeement
hetween Jacehbits densite data apd one ealeubtions is esecllent above oo km,
The depentdenee of the relatlve density sanpditudes on sokae aetivity is well repro-
duced, The laegest diifferences appenp at highest solae aetivity, It 18 of course
porsible to obtidn even better agreement by allowing an inercase ot the seale

helght 1, . with sobr activity of the EUV heat energy rate in Bquation ().

Below 250 km altitude we notfee o strong deviation of our density data from
Jueehin's densities, This is due to the et that Jaechia foreed his density vario-
tions to heeome zero at 120 km altitude while in our ealeulations the tldal wave
predominutes at this helght vange. At 200 ki altitude Priester ot al, (1960) and
May (196i) observed relative density variations of 15 . in 193% during higher
solar aetivity while King-ITele and Quinn (1963) and Marov (1965) during low
golar activity in 1963 guve day to night ratios of £ 1.7 to 1.9, These data are
correetly reproduced in our model, Our temperature amplitudes are systemaoti-
eally lower than Jaeehin's data above 200 km altitude, ‘The difference inereases
with inercasing solar activity. This discerepancy will be explalned in the next

soeetion.

Figure 7 gives the time of maximum of density and temperature vaviations
due to the two heat sourees versus height for 1 1000 K (F  125), We notice
that the EUV contribution (dushed lines)y has the time of maximum at 1499 local

time for density and temperature above 200 km height. The tidal density maximum



varies fram 2007 0t Tom ki to 11 ot tao b oltitude sohile the tebed tempe pature

I8 at 107 at 100 ki givitgg pise to o phoase ditferenee of 1 onrs wWith pespeet ta

the BEUV generated temperiature flash=datted Hinesy, Tae time of masimunm o)

the total density saviution (tull Hnesy remains within dhw dme abave 1o Em

which 18 in agreement awith obgepvations of Mupray (1o, Ring=Hele wund Hinggton

(1967 und Tueuseh ot ad, (1863, Alga the time of mosimess fotal temperiatupe
Tl

riation which is at TV loeal time above 1060 L oeeurs ot doo tane in peasone-

able agreemoent with ohgervations of ‘P useh et al. (1063,

The times of muximum are very nsensitlive to solap aetivity sad show
deviations trom the data plotted In Figuve 7 whieh genepally are not larger than

30 minutes,

In the whoele altitude range above 100 kin there 18 no [8opyenie luyer where

the density variations heeome zero,

Figure 8 shows the diurnal horizontal and vertieal wind speed plotted versus
hefght and ealeulated for different golay activity luctors F, The horizomal wind
(positive in the castdirection) decrenses with inereasing solar activityin the entire
hetght range while the vertical wind is not Influenced very much by solar aetivity,
‘The horlzontal wind has a relative minimum near 350 km altitude, which results
from the maximum fon drag near the IF2-layer maximum, The EUV and the tidal
contributions of the winds have heen plotted in IFigure x as dashed and as dash-
dotted ifnes respeetively only for I 125 (T, 1000 K) in order to show their
typical hebavior, We notice that the tidal component of the winds predominates
below 300 km altitude. The horizontal wind responsible for the S, current at

L~layer heights is entively due to the tidal wave from helow.

16



In Figuee 4 thie thne s peasiiii o the dibberent soind esampementr (e of
the totul wind luis heen plotted versus helght for | Fot s Agrin this thine ot

puinimun is only inkignibiecanly mblueseed ny polar getivigy,

The squares in Pigures sooand B Bndieate Rato's (100 wind of the dinrnal
component of the & enrpent st the eguator, Thes 1 well with the ealenlated

vitlues.

‘The horlzontal wind strongly depends on the eollislon nuniber . The height
proftle of - was given by Pauation (11 Therelore we eapeet o very sensitiy e
reictlon of the horizantal wind wo changes In the  «<ppolile. This is In faet the
cage, For example. the enleulations by volland et ale 186%) were Iniged on i
~wprofile which ineveased exponentindly with hefght. The horizontisl wind there-
fore did not show the relative mininum as Plgure =1 indleates, [lowever, the
wind speeds ave of the same opder of mugnitude, Also the times of maximum
wre nearly the sume. Moreover, all other parimeters like veetieal wind, density
and temperature are not signiffeantly influenecd by that ehange in the . =profile,
Thig showsg that the horfzontal wind essentially exertg only o seeond order effeet
on the diurnal variations. Its Integral ampltade ean shift the phase of the density
maximum (gee Figure 2) but does not influence very mueh the amplitude of the

density.

T. LIMITATIONS OF THI MODEL

We hitve seen In Figure 6 that our temperature amplitudes are systematically
lower than Jacehin's data above 200 km altitude. The reason for thig disercpuncy

is twofold.



First, sgveenient between both nesdel temperstures ean be espected only i
hoth density profiles arve the same, This is not the ease during high selir
aetivity amd ut altitudes below 200 km, Oup dengity seale helght i8 smaller than
Jaeehia's density seile helght for P 20 Thepefore onp temperature vaphkition

muxst he smaller thun Joeehl's values In aecordinee with the results in Figure i,

second, in oup enleukitions we neglected the thme varbetion of moleeular
weight whicen I8 due to ehanglng compositlon from day to night. The harometrle
helght formuli 18 wn excellent approximation even for the diurnal variations,
Our tempepature salues should therefore agree with Jueehla's data it hoth density
profiles are the sume, From Pigure Su we notice that hoth density profiles agree
at T, 7o0 and Towo above 360 km altitude. Jacchin's temperature geadient
i® nenrly zero above 300 km helght, Our temperiature gradient 18 nlso small and

eun be tnken a8 zero, Therefore the barometrie hefght formula hecomes

1 1 .
Tz i (12)
where
RT
H My

is the denslty scule helght assumed to be equal in Jacchla’s model aund in ours.

The diurnul varlation of the scule helght 18 then

t @ ()

where (“T/T), 8 the rolative temperature amplitude of the Jacchin model and

(AT/T)y 18 our temperature amplitude beeause we neglected the diurnal variation

15
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which 1 very ne toooug salue ealenbited In Figore b We shoudd however
Bestr In psined thot the shosodute coror Do the tempernture samphituede tor T

Lo K i not Lopger than i K.

The mashwum ditlerence between Juechbv's and our temperatures Is 00 K
utb oo ko adthtude during nuodneam sohor netivity (ee Figure 1) In Figure 10,
nuiximun and minbmun temperitures at boo ki altitude are plotted versus solur
setlvity fuetor ¥ together with Juechints doy and night exospherie temperatures
(itghed Hnews)e We notiee thit the ditference batween Juechln's temperatures
wned ours never exceoeeds 6 of the total temperature which s coprtulnly within the

range of aecuriey of any direet temperitture obgervition,

It i posrible to remove the error In the temperature varlution of our model
which Ig due s the negleet of the temporal gomposition ehanges, This ean he
deme by an ftermlon process,  Furthermore, for the expressions of the KUV
hewting vate | Fyuation (8)] und of the eollision number [ Equation (11)] simple

analvticul funetions have heen chogen deliberately in order to Und out thelr hasle

10



intluenee on the diurnal dvnsanies. Improved wid more complete o' seprvidional
data egpeelally In the hieight range below qoo kn will eertainly modity the numceri=
el vitlues of these parameters and of the tida] wave fnput, Our model 18 lexible
enouga to allow tor sueh modiffeations, 1t Is in faet capable of determining the
hetght disteitution of the solue EUY heat soupee and of the eollislon number it
approprinte density ad wind data are avadlable, In thig conneetlion it is perhaps
of interest that the madel ealeulations tor the entire solir eyele on whieh the

data plotted in Flgures 3 to 10 ave bhased upsa have been performed in the time

of one minute during a single computer run on the IBM 860/735.

Our two dimengionial model of eourse 18 not able to explain latiiudival elfeets,
The global hehavior of the diurnal dymumies must be treated with help of @ three
dimensgionul sphepleal model (Volland and Maye, 19¢8h), That the two dimen=
slonal model nevertheless deseribes ruther well the low latltude behavior of the
diurnal tidal varlations of the thermosphere is due to the [aet that the diuvnal
thermospherie tides are predominated hy the spherlenl funetion Py, which is an
cigenfunction of the spherical problem. Pyy  8ln - (s the co-latitude) varies
only slightly with 77 at low latitudes and therefore can be treated as a constant

thera,

A word must be sald about the valldity of perturbation theory which we used
entirely in our ealeulations. We siate that perturbation theory is an excellent
approximation as long as the relative amplitudes of the perturbated values do
not exceed the number 0.5, This condition is fulfilled in our caleulations within
the height range hetween 100 and 400 km for all parameters with the exeeption

of v 0 low solar activity (;ﬁw - TH0VK; see IMigure 6). The error due

“dium



te perturhation theory ean hest he estimated in the equation of state. The relative

pressure amplitude is

ANt M AT
S LA AL S R S (14)

- 3 -
Py ;' lii Mﬁ '@ lﬁ

Apart frem the variation of molecular weight M whieh we alveady diseu sed we
negleeted the lust term on the right side of Equation (14) In our perturbation
theory. At moderate solar actlvity (T, - 1000°K) and at 400 km altitude this

term has the value (see I'igure 6)

I'TA‘”‘ I3 /’A'\'»'F -
"—"T—“:-:’ :;1?;:’ Op 5 4 Q' 1 0- 05 *
0 ]

However, thig erros of 5% does not appear in the diurnal companént but is trans=-
ferred into the semidiurnal component and into the mean value p,. The semi~
diurnal component likowisgoe transfers part of its energy content Into the diurnal
component, As long as the somidiurnal component Is small, our perturbation
theory ig valid within the iimits mentioned above. It gives of course only the
first harmonic or the diurnal component of the diurnal disturbance. Fortunately
the semidiurnal component 1s ia fact small at least above 150 km altitude as the
obscrvations confirm, This smallness 1s caused by the filter action of the
thermosphere which suppresses higher harmonies of the propagation modes

(Volland, 1969).

8, CONCLUSION

By treating a two dimensional model of the thermosphere at low latitudes it
has heen shown that the diurnal density disturbance is generated by solar EUV

heat input within the thermosphere and by a tidal wave from the lower atmosphere
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which penetrates Into the thepmosphere and predominates the density variations
helow 260 km altitude. Assuming o eonstant tidal wave input and a EUV heat in=
put proportional to the solar aetivity Lietor by o the observed diurnal density
variations and their dependeunee on solar aetivity ean be quantitatively reproduced
hetween 100 and 100 km height. The eajeulated density agrees with the Jaeehia
madel (Jaeehin, 1961) above 300 km and with measurements made by Prlester

et al, (1960). May (1943), King=llele et al, (196G, 1967, 196%), by Tacuseh et al,

(1968) and by Marov (1465, 1967) below 260 km,

The time of maximum ol the density varfation is 147" loeal time above 200 km,
It 18 the natural response time of the thermosphere due to the EUV heat {nput,
Below 200 km, where the tidal wave predominafes, the time of maximum shifts

toward 20" at 100 km altitude.

The ealeulated temperature amplitudes are smaller than Jacchia's data above
200 Jkap altitude. These differences inerease with solur aetlvity. The reason for
P F Y L JGRRDTORE UGS DR, (s £ Tona i 8 1 By a3
HLICTONGE 10 TNe QCnsILy Proiiies or ol
models. Iowever a relative error of about 3', must be attributed to the neglect
of the diurnal variation of molecular welght in our ealeulations. The absolute
difference hetween Jacehia's temperatures and ours never exceeds 6'. of the

total exospheric temperature.

Joeehia's (1964) empirical formula for the exospheric day and night time
temperatures and thein dependence on solar activity (the dashed lines in Figure 10)
can he interpreted as follows: A contribution of a tidal wave from helow which is

independent of solar activity is superimposed on o contribution due to dircet solar

22



EUV hestt input, The amiplitude of this BV generated sutve inereases with solar
aetivity andd causes the inerease of the exospherie tewperature saelation with F,
while the temperture vartation due to the tidal save remaing eonstant, The wave
energy of the tidal wave {8 nearly eompletely dissipated within the thermosphere,
Thig digsipated energy eonteibutes to the time averaged heot input Into the ther-
nosphere. We suggest that it {8 responsible for the residual exospherie tempera-
ture of about 500 K at zero solar activity I o (see Figure 10). From Jaechia's
temperature profiles one ean estimate that o heat Input of ehout 0.1 erg/em ‘goe
above 100 km altitude {8 neeessary to maintin an exospherie temperature of

500 K, Therefore, we estimate that the tidal wave at 100 km altitude has o wave
energy of 0.1 erg/em4see, That amount of heat energy contributes signiffcantly
to the thermospherice heat halanee a8 can he seen by comparing It with the mean
15UV heat input which varies from about 0.2 to 1 erg/em?see hetween low and

high solar activity,

Our {wo dimensional model ean explain basie foatures of the diurnal vaprin-
tions within the thermosphere. lHowever, no attempt was made to explain latifu-
dinal variations or composition effects like the Helium bulge. Our model never-
theless deseribes rather well the low latitude behavior of the thermosphere
which is due to the faet that the divrnal thermospherie tides are predominated
by the spherical funetion P, which is the elgenfunction of the spherical problem

(Volland and Mayr, 1963D).

In Part II of thig paper we shall discuss the 27 day variation, the semianmual

effect and the geomagnetic activity effect.
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Figure 1. Block diagrom showing ihe two energy sources which generate divrnal
density disturbanees within the thermosphore.
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ABSOLUTE AMPLITUDE OF DIURNAL VARIATION

JACCHIA -
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Figure 4, Absolute amplitude of diumnal density and temperature varrations at 400 km altitude
versus Jacchia's exespheric temperature T, . The dashed lines give Jocchia's model data for the
difference between day and night of density and temperature at this altifuds.
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Figure 5. Diumal density and temparaiure variations versus height generated by the tidal wave
from the lower atmosphere, calculated for four diffarent thermospheric models equwnlﬁni ‘0
changing solar activity, T is the exospheric temperaiure of the Jacehia mode! (in "K}, Fistle
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Figure 10, Calculated maximum ond minimum temperatures at 400 km altitude versus solar activity
factor F. The dashed lines give the exospheric tamperatures of the Jacchia model at day and at
night.
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