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ABSTRACT

An atmospheric model for the height range 100-700 km, likely to hold for solar minimum conditions, has
been developed. The flux density of solar radiation at 10.7 cm wavelength (Fio.7) is taken to be 70X 1072
w m™2 (cps)~*. The model is based on extrapolation to 70 units, of density and density scale heights at different
solar activity periods, in the height range of 250-700 km, deduced from drag observations of 46 satellites
(King-Hele and Walker, 1961; Martin et al., 1961 ; King-Hele and Rees, 1963; King-Hele and Quinn, 1965)
during the period 1958 (F10.7~230 units) to early 1964 (F1.;~80 units), for diurnal minimum and maximum
conditions. In the range of 100-250 km, density values obtained from various rocket flights to early 1964
(F10.7~80 units) have been used. The model gives the distribution of neutral particles, i.e., #(0z), n(NJ),
#(0), n(He), n(H) ; atmospheric scale height (#); mean molecular mass () ; atmospheric temperature (T)
and atmospheric pressure (p) with height up to 700 km. Diffusive equilibrium for Ns, Oz and O has been
assumed to hold above 130 km, for He above 100 km and for H above 500 km. In the region of dissociation,
observed values of #(0)/n(0s) of Schaefer and Brown (1964) have been adopted. The results are discussed
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and compared with those given by other workers.

1. Introduction

Investigations through sounding rockets and satel-
lites have established the fact that, in addition to a
pronounced diurnal variation in upper atmospheric
density, reaching a maximum about two hours after
local noon (Jacchia, 1959; Wyatt, 1959; Priester and
Martin, 1960) and a minimum between midnight
(Jacchia, 1960; Jacchia and Slowey, 1962a) and dawn
(Priester et al., 1960a), large fluctuations also occur
with solar activity. These variations with solar activity
include erratic or 27 day variations with solar activity
(Jacchia, 1959a), semi-annual and annual variations
(Paetzold and Zschdrner, 1960, 1961), and geomagnetic
perturbations (Jacchia and Slowey, 1962, 1963, 1964),
superimposed on the larger 11 year solar cycle variation
in the upper atmosphere. Of these different types of
variations, the largest are those due to variations in the
solar cycle. It is thus obvious that no single atmospheric
model can represent atmospheric parameters for all
solar conditions.

Several models appropriate for different phases of
solar activity are available in the literature. Models
holding exclusively for high solar activity have been
given by Mathur and Mitra (1960) for Fio.7~230
units! and a height range of 130-1000 km, and by
Paetzold and Zschérner (1961) for Fig 7~220 units and
Martin et al. (1961) for Fi07~200 units and height
ranges of 150-1600 km and 130-1600 km, respectively.
These models were based on the satellite drag data

! The flux density of solar radiation at a wavelength of 10.7 cm.
Units are in 1072 w m™2 (cps)™L.

available during the International Geophysical Year
(IGY).

Atmospheric models appropriate for medium solar
activity (Fi.7~175 units) were prepared and pub-
lished by COSPAR in 1961 and known as the COSPAR
International Reference Atmosphere (CIRA, 1961).
It was based on the best available density data to the
beginning of 1961 and gave the atmospheric parameters
up to an altitude of 800 km for diurnal minimum, aver-
age and maximum periods. Kallmann-Bijl and Sibley
(1964) also gave an atmospheric model for Fio7~150
units based on the observed values of densities from
satellites and rockets in the height range 100-500 km,
for diurnal minimum and maximum conditions.

Apart from these, various atmospheric models, in-
cluding a few likely to hold for solar minimum condi-
tions, have been developed for a wide range of solar
activities represented in terms of solar radio flux and
exospheric temperature. These are as follows:

a) Aimospheric models based on densities obtained from
satellite drag observations. From observations of satellite
drag data available after the IGY and until 1962,
Paetzold (1963) extended his previous atmospheric
model for high solar activity (Paetzold and Zschorner,
1961) to other solar activities (Fy97=120, 70 units)
over the height range 150-500 km for diurnal minimum
and maximum conditions for November (annual maxi-
mum of his postulated plasma effect). Further, King-
Hele et al. (1961, 1963, 1965) developed atmospheric
models over the height range 200-700 km for different
phases of solar activity (Fi9.7~80-230 units) for diurnal
minimum and maximum conditions, based on satellite
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drag observations during the period 1958 through early
1964. Satellite drag observations were also used to
develop atmospheric models based on a direct propor-
tionality between solar radio flux and density (Ander-
son, 1962) or on more complex empirical relationships
(Marov, 1965).

b) Static atmospheric models based on heat conduction
as the essential process. The first multi-temperature
models, ranging from 773K to 2133K and above 120 km,
were developed by Nicolet (1961a) on the basis of
diffusive equilibrium. These various temperature pro-
files were derived from the model with highest exo-
spheric temperatures by the conduction cooling of the
atmosphere in the absence of external energy sources.
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The boundary conditions were assumed to be invariant
at 120 km. These models were further revised (Nicolet
II, 1964) and are given in Jacchia’s (1964) paper.

In order to achieve a better agreement with densities
obtained from satellites, Jacchia (1964) further de-
veloped static atmospheric models for a wide range of
exospheric temperatures from 650K to 2100K, starting
from a fixed set of boundary conditions at 120 km.
These models were based on empirical temperature
profiles of exponential form derived from the synthesis
of Nicolet, and Harris and Priester (1962) temperature
profiles which were capable of reproducing densities
determined from satellite drag observations.
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F16. 1. Present density model and its comparison with other models for solar minimum conditions.



MaARCH 1966 V. P. BHATNAGAR
320
280 I 1954~ 1964
l; 240
2
200
gt
5.
%g 160
3 120
80
40
oL 3 1 ) '
60 100 250

N ., 200
F'O,,(w/m/cps)

F16. 2. Variation of smoothed sunspot numbers with monthly
average of solar flux at 10.7 cm wavelength. Multiply abscissa by
1072 to obtain units of w m™2 (cps)™.

¢) Time dependent atmospheric models based on heat
conduction and hydrostatic equations. Static atmospheric
models are subject to a serious limitation due to the
assumption of static equilibrium in an atmosphere with
day to night temperature variations which have a
period which is not likely to be larger than the heat
conduction time from the lower thermosphere to the
thermopause. This was clearly shown (Harris and
Priester, 1962; CIRA, 1965) when Harris and Priester
took account of the diurnal variation in the upper
atmosphere. They performed a simultaneous integra-
tion of the heat conduction equation and the hydro-
static equation, taking into account the heat sources
(solar x-ray and ultraviolet radiation and a hypothet-
ical heat source) and sinks, the heat input being varied
with a 24-hour cycle. They further assumed fixed bound-
ary conditions at 120 km. However, the diffusion level
for hydrogen was changed to 500 km in their later
models (CIRA, 1965) from the value of 120 km used in
their previous models (Harris and Priester, 1962).

It may be noted that although atmospheric models
exist for various solar activities, individual particle
concentrations have been derived in relatively few
atmospheric models (Jacchia, 1964; CIRA, 1965) for
solar minimum conditions. Further, the atmospheric
models for declining phase of solar activity differ con-
siderably at greater heights from each other and in
the observed densities derived from satellite drag
observations (Fig. 1).

It should further be noted that while diffusion starts
around 120 km, it is not an isopycnic level as was
assumed by Nicolet, Jacchia, and Harris and Priester,
although there is evidence indicating a permanent
isopycnic level near 90 km (Cole, 1961, 1965; Groves
and McDermott, 1963). Rocket flights during the
different solar activity periods also show that the
atmospheric density and composition in the lower
atmosphere are probably dependent on solar activity
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and local time. Hence the boundary conditions adopted
by Nicolet, Jacchia, and Harris and Priester may not
be invariant with solar activity and local time.

As considerable new information has accumulated
regarding the factors mentioned above in the past few
years, an effort has been made in this paper to develop
an atmospheric model for solar minimum conditions,
for which a flux of 70X102 w m™2 (cps)~! has been
used. This model is based on recent data of 1) the ob-
served densities during the declining part of the solar
cycle from rocket flights and satellites, 2) the dissocia-
tion of molecular oxygen close to minimum solar
activity (Schaefer, 1963, 1964), and 3) the diffusion
levels of the lighter comstituents. The theoretical in-
vestigations on the distribution of lighter constituents
by Nicolet (1961, 1962, 1963) and Kockarts and
Nicolet (1962, 1963) show that the diffusion levels for
helium and hydrogen start around 100 km and 500 km,
respectively.

In this model, the particle densities of N, O,, O, He
and H together with scale height (H), mean molecular
mass (1), temperature (T') and pressure (p) are given
over the heights 100-700 km from empirical mass
density curves obtained for solar minimum conditions.
The model thus developed is compared in Fig. 1 with
those given by Nicolet II (see Jacchia, 1964), Paetzold
(1963), and CIRA (1965). Discussions are given in
Section 4.

2. Assumptions

The sunspot minimum atmospheric model, con-
structed and presented here, is based on the following
assumptions:

a) The 10.7-cm solar radio flux appropriate for solar
minimum conditions is taken to be 70X107% w m2
(cps)~! as shown in Fig. 2.

b) An isopycnic level at 90 km has been assumed
(Cole, 1961, 1965; Groves and McDermott, 1963).
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Fic. 4a. Extrapolation of densities at 600 km, 130 km and
100 km to 70 units for diurnal maximum conditions. Multiply
abscissa by 102 to obtain units of w m™2 (cps)~.

It is further assumed that the density at this level is
independent of solar activity.

c) The perfect gas law and the hydrostatic equation
are assumed to be valid in the region investigated.

d) Dissociation of O, is taken to be virtually complete
below 130 km and the observed values of Schaefer
(1963, 1964) for nighttime and daytime conditions
have been adopted (Fig. 3). However, it should be
noted that the ratio of O/O; ion currents was assumed
to be approximately the ratio of O/O, number densities.

e) Diffusion of Ny, O, and O is taken to start from
130 km (Mathur and Mitra, 1960), diffusion of He from
100 km, (Nicolet, 1961a, 1962; Kallmann-Bijl and
Sibley, 1964), and diffusion of H from 500 km (Kockarts
and Nicolet, 1962, 1963 ; Nicolet, 1963).

3. Method

a) Density curves for diurnal minimum and diurnal
maximum conditions. Empirical density curves for the
diurnal minimum and maximum periods, in the height
range from 250-700 km, have been obtained from the
extrapolation to 70 units, of densities and density scale
heights at various solar activities obtained from the
drag data of a large number of satellites until early
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1964 (Martin ef al., 1961 ; King-Hele and Walker, 1961 ;
King-Hele and Rees, 1963; King-Hele and Quinn,
1965). However, at the lower heights, density values
obtained from various rocket flights for different solar
activity periods have been used (CIRA, 1961 ; Pokhun-
kov, 1963; Kallmann-Bijl and Sibley, 1964; Zimmer-
man, 1963 ; Groves, 1963 ; McDermott, 1963 ; Faire and
Champion, 1965). Typical cases of extrapolation of
density to 70 units of flux at 100 km, 130 km and 600
km for the diurnal maximum conditions are shown in
Fig. 4a, while Fig. 4b gives the extrapolation of density
at 300 km for both minimum and maximum condi-
tions. The empirical density model thus obtained is
shown in Fig. 1, where the dots represent the extrapo-
lated values. King-Hele ef al. (1963, 1965) give a
probable limit of error for their density values of about
20 per cent. Since our extrapolation is based on these
values, the error in the density values assumed for
70 units may also be expected to be of the same order.
It should be noted that for the years 1962-1964, there
are no daytime and nighttime density points above
about 450 km and hence the extrapolated density
curves given by King-Hele and Quinn (1965) may lack
reliability. Similarly, the density curves given by King-
Hele et al. (1963, 1965) for the nighttime of the years
1959, 1961 and the daytime of the year 1961, are all
tentative above 600 km due to lack of density points
and may therefore be in error. A density value of
3.12X10~° gms cm™® was adopted at 90 km from
CIRA (1961).

0) Determination of atmospheric scale height (H).
The vertical distribution of density as obtained from
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satellite drag data near its perigee can be given as

k
e 2)

P

M

where p=po at a reference height #=0, and H, is the
density scale height. It has been shown by Nicolet
(1961a) that the atmospheric scale height H at a certain
height can be related to H, by

H= (1+B)Hp1

8=dH/dh.

The two scale heights H and H, are identical only
when 3=0. Further, if the gradient of 8 with height is
neglected, then

(2)

where

ﬂ=13p/(1—/39)) (3)

where 8,=dH,/dk. It can be seen from Egs. (2) and
(3) that atmospheric scale height H and hence pressure
# can be determined at any height ‘4’ from

p=Hpg=(1+B)H," (pg), (4)

where g is the acceleration of gravity. Eq. (4) was
utilized to obtain the pressure at 700 km and, from
the variation of density with height, the variation of
pressure was determined down to 100 km from the
hydrostatic equation. (Kallmann-Bijl, 1959; CIRA.
1961). The variation of atmospheric scale height H
with height was then determined from

H=p/pg. ©)

¢) Region of mixzing. From the density and the
observed ratio of #(0)/%(0,), the concentrations of Ny,
02, O and He were computed as follows:

In the region of dissociation of molecular oxygen, but
below the diffusion level,

[#(09)+0.52(0)]/n(N,) = 0.2683. (6)
Hence
7(0s)=0.26831(N,)/ (140.5x), (7
and
#(0)=xn(0,). (8)

Using Eqgs. (6), (7) and (8) and neglecting He and H,
as these are extremely small at these heights as com-
pared to the major constituents Ny, O, and O, one gets

8.586 4.293x>
14+0.52 14052/

w(Ns)=p / (zs.oz+ ©)

For helium, we take Nicolet’s value (Nicolet, 1961,
1962),

n(He)=6.7X10~%(Ny). (10)

Thus from a knowledge of the dissociation of molecular
oxygen and the mass density, the concentration of
Nz, Og, O and He can be computed from Egs. (7)-(10).
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For atomic hydrogen, the diffusive equilibrium has
been assumed to start from 500 km, where the following
values were adopted from Kockarts and Nicolet (1963),
for the exospheric temperature at 700K and 900K:

#(H)min~3.5X 105 cm™®
7 (H) max~3.6X10* cm—3,

However, for heights below 500 km, where the hydro-
gen distribution is strongly affected by the diffusive
flow, its concentration has been adopted from Kockarts
and Nicolet (1963) for the same exospheric temperature
mentioned above. The mean molecular mass 7 and
temperature 7" were obtained from

m=p/n=2 n:m,/Z ni (1)
and
T=Hmg/k, (12)

where k£ is Boltzmann’s constant (1.38X 10~ ergs
(°K)™.

d) Compulation of n:, H, T, and m in the diffusive
region. The number density #; for the ith constituent
at the height % in the thermosphere was computed
at height intervals of 10 km from the relation

(Tﬂ)-(lfiff)
Ni=HNio\ — ,

- (13)

where 7, is the number density at the reference height
ho, m; is its mass, T is the atmospheric temperature
at the height %, o is the temperature gradient dT/dh
and g is the average acceleration due to gravity in the
slab.

The temperature T in (13) was determined from (12)
where H was taken from Eq. (5). The atmospheric
mean molecular mass 7 was determined, assuming m
to be constant for the slab, by first evaluating the total
particle density # at the height % from

=)

where ny (=2 mi) at the height ko was taken from

146
8
2

(14)

£
Eq. (13), as determined for the previous slab. Thus
knowing », m at the height # was determined from

(15)

where p was taken from empirical mass density curves.
The number densities #; in the isothermal region,
however, were computed from

migo(h— ko) (R+k0)]
ET(RAR)

m=p/n,

;=10 €XP l:—— (16)

where go is the acceleration due to gravity at the height
ho and R is the radius of the earth.
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TasLE 1. Variation of atmospheric properties with altitude.
v (2) Diurnal minimum
h P b4 n(Ng) 7(0s) 7n(0) n(He) n(H) n ke H T
km gmscm™ dynescm™? cm™? cm™? cm—® cm™? cm™? cm™® km ‘K
100 6.30—10* 4.19—1 1.044-13 2.32412 9.30+11 6.94-+7 1.00+7 1.364-13 279 6.9 219
110 1.40 1.11 2.30+412 4.584+11 3.21 4.79 3.004-6 3.08-4-12 27.3 8.4 262
120 4.00—11 3.85-2 6.58+4-11 1.14 1.25 3.43 1.40 8.97+11 26.9 10.2 312
130 . 1.30 1.53 2.14 3.194-10 5.104-10 2.51 9.70+5 2.97 26.4 12.5 374
140 5.11—-12 7.53—3 8.204-10 1.09 2.71 1.85 7.70 1.20 25.6 15.7 453
150 2.35 4.18 3.66 4444 9 1.59 1.43 6.90 5.69-410 25.0 19.0 535
170 7.42—-13 1.71 1.06 1.11 7.16+ 9 9.984-6 6.10 1.89 23.7 24.8 659
200 2.19 5.59—4 2.654+ 9 2.224 8 3.16 8.18 5.50 6.044+ 9 21.8 27.7 670
250 3.61—~14 1.06 2.69+ 8 1.624 7 8.554 8 5.90 5.10 1.1§ 19.0 32.3 670
300 7.67—15 2.50-5 2.83+4 7 123+ 6 2.36 4.28 4.75 2.704 8 17.1 36.4 670
350 1.94 6.80—6 3.094 6 9.76+ 4 6.65+ 7 3.12 4.40 7.324 7 15.9 39.8 670
400 5.39—16 2.04 3.464+ 5 8.05+ 3 1.91 2.28 4.10 2.21 14.7 43.6 670
450 1.62 7117 4.02+ 4 6.84+ 2 5.574+ 6 1.68 3.75 7.674 6 12.7 51.3 670
500 5.31—~17 - 3.02 4.82+ 3 6.02+ 1 1.66 1.24 3.50 3.25 9.8 67.4 670
600 9.16—18  1.06 759+ 1 526— 1 155+ 5  6.84+5  3.02 1.14 48 141.8 670
700  3.40 6.11—8 1344+ 0 521— 3 155+ 4 3.84 2.61 661+ 5 31 2258 670
(b) Diurnal maximum
100 5.70-10 3.47—1 938412 220412 6.17411 6.294-7 1.00+7 122413 28.1 64 206
110 - 9.29—-11 7.81—-2 1.53 3.23+11 1.74 3.82 2.60+6 2.03+4-12 27.6 8.9 280
120 . 2.50 2.81 4.11+11 649410  9.094-10  2.59 7.5045 5.674-11 26.5 119 358
130 9.49~12 1.34 1.56 2.01 - 4.36 1.87 3.80 2.20 26.0 15.0 443
140 4.00 7.55—-3 6.404+10 7.564+ 9 2.34 1.31 2.30 9.50410 25.4 20.1 578
150 2.12 4.84 3.29 3.63 1.49 1.03 1.80 5.14 24.8 244 682
170  8.29-13 2.31 1.20 1.18 - 1834+ 9 7.804-6 1.20 2.10 23.8 300 799
200  2.90 9.30—-4 368+ 9 3084+ 8 3.85 6.17 9.70+4 7844+ 9 223 348 860
250 6.80—14 2.43 6.174 8 3.974+ 7 1.39 4.78 8.40 2.05 20.0 39.4 860
300 1.87 7.37-5 1.06 5304+ 6 5064+ 8 3.71 7.60 6.214- 8 18.1 4.1 860
350 59215 2.49 - 1874+ 7 7.284 5 1.88 2.90 7.10 2.10 17.0 47.7 860
400 2.05 9.03—6 3374+ 6 1.03 7074 7 2.27 6.50 7.65+ 1 16.2 50.8 860
450 7.55~16 3.48 6.24+ 5 1.50+ 4 2.69 1.78 6.00 2.94 15.5 53.9 860
500 291 1.42 1.19 225+ 3 1.04 1.41 5.60 1.20 14.6 58.1 860
600 4.95-17  3.05—7 4.604- 3 5.50+ 1 1634+ 6  8.8445 498 2.574+ 6 11.6 75.3 860
700 1.10 1.05 195+ 2 1504+ 0  2.694 5 5.63 4.45 877+ 5 7.5 119.8 860

" * Denotes the power of 10.
*+ Average molecular weight.

4, Models for diurnal maximum and minimum
' _conditions

The values of #, H, T, the various #; and the total par-
ticle density, #, obtained in this analysis are given in
Table 1 and are plotted in Figs. 5 through 10. The mass
density values given in the present model have been
plotted in Fig. 1 together with Paetzold’s (1963) and
CIRA (1965) models for Fi7=70 units, Nicolet’s
improved version (Nicolet II, 1964) of his previous
models (Nicolet, 1961) given in Jacchia (1964), and
Jacchia’s (1964) models for exospheric temperatures
(T) of 650K and 850K. Nicolet and Jacchia’s models
for the above temperatures have been adopted, since
these temperatures are close to the exospheric tempera-
tures of the present model. It can be seen that during
daytime the density values given by present model in
the exosphere are lower than the CIRA (1965) model,
but, are higher than in other models. However, during
nighttime the differences are smaller except for Paet-
zold’s model .which gives lower density values. A
comparison of the different models at the representative
heights of 200, 400 and 600 km is given in Table 2.

The density values can also be compared with some
of the recent values obtained from the satellite Ex-
plorer 17. Thus a value of 1.66)X107* gm cm™ ob-
tained on 24 June 1963 (Fi0.»=74 units, 4,*=6) at
4.4 hours local solar time at the 270 km perigee (Bryant,
1964) agrees well with 1.89X10~* gm cm™ at the
diurnal minimum of the present model. In addition
a value of 2.72X10 gm cm—® was obtained on 21
May 1963, (Fi9.7=83 units, A,*=5) at 13.3 hours
local solar time at the same perigee altitude (Bryant,

TABLE 2. Mass densities according to various models.

‘ Present Jacchia Nicolet II CIRA

h (km). model (1964)°  (1964) (1965)
Diurnal . 200 2.19~13 1.67—13 2.29-13 1.75—13
minimum 400 5.39-16 3.62—16 3.89—16 4.93—16
600 9.16—18 9.07—18 6.76—18 1.00—17
Diurnal 200 2.90~13 2.55—13 3.31—13 2.25—13
maximum 400 2.05—15 1.55—-15 1.58—15 2.34—15
600 4.95—17 4.16—17 3.63—17 1.01—16

* Daily planetary geoma.gnetic index.
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1964), which is somewhat less than the value of 3.97
X101 gm cm™? at the diurnal maximum of the
present model. It may be pointed out that the present
empirical density curves refer to average diurnal mini-
mum and maximum conditions, as they are based on
the values given by the best fit curves of King-Hele
el al. (1961, 1963, 1965) to the individual density values
obtained for various phases of solar activity. It is thus
possible that the present density values may differ
at certain heights from individual density measure-
ments obtained for this phase of solar activity. Further
as pointed out earlier, the values of densities given
here could possibly be in error by about 20 per cent,
which is also the probable error in the individual density
values determined from satellite drag measurements.

Density data were also recently obtained during
April to July, 1963 from Explorer 17 in the altitude
range of 255 to 300 km for local times between 0700
and 2100 hours (Newton ef al., 1964). At the times of
measurement, the daily planetary geomagnetic index
was between 0 and 50, and the 10.7 cm solar flux was
between 70 and 100X 10-2 w m™2 (cps)~'. It was found
that a considerable variation in density occurred at a
given altitude, due in part to local time, geomagnetic
activity, and solar activity effects. The absolute ac-
curacy of the data was believed to be =35 per cent.
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Fic. 5. Variation of mean molecular mass with height.
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At 300 km, the density varied by about a factor of
about 6 from approximately 3.5X10715 to 2.0X 104
gm cm~3. Assuming that the densities determined by
satellite drag techniques appear to be systematically
higher (Newton et al., 1964) by at least a factor of
2 than the gage densities, it can be seen that the density
values from the present model, i.e., 7.7X 10~ gm cm—*
and 1.9X10™ gm cm—® for diurnal minimum and
maximum conditions (Fig. 4b) respectively, lie in the
above range.

It has been found previously (King-Hele and Walker,
1961; Priester ef al., 1960a and Jacchia, 1961) that the
mass densities above about 200 km during daytime
are higher than nighttime densities. In Fig. 1 it can be
seen that daytime densities above about 200 km are
higher than nighttime densities.

However, below about 200 km, the daytime densities
are lower than the nighttime densities. This was pre-
dicted earlier on theoretical grounds (Martin e al.,
1961) based on the law of conservation of mass which
requires that the increase in densities at greater heights
be compensated by a decrease in densities at lower
heights and vice versa. This was also experimentally
confirmed by the observations of Horowitz and Lagow
(1957, 1958), Horowitz et al., (1959), Meadows and
Townsend (1960), McDermott and Groves (1962),
Pokhunkov (1963), and Faire and Champion (1965).
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Fi16. 6. Variation of atmospheric scale height with height.
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Fi16. 7. Variation of temperature with height.

The higher nlghttlme densities below about 200 km
can also be noted in the Kallmann- B1]1 (1964) curves
for mass densities for late 1960 and in the Harris and
Priester (1962) and CIRA (1965) models.

The variation of mean molecular mass (/) with alti-
tude is shown in Fig. 5. It can be seen that 7 continues
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1
400
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Fic. 8. Distribution of #(03), #(N3), n(0), #(He), n(H) and total
particle density » with height for diurnal minimum conditions.
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F16. 9. Distribution of #(0s), #(N2), #(0), n(He), n(H) and total
particle density # with height for diurnal maximum conditions.

600 700 800

to decrease from 27.9 at 100 km to 3.1 at 700 km for
the diurnal minimum conditions, and from 28.1 to 7.5
for diurnal maximum conditions.

Fig. 6 shows the variation of smoothed scale height
(H) values for the usual two conditions. During hight-
time, H continues to increase from about 7 km 4t 100
km to about 226 km at 700 km, while during daytlme
it increases from about 6.4 km to about 120 km in
the same height range.

Fig. 7 shows the variation of temperature for mght-
time and daytime conditions. It can be seen that most
of the temperature rise occurs below about 200 km.
The temperature increases from about 219K at 100 km
to 670K around 180 km during nighttime and probably
remains constant above this height. For daytime, the
temperature increases from about 206K at 100 km to
860K at about 200 km, above which it probably remains
constant. It may be noted, however, that while com-
puting temperature from Eq. (14) a scatter of about 2
per cent was found around the temperature profile
shown in Fig. 7. The daytime maximum temperature

TaBLE 3. Geometric height of transition for various ions.

Ot—Het Het—H* Ot—
Diurnal minimum 520 km 780 km 570 km
Diurnal maximum 640 km 1525 km 800 km
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Fi16. 10a. Transition altitude for O+ to He* as a function of temperature.

is higher than the nighttime minimum by a factor of remain unchanged in the course of the 11-year solar
1.28. This factor is quite close to the earlier values of cycle.

1.35 and 1.33 given by Jacchia (1961), and Jacchia and The variation of #.’s with height is shown in Figs. 8
Slowey (1962a), suggesting that this factor seems to and 9 for diurnal minimum and maximum conditions.
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F16. 10b. Transition altitude for Ot to Het as a function of solar flux at 10.7 cm.
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F16. 11a. Transition altitude for Het to H* as a function of temperature.

In these figures one can see the changing roles of the
constituents with altitude. During diurnal minimum,
7(0), which is predominant above about 200 km,
becomes equal to n(He) at about 510 km, having a
concentration of about 1.1X10® cm=3 and is equal to

n(H) at about 570 km having a concentration of about
3.1X10% cm=3. During diurnal maximum conditions,
it can be seen that »(O) which is again predominant
above about 200 km, becomes equal to #(He) at about
640 km, having a value of about 7.2X10% cm™3, and

300 } TRANSITION HEIGHT_FOR He* 70 H*' Vs Fio7
1 WILLMORE etal  (1962)
2 DONLEY (19¢3)
HANSON (1962)
§ 4 PRESENT WORK
5200 |-
>
~
o)
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(¢] 500 1000 1500 2000 2500 3000 3500 4000
h(km) FOR n(He')2 n(H")
F16. 11b. Transition altitude for He* to H* as a function of solar flux at 10.7 cm.
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appears to become equal to »(H) when extrapolated
to a value of 4.0X 10* cm— at about 800 km. It can also
be seen that helium predominates over hydrogen in the
whole region of investigation in both cases, the latter
being a minor constitutent below about 300 km for
nighttime minimum and below about 400 km for day-
time maximum. Also the concentration of helium
above 100 km does not amount to more than 6X 107
cm™3, in accordance with the observational data
(Pokhunkov, 1963).

However, it must be pointed out that at lower heights
the particle concentrations may be slightly in error due
to the neglect of argon, which is an important consti-
tuent at these heights. Atomic nitrogen and nitric
oxide have also been neglected since they are likely
to be minor constituents in the thermosphere (Barth,
1961; Nicolet, 1962, 1963) and more quantitative data
are needed to estimate their variation. Further observa-
tional data on the concentration of atomic nitrogen by
Schaefer and Nichols (1964a) shows that its concentra-
tion below 190 km does not exceed 5 per cent of Na.
However, according to Pokhunkov (1963), the atomic
nitrogen concentration in the nighttime atmosphere in
the range of 100~210 km does not exceed 1-2 per cent
of N, concentration. As regards NO, its concentration
at altitudes of 130-180 km during nighttime, does not

exceed 0.1 per cent of N, concentration (Pokhunkov,
1963).

5. Ionic transition heights

On the basis of the vertical distribution of neutral
constituents, the corresponding transition heights for
the ions have been determined. Assuming that the
ionic species in the upper ionosphere are in diffusive
equilibrium (Dungey, 1955; Mange, 1960), the geo-
potential altitude (%’;;) at which two ionic species
have equal concentrations, and hence the transition
height, has been given by Bauer (1962) as

hii —ho'=H; In(n:;),

where %o is the geopotential altitude at which the
concentrations of these ions are in the ratio 7;; and

Hij=kT (mi—m;)g
T'=atmospheric temperature
god’=acceleration due to gravity at the Earth’s
surface
m;=mass of the heavier ion
mj=mass of the lighter ion, and
ni=ni(ho')/n;(hd').

Bauer (1963) has further shown that the relative con-
centration of the ionic species at a given height, say
', should vary with temperature in the same propor-
tion as the corresponding neutral constituents. A refer-
ence height %, of 400 km (geometric) was chosen
here, at which the ratios of the ionic species were
assumed to be equal to the corresponding neutral ones
from the present model. The resulting values for .the
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transition heights of various ionic species are given
in Table 3.

These various transition levels are plotted against
temperature and solar flux at 10.7 cm and compared
with observed values in Figs. 10a, 10b, 11a and 11b.

It can be seen that the agreement is quite satisfac-
tory. However, for the transition height of Ot to H*,
only a few values ranging from 550 km to 800 km
for low solar activity (King ef al., 1963; Sagalyn and
Smiddy, 1964; Somayajulu et al., 1965) are available
and hence efforts have not been made to plot them
against temperature and solar flux.
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