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cycle 20. The spatial contributio n was determi ned by analysis of the diurnal
vari ation in exospheri c temperature as gi ven by the parti cular model . The
resul tin g distributions indicate a mean exospheri c temperature of approximate l~
900 K for ei ther model.
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GLOBAL FREQUEN CY DISTRIBUTION OF
EXOSPHERIC TEMPERATURE

Jack W. Slowey

I NTRODUCT ION

It was desired to determi ne the distribution of exospheric temperature

as given by certain models of the earth ’s upper atmosphere . The required

distributions were to cover all conditions of solar and geomagnetic activity

as well as spatial location above the earth. They were to be emp l oyed to

facilitate the use of the models in general-perturb ation orbit integration.

The models of inte rest were the 1971 Jacchia model (Jacchia , 1971) and the

model given for heights above 120 km in the U.S. Standard Atmosj~here Sj~ppje-
ments, 1966 (COESA , 1966). For convenience , these models will be referred

to as Jll and US66, respecti ve ly.

The problem was approached in three stages . In the first, the historica l

record of solar activity over the past 12 solar cycles was used to establish

the effect of solar activity on the desired distributions. In the second , the
effec t of the di urna l  tem pera ture var i at ions as given by the models was imposed.

Finally, the distribu tion of geomagnetic disturbance was estimated , and its

effect on the exosph eri c temperatures , as given by the m odels , was taken into

account . These three stages of the investigation and the results from each

are described in the following sections.

SOLAR—ACTIVITY VARIATION

The earth ’s upper atmosphere undergoes a large variation in temperature

and density in the course of the 11-year cycle of solar activity . The range

of this variation is not. however , consta nt from one cycle to the next 

but 1



___________ —

varies in accordance wi th the level of solar activity at maximum , a highly

variable quantity . Thus , it is necessary to take a large portion of the

historica l record of solar activity into account in order to determine the

sta tistical effect on the distribution of atmospheric temperature .

The his torical record of sunspot numbers goes back to 1749. However ,

in mm most models of the thermosphere and exosphe re, i n c l u d in g those un der con-
s id era tion here , the variations associated wi th solar activity are correlated

with the 10.7-cm radio flux from the sun . The record of the 10.7-cm solar

flux goes back only to 1947 and is inadequate for the present purpose. It is

necessary, therefore , to be able to relate the observed sunspot numbers to

the corresponding 10.7-cm flux for use in the atmospheric models. The re’
~a-

tion that was used was

F 10 1  
= 49.4 + 0.97 R + 17.6 exp (-0.035 

•
~~) , (1)

where F1 07 is the mean adjusted 10.7-cm solar flux and R is the mean Zurich

sunspo t number. This is a very slightly modified version of an equation

previously developed by L. G. Jacchia and the author . It is reported (Euler ,

Lundquist and Vaug han , 1978) to give a correlation coefficient of 0.98 with

a da ta base of 
~~~~~~~~~~~ 

from 67 to 260, where the means of F107 ari d of R were

1 3-month running means of the monthly mean values (the 13-month running mean

is cente red on the month in question and gives half wei ght to the months

6 months before and 6 months afte r that month).

The distribution of the nighttim e minimum in the exospheri c temperature

was obtained by samplin g every third month ly value of the 13-month running

means of the sunspot number. Smoothing ove r 6-month intervals is usually

recommended in connection with the atmospheric mim odels. The 13-month means

which are routinely used in solar activity prediction —we re alre ady available ,
however , and it was clear that the sli g htly greater smoothing would have

very little effect on the resultin g distribution. Equation (1) was used to
obtain the mean 10.7-cm flux , wh ich was then converted to temperature by

L . ~ . i-’ ’
~ _: 
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Table 1. Distr ibut ion of g lobal mmmi i O u m  exospheric temperature as comput ’ i
from the J71 and US66 a ti iosp heri c mim odel ‘.

J71 Mode l 0566 Model

Temp . Interval (° 6)  N~ N/N~ (’~) f ( K ~~ ) N N / N 1
(’ ) f(F~~~)

0 - + 10 64 12.0 1.20 io-2 61 11.5 1.15 .

+ 10 - * 20 45 8.5 0.85 41 7.7 0.77

* 20 - + 30 34 6.4 0.64 32 6.0 0.1 1

+ 30 - + 40 24 4.5 0.45 23 4.3 O.~~3

+ 40 - * 60 34 6.4 0.32 33 6.2 0.31

~ 60 - + 80 27 5.1 0.25 29 5.5 0.27
+ 80 - +100 39 7.3 0.37 32 6.0 0.30
+100 - +120 ,ft 6.8 0.34 33 6.2 0.31

*120 - +140 32 6.0 0.30 29 5.5 0.27

~-14O - *160 “~ 5.5 0.27 24 4.5 0.23

+160 - +180 22 4.1 0.21 30 5.6 0.28

+180 — 23 4.3 0.22 19 3.6 0.1u
- *230 23 4.3 0.14 26 4.9 0.16

+230 — +260 3.6 0.12 27 5.1 0.17

+260 - ~3OO 22 4.1 0.10 19 3.6 0.09

+300 - +350 23 4.3 0.09 26 4 .5 0.10

+350 - +400 13 2.4 0.05 15 2.8 0.06

+400 — +45.) 8 1.5 0.03 12 2.3 0.045
+451) - ~-550 12 2.3 0.023 13 2.4 0.024

+550 - +650 3 0.6 0.006 6 1.1 0.011

+650 - +750 0 0.0 0.000 2 0.4 0.004

Relative to the tempDrature corresponding to P = 0 (T~1 0 7  = 67) .  Thi s
temperature is 59€. 1 K for the J77 model and 603.2 K for the 1JS66 mode l

~ is th e numbe r of data point. i n  the interval , NT is the total number of
data points (= 532).

3
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us’i rig the appropri ate equation in the par t icu lar  imiodel . Sam im pl I ng began w i t h
the v a lue for December 184 7 and ended w i th  tha t  for September 1980 , giving a
total of 532 data points . The 11 points at the end were taken from the

National Oceanic and Atrimo s~mh eric Administration ’s predictions of July 1978.

The resulting distributions for the two models are tabulated in Table 1 and

are shown plotted for the J71 and 1JS66 models in Figures la and lb . respectively.

The relative frequency , f, is the fraction of the total per 1-degree temperature

interval . The mode l equation used to relate the nighttime minimum temperature
to the wean 10.7—cm flux is given on each of the figures. The mean values

resulting from these distributions are 726 K for the J7l model and 748 K for

the 1JS66 model. The lean 10.7-cm flux corresponding to the m ean exospheric
temperature is approximately 107 for both models.

DIURNAL VARIATION

The diurnal variation in exospheric temperature as given by either the

Jll or the 0S66 model can be written as 
‘

T = T~(1 + RD) 
‘ (2)

where T~,, is the exospheric temperature , T0 is the nigh ttime mini mum exosphere
temperature , 1 + R is the (constant) ratio of the maximum to the minim um global
exos pher i c temperature, an d D is the diurnal parameter. The diurnal parameter
varies between 0 and 1 and is given by

o = 5.m ~ + (COS
m 

- sin~ o) cosn (
1
)

with

o = 

~ 
+ 
~~

° 
= - 

~B I

= H + ~ + p sin (H + y) , 

(3)6
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where t~ is the latitude of the point in question , 
~ 

is the latitude o~ the
maximum in exospheric temperature , and H is the hour angle of the sun. In

the case of the J71 model , ‘
~r 

is set equal to the declinati on of the sun ,

while i n the US66 mo de l, = 0 . C o n s t a n t s  for the  two models are

R = 0.3 , m = 2.2 , n = 3.0 , N 370  , p = 60  
, 430

and

R = 0.28 , iii = 1.5 , n = ?.5 , ~ = —4 5’ , p = 12~ ~
‘ = 45(’

for the J71 and US66 models , respectively.

A computer program was written to integrate numerically the area on the

globe between the point of minimum exospheric temperature and the exospheric

isotherm defined by a particular value of the diu rnal pa rameter. Results

from this program are tabulated for both models in Table 2 and are plotted

in Figure 2a. Table 2 gives results for the two extreme cases of equinox and

solstice in the case of the J71 model . As can be seen , the differences

between the results for the two cases are quite small. Thus, the results for

the sin gle case of equinox were taken to represent the distribution for any

time of the year in the subsequent computations with the J71 model.

The diurnal distribution of exospheric temperature is quite differ ent in
the two atmospheric models as a result of the differences in the mode l constants .

This is evident from the isotherm plots included with the published models.

It can also be seen in Fi gure 2b , where the diurnal temperature distribution —

which depends on the slope of the diurn al area curve in Figure 2a — is plotted

for each of the two models for the case where the minimuni exospheric temperatur es
are equal to the mean values given above . In the J71 model , the frequency is

much large r near minimum temperature than it is at higher temperature because

the isotherm s are much more widel y spaced near minimum temperature than they

are for higher temperatures . In the US66 model , the variation iii spacing is

muc h less , and the isothe rms are actually closer t o e e t  her at minimu m than they

are at maximum .

7
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table 2. Integrated globa l isotherm areas as a function of the
a urnal tempera ture pa rame ter , D, for the J71 and 1JS66
atm iiospheri r node 1 s ( to ta l  a red = 1)

- -  
J71 Model - US66 Mode l

D ‘B 
= 23?5 

~B 
= 0.0 

•

0.00 0.0000 0.0000 0.0000

0.05 0.1037 0.1014 0.0397

0.10 0 .1787 0 .1748 0.0841
0.15 0..4~~ 0.2398 0.1307

0.20 0..-06 ) U.~~95 0.1791
0.25 0. ~t~~5 0.3551 0.2287

0 .30 0 . 1 17 4  0.4 074 0. 2794

0.35 0.4~~1 0.4576 0.3310
0.411 0.5138 0.506 1 0.3831

0.45 0. 16.1 0.5533 0.4357

0.50 0.6055 0.5991 0.4886

0.55 0.6473 0.1447 0.5414

0.60 0.6883 0.6870 0.5938

0.65 0.7286 0.7230 0.6454

0.70 0.7685 0.7694 0.6965

0.75 0.8078 0.8090 0.7475

o.~o 0. 4 ’  0.3481 0.7983

0.85 0.8855 0.1s~6 0.3490

0 .sO 0.9239 0. 5248 0. 8996

0.95 0.9620 0.9626 0.9500

1.00 
- 

1.0000 1.0000 

1.00008
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The g lobal distr ibution of exospheric tenmperature was calculated for the

two models from the corresponding distr ibution of minimum temnperature by

co ilput ing

~G
T1’ T2) 

~~~ f0(T0)AT0(A2 - A 1)

where fG(Tl , T2) is the globa l relative frequency per degree in the interval
between T 1 and T2, f0(T0) is the relative frequency per degree of the minim um

tempera ture T0, an d A1 an d A2 are the global isotherm areas corresponding to

the two di urnal parameters computed from

Di 
= 

T~~- T 0 ( 5 )

The sum was taken with steps of 10 in T
0 

and values of A were computed by

inte rpolation from Table 2.

The resulting distributions (K~ = 0) are given for both models in Table 3

and are plotted in Figure 3a for the J7l mode l and in Fi gure 3b for the US66

model. Mean values of the exospheric temperatures given by these distributions

are 817 and 855°K, respecti vely, for the J71 and 0566 models.

GEOMAGNETIC VARIATION

To determine the effect of the geomagnetic variation on the distributions ,

it was first necessary to obtain the distribution of geomagneti c disturbance.

The historical record of the geomagnetic index commences in 1932 and , hence ,

encompasses the last 4 complete solar cycles (17-20). Only data beg inning

Midway through cycle 19 were readily available to the author , however. Da ta

from cycle 19 were excl uded both because they represented only a partial cycle

and mig ht be biased for that reason and because cycle 19 i tself was extremely

11 
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Table 3. Global di S trib ut i On of  exospheri c temperature fr u i i the i / l
and 0566 atmo spheric mode Is for K = 1 .p

J/1 Model 
- 

LiS66 Model
Temp . Interval (~K) N/N1(,.) f(°K~~) N/NT(~ ) _ _ _ _

0 - +20 2.8 0.141 io 2 1.2 0.061 io 2

+20 - +40 4 .6 0.225 2.7 0.134

+40 - +60 4.s 0.247 3.6 0.180

+61) - +80 5.1 0.254 4.3 0.217

+80 - +100 5.5 0.274 5.0 0.251

+100 - +120 6.0 0.298 5.6 0.282

÷1 2 0  - +140 6.3 0.315 6.2 0.309

÷140 - +160 6.6 0.328 6.7 0.333

+160 - +180 € .7 0.335 6.8 0.340

+180 - +200 6.1 0.303 5.6 0.281

÷200 - +230 7.2 0.241 7.1 0.236

+230 - +260 6.2 0.205 6.5 0.215

+260 - +300 7.1 0.178 7.6 0.191

+300 - +350 7.1 0.141 7.8 0.155

+350 - +400 5.2 0.104 6.1 0.122

+400 - +450 3.8 0.075 4.6 0.092

+450 - +500 2.8 0.055 3.5 0.070

+500 - +550 2.1 0.041 2.6 0.052

+550 - +600 1.5 0.030 2.0 0.040

+600 - +700 1.6 0.016 2.4 0.024

+700 - +800 0.7 0.007 1.2 0.012

+800 - +900 0.3 0.003 0.6 0.006
+900 - +1000 0.1 0.001 0.2 0.002

+1000 - +1100 0.0 0.000 0.1 0.001
+1100 - +1200 0.0 0.000 0.0 0.000

Rela tive to 596?1 K for the J71 mode l and 603?2 K for the US66 model .

12
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Table 4. Distribution of the K ) qeomm iagnetic index over the most
recent solar cycle.

.‘T 6 (“K) N f = N/ N T

0 0.0 LiO .0448 .0448
1+ 9.3 254 .06~ 2 .1080
1- 18.8 286 .0712 .1792
1 28.1 309 .0769 .2561

1+ 37.4 315 .0784 .3345

2- 46.9 351 .0874 .4219

2 56.2 333 .0829 .5047
2f s5.6 304 .0757 .5804

3- 75.2 316 .0786 .6590
3 ‘ .4 .6 333 .0829 .7419
3+ 260 .0647 .8066
4- 103 .9 207 .0515 .8581
4 113.6 157 .O3~1 .8972
4+ 123.5 127 ..0316 .9238
5- 134 .0 93 .0231 .9520
5 144. 4 61 .0152 .9671
5+ 155 .4 41 .0102 .9774
6- 167.5 29 .0072 .9846
6 180.1 23 .0057 .9903
6+ 194.1 10 .0025 .9928
7- 210.4 9 .0022 .9950
7 228. 3 5 .0012 .9963
7+ 251.0 3 .000 7 .9970
8- 279.0 4 .0010 .9980
8 313. 4 4 .0010 .9990

8+ 357.6 2 .0005 .9995

9- 417.5 1 .0002 .9998

° 495.1 1 .0002 1.0000

= 28° K~~ + O?03 exp (K
r
).
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Table 5. Globa l frequency di stri H t ion of exospheric temperature from the
J71 and US66 atmno p h r i  c models with the geo J Ia )Ile tic temperature
variation included.

J7 1 ~1ode l 0566 Mode l

Teni . Interval (~~
.) N/N T (%) 

~~~~~1 ) N(,
,
..) 

- -

0 - +20 0.2 0.011) io 2 0.1 0.004 . io 2

- +40 0.8 0.040 0.4 0 .020
# 4 1  - +60 1 .i 0.082 0.9 0.04 7

- +~
j ‘ .5 0 .127 1.6 0.081

- +100 3.4 0 .171 2.4 0.121
# 100 - +120 4 .2  0 .211 3.3 0 .163

~120 — +140 4 .9 0.243 4 0  0.20 2

‘ 140 - + 16 1 5.4 O .2e3~ 4 .8 0.238
+160 - +180 5.8 0.288 5.4 0 .269
+180 - 6.0 0.30 1 5.8 0.235
+200 - ÷4 30 5 .1 0 .302 8.8 0 .293

,I l — # 60 8 .5 0.282 3 .3 0.278
4 .6  - 9 .8 0.244 9. 3 0.245
+ ,.o0 — 350 .8 0 . l’s 10 .2 0. ‘04
+350 — +435 7.6 0.152 8.3 0 .166

— 5.8 0.116 6.6 0 . 132
+450 - ÷ 500 4 .3 0.085 5.1 0 .11)4
÷ 5 1 ) )  — +550 3.2 0. 363 3 .5 0.078

- +600 2.3 0 .046 3.0 0.059
+ 5  - 

~70O 2.8 0 .028 3.7 0 .037
‘700 - +BQ() 1.3 0.013 2.0 0.020
‘31)1) — +900 O s  O. nls 1.0 0.010
+ 6 %) - +1000 0 .2 O.O0~’ 0 .5 0.005

‘1000 - +1100 0.1 0.00 1 0.2 0.03 ?
.1100 - ‘1200 0.0 0.000 0.1 0.001

Re 1.i ~ ive ~ 10.~ 1 K t !r the .1/1 I~~~1. l  m l  603:2 fw HI. 1 .66 im~ c1e1

_ _ _ _ _ _ _ _  
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unusual . On the other hand , the Il~~~t d  frot i I ycle /0, which co i nd des very

rl~~1r 1 y w th the i~ dr m o t  ic Ii”. 8— 20 , seewe d d .il y ui ted to li~termi nati on of
I~~’ (US tn but ion. Th is  was done by s up ii nq the K inde x once each day

* 
p

O v t ~ I’ the interval of cycle 20 . The res ul t ing distr i but ion is given in
Table -1 and plotted in Figu re 4. Figure 4 also shows the distribution of

t i e  i r ( , I’e,~’~e in exospheric temperature that r.su l ts from the derived K~ di s—

trihut on. The temperature increase is the same in both models and is gi ven

3/

AT 6 
= 28°K~ + 0~ 03 ex p (K

r
)

The d ist r ibut ion of geomagnetic temperature increase was appl ied to the
global distr ibut ions for K - 0 in a imianner s imi lar  to that used to apply the
diurnal var iat ion . The re lat ive frequency corresponding to a given tempera -
ture increase was determined by interpolat ion of the values g iven in Table 4.
The re’~u1t inq global distributions are given for both models in Table 5 and

are plot ted in Fi gure 5a for the 371 mode l and in Fi gure 5b for the US66
model . ME~J I1 values of the exospheri c temperature from these di st r ibut ions
are )‘~51 K for the 371 mode l and 918 K for the US66 model.

C O N C L U S I O N

The frequency distr ibut ion of exospheric temperature taken ove r all
locat ions on the earth and all conditions of so la r ’ and geomagneti c a c t i v i t y
.~as derived for both the J71 and US66 atmospheric models. Both distr ibut ions
ha ve a fairly sha rp m axi mn um u at a temperature just above 800 K. The skewness

of the distributions is reflected in somewhat higher values of the wei ghted

mean temperature . The mean temperature is approxima tely 880 K in the case

of the 371 model and 920 K in the case of the US66 model.

Subsequently, distributions we re determn i ned using all 8 3-hourly val ues of
the K index , both with and without the cycle 19 data . These were considerably
smoothe r near the maximum in the distri bution but not si gnif icantly diffe rent
in any other way.
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