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TIOJIVI'OMOBASI BAPVAIINS ITTIOTHOCTU TEPMOC®EPBI MEXTV 200 U1 500 KM

Jlns BBIABIEHHS TOJyTONOBOM BapWallwy OOIel IUTOTHOCTH TepMochephl HCIONB30Bascs aHams Dypbe;

BapHalMs XapakTepu3yeTcs T. Has. ,,AHAEKCOM IUIOTHOCTH D*. VIHIUBHIyaJIbHBIE PE3YIBTATHl OTHEIBHBIX

JIET ¥ BHICOT OBUIA TOIBEPIKEHB! CTATACTHYECKOMY aHANIM3y M HaliieHa MaTeMaTa4eckas dopmyiia ajs moryro-
noBoit Bapuanmn. GopMyna CpaBHEHBACTCA C COOTHOINICHHE MMUCIIONIB30BaHHBIM B mozen CIRA 72.

Fourier analysis is used to find the semi-annual variation of the thermospheric total density; the variation

is characterized by the ‘“‘Density index D”’. The results of the individual annual runs were subjected to

statistical treatment and a formula for the semi-annual variation was found. It is then compared to the
formula used in the CIRA 72 model.
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1. Introduction

The following analysis of the semi-annual changes
of the upper atmosphere density was conducted to
determine the variations of the amplitudes and posi-
tion of the extrema with height. After a separate
determination of the variations with respect to a specific
satellite and year, the statistical treatment is used
to estimate the formula describing the behaviour
of the semi-annual average variation.

2. Method of Amnalysis

We used the same method as in a previous paper
(Sehnal et al. 1986) consisting of a regression of the
observed data by a Fourier series of the second
order. The data are not the raw density values but
the s.c. “Density indices”, D, which were introduced
by Walker (1977) to characterize just the pure semi-
annual density variations. It is a ratio of the raw
density to that cleared of all effects except the annual
ones. Since a ratio is involved we analysed its loga-
rithmic values. Thus, we fitted the logarithms of the
density index with the function

(1) é:oAi sin (i 2n/Pd) + Zn:OBi cos (i 2n/Pd) ,
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where P = 365 (days), n = 2 and d is the day count
in a year. The coefficients A; and B; are then obtained
by the method of least-squares and lead to the final
form of the semi-annual variation:

(2) izioc,. sin [i 2n/P(d + ¢))],

up to n =2. We also tried to determine whether
the amplitudes C; and/or phases ¢; showed any
changes with height. This was done again by a poly-
nomial regression either of the amplitudes or dates
of the extrema. By amplitude of the extrema we
understand the ratio of the principal (October)
maximum to the principal (June—July) minimum
of the density index during the same year.

3. Data Reduction

About 14 000 density values have been determined
on the basis of the observed drag of 22 satellites
between 1965 and 1976. Decay rates were partly
determined by the PERLO program (Horvéth and
Illés-Almdr 1970), and partly taken from the publica-
tions of ephemeris centres. The time resolution changed
from 1—2 days to about 5—10 days. All time intervals
were omitted if at least 10 days time resolution could
not been guaranteed. First, a “quasi-free-hand curve”
was fitted by computer to the observed mean daily
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Table 1
h (km) Satellite Ay 5 A4, 0, Year
208 1962 58 A 0-09048 69-1 0-08708 113-8 1966
243 1963 09 A 0-02755 37-7 0-07869 118-4 1966
271 1966 44 A 0-03716 363 0-06030 118-4 1967
274 1966 44 A 0-07902 87-0 0-07192 1211 1968
276 1966 44 A 0-03802 1199 0-04512 123-2 1969
297 1966 44 A 0-02763 131-9 0-06920 114-0 1970
318 1958 01 A 0-03185 89-4 0-07213 133-6 1969
331 1958 01 A "0-06619 789 0-10944 120-1 1968
338 1963 43 A 0-11588 81-6 0-10564 115-8 1976
338 1963 43 A 0-09570 759 0-06006 120-0 1975
340 1958 01 A 0-06877 81-2 0-10761 129-6 1967
340 1963 43 A 0-04103 67-7 0-06706 124-9 1974
342 1963 43 A 0-10458 72-3 0-09184 117-8 1971
343 1958 01 A 0-02358 427 0-07022 102-3 1966
343 1963 43 A 0-06213 959 0-08611 109-6 1970
346 1960 03 B 0-01733 110-6 0-13154 124-5 1966
346 1963 43 A 0-04071 331 0-11064 116:9 1967
360 1962 15 B 0-04624 140-0 0-09191 113-7 1970
379 1962 15 B 0-04127 111-8 0-06243 181-8 1969
387 1962 15 B 0-07170 68-9 0-10786 109-6 1968
393 1962 15 B 0-06179 832 0-18230 124-9 1967
421 1960 14 A 0-10937 763 0-10817 149-4 1975
421 1960 14 A 0-11340 93-0 0-09471 125-8 1974
423 1960 14 A 0-04650 106-3 0-06939 117-5 1970
423 1960 14 A 0-05492 78-9 0-08231 98-9 1966
424 1960 14 A 0-08221 79:5 0-11424 123-6 1968
560 195901 A 0-17372 51:3 0-13864 117-8 1969

motion of the satellites, n(f). The density values
were calculated by means of the changes in n, using
the theory developed by King-Hele (1964). The
corresponding model values were derived from the
CIRA 72 model for the real position and time of the
actual drag date. The scale height values were derived
from the CIRA 72 model by iteration. In calculating
the indices D, each effect was taken into consideration
except the semi-annual variation. D-values were
determined for each day, and a running mean of 11 D-
values was then calculated for every two days to
smooth out the short term fluctuations.

The basic data on satellites, heights and years in
question are summarized in Tab. 1.

4. Results

Some examples of the individual yearly variations
are shown in Figs. 1 to 4. We see that the fitting
of a curve just by hand would in some cases be dif-
ferent from the purely mathematical treatment,
however, we believe that the least-squares method

supresses the random variations thus giving more
reliable results. There may arise a question of relia-
bility of the exact periodicity which is inherent to the
analysis by a Fourier series. But it seems to us that
a joint analysis over more than one year would
introduce more inaccuracy into the results.

The selected runs are summarized in Tab. 1, where
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Fig. 1. Observed values of log (D) and fitted curve for the
satellite 1962 58 A, during 1966, A= 208 km.

Publishing House of the Czechoslovak Academy of Sciences * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1988BAICz..39..209S

Vol. 39 (1988), No. 4

the amplitudes and phases for the individual runs
are quoted. Several runs were omitted, mostly on the
grounds of insufficient number and/or distribution
of data during a complete year. Finally, there re-
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Fig. 2. Observed values of log (D) and fitted curve for the
satellite 1966 44 A, during 1966, 4= 297 km.
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Fig. 3. Observed values of log (D) and fitted curve for the
satellite 1958 01 A, during 1966, 2= 331 km.
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Fig. 4. Observed values of log (D) and fitted curve for the
satellite 1962 15 B, during 1967, & = 393 km.
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mained 27 runs during 1966 and 1976 based on the
data derived from the orbits of 9 satellites.

After the statistical analysis of all those individual
results we found a formula for the annual and semi-
annual variation of the density,

(3)  Alogo, = (—0:0272 + 2639 x 107%h).
.cos [2'(d — 9759)] +
+ (00285 + 1-819 x 10%h).

.cos [2Q'(d + 7571 — 0-0043h)] ,

where Q" = 27/365, heights h being in km.

Comparing this formula to Eq. (3) in Sehnal et al.
(1986), we see that there is no quadratic term in the
second amplitude C, but the other height dependences
are found to be in relatively good agreement. There are
similar linear changes of the first amplitude and of
the second phase. From our point of view the qua-
dratic term of the second amplitude in Sehnal et al.
(1986) is not real but possibly caused by the inadequate
accuracy of the original data.

Since there was a misprint (constant term of the
second amplitude C,) in formula (3) of Sehnal et al.
(1986), we repeat the proper form of the equation
here again:

(4) Alogo, = (0-01004 + 1-375 x 107 *h).
cos [Q'(d + 30:94)] +
+ (—0-03208 + 1:4428 x 10™*h +
+ 7714 x 107 7h?).
. cos [2Q'(d + 101-45 — 0-0972h)] .
We now compare the curves given by Egs. (3) and
(4) to that used in the CIRA 72 model. In the formula

used by Oliver (1980), the annual change is given
by the expression

) Aloge, = f(h) g(x) ,
£(h) = 5876 x 10-Th>33 &
+ 0-06328 exp (—2-868 x 10~3h),
g(7) = 002835 +
+ 0-3817[1 + 0-4671 sin (2nz + 4137)] .
.sin (4nr + 4-259),

T =& + 0:0954.
{3 + 1sin (270 + 6:04)} 165 — 1],
Q= (t - tO)/Ta

where t, = Jan. 1-0, and T'is the tropical year in days,
t being the day count in a year.
Since formula (4) is actually valid in the range
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Fig. 5. Comparison of the semi-annual variation of log (D)
at the height of 250 km (C — CIRA 72, S — Sehnal et al. 1986,
I — Eq. (3) of this paper).
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¥ig. 6. Comparison of the semi-annual variation of log (D)
at the height of 375 km (C — CIRA 72, S — Sehnal et al.
1986, I — Eq. (3) of this paper).

Fig. 7. Comparison of the semi-annual variation of log (D)
at the height of 500 km (C — CIRA 72, S — Sehnal at al.
1986, I — Eq. (3) of this paper).
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Fig. 8. Comparison of the semi-annual variation of log (D)
at the height of 200 km (C — CIRA 72, 1 — Eq. (3) of this
paper).
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Fig. 9. Comparison of the semi-annual variation of log (D)
at the height of 560 km (C — CIRA 72, I — Eq. (3) of this
paper).
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Fig. 10. The growth with height of the amplitude (autumn
max. vs. summer min.) of the semi-annual density variation
(C— CIRA 72, S — Sehnal et al. 1986, I — Eq. (3) of this

paper).
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Fig. 11. The shift of the principal minimum (around d = 200)

and of the principal maximum (around d = 300) with growing

height (C — CIRA 72, S — Sehnal et al. 1986, I — Eq. (3)
of this paper).

of 250 to 500 km only, we have in Figs. 5 to 7 the
comparison of the semi-annual variation as given
by Eqs. (3), (4) and (5) for heights of 250, 375 and 500
¥m. Figures 8 and 9 then show the comparison
of formulas (3) and (5) for the heights of 200 and 560
km which are out of validity of formula (4) by defini-
tion (Sehnal et al. 1986).
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5. Conclusion

Looking at Figs.5 to 9, it is easy to recognize
that there is no substantial difference between the
curves at 250 km. Perhaps the “S” and “I” curves
indicate a somewhat deeper principal minimum than
that of CIRA 72 (curve “C”). The same is true for
higher altitudes, so that we can claim that g.;, of
CIRA 72 in June—July is somewhat higher than
it should be. This effect can be seen in Figs.8 and 9
as well; the overestimation increases with height.
On the other hand, the autumn maximum becomes
more and more underestimated with increasing
height. This means that the amplitude given by CIRA
72 is smaller than that derived from observations.
It is demonstrated in Fig. 10, where the observed
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amplitude increases with height more than the cor-
responding CIRA 72 values. The positions of the
extreme values during the year are given in Fig. 11.
There is no phase shift with height in CIRA 72,
however, both the “S” and “T” curves derived from
observations show a shift with height.
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OVHKIVS TEHM — BKJIAJL B TEOPHUIO JBVDKEHN S MCKYCCTBEHHBIX CITYTHHKOB

Haetcst yTOYHERHAS TEOpHs (YHKIMA TEHH. YYATHIBAIOTCS ClIeTyIOIUe TeOMeTprYeCKHe (PaKTOphl: — B3aHM-
Hoe moJioxkende CoNHIA, 3eMIM ¥ COyTHAKA, — $HOopMa KOHAYECKHX HOBEPXHOCTEN TeHH, — BimsHEe pedpak-
ued. KpoMe TOro NpHHATH BO BHEMaHHE clenyromue dmsmueckue Bimsams: — nuddysms ceeta BenencTeme
pedpaxumm, — atmocdepHOe mornomenne, — nuddy3us cBeTta, M — BIMSHEHE 030HA. IloiyuyeHHas QyHKIHA
TEHM CPaBHHBaeTCs ¢ (OTOMETpHUCCKEMH HabOmonmesmamm 3axonma ComHila co cmyTHEKa. J[OKa3aHo, 4TO
OIHOM reOMeTPHHE TEHH HE JOCTaTOYHO. Bimsiage BhiBeJeHHOM DYHKIME TEHH IO CPaBHEEHIO C O0Jiee paHHAME
OPOSABHICA B 3JleMEHTaX opOHT kak 0,19 — 1% moHOro 3HaYeRHs OT HABJIEHHSA COJHEYHOTO M3IIydYeHHs. B 3a-
KimoueHre 00CyKIaI0TCS HEKOTOPhIe NaJIbHEUNIAEe IePCIEK THBEL.

A more precise version of the theory of the shadow function is presented. Considered are the following
geometrical factors: — the mutual position of Sun, Earth and satellite, — the shape of the conical surface
shadows and — the effect of refraction. Further the following physical effects are taken into account: —
light diffusion due to refraction, — atmospheric absorption, — light diffusion and — the effect of ozone.
The resulting shadow function is compared to photometric measurements of the sunset, as observed from
the satellite. It has been shown that the geometry alone of the shadow is not sufficient enough. The influence
of the shadow function introduced in the present paper compared to the shadow functions, given earlier,
displays differences in the orbital elements amounting to 0.19 to 1% of the total value of the solar radiation
pressure. Some further perspectives have been accounted for in the conclusion.

Key words: artificial satellites: perturbations, shadow function
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