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ABSTRACT

To evaluate the accuracy of present-day thermo-
spheric models, predictions of the C and MSIS-83
models were compared. To this end, the local time
and seasonal variation of the predicted N, den-
sity were subjected to a Fourier analysis, and
the amplitude and phase coefficients of the first
four terms were represented as a function of lati-
tude. A separate comparison of the model predic-
tions was performed for each of these coeffi-
cients. Large differences of up to several 100%
were observed at times, especially for the higher
harmonics. However, these large discrepancies
lead to only moderate uncertainties in the pre-
dicted N2 density. Maximum deviations are of the
order of 12% to 33%, depending on the components
considered
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1. INTRODUCTION

A sufficiently accurate knowledge of the air
density in the upper atmosphere is essential for
predicting the orbital decay of space debris. In
the past, numerous thermospheric models have been
published from which this information can be
obtained. The most recent models are listed in
Table 1. Not included are algorithms which ad-
dress only certain aspects of the thermospheric
density variations (e.g. Ref. 8-11).

All of these models are empirical in nature in
that they are based on actual measurements rather
than on theoretical calculations. Also, all of
them use basically the same approach to model the
thermospheric density. First, a height profile
for the atmospheric temperature is adopted. Above
120 km altitude, for example, the DTM and MSIS-83
models use a Bates-type profile of the form

(Ref. 12)

T(z) = T, - (T,-T(z_)) e
with T = Temperature

T, = exospheric temperature

z = height

F.R. Germany

Zo = lower reference height = 120 kni

o = (dT/dz)Z /(Tm—T(zo)) = temperature
o gradient param-
eter
T = (Z—Zo)(RE+ZO)/(RE+z) = geépotentlal
height
RE = earth's radius

A very similar temperature profile is also used
in the MSIS 77, ESRO 4 and C models (i.e. a
Jacchia 64-type profile, see Ref. 13).

In a second step, a steady-state diffusion equa-
tion is assumed. Interactions between different
constituents is neglected (e.g. Ref. 14):

g g
e ﬁ; + (1+ui) = =—==0

1
1.
* th
with n;, = density of the i atmospheric consti-
tuent

H. = kT/m.g = scale height of the ith
constituent, k being the Boltzmann
constant, mi the mass of the i
constituent and g the acceleration of
gravity

and a. = thermal diffusion coefficient (equal
to —-0.4 for H and He and O otherwise).

Given the adopted temperature profile, this equa-
tion can be integrated to yield the height depen-
dence of the various atmospheric constituents.
For a Bates-type temperature profile, this inte-
gration can be performed analytically, yielding a
Bates-Walker-type height profile for the density
variation (Refs. 12,15):

1+a .+Yi = Yim;

n(z) = n(z) [Tz)/r(2)] " Te

i
with Yi = mig(zo)/OkToo

This kind of density height profile is adopted in
all but the Jacchia 77 model.

In a third step, the dependence of the tempera-
ture and density on time, location, and geophysi-
cal conditions is modelled. To this end, the
various parameters like the exospheric tempera-
ture and the lower boundary density are made vari-
able with respect to these quantities. Thus in
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Table 1

Recent Empirical Models of the Thermosphere

Model Year Author(s) Reference(s)
ESRO 4 1977 von Zahn et al. 1
MSIS-77 1977 Hedin et al. 253
J77 1977 Jacchia 4
DTM 1978 Barlier et al. 5
Cc 1980 Kohnlein 6
MSIS-83 1983 Hedin 7

all models the exospheric temperature is made
variable with respect to local time, season, lati-
tude and solar and magnetic activity. Thereby
spherical harmonics are used in all but the
Jacchia model to describe the spatial-temporal
variations. For a specific example, consider the
following term which is used in the ESRO 4,

MSIS 77, and MSIS-83 models to describe the diur-
nal (24 hour period) ¥griation of the lower boun-
dary density of the i atmospheric constituent

= Gi
ni(zo) = ni(zo) -
with n.(z ) = average density at lower refer-
ence height z, and
i i i i
6; = F {[a]; Pyvag) Pyivag Py, *

v i
11 P11+c21 P21) cos Q (d—do)] cos wT

i i i
+ [b7 P _4b B B

11 F11*P31 Par* M

i i i :
+ (d11 P11+d21 P21) cos Q (d—do)] sin wT}
where F% = function of solar activity
a;i = expansion coefficients
P'l = associated Legendre polynomials of
J order j,l which depend only on lati-
tude

2 = 2m/365d = annual frequency

d;dé: day of the year; phase (delay time)
coefficient

w = 2m/24h = diurnal frequency

T = local time, hours

A similar ansatz is also made in the DTM and in
the C model. In the DTM model, however, the solar
activity dependence of the diurnal component is
neglected (F'=1) and in the C model an additional
height dependence factor is introduced to account
for deviations from diffusive equilibrium.

As can be seen from this example, the actual
model formulation is quite complex and requires a
large number of coefficients. In fact, the

MSIS-83 model uses more than 750 coefficients to
describe the behavior of the temperature and of
five atmospheric constituents.

This is of no immediate concern to the potential
user as long as the required software is obtained
directly from the respective author. Of immediate
interest, however, is the question as to which of
the numerous models should be used and what accu-
racy can be expected. In regard to the first ques-—
tion, we note that the most recent models are
based on the largest amount of data and use the
most sophisticated algorithms. Therefore in most
cases the C model and the MSIS-83 model should be
preferred.

As for the second question concerning the accu-
racy of these models, a proper evaluation is much
more difficult. One way to find out would be to
compare model predictions with actual measure-
ments (e.g. Refs. 16,17). No final results are
expected from this procedure, however, since the
measured data sets themselves are usually not
free from errors. Another possible way is to
compare model predictions among themselves (e.g.
Refs. 18,19,20,21). This latter approach was also
taken in the present study. Here it is assumed
that differences in the model predictions are a
fair measure of the uncertainties to be expected.

2. METHOD OF ANALYSIS

A comprehensive comparison of different models is
a fairly large undertaking. It would include pre-
dictions made for the temperature and for the dif-
ferent gas constituents. Also, it would consider
predictions for different heights, different
local times, different seasons, different lati-
tudes (and partly longitudes) and for different
levels of solar and geomagnetic activity. Such a
comprehensive evaluation is far beyond the scope
of the present contribution. Rather, a fairly
restricted comparison is presented, as is indi-
cated in Table 2. First, only the C model and the
MSIS-83 model are considered, which represent the

Table 2

Model Comparison

Models C and MSIS-83
Constituents N2
Altitudes 300 and 150 km

Longitude/UT effects neglected

F10.7= F10.7 =100;
Kp=1_/Ap=4

Geophysical conditions

1. local time varia-
tions as a func-
tion of latitude
on April 1

Variations considered

2. seasonal varia-
tions as a func-
tion of latitude
at 3 LT
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Figure 1 Average local time variation of tge N
density at 300 km altitude and 30°S
latitude on April 1 as specified by the

C and MSIS-83 models.

2

most advanced algorithms. Second, only predic-
tions for the molecular nitrogen density are
compared. It is the major constituent in the
lower thermosphere and also a good indicator of
the upper atmospheric temperature. Third, only
two heights are considered: 300 km corresponds to
the height with the largest data coverage and

150 km corresponds to the lower boundary of satel-
lite measurements. Fourth, only zonal averages
are considered in the sense that any longitudinal
and/or UT effects are neglected. Finally, only
constant geophysical conditions are considered.
Explicitly moderate solar and low magnetic activ-
ity is assumed. What remains then are changes
with latitude, local time and season. In the fol-
lowing, the latitude dependence of the local time
variation at equinox and the seasonal variation
at 3 local time will be compared. Figure 1 illus-—
trates the possible form of such a comparison.
Here the local time variation of the N_ density
as predicted by the C and MSIS-83 models is pre-
sented. It is evident that the general run of
these curves is quite similar, even though differ-
ences of up to 30% are observed near midnight.
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This kind of comparison can provide a rough idea
as to the general accuracy to be expected from
these models. However, a better understanding of
these differences is obtained through a more
detailed study using a Fourier analysis of the
temporal variations (e.g. Refs. 16,21). Thus the
local time variation, as shown for example in
Fig. 1, was decomposed into a daily mean value
and a diurnal, semidiurnal and terdiurnal compo-
nent. Subsequently, the daily mean values as pre-
dicted by the two models were compared separately
and so were the first three harmonics. Similarly,
the seasonal variation was decomposed into an
annual mean value and an annual, semiannual and
terannual component; again, these terms were
compared separately. In each case, the time varia-
tion of the N_ density is represented by a
Fourier series of the form

n(¢,t) = ao(¢)+ al(¢) cos [w(t—t1(¢))] +
+ a,(9) cos [2w(t—t2<¢))] +
+ a3(¢) cos [Sm(t—t3(¢))] +

with

=
I

N2 number density

¢ = latitude

t = time (in hours for local time varia-
tions, in days for seasonal varia-
tions

21/24h for
local time
variations

w = fundamental frequency =

2m/365d for
seasonal varia-
tions

and ai,ti = amplitude and phase coefficients

It is on the basis of the expansion coefficients
ai and ti and their latitude dependence that the
predictions of the C and MSIS-83 models are
compared in the following. Incidently, these coef-
ficients cannot be obtained directly from the
model algorithms because there they enter through
different terms (e.g. T » n(z )) and also in a
non-linear fashion (see expansion for n(z ) given
above) . o

150 km

MSIS-83

1 |
90N 0 90S
LATITUDE

Figure 2 Latitude dependence of the N_ daily mean value at 300 and 150 km altitude
on April 1 as specified by the C and MSIS-83 models.
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Figure 3 Latitude dependence of the diurnal, semidiurnal, and
terdiurnal N, density variation at 300 km altitude on
April 1 as specified by the C and MSIS-83 models.

3. RESULTS solar point has already migrated into the
northern hemisphere.
3.1 Local time variations

Poorer agreement is observed in the lower thermo-

Figure 2 shows the latitudinal variation of the sphere. At 150 km altitude, significant differ-
time independent term a which for the local time ences in the latitudinal variation and in the
variation corresponds to the daily mean value. As predicted magnitude of the mean value (up to 25%
is evident, at 300 km altitude there is good at the South Pole) are evident. It is tempting to
apreement between the magnitude and latitudinal attribute this deterioration to the poorer data
structure predicted by both models, and devia- coverage in this region. Later examples, however,
tions are less than 13%. Both models predict show that this trend is not uniform.

daily mean values which are higher at the poles

than at the equator and also higher at the North As for the time dependent terms, Figs. 3 and 4
Pole than at the South Pole. This latter asym- show the relative amplitudes and phases of the

metry is due to the fact that on April 1 the sub- diurnal, semidiurnal and terdiurnal components
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Figure 4 Same as Fig. 3 for an altitude of 150 km.

as a function of latitude. With an amplitude of ties in the N_. density prediction of up to 27%

up to 60%, the diurnal component clearly domi-
nates the local time variation at 300 km alti-
tude. It is to be compared with the 10 to 20% and
4 to 7% maximum amplitude of the semidiurnal and
terdiurnal component. The basic latitudinal varia-
tion follows from the fact that the local time
dependence disappears at the poles and reaches a
maximum somewhere at lower latitudes.

Comparing the two model predictions, significant
differences are evident. This concerns both the
latitudinal structure and the magnitude of the
amplitudes. In reference to the MSIS-83 model,
maximum differences are of the order of 70% for
the diurnal and semidiurnal variations and up to
200% for the terdiurnal variation. For the large
diurnal component, this: translates into uncertain-

and somewhat %ess for the semidiurnal (£9%) and
terdiurnal (£4%) variations.

In contrast, acceptable agreement is observed for
the phases of the semi- and terdiurnal compo-
nents, and even excellent agreement for the diur-
nal variation. In this latter case, both models
predict a maximum in the N_ density at 16 hours
in the southern hemisphere and somewhat earlier
in the northern hemisphere.

Descending in height, the significance of the
local time variation rapidly decreases. This is
illustrated in Fig. 4, which indicates that at
150 km altitude the maximum amplitude of the diur-
nal variation has dropped to below the 4% level.
Indeed, it has become smaller than the semi-
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Figure 5 Latitude dependence of the N
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annual mean value at 300 and 150 km alti-

tude at 3 o'clock in the morning as specified by the C and MSIS-83 models.

diurnal component which, however, is but a few
percent larger.

Again comparing the model predictions, we find
good agreement for the latitudinal structure of
the semi- and terdiurnal variations but signif-
icant differences for the diurnal component.
Indeed, it appears doubtful that the oscillatory
changes predicted by the C model have a physical
basis. In regard to the magnitude of the ampli-
tudes, larger deviations are observed for all
three components, with maximum differences of the
order of 57%, 80%, and 140% for the diurnal, semi-
diurnal and terdiurnal variations, respectively.
Because local time variations are small at these
heights, the relatively large discrepancies do
not result in significant errors in the predicted
density (<4%). For the same reason, any differ-
ences in the phase predictions will not have any
significant effect on the model accuracy.

3.2 Seasonal variations

As was the case for the local time variations,
seasonal changes were decomposed into a time
independent term and the first three harmonics.
Figure 5 shows the latitudinal variation of the
time independent term a which this time corre-
sponds to the annual mean value. As is evident,
at 300 km altitude and in the early morning
sector large latitudinal variations of more than
100% are observed. Maximum values are found at
the poles; this has to do with the local time
sector considered which influences the low lati-
tude values. Comparing the two model predictions,
excellent agreement is observed at high and low
latitudes, but larger differences (up to 33%) at
middle latitudes. Contrary to expectations, the
overall agreement does not deteriorate in the
lower thermosphere, and maximum deviations are
less than 12% at 150 km altitude.

Figures 6 and 7 show the latitudinal variation of
the time dependent terms. At 300 km altitude, the
most striking feature is the large annual varia-
tion, reaching a maximum amplitude of 80% at the
South Pole. There is also a distinct asymmetry
between the North and South Pole amplitudes which
is attributed to an increased energy deposition
in the southern polar region (e.g. Ref. 22). In

comparison, the semiannual variation is fairly
small, reaching a maximum amplitude of 15%. It is
this component, however, which is very important
for satellite ephemeris predictions. As for the
terannual variation, only the C model indicates a
significant amplitude of 8% at the South Pole.
Incidently, none of the models presently avail-
able includes specific terms for the terannual
variation, but these changes are introduced
through the nonlinearities of the model algo-
rithms.

Comparing the latitudinal structure of the ampli-
tudes, excellent agreement is found for the
annual and also partly for the semiannual compo-—
nent. In contrast, predictions for the terannual
variation are quite different. As for the magni-
tudes of the amplitudes, significant deviations
are observed for all three components, reaching
maximum values of 35%, 130%, and even 350% for
the annual, semiannual and terannual variations,
respectively. This results in maximum uncertain-
ties of 15% in the density predictions for the
annual component and 6% for both the semiannual
and terannual components. As before, all percen-
tage values refer to the MSIS-83 model.

Comparing the predicted phases, fairly good agree-
ment is found for the latitudinal structure of

all three components. This is also true for the
annual component in the southern hemisphere,

where model predictions differ by close to 365
days. With respect to the magnitude of the pre-
dicted time delays, larger differences are ob-
served for the semiannual component (v40 days at
the South Pole) and for the terannual variation
(w25 days in the southern hemisphere).

As was the case for the local time variation, a
significant decrease of the seasonal changes is
observed in the lower thermosphere (Fig. 7).
Model predictions, however, are far from uniform
in this region. This is true for both the magni-
tude and the latitudinal variations of the coeffi-
cients. For example, maximum deviations as large
as 110%, 170% and even 800% are observed for the
amplitudes of the annual, semiannual and ter-
annual components. This causes uncertainties of
up to 14% in the density predictions for the
annual and semiannual components and less for the
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Figure 6 Latitude dependence of the annual, semiannual, and

terannual N_ density variation at 300 km altitude and
at 3 o‘clocﬁ in the morning as specified by the C and

MSIS-83 models.

terannual variation. Also, some of the oscilla-
tions predicted for the latitudinal structure
appear to be artificially introduced by the model
algorithms. With respect to the phases, differ-
ences of up to 70, 30 and 40 days are found for
the first three harmonics, respectively. Evident-
ly, in going from the higher to the lower thermo-
sphere the accuracy of the model predictions has
deteriorated.

4. CONCLUSIONS
The following conclusions can be drawn from the

model comparison presented in Figs. 2 to 7.
First, these graphs clearly indicate the signifi-

cance and morphology of various upper atmospheric
variations. This way a better understanding of
the physics of the upper atmosphere is obtained.
Second, they point to certain deficiencies of the
model algorithms considered. This way the model-
ling of the upper atmosphere can be improved. And
third, they indicate the accuracy of the model
predictions. This way a more realistic model eval-
uation is achieved.

With respect to the accuracy, it is shown that
significant differences may exist between the
model predictions. Not surprisingly, these devia-
tions are largest for the smallest variations
considered. Fortunately, here they do not cause
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Figure 7 Same as Fig. 6 for an altitude of 150 km.

larger uncertainties in the predicted N, density.
For example, the predicted amplitudes of the ter-
annual variation at 150 km differ by up to 800%.
Because this component is small, differences in
the predicted N, density are less than 4%. More
critical are thé time independent (mean) values
because here deviations cause equally large dif-
ferences in the predicted N_ density. Maximum
deviations observed for this component range
between 12% and 33% (Figs. 2 and 5). Uncertain-
ties of similar magnitude are also associated
with the dominant time dependent terms. Here maxi-
mum differences in the predicted N, density are
27% for the diurnal component at 300 km altitude
(Fig. 3), 16% for the annual component at 300 km
altitude (Fig. 6), and 14% for the annual and
semiannual variation at 150 km height (Fig. 7).
These values may be considered a good measure for
the overall accuracy of present-day models. In

this respect, they are in good agreement with
estimates based on a direct comparison between
model predictions and actual measurements (e.g.
Refs. 6,17). In these studies average deviations
of the order of +20% are quoted.

It is important to realize that the above error
estimates apply only to regular variations in the
undisturbed thermosphere. However, there do exist
very significant irregular variations which are
caused by the stochastic dissipation of solar
wind energy in the polar atmosphere. These ef-
fects are very difficult to model, and introduce
an additional element of uncertainty (e.g. Refs.
23,24,25,26). Thus during a magnetospheric storm,
model predictions may be off by far more than
20%. The influence such an event may have on the
re—entry of space debris is discussed in Ref. 27.
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