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Abstract. The Drag Temperature Model (1978) has been
improved to respond better to the actual requirements of
space geodesy, especially under extreme solar and
geomagnetic conditions. Extended data and an im-
proved algorithm have been considered, leading to
valuable improvements. Temporal variations of temper-
ature of the thermopause, total density and major
chemical constituent density are reviewed and compared
to the DTM94, DTM78 and MSIS86 models. A
comparison with data is performed, giving the mean
ratios between observed and model values with their
root mean squares for different physical and geometric
conditions. This comparison is made for the three
models and includes data used in the modelling as well
as external data. The limits of the thermosphere
modelling are discussed.
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1 Introduction

During recent years, significant progress has been made
in modelling forces acting on an artificial satellite as well
as in tracking systems by laser or by radio techniques;
e.g. GPS (Global Positioning System), DORIS (Doppler
Orbit determination and Radio positioning Integrated
by Satellite), PRARE (Precise Range And Range-rate
Equipment). Such progress has entailed very significant
improvement in trajectography determination and in
many fields related to space geodesy. For example, in
the case of TOPEX/POSEIDON (oceanographic satel-
lite) at an altitude of 1336 km, the error in the radial
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direction is only of about 2—4 cm (Nouél et al. 1994,
Tapley et al. 1994, Smith et al. 1996) and the error
induced by mismodelling of the atmospheric drag is less
than 1 cm, by estimating empirical air drag coefficients
(Marshall et al. 1995). At the altitude of ERS-1 and
ERS-2 (Earth Remote Sensing satellites), about 800 km,
the situation is a little different because of the lower
altitude and greater perturbating effects. Nevertheless,
thanks to the possibility of fitting empirical drag-scale
factors (fy) and to cross-over difference techniques
applied to altimeter data, the error in the radial
direction is only about 10 cm or less (Scharroo et al.
1993). In the case of geodetic satellites covered with
laser retro-reflectors, such as STARLETTE, the im-
provement of the precision of the trajectory determina-
tion is also quite significant, at sub-decimetric levels
(Schwintzer et al. 1997). The quality of the orbit
determination is very much dependent on the number
of drag-scale factors to be determined (Ries et al. 1993).
Nevertheless, it does not mean that any effort in
atmospheric modelling is without interest. So, the
present paper focuses on the modelling of atmospheric
drag forces and on empirical thermospheric models for
different purposes.

The role of a possible improvement in air-drag
modelling has to be attempted in the context just de-
scribed. For practical reasons we have chosen a classical
approach, although from this point of view the previous
efforts to improve the empirical models from concepts
already used in Jacchia (1971) or in Hedin et al. (1974)
have recently been estimated to be a little disappointing.
Indeed, a kind of limit could have been reached in the
actual concept of empirical modelling (Marcos et al.
1994). But the comparison of observed density data with
predicted values by models generally exhibits discrep-
ancies and biases, as already indicated by Gaposchkin
and Coster (1986) and Hedin (1988). With new data and
more elaborate algorithms, progress could be expected
according to different criteria to be defined as a function
of objectives searched for: orbit determination, gravity
field determination, oceanography, geophysical interpr-
etation and prediction of satellite motion.
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These remarks had us to improve the DTM model
(Drag Temperature Model) developed in 1978 (Barlier
et al. 1978); in particular, to represent more correctly
extreme solar and geomagnetic conditions. We know the
parameters were not satisfactorily modelled for these
conditions because, at this epoch, the amount of avail-
able thermospheric data was insufficient. This fact has
entailed some biases in the represention of atmospheric
effects. However, the satisfactory modelling of the total
density for moderate solar conditions made this model
useful for various applications: trajectory computation
for satellites such as SPOT or TOPEX/POSEIDON at
the S.O.D. (Service d’Orbitographie Doris) in CNES
(Nouél et al. 1994) or at Delft (Smith et al. 1996), de-
velopment of gravity models such as JGM1 and 2
(Nerem et al. 1994) or GRIM4-S4 and GRIM4-C4
(Schwintzer et al. 1997). It is also of interest to have the
DTM model with its own specification with a precision
at the level of the international reference model MSIS
(Hedin 1987) for any solar conditions. In merging new
data, comparison between models can reveal the order
of magnitude of biases to be expected in thermospheric
modelling.

In Sect. 2, the new solution for DTM is presented,
labelled DTM94 (94 is the computation year). In Sect. 3
a comparative review of most important effects of total
density variations is presented for the MSIS86, DTM
(labelled later as DTM78) and DTM94 models. Then
observations are compared with predicted values by
these models, including observations not used in
DTM94 model development, and finally remarks are
given on the limitations in modelling and on prospects in
the field related to space geodesy and its applications.

2 Model DTM94
2.1 DTMY4 algorithm

The DTM78 model (Barlier et al. 1978) was developed
at the Centre d’Etudes et de Recherches Géodynamiques
et Astronomiques (CERGA, France) in a cooperative
effort with the Institut d’Aéronomie Spatiale in Belgium
(G. Kockarts) and the Service d’Aéronomie du CNRS in
France (G. Thuillier). The model was based on the
hypothesis of independent static diffuse equilibrium of
different thermospheric constituents: H, He, O, N,, O,
as adopted in other previous thermospheric models
(Jacchia 1971; Hedin et al. 1974). The differential
equation of diffuse equilibrium leads, by integration,
to the concentration of each major constituent accord-
ing to the altitude law:

fi(2) = (Tioo/ T(2)) " exp(—a7:0)
where the different parameters are defined as follows:

Tioo: temperature at 120 km (lower limit of the model),

T(z): temperature at the altitude z above the standard
ellipsoid according to the Bates temperature profile
(Bates 1959): T(z) = Two — (Tso — Th20) €xp(—0a()

T: temperature of the thermopause,

o: thermal diffusion coefficient for H and He (—0.38 if
not 0) (Kockarts 1963)

7i: migh20/ (0kTy)

k: Boltzmann constant (k = 1.3803 10723 JK 1),

g120: acceleration of gravity at 120 km,

m;: molecular mass,

o: relative vertical temperature gradient 77,,/(Too—7T120),

T{5,: vertical temperature gradient at 120 km,

{: geopotential altitude,

R: polar Earth radius (6356.770 km)

Both the thermopause temperature and the gas con-
centration evolve depending on season, solar local time,
latitude and also as a function of the atmospheric
heating process due to the solar electromagnetic radia-
tions (characterized by the 10.7-cm flux) and due to the
particle flow (represented by the geomagnetic activity
index K,). This dependence is modelled by an empirical
function G(L) (Hedin et al. 1974) for the thermopause
temperature:

T, =Ty (1+G(L))

and for the concentrations:
ni(z) = a; exp(Gi(L))fi(z)
and hence for the densities:
pi(z) = min;(z)

T2 is a constant; it represents the averaged thermopause
temperature for mean solar conditions and is denoted a
in Table 3; a7 are constants for the major constituents
(subscript f); they represent the mean concentrations of
these constituents at 120 km and are likewise denoted a;
in Table 3.

The expansion function G(L) for model quantities is
as follows:
Non periodic terms:
Latitude:

arPr + a3Pyy + azrPio

Solar activity:

+a4(F — F) + as(F — F)* + ag(F — 150)
+ azg(F — 150)*

Magnetic activity:

+(a7 + agPy)K,+

either a3 exp(K,) for the temperature or asg Kj for the
neutral constituents.

Periodic terms:

Symmetrical annual:

+(ayg + a10Pr) cos|Q(d — ayy)]
Symmetrical semi-annual:
+(aiy + a3Py) cos2Q(d — ay4)]

Asymmetrical annual (seasonal):



+(a15Pio + a16P30 + a17Ps0) cos[Q(d — ays))
Asymmetrical semi-annual:
“+aj9Pyocos[2Q(d — ay)]

Diurnal

+ (a21Pi1 + anPs1 + axPs

+ (a24Pi1 + axsPay) cos|Q(d — ays)]) cos wt
+ (a26Pi1 + a27P31 + axPs)

+ (axPi1 + axPar) cos[Q(d — ajg)]) sin wr

Semidiurnal:

+ (a31P22 + az P COS[Q(d — alg)]) cos 2wt
+ (az3Poy + a3aPs; cos[Q(d — ayg)]) sin 2wt

Terdiurnal:
+a35P33 cos 3wt + azePs3 sin 3wt

P,, are the non-normalized Legendre associated
functions (see Barlier et al. 1978). F is the solar radio
flux at 10.7 cm on the previous day, F is the average F
over three solar rotations (81 days) before the required
day, K, is the three-hourly geomagnetic index taken with
a delay depending on latitude (3 h at the pole, 6 h at the
equator with a linear interpolation), d is the day of the
year, Q = 21/365 (day™'), w = 21/24 (h™"). In the case
of leap years, the value Q is not totally correct, but its
effect is much smaller than the error in the model, and
has been ignored. All the periodic terms are to be mul-
tiplied by (I + terms of solar activity) except for H and
He.

2.2 DTM94 data

The original idea in the DTM78 model was to determine
the main atmospheric constituents (N;, O, He) using the
temperature model of Thuillier et al. (1977) and total
density data in a large range of altitudes between 160

Table 1. Summary of data sets
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and 1500 km. Indeed, each main constituent is succes-
sively prevalent in concentration, so that an iterative
process can be used to determine, over a certain interval
of altitude, molecular nitrogen, atomic oxygen and then
helium. Iteration yields a good representation of total
density by addition of the main constituents. Details can
be found in Barlier et al. (1978). On the other hand,
molecular oxygen and hydrogen have to be taken
elsewhere from the MSIS model (Hedin et al. 1977).
Their effect is generally more limited as far as the air
drag is concerned, except for the hydrogen at the low
solar activity level. It is another approach with respect
to studies in which total density is directly modelled
(e.g, Volkov 1984; Sehnal 1990).

For the purpose of improving the model, new data
(total densities, temperatures and also chemical com-
ponents) have been added, in particular, for extreme
solar conditions. Information on data used in the
modelling is given in Table 1. The histograms of the
repartition of data as a function of solar and geomag-
netic activity are given in Fig. 1.

2.3 Merging data — data calibration

Data are affected by random errors and biases. For
satellite drag data, when total density has to be
estimated, difficulties arise. A first difficulty is linked to
horizontal winds generally not known accurately [orders
of magnitude of winds can be found in Hedin et al.
(1991)]. The winds have not been taken into account for
drag data processing. Another is due to the aerodynamic
coefficient quantifying the momentum exchange be-
tween atoms or molecules with the satellite surface
(Cook 1965; Afonso et al. 1985). It is very difficult to
model this coefficient accurately. Errors of a few percent
up to 15% or 20% are possible (Gaposchkin 1994). In
our case, the reference has been defined by the balloon
satellite data determined by Jacchia and Slowey
(e.g. 1975) and from there a calibrating factor has been
adjusted for each satellite from which total densities
have been deduced.

Data set number period altitude references

of data (month - year) range (km)
Ogo-6 temperature 46500 06.69 — 08.70 230 — 290 Blamont and Luton (1972)
Fabry-Perot interferometer
DE-2 temperature 52000 08.81 — 02.83 200 — 600 Spencer et al. (1981)
Wind and temperature Killeen et al. (1988)
Spectrometer
Temperature deduced from 2500 01.76 — 06.76 Thermopause Berger et al. (1986, 1988)
CACTUS accelerometer data
Total density 65000 01.61 — 12.73 160 — 1200 Jacchia (1971)
Satellite drag Barlier et al. (1978)
Total density 63000 06.75 — 02.79 270 — 600 Villain (1980)
CACTUS accelerometer
DE-2 N, density 41600 08.81 — 02.83 200 — 500 Carignan et al. (1981)
Neutral mass spectrometer Hedin (1987)
DE-2 O density 52000 08.81 — 02.83 280 — 575 idem
DE-2 He density 73500 08.81 — 02.83 300 — 1000 idem
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Table 2. Calibration factors for

spectrometric data Neutr_al number of altitude DE2 d.ata to G He_din (.1987)
constituent DE2 data used (km) preliminary calibration
DTM model ratio factor
DE-2 N, 12650 250 — 500 0.70 0.26 0.60
DE-2 O 18380 280 — 575 0.91 0.24 0.89
DE-2 He 15500 350 — 750 0.86 0.28 0.86
Table 3. Coefficients a; for the DTM94 model
Coefficient Ty H He O N,
a 0.1000E 04 0.1761E 06 0.2791E 08 0.8472E 11 0.3204E 12
a» 0.9461E-02 —0.1337E 00 0.1096E 00 —0.6645E-01 —0.1402E 00
as 0.4267E-01 —0.1908E 00 —0.9741E-01 0.5722E-01
as 0.1795E-02 —0.1246E-01 —-0.2077E-03 0.1228E-02 0.1126E-02
as —0.7990E-05 0.4835E-05 0.4498E-05 —0.2078E-05
as 0.3367E-02 —0.1930E-01 0.2112E-02 0.5358E-02 0.3424E-02
az 0.2263E-01 —0.6000E-01 0.2212E-03 0.2557E-02 —-0.1159E-01
ag 0.3786E-01 —0.2000E-01 —-0.1617E 00 —0.9822E-01 0.5516E-01
ay —-0.1923E-01 0.5878E-01 —-0.9222E-01 0.1009E 00 —0.1005E-01
ao —0.9241E-02 —0.8301E-02 0.6261E-02 —0.4390E-01
ap —0.2107E 03 0.9227E 02 0.2135E 03 0.1156E 02 0.1959E 03
ap 0.1032E-01 0.2350E 00 0.1760E 00 0.3248E-01
ap 0.2886E-01 —0.7905E-01 —0.7128E-01 0.5650E-01
aa —-0.7631E 02 0.1104E 03 0.1064E 03 0.8820E 02
as —0.1850E 00 0.3301E 00 —0.1268E 01 0.3329E 00 0.2881E 00
ae —-0.2031E-01 0.1045E 00 —0.1851E 01 —0.1145E 00 —0.3143E-01
ap 0.1447E-01 0.6662E—-01 —0.4242E-02
aig —0.3631E 01 —0.1477E 02 —0.1870E 03 —-0.6751E 00 —-0.2001E 03
ag —0.2894E-01 —0.9065E-01 —-0.4215E-01 —-0.4171E-01 0.6070E-01
ax —0.1737E 03 —0.7200E 02 —0.2167E 03 0.1344E 03 0.5115E 02
sl —0.1082E 00 0.2094E-00 —0.1278E 00 —0.6593E-01 —-0.4610E-01
an —0.1999E-02 0.2830E-01 —0.6182E-02 —0.1934E-01 —-0.9700E—-02
an 0.3397E-02 —0.1745E-01 —0.8585E-02 0.3491E-02
an —0.1613E-01 0.8571E-01 —0.4360E-01 0.8635E-01
ass —0.9609E—-02 —0.2475E-01 —0.5285E-01 0.8568E—-01
ax —0.1045E 00 0.3830E 00 0.3120E 00 0.4549E-01 —0.7333E-01
ayy 0.4575E-02 0.2941E-01 —-0.2137E-01 —0.3872E-01 0.2116E-01
ang 0.4584E-02 —0.2453E-01 —0.1287E-01 0.7033E-02
a 0.1776E-01 —0.3974E-02 —0.3673E-02 —0.9178E-01
as —0.4227E-02 0.4356E-01 —0.8833E-01 0.4262E-01
asy —0.3567E-02 0.3399E-01 0.4339E-01 —0.6920E-02
axn —0.3606E—03 0.5131E-02 0.5689E-02
ass 0.1049E-01 —0.1474E-01 0.6651E-02 —0.7290E-02
as 0.4571E-02 0.8556E-02 —0.1017E-01
ass —0.2175E-04 0.1957E-02 0.2706E-02 —0.2920E-02
ase 0.1511E-02 —0.4503E-02 —0.4710E-02 0.2705E-02
asy 0.2167E-02 —0.1024E 00 —0.1464E-01 —0.5994E-02
asg —0.1142E-05 —0.1687E-04 —0.6406E—05
aso 0.6582E-04 —0.1426E-02 0.1518E-02 0.8213E-02
Molecular oxygen O, 0.4475E+11 cm™3
Temperature at 120 km 380 K
Temperature gradient at 120 km 14.348

Dynamics Explorer 2 spectrometer data (kindly provid-
ed by A.E. Hedin) are also affected by some biases. Al-
though calibration factors have been given by Hedin
(1987), we have preferred to calibrate these data in an
homogeneous way with total densities and then to com-
pare them to Hedin’s values. To accomplish this, a pre-
liminary model DTM94 (using satellite drag and
CACTUS data) has been developed for moderate solar
and geomagnetic activity (F less than 170, K, less than 4).

Spectrometer data corresponding to the same solar con-
ditions have been compared to concentrations predicted
by this model. The results are given in Table 2 along with
the number of data used for elaborating the preliminary
model. The agreement is excellent except for molecular
nitrogen, where a difference of 15% is exhibited. The
solution with satellite drag data has been adopted for
reasons of coherence. For generating the final model the
calibration factors have been fixed at these values.
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It is also important when merging data sets to weight
them properly and to select a reasonable number of data
so that one type of data does not overwhelm the others.
The number of data used for generating the new model
is given in Table 1. The coeflicients “a;”” of the final
model (see Sect. 2.1), determined by a least-squares
procedure applied over all the data set, are given in
Table 3.

3 Temporal variations of thermospheric parameters —
comparison between MSIS86, DTM78
and DTM94 models

The physical parameters of the thermosphere, temper-
ature, concentrations and total densities undergo tem-
poral variations. These types of variation are now well
identified and can be predicted thanks to empirical
models.

In view of geodetic applications, several altitudes
have been selected to display the amplitude and the
phase of main structures, namely 300, 500, 800 and
1400 km corresponding to such geodetic satellites as
GFZ-1, CHAMP, ERS-1,2, TOPEX/POSEIDON. To
estimate the existing differences between two given
models several types of variation are successively con-
sidered and, in priority, effects linked to solar and geo-
magnetic activity in reason of significant discrepancies

Geomagnetic index

already mentioned. Mean conditions for parameters
have been chosen conventionally (generally and ac-
cording to the study to be performed, latitude: 45°N,
longitude: 0°, local solar time: 9 h, day of the year: 80,
mean solar flux and solar flux: 150 1072 Wm 2 Hz ',
K,: 3)

3.1 Variations linked to geomagnetic activity

A variation of the planetary index K, from 0.5 to 7.5
yields an increase in total density which reaches its
maximum value at 800 km (Fig. 2). Helium (Fig. 3) has
a specific behaviour, since a decrease can be observed in
the polar region, while an increase is observed at the
equator (Barlier et al. 1979; ProlB 1980). This is due to
the dynamics of the thermosphere, the light components
such as helium being blown towards the equator during
a strong geomagnetic event (Mayr and Volland 1973).
As a result, at mid-latitudes the variation is small,
changing from a decrease to an increase, and this fact
can explain that at 1400 km where He prevails, MSIS86
and DTM94 appear to have an opposite behaviour in
total density (Fig. 2). For the other parameters (7, O,
N3), an increase is observed at mid-latitudes (Figs. 3 and
4a) generally in reasonable agreement except for very
high K, values (greater than 7.5), where differences can
be observed, especially for DTM78. Here it is necessary
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to mention that after the publication of DTM78 it was
established that its predicted increase was too small,
particularly at the equator. An empirical correction was
applied to the atomic oxygen. Moreover, a hydrogen
model, which is of importance above 1000 km for a low
solar activity level, was added to the global model [taken
from Hedin et al. (1977)]. The DTM78 model with these
changes was labelled DTMH and remained unpub-
lished, though it was widely used with success in orbit

Mean solar flux

determination, such as for the SPOT and TOPEX/
POSEIDON satellites (Nouél et al. 1994).

It is of interest to recall that variations with geo-
magnetic activity are dependent on other parameters
such as mean solar flux and latitude. For example, the
increase in temperature per unit of AK, ranges from
20 K at the equator to 75 K in the auroral regions for
the conventional conditions adopted in this section and
the increase in total density at 500 km is twice as strong
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for low solar activity level than for high solar activity
level.

3.2 Variations linked to solar activity

The total density variations as a function of the mean
solar flux F are displayed in Fig. 5. When Fjo; varies
from 70 to 250, the total density maximum to total
density minimum ratio reaches the values of 6, 25, 30 and
7 corresponding to the altitudes of 300, 500, 800 and
1400 km, respectively. The agreement is generally good
between the models, except for DTM78, when the mean
solar flux is greater than 180. This is due to the lack of
very high solar activity data in generating this model,
and indeed this constituted an important reason to add
new data to the new version in order to improve it. The
temperature increases by about 600 K for F varying
from 70 to 250 (Fig. 4b).The agreement is very good for
DTM94 and MSIS86 up to F = 200. A specific mention
has to be made for hydrogen. As shown by Kockarts
and Nicolet (1963), its behaviour is opposite to that of
the other components and exhibits its highest values for
low solar activity levels. For example (Banks and
Kockarts 1973), for a mean thermopause temperature
of 750 K (low solar activity level) and for altitudes of
1000 and 2000 km, the concentration ratio H/He
reaches values of 5 and 110, respectively. But for a

Mean solar flux

mean temperature of 1250 K (high solar activity) these
values are only 0.05 and 0.35. Therefore, the role of
hydrogen is only of importance for a low solar activity
level. This gives the reason why at 1400 km the
variations of the total density are relatively diminished
because of the opposite behaviour of He and H.

The mean solar flux represents the slowly varying
component of the solar activity, but the quantity
“Flo7 — Flo.7” represents the instantaneous variation of
this activity, which plays an important role in the tem-
perature and density fluctuations, as is well known. The
variations in temperature and in total density are given
in Fig. 6 for two levels of solar activity corresponding to
Flo7 = 100 and 200. Some discrepancies can be observed
for DTM78.

3.3 Variations linked to the local solar time

The variations linked to the local solar time are
exhibited in Fig. 7. The amplitudes are generally in
reasonable agreement for the three models, except in the
case of N, for DTM78, which exhibits a greater
amplitude. In the case of DTM94 for temperature,
molecular nitrogen, atomic oxygen and helium the
maximum occurs at 16, 16, 14 and 12 h local solar
time, respectively, in agreement with previous determi-
nations (Barlier et al. 1979). For MSIS86 these maxima
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Fig. 6. Variation in thermopause temperature and in total density as a function of “Fg7 — Fjo;” for two levels of solar activity

occur at 17, 13, 14 and 9 h, respectively, in reasonable
agreement with DTM94. This behaviour, different for
each constituent, is explained by dynamical processes.
The light constituents such as helium are much more
sensitive to such processes (Mayr and Harris 1977). The
molecular nitrogen exhibits, for the case considered, a
flat maximum between 12 and 18 h for DTM94 and a
maximum at 13 h for MSIS86. It is important to
emphasize that the local solar time effect strongly
depends on latitude and altitude.

3.4 Variations linked to the day of the year

Variations are displayed in Fig. 8. The behaviour is very
different for each component, as is already known, and
a general agreement can be noted between the models
considered. Temperature and N, are closely correlated,
with a maximum during the summer time. Conversely,
helium has its maximum in winter [the winter helium
bulge discovered by Keating and Prior (1968)]. The
semi-annual effect for atomic oxygen discovered by
Paetzold and Zschérner (1961) with two maxima near
the equinoxes is clearly evidenced. It is of interest to
recall that this effect varies from one year to another,
yielding some dispersion in fitting the data (11l 1983). To

some extent such a variation has originated in the low
atmosphere, which can undergo unpredictable fluctua-
tions. The total density follows the prevailing compo-
nent at a given altitude.

3.5 Variations as a function of latitude

For spring conditions the temperature presents two
maxima in the polar regions due to the precipitation of
particles (Fig. 9). It is of interest to note that the MSIS86
model presents a significant and surprising asymmetry
between the two hemispheres which does not appear in
the two DTM models. The molecular nitrogen follows a
correlated behaviour with temperature. For the atomic
oxygen the behaviour is opposite with a maximum at the
equator, but it has also a specific asymmetry in the
MSIS86 model. The same holds for helium. On the other
hand, the agreement between DTM94 and MSISS86 is
good for equatorial and mid-latitudes, while DTM?78
exhibits systematic differences at several latitudes.

To conclude Sect. 3, we shall see that the new version
of model DTM reproduces all the main features already
known of the thermospheric properties in a satisfactory
way. The differences between the models can be con-
sidered as an estimate of possible accuracy.
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It is necessary to evaluate the quality of the fit by
considering the distribution of residuals as a function of
different parameters (observed to model value ratio,
denoted f). It is also important to compare the new
version of DTM with data not used in the model and to
give some examples and applications of the model in
fields related to space geodesy.

3.6 Comparison with data used in the models

For comparison, we have displayed the ratios (f) for
temperature and total density. The results are shown in
Figs. 10 and 11 for the mean solar flux, the instanta-
neous variations in the solar flux (Fio7 — Fio.7), the
geomagnetic activity and the latitude. For temperature,
the fit can be considered to be satisfactory. Some
problems remain for very high K, values for the three
models. For the total density the same kind of remarks
can be made. Moreover, in the southern hemisphere for
MSIS86, the predicted values for high latitudes are too
low with respect to the data set considered here.
Concerning the mean solar flux, a discrepancy has to
be noted for the DTM78 model for high activity level.
A drop in the f ratio can be noted for very high
“FIO.7 7F10.7” values.

Another way to evaluate the quality of data is to
consider the mean value of the residuals (observed to

Local solar time (h)

model value ratios as well as their root mean squares)
which are given in Table 4. The mean value between the
data subsets (temperature, drag data, constituents) and
the model is generally a few percent. The root mean
square (rms) represents the complex but unmodelled
physical effects as well as errors in modelling itself and
measurement errors. Similar studies have been perform-
ed in the past by Hedin (1988) for the same kind of data.

To consider the quality of the fit more in detail, an
example is given with CACTUS accelerometer data for
the different parameters of the model. The mean values
of the residuals and their rms are given in Table 5. In-
deed, the relative precision of CACTUS as a function of
measurement conditions is well known [a few percent up
to 400 km (Villain 1978)] and allows some reference
tests. Mean values of residuals (f ratios) are not always
distributed at random. Taking into account the preci-
sion of these mean values, generally speaking better than
a few percent, remaining signatures as a function of
subsets of parameters can be observed up to 20% for
extreme conditions. They concern mainly instantaneous
daily solar flux, mean solar flux and geomagnetic ac-
tivity. All these facts are of importance and show, to
some extent, the limits of the modelling exercise. The
data sets are not totally homogeneous to one another.
Calibration problems may exist but there is also an in-
ability of the model to represent perfectly the actual
physical reality.
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Referring to Table 5, the rms ranges from 10% to
30% and is variable. When the altitude increases, the
rms also increases because the density estimate depends
not only on the modelling of constituents in the low
thermosphere but, in addition, more and more on the
modelling of temperature. Moreover, the precision of air
drag measurements decreases with altitude due to the
relative increase of other non-gravitational forces (Vil-
lain 1978). The rms increases also during the night as
compared to the daytime, due to the decrease in the ion
drag making the amplitude of air drag fluctuations more
important. The precision of the CACTUS air drag
measurements also decreases as a result of a less precise
attitude restitution. These values increase with strong
geomagnetic activity as well. K, is in fact not a very
good indicator of this activity for severe conditions,
which explains the decreasing quality of the modelling
(Barlier and Berger 1983). Moreover, the winds are
stronger and generate perturbations. To point out the
difficulty of modelling precisely the geomagnetic activity
by the K, index, an example is given from the CACTUS
data during a severe geomagnetic event. The observed-
to-model density ratios are displayed in Fig. 12 for in-
dividual data and for K, greater than 6. An important
dispersion appears. For a short interval of time, the
factors range from 0.7 to 1.8. Should we state that the
model overestimates or underestimates the physical re-

ality? In fact, there is some inadequacy of the K, index
to represent this reality all around the Earth.

3.7 Comparison with external drag data

We have selected several data sets as a function of
altitude: first at 500 km, the Intercosmos satellite IK 11
(drag data kindly provided by L. Sehnal from Ondrejov
Observatory), then between 600 and 1800 km [drag data
from the 63 30 D balloon satellite (Slowey 1974)], and
finally at very high altitude above 1700 up to 2700 km
[balloon satellite data (Rousseau 1973)]. Results are
given in Table 6. For the IK11 satellite the systematic
high values of the mean value of the residuals are only to
be interpreted as a relative calibration problem (aero-
dynamic coefficient has been taken equal to 2.2). The
rms represents the sum of errors in modelling and in
drag measurements. The main conclusion is that the
three models perform the fit at a comparable level. This
is also true up to 1000 km with the 63 30 D data. The
rms minimum of 0.25 is obtained for the DTM94 model,
which is typical of what is to be expected in predictions
when including error measurements. The difference in
the mean value is an indication of possible relative biases
in modelling. Above 1000 km, the standard deviation
increases for all the models. The greatest value is
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obtained for DTM78, but here it does not include
hydrogen concentrations.

The problem of satellites at very high altitudes
(greater than 1700 km) is specific: high systematic values
can be observed for DTM94 and MSIS86. Of course, the
estimate of aerodynamic coefficients can induce sys-
tematic errors, but a recent analysis of AJISAI data
(altitude 1500 km) (Sengoku et al. 1996) gives a hint of a
possible origin of this fact which can be due to problems
of asymmetric reflectivity or electric drag producing an
along-track acceleration as observed also for LAGEOS
(altitude 6000 km) (Rubincam 1987; Afonso et al. 1989).
Above 1000 km, careful attention has to be paid to this
kind of problem, but the amount of data is very limited
and prevents drawing definitive conclusions.

Finally, all these comparisons confirm the previous
conclusions on the quality of the prediction in modelling
with DTM94 model.

3.8 Examples of applications in space geodesy field

Some computations of satellite trajectory determination
have been performed using different thermospheric
models. An example is given in Table 7 for the SPOT3
satellite (altitude 800 km) tracked with the DORIS
system. Several drag scale factors (f;) have been
determined, a coefficient per 6 h, simultaneously with

-50

T tion as a function of latitude

0 50
Latitude

other classical parameters of the trajectory. The rms of
satellite tracking data does not change by using one
model or another, and the determined f; coefficients are
comparable. Other cases have been considered and the
result is generally identical: the possibility of determin-
ing several coeflicients per trajectory with systems such
as GPS or DORIS makes the solution not very sensitive
using a current thermospheric model rather than
another one. This is even truer when reduced dynamics
techniques are used, as shown by Barotto (1995).
However, when old data are required in gravity field
determination [e.g. laser data of the sixties and seventies
(Schwintzer et al. 1997)], the tracking coverage is
significantly poorer and, in such a case, the role of
thermospheric models is more important.

Another interesting reason for improving thermo-
spheric models can be found in Bruinsma et al. (1996)
for determining a unique trajectory of STARLETTE
satellite (perigee altitude 800 km) over 12 years. The
purpose was to analyse the temporal variations of the
Earth gravity field over a long time using a method
developed by Exertier et al. (1994). This method aims to
determine a set of “mean orbital elements” from
tracking data and fit a “‘mean orbit” by numerical in-
tegration of “mean” differential equations of the motion
in adjusting parameters such as the temporal variation
of the second-degree zonal gravitational coefficient of
the Earth (J,). The difficulty is to evaluate the effect of
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the atmospheric drag taking into account all the cou-
plings between various forces. To do that, the set of
“mean semi—major axes” is considered separately. Over
12 years, the observed decrease in the mean semi-major
axis is about 365 m. The differences between the pre-
dicted values when extrapolating the ephemerides by
using the thermospheric models DTM94, MSIS86,
DTM78 and the observed values are of 19, 27 and 85 m,
respectively, at the end of the 12 years. The predicted
estimate by DTM94 fits the observed values to within
5%, which is very satisfactory.

On the other hand, to represent the temporal fluc-
tuations of the semi-major axis over 12 years, at short
time-scale, drag scale factors ( f;) have to be determined.
DTM94 model has been used. They sometimes reach the
value of 1.5 (density 50% greater than predicted),
sometimes the value of 0.7 (density 30% less than pre-
dicted) (Bruinsma, private communication). The rms of
these factors is of the order of 0.25. This fact emphasizes
that the long-term variation represented by the slowly
variable index F is much better predicted than the short
variation represented by the difference index “F — F”’.

The rms of the fit of the semi-major axis is of the
order of 8 cm (Bruinsma, private communication), to be
compared to the global effect of 365 m. Therefore, the
long-term decrease in the semi-major axis can be esti-
mated precisely, inducing, for example, that the indirect
air drag effect on the angular parameters (the ascending

150 200 250

Mean solar flux

node, for example) is also determined precisely. This
point is crucial, making possible the precise removal of
the air drag effect, because the motion of the ascending
node is used for obtaining the temporal gravitational
signal as J, (Eanes and Bettadpur 1995; Exertier 1995).
This shows the importance of modelling as well as
possible the air drag effect and the possibility of the
DTM94 model to reach such an objective. DTM94 is
used presently by CNES for TOPEX/POSEIDON orbit
determination (Nouél, private communication) and will
be used for the new generation of the GRIM models.

4 Discussion

We have chosen a classical approach to elaborate the
new version of the DTM model using the classical
indices, K, Fi0.7, “Fio.7 — Fio.7”. A first reason is that old
space trajectory data will continue to be used, for
example in gravity field modelling (Schwintzer et al.
1997) or in oceanographic altimetry data, at a time
where no other indices were available. Another reason
to keep the same kind of algorithm is to have a model as
simple as possible for space geodesy applications with a
capability to fit such or such a coefficient in order to
improve a specific type of trajectory in inclination and in
altitude (concept of tailored model as developed in
gravity field modelling). Indeed, when combining differ-
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Table 4. For three models,
mean ratios between observed ~ Data set DTM94
and model values with their
root mean squares (rms)
Ogo-6 temperature 1.00
DE-2 temperature 1.00
Satellite drag data 1.04
CACTUS data 1.01
DE-2 N, density 1.01
DE-2 O density 0.99
DE-2 He density 0.99

0.13 1.02 0.13 0.99 0.13
0.08 1.04 0.10 1.01 0.09
0.25 1.00 0.25 1.03 0.27
0.23 0.99 0.25 1.03 0.23
0.30 0.81 0.35 0.87 0.35
0.22 0.85 0.34 0.99 0.26
0.22 0.79 0.31 1.00 0.22

ent subsets of thermospheric data, systematic differences
between them are often visible. The least-squares
procedure applied globally to all the different subsets
leads to fit a solution across the data and to smooth
many effects. The thermosphere is probably not sta-
tionary as a function of time as in meteorology in the
very low atmosphere. In fact, we have some evidence
that this is true, for example with the observation of the
semi-annual effect variable from one year to another (Il
1983). As a result, merging all the data obtained during
25 years can sometimes be unsatisfactory. For several
applications it can be of interest only to represent a
specific subset of data gathered over a limited interval of
time. The software concept of DTM94 allows the

selection of subsets of the normal equations with a set
of unknowns chosen by sensitivity criteria. The flexibil-
ity of the software is an important characteristic for
some uses.

From a more general point of view, the origins of the
limitation of present thermospheric models have already
been reviewed (Barlier and Berger 1983; Ries et al. 1993;
Killeen et al. 1993; Marcos et al. 1994) but can be re-
called. The energy budget which is a basic input is only
represented by proxy indices. We know in fact that a
variable energy is also coming from the lower atmo-
sphere in a chaotic way not predictible by indices
(planetary waves and gravity waves, for example). En-
ergy sources coming from the ring current around the
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Table 5. For different subsets of

the parameters, mean ratios Parameter mean number DTM9%4 DTM78 MSIS86
between observed and model value  of data - ) -
densities Wlth their root mean mean ratio rms mean ratio rms mean ratio rms
zf{i“srizg?ﬁzogl’éié?ﬁgtc K, 05 9012 101 0.22 0.96 0.22 1.03 0.22
, 25 17629 1.00 0.22 0.96 0.22 1.02 0.22
celerometer measurements 45 5346 1.04 0.25 1.07 0.26 1.04 0.24
65 405 1.10 0.28 1.35 0.40 1.16 0.33
8.5 87 0.87 0.22 1.91 0.70 1.22 0.36
Local solar time 1.0 1963 1.08 0.30 1.04 0.30 1.05 0.29
50 4613 1.05 0.28 1.03 0.29 1.00 0.26
9.0 6225 1.0l 0.21 1.05 0.27 0.99 0.22
130 6423 1.00 0.17 1.03 0.18 1.06 0.20
170 7492 0.97 021 0.94 0.22 1.03 0.20
210 4380 1.0 0.25 0.88 0.23 1.02 0.24
Altitude 2750 11256 0.98 0.13 1.06 0.17 1.00 0.13
3750 10165  0.98 0.20 0.98 0.23 1.00 0.19
4750 9204  1.02 0.27 0.94 0.28 1.04 0.26
5750 4741 1.14 0.32 1.03 0.34 1.16 0.35
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Fig. 12. During a strong geomagnetic event, ratios of individual
CACTUS data to the DTM94 and MSIS86 models. For reasons of
clarity, the values with respect to the MSIS86 model are convention-
ally shifted by 1 day

equator could be another possibility not taken into ac-
count (Almar et al. 1992). In this last paper, the energy is
represented by the Dst index, but discussion exists now
concerning its real physical meaning (Campbell 1996).
Moreover, variable sinks of energy are also of impor-
tance, for example sinks inferred by NO emission

Table 7. Drag tests on SPOT 3 (10 days in April 1994)

Density number of  f; mean rms (fy) rms (mm s~')
model measures DORIS data
DTM78 34804 0.70 0.18 0.55
DTM9% 34804 0.71 0.21 0.55
MSIS86 34804 0.73 0.21 0.55

(Kockarts 1980). As sinks or sources of energy are
variable in an irregular and unpredictable way, they
induce significant errors in modelling. Moreover, several
other basic difficulties come from hypotheses never to-
tally satisfied, for example the law of the hydrostatic
equilibrium and static diffusive equilibrium as shown by
observations of horizontal and vertical winds
(e.g. Fauliot et al. 1993), waves at different scales, and
so on. A review of these phenomena can be found, for
example, in Killeen et al. (1993) and Berger and Barlier
(1993). Therefore, the vertical density and temperature
distribution cannot always be represented satisfactorily.

All this does not mean that any progress is not pos-
sible. In fact, progress could be envisaged with other
indices such as a precipitation index (Gaposchkin and
Coster 1989), an auroral index (Berger and Barlier 1981)
and EUV flux, which represents an actual source of
energy (Gorney 1990) that can also be monitored. Then,
in the field of the classical approach (as used presently)

Table 6. For three models, mean ratios between observed and model densities with their root mean squares (rms)

Satellite number altitude mean DTM9%4 DTM78 MSIS86
of data (km) solar flux

mean ratio rms mean ratio rms mean ratio rms
IK11 378 500 130 1.28 0.37 1.17 0.35 1.24 0.37
63-30-D 145 600-1000 150 0.94 0.25 1.11 0.30 1.02 0.29
63-30-D 134 10001800 150 0.99 0.53 1.21 0.71 0.90 0.51
63-30-D 5 1750-2400 148 1.88 0.46 1.62 0.39
63-14-B 3 2650 145 1.22 0.63 1.67 0.73
66-54-A 8 2150-2650 150 1.69 0.67 1.57 0.64
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and in spite of the limits described here, some progress
may again be possible, either in the frame of tailored
models as already mentioned or in the frame of Facto-
rial Analysis (Bordet 1973) as used in the past to
represent the remaining signatures. By analysing the
residuals, factorial analysis may suggest empirical cor-
rections in a simple way (Bordet 1973; Barlier et al.
1976).

On the other hand, a more physical and chemical or
photochemical approach can be pursued and developed.
It is not the aim of this paper to consider all these
questions, but they represent a wide field of research. In
any case, new thermospheric data more precise and ac-
curate combined with external parameters (e.g. EUV
solar flux) could certainly be of great importance for the
future and are to be encouraged, along with new ana-
lyses.

5 Conclusion

The problem of improving thermospheric models very
significantly is still open and will probably remain so for
some time. However, the DTM model has certainly been
improved from the first version in 1978 thanks to the
introduction of new data for extreme solar conditions:
for low solar activity (CACTUS data) and for high solar
activity (DE2 data). Bearing in mind the use of this
model in important programmes such as TOPEX/
POSEIDON, SPOT and gravity field model develop-
ment (GRIM models), its improvement was necessary.
Moreover, the statistical vertical distribution of temper-
ature and of the main constituents has been improved
even for mid-solar activity level. From a geophysical
point of view, it is a great interest of DTM models to
give not only a correct estimate of the total density but
also to give a correct estimate of the major constituents
and of the thermopause temperature, as done in the
MSIS models. From a geodetic point of view, over a
long duration including solar minimum and maximum,
progress has been accomplished in the trajectory
determination (the STARLETTE satellite, for example)
exhibiting better modelling with the slowly variable
component of the solar activity (F).

The present study has also discussed the errors to be
expected in modelling with their dispersion as a function
of geometric and solar parameters. From this aspect, the
comparison performed between the MSIS86 and
DTM94 models has been very instructive, allowing
analysis of differences and reassessing the limits in
thermospheric modelling, as well as reviewing the vari-
ability in total density, temperature and constituents
(N3, O, He).

To improve thermospheric modelling, new homoge-
neous measurements in thermosphere and new theoret-
ical studies have to be encouraged. Fortunately, new
missions are already scheduled: microaccelerometers
will be installed on next gravity field missions (CHAMP
and GRACE) to be launched around the year 2000 as
well as a new atmospheric mission (TIMED) by the U.S.
All this can be considered very encouraging.
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