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Abstract

Uncertainties in the neutral density estimation are the major source of aerodynamic drag
errors and one of the main limiting factors in the accuracy of the orbit prediction and
determination process at low altitudes. Massive efforts have been made over the years to
constantly improve the existing atmospheric density models, or to create even more precise
and sophisticated tools. Special attention has also been paid to research more appropriate solar
and geomagnetic indices. However, the density models still suffer from weakness. Even if a
number of studies have been carried out in the last few years to define the performance
improvements, further critical assessments are necessary to evaluate and compare the models
at different altitudes and solar activity conditions.

Taking advantage of the results of a previous study, an investigation of thermospheric density
model biases during the last sunspot maximum (October 1999 — December 2002) was carried
out by analyzing the semi-major axis decay of four satellites: Cosmos 2265, Cosmos 2332,
SNOE and Clementine. Six widely used thermospheric density models were analyzed: JR-71,
MSISE-90, NRLMSISE-00, GOST-2004, JB2006 and JB2008. During the time span
considered, for each satellite and atmospheric density model, a fitted drag coefficient was
solved for and then compared with the calculated physical drag coefficient. It was therefore
possible to derive the average density biases of the thermospheric models during the last
sunspot maximum.

Below 500 km, all the models overestimated the average atmospheric density by amounts
varying between +7% and +20%. This was an inevitable consequence of constructing
thermospheric models from density data obtained by assuming a fixed drag coefficient,
independent of altitude. Because the uncertainty affecting the drag coefficient measurements
was about 3% at both 200 km and 480 km of altitude, the calculated air density biases below
500 km were statistically significant. The minimum average biases were obtained with
JB2008, NRLMSISE-00 and GOST-2004.

Above 500 km, where only one satellite was analyzed (at 630 km), and errors tend to increase
with altitude, it cannot be asserted that the calculated biases are significant. Nevertheless, they
are presented to show how the various models diverge at higher altitudes. Around 630 km,
NRLMSISE-00 had a negligible average bias, while the other models underestimated (GOST-
2004) or overestimated the average density, by amounts varying between 6% and 16%.
However, in terms of semi-major axis root mean square residuals, JB2006 and JB2008 were
the best in any case.

Below 500 km, the short-term behavior of the models was also investigated by fitting the
semi-major axis decay over 30-day arcs. The resulting fitted drag coefficients displayed a
significant variability, probably associated with mismodeled density variations, but JB2008,
followed by JB2006, provided the smallest semi-major axis residuals and a reduced short-
term variability of the density bias at just a few frequencies, having been probably successful
in removing a significant fraction of the mismodeling sources.
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1. Introduction

The thermospheric models used in orbital operations were developed at a time when little was
known about satellite drag coefficients (Wolverton, 1963; Harris and Priester, 1965; Jacchia,
1964; Izakov, 1965; Cook, 1965, 1966). Thermospheric densities in low Earth orbit varied by
several orders of magnitude, while the drag coefficients were uncertain by about 50%
(Wolverton, 1963). The designers of these models wisely assumed a constant drag coefficient,
often 2.2. During subsequent decades, information about gas-surface interactions in space has
slowly accumulated from measurements involving paddlewheel satellites (which provided
absolute thermospheric densities), mass spectrometers, pressure gauges, accelerometers, and
satellites of various shapes and orientations. These studies have established that satellite
surfaces in low-Earth orbit are contaminated by adsorbed atomic oxygen and its reaction
products, causing energy accommodation coefficients to be high, and the angular distribution
of reemitted particles to be nearly diffuse (Moe and Moe, 2011a). This kind of gas-surface
interaction is best described by the mathematical analysis (Sentman, 1961) which relates the
drag coefficient to the velocity of the impinging particles, their initial temperature, the
temperature of the particles after collision (related to the energy accommodation coefficient),
and the geometry of the spacecraft. Consequently, it is now possible to calculate realistic
(physical) drag coefficients as a function of altitude and solar activity for satellites of simple
shapes (Moe et al., 1995; Bowman and Moe, 2006; Moe and Moe, 2005; Bowman et al.,
2008a; Pardini et al., 2010; Pilinski et al., 2010; Koppenwallner, 2011). These studies have
shown that physical drag coefficients of satellites of many shapes increase as the altitude
increases. That increase is related to the decrease in the number of molecules adsorbed on
satellite surfaces as altitude increases. Figure 1 is an example of the dependence of drag
coefficients on altitude at times of sunspot minimum (Moe and Moe, 2005). It was
constructed from data measured by paddlewheel satellites near solar minimum.

Since physical drag coefficients increase with altitude, while the densities used in constructing
thermospheric models were measured using drag coefficients assumed to be independent of
altitude, operational models inevitably have an altitude bias. These biases were measured for
many satellites by calculating the difference between the fitted and physical drag coefficients
(Chao et al., 1997; Bowman and Moe, 2006; Pardini et al., 2010).

In a previous study (Pardini et al., 2010), satellite drag and energy accommodation
coefficients at altitudes up to 630 km were measured during the sunspot maxima of solar
cycles 22 and 23 (around the years 1990 and 2000). In the process, the bias in the Jacchia-
Bowman 2006 density model (Bowman et al., 2008b), which had been measured by Bowman
(Personal Communication, 2009) was confirmed. Bruce Bowman, who had developed both
the J70MOD (Bowman et al., 2005) and JB2006 (Bowman et al., 2008b) models, found that
the bias in JB2006 is 3% higher than the bias in J70MOD (Bowman, Personal
Communication, 2009). This was independently confirmed by Pardini et al. (2010) as follows.
When using the bias in J70MOD, it was found that one of the spheres implied a physically
unbelievable energy accommodation coefficient, greater than 1, at the altitude of 200 km.
That would have implied that energy was gained in the collision with air molecules! However,
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when applying the 3% correction found by Bowman (Bowman, Personal Communication,
2009), the energy accommodation coefficient at 200 km made physical sense.
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Figure 1. Drag coefficients in low-Earth orbit using parameters measured in orbit during
sunspot minimum.

Here, the previous work is extended to determine the bias in several other important
operational thermospheric models. Knowledge of these model biases will facilitate the use of
the models to calculate absolute densities, improve orbital predictions, and validate the
ultraviolet spectrometric sensors, SSUSI (Special Sensor Ultraviolet Spectrographic Imager)
and SSULI (Special Sensor Ultraviolet Limb Imager) on the Defense Meteorological Satellite
Program (DMSP) satellites, and GUVI (Global Ultraviolet Imager) on the Thermosphere
lonosphere and Mesosphere Energy and Dynamics (TIMED) satellite (Paxton et al., 1992;
Marcos, 2006a; Emmert et al., 2006).

After a review of some past and recent atmospheric density models, as well as of their solar
and geomagnetic indices, the main upgrades and characteristics of the software tools and
models used are introduced, together with the methodology adopted and the assumptions
made to assess the density model biases, presented and discussed in the second part of this

paper.
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2. Modeling Air Drag on Low Earth Orbiting
Satellites

Aerodynamic drag is the largest non-gravitational perturbation acting on satellites in low-
Earth orbit. The drag force, which is directed opposite to the satellite’s velocity relative to the
atmospheric flux, reduces the orbital energy and leads to a gradual decrease of the satellite’s
semi-major axis. Knowing the effects of air drag on the motion of satellites is of crucial
importance for space operations, including trajectory determination, prediction and
optimization, collision avoidance warnings, lifetime estimates, re-entry predictions, and
orbital debris monitoring.

In aerodynamics, it is customary to express the drag force (Fp) in the form:
Fo=Ma=-1/2 pCoAVA ViV, , (1)

in which a is the corresponding acceleration, M is the mass of the satellite, p is the
atmospheric density, V, is the velocity of the satellite relative to the atmosphere, A is a
reference area, frequently chosen as the cross-sectional area of the satellite facing the
airstream, and Cp is the drag coefficient. The values of the area and the mass are often known
within 1% (Moe et al., 2004), but the relative velocity, which depends on the complex
dynamics of the Earth’s atmosphere, may be affected by larger uncertainties. However, a
reasonable approximation of V, is obtained with the assumption that the atmosphere co-
rotates with the Earth:

Vr:V_a)@Xr, (2)

where V is the satellite inertial velocity, r is the position vector, and @ is the Earth’s angular
velocity vector. Under most circumstances, except at high latitudes during geomagnetic
storms, this assumption causes negligible errors (Moe et al., 2004). Instead the drag
coefficient and the atmospheric density represent the principal causes of uncertainty in
determining the drag force. Therefore, if Fp is measured by satellite-borne accelerometers
or by the observed orbital decay, it is the product p Cp which is determined: any uncertainty
in Cp produces an uncertainty in the air density p, and vice versa. Hence, due to mismodeled
drag coefficients, the average atmospheric density might be affected by significant errors. In
addition, other sources of uncertainty exist, including energy coming up from the lower
atmosphere (Qian et al., 2009), inadequately modeled eddy diffusion removing energy from
the thermosphere into the mesosphere, and inadequate solar and geomagnetic proxies used to
model upper atmospheric heating (Moe and Moe, 2011b). Therefore, the uncertainties in the
neutral density and its variations are the major sources of aerodynamic drag errors, and also
the main limiting factor in the orbit determination and prediction process.

In recent years, a new modeling difficulty has arisen: Thermospheric models have failed to
predict the large density decrease at the 2008 solar minimum (Emmert et al., 2010). Although
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there has been a slow density decrease caused by increasing atmospheric carbon dioxide, this
effect has been too small to explain the 2008 density decrease (Marcos et al., 2005; Solomon
et al., 2010). Solomon, et al. think that most of the density decrease can be attributed to record
low solar ultraviolet emission, while Moe and Moe (2011b) think that the decrease in the
energy coming from the solar wind and magnetosphere is an important part of the problem.
Bowman and Moe (2006) already showed that the density model biases vary with altitude,
and differ at sunspot maximum and minimum. As the thermosphere changes, the biases will
change. The biases measured during geomagnetically quiet and moderately disturbed times do
not apply during the large geomagnetic storms that occur roughly 5% of the time, when the
thermospheric circulation pattern is suddenly reversed by the enormous increase in energy
deposited at high latitudes. At those times, tracking agencies often lose many satellites and are
not concerned about model bias. In spite of this deficiency, operational thermospheric models
are used by many organizations. The models and their biases are relevant the other 95% of the
time.
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3. A Review of Some Past and Recent
Atmospheric Density Models

In spite of constant improvements, the atmospheric models still suffer from weakness. Even
recent models have errors of about 10-15% under quiescent conditions, which grow to 30-
60% at highly disturbed conditions (Volkov et al., 2008; Yurasov et al., 2004). The situation
has not significantly changed over the last four decades. However, considerable efforts have
been carried out to constantly improve the performances of the models, also thanks to new
data sets from orbital decay, satellite-borne accelerometers and mass spectrometers, remote
sensors, incoherent radar scattering, interferometers and so on, covering more than a solar
activity cycle.

A number of different models have been published since the 1960’s. The Jacchia models,
developed between 1964 and 1977, were mainly based on satellite drag data. Their
development used least squares solutions and a satellite drag coefficient of 2.2 below 300 km
(Vallado and Finkleman, 2008). The Jacchia-Roberts 1971 (JR-71) model, which was
originally derived from Jacchia 1970 (J70) and later on modified according to Jacchia 1971
(J71), was based on analytical solutions of the barometric and diffusion differential equations.
JR-71 was also used by the Goddard Trajectory Determination System (GTDS) multipurpose
computer code (Cappellari et al., 1976). Instead, the J71 model was adopted by the
Committee on Space Research (COSPAR) as the International Reference Atmosphere 1972
(CIRA 1972).

The Mass Spectrometer and Incoherent Scatter (MSIS) models, developed between 1977 and
2002, utilized atmospheric composition data from satellites and temperatures from ground-
based radars (Marcos, 2006b). The MSIS-86 version (Hedin, 1987) was adopted as the CIRA
1986 reference atmosphere at altitudes above 90 km. The Mass Spectrometer and Incoherent
Scatter Radar Extended 1990 (MSISE-90) version (Hedin, 1991) describes the atmosphere
from the ground level, while it is identical to MSIS-86 above 120 km. The more recent
NRLMSISE-00 model (Picone et al., 2002) of the Naval Research Laboratory (NRL) extends
from the ground to the exobase, and is a major upgrade of both the MSIS and Jacchia models.
With its associated database, this model includes data on: (1) total mass density, from satellite
accelerometers and orbit determination (including the Jacchia data); (2) temperature, from
incoherent scatter radars; (3) molecular oxygen (O,) number density, from observations by the
Solar Maximum Mission (SMM), based on solar ultraviolet occultation. The NRLMSISE-00
model is then able to describe the molecular composition of the Earth’s atmosphere at
different altitudes, as well as the overall density.

Another thermospheric density model, now mainly used by the French space agency (CNES)
for orbitography purposes, is the Drag Temperature Model (DTM), firstly published by
Barlier et al. in 1978. Originally based on total density measurements derived from satellite
drag observations, it is continually upgraded by including new data from satellites, incoherent
scatter radars and interferometers. The latest version also includes density values from the
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CHAMP (Challenging Mini-satellite Payload) and GRACE (Gravity Recovery and Climate
Experiment) accelerometers (Bruinsma et al., 2004; Bruinsma and Forbes, 2007).

The Thermospheric total Density model 1988 (TD-88) was derived mainly by fitting the
density values from the DTM model with an analytical series of exponential functions in
height and trigonometric functions in time (Sehnal and Pospisilova, 1988; Sehnal, 1988).

The empirical model GOST was constructed from observations of the orbital motion of the
Russian Cosmos satellites. The atmospheric density was calculated using a simple analytical
formula, whose factors represented the dependences on solar and geomagnetic activity, semi-
annual effects and daily effects. The latest version of the model (GOST-2004) was issued by
the State Committee on Standardization and Metrology of the Russian Federation (Volkov,
2004). It was based on artificial satellite drag data over the period 1964 to 2000.

Other models include the Marshall Space Flight Center (MSFC) Global Reference
Atmosphere Model (GRAM, Justus et al., 2004) and the Marshall Engineering Thermosphere
(MET) model. They were produced, on behalf of the National Aeronautics and Space
Administration (NASA), to describe the terrestrial atmosphere from ground level upward for
operational purposes, and were mainly based on the Jacchia models.

Recent improvements in the Jacchia models were made by Bowman and Tobiska (2006). The
Jacchia-Bowman thermospheric density model 2006 (JB2006) was developed using the CIRA
1972 model (J71) as the basis for the diffusion equations. A new formulation of semi-annual
density and exospheric temperature was employed (Bowman et al., 2008b), together with new
solar irradiance indices (Tobiska et al., 2008). The more recent Jacchia-Bowman 2008
(JB2008) model was developed as an improved revision of the JB2006 model. New
exospheric temperature and semi-annual density equations were developed, using additional
solar indices derived from orbit-based sensor data. Geomagnetic storm effects were modeled
using the disturbance storm time (Dst) index as the driver of global density changes. Also
measurements from the CHAMP and GRACE accelerometers were used to validate the
equations for geomagnetic storms (Bowman et al., 2008c).

In addition to the previous models, there are also techniques for improving or correcting the
atmospheric densities. A first approach, consisting in adjusting a density model to agree with
the average orbital decay of many satellites in real time, was pioneered in Russia by Andrey
Nazarenko in the early 1980’s and is known as Dynamic Calibration Atmosphere (DCA)
(Volkov and Yastrebov, 1990; Nazarenko, 1999; Cefola et al., 2000; Marcos et al., 2000;
Nazarenko and Yurasov, 2003; Bowman et al., 2005; Doornbos et al., 2005; Yurasov et al.,
2006). Also the US Air Force High Accuracy Satellite Drag Model (HASDM) applied the
DCA technique for density corrections of a revised version of the Jacchia 1970 model (Storz
et al., 2002). However, the DCA techniques present several disadvantages (McLaughlin et al.,
2011), including the limited spatial and temporal resolution of the corrections applied. A
second method was suggested by the Naval Research Laboratory, and consists in using
spectroscopic observations, acquired by ultraviolet spectrometers on DMSP satellites, to
monitor the air density (Paxton, et al., 1992; Marcos, 2006a; Emmert, et al., 2006; Moe,
2006).
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Many improvements in modeling the terrestrial air density have been made since the
publication of the last series of CIRA models in 1986 (CIRA 1986). Therefore, the
preparation of a new international reference atmosphere, CIRA 2008, has been endorsed at
the COSPAR Assembly, in July 2008. CIRA 2008, which is currently in preparation, will
recommend the models JB2008 and GRAM 2007 to compute the total mass density above
120 km, and the model NRLMSISE-00 to describe the structure and composition of the
atmosphere from ground level upward.

3.1 Solar and Geomagnetic Inputs to the Models

The sources of density variations in the thermosphere are primarily the solar extreme
ultraviolet and soft X-ray fluxes (EUV and XUV), particle precipitation and electric fields.
Changes in the EUV flux over a solar cycle give rise to significant variations of neutral
temperature and density, causing changes, even by a factor of ten, in the drag acting on low
Earth orbiting satellites.

Because the Earth’s atmosphere does not allow the transmission of the extreme ultraviolet
radiation, the solar radio flux at 2800 MHz (10.7 cm wavelength), Fi07, which since the
1960’s has been found to be fairly well correlated with the EUV radiation, has been used for
many years as the primary proxy for it by most atmospheric models (Jacchia and MSIS series,
TD-88, DTM, GRAM, MET, GOST, JB2006/2008). F17 is expressed in solar flux units (sfu),
where 1 sfu =1 x 102 W m?Hz™, and is regularly observed on a daily basis from 1947.

In the past few years, new solar indices have been considered and employed by the Jacchia-
Bowman and DTM models. The model JB2006 uses two other indices (Sip7 and Myg7) in
addition to F1o7 (Tobiska et al., 2008). Measurements of the index S;o7, in the 26-34 nm solar
EUV range, have been made since December 1995 with the Solar Extreme ultraviolet Monitor
(SEM), on board the Solar and Heliospheric Observatory (SOHO). Sio7 is expressed in solar
flux units, as for Fip7. The Mjgo7 index is the core-to-wing ratio of the Mg Il line at 280 nm
reported in Fi7 units (Heath and Schlesinger, 1986). The chromospheric Mg Il line is
operationally observed by the Solar Backscatter Ultraviolet (SBUV) spectrometer, originally
hosted on board some of the National Oceanic and Atmospheric Administration (NOAA)
operational satellites (e.g. NOAA 16, 17, 18).

In the JB2008 model, the new index Yo7 is used in addition to Fig7, S10.7 and Myg7. It is a
mixed solar index which is weighted to represent mostly the hot coronal 0.1-0.8 nm X-ray
emission (Xip7) during solar maximum and to represent mostly the chromospheric/transition
region emission (Lyman-a at 121-122 nm) during moderate and low solar activity. The 0.1-
0.8 nm X-ray emission is provided by the X-Ray Spectrometer (XRS) on the Geostationary
Operational Environmental Satellites (GOES). Lyman-a. has been observed by the
SOLSTICE (Solar Stellar Irradiance Comparison Experiment) instrument on the Upper
Atmosphere Research Satellite (UARS) and on the Solar Radiation and Climate Experiment
(SORCE) satellite, and by the SEE (Solar Extreme ultraviolet Experiment) instrument on the
TIMED satellite (Bowman et al., 2008c). Differently from Fip7, many of the newer solar
indices are available only back to 1997.
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The French model DTM uses the Mg Il index whenever possible to represent the solar EUV
emission intensity instead of the flux Fy7 (Bruinsma et al., 2004).

Besides the daily observed value of Fyg7 (together with S;97 and Mg 7 for JB2006; S10.7, M1o.7
and Yo7 for JB2008), also the 81-day smoothed values are required in input by the
atmospheric density models. These are: (1) the 81-day centered smoothed value of Fy7 for
the MSIS (e.g. MSISE-90 and NRLMSISE-00), the Jacchia (e.g. JR-71) and the Jacchia-
Bowman series (e.g. JB2006 and JB2008); (2) the 81-day backward smoothed value of Fyq 7
for GOST-2004; (3) the Si07 and Myo7 81-day centered smoothed values for JB2006 and
JB2008; (4) the Y107 81-day centered smoothed value for JB2008.

The geomagnetic activity affects the air density through the delayed heating of the
atmosphere, induced by charged energetic particles from the Sun. The most widely used
geomagnetic planetary index, K, is a quasi-logarithmic worldwide average of the
geomagnetic activity recorded by twelve stations every three hours. The geomagnetic
planetary amplitude, a,, is a linear equivalent of the K, index and eight values of a, are
averaged to create the daily planetary amplitude, A,. Values of a, range from 0 to 400, and are
expressed in units of 2 nT. The scale of K, is 0 to 9.

All density models use K, or a, (often the daily average Ay). In JB2008, the disturbance storm
time (Dst) index is used in addition to A,. The Dst index is determined from hourly
measurements of the Earth’s magnetic field from four off-equatorial observatories, and is
reported in units of nT.

10
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4. Performance Assessment of the
Atmospheric Density Models at Sunspot
Maximum

A number of studies have been carried out in the last few years to characterize the
performance improvements of some models relative to others (Pardini and Anselmo, 2001;
Picone et al., 2001; Akins et al., 2003; Pardini and Anselmo, 2003; Marcos et al., 2000;
Pardini and Anselmo, 2008), to compare the computed density data with the observed data
(Bruinsma et al., 2004; Doornbos et al., 2005; Volkov and Suevalov, 2005; Emmert et al.,
2006; Bezdek, 2007; Bruinsma and Forbes, 2007; Bowman et al., 2008a; Moe and Moe,
2008; Volkov et al., 2008; McLaughlin et al., 2011), as well as to investigate the effects of
various solar flux indices on the air density accuracy (Pardini et al., 2006; Hongbo and
Chagyin, 2009). However, further accurate and critical assessments are necessary to evaluate
and to compare density model performances at different altitudes and variable solar activity
conditions.

In a previous study (Pardini et al., 2010), the energy accommodation coefficient and the
physical drag coefficient were computed for a sample of satellites with altitudes between 200
and 630 km, during solar maximum conditions. Hence, taking advantage of these results, an
investigation of thermospheric density model biases at sunspot maximum was possible. The
satellites reused for this analysis were: Cosmos 2265 and Cosmos 2332, both in elliptical orbit
with average perigee altitude of about 275 km; SNOE (Student Nitric Oxide Explorer) and
Clementine, in nearly circular orbit with mean perigee altitude around 480 km and 630 km,
respectively. Their known physical characteristics (mass and cross-sectional area), along with
the orbital elements at the beginning of the time span considered, are shown in Table 1.
During the maximum of the last solar cycle 23 (from October 1999 to December 2002), biases
were evaluated for the following density models: JR-71, MSISE-90, NRLMSISE-00, GOST-
2004, JB2006 and JB2008.

4.1 Software tools and models

Two software codes, mainly developed by one of the authors (Pardini), were used for this
study: CDFIT 5.0 and SATRAP 5.0. CDFIT, as made clear by its name, was specifically
developed to fit the semi-major axis decay of low Earth satellites due to air drag by solving
for the drag coefficient able to minimize the root mean square residuals between the
propagated and observed semi-major axis, the latter obtained from the Two-Line Elements
(TLE) sets (Hoots and Roehrich, 1980) available in the time span of interest. The Satellite
Reentry Analysis Program (SATRAP) is an orbit propagator, originally developed for reentry
predictions (Pardini and Anselmo, 1994), but actually applicable to all the circumterrestrial
orbital regimes. Both software tools use the Cowell’s method for the numerical integration of
the equations of motion and an 8" order Runge-Kutta integration scheme with variable step-

11
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size control for propagation. The original architecture was based on the Artificial Satellite
Analysis Program (ASAP), version 2.0 (Kwok, 1987), but many changes have been
introduced over the years, in terms of input and output variables, Earth and force models, and
Moon and Sun ephemerides.

Table 1
Satellites used in the study

Time
span over
Satellite Catalog Area Mass Mean orbital elements at the which the

Name Number [m2] [kg] beginning of the time span orbital

decay

was
analyzed
Inclination Perigee Apogee
[deq] Altitude Altitude
[km] [km]
Cylinder-like body with a hexagonal cross section
SNOE 25233 0.8377 115.5 97.7 515 570 2-Oct-99
30-Dec-02
Spinning box with solar panels and a long rod for gravity-gradient stabilization
Clementine 25968 0.568 50 98.1 643 663 4-Dec-99
30-Dec-02
TAIFUN YUGS spheres

Cosmos 22875 3.142 750 82.8 280 1279 2-Oct-99
2265 30-Dec-02
Cosmos 23853 3.142 750 82.9 286 1383 1-Oct-99
2332 30-Dec-02

CDFIT and SATRAP share the same common input parameters, physical constants, force
models, propagation options, conversion routines and databases. The orbital perturbations
considered are those due to geopotential zonal and tesseral harmonics, third body attraction of
the Moon and the Sun, direct solar radiation pressure with eclipses, and aerodynamic drag.
The default version of the geopotential model is EGM96 (Lemoine et al., 1998), but
alternative coefficients can be selected, if needed. Concerning the ephemerides of the Moon
and the Sun, two options are available: very fast analytic polynomial expansions disregarding
the short-period variations of the luni-solar orbital elements, more than acceptable in most
applications, or quite slower polynomial interpolations using the Chebyshev expansion
coefficients of the high precision ephemeris files issued by the Jet Propulsion Laboratory
(DE-405/DE-406). Regarding direct solar radiation pressure, an aspect area different from the
cross-sectional area exposed to air drag can be provided in input, together with a radiation
pressure coefficient, typically in the range from 1 to 2. The radiation pressure is computed
taking into account the varying Sun-Earth distance and a simple geometrical representation of
the sunlight shadowing due to the Earth (Kwok, 1987; Pardini and Anselmo, 2008).

Over the years, special attention was paid to the implementation of various atmospheric

density models for the representation of air drag. In version 5.0 of both CDFIT and SATRAP
it is therefore possible to choose one of the following thermospheric models: United States

12
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Standard Atmosphere 1976 (Dubin et al., 1976), TD-88, JR-71, MSIS-86, MSISE-90,
NRLMSISE-00, GOST-2004, JB2006 and JB2008. Moreover, for very low flying or
reentering satellites, when the free molecular flow regime no longer applies, the drag
coefficient is progressively adjusted as a function of the Knudsen number (Regan and
Anandakrishnan, 1993).

4.2 Sources of Thermospheric Density Models and Solar-
Geomagnetic Indices

All density models selected for this study had been implemented in CDFIT and SATRAP
beginning from the literature and/or from the software codes available online.

The code for the JR-71 model was written in Fortran 77 using the documentation of the
GDTS computer system (Cappellari et al., 1976). It uses the solar radio flux at 10.7 cm (with
a lag of one day to account for the delay in the atmosphere response: i.e. the daily observed
flux at the current epoch has to be that of the previous day) along with its 81-day centered
smoothed value, as solar flux proxy, and the daily quasi-logarithmic geomagnetic index
obtained from A, to represent the geomagnetic activity.

350 T T T

T T
——81-day average F o7 solar flux

Daily F1 solar flux

300 |- : : ‘ : : . : |

Solar flux at 10.7 cm [sfu]

100 | I | \ i | | I

i I I
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Number of days from 1 October 1999

Figure 2. Daily and 81-day centered average solar radio flux at 10.7 cm during the maximum
of solar cycle 23.

The routines for GOST-2004 were written in Fortran 90 using the official documentation of
the Russian standard model (Volkov, 2004), translated into English by Vasiliy S. Yurasov in
2006 and edited by Paul J. Cefola in 2007. The solar radiation proxy is the same as for JR-71,
with differences in the lag of Fip7 (1.7 days instead of 1 day) and in the 81-day average,
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which is not centered, but backward with respect to the current time. The input geomagnetic
index is the daily A, delayed by 0.6 days.
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Figure 3. Daily geomagnetic planetary index A, during the maximum of solar cycle 23.

81-day centered smoothed values of the solar irradiance indices
Fooz (F81), 8, - (881c), M, _ (M81c), Y, _ (Y81c)

230 ; — — R

—F81¢

Solar irradiance indices (sfu)

L | . 1 . L | . 1 .
0 100 200 300 400 500 600 700 800 900 1000 1100 1200

140 R PR R [ PR R |

Number of days from 1 October 1999

Figure 4. 81-day centered average of the F10.7, S10.7, M10.7, and Y107 solar irradiance indices
during the maximum of solar cycle 23.
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The Fortran codes of the MSIS and Jacchia-Bowman models were instead available online.
MSISE-90 and NRLMSISE-00 were provided by the US Naval Research Laboratory through
their website on upper atmosphere (uap-www.nrl.navy.mil/uap). The input solar and
geomagnetic indices were those of JR-71, with the same assumptions.

The Fortran sources of the Jacchia-Bowman models were provided by Space Environment
Technologies (sol.spacenvironment.net/~JB2006/; sol.spacenvironment.net/~JB2008/). As
previously pointed out, these models use new additional solar and geomagnetic indices with
different lags: 1 day for Fi07 and Sio7 in both JB2006 and JB2008; 5 days for M1z in JB2006
and 2 days for Mo 7 in JB2008; 5 days for Y107 in JB2008. The input geomagnetic index is A,
for JB2006, and A, plus Dst for JB2008.

For the solar radio flux at 10.7 cm, the daily values measured at 20:00 UTC by the Dominion
Radio Astrophysical Observatory (DRAQ), in Penticton, British Columbia, were used. These
are issued by the NOAA'’s National Geophysical Data Center (NGDC) in its website
(ftp.ngdc.noaa.gov/STP/SOLAR_DATA/SOLAR_RADIO/FLUX/). For the time span
considered in this study, corresponding to the sunspot maximum of cycle 23, the daily
observed Fio7 and its 81-day centered average are represented in Figure 2. Figure 3 shows,
instead, the daily Ay, which is provided as well, along with the 3-hour K, index, by
NOAA/NGDC (ftp.ngdc.noaa.qov/STP/GEOMAGNETIC DATA/INDICES/KP_AP/).
Concerning the Jacchia-Bowman models, the historical values of the new solar and
geomagnetic indices, which are available back to 1997, are those provided by Space
Environment Technologies. Figure 4 represents the 81-day centered average of these solar
radiation indices during the period of interest.

4.3 Drag Coefficient Estimation

With each density model (JR-71, MSISE-90, NRLMSISE-00, GOST-2004, JB2006 and
JB2008), fitted drag coefficients (Cpg) were obtained, using CDFIT, for Cosmos 2265,
Cosmos 2332 and SNOE over 1186 days (1 October 1999 — 30 December 2002), and for
Clementine over 1123 days (4 December 1999 — 30 December 2002). During the time span
considered, the observed mean semi-major axis decay was 354.1 km for Cosmos 2265, 287.5
km for Cosmos 2332, 129.1 km for SNOE and 32.6 km for Clementine. To propagate the
trajectory, CDFIT took into account the following perturbations: geopotential harmonics
(EGM96), up to the 16™ order and degree; third body attraction of the Moon and the Sun (fast
analytic polynomial expansions), direct solar radiation pressure with eclipses and, of course,
aerodynamic drag.

The procedure adopted, for each satellite and atmospheric model, was the following. The
mean semi-major axes corresponding to all TLEs available in the analyzed time interval were
computed and considered as “observations”. Therefore, using the orbit predictor of CDFIT,
and a preliminary guess of the drag coefficient, the trajectory was propagated in the chosen
interval, using the first TLE, converted into osculating Cartesian elements (Hoots and
Roehrich, 1980), as initial conditions. At each TLE epoch, the difference between the
propagated (&, ) and the *“observed” mean semi-major axis (a, ,.) was computed and, at

i_ prop i_obs

the end of the process, the related root mean square residuals (R) were obtained as follows:
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N 2

Z[ai_obs _ai_prop:l
R=- | , (3)

in which i identifies the observation and N is the total number of observations available (i.e.
the number of TLESs). Then, by varying a little bit the drag coefficient, the computation was
repeated until the value of R was minimum. The corresponding value of the drag coefficient,
which minimized the semi-major axis root mean square residuals of the propagation, was thus
taken as the fitted drag coefficient (Cpg). The values so obtained are given in Table 2. The
robustness of the drag coefficient fits was also checked against geopotential harmonics
truncation (16 x 16 vs. 40 x 40), luni-solar perturbations (on/off) and solar radiation pressure
(on/off). The maximum differences obtained in the worst cases were less than 0.5%.

Table 2

Fitted drag coefficients (Cpg) and root mean squares residuals on semi-major axis (R) using different
thermospheric density models during the maximum of solar cycle 23

Density
Model JR-71 MSISE-90 NRLMSISE-00 GOST-2004 JB2006 JB2008
Cosmos 2265
Cor 1.90 1.93 1.96 1.96 1.90 1.98
R 1555 m 2450 m 1939 m 2273 m 990 m 1415 m
Cosmos 2332
Cor 1.91 1.93 1.97 1.97 1.91 1.99
R 1398 m 2164 m 1727 m 1996 m 1035 m 1020 m
SNOE
Cor 2.02 2.24 2.34 2.33 2.13 2.29
R 917 m 1187 m 1246 m 894 m 654 m 626 m
Clementine
Cor 2.21 2.48 2.63 2.93 2.24 2.41
R 493 m 476 m 409 m 367 m 259 m 224 m

SATRAP was instead used to propagate the initial TLES up to the end of the time span of
interest, by applying the fitted drag coefficients and the same perturbation models of CDFIT,
in order to verify that the evolution of the propagated semi-major axis actually reproduced the
observed decay.

Following the approach and the results outlined in Pardini et al. (2010), it was possible to
estimate the physical drag coefficients (Cpp) of the four satellites, starting from the fitted drag
coefficients (Cpr) determined over the full time span and from the known density biases of
the JB2006 model. In fact, taking into account that each satellite had known mass and cross-
sectional area, the previously evaluated average density errors of JB2006, in comparable solar
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activity conditions, were used to properly rescale the values of Cpg, achieving a reasonable

assessment of the actual, or physical, drag coefficients (Table 3).

Table 3

Estimated physical drag coefficients of the satellites

Average Perigee Altitude [km]

Satellite

Physical Drag Coefficient Cpp

272 Cosmos 2265 2.15
280 Cosmos 2332 2.16
476 SNOE 2.51
625 Clementine 2.64

17




Thermospheric Density Model Biases at Sunspot Maximum
C. Pardini, K. Moe & L. Anselmo
ISTI/CNR Technical Report — 6 December 2011

5. Thermospheric Model Average Density
Biases at Sunspot Maximum

Having estimated the physical drag coefficients (Cpp) of the four satellites, the average
density biases (in percent) of the thermospheric models were derived as:

100Xﬁ,

DP

(4)

Table 4 shows the biases computed for the selected density models. Here the sign “+” means
that the atmospheric density is overestimated by the model, while the sign *”” means that the
density is underestimated.

Table 4
Average density biases of the thermospheric models at sunspot maximum

Satellite THERMOSPHERIC DENSITY MODEL

(Mean
Perigee JR-71 MSISE-90 NRLMSISE-00 GOST-2004 JB2006 JB2008
Altitude)
Cosmos

2265 +11.6% +10.2% +8.8% +8.8% +11.6% +7.9%
(272 km)
Cosmos

2332 +11.6% +10.6% +8.8% +8.8% +11.6% +7.9%
(280 km)

SNOE
(476 km) +19.5% +10.8% +6.8% +7.2% +15.1% +8.8%

Clementine

(625 km) +16.3% +6.1% ~0% -11.0% +15.2% +8.7%

Below 500 km, all the models overestimated the atmospheric density. This was the inevitable
consequence of constructing thermospheric models from data which assumed the drag
coefficient to be independent of altitude. At the lowest mean altitude considered (275 km), the
smallest average bias (+8%) was associated with the JB2008 model, followed by
NRLMSISE-00 and GOST-2004 (+9%), MSISE-90 (+10%), JR-71 and JB2006 (+12%). As
shown in Table 2, the best fit with the semi-major axis decay data, in terms of root mean
square residuals, was obtained with JB2006 (1.0 km), followed by JB2008 (1.2 km), JR-71
(1.5 km), NRLMSISE-00 (1.8 km), GOST-2004 (2.1 km) and MSISE-90 (2.3 km). Around
480 km, the smallest average bias (+7%) was associated with NRLMSISE-00 and GOST-
2004, followed by JB2008 (+9%), MSISE-90 (+11%), JB2006 (+15%) and JR-71 (+20%).
Regarding the semi-major axis root mean square residuals, the JB2008 and JB2006 models
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were the best (0.6-0.7 km), followed by GOST-2004 and JR-71 (0.9 km), MSISE-90 and
NRLMSISE-00 (1.2 km).

At the mean altitude of 630 km, GOST-2004 underestimated the atmospheric density (—11%),
NRLMSISE-00 displayed a negligible bias, while all the other models continued to
overestimate the average density by varying amounts: MSISE-90 by 6%, JB2008 by 9%,
JB2006 by 15% and JR-71 by 16%. However, in terms of semi-major axis root mean square
residuals, JB2008 and JB2006 again provided the best (0.2-0.3 km), followed by GOST-2004
and NRLMSISE-00 (0.4 km), MSISE-90 and JR-71 (0.5 km).

The large differences in the model biases at 630 km, presented in Table 4, were caused by the
uncertainties in drag coefficients and in the biases of the thermospheric models as observed in
earlier studies (Chao et al, 1997, Moe et al., 1998; Moe, et al., 2004; Bowman and Moe,
2006). From the data in Table 5 of Pardini et al. (2010), it was possible to calculate that the
accommodation coefficients at two sunspot maxima from eight spherical satellites at 400 km
and below differed by less than 1% at each altitude. The corresponding drag coefficients at
each altitude differed by 3% or less. At 480 km, the accommodation coefficient for the
cylindrical satellite SNOE differed from the trend for spheres by about 3%. If this difference
represents an error of measurement, then one can deduce from the tabulation of drag and
accommodation coefficients in Geophysical Monograph 87 (Moe et al., 1995) that this 3%
error in accommodation coefficient would cause an error of about 3% in the drag coefficient
of the cylindrical satellite SNOE. Since the model biases in this study ranged from +7% to
+20% at altitudes below 500 km, the model biases below 500 km are statistically significant.
Above 500 km, where only one satellite was analyzed (at 630 km), and errors tend to increase
with altitude, it cannot be asserted that the results are significant. Nevertheless, they are
presented to show how the various models diverge above 500 km.

It is clear, from the semi-major axis root mean square residuals shown in Table 2, that all the
models considered in the study are appropriate for most of the astrodynamics applications,
because they are able to fit the observed orbital decay with comparable and relatively small
residuals, taking into account the very long arc considered (more than 1100 days). The
maximum difference among the models was, in fact, just about a factor of two. This is
because even a significant constant density bias can be easily compensated by a properly
rescaled drag coefficient (see Eq. 1), leaving the drag force unaffected. On the other hand, the
semi-major axis root mean square residuals are the consequence of the mismodeling of orbit
determinations and perturbations. As far as the drag modeling is concerned, the residuals are
impacted by the ability of the models to match, as closely as possible, the density variations
due to varying perigee altitude and argument, solar zenith angle, season, latitudinal excursion,
solar and geomagnetic activity. Moreover, composition changes may affect the actual drag
coefficient, contributing to the residuals as well.

Therefore, it should not be surprising to find that models affected by relatively higher average
density biases, e.g. JB2006, may be characterized, at the same time, by comparatively lower
residuals, while models with typically smaller average biases, e.g. NRLMSISE-00 and
GOST-2004, may exhibit greater residuals. Overall, at least below 500 km, JB2008 presented
the best combination in terms of smaller average density biases and semi-major axis root
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mean square residuals. However, around 630 km, even though JB2008 was still the best in
terms of fit residuals, the negligible average density bias of NRLMSISE-00 was unmatched.
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6. Short Arc Analysis

Trying to better characterize and compare the density models, fitted drag coefficients were
also computed over 30-day arcs, covering the analyzed sunspot maximum time span. The
analysis was carried out for the satellites below 500 km, i.e. Cosmos 2265, Cosmos 2332 and
SNOE, where the effects of air drag on the semi-major axis were significant over the
relatively short arcs. The results obtained with the various models are summarized in Figures
5-10, in terms of fitted drag coefficients obtained in each 30-day arc and of the corresponding
semi-major axis root mean square residuals.

Of course, the Cpr obtained as a mean of the values found for each 30-day arc were not
necessarily identical to those obtained by fitting the semi-major axis decay over the full time
span analyzed. For Cosmos 2265, the mean of the short arc Cpr was lower by 2%, or less,
with respect to the long arc value, with the exception of the GOST-2004 model, for which the
mean was lower by approximately 3.5%. In the case of Cosmos 2332, on the other hand, the
differences, positive or negative, were less than 1% for all the models. For SNOE, the mean
of the short arc Cpr was greater by 2%, or less, with respect to the long arc value, with the
exception of the JR-71 model, for which the mean was higher by about 3.5%. These
differences among mean short arc Cpr and long arc results may provide a guess of the
consistency and accuracy of the model average density biases listed in Table 4.

Regarding the variability of the 30-day arc fitted drag coefficients around the mean values, it
was minimum for JB2008, with a standard deviation (depending on the satellite) of 8-10%,
followed by JB2006 (8-13%), NRLMSISE-00 (9-16%), MSISE-90 (10-16%), JR-71 (10-
18%), and GOST-2004 (13-17%).

With reference to the semi-major axis root mean square residuals, Table 5 summarizes the
mean values of the short arc fits and the corresponding standard deviations. The models
provided comparable results, with average 30-day arc residuals of about 100 m for the two
Cosmos satellites and approximately 70 m for SNOE. The ratio between the maximum and
minimum mean values among the various models was 1.8 for Cosmos 2265, 1.4 for Cosmos
2332 and 1.2 for SNOE. The smallest residuals were consistently associated with JB2006 and
JB2008, followed by NRLMSISE-00 and MSISE-90, JR-71 and GOST-2004. This order
basically reflected that obtained on the basis of the dispersion of the 30-day arc fitted drag
coefficients, suggesting that the observed variability was due, by a significant amount, to the
mismodeling of atmospheric density.

In order to investigate the relative magnitude and possible origin of the fluctuations around
the mean values discernible in Figures 5-10, concerning in particular the 30-day fitted drag
coefficients and possibly linked to mismodeling effects, a Fourier analysis of the results
obtained with each density model and satellite was carried out. The results are presented with
the same scale in Figures 11-16, as periodograms based on the discrete fast Fourier transform
applied to 38 thirty-day arcs, i.e. over 1140 days.
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Table 5

Thirty-day arc semi-major axis average root mean square residuals (R)
and standard deviations or

Density

Model JR-71 MSISE-90 NRLMSISE-00 GOST-2004 JB2006 JB2008
Cosmos 2265

(R) [m] 102.5 100.6 100.3 145.4 81.3 83.9

or[m] 50.0 41.8 45.4 75.2 30.9 28.1
Cosmos 2332

(R) [m] 110.9 96.5 96.3 118.8 89.8 83.2

or[m] 46.8 36.8 39.5 54.7 31.6 334

SNOE
(R) [m] 72.0 70.2 70.3 76.2 59.5 66.1
or[m] 26.4 19.7 19.4 30.5 13.1 21.2

Of course, the interpretation of Figures 11-16 requires a particular caution. First of all, due to
the arc length of 30 days, there is a Nyquist cutoff period two times as large, i.e. 60 days.
Therefore, no signal with a period smaller than 60 days can be detected. At the same time, the
maximum period identifiable has the identical duration of the finite time span considered, i.e.
1140 days. However, the number of unique period measurements in the Fourier transform is
given by the number of arcs considered (38) divided by 2, i.e. 19. The corresponding periods
are (in days): 60, 63.3, 67.1, 71.3, 76, 81.4, 87.7, 95, 103.6, 114, 126.7, 142.5, 162.9, 190,
228, 285, 380, 570, and 1140. Consequently, the period resolution is relatively good at low
values, just above the Nyquist cutoff, but becomes significantly degraded above 4-5 months.
This means, for example, that a signal with a yearly period cannot be easily and
unambiguously identified in the plots.

That said, the periodograms obtained can anyway provide useful indications and insights on
the observed fitted drag coefficient variability. First of all, it is clear that the observed drag
coefficient variability is not random, but periodic, with most of the spectral power
concentrated at certain periods. JB2008 seems quite successful in having removed a
significant fraction of the time varying mismodeling sources (Figure 16). Concerning the
Cosmos satellites, in elliptical orbits with low perigee, the only peaks left are probably linked
to the precession of the perigee through the atmosphere, with a period of about 115 days in
the inertial space, while for SNOE, in an orbit around 480 km, the main peak might perhaps
be associated to a residual semi-annual effect and to the variation of the angle g between the
orbit plane and the geocentric vector of the Sun. About the spectrum of the associated
residuals, the fit adjustment of the drag coefficients over the 30-day arcs was able to remove
any clear signature in the SNOE results, but for the Cosmos satellites some unaccounted for
effects clearly remained, with main peaks close to the perigee precession period and half of a
year.

22




Thermospheric Density Model Biases at Sunspot Maximum
C. Pardini, K. Moe & L. Anselmo
ISTI/CNR Technical Report — 6 December 2011

JR-71 density model
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Figure 5. Thirty-day arc fitted drag coefficients (Cpr) and semi-major axis root mean square
residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using JR-71 as density

model.

MSISE-90 density model
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Figure 6. Thirty-day arc fitted drag coefficients (Cpr) and semi-major axis root mean square
residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using MSISE-90 as

density model.
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NRLMSISE-Q0 density model
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Figure 7. Thirty-day arc fitted drag coefficients (Cpr) and semi-major axis root mean square
residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using NRLMSISE-00 as

density model.

GOST-2004 density model
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Figure 8. Thirty-day arc fitted drag coefficients (Cpr) and semi-major axis root mean square
residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using GOST-2004 as

density model.
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JB2006 density model
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Figure 9. Thirty-day arc fitted drag coefficients (Cpr) and semi-major axis root mean square
residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using JB2006 as density
model.

JB2008 density model
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Figure 10. Thirty-day arc fitted drag coefficients (Cpg) and semi-major axis root mean
square residuals (R) for Cosmos 2265, Cosmos 2332 and SNOE, using JB2008 as
density model.
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JR-T1 density modeI:CDF Fourier analysis
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Figure 11. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the JR-71 density model.
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Figure 12. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the MSISE-90 density model.
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NRLMSISE-Q0 density model: CDF Fourier analysis
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Figure 13. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the NRLMSISE-00 density
model.

GOST-2004 density model: CIJF Fourier analysis
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Figure 14. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the GOST-2004 density model.
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JB2006 density model: CDF Fourier analysis
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Figure 15. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the JB2006 density model.

JB2008 density model: (:DF Fourier analysis
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Figure 16. Fourier analysis of the 30-day arc fitted drag coefficients (Cpg) and semi-major
axis root mean square residuals (R) obtained with the JB2008 density model.
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Regarding the JB2006 model, most of what has been said of JB2008 is still valid (Figure 15).
For the Cosmos satellites, the periodogram of the fitted drag coefficients presents peaks only
in correspondence of the perigee precession period, while for SNOE, in addition to a broad
peak with about semi-annual periodicity, another sharp peak close to the perigee precession
period (about 108 days) is present as well. With reference to the associated semi-major axis
root mean square residuals, again no clear signature is present in the SNOE results, while only
one semi-annual peak dominates the Cosmos 2265 plot. Lesser higher frequency terms, either
linked to the perigee precession or of unknown origin, are also present, as in the case of
JB2008.

The periodograms of MSISE-90 (Figure 12) and NRLMSISE-00 (Figure 13) are very similar.
The drag coefficient spectrum of SNOE presents two significant peaks, with periods close to
the perigee precession cycle and to one year. Regarding the other two satellites, no important
peak is present in the Cosmos 2265 data, while a sharp and strong signal with a period close
to that of the perigee precession is evident in the case of Cosmos 2332. The spectra of the
residuals, on the other hand, do not show any clear connection with the drag coefficient plots
and display peaks at several frequencies of no obvious meaning.

Coming to JR-71 (Figure 11), the drag coefficient periodogram of SNOE presents three
prominent peaks: one close to the perigee precession period and the other two with
approximately semi-annual and annual periodicities. The latter two might be possibly
associated to mismodeled seasonal effects and to the evolution of the # angle. As far as the
Cosmos satellites are concerned, no pronounced peak is present in the Cosmos 2265 data,
while Cosmos 2332 displays a prominent peak with the period of the perigee precession and a
quite lesser peak with semi-annual periodicity. Annual and semi-annual signals seem also
present, with power depending on the satellite, in the periodogram of the semi-major axis
residuals, but several other noticeable frequencies with no obvious explanation are evident as
well. To be noticed, in particular, the strong signal with period of about 81 days (equivalent to
three solar rotations), associated with Cosmos 2332. It is the main peak also in the MSISE-90
and NRLMSISE-00 residuals, and can be identified in the JB2006 and JB2008 plots as well.

Finally, with regard to GOST-2004 (Figure 14), the drag coefficient periodogram of SNOE
presents again three prominent peaks: one close to the perigee precession period and the other
two with approximately semi-annual and annual periodicities. As said in the previous cases,
the latter two might possibly be associated with mismodeled seasonal effects and the
evolution of the B angle. Moreover, all the five peaks present in the plot have the same
periods of the five ones in the periodogram of JR-71, and of four out of six peaks present in
the spectra of MSISE-90 and NRLMSISE-00. It should also be remarked that the two lowest
power signals, appearing in the spectra of the latter two models with periods of 163 and 228
days, are replaced in JR-71 and GOST-2004 by a relatively stronger signal with the
intermediate period of 190 days. Concerning the Cosmos satellites, the strongest component
has a period of 76 days, without a corresponding term in all the other models. For Cosmos
2265, only one peak out of four, with a period of 104 days (not far from the duration of a full
perigee precession), can be found also in the other models, with the partial exception of
JB2008, in which the power reaches a maximum at 114 days. For Cosmos 2332, two peaks
out of four, with periods of 95 and 114 days (again not far from the duration of a full perigee
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precession), can be found in the other models as well, apart from JB2008, in which only the
114-day component is present.

About the semi-major axis residuals of SNOE, the main component has a semi-annual
periodicity and the overall frequency distribution is similar to those observed in the plots of
the other models, again with the exception of JB2008, even though the relative amplitudes
may vary from one model to the other. However, the spectra of the GOST-2004 residuals for
the Cosmos satellites are quite different, in amplitude and frequency distributions, from those
obtained with all the other thermospheric density models.
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7. Conclusions

Taking advantage of the approach and the results of a previous study (Pardini et al., 2010), an
investigation of thermospheric density model biases during the last sunspot maximum became
possible. Including all the relevant orbital perturbations, six widely used atmospheric models
were evaluated, as implemented in a recently upgraded software code used to fit the observed
semi-major axis decay. The analysis made use of four satellites of known physical
characteristics.

During the time span considered, for each satellite and atmospheric density model, a fitted
drag coefficient was solved for, by applying the software to the observed semi-major axis
decay, and then compared with the corresponding physical drag coefficient calculated as in
the previous study. It was therefore possible to derive the average density biases of the
thermospheric models during the last sunspot maximum. At altitudes of 200 to 480 km, all of
the thermospheric models have a positive bias, a consequence of constructing models while
assuming that the drag coefficient is independent of altitude. At 630 km the density biases of
the various models diverge widely, and the uncertainty increases because drag coefficients are
more uncertain there, and only one satellite was considered in that region.

Below 500 km, all the models overestimated the average atmospheric density, by amounts
varying between 7% and 20%. Around 275 km, the minimum average bias was obtained with
JB2008 (+8%), while around 480 km it was obtained with NRLMSISE-00 and GOST-2004
(+7%).

Around 630 km, NRLMSISE-00 had a negligible bias, GOST-2004 underestimated the
average atmospheric density by 11%, and the other four models continued to overestimate the
average density by amounts varying between 6% and 16%. However, looking at the semi-
major axis root mean square residuals, all the models considered in the study were able to
provide a trajectory modeling of comparable accuracy (but with JB2006 and JB2008
consistently the best in any case), because they were able to fit the observed orbital decay
with not too different residuals, with a maximum difference among the models of a factor of
two. This is because even a significant constant density bias could be compensated by a
properly rescaled fitted drag coefficient, still resulting in the appropriate amount of average
drag force. On the other hand, if the density model is being used in efforts to validate other
than drag measurements, absolute density is required.

Below 500 km, the short-term behavior of the models was also investigated by fitting the
semi-major axis decay over 30-day arcs. The resulting fitted drag coefficients displayed a
significant variability with all the models, probably linked to mismodeled density variations,
but JB2008, followed by JB2006, returned the smallest standard deviations and the minimum
semi-major axis root mean square residuals. A Fourier analysis of the results showed that the
observed variability was not randomly distributed, but was the sum of some periodic
components. All the models showed a term presumably associated with the perigee precession
through the atmosphere, while the change of the angle between the orbit plane and the
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geocentric Sun vector did not play a manifest role. The similarities among most of the models
also suggested that seasonal density variations, either semi-annual or annual, were possibly
not fully accounted for. Moreover, the correlation of some minor terms with small multiples
of the solar rotation period (e.g. 81 days) could not be ruled out. Anyway, most of the sources
of the short-term variability had been evidently removed from JB2006 and JB2008, and those
left resulted to have a power generally smaller than in the other models. This positive
behavior was further reflected in the corresponding spectra of the semi-major axis root mean
square residuals.
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