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[1] Building on work from previous studies a strong case is presented for the existence of
a long‐term density decline in the thermosphere. Using a specially developed orbital
propagator to predict satellite orbit evolution, combined with a new and accurate method
of determining satellite ballistic coefficients, a long‐term thermospheric density change
has been detected using a different method compared to previous studies. Over a 40‐year
period between the years 1970 and 2010, thermospheric density has appeared to reduce by
a few percent per decade. However, the results do not show the thermospheric density
reduction to vary linearly with time. Therefore, by analyzing the derived density data over
varying solar activity levels, as well as performing a Fourier spectral analysis to highlight
any periodicities, connections with physical phenomena, where possible, are proposed.
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1. Introduction

[2] As the space environment grows increasingly popu-
lated with newly launched objects, mechanisms affecting
satellite and space debris orbits are of great relevance in the
process of orbit determination. One of the factors that affects
objects in low Earth orbit (LEO) is aerodynamic drag caused
by the object’s movement through the Earth’s atmosphere.
As the drag encountered by satellites depends on the local
mass density of the atmosphere, knowledge of long‐term
trends in atmospheric density are extremely valuable in
predictions of the lifetimes of objects in LEO. Therefore,
knowing atmospheric density trends has applications in
predicting the future space environment, as well as being a
tool for satellite operators; and thus providing the driving
forces for this study.
[3] Initial work regarding upper atmospheric density

change focused on the theoretical effect of doubling the
concentrations of CO2 and CH4 [Roble andDickinson, 1989].
The results predicted a temperature reduction of 10 K in the
thermosphere, increasing to 50 K at the lower altitudes of the
mesosphere. In a later study [Roble and Ramesh, 2002],
the atmospheric constituents that were predicted to affect
the thermosphere most significantly were the greenhouse
gases, CO2 and NO. The mechanism to reduce thermo-
spheric densities was due to energetic (hot) oxygen atoms
colliding with the greenhouse gas molecules. They in turn
transfer some of their energy that is then emitted into space
as infrared radiation; resulting in a net cooling effect. As
the atmospheric gas molecules then, in general, have less

energy, their trajectories do not reach as high an altitude
and therefore local density decreases.
[4] During the last decade there have been several empir-

ical studies into the existence of a long‐term density decline
in the thermosphere: The first of these [Keating et al., 2000]
used the long‐term orbital decay of five satellites with perigee
altitudes averaging around 350 km. The results provide evi-
dence of a declining average of 9.8 ± 2.5% in thermospheric
densities over a 20‐year period between 1976 and 1996. This
method incorporated an analytical approach [King‐Hele,
1987] using the orbital elements given explicitly by the
freely available two‐line element (TLE) sets. However, using
orbital elements directly from the TLE sets gives inaccurate
results due to the averaging process used to create the TLE
sets. This will be discussed in more detail in a later section.
Therefore, to increase the scope of such investigations, more
sophisticated methods were required.
[5] Using a new technique to derive thermospheric mass

density from TLE sets [Picone et al., 2005], a more detailed
study was performed using 27 long‐lived near‐Earth orbiting
objects [Emmert et al., 2004]. Their satellite data covered all
levels of solar variability spanning the time period of 1966–
2001. The results concluded a density trend of −2% per
decade at 200 km altitude, increasing to −5% per decade at
700 km. A subsequent study was later performed, this time
using 5,000 orbiting objects [Emmert et al., 2008]. The results
showed an overall density trend of −2.68 ± 0.49% per decade
at 400 km and trends of approximately −5 and −2% per
decade at solar minimum and maximum respectively.
[6] Marcos et al. [2005] used a Special Perturbations

technique to infer long‐term thermospheric density changes.
Their findings presented a 1.7% density decrease over the
30‐year period 1970–2000. By using satellite drag mea-
surements and a physical general circulation model, Qian
et al. [2006] also predicted a 1.7% secular density change
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over the same 30‐year period and then estimate a more severe
secular decline if the analyzed time period was extended to
the minimum of solar cycle 24 (∼2008).
[7] The aim of this study was therefore to provide a dif-

ferent perspective on thermospheric contraction to make the
quantitative analysis more robust. There are many ways of
determining atmospheric density, but inferring thermo-
spheric density from satellite drag data is a relatively cost‐
effective way of gathering in situ measurements. Given an
initial satellite orbit, our approach is to use an orbital
propagator to predict the satellite’s state at some time ahead
and then to compare that state with TLE data at the same
epoch. The difference between the semi‐major axis of an
initial orbit and that after the orbit propagation is then
integrated to obtain an estimate of global average density.
This is the approach adopted in our new work, using a
bespoke, orbital propagator that includes perturbations due
to atmospheric drag, gravitational anomalies, luni‐solar
gravity effects and solar radiation pressure. This method
required accurate estimates of ballistic coefficients; as this
information is not contained explicitly in the TLE sets for
each satellite, a new way of deriving the ballistic coefficient
was developed. In this study, historical satellite data from
the past 40 years have been used to infer thermospheric
density values over the same period using this new method
of ballistic coefficient estimation.
[8] A comparison of the thermospheric densities derived

using the method presented in this study, with those derived
from an empirical standard atmospheric model, the U.S.
NRLMSISE‐00 (Naval Research Laboratory’s Mass Spec-
trometry and Incoherent Scatter Radar up to the Exobase,
released in the year 2000), is the method by which the long‐
term trend is established.

2. Satellite Source Data: TLEs

[9] The data, from which in situ measurements of atmo-
spheric density are derived, were given by satellite TLE sets.
A TLE set consists of various satellite and orbit parameters
for a specific satellite at a specific time or epoch. A TLE set
is produced by the North American Aerospace Defense
Command (NORAD) using a differential correction tech-
nique over several observations of a satellite’s position to
determine an orbit. The program used for this task is the
Simplified General Perturbations 4 propagator (SGP4)
[Hoots and Roehrhich, 1980]. When a TLE is created, some
periodicities are removed to produce an average orbit. To
recover the most accurate ephemerides of a satellite’s
position and velocity using a TLE set, it is necessary to use
the SGP4 to convert the TLE set back into an osculating
state vector of position and velocity [Hoots and Roehrhich,
1980]; as only the SGP4 can correctly restore the periodi-
cities that were removed during the creation of the TLE set.
[10] The accuracy of satellite ephemerides data provided

by the TLEs depends on how they are being used. When
determining an orbit directly from the mean orbital elements
given explicitly by a TLE set, the accuracy is relatively low
and produces an ephemeris error of the order of tens of
kilometers. This is due to the elements in the TLE being
given as a mixture of Kozai and Brouwer values [Vallado,
1997; T. Payne, U.S. Air Force Space Command, private
communication, 2009]. These values are deduced by

removing periodicities that naturally occur in a satellite’s
orbit to give mean, not osculating values. An osculating
orbit is the instantaneous Keplerian orbit a satellite would
follow around a point mass if all perturbing forces were
removed. In the form of osculating state vectors the TLEs
modestly provide satellite ephemerides to an accuracy of
hundreds of meters to a few kilometers (D. A. Vallado,
Center for Space Standards and Innovation, private com-
munication, 2009). The precision of the Kozai mean motion,
which is used to determine the semi‐major axis, is given in
units of revolutions per day to eight decimal places. This
implies an accuracy of semi‐major axis of approximately
10−5 km at worst case. This means that the errors associ-
ated with the determination of the change in semi‐major
axis, the parameter used in this study, are insensitive to
errors in the numerical precision intrinsic to the TLE sets.
Therefore, the main source of error is in the determination
of the osculating state vector.
[11] Another deficiency of TLE data is that each set has

varying accuracy of unknown magnitude. This means there
is no covariance carried over with the TLE data (Vallado,
private communication, 2009), hence making the error dif-
ficult to identify and reduce. With large scale use of TLE
data, this introduces a significant source of error into the
final results. However, by increasing the temporal separation
of the TLE sets used for each satellite, trends in orbit evo-
lution can be identified with sufficient accuracy to enable a
quantitative analysis.
[12] Over the four decades analyzed in this study, the TLE

data for each satellite were filtered to give 10‐day epoch
separations. This epoch separation was determined experi-
mentally to obtain an optimum value of signal‐to‐noise
ratio. Increasing the TLE‐TLE separation increases the
magnitude of the change in semi‐major axis due to atmo-
spheric drag. This increase in signal magnitude strengthens
the signal under investigation compared with the ephemeris
errors of the TLE sets. It was found that using a 10‐day
epoch separation was sufficient to provide a high enough
resolution to highlight periodic density variations, yet long
enough to reduce ephemeris noise to a level such that a trend
could be derived over the historical period. In general, using
a TLE set to predict a satellite’s orbit evolution for much
beyond 5 days into the future does not provide accurate
ephemeris data. However, the semi‐major axis is a param-
eter that is less sensitive to the errors associated with TLE
ephemerides. Therefore, even though the TLE sets in
themselves cannot provide accurate long‐term orbit evolu-
tion data, they can be used as initial conditions to analyze
other orbital parameters, such as the semi‐major axis.
[13] For this study, TLE sets from 41 satellites were used

covering the years from 1970 to 2010. Their designations
and orbital characteristics are shown in Table 1. As the
thermosphere extends from an altitude of 90 km up to 600
km (dependent on solar activity), any TLE data from
orbiting objects consistently passing through this region
during the 40‐year historical period was potentially useful.
However, many satellites considered for inclusion had either
incomplete or low temporal fidelity TLE data during the
early part of the 1970s and so could not provide useable
long‐term data sets. Additionally, some satellite’s TLE data
needed further filtering to ensure a coherent tracking of the
same object. In some, rare, cases an orbiting object was
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mistaken for another satellite with a listed ID number and its
velocity vector exhibits unnatural behavior as the TLE sets
described the different objects.
[14] As atmospheric drag is one of the most significant

perturbations affecting satellites in LEO, in general the
semi‐major axis degrades over time causing the perigee
altitude, among other parameters, to secularly decrease.
Therefore, in order to derive a model of long‐term, altitude‐
dependent thermospheric density change, it was necessary to
have multiple satellites orbiting within a similar altitude
range. This ensured that reliable density data could be
derived over the altitude and time span under investigation.
Figure 1 shows the range of orbit altitudes covered by the
satellites used in this study.

3. Methodology

3.1. Detecting Density Variations

[15] To infer changes in local atmospheric density using
data provided by the TLEs required a processing method. In

their raw form, the TLEs do not explicitly offer any infor-
mation about atmospheric density, or changes caused
thereby. By analyzing the orbit parameters, given by a time
series of TLEs, conclusions about physical processes acting
upon the orbiting satellite can be made. This is how
observational data of thermospheric density was derived and
then used to compare with empirical model estimates pro-
vided by the NRLMSISE‐00.
[16] One way to compare observational density data with

an empirical atmospheric density model, such as the
NRLMSISE‐00, is by estimating absolute values of density.
Doing this requires a sophisticated method to accurately
process the TLE data, such as that described by Picone et al.
[2005]. However, the TLEs have inherently low accuracy,
as previously described, and so estimating absolute density
values can be complicated and involved. If some other
measureable parameter could be analyzed through simpler
methods that could still be used to infer long‐term density
changes then the data gathering process would be more
efficient. Also, gathering data about the same phenomena in

Table 1. Physical and Orbital Characteristics of the 41 Satellites Used in This Study

Satellite ID
Number

Historical
Period Covered

Ballistic
Coefficient (m2/kg)

Associated Density
Altitude Range (km) Eccentricity Range

Average
Inclination (deg)

00060a,b 1970 – 2010 0.0275 461.5 – 368.6 0.1133 – 0.0194 49.94
00063b 1970 – 2010 0.0184 627.1 – 453.6 0.0087 – 0.0012 48.55
00165b 1970 – 2010 0.0683 746.5 – 525.5 0.0059 – 0.0000 47.92
00229b 1970 – 2002 0.0667 715.0 – 232.2 0.0097 – 0.0006 48.29
00614a,b 1970 – 2010 0.0146 382.7 – 331.1 0.2097 – 0.0925 82.09
00750b 1970 – 2010 0.0865 455.1 – 403.1 0.3154 – 0.1938 60.85
01335 1970 – 2010 0.1051 675.7 – 606.3 0.0944 – 0.0531 56.13
01370b 1970 – 2004 0.1499 638.8 – 316.8 0.0808 – 0.0005 56.07
01616 1970 – 2010 0.0237 459.7 – 417.6 0.1778 – 0.1185 144.23
01685 1970 – 2010 0.0455 763.3 – 510.4 0.0044 – 0.0000 32.32
01808b 1970 – 2002 0.1611 564.6 – 317.6 0.1435 – 0.0005 79.80
01843b 1970 – 2002 0.0127 634.1 – 207.6 0.0131 – 0.0004 64.98
01857 1970 – 2010 0.0696 742.2 – 555.8 0.0101 – 0.0016 32.03
01981 1970 – 2010 0.0376 710.5 – 496.0 0.0038 – 0.0000 32.44
02016b 1970 – 2010 0.0350 554.3 – 523.2 0.1386 – 0.1195 34.11
02129b 1970 – 2002 0.0490 637.8 – 181.7 0.0220 – 0.0009 98.30
02153b 1970 – 2010 0.0359 556.6 – 527.1 0.1511 – 0.1313 79.78
02389a,b 1970 – 2010 0.0189 404.3 – 360.1 0.2274 – 0.1405 81.45
02622b 1970 – 2002 0.0264 646.8 – 254.1 0.0103 – 0.0003 93.39
02643a 1970 – 2010 0.0251 527.5 – 496.3 0.2401 – 0.2248 99.11
03019b 1970 – 2010 0.0506 414.8 – 284.6 0.6937 – 0.6327 26.34
03038 1970 – 2002 0.0098 558.2 – 179.8 0.0308 – 0.0001 64.07
03462 1970 – 2010 0.2163 687.4 – 597.0 0.0979 – 0.0572 56.31
03523b 1970 – 2010 0.0256 681.2 – 566.0 0.0058 – 0.0012 32.05
03524b 1970 – 2001 0.1889 639.1 – 199.4 0.1007 – 0.0005 62.29
03553b 1970 – 2001 0.1284 593.1 – 246.8 0.1021 – 0.0013 62.33
03608 1970 – 2004 0.1633 630.0 – 275.5 0.1027 – 0.0023 62.26
03717b 1970 – 2010 0.0899 575.3 – 418.7 0.1072 – 0.0158 62.53
03835 1970 – 2001 0.1248 614.6 – 166.4 0.0956 – 0.0032 62.32
04053 1970 – 2010 0.0167 646.3 – 421.2 0.0048 – 0.0000 81.19
04119b 1970 – 2010 0.0063 310.1 – 260.7 0.2779 – 0.1025 30.35
04221b 1970 – 2002 0.0155 633.3 – 188.6 0.0051 – 0.0000 81.18
04330a,b 1970 – 2010 0.0225 432.9 – 383.2 0.1701 – 0.0818 102.83
04726b 1970 – 2003 0.0282 382.4 – 190.1 0.2636 – 0.0019 31.08
04849b 1970 – 2001 0.1527 643.5 – 314.5 0.0996 − 0.0014 62.84
04940b 1971 − 2005 0.0141 642.7 − 228.7 0.0048 − 0.0000 81.21
05977 1970 − 2001 0.1588 654.1 − 179.6 0.1021 − 0.0005 62.79
05998 1970 − 2010 0.0345 442.1 − 238.1 0.7274 − 0.6114 29.58
06073b 1970 − 1999 0.0347 407.8 − 222.8 0.7222 − 0.5646 28.16
14756 1972 − 2010 0.0035 257.0 − 215.4 0.4193 − 0.2195 52.17

aThe satellites that were used in the original study by Keating et al. [2000].
bThe satellites that were used in the first study by Emmert et al. [2004].
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different ways adds to knowledge base of the field. The
method used in this study avoids the issues associated with
deriving absolute density values by comparing just the
effects caused by atmospheric drag, and hence density, on a
satellite’s orbit. Therefore, in order to deduce a trend, a
comparison between observational data and that from
numerically derived data needs to be made as given by

� ¼ �

�*
; ð1Þ

where r denotes the density derived from the observational
TLE data and r* being the density derived numerically.
[17] Atmospheric drag has a braking effect on a satellite.

This process results in a reduction of the semi‐major axis of
the satellite’s orbit. From theory by King‐Hele [1987], the
local atmospheric density at a point in time on an orbit can
be defined by

� ¼ �� _a

a2jvj3� ; ð2Þ

where a is the semi‐major axis, v is the satellite’s velocity
relative to the atmosphere, d is the satellite’s ballistic coef-
ficient and m denotes the gravitational constant of the Earth
(398600.4415 km2s−3 [Montenbruck and Gill, 2005]). For
the particular epoch that equation (2) represents, all the
parameters are known except the rate of change of a with
respect to time, _a. The rate of change of semi‐major axis is
the parameter by which atmospheric density is analyzed in
this study.

[18] As we used a time series of TLEs for the observa-
tional data, at epochs of 10 days apart, _a could only be
calculated using

_a ¼ a2 � a1
Dt

¼ Da

Dt
; ð3Þ

where the subscripts, 1 and 2, denote the semi‐major axis at
the epoch of the first TLE and second TLE respectively; and
Dt is the time between the two epochs (10 days). This gives
an average rate of change of _a and so only an average density
value can be derived. In order to calculate equation (1) we
need two estimates of density, r and r*. From equations (2)
and (3) these density estimates rely on knowledge of the
change in the semi‐major axis from the TLE data and the
numerically derived data from the orbit propagation using
the NRLMSISE‐00 as its atmospheric density model.
Therefore, by combining equations (1), (2), and (3) and
simplifying gives

� ¼ a2 TLEð Þ � a1 TLEð Þ
a2 NUMð Þ � a1 TLEð Þ

¼ DaTLE
DaNUM

; ð4Þ

where the subscripts ‘TLE’ and ‘NUM’ denote the total
change in semi‐major axis from the TLE data and that which
is numerically predicted by the orbital propagator using the
NRLMSISE‐00 atmospheric density model respectively.
[19] To calculate DaTLE, the semi‐major axes from the

consecutive TLE sets needed to be derived. The TLEs do
not explicitly give the value of semi‐major axis, although

Figure 1. The range of altitudes covered by the 41 satellites used in this study, ordered by associated
density altitude: the altitude at which the changes in semi‐major axis were attributed to atmospheric drag.
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they do provide a form of the mean motion, nk, that can be
used to give an estimate of the semi‐major axis

aTLE ¼ 3
ffiffiffiffiffi
�

n2k

r
: ð5Þ

The subscript ‘k’ denotes the Kozai mean motion. This is
the form used in TLE sets that has had certain orbital per-
iodicities averaged out. However, the secular change pre-
sented by the Kozai mean motion is identical to the secular
change derived using its osculating state vector equivalent,
providing the time between the TLE sets is approximately
10 days or greater. For this reason, using the Kozai mean
motion to represent secular effects of atmospheric drag is
ideal for the method used in this study; as it requires only
the processing shown by equation (5).
[20] Using the TLE data and the Kozai mean motion

provides the observational source of thermospheric density.
To compare this with model density data we computation-
ally simulated satellite orbit evolution using density esti-
mates as predicted by the empirical atmospheric model, the
NRLMSISE‐00. As the calculated density values from the
NRLMSISE‐00 model vary with time, space, solar radio
flux and geomagnetic activity, the contribution to the var-
iations in the derived density ratios from equation (1) due to
these parameters should be mostly, if not completely,
removed. This approach allows a faster analysis of the
output data as most natural perturbations affecting the state
of the atmosphere will have previously been included.
[21] From the same TLE sets as those used for the

observational data, a satellite’s osculating state vector of
position and velocity were obtained via the SGP4 propa-
gator and used as initial conditions in our orbital propagator.
The satellite’s state vector was then propagated for precisely
the same duration as that between the epochs of the con-
secutive TLEs.
[22] Again from theory by King‐Hele [1987] the rate of

change of the semi‐major axis from a specific perturbation
can be given by

_a ¼ 2ajvEj
�

€rpert
� �

; ð6Þ

where €rpert is the perturbing acceleration vector, in this case,
atmospheric drag and vE is the velocity vector relative to the
center of the Earth. The acceleration due to atmospheric
drag is given by

€rdrag ¼ 1

2
�jvj2 CDA

m
; ð7Þ

where CD is the drag coefficient of the satellite, A is the
cross‐sectional area presented orthogonal to the velocity
vector and m is the satellite’s mass.
[23] Combining equations (6) and (7) and integrating

yields the total change in the semi‐major axis, as numeri-
cally predicted by the orbital propagator giving

DaNUM ¼
ZTLE2

TLE1

_a dt; ð8Þ

Having obtained the parameters required to estimate a
density ratio, the next important step was to assign it to an

associated density altitude. Over a satellite’s orbit that enters
the atmosphere, the change in the semi‐major axis caused by
atmospheric drag can be attributed to a particular height
relative to the perigee altitude [King‐Hele, 1987]. The
height depends on a parameter given by

z ¼ ae

H
ð9Þ

where e is the eccentricity of the satellite’s orbit and H is the
density scale height of the atmosphere at the perigee alti-
tude. Assuming z is greater than 3, the associated density
altitude can be assumed to act at approximately half the
scale height above the perigee altitude [King‐Hele, 1987].
For satellite orbits with z < 3, the associated density altitude
was set equal to the perigee altitude. As some satellite orbits
degraded such that their z value was initially greater than 3
and after the historical time span reduced to less than 3, there
arose a discontinuity as to how the associated altitude was
assigned. However, in practice when the value of z approa-
ches 3, the associated altitude asymptotically approached the
perigee altitude, thus allowing a smooth transition between
phases.
[24] This procedure enables the use of data from satellites

with orbital eccentricities of less than one. The range of
altitudes for which a satellite will experience drag will
increase with orbital eccentricity. The average density
encountered by a satellite via atmospheric drag will be
averaged to the particular value used when initially creating
the TLE sets. By using the approach described above, the
average density experienced by a satellite through a range of
altitudes can be represented by a density value at a particular
location. Furthermore, the procedure used in this study to
infer long‐term thermospheric changes uses a method of
relative change and not the calculation of absolute density
values. Therefore, the comparison parameter, z, will con-
tinue to provide an accurate representation of the relative
integral of atmospheric drag as it is calculated from many
contributions over the entire orbit path, and hence range of
altitudes, traversed by the satellite.
[25] By repeating the process described above using a

time series of TLE sets for each satellite over the entire
historical time span, the density ratios given by z were used
to show long‐term trends in atmospheric density variations.
As outlined in this section, an orbital propagator was
required to derive the numerically estimated density varia-
tions as well as an accurate estimate of a satellite’s ballistic
coefficient. Descriptions of both the orbital propagator, the
method of deriving accurate ballistic coefficient estimates
and the results using this method are detailed in the fol-
lowing sections.

3.2. Bin Sizing

[26] To perform a quantitative analysis of the data, the
derived density ratios needed to be grouped within altitude
and temporal bins. Owing to the error noise of the resulting
data, the temporal bin resolution was set at 1 year. With
regards to altitude, we chose a bin size that would represent
a constant percentage change in density. As atmospheric
density reduces with increasing altitude at an approximately
exponential rate, a metric that reflected this behavior was
required. Therefore, a constant fraction of the density scale
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height was chosen: for one density scale height, atmospheric
density changes by a factor equal to the mathematical con-
stant e = 2.718 (base for natural logarithms).
[27] The density scale height depends on a number of

physical parameters given by

H ¼ 1
Mg

RT
� 2

r

; ð10Þ

where M is the molecular mass of the local atmospheric
composition, g is the gravitational acceleration due to the
Earth at the local altitude, R is the universal gas constant
(8.314 J/kMol), T is the local atmospheric temperature and r
is the distance from the center of the Earth. The
NRLMSISE‐00 provides estimates of atmospheric molecu-
lar mass as well as local atmospheric temperature and so an
estimate of the density scale height can be obtained. How-
ever, as the state of the atmosphere depends on solar
activity, the density scale height at a fixed location is not
constant. Figure 2 shows the variation in density scale
height across a range of altitudes for the duration of the
historical period analyzed in this study.
[28] To determine a suitable fraction of the density scale

height to be used as a vertical bin size, a trade‐off was
necessary between the number of density ratios available
and the change in density covered by one density scale
height. We decided that an altitude bin size of 0.5 H would
provide the optimum balance of sufficient number of density
ratios without an excessive change in density: approxi-
mately 65%.
[29] The bin coverage encompasses density ratios derived

over altitudes extending 0.25 H above and below a partic-
ular altitude. Figure 3 demonstrates the altitude coverage
resulting from using this method of bin sizing over the
historical period. We applied this method of bin sizing at 10
km increments between the altitudes of 200 and 600 km.
This meant that there was some overlap between the bins

and so some data points contributed to the derived long‐
term trends via more than one altitude bin.

4. Orbital Propagator

[30] To process the data given in the TLE sets and predict
the orbital evolution of the 41 satellites, an Earth orbital
propagator for thermospheric analysis (AETHER) was
written in the computing language C++. Perturbations from
Earth gravitational anomalies are modeled using spherical
harmonics up to the order and degree 20, using coefficients
from the Joint Gravity Model 3 (JGM3) [Tapley et al., 1996].
Atmospheric drag is predicted using the NRLMSISE‐00
empirical atmospheric density model and assumed to co‐
rotate with the Earth. Other perturbations include gravita-
tional effects from the Moon and Sun as well as Solar
Radiation Pressure (SRP), modeling an oblate conical Earth
shadow.
[31] The NRLMSISE‐00 empirical atmospheric model is

used to provide an estimate of local atmospheric density.

Figure 2. A time history of globally averaged density scale heights from 250 up to 650 km altitude.

Figure 3. The historical variation of bin sizing due to vary-
ing density scale height shown at sample altitudes.
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This model was published in the year 2000 and since then
new empirical density models have become available that
provide greater accuracy and precision when predicting
local atmospheric density. However, the more recent models
all require certain solar and geomagnetic indices that only
became available in recent years. Therefore, this study
required a model that was compatible with the indices
available during the historical period analyzed in this study.
[32] It is still possible to infer long‐term density changes

using a less accurate atmospheric model compared to more
up‐to‐date models. The method employed in this study
circumnavigates problems associated with errors in the
model densities from the NRLMSISE‐00 by analyzing only
relative changes in the atmospheric density as opposed to
absolute values.
[33] When calculating atmospheric density theNRLMSISE‐

00 empirical model requires various inputs: satellite geocentric
position; date and time of day; solar flux data in the form of the
F10.7 cm radio flux and the geomagnetic index, ap, for varying
times prior to the date given. The daily indices for both the
F10.7 cm solar flux and geomagnetic index were given by
National Oceanic and Atmospheric Administration (NOAA)
[Erwin, 2007]. AETHER linearly interpolates between the
given indices to provide a continuous value between the
available daily data. This was done to eliminate input step
changes when the orbital integration time moves over one day
and the F10.7 flux index changes from one value to the next.
Similarly, the geomagnetic ap index values were linearly
interpolated to provide a moving average between the pub-
lished 3‐hourly indices.
[34] To calculate the gravitational effects of the Moon and

Sun, as well as obtaining the directional Sun vector for
calculating SRP, their positions are obtained from NASA’s
Horizons [Yeomans, 2009]. This system provides accurate
ephemerides for many solar system bodies including the
Moon and Sun for any date between 3,000BC and 3,000AD.
For each propagation step, AETHER calls an internal
database of Moon and Sun ephemerides gathered from
Horizons and then calculates their gravitational effects using
an expression from Montenbruck and Gill [2005] given by

€rmoon�sun ¼ �s

s3
�êr þ 3ês êr êsð Þ½ �; ð11Þ

where the subscripts ‘r’ and ‘s’ denote the parameters spe-
cific to the satellite and perturbing body respectively.
[35] To test the implementation of equation (11), propaga-

tions by AETHER were compared to the same propagations
using the Astrogator propagator from the Analytical Graphics
Inc. Satellite Tool Kit software [Analytical Graphics, Inc.,
2009]. Sample propagations were performed to obtain vari-
ous orientations of the Moon and the Sun relative to the Earth.
The satellite orbit used for comparison was an equatorial
geostationary configuration. The satellite’s altitude was the
parameter used to compare the perturbations with the results
from AETHER and STK. The geostationary orbit configura-
tion was chosen because it is sensitive to gravitational effects
from the Moon and Sun. The maximum deviation between the
results of AETHER and STK was approximately 1 km. The
semi‐major axis for a geostationary orbit is approximately
42,000 km. Therefore the results indicate a satisfactory relative
error of approximately 0.002% in satellite altitude.

[36] The effect SRP has on a satellite orbit’s semi‐major
axis can be approximately five orders of magnitude less than
that of atmospheric drag at altitudes of 200 km but
approximately equal in magnitude during times of low solar
activity and at altitudes of 600 km. Therefore, errors asso-
ciated with incorrect modeling of SRP could be significant
for satellite orbits considered in this study. However, the
inclusion of SRP in AETHER’s acceleration model is
important due to indirect effects SRP can have on other
perturbations. From Aksnes [1974] the acceleration due to
SRP can be approximated by en by

€rsrp ¼ �PCr
A

m

AU2

r2sun
; ð12Þ

where the pressure of solar radiation, P, is assumed to be
4.56 × 10−6 Nm−2 [McCarthy, 1996], rsun is the position of
the Sun relative to the satellite and AU is a standard astro-
nomical unit. The reflectivity coefficient, Cr, can take any
value between 0 and 2. However, results by van der Ha and
Modi [1977] show that a value of 1.25 is a suitable
approximation for the majority of satellites. The imple-
mentation of this SRP model was tested using the example
cases provided in the paper by Aksnes [1974]. The results
from AETHER deviated from the published results by a
maximum of 50 m within a 10,000 km semi‐major axis,
yielding satisfactory precision.
[37] When performing orbit propagation, AETHER ini-

tially requires an osculating state vector provided by the
TLEs via the SGP4 propagator. The six‐variable osculating
state vector is then numerically integrated using a 7th order
Runge‐Kutta‐Fehlberg‐Horn (RKFH) method with a 20‐s
step size. The RKFH method incorporates a continuous step
size function that allows an arbitrary final integration step
size. This was an important requirement as it was necessary
to propagate a satellite’s state vector for an equal duration to
the epoch separation of the consecutive TLE sets. After each
integration step, the osculating state vector and the accel-
eration due to atmospheric drag were returned by the
propagator to enable calculation of the parameters required
by equation (6). Using the osculating state vector to provide
an estimate of the semi‐major axis was done using

a ¼ �jrj
2�� jrjjvj2 : ð13Þ

To validate AETHER, re‐entry predictions of satellites
nearing their demise were used to gauge the precision of the
acceleration models and the ability to accurately predict
orbit evolution. The first validation test used three satellites
that had previously decayed [Saunders et al., 2009]. The
TLE sets from up to 15 days before the satellite’s known re‐
entry dates were used as the initial conditions. The results
showed excellent consistency in the predicted evolution of
the satellite’s orbits. However, for these tests, the ballistic
coefficients for each satellite were obtained using the B*
number, a parameter given explicitly by the TLEs that is
defined to represent a satellite’s true ballistic coefficient. In
reality, the B* number is a fitting parameter that is used
when deriving the orbit given by the classical orbital ele-
ments in the TLEs. These tests highlighted the requirement
for a better way to estimate a satellite’s ballistic coefficient.
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A new method of estimating accurate satellite ballistic coef-
ficients was developed and the re‐entry tests were re‐run
using the updated ballistic coefficient values. The results
predicted a re‐entry date to within 1% of the lead time of
15‐days. The next section describes the new method by
which an accurate estimate of a satellite’s ballistic coefficient
can be determined using only the data given by TLE sets.

5. Ballistic Coefficient

5.1. The Estimation Method

[38] The results of AETHER’s validation tests showed it
was necessary to have a more accurate method of estimating
ballistic coefficients. As the driving force of this work has
been to validate a long‐term density change using TLE sets,
a desired characteristic was that the new method of esti-
mating ballistic coefficients uses only the TLE data. This
would eliminate the requirement for multiple independent
data sets, as well as simplify the data processing.
[39] There are many ways of estimating a ballistic coef-

ficient. In this study, the ballistic coefficient is defined by
the last three terms in equation (7) as

� ¼ CDA

m
: ð14Þ

For satellites with regular shapes, such as spheres, it is
relatively easy to estimate a ballistic coefficient theoreti-
cally. With a known mass, projected surface area and sat-
ellite surface properties, the drag coefficient can be derived
in laboratory conditions. However, real satellites are rarely
regular shapes and often vary their projected surface area:
either through tumbling or attitude control. Therefore, pre-
dicting a real satellite’s ballistic coefficient via theoretical
means becomes extremely difficult.
[40] There are two main ways of estimating a ballistic

coefficient: analytically, using a satellite’s documented
mass, geometry, surface properties and estimating its pro-
jected area, or empirically using data of a satellite’s orbit.
We employed the latter in our study.
[41] Previous studies have estimated a satellite’s ballistic

coefficient by using orbit data and applying a batch least
squares fit to a series of observations. In our method we
once again use the TLEs to provide a series of orbital
observations and by a similar method to that outlined above,
we use changes in the semi‐major axis to derive an accurate
estimate of ballistic coefficient.
[42] Via equation (5), the difference in the Kozai mean

motion from two consecutive TLEs gives the change in
semi‐major axis, DaTLE. This provides the observational
data that is used to derive a value of ballistic coefficient.
Using the same TLE sets, AETHER propagates the satel-
lite’s orbit from the ephemeris of the first TLE set to the
epoch of the next TLE set then numerically derives its own
change in semi‐major axis,DaAET, which is calculated using
equation (8). However, in order for AETHER to propagate
the orbit, taking into account atmospheric drag and SRP, a
value of the area‐to‐mass ratio is required. As an initial
estimate for d, the B* value from the first TLE set is used. In
some cases, older TLEs have a B* value of +00000–0
(zero), which is obviously not a valid value and so an
arbitrary initial guess of 0.01 m2/kg is used. As the area‐to‐

mass ratio forms part of the ballistic coefficient, by
assuming an approximate value for the drag coefficient of
2.2, the area‐to‐mass ratio is derived from the B* ballistic
coefficient estimate to be used when calculating the accel-
eration due to atmospheric drag and SRP.
[43] Once the values for DaTLE and DaAET are obtained,

the difference is calculated and stored in a comparison
parameter given by

D �nð Þ ¼ DaAET �DaTLE ; ð15Þ

where D(dn) denotes the difference between the change in
semi‐major axes from the numerical and observational data
for a particular value of ballistic coefficient, dn.
[44] If the comparison parameter yields a significant dif-

ference between the observational and numerical values, the
propagation is re‐run with a revised value of d obtained
using the Secant method defined by

�n ¼ �n�1 �D �n�1ð Þ �n�1 � �n�2ð Þ
D �n�1ð Þ �D �n�2ð Þ : ð16Þ

This is repeated until the difference in the observational and
numerical results correspond to within a predefined limit,
hence making it an iterative process. Once the iterative
method to evaluate dn has converged, the process is repeated
over as many consecutive TLE sets as is required.
[45] A modified form of the Gaussian function, which is

then applied to each predicted d value, is given by

g x; �ð Þ ¼ 1

n
e
� x��

�

� �
; ð17Þ

where n is the number of d value estimates in the set d*, x is
the variable along which the distribution is plotted, and here
� denotes the mean of all the d value predictions. Applying
equation (17) to the entire set of predicted d values (e.g.,
d(1,2,…n) 2 d*) and summing yields the function

G x; �*
� �

¼ 1

n
e
� x��1

�

� �
þ 1

n
e
� x��2

�

� �
þ . . . þ 1

n
e
� x��n

�

� �
: ð18Þ

The maxima of the function given in equation (18) gives the
most common d value of the entire range of predicted bal-
listic coefficients; and so differentiating equation (18) with
respect to x and setting to zero provides the final required
value for the satellite’s ballistic coefficient. More detail on
the accuracy of this method is detailed in the study by A.
Saunders et al. (manuscript in preparation, 2011).

5.2. Long‐Term Ballistic Coefficient Variability

[46] For this study, TLE sets from the years of 1999 and
2000 with a TLE epoch separation of 10 days were used to
derive values of ballistic coefficients. Therefore part of the
selection criteria for what satellite data were eligible for
use in this study was that they must have sufficient 10‐day
epoch fidelity in their TLE sets during this two‐year
period.
[47] This particular historical period provided frequently

published TLE sets for the majority of satellites. In addition,
it was a period when solar activity was neither at maximum
nor minimum, therefore representing an ‘average’ state.
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[48] It was important that the estimates of ballistic coeffi-
cient were all derived using the same time period. Owing to
the information being used for long‐term density trend
analysis, there needed to be a particular reference period to
which the trends would be relative. By making the ballistic
coefficient temporally independent we separate the effects of
atmospheric drag, and hence the calculation of mean density,
over the entire historical period from the estimation of the
ballistic coefficient. Therefore, the minimum requirement for
eligible satellite data was that its database of TLE sets must
cover the historical time span between the years 1999–2000.
[49] One of the parameters that contribute to a satellite’s

drag coefficient is the atmospheric composition. Depending
on what gas species are dominant, the drag coefficient can
vary accordingly. As one moves vertically through the
atmosphere, the ratios of the different gas species vary
approximately according to their molecular mass. This
being the case, the drag coefficient can be considered
altitude‐dependent.
[50] As well as the gas ratios affecting the drag coeffi-

cient, some species directly affect the material surfaces of a
satellite. Atomic oxygen is one such species; and over time,
can adhere to a satellite and alter its surface properties.
[51] Studies have shown that for an object with constant

mass, geometry and projected surface area, the drag coef-
ficient within the lower thermosphere (150–500 km) can
reduce by a fraction 0.08 up to 0.15 per 100 km in altitude
for a F10.7 cm solar activity of 200 to 65 × 10−22W/sm2

respectively [Moe and Bowman, 2005]. Due to the lack of
available results in this area of study, a linear fit using these
two datum points was used to provide an approximate

altitude dependent multiplier for the estimation of the drag,
and therefore ballistic, coefficient.
[52] As the semi‐major axis of a satellite orbit in an

atmosphere reduces over time, so does its associated density
altitude. Therefore, when predicting the effects of atmo-
spheric drag in an orbital propagator, such as AETHER, the
variation of atmospheric regime and composition would
alter the drag coefficient; and so the variation of ballistic
coefficient must be taken into account. For this study, long‐
term orbit evolution is a key ingredient with orbit decay
playing a vital role that needs to be addressed.
[53] By using the average associated density altitude of

the satellite orbits during the period of ballistic coefficient
determination (1999–2000), a reference point was available
from which the values of ballistic coefficients could be
varied according to their associated density altitude
throughout the historical period used to infer long‐term
density changes.
[54] From equations (6) and (7), the change in semi‐major

axis is directly proportional to the drag coefficient and thus
the ballistic coefficient. Therefore, adjusting the density
ratios obtained from the observational and numerical data,
required an altitude and solar activity dependent multiplier
given by

D� ¼ 0:01 �alt � �altð Þ �0:000526F10:7þ 0:182185ð Þ; ð19Þ

where zalt (km) denotes the associated density altitude, dalt
(km) denotes the average associated density altitude during
the ballistic coefficient determination period and F10.7 is
the solar radio flux (10−22W/sm2). The numerical values
stated in equation (19) are derived from the linear fit of the

Figure 4. The number of derived density ratios from the TLE sets of the 41 satellites over the 40 years of
historical data.
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data supplied by the studies involving the dependence of
drag coefficient on altitude [Moe and Bowman, 2005].

6. Results

[55] From the TLE data of the 41 satellites over the 40‐
year historical period 44,843 density ratios were obtained.
The derived density data were unevenly distributed between
the altitudes of 200 and 600 km as shown in Figure 4. All
data points within each bin were averaged to provide one
value of density ratio. This reduced the noise in the long
term trend signal as well as eliminating any bias in the linear
trend analysis caused by an increase in data points from one
region of the historical period.
[56] The derived density ratios were grouped into altitude

bins positioned at 10 km altitude intervals, as well as 1‐year
temporal intervals. This resulted in a time series of 40
averaged density ratios for each altitude bin. Performing a
linear regression analysis on each time series of density
ratios provided estimates of long‐term secular trends. The

resulting altitude‐dependent trends are shown in Figure 5 for
the average change in density per decade.
[57] Some altitude bands showed inconsistent results with

the general altitude dependent trend. From investigating the
spread of density ratios as shown in Figure 4, regions that
returned spurious regression values were identified and
removed from further analysis. It was found that density
ratios had a reliable signal‐to‐noise ratio, due to the noise
errors of the TLE ephemerides, when there were more than
approximately 20 ratios per bin. Anything less than 20
showed inconsistent and spurious results. With the excep-
tion of altitudes between 200 and 240 km spurious results
were obtained with regions with less than 20 density ratios.
The density ratios derived between the altitudes of 200 and
240 km were mostly derived from one satellite (ID 06073),
which was in a relatively stable orbit. As such, after aver-
aging the density ratios into one‐year temporal bins a reli-
able time series of density ratios were obtained for those
altitudes.
[58] During the minimum of solar cycle 23–24, the Sun’s

activity remained very low for a period of time longer than
average. As a result, record‐low densities were observed in
the thermosphere [Emmert et al., 2010]. When the
NRLMSISE‐00 model was formulated, it was based on
empirical data from observations before the year 2000. More
specifically, the data set used to obtain the analytical coef-
ficients for the atmospheric model did not contain density
values as low as those observed during the minimum of
solar cycle 23–24. Therefore, after correlating solar flux
indices with pre 2000 observed density values, the
NRLMSISE‐00 was based on observations that did not
extend to the values witnessed during the solar minimum
23–24. Therefore, the empirical atmospheric model would
not accurately predict atmospheric densities during a time
when observed densities were reduced below previous
records. From the density ratios derived from sample alti-

Figure 5. The altitude‐dependent secular trend results from
a linear regression analysis of the density data.

Figure 6. From the derived density ratios within the altitude bins of 400 and 520 km, the anomalies
associated with solar cycle minimum 23–24 can be clearly seen.
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tudes of 400 and 520 km, a reduction in observed density
was apparent during the time of solar cycle minimum 23–24
(2008–2009), as shown in Figure 6. These sample altitudes
were shown to demonstrate the difference in errors associ-
ated with the density ratio drop during the solar minimum of
cycle 23–24. The errors associated with the density trends
during this minimum, shown in Figure 6, signify a more
certain density drop at 400 km than at 520 km. However,
from the data obtained and shown in Figure 6 it is not
possible to definitely say whether the amplitude of the drop
is more significant for the lower altitude band. For example,
at the altitude of 580 km the density ratio for 2008 was
0.6544 with an error of 14.4% above and below this value.
The errors above and below the density ratio for 2008 for
both the altitude bands of 400 and 520 km were 16.5 and
35.5% respectively. Therefore, due to the errors in the
results obtained, most significantly due to the errors in the

TLE ephemeris data, no definite conclusion can be drawn
from the altitude‐dependent behavior of the density drop of
the minimum of solar cycle 23–24.
[59] Due to these record‐low density observations, the

density ratios derived in this study from the period of solar
minimum cannot be assumed reliable. Therefore, taking into
consideration the spurious regressions results as described in
the previous paragraph, in addition to the derived density
ratios from the solar minimum of cycle 23–24, the altitude‐
dependent model of long‐term secular density change was
truncated as shown in Figure 7. A linear best fit was applied
to the highly scattered density trend values resulting in an
altitude‐dependent relationship of −0.5426% per 100 km in
altitude. However, the regression coefficient for this line is
only 0.1334 therefore only tentatively supporting the alti-
tude dependent relationship. The errors associated with the
trend values are shown. These errors are the maximum and
minimum trend values that could occur from the possible
range of values of the density ratios as denoted by the error
bars in Figure 6.
[60] The theory behind thermospheric cooling [Roble and

Ramesh, 2002] suggests the concentrations of the local
atmospheric gas species are of prime importance. During the
11‐year cycle, whereby the atmosphere swells and contracts,
the relative composition and density of the atmosphere
could increase the reaction rate of energy transfer between
the molecules of different gas species. Therefore, it is rea-
sonable to assume that during times of varying solar activ-
ity, thermospheric cooling would also vary. The method of
linear regression was again applied to the derived density
ratios, but this time dividing the data into high and low solar
activity: F10.7 <90 and >90 SU (Standard solar flux units
10−22W/sm2) respectively. The results gave a reduction in
thermospheric cooling during times of high solar activity
and an increase in cooling during low solar activity as
shown in Figure 8. Emmert et al. [2004] also performed an
analysis of secular trend variation with solar flux. Their
results were spread over several solar flux bins and also

Figure 7. The linear altitude‐dependent model of long‐
term secular density change after removing spurious regres-
sion results as well as truncating the historical period at the
minimum of solar cycle 23–24. The error bars denote the
maximum and minimum trends that could result from the
errors presented for each altitude bin as shown in Figure 6.

Figure 8. Thermospheric cooling rates during times of high (F10.7 > 90 SU) and low (F10.7 < 90 SU)
solar activity, plotted against the cooling rates using the combined data set of derived density ratios. Error
bars have been omitted from this plot for clarity but are similar in magnitude and behavior to those shown
in Figure 7.
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showed an increase in the cooling trends during times of low
solar activity.

7. Discussion and Spectral Analysis

7.1. Orbital Propagation Errors

[61] By using a numerical propagator, many assumptions
are made about the satellite and perturbations. For this study,
the errors associated with most of these assumptions can be
easily negated due to their relatively insignificant magnitude.
However, other assumptions need to be addressed.
[62] The acceleration model used to estimate satellite orbit

perturbations is based on analytical theory. To model the

non‐spherical geometry of the Earth in terms of its gravi-
tational field, a mathematical formulation using Legendre
polynomials was used to simulate the variations in zonal and
tesseral gravitational harmonics. To perfectly model the
Earth’s gravitational field, the order and degree of harmo-
nics included in this model must be infinite. However,
obviously it is impossible to achieve such a detailed repre-
sentation. Therefore, to establish a sensible limit to the detail
of the acceleration model, the quantity that is being inves-
tigated is the deciding factor. In this study, the change in
semi‐major axis is the parameter through which all analyses
are made. So by investigating the effects of the modeled
perturbations on the semi‐major axis we were able to

Figure 9. The rate of change and cumulative change in semi‐major axis due to the modeled perturba-
tions in AETHER.
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determine the limit of detail required for the gravitational
potential expansion.
[63] Figure 9 shows the variation and cumulative variation

in semi‐major axis caused by all the perturbations modeled
in AETHER: Earth’s gravity, atmospheric drag, the Moon’s
gravity, the Sun’s gravity and SRP. When using the mean
motion given in the TLE data, we assumed it was the result
of atmospheric drag alone. However, in reality, all pertur-
bations cause a secular change in the semi‐major axis;
Figure 9 attempts to capture the significance of atmospheric
drag in terms of its secular effect. The other plots shown in
Figure 9 demonstrate the relative lack of secular effect
caused by the other main orbit perturbations. Therefore we
can conclude that using the change in semi‐major axis as
inferred from the mean motion given in the TLE sets is an
acceptably precise method.
[64] When approximating atmospheric drag in AETHER,

an estimate of local atmospheric density is obtained using
the NRLMSISE‐00. The state of the atmosphere is largely

affected by the irradiance of the sun. More specifically the
extreme ultraviolet (EUV) emissions from the sun directly
affect the upper atmosphere. Therefore, to model atmo-
spheric density, the magnitude of the EUV emissions would
be assumed a necessity. Unfortunately, nearly all the EUV
radiation is absorbed in the upper atmosphere and so
ground‐based observatories are unable to measure the EUV
radiation interacting with the upper atmosphere. However,
the solar F10.7 cm radio flux does reach the ground and can
be used as an approximate proxy to EUV radiation. How-
ever, the correlation of F10.7 with EUV is not perfect and so
during times of extreme values in the EUV radiation, using
the F10.7 indices can cause erroneous results. Liu et al.
[2006] performed a study comparing the relationship
between F10.7 and EUV radiation using daily averaged data
gathered from the Solar EUV Monitor on board the Solar
Heliospheric Observatory, launched in 1995. Between the
years 1996 and 2005 the relationship between the F10.7 and
EUV flux was found to be nonlinear. From a study of a solar
EUV flux model, Tobiska and Barth [1990] stated that the
correlation coefficient between EUV fluxes and the ground‐
based F10.7 flux measurement was approximately 0.9.
[65] As this study required the ability to numerically

predict atmospheric density over the historical time period,
it was necessary to use a model that was compatible with the
available solar flux indices (F10.7); only recently with the
launch of solar observational satellites has the EUV radia-
tion become directly measureable. Therefore, based on a
statistical analysis by Picone et al. [2002], we used the most
accurate and complex empirical atmospheric model avail-
able, the NRLMSISE‐00. With regards to the results
obtained in this study, using the NRLMSISE‐00 to provide
a comparative numerical atmospheric density is acceptable
for the majority of the historical time except during times of
extreme values of EUV emissions. The only period where
this is the case is during the solar minimum of cycle 23–24,
where the F10.7 value reduced beyond the previous three
solar cycle minima by approximately 5.2%. This is derived
from the relation between the minimum of solar cycle 23–43
of 59.3 SU and the average of the previous three solar cycles
20–21, 21–22 and 22–23 that reached 62.5, 61.9 and 62.9
SU respectively. For this reason the density ratios defined
during these periods could not reliably contribute to the over
density trend was therefore eliminated from our concluding
results.

7.2. Comparison With Previous Studies

[66] From previous studies into long‐term secular changes
in atmospheric density, the one that most closely represents
the historical and altitude boundaries as investigated in this
study was that done by Emmert et al. [2008]. They showed
a secular density change of −2.68 ± 0.49% per decade at
400 km, with trends of approximately −5 and −2% per
decade at solar minimum and maximum, respectively. Their
previous study [Emmert et al., 2004] estimated a density
trend of −2% per decade at 200 km altitude, increasing to
−5% per decade at 700 km. This earlier study agrees more
closely with the results presented in our study, with the
mean of our results showing a density trend of −4% per
decade at 200 km, increasing to −6% at 600 km. However,
the errors associated with the TLE ephemerides make a
direct comparison difficult as the trend values contain large

Figure 10. The resulting periodicities from a Fourier spec-
tral analysis of the density ratios of five altitude bins.
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errors that increase with altitude. This makes the connection
of similarity with the study by Emmert et al. tentative. Also,
the studies by Marcos et al. [2005] and Qian et al. [2006]
both obtained a secular density decrease at approximately
400 km of 1.7% per decade. This is approximately 3% more
than our results. However, out of all the altitude bins
included in our results, the region of 350–450 km shows the
most variability from the linearly approximated altitude
dependent trend. Qian et al. go on to estimate that if data
were used up to the end of solar cycle 24 (∼2008) then the
secular trend would be greater at approximately 2.7%.
Therefore, agreement between our results and those of
Marcos et al. and Qian et al. are both possible. Both our
study and the study by Emmert et al. [2004] use much of
the same satellite TLE data; and thus our investigation of
the same phenomena using a different method has served to
validate the existing estimates of the secular rate of ther-
mospheric density decrease.

7.3. Fourier Spectral Analysis

[67] To investigate the nonlinear behavior and whether the
rate of thermospheric density change could be connected
with any particular natural phenomena, a Fourier spectral
analysis was performed at five altitude locations: 380, 400,
430, 560 and 580 km. The bandwidth of periodicities ana-
lyzed ranged from 0 to ∼20 years. Any periodicity longer
than 20 years would not be clearly identifiable within a
sample of 40 years, as in our study, so a 20‐year periodicity
was deemed the upper boundary. Figure 10 shows the
spectral analyses from the five altitude bands.
[68] All altitude bands show good agreement with the

major peaks in periodicities. To refine the general results,
the five spectral analyses were combined and normalized to
highlight the most prominent periodicities. By doing this,
altitude dependence was lost and so only general thermo-
spheric behavior can be deduced. Figure 11 shows the
combined spectral analyses. From this we can see two sig-
nificant periodicities existing in the derived density ratios.
Unsurprisingly, we can see the most powerful periodicity
coinciding with the 11‐year solar cycle at approximately
10.47 years. Therefore, realizing a connection of long‐term
secular density change with varying levels of solar flux
merits the attention given earlier when attempting to quan-
tify a relationship between these parameters.

[69] The second most powerful periodicity peaks at
approximately 5.37 years. It shows a strong correlation with
semi‐solar cycle variation, suggesting a thermospheric
reaction during times of transition from high to low solar
activity. This is supported by the density ratios derived from
Emmert et al. [2004] and Marcos et al. [2005] where they
present two minima in density ratios: one at solar minimum
and the other at solar maximum.
[70] The increase in spectral power for the periods of

13 years and longer is thought to be a manifestation of
the secularly declining nature of the density ratios. It is
possible that the Fourier spectral analysis confused the
declining trend as an initial part of a waveform with longer
periodicity than the historical 40‐year period. Only further
analysis beyond the scope of this study would provide a
definitive answer.
[71] With regards to the other frequency peaks, their

causes are less clear and would require a more detailed study
to investigate further. However, we have shown that in our
limited data set of 41 satellites there is a reasonable case for
the existence of periodic variations with approximate
lengths of 6.48, 7.85 years.

8. Conclusions

[72] We used a new method of estimating satellite ballistic
coefficients as well as deriving changes in thermospheric
density combined with the TLE data from 41 satellites over
the historical period between the years 1970 and 2010 to
show a long‐term secular density trend existing in the
thermosphere. On average, the secular density change is
shown to decrease from approximately −4 to −6% per
decade from 200 to 600 km respectively. This agrees with
the initial study by Emmert et al. [2004], who used much of
the same satellite TLE data. From the differences seen
between the first and second study by Emmert et al. [2004,
2008], it appears worthwhile to extend the range of this
study to cover significantly more satellite TLE data. How-
ever, the results support the existing mode of thought
regarding long‐term global thermospheric density change.
[73] From a Fourier spectral analysis of the derived den-

sity data, four major periodicities were shown to exist over
the 40‐year historical period. Therefore, the long‐term sec-
ular change has been validated as a nonlinear phenomenon.
As previously mentioned a more detailed study using more
satellite data would give a better picture of periodicities in
thermospheric density change. We showed strong evidence
of a relationship between thermospheric density change and
solar activity validating our analysis of the derived density
data during times of high and low solar flux. It has been
shown that thermospheric cooling increases, relatively, dur-
ing times of low activity. Only relative changes of cooling
rates between high and low levels of solar flux can be inferred
owing to the particular method used in this study.
[74] With the increasing amount of evidence for a long‐

term thermospheric density reduction, any system affected
by atmospheric density in this region needs to be re‐
evaluated. The most significant effects would be to
orbiting objects, as a reduction in thermospheric density
would remove the natural sink of orbit degradation; good
news for propellant management systems on board most

Figure 11. The combined spectral analysis data from the
five altitude bands.
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orbit‐maintained satellites; bad news for the space debris
population and increasing risks of catastrophic collisions.

[75] Acknowledgments. Robert Lysak thanks the reviewers for their
assistance in evaluating this paper.
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