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Predicting the orbits of space objects in low-altitude orbits requires an accuratemodel for the atmospheric neutral

density. The current accuracy of semi-empirical models limits the prediction accuracy and impacts a number of

operational decisions. The currentmodels are based on sparsemeasurements of the neutral density, collected over an

extended period. One of the problems is observing the thermosphere density changes in response to the solar and

geomagnetic variability on short temporal scales, such as those characterized by geomagnetic storms. The stochastic

behavior of the solar forcing represents one of the major challenges in predicting satellite orbits. In situ

measurements of thedensity canplay a significant role in improving the structure of the neutral densitymodels and in

providing a timelymeasurement for enhancing the accuracy of the satellite predictions.Measurements fromorbiting

accelerometers carried by the twin Gravity Recovery and Climate Experiment satellites have the potential for

providing accurate and timelymeasurements to improve the satellite prediction accuracy. The objective of this paper

is to describe the procedure for using the Gravity Recovery and Climate Experiment accelerometer measurements

for determining accurate density measurements.

Nomenclature

Ak = area for the kth satellite surface
Au = astronomical unit
B�t� = constant and variable accelerometer environmental

influences
B� = estimated accelerometer bias
b, _b, �b = vector offset of proof mass from satellite center of

mass and its time derivatives
CDk = atmospheric drag coefficient for the kth surface
Cdif = diffuse reflectivity coefficient for the satellite surface

element
CLk = atmospheric lift coefficient for the kth surface
Cspc = specular reflectivity coefficient for the satellite

surface element
D = atmospheric drag acceleration
dA = satellite surface element
fd = atmospheric drag scale factor
fd = other disturbing influences on the accelerometer

proof mass
f exc = accelerometer sensor unit excitations
fng = satellite nongravitational accelerations
fobs = accelerometer measurement
f true = estimate of true nongravitational accelerations
G�f exc� = accelerometer nonlinear response to input excitations
m = satellite mass
n = unit vector normal to the satellite surface element
nk = normal direction for the kth satellite surface
n�t� = accelerometer measurement noise

R = distance to the sun
Rs = satellite position vector in the inertial system
S = estimated accelerometer scale matrix (assumed

diagonal)
S = unit vector to the sun
Sf = solar flux constant
V = satellite velocity with respect to the atmosphere
Va = atmosphere velocity
Vs = satellite velocity in inertial system
Vw = thermospheric wind velocity
� = gravity gradient matrix at the accelerometer proof

mass
� = atmospheric density
��t� = accelerometer nonorthogonality matrix
�E = Earth’s rotation rate
�E = Earth’s angular velocity
!, _! = satellite angular velocity and angular acceleration
!a = atmosphere rotation rate
^ = ratio of the atmosphere rotation rate to the Earth’s

rotation rate

I. Introduction

C HANGES in the density and composition of the neutral
atmosphere create variations in the drag effects on the low-

Earth orbiters (LEO), and these effects must be carefully accounted
for in LEO mission predictions for maneuver planning, reentry
prediction, collision hazard avoidance, risk analysis, and tracking of
objects in space using narrow-field-of-view sensors. Existing
empirical density models used for these purposes lack the spatial and
temporal resolution to account for dynamic changes in the neutral
density. The discrepancies betweenmodels and observations appear,
in particular, at high latitudes, in which there is extreme variability in
the electric field and aurora particle precipitation. To increase the
accuracy and the spatial and temporal resolution of density values for
drag computations, the U.S. Air Force Space Command’s High-
Accuracy Satellite Drag Model (HASDM) [1] has emerged, which
uses the analysis of the evolution of the trajectories of 60–75 LEO
spacecraft to obtain real-time corrected density calculations. The
availability of data from accelerometers onboard LEO missions
offers great potential for the improvement of such density-modeling
efforts. Two missions presently carry accelerometers in low-Earth
orbit. The Challenging Minisatellite Payload (CHAMP) [2] is an
Earth-gravity andmagnetic fieldmappingmission, launched in 2000
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by the DLR, German Aerospace Research Center into a near-500-
km, 87-deg inclination orbit. The joint NASA/DLR Gravity
Recovery and Climate Experiment (GRACE) [3] is an Earth-gravity
mapping mission launched inMarch 2002, with twin satellites in 89-
deg inclination, coplanar, 500-km-alt orbits, separated by 220 km
along the track. The initial altitude has decreased over the course of
their more than five-year mission lifetimes. Each of the three
satellites carries a high-accuracy accelerometer (ACC) to measure
the nongravitational force on the satellite, which, for their respective
orbit altitudes, is predominantly atmospheric drag. The accel-
erometers onboard the GRACE satellites are well suited to the
purposes of density-model improvements. The instruments have
demonstrated stable performance over their four years in orbit, and
the data have demonstrated extraordinary precision in the
measurement of the accelerations due to the nongravitational forces.
Furthermore, the availability of two identical instruments offers a
means of cross validation and blunder detection for the two sets of
density estimates. The effects of the neutral winds and atmosphere
rotation are a part of the signals contained in the accelerometer data.
Separation of the effects of the meridional winds, in particular, will
lead to improved determination of the neutral density and to
advances in the understanding of the Earth’s thermospheric dynamic
response to the insertion of energy and momentum.

II. Accelerometer Application to Density Investigations

The importance of accelerometer measurements has been shown
from the analysis of the miniature electrostatic accelerometer
(MESA) accelerometer data [4,5] and the spatial triaxial
accelerometer for research (STAR) from CHAMP [6]. The GRACE
mission uses a more accurate version of the STAR (SuperSTAR) on
each of two satellites, which orbit in the same plane separated by a
nominal distance of 220 km. The accurate measurements of the
nongravitational accelerations of the GRACE satellites can also
provide a critical assessment of the currently used nongravitational
force models. The drag model is specified by the reference
atmospheric density and the drag coefficient, and the former
indirectly affects the determination of the density from ACC data.
The drag coefficient, as a measure of gas-surface interaction, is a key
component, for which the uncertainty is the dominant error source in
the derived density fromACCdata. The use of the accelerometer data
for density determination is based upon a good understanding and
accounting for those error sources. The purpose of this presentation is
to describe the methodology for analyzing the ACC data from the
two GRACE satellites and its use in the determination of the neutral
atmospheric density at the GRACE satellite altitudes.

A. Accelerometer Analysis Methodology

The processing of the accelerometer data to obtain accurate neutral
density and thermospheric wind fields is a complicated process
dominated by four essential components. The first of these
components is the accurate calibration of the raw accelerometer data.
At present, the processed accelerometer products are tailored for
gravity-field-determination applications. The accelerometer data
must be reprocessed for the unique needs of the aeronomy
applications. The second is the development of accurate surface area
and interaction models for the effects of solar and Earth radiation
pressure effects acting on GRACE satellites. Removal of solar and
Earth radiation effects from the accelerometer data is required to
avoid aliasing both long-wavelength and episodic artifacts (such as
shadow-crossing effects) into the resulting atmospheric products.
The third addresses the role of the satellite lift and drag coefficients,
and the fourth lies in the determination of the atmospheric rotation
and wind.

The SuperSTAR accelerometer outputs are obtained by a sensor
unit (SU) based on the measurements of the analog voltages that
provide the electrostatic forces needed to maintain the proof-mass
suspension at the center of a cage. The analog signals from the SU are
digitized through a Butterworth filter by the instrument control unit
(ICU). The net force, or the “excitation” of the sensor unit, is
composed of many effects, which can be written as

f exc � fng �! �! � b� _! � b� 2! � _b� �b � �b� fd
(1)

The first term on the right is the sum of all the nongravitational
acceleration signals, including atmospheric drag, Earth and solar
radiation pressure, and residual thrust accelerations from the firing of
the attitude control andmaneuvering jets. The next four terms are the
proof-mass motion in a satellite-fixed rotating frame attached to the
accelerometer, but for which the origin is offset from the satellite

center of mass by the vector b ( _b and �b are the first and second time
derivatives). The GRACEmission controls this magnitude to be less
than 100 �m, small enough that the rotational accelerations can be
neglected. This assumption is not necessarily valid for other satellite
accelerometers. The body-fixed axis rotates with the angular velocity
! and angular acceleration _! of the satellite. The 3 � 3 matrix �
represents the matrix of the gradients of gravity at the accelerometer
proof mass. Finally, fd represents the vector of the remaining
disturbing influences on the accelerometer proof mass relative to its
electrode cage, but which do not contribute to a change in linear
momentum of the spacecraft (e.g., structural influences).

The digital data by the ICU are delivered at a 10-Hz rate. The
process ofmakingmeasurementswith a noisy instrument, alongwith
the associated environmental effects, allows the instrument output to
be represented as

f obs �B�t� ���t�f exc � G�f exc� � n�t� (2)

whereB�t� is the sumof a (constant) bias and variable environmental
influences such as thermal variability of the instrument. The 3 � 3
matrix��t� contains scale factors along its diagonals and represents
the nonorthogonality of the proof mass and electrode cage with its
off-diagonal elements. This matrix may also be time-dependent due
to environmental influences. The third term denotes the small
nonlinearity of the response of the accelerometer to its input
excitation and is neglected in the following analysis. The last term
denotes measurement noise. Finally, the ground data processing
converts the raw 10-Hz measurements into the so-called GRACE
level-1B data products [7] at a 1-Hz rate. The primary characteristics
of the SuperSTAR payload on the GRACE satellites are summarized
in Table 1.

The accelerometer measurements from GRACE are not absolute
measurements of the nongravitational forces acting on the spacecraft.
The true acceleration due to the nongravitational force on the
spacecraft is modeled as

f true �B� � Sfobs (3)

whereB� is a modeled offset in the measured acceleration fobs in the
three orthogonal accelerometer axes, and S is a 3 � 3matrix with its
diagonal elements used to scale elements of fobs. Because f true and
the gravitational acceleration drive the motion of the satellite in
space, the bias and scale factor must be determined as part of fitting
the satellite orbit to the tracking data. This is accomplished during the
operational GRACE gravity-field determination [3]. The biases for
three components were solved in one-day intervals and the scale
factors were solved monthly to obtain a more stable separation of the
bias and scale factors. Figures 1 and 2 show the daily bias and

Table 1 SuperSTAR performance specifications

Measurement
bandwidth

�3 Hz within the range 10�4 Hz and 40 mHz

Dynamic range Nominal mode: 	50 �m=s2 in Y=Z;
	500 �m=s2
in X (cross-track)

Linear acceleration
output

10-Hz rate, 24-bit conversion (10�11 m=s2

precision in Y=Z)
Angular accel output 1-Hz rate, 24-bit conversion
Housekeeping 10-s output of critical proof-mass voltage

and position measurements; 60-s output
of SU and ICU temperatures
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monthly scale factor estimates for the along-track accelerations for
GRACE-A and GRACE-B from the GRACE monthly gravity
solutions. The regression coefficients from a linearfit to the daily bias
and monthly scale estimates were used to scale and remove the bias
for the level-1BGRACEACCdata in the density determination. The
rms after the linear fit is less than 0:006=s2 for the bias and 0.002 for
the scale for both satellites. The accelerometer instruments are
identical for GRACE-A and GRACE-B, but the system biases are
different. The scale estimated from the gravity solutions appears to
be variable from one month to another, and there is a clear change in
character in both the scale and bias time series occurring in early
2003. In future analyses, the linear regression will be split into
separate intervals.

After applying the bias and scale factors, the accelerometer data
represent the best estimate of the total surface forces acting on the
spacecraft. These include atmospheric drag, solar and Earth radiation
pressure, and episodic thrusting events associated with the

imbalances in the attitude control system. In the analysis here, the
level-1B products were meant for gravity processing, and so the
thrusting events had to be retained. By design, there are no thrusters
in the along-track direction, and so the effect of these thruster
imbalances is relatively small for this component. They are
considerably larger for the cross-track component, which affects the
recovery of the zonal winds from the accelerometer data. In addition,
the high rate data (10Hz)were filtered and sampled down to 1Hz. To
retain density variations occurring at shorter time scales, the original
unfiltered 10-Hz data would have to be processed.

To extract the atmospheric density from these measurements of
the surface forces, the effect of radiation pressure must be subtracted
and a model for the relationship between the drag acceleration and
the atmosphere density must be employed. The models for the
radiation pressure and the atmospheric drag are described in the
following section.

B. Models for the Drag Acceleration

The atmospheric drag acceleration on a satellite is expressed as

D �� 1

2

 � 


X6
k�1

Ak
m
�CDk�V 
 nk�V � CLk�V � nk� � V� (4)

where

V � Vs � Va Va �^�Rs ��E� � Vw (5)

Ak and nk are the area and normal direction of the corresponding kth
surface defined in the satellite body-fixed system (only five of the six
surfaces are involved at any time); V is the velocity of the satellite
with respect to the atmosphere velocity, defined as V � Vs � Va,
where Vs and Va �^�Rs ��E� � Vw are the velocity of the
spacecraft and atmosphere in the inertial system, respectively; Rs is
the position vector of the satellite; ^ is the ratio of the atmosphere
rotation rate!a to the Earth’s rotation rate�E defined as!a=�E;�E

is the Earth’s angular velocity; and Vw is the thermospheric
wind. The satellite mass m (in kilograms) and time (in modified
Julian date format (TMJD) is modeled as m� 482:6-0:0061 �
�TMJD-52850� for GRACE-A and m� 484:69-0:0038�
�TMJD-52850� for GRACE-B.

The calculation of atmospheric drag with Eq. (4) requires the
determination of the drag and lift coefficientsCDk andCLk. These can
be estimated using GPS or other tracking of the satellite, but to do so
involves adopting an a priori density model, and the separation of the
mean density from the parameter estimates is not possible [8]. These
coefficients can also be determined from physical models, as
described next.

At high altitude, in which the atmosphere is assumed to be in
thermal diffusive equilibrium, the aerodynamic force is the net
momentum delivered to the satellite surface by the incident and
reflected molecules. The drag and lift coefficients are a measure of
the gas–surface interaction. The total momentum striking a flat
surface of unit area in the normal and tangential direction can be
computed [9] based on the assumption that the free-molecular flow
through a uniform gas in equilibrium and with a Maxwellian
distribution of velocity. The major uncertainty is the modeling of the
momentum carried away from the surface by the emitted molecules.
Experiments have shown that the character of the reemission
depends on the temperature at the satellite surface. A number of
models were proposed and examined in the past several decades.
These models include the Schamberg model [10] and the Nocilla
model [11]. TheNocillamodel has been reported tofit themajority of
the reflected velocity distributions that were observed in molecular
beam experiments [12]. Because of its simplicity and popularity, the
Schamberg model was used for the calculations of the drag and lift
coefficients. However, the uncertainty of the drag coefficient from
this model may not be predictable to better than 10%, which must be
taken into account in determination of the density from ACC data.
With the applied atmospheric density model and the ratio of the
effective area-to-mass ratio known with sufficient accuracy, a scale

Fig. 1 Estimated bias for along-track accelerometer data.

Fig. 2 Estimated scale factor for along-track accelerometer data.
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factor fd for the drag (and lift) forcewas adjusted over a selected time
interval to best fit the GRACE tracking data. The estimated
scale factor fd is used to make the model best fit the actual
atmospheric drag that the GRACE satellite experienced. The three-
year mean of the fd estimates accounts principally for systematic
error in modeling the drag coefficient and can used as a calibration
factor for the drag coefficients to determine the density from ACC
data.

C. Solar Radiation Pressure Modeling

The model used for calculating the effects of the solar radiation
pressure is a critical component in separating the atmospheric drag
from the overall surface forces. The radiation force on a satellite is
the net momentum per unit time exchanged between the satellite
surface and sunlight (or Earthlight). The radiation force acting on
the element surface dA of the satellite can be expressed as follows
[13]:

dF��Sf
�
Au
R

�
2

��1 � Cspc�S

� 2�Cdif=3� Cspc cos ��n�
dA

m
j cos �j (6)

where S and n are the unit vectors for the satellite to the sun and
normal direction of the satellite surface; m is the mass of the
satellite; Sf is the solar flux constant; Au is the astronomical unit; R
is the distance to the sun; Cspc and Cdif are the specular and diffuse
reflectivity coefficient of the surface, respectively; and
cos �� n 
 S.

Because the solar flux is nearly constant, the modeling of the
radiation force depends on the accuracy of the effective cross-
sectional area and the reflection properties of the various satellite
surfaces. The latter are specified by the coefficients of the absorption,
specular, and diffuse reflection coefficients (the ratio of the absorbed
or reflected momentum of the satellite surface to the incident
momentum carried by sunlight). In the current orbit computations,
the radiation acceleration force is evaluated for each individual
surface, with the area and absorption or reflectivity coefficients
specified in the GRACE product specifications [14], but the
uncertainty in these values is unknown in the space environment. In
addition, the spacecraft structure is currently represented by a small
number of simple surfaces, whereas the actual surfaces are more
complicated and consist of several differentmaterials. Consequently,
efforts are required to improve both the calculation of the radiation

pressure forces for a better determination of the density and,
especially, for studies of the wind field from the cross-track
accelerometer data.

III. Discussion of Results

Figures 3 and 4 show a comparison of acceleration magnitude
from the various models for the various surface forces acting on the
GRACE-A satellite for the along-track (Fig. 3) and cross-track
(Fig. 4) directions. The radial component of the ACC data is not used
for determining the density. The results span four orbital revolutions
on 5 November 2004. The model effects for the drag and the solar
radiation pressure are shown as individual components. The drag
component is from the 1978 drag-temperature model (DTM78) [15]
density model. Drag clearly dominates the along-track component,
but the contribution from radiation pressure is not negligible and
must be accurately modeled before removal. The large contributions
of radiation pressure to the radial and cross-track components can be
used in calibrating the radiation pressure model. Note that the along-
track acceleration is relatively free from the accelerations associated
with the attitude control system thrusting. However, the cross track
has large impulsive accelerations, which must be removed to obtain
an accurate estimate of the cross-track drag and wind-induced
acceleration. Note the influence of the rapid change in the radiation
pressure as the satellite goes into the Earth-shadowed region. The
model for the radiation pressure must be accurate, because the
entrance into shadow occurs near the poles, in which there is
considerable interest in other rapidly varying atmospheric
phenomena. Throughout most of the sunlit periods, the radiation
pressure is a significant fraction of the drag acceleration.

Figure 5 compares the density recovered for a quiet day
(1 August 2002) with the atmospheric density calculated using the
DTM78 and the 1971 Jacchia (J71) [16] density models, in which a
mean adjustment was made to allow comparison with the variations.
The time interval covers a little over two orbital revolutions. As
expected, the agreement between density estimates from GRACE-A
and GRACE-B is generally much better than the agreement with the
models. For the data span shown, the agreement with DTM78 is
better thanwith the J71model. These densitymodels predict only the
smooth or slowly changing components of the atmospheric density
variations. The results indicate that the GRACE accelerometer data
provide an important measurement for improvement in modeling of
density variations at the GRACE altitude. In addition, the difference
between the density variations measured by two GRACE satellites,
separated by �200 km, will reveal the interesting spatial features

Fig. 3 GRACE accelerometer data and comparison with surface forcemodels for the along-track component on 5 November 2004. The nominal model

is the sum of the models for drag and solar radiation pressure.
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with density variations at a resolution of a few hundreds of
kilometers.

IV. Conclusions

Accurately determining the neutral density from satellite
accelerometer measurements requires the following:

1) The scale factor and biases for each accelerometer axis must be
determined and the data must be aligned with inertial space.

2) Artifacts (thrusts, twangs, etc.) must be removed or filtered.
3) Surface forces other than atmospheric drag must be accurately

modeled and removed from total nongravitational accelerations
observed by the accelerometer.

4) The model of the drag force must accurately represent the
interaction between the atmosphere and the spacecraft surfaces to
infer density.

Following this procedure, the accelerometer data from the twin-
satellite GRACE mission were analyzed to derive the total
atmospheric neutral density. Although some models appear to fairly
well represent the smooth or slowly changing components of the
atmospheric density, very dramatic departures from the models are
observed in the GRACE data.

It was noted previously that the accuracy of the calculated
atmospheric density is limited by the uncertainties in the ballistic
coefficient, atmosphere rotation rate, and upper atmospheric winds,
as well as the calibration parameters (bias and scale factor) for the
accelerometer data. For GRACE, the accelerometer parameters are
generally well-determined (typically, better than 0:01 �=s2) and
contribute very little to the error. The uncertainty of the drag
coefficient could be 5 to 10% or more [17].
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