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Modeling Orbit Dynamics of
FORMOSAT-3/COSMIC Satellites for
Recovery of Temporal Gravity Variations

Cheinway Hwang, Ting-Jung Lin, Tzu-Pang Tseng, and Benjamin Fong Chao

Abstract The precise GPS high low tracking data from the
joint Taiwan USA mission FORMOSAT-3/COSMIC (COSMIC)
can be used for gravity recovery. The current orbital accuracy
of COSMIC kinematic orbit is 2 cm and is better than 1 cm
for 60-s normal points. We model the perturbing forces acting
on the COSMIC spacecraft based on standard models of orbit
dynamics. The major tool for the numerical work of force mod-
eling is NASA Goddard s GEODYN 11 software. Considering that
COSMIC spacecrafts are not equipped with accelerometers, the
accelerations due to atmospheric drag, solar radiation pressure,
and other minor surface forces are modeled by estimating relevant
parameters over one orbital period from COSMIC s kinematic
and reduced dynamic orbits. We carry out experimental solu-
tions of time-varying geopotential coef cients using one month
of COSMIC kinematic orbits (August 2006). With the nongravity
origin forces properly modeled by GEODYN |11, residual orbital
perturbations (difference between kinematic and reference orbits)
are assumed to be linear functions of time-varying geopotential co-
ef cients and are used as observations to estimate the latter. Both
COSMIC and combined COSMIC and GRACE gravity solutions
are computed. The COSMIC solution shows some well-known
temporal gravity signatures but contains artifacts. The combined
COSMIC and GRACE solution enhances some local temporal
gravity signatures in the GRACE solution.

Index Terms FORMOSAT-3/COSMIC (COSMIC),
GRACE, kinematic orbit, temporal gravity.

GPS,

l. INTRODUCTION

AUNCHED in April 2006, the FORMOSAT-3/COSMIC
(COSMIC) is a joint Taiwan USA satellite mission. The
acronym COSMIC stands for Constellation Observing System
for Meteorology, lonosphere, and Climate and will be used
hereafter to represent FORMOSAT-3/COSMIC. In addition
to its primary objectives of meteorological and ionospheric
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research, the data from this mission can be useful for such
geodetic applications as orbital science of low-Earth orbiters
(LEOs), observation of the Earth s gravity eld, and improve-
ment of GPS satellite orbits, as shown in [1] [3]. Such geodetic
applications of COSMIC rely on the data from the GPS pre-
cise orbit determination (POD) receivers on the six COSMIC
satellites. The GPS POD payloads are detailed on the Web page
of the National Space Organization (NSPO) of Taiwan
(http://www.nspo.org.tw/). Using the same POD procedure
as in [4] and [5], the current estimates of orbit accuracy
of the COSMIC kinematic orbits are at the centimeter and
subcentimeter levels at the 5- and 60-s sampling intervals,
respectively (see also [6] and [7]). For gravity recovery, the
geometrically determined COSMIC kinematic orbits are func-
tions of orbit dynamic parameters, including geopotential co-
ef cients, and, thus, can be regarded as observations in the
least square estimation of these parameters. In view of the large
number of satellites (six), varying altitudes of 500 800 km,
simple satellite geometry (Section I1-B), and an expected life
span of more than ve years, the GPS data of COSMIC are
particularly suitable for temporal gravity recovery.

For each COSMIC satellite, there are two POD antennas
sharing one GPS receiver POD + X and POD X (Fig. 1).
There are 16 channels for a receiver, of which four are used
for ionospheric occultation and 12 for POD. Considering the
hardware design, the POD antenna in the ight direction (+X)
will view more GPS satellites (typically seven) than the other.
Unlike GRACE, the six spacecrafts of COSMIC do not have
an onboard accelerometer to measure surface forces (nongrav-
itational forces) in order to isolate the gravitational signals.
Instead, such surface forces, as well as other perturbing forces
acting on the six COSMIC satellites, will be modeled using
standard orbit dynamics such as those detailed in [8] and [9].
GRACE is a NASA German Deutschen Zentrum f r Luft-und
Raumfahrt mission to recover time-varying gravity variations; a
summary of achievements and techniques of the GRACE mis-
sion can be found at http://www.csr.utexas.edu/grace/. In order
to validate the force models for COSMIC satellites, we will
experiment with the recovery of temporal gravity variations us-
ing one month of COSMIC GPS data (six satellites). GRACE-
derived gravity elds will be used as a priori information to
aid the gravity recovery. The COSMIC-derived gravity will
be compared with that of GRACE. Following the convention
of NSPO, the six spacecrafts of COSMIC will be denoted as
FM1,...,FM6.
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Il. ORBIT DYNAMICS OF COSMIC SATELLITE
A. Equations of Motion and Forces Acting on Cosmic Satellite

The equations of motion of an arti cial Earth satellite, such
a COSMIC LEO, can be expressed as in [9]

= C?,ig/lr + ans + apert 1)
where
r vector of satellite coordinates in the inertial frame;
[ acceleration vector;
GM  Earth s gravitational constant;
ans acceleration due to Earth s nonsphericity;
apert accelerations due to other perturbing forces.

The mathematical theories associated with the accelerations
in (1) can be found in a standard textbook of orbit dynamics
such as in [8] [10], and they will not be elaborated here.
The accelerations in (1) are associated with certain parameters
that are adopted from existing values or estimated by satellite
tracking data. For gravity recovery using COSMIC GPS data,
some basics about orbit dynamics and the Earth s gravity eld
are given here for a convenient discussion of the results given
later. First, the potential due to the Earth (called geopotential)
at the satellite position V is commonly expressed in a spherical
harmonic expansion in [11] as

K

GM GM
= 4+ — —

r rn=1 r

v, )

n
(Chmcosm +Spmsinm )P ym(sin )
m=0

GM
=—+YV,
r ns

(@)
where (r, , ) are the spherical coordinates (radial distance,
geocentric latitude, and longitude), ae is the semimajor axis of
a reference ellipsoid, K is the maximum degree of expansion
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COSMIC spacecraft, payloads, and spacecraft- xed coordinate system; the (cylinder) origin is at the center of the main body.

depending on the satellite altitude, (Cm,Snm) are geopoten-
tial coef cients, and P nm is the fully normalized associated
Legendre function of degree n and order m. The acceleration
of a LEO due to the geopotential in (2) is then

Vv GM
Qearth = i Fr + ans. ®)
Thus, acarth accounts for the rst two terms in (1). The rst

term in (1) is called the point mass effect of the Earth and
is more than 1000 times larger than any other acceleration in
(1). By gravity recovery, we mean estimating the geopotential
coef cients (Cnm, Sam). In fact, due to mass redistribution
in the Earth system, the geopotential is time dependent. It
is convenient to divide the geopotential into a static (time-
average) and a time-varying part. This is equivalent to dividing
the coef cients in (2) into a static and a time-varying part as

Com(® = Com + Inm(®)

Shm(®) = Som + Kom(®) 4)

where t is time. Thus, by recovering the temporal
gravity, we mean estimating the time-varying coef cients
(Inm (1), Knm(1)).

The perturbing forces (accelerations) in (1) can be classi-

ed into gravitational and surface forces (or nongravitational
forces). The gravitational forces include the Earth s nonspheric-
ity (3), N-body, solid Earth tide, ocean tide, and relativistic
effect. The surface forces include atmospheric drag, solar ra-
diation pressure, and the Earth s radiation pressure. General
or empirical accelerations are used to absorb the mismodeled
and unmodeled gravitational and surface forces. Without an
accelerometer on the COSMIC spacecraft, it is important to
properly model the surface forces. In Sections 11-B, we describe
certain parameters relating to atmospheric drag and solar radia-
tion pressure.
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B. Atmospheric Drag and Solar Radiation Effects on
Cosmic Satellites

The acceleration vector of a LEO due to atmospheric drag is

1 Aq
-Cp —|r rg|(r r
p I al(r raq)

> (®)
where Cp is the drag coef cient; is the atmospheric density;
Aq is the effective area and m is the mass of the LEO; r, rg
represents the velocity vectors of the LEO and atmosphere in
the inertial frame; and (r rq) is the velocity vector of the
LEO relative to the atmosphere. For each of the six COSMIC

Adrag =

(Top) Dimensions of the main part and solar panels of a COSMIC LEO, velocity vector r, and LEO-to-atmosphere vector (r

I"d).

spacecrafts, the mass (with full thrust fuel) has been determined
before the launch (April 2006). The remaining thrust fuel dur-
ing the ight is observed and used to adjust the time-dependent
mass after the launch in [6] and [7]. The effective area Aqg
is the projected area of the area of the satellite in the ight
direction onto a plane perpendicular to the direction (r  rg).
A COSMIC spacecraft travels in a manner that the POD + X
antenna points to the ight direction (Fig. 2). Thus, the total
area in the ight direction is

At = Amain + Apanel

(6)
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where Amain is the area of the main body and Apane is the area
of two solar panels, which are, respectively, computed as

Amain =1.034  0.132 (in square meters)
0.974 2

Apanel =2 sin  (in square meters) (7)
where s the rotational angle of the solar panel (Fig. 2). Here,
we assume that the thickness of the solar panels is negligible.
The effective area is then computed by

Ag=Agcos 1(re(r ra)/rllr ral). ®)

The velocity vector of the atmosphere is computed as

hy
rqg = hX )
0

where x and y are the geocentric coordinate components of the
LEO in the inertial frame and 4 is the rotational velocity of
atmosphere at an altitude of h computed in [12] as

h= e( 1588187 10 3h+1.88539 10 °h?
5.108229 10 ®h®+3.917401 10 'h*) (10)
where o is the mean rotational velocity of the Earth
(7.292115 10 ° rad/s) and h is in kilometers.
The acceleration vector due to solar radiation pressure is
_ As o Iy
Asrp = Pscrm(au) W (11)

where is a shadow function, Ps is the solar ux at one astro-
nomical unit (au) (4.560 10 © N/m?), C, is the re ectivity
coef cient, Ag is the effective area (different from the effective
area for atmospheric drag), and rs is the position vector of the
sun. The method to compute the effective area for the solar
radiation pressure is the same as that used in the atmospheric
drag. In this case, the effective area lies in a plane perpendicular
to the vector (r rg). C, can be expressed as (1 + ), where
is the re ectivity (from zero to one), which depends on the
material of satellite parts. The shadow function depends on
the position of LEO; =0 when the LEO is in the Earth s
shadow and =1 when the LEO is illuminated by the sun.
The orbit dynamic modeling software we use (GEODYN I,
see Section I1-C) is able to determine shadow functions in the
cases of umbra and penumbra, based on the ratio of the sunlight
received at the LEO location so that, in practice, the shadow
function for a COSMIC satellite varies from zero to one.

C. Use of GEODVYN Il for Estimating Parameters of Forces

In this paper, we use the NASA Goddard GEODYN I
software to model the perturbing forces described earlier. The
mathematical models of the force models used in GEODYN II
are given in [9], [13], and [14]. GEODYN Il has been used
extensively for POD/prediction and force modeling in such
Earth resource satellites as TOPEX/Poseidon and GRACE.
Temporal gravity elds from such satellite tracking data
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TABLE |
STANDARDS FOR THE ORBIT DYNAMICS OF COSMIC SATELLITES

Model/parameter Standard
Conventional inertial
12000
reference frame
N-body JPL DE-403
Earth gravity model GGMO2S [17]

Polar motion IERS standard 2000

Reference ellipsoid a,=6378136.3 m, f=1/298.257

GM 396800.4415 km’s™

Ocean tides GOT00.2 [18]

Solid Earth tides IERS standard 2000
Mass Spectrometer Incoherent Scatter (MSIS)
Atmosphere density

Empirical Drag Model [19]

Second-degree zonal spherical harmonic model
Earth radiation pressure
[20]

Solar radiation pressure one coefficient every 1.5 hours

Atmosphere drag one coefficient every 1.5 hours

General accelerations 9 parameters every 1.5 hours

as Satellite Laser Ranging and GRACE K-band Inter-
satellite Ranging have been derived with GEODYN I,
e.g., [15] and [16]. The parameters for the force models of
COSMIC are given in Table I. For surface forces, we solve
for the atmospheric drag coef cient, and the radiation co-
ef cient and nine empirical coef cients of general accelera-
tion along the radial, along-track, and cross-track directions
every 1.5 h (one orbital period) using COSMIC orbits (see
Section I11-A). In preparation for the execution of GEODYN I,
a le containing the ephemeris of the planets and a le contain-
ing ALUTC, polar motion, and solar and magnetic uxes must
be made ready. A1UTC is the difference between the atomic
time used in GEODYN Il (A1) and the universal time (UTC),
which is available from the Web site http://hpiers.obspm.fr/
eop-pc/. The solar and magnetic uxes are obtained from
NOAAs web site ftp://ftp.ngdc.noaa.gov under the direc-
tory STP/GEOMAGNETIC_DATA/INDICE. These raw data
are processed to produce binary les suitable for input to
GEODYN II. Other operational details of GEODYN Il can
be found in the manuals by Pavlis et al. [13]. As an exam-
ple, Fig. 3 shows the estimated atmospheric drag coef cients
and re ectivity coef cients from Days 225 to 232 for FM5.
These estimated coef cients vary over time, and the mean
values/standard deviations of the drag and re ectivity coef -
cients are 2.12/0.29 and 1.23/0.30, respectively. The general
accelerations for COSMIC (Table 1) at an altitude of 520 km
are on the order of 10 ' ms 2.
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Fig. 3. (Top) Estimated atmospheric drag coef cients and solar re ectivity
coef cients of FM5 from Day 225 to 232, in 2006.

I1l. EXPERIMENTAL SOLUTION OF TEMPORAL GRAVITY

A. Data: Kinematic Orbits of Cosmic and
Accuracy Assessment

The kinematic orbits of the six COSMIC satellites used
for gravity recovery in this paper are over the time span from
August 2 to August 31, 2006. Zero-differenced phase
observables were used in determining such kinematic orbits
by the software Bernese 5.0. Two approaches are available in
Bernese 5.0 for orbit determination using GPS data, which are
as follows: the reduced dynamic and kinematic approaches.
The reduced dynamic approach estimates orbit-arc-dependent
parameters including the initial state vector (six Keplerian
elements), nine solar radiation coef cients, and three stochastic
pulses every 6 min in the radial, along-track, and cross-track
directions. The kinematic approach estimates the kinematic
parameters of an orbit arc, including epoch coordinate
components, receiver clock errors, and phase ambiguities. In
August 2006, the altitudes of the six satellites are 512, 543,
521, 515, 800, and 505 km for FM1, FM2, FM3, FM4,
FM5, and FM6, respectively. The inclination angles of all
COSMIC orbits are 72 , and the eccentricities are nearly zero.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 11, NOVEMBER 2008

The six COSMIC satellites will be raised to an altitude of
800 km at the nal phase (about 13 months after the launch).
We nd that the quality of GPS data depends on the quality of
satellite attitude data. At an altitude of 800 km, typical standard
errors of attitude measurements are 0.5 and 3 over the equator
and the polar regions, respectively, and are larger at a lower
altitude. When the attitude of a satellite is poorly determined,
the uncertainties in the estimated GPS phase ambiguities are
relatively large, leading to degraded orbital accuracy.

To reduce noises and data volume, the original 5-s (0.2 Hz)
kinematic orbits can be resampled using an algorithm similar to
that used in the normal point reduction of satellite laser ranging
as in [8]. In this paper, we adopt the algorithm used by the Inter-
national Laser Ranging Service (http://ilrs.gsfc.nasa.gov/) with
modi cation for COSMIC. Speci cally, we use the following
steps to generate normal point kinematic orbits.

1) Use the dynamic orbit as the reference orbit to generate

differenced orbits. A differenced orbit component is

— vk r
Pi =X X,

i=12,3 (12)
where x¥ and x! are components of the kinematic and
dynamic orbits, respectively.

2) Remove large outliers in the kinematic orbit, which will
not be used in the subsequent computations. A large
outlier isde ned as [pi] 20 cm.

3) Within a bin (a window containing many differenced
orhits), the differenced orbits are tted by a polynomial
in time using least squares. The polynomial is called the
trend function f (t).

4) For each orbit component, compute the residuals at the
times of observations as

f(t;). (13)

i = Pi

5) Compute the root-mean-square value (rms) of the resid-
uals. Identify outliers using a rejection level of 2.5 times
of rms, and neglect these outliers in step 3) of the next
iteration.

6) Repeat steps 3) 5) until no outlier is found.

7) Divide the accepted residuals into bins starting from
Oh UTC.

8) Compute the mean value —, and the mean time of
the accepted residuals within each bin. The number of
accepted residuals within the bin m is denoted as np,.

9) For each orbit component, locate the kinematic orbit xX,
and its residual ,, whose observation time t,,, is nearest
to the mean time of the accepted residuals in the bin m.

10) Compute the normal point kinematic orbit as

NPm=X5  m+ m. (14)

11) Compute the standard error of normal points as
(if njy, = 1, this bin is neglected)
Nm ,2
1V

= — = J 15

m N R (15)
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Fig. 5. Standard errors of normal point kinematic orbits in August 2006.
In Step 2), 20 cm is an empirical value. The bin size s TgBLE I c
can be adjusted according to the desired spatial resolution of R Py KIN i s
gravity solution and data compression ratio. The degree of the
tted polynomial increases with the bin size. For a 1-min bin, MAX. (mm) MEAN (mm) MIN. (mm)
a 2 polynomial is found to be optimal. Statistically, the stan-
dard errors of normal points will be smaller than those of raw ~ FM! 7.38 7.13 6.77
orbits. o _ _ FM2 7.38 7.06 6.68
The normal point kinematic orbits are actually used for
gravity recovery. Fig. 4 shows the percentages of accepted ™3 730 6.93 6.68
5-s kinematic orbits in August 2006 after removing the outliers.  pp4 723 6.93 6.57
The average percentages of acceptance are 74.3%, 76.5%,
73.4%, 66.0%, 82.5%, and 69.5% for FM1, FM2, FM3, FM4, ~ FMS 6.87 6.49 6.20
FMS5, and FM6, respectively. In most cases, rejected data are  pye 772 724 675

due to bad attitude control and/or poor clock resolution. FM5
has the largest percentage of acceptance due to its 800-km
altitude, where the attitude control is better than that of the
other ve spacecrafts. Fig. 5 shows daily standard errors of
the 1-min normal orbits, which will be used as data weights in
the gravity recovery. On average, the standard error of the nor-
mal point orbits is 7 mm, compared with the 2-cm orbit error for

the raw 5-s orbits. Table Il shows the statistics of the standard
errors for the six COSMIC satellites in August 2006. Again,
FMD5 has the least standard error of all satellites in the normal
point data.
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B. Method of Gravity Recovery

For gravity recovery, the observables are now normal point
kinematic orbits of COSMIC at a 1-min interval. Considering
that the focus of this paper is on temporal gravity varia-
tion, the unknowns are time-varying geopotential coef cients
(I nm (1), Kam(t)) in (4). Based on the linear orbital pertur-
bation theories of Kaula [21] and Hwang [2], the mathematical
and stochastic models for the observable unknown relationship
can be expressed as

Fobs = Tkin Tref = Ti( )+ r2()+e  (16)
where the vector rops contains residual orbits in the radial,
along-track, and cross-track directions; vectors rin and rees
contain observed kinematic orbits and reference orbits, re-
spectively; and vectors , , and e contain time-varying geopo-
tential coef cients, empirical parameters, and random errors of
kinematic orbits, respectively. The assumption in the model
of (16) is that the nongravity origin forces in the reference
dynamic orbits from GEODYN Il have been removed. The
term  ry is the design matrix composed of the time-varying
geopotential coef cients. The term  ry is used to compensate
for the de ciency of the linear orbital perturbation and usually
contains periodic functions with periods of one and two cycles
per revolution, plus functions representing resonant effects.
Speci cally, for each of the radial, along-track, and cross-
track residual orbit components, we use the following empirical

model for ry:

ri =ag + a; CosU + a, sinu + agtcosu
+ aytsinu + ast + agt? + astsin2u

+ agtcos2u + ag cos 2u + a;p Sin2u an
where i =1, 2, and 3 (three orbit components), u is the argu-
ment of latitude, and t is time relative to an initial epoch.

With GEODYN I, the reference orbits of COSMIC are
determined by numerically integrating the equations of mo-
tion that take into account all perturbing forces acting on
COSMIC satellites (see Section I1-A and Table I). As stated in
Table I, the coef cients for atmospheric drag, solar radiations,
and general accelerations are determined every 1.5 h from the
COSMIC kinematic orbits, and then, these estimated coef -
cients are used in the integration of the equations of motion.
The GRACE-derived gravity model GGMO02S, as in [17], is
used as the Earth s static gravity model, which contains coef -
cients (ﬁm,éam) in (4). If the reference orbits are generated
using an optimal static gravity model such as GGMO02S and
all other perturbing forces in (1) are properly modeled, we
can assume that the residual orbits in  rops are linear func-
tions of time-varying geopotential coef cients, as expressed
in (16).

For parameter estimation, (16) is transformed to the matrix
representation

L=AX V (18)
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Fig. 6. Degree variance and formal error degree variances of time-varying
geopotential coef cients from the COSMIC solution.

where A is the design matrix containing the partials of residual
orbit components with respect to time-varying geopotential
coef cients and empirical parameters and where vectors V, X,
and L contain random errors, unknowns (geopotential coef -
cients and empirical parameters), and observations (residual or-
bits), respectively. The needed partials for A are detailed in [2]
and will not be repeated here. Given a priori values of the
unknowns and the associated weight matrix Px, the least
square solution of X is

X =(ATPA+Px) 'ATPL (19)

where P is the weight matrix containing inverses of the squared
standard errors (Fig. 4 and Table I1). Considering that COSMIC
is not in a polar orbit, it is necessary to use Py to stabilize the
estimation of X. For the geopotential coef cient part of Py,
it is a diagonal matrix containing the inverted variances of time-
varying geopotential coef cients. The variances were com-
puted as follows. The geopotential coef cients of GGMO02S
were subtracted from the monthly coef cients of GRACE
gravity models over the period July 2003 August 2006 to
obtain monthly time-varying coef cients. The GGMO02S and
monthly GRACE gravity models are available at the Web site
of the Center for Space Research, The University of Texas
at Austin (http://www.csr.utexas.edu/grace). The degree vari-
ances of the monthly time-varying coef cients were com-
puted, and the average degree variances were determined.
The average degree variances were then least squares t to
a model whose expression is similar to that of the Kaula
rule in [21], i.e., n , where n is the spherical harmonic
degree (2). The result shows that the average degree variance
follows:

_ 1 =2 —2
r21 = 2n + 1 ‘]nm + Knm
m=0

5.65 10 %°n 1
(20)

where Jnm, Knm are coef cients given in (4). A diagonal
element of Py corresponding to any geopotential coef cient of
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the same degree is computed by

%. (21)

n

Penm = Pspm =

Considering that the orbital inclination of COSMIC is 72 , it is
expected that COSMIC GPS data might improve the current
gravity models of GRACE at certain regions (the GRACE
mission is in polar orbits). In this paper, we also carried out
a combined COSMIC and GRACE solution. In this case, the
least square solution of X is

X= ATPA+ ' ATPL+ . 'g (22)

0
2006-8

Geoid variations to spherical harmonic degree 25 from (top) COSMIC and from GRACE.

2 4 6 8 10

where g is a vector of time-varying geopotential coef cients
from GRACE and 4 is the error covariance of g. Considering
that the full error covariance matrices of the GRACE gravity
models are not released, only the error variances of the time-
varying geopotential coef cients are used for the diagonal
elements; hence, g is in fact a diagonal matrix.

C. Result

Several experimental gravity solutions were carried out using
one month of COSMIC normal point kinematic orbits from the
six satellites (Section I11-A). Based on numerous tests, we de-
cide to adopt 25 as the maximum degree of expansion (see [1])
for the COSMIC solution. Fig. 6 shows the degree variances
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Fig. 8. Relative differences of the COSMIC-derived coef cients with respect to the GRACE-derived coef cients of gravity variation for (left) Jnm and Knm

up to degree 25.

Fig. 9. Same as in Fig. 8 but for the zonal coef cients.

and error degree variances from the COSMIC solution. The
error degree variances increase with the degree and are all less
than the degree variances below a degree of ten. For spherical
harmonic components with degrees lower than ten, the signal-
to-noise ratio is larger than one. In Fig. 7, we compare geoid
changes from the COSMIC and GRACE solutions to degree 25.
Despite the presence of artifacts, the COSMIC solution shows
clear geoid highs and lows over Greenland, the Amazon Basin,
the India continent, and southern Africa, which resemble those
given by the GRACE solution. The geoid variations at latitudes
higher than 72 are probably not reliable due to the low incli-
nation angle of COSMIC. Moreover, the GPS data used in the
current solutions are from  ve of the six COSMIC satellites that
are at altitudes of about 520 km, where the nongravity forces
are dif cult to model and the attitude control is not optimal. We
expect to see an improved COSMIC gravity solution using data
from the operational phase (altitude = 800 km).
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Fig. 10. Formal error degree variances of time-varying geopotential coef -
cients from the GRACE and combined COSMIC and GRACE solutions.
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Fig. 11. Degree variances from COSMIC and calibrated error degree vari-

ances from COSMIC, GRACE, and combined COSMIC and GRACE solutions.
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