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Abstract
The gravity recovery and climate experiment follow-on (GRACE-FO) satellites, launched in May of 2018, are equipped with 
geodetic quality GPS receivers for precise orbit determination (POD) and gravity recovery. The primary objective of the 
GRACE-FO mission is to map the time-variable and mean gravity field of the Earth. To achieve this goal, both GRACE-FO 
satellites are additionally equipped with a K-band ranging (KBR) system, accelerometers and star trackers. Data processing 
strategies, data weighting approaches and impacts of observation types and rates are investigated in order to determine the 
most efficient approach for processing GRACE-FO multi-type data for precise orbit determination and gravity recovery. 
Two GPS observation types, un-differenced (UD) and double-differenced (DD) observations in general can be used for GPS-
based POD and gravity recovery. The GRACE-FO KBR observations are mainly used for gravity recovery, but they can be 
also used for POD to improve the relative orbit accuracy. The main purpose of this paper is to study the impacts of the DD, 
UD and KBR observations on GRACE-FO POD and gravity recovery. The precise orbit accuracy is assessed using several 
tests, which include analysis of orbital fits, satellite laser ranging residuals, KBR range residuals and orbit comparisons. The 
gravity recovery is validated by comparing different gravity solutions through coefficient-wise comparison, degree difference 
variances and water height variations over the whole Earth and selected area and river basins.

Keywords  GRACE-FO · GPS · KBR · SLR residuals · Precise orbit determination · Gravity recovery

1  Introduction

The gravity recovery and climate experiment follow-on 
(GRACE-FO) mission is a joint project between the National 
Aeronautics and Space Administration (NASA) and the 
GeoForschungZentrum (GFZ). The primary objective of 

the GRACE-FO mission is to map the time-variable and 
mean gravity field of the Earth (Tapley et al. 2005; Flech-
tner et al. 2015; Landerer et al. 2019; Kornfeld et al. 2019). 
The twin GRACE-FO (GRACE-C and GRACE-D) satel-
lites were launched on May 22, 2018, into near polar orbits 
with an initial altitude of about 500 km. For the precise 
orbit determination (POD) and gravity field recovery, the 
GRACE-FO satellites are equipped with several scientific 
instruments: geodetic quality GPS receivers, accelerometers, 
star trackers, K-band ranging (KBR) system, laser ranging 
interferometer (LRI) and laser retroreflectors (Kornfeld et al. 
2019). The GPS receiver can track up to 16 GPS satellites. 
The measurements from the receiver with 1-s data rate are 
mainly used for POD and low degree gravity recovery. The 
accelerometer measures the non-gravitational accelerations 
(such as atmospheric drag and solar radiation pressure) for 
replacing the imprecise non-gravitational force models in the 
gravity recovery. The measurements from the star trackers 
are used for determining satellite attitude, which is needed 
to rotate the accelerometer data from the spacecraft refer-
ence frame to the inertial reference frame. In addition, the 
attitude data are also needed for the corrections of KBR data, 
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the computation of antenna corrections and SLR residuals. 
The laser retroreflector provides an independent evaluation 
of the GRACE-FO POD results. LRI is a technology demon-
stration in support of future gravity mapping missions. The 
KBR system provides precise (within 10 µm) measurements 
of the distance between the two GRACE-FO satellites. The 
observations from the KBR system are mainly used for grav-
ity recovery, but they can also be used for GRACE-FO POD 
to improve the relative orbit accuracy.

For efficient and precise orbit determination of low earth 
orbit (LEO) satellites using GPS data, many authors have 
investigated the related problems (Bertiger et  al. 1994, 
2002, 2010; Kang et al. 1995, 2002, 2006; Zhu et al. 2004; 
Boomkamp and Koenig 2005; Švehla and Rothacher 2005; 
Jaeggi et al. 2007; Mao et al. 2019). They use different orbit 
determination methods (kinematic, dynamic and reduced 
dynamic orbit determination), different observation types 
(un-differenced and differenced measurements) and differ-
ent data processing strategies (arc length, data sampling, 
estimated parameters, data weighting). The accuracy of the 
orbits has been constantly increased due to improvements in 
dynamical force and observation models, IGS GPS satellite 
orbit and clock products, antenna code/phase pattern mod-
eling, single-receiver ambiguity resolution, measurement 
accuracies and data processing strategies. The radial orbit 
accuracy validated by SLR residuals has improved from 
about 3 to 1 cm. Currently, the sub-cm radial accuracy is 
realized for altimetry satellites with an altitude of 1336 km 
(Bertiger et al. 2010) and is being realized for LEO satel-
lites at different altitudes. For GPS-based POD, the observa-
tion types are mostly either un-differenced (UD) or double-
differenced (DD). This paper investigates the differences 
between GPS UD and DD observations for GPS-based POD 
under the same standard models and same data processing 
strategies.

GRACE-FO provides KBR dual one-way range change 
between the twin GRACE-FO satellites. The KBR range 
rate and range acceleration can be derived from the original 
KBR range change. Based on our GRACE data processing 
experiences, the KBR range rate data are used for gravity 
recovery; the KBR range data are used for validating the 
relative orbit accuracy. How do the range rate data contribute 
to the GRACE-FO POD? To answer this question, we study 
the POD using both GPS UD and KBR range rate data.

For GRACE-FO gravity recovery, both GPS and KBR 
data are used. Different types of data have different contri-
butions to estimated parameters. When different data are 
processed, data rate and weighting must be carefully consid-
ered to get optimal solutions for required parameters (such 
as gravity field coefficients). For GRACE-FO, GPS data 
mainly contribute to low degree spherical harmonic coef-
ficients of Earth’s gravity field and orbit dynamical param-
eters, while KBR data have more gravity field information 

in low, middle and high degrees. Therefore, GPS data should 
be down-weighted or processed with a low data rate, when 
KBR and GPS data are used together for gravity field solu-
tions. In this paper, we study the impacts of GPS DD and 
UD for GRACE-FO gravity field recovery.

Gravity recovery using satellite tracking data needs pre-
cise orbits. Conversely, the orbit accuracy is increased by 
an improved gravity model. This paper describes the meth-
ods and data processing strategies for GRACE-FO POD 
and gravity recovery. The study was performed using the 
Center of Space Research (CSR)/University of Texas at Aus-
tin Multi-Satellite Orbit Determination Program (MSODP) 
for POD (Rim 1992) and the Advanced Equation Solver 
for Parallel systems (AESOP) for gravity recovery (Gunter 
2004). The data used are GRACE-FO level 1B products 
produced by NASA JPL. In this study, we precisely deter-
mine the GRACE-FO orbits and gravity fields using GPS 
DD, UD and KBR range rate data. The orbit accuracy and 
gravity recovery are evaluated through several tests and 
comparisons.

The GRACE-FO gravity mission has not only a high-
low satellite-to-satellite (SST) tracking from GPS but also 
a low–low SST between two GRACE-FO satellites with the 
highest precision KBR. After the introduction, our dynami-
cal orbit determination method and data processing strat-
egies are explained in Sect. 2. The dynamic gravity field 
recovery and data processing strategies are described in 
Sect. 3. Section 4 focuses on the observation weighting 
approaches for processing different types of observations. In 
Sect. 5, the GRACE-FO precise orbits are assessed through 
several tests. After that, the GRACE-FO gravity fields are 
evaluated in Sect. 6. Finally, the conclusions from this study 
are discussed in Sect. 7.

2 � Dynamic orbit determination method 
and data processing strategies

This section briefly describes the GPS-based dynamic 
orbit determination method and GPS data processing 
strategies which we used for this study. Details of the 
method and strategies are given by Kang et al. (2006). The 
dynamic orbit determination method requires mathemati-
cal models of the physical forces acting on the satellites 
(e.g., accelerations due to Earth’s gravity) and observa-
tions to, from or between the satellites to estimate satel-
lite orbits. The dynamic method has been used, but with 
an aggressive force model parameterization (such as the 
estimation of many empirical parameters in precise orbit 
determination). Using this method, force model param-
eters, such as the atmospheric drag coefficient and one-
cycle-per-revolution (1-cpr) empirical acceleration param-
eters, are co-estimated in order to obtain more precise 
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orbits. The 1-cpr empirical accelerations are particularly 
effective in accommodating dynamical modeling deficien-
cies to improve the orbit accuracy. The orbit accuracy is 
partly dependent on the force models in the dynamic orbit 
determination. Therefore, it is better to use the best pos-
sible force models even though the empirical accelerations 
can reduce the effects of the model errors. In addition, the 
orbits can be predicted well by using better force models.

The first data type for the GPS-based orbit determina-
tion is the GPS DD carrier phase, which is formed by 
using GRACE-FO onboard GPS data and ground station 
GPS data from a subset of IGS ground stations (Fig. 1). 
These sites were selected based on the IGS-reported sta-
tion performance and their uniformly geographical dis-
tribution. The final JPL IGS orbits and clocks of the GPS 
satellites are used in our GPS data processing (Kouba 
2009). The orbit accuracy using GPS DD observations is 
dependent not only on the fixed GPS satellite orbits, but 
also on the ground station coordinate accuracy because the 
station coordinates are fixed in the GPS-based orbit deter-
mination as a reference system. For GRACE-FO POD, a 
network of 60 stations (Fig. 1) are used.

The second data type is the GPS UD code and phase 
measurements from the onboard LEO GPS receiver. The 
UD code observations are mandatory in GPS-based LEO 
orbit determination using UD GPS data due to a linear 
dependency relating the LEO onboard receiver clock and 
the ambiguity parameters. The ground GPS data are not 
needed for the orbit determination method that uses UD 
data. But both the GPS orbits and clocks are used for the 
orbit determination. The orbit accuracy using GPS UD 
observations is dependent on both GPS satellite orbits and 
clocks. Here, the GPS satellite orbits are treated as the 
LEO orbit reference system.

The third data type is the GRACE-FO KBR range rate, 
which is numerically derived from the GRACE-FO intersat-
ellite microwave phase tracking. We use the KBR range rate 
data for POD tests to investigate the effects of KBR data on 
GRACE-FO POD. The KBR biased range data are used to 
evaluate the relative orbit accuracy. The GRACE-FO orbits 
cannot be well determined using only KBR range rate data. 
Therefore, both KBR range rate and GPS data are used for 
GRACE-FO POD to study the effects of the KBR data on 
orbit quality. The GPS and KBR data are treated as equal 
contributions to the GRACE-FO orbit determination. There-
fore, the optimal weighting procedure described in Sect. 4 is 
applied for GPS and KBR data in the POD.

There are many issues to be considered for the POD data 
processing. Two of the important issues are arc length and 
parameterization. The selection of the arc length depends 
on the force and observation model errors. In general, the 
effects of the force model error (geopotential, drag, solar 
pressure, etc.) on the orbit increase with the arc length. On 
the other hand, the effects of the observation model error 
(measurement noise, GPS satellite orbits and clock errors, 
etc.) can be reduced or smoothed by increasing the arc 
length. Based on our experiences from processing TOPEX, 
CHAMP and GRACE GPS data (Rim 1992; Kang et al. 
2006), 24-h arc lengths were selected.

For the force and observation model parameterization, 
the first question is what type of parameters should be 
selected for estimation. Next, the sub-arc length and a pri-
ori values for estimated parameters must be chosen. For 
our POD, the estimated parameters are listed in Table 1. 
This heavy parameterization produces a very precise orbit 
and good orbital fits to the GPS tracking data. The piece-
wise constant parameters with a small arc length for pro-
cessing KBR data are selected for reducing the effects of 
high-frequency dynamic model errors, to which the high 

Fig. 1   GPS ground station loca-
tions for GRACE-FO GPS DD 
data processing
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rate (5 s) KBR data are sensitive. Outputs from the POD 
process are the satellite ephemerides and the residuals of 
the GPS DD phase, UD code, UD phase and KBR range 
rate observations. These outputs are studied to further 
understand the quality of the force and observation mod-
els and observation data. In addition, SLR and KBR range 
residuals computed relative to the estimated orbits provide 
an independent assessment of the orbit accuracy. Table 1 
summarizes the POD standards adopted for the GRACE-
FO data processing.

3 � Dynamic gravity field recovery and data 
processing strategies

In this section, we briefly describe the gravity field recov-
ery method used for this study. Details are given in the 
listed references. The dynamic gravity field recovery is 
based on the dynamic orbit determination, which we used 
for our POD. The dynamic method is the so-called vari-
ational method (Reigber 1989; Yuan 1991; Tapley et al. 
2005; Bettadpur and McCullough 2017), which uses a 

Table 1   Precise orbit determination standards for GRACE-FO

Force model Description

Mean earth gravity GGM05C (360X360) (Ries et al. 2016)
Non-tide ocean and atmosphere ECMWF atmosphere and barotropic ocean model (Debslaw et al. 2017)
N-body JPL DE 430 (Standish 1998)
Solid earth tides IERS 2010 conventions (Petit and Luzum 2010)
Ocean tides GOT4.8 (Ray 1999)
Pole tide IERS 2010 conventions (Petit and Luzum 2010)
Relativity IERS 2010 conventions (Petit and Luzum 2010)
Earth radiation pressure Box-wing model (Bettadpur 2012), Albedo and infrared (Knocke et al. 1988)
Atmospheric drag Box-wing model (Bettadpur 2012), density temperature model (DTM) (Barlier et al. 

1978)
Solar radiation Box-wing model (Bettadpur 2012)
Reference frame
Conventional inertial reference frame J2000.0 (Petit and Luzum 2010)
Precession and nutation IAU2000A model (Capitaine et al. 2002; Mathews et al. 2002)
Earth orientation IERS C-04 (Gambis 2004)
Station coordinates ITRF2014 (Altamimi et al. 2016)
Input data and corrections
GPS tracking data Double-differenced, ionosphere-free combination of L1 and L2 carrier phase, 30-s 

sampling
GPS UD data Un-differenced, ionosphere-free combination of L1 and L2 carrier phase, 5-min or 

30-s sampling
Un-differenced, ionosphere-free combination of P1 and P2 code, 5-min or 30-s 

sampling
KBR range rate 5-s sampling
GPS satellite PCV correction IGS14.ATX
GRACE-FO GPS PCV correction Applied (corrections provided by JPL)
GPS orbits and clocks JPL IGS final GPS ephemerides and clocks
Estimated parameters
GRACE-FO initial state 3D epoch position and velocity
GPS carrier phase ambiguity One per combination per pass (float parameters for both GPS UD and GPS DD)
Troposphere zenith delay One per station in a 2.5-h arc for GPS DD
Onboard GPS receiver clock One per data sampling for GPS UD and UD + KBR
Empirical 1-cpr along-track and cross-track accelerations 1-cpr accelerations per revolution (10−8 m/s2 a priori) for GPS DD and GPS UD
Empirical piecewise constant accelerations in radial 

cross-track and along-track directions
Piecewise constant accelerations per 10-min (10−8 m/s2 a priori) for GPS UD + KBR 

range rate POD
Drag coefficient (Cd) One per orbital revolution
GRACE-FO GPS antenna correction One per arc in nadir (Z) direction
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conventional least squares adjustment. In the dynamic 
orbit determination, a set of parameters are estimated to 
minimize the weighted sum of the squares of the differ-
ence between the computed and observed observations. 
The gravity field model is needed to compute the obser-
vations. When the spherical harmonic coefficients of the 
gravity field are treated as unknown parameters in the 
dynamic orbit determination, the gravity field is recovered. 
For GRACE-FO, a month of data are processed to produce 
a monthly gravity field (Tapley et al. 2005). The data are 
divided into arcs. Each arc is usually 1 day long. A sepa-
rate set of satellite initial conditions and other parameters 
are estimated for each arc.

Three of the important issues for the gravity recovery are: 
data type, rate and weighting. The data types GPS DD, GPS 
UD and KBR range rate have been described in Section two. 
For GPS DD, data rate is down-sampled from 30-s to 2-min, 
and the ground stations are reduced from 60 to 16 (Fig. 1) 
to reduce the impact of GPS DD data on gravity solutions. 
For GPS UD, different data rates and weighting are studied. 
The KBR range rate data with 5-s sample rate and optimal 
weighting for each processing arc (1-day) are used for grav-
ity recovery. The observation weighting is discussed in the 
next section.

The GRACE-FO gravity recovery is performed in several 
steps. The edited GPS and KBR observations are created in 
the first step during GRACE-FO POD to edit out observation 
outliers. Then, the reference orbits are generated by using 
edited GPS data and accelerometer measurements, which 
replace the non-gravitational force models. The used accel-
erometer data are the calibrated GRACE-FO accelerometer 

data products generated by JPL (McCullough et al. 2019). 
No outlier detection for these data is applied. The estimated 
accelerometer parameters are selected based on our gravity 
solution tests. The KBR data are not used in this step since 
the GPS-based orbits, generally accurate to the level of few 
cm, are sufficient to support the required accuracy of the 
partial derivatives in the next step. In addition, the Earth’s 
gravity field model parameters are not adjusted in the refer-
ence orbit determination. Next, the partial derivatives for 
all the estimated parameters for each arc and each obser-
vation type are computed. In the last step, a set of gravity 
field parameters with other parameters are estimated from 
a combination of monthly information equations, which are 
formed by each partial derivative. The force models (except 
non-gravitational accelerations), reference frame and track-
ing data used in the gravity recovery are same as that in POD 
(Table 1). A detailed description of the background models 
is contained in Save (2019). Estimated parameters in the 
gravity field recovery are listed in Table 2.

4 � Observation weighting approaches

Estimation of satellite orbits and gravity fields are based on 
processing discrete observations. In theory, the estimates can 
be obtained if the observation error covariance is known. 
In practice, the true error covariance is unknown and an 
empirical (usually diagonal) error covariance is used for the 
estimation (Tapley et al. 2004). If only one type of observa-
tions is processed, the same error level is usually assigned 
for all observations. The different error levels affect only 

Table 2   Gravity recovery estimated parameters for GRACE-FO

Description

Estimated parameters in reference orbits
GRACE-FO initial state 3D epoch position and velocity
GPS carrier phase ambiguity One per combination per pass
Troposphere zenith delay One per station in a 2.5-h arc for GPS DD
Onboard GPS receiver clock One per data sampling for GPS UD and UD + KBR
Accelerometer along-track bias and slope 3-h piecewise constant
Accelerometer radial and cross-track bias One-day piecewise constant
Estimated parameters in gravity solution
Gravity field coefficients Degree 180, 120 and 60
GRACE-FO initial state 3D epoch position and velocity
GPS carrier phase ambiguity One per combination per pass
Troposphere zenith delay One per station in a 2.5-h arc for GPS DD
Onboard GPS receiver clock One per data sampling only for GPS UD and UD + KBR
KBR empirical parameters: bias, slope and 1-cpr One per orbital revolution for KBR range rate
Accelerometer along-track bias and slope 3-h piecewise constant
Accelerometer radial and cross-track bias and slope One-day piecewise constant
Accelerometer full scales (nine parameters) Estimated monthly
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the solution covariance, not the solution itself. However, 
the different error covariances affect the solution, when a 
priori covariances are known for estimated parameters (such 
as empirical accelerations). Therefore, the empirical error 
covariance should be adjusted based on the post-observation 
residuals. When different types of observations are used 
for estimation, the incorrect observation sigma affects not 
only the solution covariance, but also the solution itself. 
To obtain a better solution for satellite orbits and gravity 
fields, a proper approach for observation weighting is very 
important. This section discuses three methods of observa-
tion weighting.

4.1 � Optimal weighting

When different types of observations are processed and 
treated as equal contributions to solutions, optimal weight-
ing should be used. The empirical observation error covari-
ance can be scaled based on the observation residual analy-
sis during data processing for multi-type observations. The 
weight of each observation type is adjusted using an optimal 
weighting procedure (Yuan 1991).

Let a set of Yi for observation type i with mi observations 
be given. Those observations are assumed to be equal to 
vector function F of a set of u parameters X plus random 
noise �i as follows:

where q is the number of the observation types. The above 
equation is called a nonlinear observation equation. The esti-
mation problem is to estimate X given Yi , the function form 
of F, and the statistical properties of �i.

In order to solve this nonlinear problem, Eq. (1) must be 
linearized. The linearized observation equation is given as 
follows:

where yi = Y − F
(
X0

)
 , Ai =

(
�F

�X

)
 , x = X − X0 and X0 is an 

initial value. The a priori weighting matrix is diagonal for 
observation type i:

where S2
i
 is a priori variance of the observation type i. The 

estimated values of parameters x can be obtained under the 
weighted lest square solution as follows:

The optimal weighting factor for the observation type i 
after one iteration solution is defined by:

(1)Yi = F(X) + �i i = 1, 2,… q

(2)yi = Aix + �i i = 1, 2,… q

(3)Wi = diag
(
S−2
i
, S−2

i
… S−2

i

)
i = 1, 2,… q

(4)x̂ =

[∑q

i=1

(
AT
i
WiAi

)]−1[∑q

i=1

(
AT
i
Wiyi

)]

where mi is the number of observations for type i. The new 
weighting matrix for the next iteration is defined by:

For our GRACE-FO POD and some gravity recovery 
tests, we use the optimal weighting approach for multi-type 
observations. Usually, optimal weighting needs multiple 
iterations to converge the solutions.

4.2 � Fixed weighting

Using fixed weighting, the observation weight is fixed dur-
ing data processing. Different types of observations have 
different contributions to the parameter estimates. Therefore, 
fixed weighting affects both the post-fit observation residu-
als and the solution itself. If you want an observation type 
to have a larger contribution to the solution, you can use a 
higher weight for that observation type. Selecting the fixed 
weighting is based on experience and testing. The equation 
for fixed weighting matrix is the same as Eq. 3.

When the observation error characteristics are stable over 
time, the fixed weighting can be used. In addition, we can 
also use a larger fixed weighting to get smaller residuals for 
editing observations. For example, we select 2 cm sigma 
for GPS DD and 0.1 µm/s sigma for KBR range rate for 
editing KBR data. Because the orbital fits for GPS UD data 
are stable, 50 cm sigma of GPS UD code and 5 mm sigma 
of GPS UD phase are selected for GPS UD POD for quick 
convergence without degrading orbit accuracy.

4.3 � Maximum weighting

If we wish to limit the contributions of some observation 
types to the solution, one can apply a maximum weight-
ing, which is the same as minimum sigma ( �min ) for the 
observations. When the computed post-fit RMS (�RMS) of 
observations is smaller than that of the minimum sigma, the 
weighting is computed using the minimum sigma; when the 
RMS is larger than the minimum sigma, the weighting is 
computed using the actual RMS. The maximum weighting 
matrix is diagonal for observation type i:

The GRACE-FO GPS and KBR data have different con-
tributions for gravity recovery. GPS data mainly contribute 
to low degree spherical harmonic coefficients of Earth’s 

(5)fi =
miS

2
i(

yi − Aix̂
)T(

yi − Aix̂
) i = 1, 2,… q

(6)Wi = fi diag
(
S−2
i
, S−2

i
… S−2

i

)
i = 1, 2,… q

(7)Wi = diag

⎛
⎜⎜⎝

1
�
𝜎
2

min
when 𝜎RMS ≤ 𝜎min

1
�
𝜎
2
RMS

when 𝜎RMS > 𝜎min

⎞⎟⎟⎠
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gravity field and orbit dynamical parameters, while KBR 
data have more gravity field information in low, middle and 
high degrees. We use this down-weighting approach for GPS 
data to get an optimal gravity solution for low, middle and 
high degrees.

5 � GRACE‑FO precise orbit quality evaluation

The GRACE-FO precise dynamic orbit determination was 
carried out based on the method, models and strategies 
described above (Sect. 2). The data used were 5 months 
(January to May 2019) of daily arc GRACE-FO Data. For 
the GRACE-FO POD, four different cases were tested to 
evaluate the impacts of the data types and data rates on the 
GRACE orbit accuracy under the same models and data 
standards:

(1)	 GPS DD GPS DD phase observations with 30-s data 
rate.

(2)	 GPS UD 5M GPS UD code and phase observations 
with 5-min data rate.

(3)	 GPS UD 30S GPS UD code and phase observations 
with 30-s data rate.

(4)	 GPS UD + KBR GPS UD code and phase observations 
with 5-min data rate and KBR range rate with 5-s data 
rate.

The tasks of POD are to produce the orbits and to evalu-
ate their accuracy. The orbit accuracy was assessed through 
several tests, which include analysis of the orbital fits, cal-
culation of the GRACE SLR and KBR residuals and orbit 
comparisons. The following subsections summarize the 
POD results and the orbit accuracy.

5.1 � Orbital fits

The orbital fits to the satellite tracking data (observation 
residuals) permit the evaluation of the quality of force and 
observation models used in the dynamic orbit determination. 
If the forces and observations were perfectly modeled, the 
orbital fits would be at the level of the data precision. Four 
different data types, GPS DD phase, GPS UD code, GPS 
UD phase and KBR range rate were used for POD. There-
fore, four different RMS’s for GRACE-C and GRACE-D are 
listed and discussed. Different GPS receivers have different 
observation noises. Generally, the P-code data precision is 
about 0.1–0.5 meters; the phase precision is about 2–5 mm.

Figures 2 and 3 show the daily GPS DD phase, UD phase, 
and KBR range rate RMS as well as GPS UD code RMS for 
GRACE-C, respectively. Table 3 summarizes the mean GPS 
and KBR range rate orbital fit RMS for the whole processed 
data span. According to these results, there are significant 
differences between the different data types: GPS DD phase 
(about 8 mm), GPS UD phase (about 4.0 mm), GPS UD 
code (about 350 mm), and KBR range rate (0.15 µm/s). The 
large RMS difference between the phase and code is mainly 
because the phase measurements are much more precise than 
the code measurements. The smaller RMS for UD phases 
compared to the DD phases is due to the observation type. 
The DD observations are formed by differencing four single 
GPS UD observations, and the DD data precision is twice 
as high as that of the UD observations. There are significant 
differences for GPS UD with 5-min and 30-s data rates. The 
orbital fits for 5-min data rate are better than those with 30-s 
data rate.

Generally, there are no gaps for either GPS or KBR data. 
Data gaps exist only during resetting and testing GRACE-
FO onboard instruments. There are no significant differences 

Fig. 2   Daily RMS of GRACE-C 
orbital fits for GPS DD, GPS 
UD phase and KBR range rate 
(The data gap from Febru-
ary 7 to 21, 2019, was due to 
an automatic shutdown of the 
OBS (On-Board Computer) for 
GRACE-D)
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in performance compared to the GRACE GPS receivers. 
However, the orbital fit RMS (0.15 µm/s) of the KBR range 
rate for GRACE-FO is smaller than the RMS (0.22 µm/s) for 

GRACE. The orbital fits reflect the quality of the dynamical 
and measurement models as well data precision. The error 
sources could be GPS orbit and clock errors, mis- and/or 
un-modeled Earth gravity, tide and non-gravitational forces, 
imperfect estimation of the parameters, antenna offset errors, 
etc. The orbit accuracy can be better with improvements in 
such areas in the future.

We assume that there are no correlations between the 
observations. Thus, the covariance matrix of the observa-
tions is diagonal. Therefore, the weighting matrix is also 
diagonal. The data weights are inversely proportional to the 
variance of observations. Figure 4 shows the GRACE-FO 
data weights for GPS UD and KBR range rate. The weight 
changes with the days are from 0.063 to 0.109 (1/dm2) for 
GPS UD code data, 0.060–0.085 (1/mm2) for GPS UD phase 
data and 38–50 (s2/µm2) for KBR range rate data. Table 4 

Fig. 3   Daily RMS of GRACE-C 
GPS UD Code orbital fits for 
different test cases

Table 3   GRACE-FO orbital fit RMS (mm)

GRACE-C GRACE-D

GPS DD phase 7.9 8.1
GPS UD phase (5M) 3.8 4.1
GPS UD code (5M) 352.7 353.7
GPS UD phase (30S) 4.2 4.5
GPS UD code (30S) 375.3 378.9
GPS UD phase (UD + KBR) 3.6 (GRACE-FO)
GPS UD code (UD + KBR) 342.8 (GRACE-FO)
GRACE-FO KBR range rate 0.15 µm/s (GRACE-FO)

Fig. 4   GRACE-FO data weights 
for GPS UD and KBR range 
rate (The data gap from Feb. 
7 to 21, 2019 was due to an 
automatic shutdown of the OBS 
for GRACE-D)
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summarizes the mean data weights for different units. You 
can see that the weights in SI (International System of 
Units) units are very different due to different observation 
accuracies.

5.2 � SLR residuals

As an independent and external evaluation of the orbit qual-
ity, SLR data were processed to compute laser range residu-
als relative to the fixed GRACE-FO orbits. The SLR residual 
RMS samples the orbit errors in all orbit components, and 
they can be used to validate LEO orbit accuracy in an abso-
lute sense. As the test of the orbit accuracy, the SLR meas-
urements were used with a 10-degree elevation cutoff.

There were about 20, 000 SLR observations from 23 SLR 
ground stations for each GRACE-FO satellite (about 130 
data points per day). No station coordinates or range biases 
were estimated for the SLR residuals. The outlier detection 

threshold of the SLR analysis was that both three-sigma 
editing and an allowed maximum (20 cm) were used. The 
SLR retroreflector correction patterns are not used. Figure 5 
shows the daily GRACE-C SLR residual RMS for different 
test cases. You can see that there are no significant differ-
ences for different test cases. Table 5 summarizes the mean 
SLR residual RMS for both GRACE-C and GRACE-D using 
GPS DD, UD and UD + KBR observations. The RMS of the 
residuals for the GPS DD and UD data types has no signifi-
cant differences for both GRACE-C and GRACE-D. This 
means that there are no big effects of the data types and data 
rates on the absolute orbit accuracy. But the RMS for the 
high rate UD (30S) and UD (5M) + KBR are a little better 
than for the UD (5M). The SLR residuals for both GRACE-
C and GRACE-D have a mean bias of about 4 mm; the SLR 
residual RMS are about 15 mm, which indicates the level of 
the GRACE-FO orbit accuracy.

5.3 � KBR residuals

The key scientific instrument onboard the GRACE-FO sat-
ellites is the KBR system, which measures the dual one-
way range change between the twin GRACE-FO satellites. 
The KBR data are used mainly for gravity field recovery. 
However, the KBR range residuals computed by fixing the 

Table 4   GRACE-FO data weights for GPS UD and KBR range rate

Units used in Fig. 4 SI units

GPS UD code 0.085 (1/dm2) 8.5 (1/m2)
GPS UD phase 0.077 (1/mm2) 77,000 (1/m2)
KBR range rate 44.44 (s2/µm2) 4444E + 10 (s2/m2)

Fig. 5   Daily RMS of GRACE-C 
SLR residuals for different test 
cases

Table 5   GRACE-FO SLR 
number of normal points and 
residuals (mm)

GRACE-C GRACE-D

Obs. number Mean RMS Obs. number Mean RMS

GPS DD 20326 3.8 15.5 19317 3.8 15.3
GPS UD 5M 20830 3.8 15.6 19277 3.6 16.6
GPS UD 30S 20836 3.8 15.0 19406 3.7 15.2
GPS UD + KBR 19221 3.8 15.4 19333 3.7 16.2
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GRACE POD orbits can be used for evaluating the relative 
orbit accuracy of the GRACE-FO satellites.

The GRACE-FO KBR ranges were computed from 
GRACE POD and compared to the KBR measurements. 
The RMS of the differences was computed on each continu-
ous KBR arc on each day after removing a KBR range bias. 
Figure 6 displays the daily RMS of the KBR range residuals 
for different test cases. You can see that there are significant 
differences between the DD, UD and UD + KBR test cases. 
Table 6 summarizes the average daily RMS of the KBR 
range residuals. The results show the relative orbit accuracy 
using high rate GPS UD (30S) data is much better than that 
using GPS DD and low rate UD (5M) data. It is important 
to note that the RMS of the KBR range residuals is only 
0.2 mm when the KBR range rate data are used for GRACE-
FO POD. This means that the KBR data can significantly 
improve the orbit accuracy in the along-track component.

5.4 � Orbit comparison

The GRACE-FO orbits were directly compared with each 
other for different test cases. The orbit differences show 
the impacts of observation data types on orbit accuracy. 
They also indicate the effects of data rates (GPS UD 5M 
vs. GPS UD 30S). For the orbit comparison, there were no 
bias removals or similar transformations. Figure 7 shows 
the daily orbit difference RMS for GRACE-C in the radial, 
along-track (transverse), cross-track (normal) direction and 
3D positions for GPS DD and UD (30S) data. You can see 
that the orbit differences in radial and cross-track directions 
are smaller than those in along-track direction. Tables 7 and 
8 summarize the orbit difference statistics for both GRACE-
C and GRACE-D, respectively. The average RMS values 
for GRACE-C and GRACE-D in radial and cross-track 

directions are less than 1 cm; in along-track direction less 
than 1.5 cm.

Both the SLR residuals and the orbit comparison can 
be used to evaluate the absolute orbit accuracy. The results 
(Table 5, 7, 8) indicate a very good agreement for the orbit 
accuracy in position. Conservatively speaking, the GRACE-
FO orbit accuracy is better than 2 cm; the orbit accuracy in 
radial and cross-track directions is better than 1 cm.

6 � Evaluation of GRACE‑FO gravity field 
recovery

The monthly GRACE-FO gravity recovery was carried out 
based on the method, models and data processing strate-
gies described above (Sect. 3). The data used for this study 
were five months (January to May 2019). To investigate the 
impacts of GPS data types, rates and weighting on gravity 
recovery, four different cases were tested as follows:

(1)	 GPS DD DW 2M down-weighted GPS DD phase obser-
vations with 2-min data rate.

(2)	 GPS UD OW 5M optimally weighted GPS UD code and 
phase observations with 5-min data rate.

(3)	 GPS UD OW 30S optimally weighted GPS UD code 
and phase observations with 30-s data rate.

(4)	 GPS UD DW 30S down-weighted GPS UD code and 
phase observations with 30-s data.

Fig. 6   Daily RMS of GRACE-
FO KBR range residuals for 
different test cases (The data 
gap from Feb. 7 to 21, 2019 was 
due to an automatic shutdown 
of the OBS for GRACE-D)

Table 6   GRACE-FO KBR range residual RMS (mm)

GPS DD GPS UD 5M GPS UD 30S GPS UD + KBR

9.1 12.7 5.7 0.2
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For the gravity solution, both KBR and GPS data are 
needed. Each data type contributes information to the solu-
tion. In addition, the gravity recovery is dependent on the 
data distribution of satellite ground track (Kang 1998). 
Using optimal weights for both KBR and GPS (DD 2-min 
or UD 30-s) data results in a degraded gravity solution.

Through past heuristic experimentation, we have found 
a lower weight or a lower data rate for GPS data that give 
us the “best” balance between the information and noise 
contributed by GPS data. For GPS DD 2-min data, the data 
RMS was down-weighted from about 0.8 cm to 2.12 cm; the 
RMS of GPS UD 30-s phase data from about 5 mm to 5 cm; 
the RMS of GPS UD 30-s code data from about 50 cm to 
5 m. For GPS UD 5-min data, the current study found that 
these data can be optimally weighted. Based on those tests, 
the following empirical formula (data rate sigma balance) 
is given:

(8)r5 × �5 = rn × �n

where r5 is 5-min data rate; �5 is sigma of data for 5-min 
data rate; rn is new data rate (such as 30 s or 2 min); and �n 
is designed sigma of data for the new data rate. For exam-
ple, the designed sigma for 2-min GPS DD data and down-
weighting is 2 cm (300 × 0.8 = 120 × �n ); the sigma for 30-s 
GPS UD data is 5 cm (300 × 0.5 = 30 × �n ). The computed 
values are very close to what were used. Therefore, we can 
use the empirical formula to compute the down-weighting 
sigma for GRACE-FO gravity recovery. The KBR range rate 
data with 5-s sample rate and optimal weighting for each 
processing arc (1-day) were used for gravity recovery.

Figure 8 shows the GRACE-FO optimal weighting RMS 
for GPS UD 5M and KBR range rate data after gravity solu-
tion. The weighting RMS for GPS UD phase is relatively 
stable. Table 9 lists the down-weighting RMS and optimal 
weighting mean RMS. You can see that the RMS differences 
between POD and gravity recovery for GPS UD 5M data 
are almost the same. However, there are significant RMS 
differences (0.15 vs. 0.08 µm/s) between POD and gravity 
recovery for KBR range rate. This is due to the reducing 
the effects of high-frequency dynamic model errors on the 

Fig. 7   Daily RMS of GRACE-C 
orbit comparison between GPS 
DD and GPS UD 30S

Table 7   GRACE-C orbit 
comparison (mm)

Cross-track Along-track Radial Position (3D)

GPS DD versus GPS UD 30S 7.1 14.5 5.1 15.3
GPS UD 5M versus GPS UD 30S 3.3 9.4 5.0 11.3
GPS UD + KBR versus GPS UD 30S 4.9 9.3 6.2 12.3

Table 8   GRACE-D orbit 
comparison (mm)

Cross-track Along-track Radial Position (3D)

GPS DD versus GPS UD 30S 7.2 13.2 5.4 16.2
GPS UD 5M versus GPS UD 30S 3.5 10.4 5.4 12.4
GPS UD + KBR versus GPS UD 30S 4.9 9.7 6.2 12.6
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KBR range rate residuals through solving for gravity field 
coefficients.

The 5 monthly gravity model coefficients were estimated 
to degree/order 60 with no constraints or regularization. 
We use the degree/order 60 gravity solutions for our study, 
because they are stable and reliable, and just the relative dif-
ferences for different solutions are discussed. January 2019 
was taken as an illustrative month. The remaining months are 
somewhat similar. Figure 9 shows the square roots of degree 
difference variances between different test gravity fields and 
the static field GGM05C. All statistics are shown in units of 
mm of geoid height and are derived from simply multiplying 
the degree-accumulated statistics of the coefficients by the 
equatorial Earth radius of 6378.136 km. Usually, the square 
roots represent the time-variable signals in lower degrees, 

Fig. 8   GRACE-FO optimal 
weighting RMS for GPS UD 
5M and KBR range rate data 
after gravity solution (The data 
gap from Feb. 7 to 21, 2019 was 
due to an automatic shutdown 
of the OBS for GRACE-D)

Table 9   Weighting RMS for GRACE-FO gravity recovery

Weighting RMS

GRACE-FO GPS DD Down 2.12 (cm)
GRACE-FO GPS UD phase 30S Down 5.0 (cm)
GRACE-FO GPS UD code 30S Down 5.0 (m)
GRACE-C GPS UD phase 5M Optimal 4.1 (mm)
GRACE-C GPS UD code 5M Optimal 35.4 (cm)
GRACE-D GPS UD phase 5M Optimal 4.3 (mm)
GRACE-D GPS UD code 5M Optimal 35.4 (cm)
GRACE-FO KBR range rate Optimal 0.08 (µm/s)

Fig. 9   Square roots of degree 
difference variances between 
different test gravity fields and 
GGM5C in terms of geoid 
heights (January 2019)
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and they indicate the noises in higher degrees. It can be seen 
there are almost no differences below degree 30. But there 
are clear differences for different tests cases above degree 
30. The gravity solution for the test case GPS UD OW 30S 
has more noise than the other test cases. This is due to the 
GPS data with higher data rate and no down-weighting. For 
the remaining test cases, there are no significant differences. 
This means that we can get similar results using either GPS 
DD or GPS UD data for GRACE-FO gravity recovery by 
applying for proper data rate and weighting.

Figure 10 shows the square roots of degree difference 
variances between different GPS UD gravity fields and 
GPS DD gravity field in terms of geoid heights, the formal 
error for the GPS DD gravity solution and degree error for 
GGM05C. You can see that the difference only for test case 
GPS UD OW 30S in higher degrees is above the formal 
error. The formal error in low degrees is overly optimistic 
(Meyer et al. 2016). Therefore, the calibrated degree error 
of GGM05C (Ries et al. 2016) can be used for checking the 
gravity solutions in low degrees. The differences for all test 
cases in low degrees are below the GGM05C degree error. 
In summary, all test cases except GPS UD OW 30S have the 
same level of results.

Figure 11 shows spherical harmonic coefficient differ-
ences between test cases GPS UD OW 5M (left), GPS UD 
OW 30S (middle), GPS UD DW 30S (right) and GPS DD 
DW 2M. The coefficient-wise differences provide useful 
information about difference locations. There are mainly 
three different sections: low degree/order, high degree/order 
and the central part of the triangles of coefficients. The cen-
tral part containing the low- medium- and high-degree/order 
coefficients generally has smaller differences. The low- and 
high-degree/order part has larger differences. In addition, 
some sectoral harmonics and the coefficients at resonance 

orders (15, 31, and 46) have also relatively large differences. 
However, the test case GPS UD OW 30S again shows more 
coefficient differences.

Figure  12 shows water height differences between 
monthly gravity solution test cases GPS UD OW 5M (top 
left), GPS UD OW 30S (bottom left), GPS UD DW 30S 
(top right), GGM5C (bottom right) and GPS DD DW 2M 
(smoothing radius 350 km). The differences between GPS 
DD and GGM05C show the gravity changes (signal). The 
differences between different GPS UD and GPS DD are 
mainly small stripes, which indicate the impacts of GPS 
data. This means that there is no significant signal loss using 
either GPS DD or GPS UD data. But there are relatively 
large stripes for GPS UD OW 30S test case. Using proper 
data rate and/or weighting can reduce the stripes and noise 
for recovered gravity fields. Table 10 summarizes the sta-
tistics of the gravity field differences. The equivalent water 
height error is about 1–2 cm.

Figure 13 shows the comparisons of some estimated 
spherical harmonic time series coefficients for different test 
cases. The coefficient-wise comparison with time shows how 
the coefficients for different month are different. Generally, 
they are small and acceptable based on the current accu-
racy. In this figure, the C20 (top left) derived from satel-
lite laser range (SLR) is also plotted for comparison. The 
GRACE-FO-derived C20 estimates are unreliable, and they 
are replaced by SLR-derived values (Chambers and Bonin 
2012). You can see that the C20 estimates from the case GPS 
UD OW 30S (green) are closer to the SLR solutions. This 
means that the C20 estimates are improved using more GPS 
data without down-weighting. But the estimates in high 
degrees/orders are noisier. This is because the coefficients 
compared with other test cases are more different (Fig. 13 
bottom left and right).

Fig. 10   Square roots of degree 
difference variances between 
different GPS UD gravity fields 
and GPS DD gravity field in 
terms of geoid heights, formal 
error for GPS UD gravity 
solution and degree error for 
GGM05C
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To study the impacts of GPS data for GRACE-FO grav-
ity recovery, the equivalent water height within selected 
areas and river basins are computed (using a smoothing 
radius of 350 km). Figure 14 shows the water height vari-
ations for the Huanghe, Greenland, Amazon and Texas 
areas (bottom) for different test cases. Generally, there are 
no significant differences in current accuracy limitation 

Fig. 11   Spherical harmonic coefficient differences between test cases GPS UD OW 5M (left), GPS UD OW 30S (middle), GPS UD DW 30S 
(right) and GPS DD DW 2M for month January 2019

Fig. 12   Water height differences between monthly gravity solution test cases GPS UD OW 5M (top left), GPS UD OW 30S (bottom left), GPS 
UD DW 30S (top right), GGM5C (bottom right) and GPS DD DW 2M (smoothing radius 350 km)

Table 10   Water height difference relative to GPS DD DW 2M gravity 
solution (cm)

Mean RMS

GPS UD OW 5M 0.0008 0.69
GPS UD OW 30S 0.0017 1.61
GPS UD DW 30S 0.0039 0.80
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(about 1–2 cm water height). However, the test case GPS 
UD OW 30S (green) shows more variation than the other 
test cases.

7 � Conclusions

The GRACE-FO orbits were efficiently and precisely 
determined not only using GPS DD, GPS UD but also 
KBR range rate observations by fixing GPS satellite orbits 
and clock parameters. The dynamic orbit determination 
method has been used, but with an aggressive force model 

Fig. 13   Samples of estimated 
spherical harmonic coefficients 
for different test cases

Fig. 14   Equivalent water height 
variations for Huanghe (top 
left), Greenland (top right), 
Amazon (bottom left) and Texas 
(bottom right) for different test 
cases
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parameterization. Both relative and absolute accuracy of 
the GRACE orbits is comparable by using either GPS DD 
observations or GPS UD observations. However, based on 
the orbit accuracy evaluation, the results using GPS UD 
30-s observations are a little better than those using GPS 
DD 30-s and GPS UD 5-min data. The disadvantage of the 
DD approach is the processing of a large amount of obser-
vations from the GPS ground stations, but it has a better 
coordinate reference system, and it does not need GPS 
clock parameters. The GPS UD approach has the opposite 
advantages and disadvantages. Adding KBR range rate 
data for GRACE-FO POD, the relative orbit accuracy is 
significantly improved without losing the absolute orbit 
accuracy.

Based on the SLR residuals and orbit comparison, the 
absolute accuracy of sub-centimeters in radial and normal 
direction as well as better than 2 cm in the 3D position has 
been achieved for GRACE-FO orbits. The relative orbit 
accuracy obtained using GPS UD data is better than that 
using GPS DD data. According to the KBR range residu-
als, the relative accuracy between the two GRACE satel-
lites is about 9 mm using GPS DD; 6 mm using GPS UD; 
0.2 mm using GPS UD and KBR.

The GRACE-FO gravity recovery was carried out using 
GPS DD or GPS UD data plus KBR range rate to study 
the impacts of GPS data on gravity solutions, which are 
validated through coefficient comparison, degree differ-
ence variances and water height variations over the whole 
Earth and selected area and river basins. When more than 
two types of data are processed, selection of data rate and 
weighting is very important. Different data have different 
contributions to the estimated parameters. For GRACE-
FO, GPS data mainly contribute to low degree spherical 
harmonic coefficients of Earth’s gravity field and orbit 
dynamical parameters, while KBR data have more gravity 
field information in low, middle and high degrees. When 
high rate GPS data without down-weighting are used, the 
solution degradation is clear. In summary, there are no sig-
nificant impacts of GPS DD and UD data on the GRACE-
FO gravity recovery, when proper data rate and weighting 
for GPS data are used.
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