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Abstract

We develop a transfer function to determine in situ line-of-sight gravity difference (LGD)
directly from Gravity Recovery and Climate Experiment (GRACE) range-acceleration measurements. We
ﬁrst reduce GRACE data to form residual range-acceleration referenced to dynamic orbit computed with a
reference gravity ﬁeld and nonconservative force data. Thus, the residuals and the corresponding LGD
data reﬂect time-variable gravity signals. A transfer function is designed based on correlation-admittance
spectral analysis. The correlation spectrum shows that residual range-acceleration and LGD are
near-perfectly correlated for frequencies >5 cycles-per-revolution. The admittance spectrum quantiﬁes
that the LGD response to range-acceleration is systematically larger at lower frequencies, due to the
increased contribution of centrifugal acceleration. We ﬁnd that the correlation and admittance spectra are
stationary (i.e., are independent of time, satellite altitude, and gravity strength) and, therefore, can be
determined a priori with high ﬁdelity. We determine the spectral transfer function and the equivalent time
domain ﬁlter. Using both synthetic and actual GRACE data, we demonstrate that in situ LGD can be
estimated via the transfer function with an estimation error of 0.15 nm/s2, whereas the actual GRACE data
error is around 1.0 nm/s2. We present an application of LGD data to surface water storage changes in large
basins such as Amazon, Congo, Parana, and Mississippi by processing 11 years of GRACE data. Runoff
routing models are calibrated directly using LGD data. Our technique demonstrates a new way of using
GRACE data by forward modeling of various geophysical models and in-orbit comparison with such GRACE
in situ data.

1. Introduction
The Gravity Recovery and Climate Experiment (GRACE) mission, launched on 17 March 2002, mapped
time-variable gravity ﬁelds of the Earth with unprecedented temporal and spatial resolutions for 16 years
(Tapley et al., 2004). The fundamental data of GRACE is intersatellite distance change with a precision of
0.2 μm/s (in range-rate at 0.1 Hz) from a dual-frequency K-band ranging (KBR) system (Loomis et al., 2012).
In situ gravimetric observables can be computed from GRACE Level-1B (L1B) KBR and GPS observations,
together with attitude and nongravitational acceleration data. The so-called energy integral approach (Guo
et al., 2015; Jekeli, 1999, 2017) and acceleration approach (Ditmar & van Eck van der Sluijs, 2004; Weigelt,
2017) have been developed to estimate potential difference and line-of-sight (LOS) gravity difference
(LGD), respectively, from GRACE L1B data. These approaches have been used to study regional and global
time-variable gravity, continental hydrology, tides, etc. (e.g., Chen et al., 2008; Han et al., 2005; Killett et al.,
2011; Ramillien et al., 2011; Shang et al., 2015; Tangdamrongsub et al., 2012; Watkins et al., 2015).
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The LGD is determined from GRACE intersatellite K-band range-acceleration (KBRA) plus centrifugal acceleration (e.g., Rummel, 1979), where the latter is computed based on satellite orbit. For time-variable gravity
analyses, KBRA residual (obtained after subtracting the contribution of a reference gravity ﬁeld and some
better-known geophysical signals like ocean tide from the observed KBRA) can be directly used to approximate the residual LGD. It is known that the approximation error due to neglecting the residual centrifugal
term is signiﬁcant only over the low-frequency part of the gravity spectrum (Ditmar et al., 2012;
Ghobadi-Far et al., 2018; Weigelt, 2017).
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In this study, we present a new methodology of LGD estimation from KBRA residual data by employing
correlation-admittance spectral analysis. Correlation-admittance analysis is often found in geodetic and geophysical studies of the lithosphere of terrestrial bodies (e.g., Han et al., 2014; Konopliv et al., 2011; McGovern
et al., 2002; Šprlák et al., 2017; Wieczorek et al., 2012). In such studies, the correlation and admittance spectrum between topography (geometric shape) and gravity (physical shape) provides information on the
strength and composition of the lithosphere of terrestrial planets, assuming that gravity is in a direct
response to topography. Here we extend the correlation-admittance analysis technique to determine a transfer function between a gravimetric quantity (LGD) and a geometric quantity (KBRA) in both the frequency and
time domains. The resulting transfer function is applied directly to KBRA time series to determine an LGD
time series.
The instantaneous LGD computed along the satellite orbit reﬂects the effect of geophysical mass variations on the Earth’s surface. As an example, it is demonstrated that these data could be directly exploited
to study hydrological surface mass variation without generating the monthly mean gravity ﬁeld. Our
approach is based on forward computation of gravity effect from hydrological models and direct comparison with GRACE LGD data. We particularly focus on surface water storage (SWS) changes in large river
basins, which are computed by laterally routing total (surface and subsurface) runoff from upstream to
the ocean (e.g., Branstetter & Erickson, 2003). Han et al. (2009) used GRACE L1B range-rate data to study
surface water changes by routing total runoff data in the Amazon. Han et al. (2010) compared the performance of different land surface model outputs of soil moisture and SWS in the Amazon. Using GRACE
Level-2 (L2) monthly mean solutions and river discharge observations, Kim et al. (2009), Alkama et al.
(2010), and Decharme et al. (2010) showed that SWS variation is a signiﬁcant contribution to GRACE’s total
storage measurements and concluded that simulating a realistic streamﬂow velocity plays a key role in
large scale applications.
Regarding other applications of GRACE L1B data for geophysical model evaluation, Han et al. (2007) estimated long-wavelength components of ocean tides surrounding Antarctica directly from GRACE range-rate
measurements. Eicker and Springer (2016) studied monthly and submonthly variations of hydrological signals using range-rate data. Loomis and Luthcke (2017) investigated mass evolution of the Mediterranean,
Black, Red, and Caspian Seas from GRACE range-acceleration data. It is noted that all the above-mentioned
studies used numerical orbit integration techniques to compare GRACE L1B KBR data and models. Here we
present a different methodology based on a direct comparison between the GRACE gravimetric observable
and the force itself (LOS gravity difference in our case) computed from hydrological models. It is clear that
dealing with the force directly is simpler than numerical integration of the force.
The paper is organized as follows: In section 2, we ﬁrst review the estimation of LGD from GRACE data and
then introduce correlation and admittance analysis (in both frequency and time domains). In section 3, we
discuss a priori determination of the transfer function using synthetic data. The efﬁcacy of the method is
demonstrated using actual GRACE data in section 4. Section 5 presents the methodology and results of evaluating SWS at global and basin scales using our GRACE LGD data to calibrate runoff routing velocities.
Conclusions are drawn in section 6.

2. Methodology
2.1. Computation of LOS Gravity Difference
Starting from the equation for range-rate ρ_ ¼ r_ 12 ·e12 , one can derive
€r 12 ·e12 ¼ ρ€  r_ 12 · e_ 12 ;

(1)

where ρ_ is K-band range-rate, ρ€ is KBRA, r_ 12 is intersatellite velocity vector, e12 is LOS unit vector, and €r 12 · e12 is
gravity difference vector projected in the LOS direction (i.e., LOS gravity difference, denoted by gLOS
12 in the
following). Equation (1) can be reformulated as (e.g., Rummel, 1979)
gLOS
€
12 ¼ ρ



1
1  ðyÞ
ðzÞ 2
jr_ 12 j2  ρ_ 2 ¼ ρ€  r_ 12 þ r_ 12 ;
ρ
ρ
ðyÞ

(2)

ðzÞ

where ρ is the intersatellite distance and r_ 12 and r_ 12 are cross-track and radial components of the intersatellite
GHOBADI-FAR ET AL.
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Table 1
Description of Five Different GRACE Synthetic Data Sets Used in This Study
Data
set
#1
#2
#3
#4

#5

Reference ﬁeld
a

ITG-GRACE2010 (d/o 60)
ITG-GRACE2010 (d/o 60)
ITG-GRACE2010 (d/o 60)
Static gravity and better-known
geophysical signals like ocean tide as in
(Luthcke et al., 2013) for March 2004
Static gravity and better-known
geophysical signals like ocean tide as in
(Luthcke et al., 2013) for March 2016

Altitude
(km)

Length

DDK6
DDK4
DDK2
-

500
400
300
487

10 days
10 days
10 days
1 month

-

377

1 month

True ﬁeld

Filter

CSR-R05 August 2002 (d/o 60)
CSR-R05 August 2002 (d/o 60)
CSR-R05 August 2002 (d/o 60)
c
NASA GSFC mascon March 2004
(d/o 90)
NASA GSFC mascon March 2016
(d/o 90)

b

d

Note. The forth column indicates the ﬁlter applied to the true ﬁeld. d/o 60 or 90 means SH coefﬁcients to degree and
order 60 or 90 are used.
a
b
c
d
Mayer-Gürr et al. (2010). Bettadpur (2012). Luthcke et al. (2013). Kusche et al. (2009).

velocity vector, respectively. The second term on the right-hand side of equation (2) with cross-track and
radial intersatellite velocity represents the centrifugal acceleration.
For time-variable gravity ﬁeld analysis, a reference ﬁeld, including a static gravity ﬁeld model and some
better-known geophysical signals like ocean tide and nongravitational forces such as air drag, is subtracted
from GRACE intersatellite ranging data. We introduce the residual quantities representing the time-variable
gravity signals referenced to the reference ﬁeld as follows:
δgLOS
ρ þ Δ0 ;
12 ¼ δ€

(3)

LOS
LOS
where δ€
ρ ¼ ρ€  ρ€e, δgLOS
g12 , and Δ0 is the residual centrifugal acceleration. Quantities denoted
12 ¼ g12  e
with a tilde are computed based on the reference ﬁeld. In this study, nongravitational accelerations measured
LOS
by onboard accelerometers are taken into account in the computation of ρ€e and e
g12 .

It has been shown by several authors (e.g., Ditmar et al., 2012; Weigelt, 2017) that the term Δ0 mainly contributes to the low-frequency part of the spectrum and is roughly a fraction of δ€
ρ. Therefore, the residual rangeacceleration itself could be a reasonable (ﬁrst order) approximation to LGD, that is, δgLOS
¼ δ€
ρ (e.g., Killett
0
et al., 2011; Weigelt, 2017). The approximation error in this case is the full signal of the residual centrifugal
LOS
acceleration, namely, Δ0 ¼ δgLOS
(= δgLOS
ρ ). It should be noted that δgLOS
12  δg0
12  δ€
12 indicates the desired
gravimetric quantity, while δgLOS
is its estimate based on the GRACE KBR data. The subscript “12” is dropped
0
in the LGD estimates from hereafter. We present a method to improve the accuracy of LGD computation by
reducing the approximation error to second order. The results are compared with the accuracy of the ﬁrst order estimate δgLOS
0 .

Figure 1. Spectrum of line-of-sight (LOS) gravity difference δgLOS
12 (red), Kband range-acceleration residual δ€
ρ (blue), and residual centrifugal acceleration Δ0 (black) computed based on synthetic data set #1 (see Table 1 in
section 3). The errors of the estimated LOS gravity difference based on frequency-wise ΔF (cyan) and time-wise ΔT (dark green) transfer function are
also shown (please see sections 2.2 and 2.3). The dashed black lines indicate
1, 5, and 60 cycles-per-revolution (CPR) frequencies.

GHOBADI-FAR ET AL.

To illustrate equation (3), we computed dynamic orbits with the reference
gravity ﬁeld and time-variable gravity ﬁeld for 10 days (Data Set #1 in
Table 1; see also section 3 for details of synthetic orbit data). Figure 1
LOS
shows the spectrum of time series of δg12
, δ€
ρ , and Δ0 in equation (3).
The KBRA δ€
ρ was obtained as the difference between range-acceleration
computed from true and reference dynamic orbits, while the LGD δgLOS
12
was computed based on spherical harmonic (SH) coefﬁcients of the
time-variable gravity ﬁeld. The results in Figure 1 demonstrate that except
for long wavelengths of <5 cycles-per-revolution (CPR), the term Δ0 is several times smaller than the GRACE KBRA signals. However, the centrifugal
acceleration is larger than range-acceleration at lower frequencies <5 CPR.
2.2. Correlation and Admittance Spectra
We examined the frequency-dependent relation between LGD and KBRA
data by computing correlation γ(f) and admittance Z(f) spectra, deﬁned as
9188
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Figure 2. Correlation-admittance spectral analysis based on synthetic data set #1 as in Figure 1: (a) Correlation spectrum
ρ and δgLOS
ρ (red) and sum of
between δ€
ρ and δgLOS
12 . (b) Admittance spectrum between δ€
12 (blue), between Δ0 and δ€
them (black).

Sδ€ρ ;δg12LOS ðf Þ
;
γðf Þ ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Sδ€ρ ;δ€ρ ðf ÞSδg12LOS ;δg12LOS ðf Þ
Z ðf Þ ¼

Sδ€ρ ;δg12LOS ðf Þ
Sδρ;δ€
€ ρ ðf Þ

;

(4)

(5)

where Sδ€ρ ;δ€ρ ðf Þ and Sδg12LOS ;δg12LOS ðf Þ are the power spectra of KBRA and LGD, respectively, and Sδ€ρ ;δg12LOS ðf Þ is the
cross-power spectrum. The correlation spectrum in Figure 2a illustrates that LGD and KBRA data are highly
correlated (>0.95) in frequencies higher than 5 CPR, or equivalently, 1 mHz. This result is in agreement with
Ditmar et al. (2012), where it was shown that for frequencies <1 mHz, errors in LGD are mainly due to
inaccuracies in satellite orbits (particularly the radial component of the intersatellite velocity vector). As also
presented in Figure 1, at lower frequencies (<5 CPR), LGD is dominated by centrifugal acceleration not by
range-acceleration. The low correlation at frequencies higher than 0.01 Hz is simply due to the SH truncation
to degree/order (d/o) 60 of the gravity model used in computing the dynamic orbits and LGD. This frequency
band was chosen in the simulation to reﬂect the actual GRACE KBR data showing the signal-to-noise ratio
larger than 1 at frequencies of 0.01 Hz or less.
The admittance spectrum in Figure 2b illustrates that the LGD response to KBRA is ~1.5 at 5 CPR and
approaches to ~1 at 60 CPR, as also implied from the amplitude spectrum in Figure 1. The larger response
at lower frequencies is due to the greater contribution of the centrifugal acceleration to lower frequencies.
This is simply veriﬁed by computing the admittance spectrum between δ€
ρ and Δ0 and adding to the one
between δ€
ρ and δgLOS
12 .
ρ at frequencies >5 CPR. To that end,
We make use of the admittance spectrum to obtain δgLOS
12 from δ€
the admittance spectrum, as a transfer function in the frequency domain, is applied to the Fourier transform
of δ€
ρ and the result is transformed back to the time domain using the inverse Fourier transform as follows:
δgLOS
¼ F1 ðZ ðf Þ·Fðδ€
ρ ÞÞ;
F

(6)

where F and F1 denote the Fourier and inverse Fourier transform, respectively. The new estimate of δgLOS
F
LOS
LOS
yields an error ΔF (¼ δgLOS
12  δgF ) signiﬁcantly smaller than the error of δg0 (denoted by Δ0) particularly at
lower frequencies around 5 CPR (Figure 1). The application of the transfer function (admittance) enables an
improved estimation of LGD from KBRA at frequencies >5 CPR, by allowing for the effect of centrifugal acceleration. In section 3, we examine the transfer functions for various cases (different orbital altitudes and different gravity signals) and present that the transfer function is stationary and, thus, can be predetermined for
processing actual GRACE data.

GHOBADI-FAR ET AL.
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2 4

Figure 3. Admittance in time domain: (a) autocovariance C δ€ρ ;δ€ρ (blue) and cross-covariance C δ€ρ ;δgLOS
(red) function in m /s
12
computed based on synthetic data set #1 as in Figure 1. (b) Impulse response of the Wiener ﬁlter of order 541. Please note
that the order of the ﬁlter has been converted to time domain based on 5-s sampling rate of the GRACE K-band ranging
data (i.e., 541 × 5/60 ≈ 45 min).

An interesting point regarding the admittance is that equation (5) is the Wiener ﬁlter represented in the frequency domain (e.g., Orfanidis, 1988). Based on this equivalence, and having in mind equation (6), the presented methodology can be reformulated as a time domain ﬁltering operation. It is noted that the Wiener
ﬁlter discussed in this paper should be seen as a technique in the general context of input-output systems
rather than the speciﬁc context of noise reduction as often found in the geodetic literature (e.g., Reguzzoni
& Tselfes, 2009).
2.3. Admittance in the Time Domain
The Wiener ﬁlter minimizes the mean-square difference between the measured (input) and desired (output)
signals. The vector h of coefﬁcients in the Wiener ﬁlter is calculated using the Wiener-Hopf equation using the
auto-covariance matrix C δ€ρ ;δ€ρ of the input signal and the cross-covariance matrix C δ€ρ ;δg12LOS between input and
output signals as follows (Orfanidis, 1988):
LOS :
h¼C 1
ρ ;δg12
δ€
ρ ;δ€
ρ C δ€

(7)

Considering a ﬁnite impulse response (FIR) Wiener ﬁlter of order M + 1 (i.e., h = [h(0) h(1)⋯h(M)]T), the estimated LGD at epoch n from KBRA data is given by
δgLOS
T ðnÞ ¼

n

∑

k¼nM

hðn  k Þδ€
ρ ðk Þ:

(8)

Equation (8) shows that the estimated signal is a linear combination of present and past values of the input
signal. Therefore, the transfer function (or linear ﬁlter) in the time domain is causal, as opposed to its frequency domain counterpart (see equations (5) and (6)), which is noncausal. We remark that equation (7) with
the autocovariance and cross-covariance functions is reminiscent of least squares collocation, well known in
physical geodesy (Moritz, 1980). The relationship, similarities, and differences between Wiener ﬁltering and
least squares collocation can be found in Sideris and Sanso (1997), Sideris (1996), and Schwarz et al. (1990).
We computed the autocovariance and cross-covariance functions and the impulse response h for a ﬁlter of
order 541 based on the synthetic data used in Figure 1. The autocovariance and cross-covariance functions
exhibit very similar behavior due to the high correlation between KBRA and LGD; see Figure 3. The time
domain LGD δgTLOS is computed by applying the designed FIR linear ﬁlter to δ€
ρ as in equation (8), and the error
LOS
ΔT (¼ δg12
 δgTLOS) is compared with other methods in Figure 1. The time and frequency domain results of
GHOBADI-FAR ET AL.
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Figure 4. Robustness of the transfer function (admittance) in frequency as well as time domain: (a) admittance spectra in
the frequency band of interest (i.e., >5 cycles-per-revolution[ CPR]) and (b) impulse responses of the ﬁlter of order 541,
both computed from ﬁve different GRACE synthetic data sets listed in Table 1. Since the behavior of various impulse
responses is mainly different only at ﬁrst few minutes, in order to have a better visibility, the x axis is limited to ﬁrst 5 min in
panel (b).

LGD are comparable in error (or the frequency domain result is slightly better). Both estimates δgFLOS and δgTLOS
are considerably more accurate than δg0LOS . We also tested the performance of the Wiener ﬁlter with various
ﬁlter orders from 400 to 700 and observed that the results were very similar.

3. Determination of Transfer Function
In this section, we present that the correlation and admittance spectra of LGD and KBRA are independent of
time, satellite altitude, and gravity ﬁeld strength, by examining different cases of synthetic orbit and gravity
ﬁeld data. Table 1 lists ﬁve different sets of synthetic GRACE data. They include reference orbits, true orbits,
residual KBRA, and LGD from known gravity ﬁeld models. The residual KBR data were calculated as the difference between the true and reference orbits, which are computed using numerical orbit integration.
Moreover, residual LGD data were computed along the reference orbit based on SH coefﬁcients of the residual time-variable gravity ﬁeld, which is obtained as the difference between true and reference ﬁelds.
Data sets #1, #2, and #3 are 10-day simulations of GRACE-like orbits at initial altitudes of 500, 400 and 300 km,
respectively. Different orbital altitudes were used to simulate the orbital decay of GRACE from ~500 km in
2002 to ~350 km in 2017. In addition, different ﬁlters employed to smooth GRACE gravity ﬁeld solutions were
used to simulate their true ﬁelds. Reference orbits in data sets #4 and #5 are those computed using GEODYN
software (Pavlis et al., 2006) in the course of processing GRACE data for producing NASA Goddard Space
Flight Center (GSFC) mascon solutions (Luthcke et al., 2013). Compared to the ﬁrst three data sets, the data
sets #4 and #5 are more realistic due to the comprehensive background models used and the inclusion of
data gaps. It is noted that the residual time-variable gravity ﬁeld is computed up to SH d/o 60 in the case
of data sets #1 to #3 and to SH d/o 90 in the case of data sets #4 and #5.
As in Figure 2a, the correlation spectrum computed from these ﬁve data sets showed near unit correlation at
the frequency of 5 CPR and higher (not shown). Moreover, the ﬁve admittance spectra, shown in Figure 4a,
also present a consistent pattern similar to Figure 2b. Figure 4b illustrates impulse responses computed from
ﬁve different data sets. Since their difference mainly occurs in the ﬁrst few minutes, they are shown only for
the ﬁrst 5 min.
Table 2 quantiﬁes errors in the LGD estimates, computed from the transfer function in the spectral domain
and from the Wiener ﬁlter in the time domain, compared to the truth LGD signals over the frequency band
higher than 5 CPR, for the ﬁve different cases. In general, the LGD estimation error is reduced by 50–70%
GHOBADI-FAR ET AL.
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Table 2
2
RMS (in nm/s ) of Band-Pass-Filtered Error of Estimated LOS Gravity Difference
From Original KBRA Residual (Δ0) and After Applying the Transfer Function in
Frequency (ΔF) and Time (ΔT) Domain

after application of the transfer function, because the transfer function and
the Wiener ﬁlter both successfully account for the centrifugal
acceleration term.

Data Set

Figure 5 presents the results from data set #4. The purple and blue lines
show the KBR sensor noise in terms of range-acceleration (Kim, 2000)
and postﬁt KBRA residuals, respectively. The postﬁt residuals, obtained
after solving time-variable gravity ﬁeld, are realistic error estimates of the
actual GRACE data composed of mismodeled and unmodeled error in
background models (high-frequency variability) plus KBR sensor noise
(see Ditmar et al., 2012). Figure 5 demonstrates that the errors in LGD computed via the transfer function or the Wiener ﬁlter are several times smaller
than the GRACE data error (postﬁt residuals) at low frequencies and 2
orders of magnitude smaller at high frequencies.

RMS(FBP ðΔ0 Þ)
RMS(FBP ðΔF Þ)
RMS imp. in % (ΔF)
RMS(FBP ðΔT Þ)
RMS imp. in % (ΔT)

#1

#2

#3

#4

#5

0.371
0.160
56.95
0.182
50.94

0.426
0.174
59.16
0.200
53.05

0.488
0.169
65.37
0.197
59.63

0.538
0.146
72.91
0.165
69.33

1.740
0.643
63.08
0.769
55.81

Note. FBP indicates the band-pass ﬁlter between 5 and 60 CPR, in the case
of data sets #1 to #3, and 5 and 90 CPR, in the case of data sets #4 to #5.
Root-mean-square (RMS)
 improvement
 6th rows)

 inper cent (in 4th and
is calculated as 100 1  RMS FBP ΔF=T =RMSðFBP ðΔ0 ÞÞ .

The LGD estimation error is also visualized in Figure 6 showing (a) the
band-pass ﬁltered LGD signal, (b) the centrifugal acceleration term, and (c) the LGD estimation error. The
root-mean-square (RMS) of the LGD signal, the centrifugal term, and the LGD error is, respectively, 2.67,
0.54, and 0.15 nm/s2. The RMS of postﬁt KBRA residuals in the same frequency band is about 1 nm/s2.
The δ€
ρ itself is an estimate of LGD exhibiting 20% error; however, the application of the transfer function
reduces the error down to 5%.
We also quantiﬁed the effect of small deviations among ﬁve admittance spectrum estimates in Figure 4a. To
that end, we applied these ﬁve admittance spectra to the KBRA residual of data set #2. The estimation errors
in terms of RMS were 0.175, 0.174, 0.173, 0.175, and 0.178 nm/s2, respectively, for the case of admittance
spectrum applied from data sets #1, #2, #3, #4, and #5. Applying different admittance spectra to the data sets
other than #2 gave similar results. Thus, the small deviations in ﬁve different (empirical) admittance spectra,
as shown in Figure 4a, do not have a noticeable impact on LGD estimates. Similar conclusions can be drawn
from the time domain Wiener ﬁlter approach. Our study indicates that the admittance spectrum (or ﬁlter
coefﬁcients) is stationary in time, independent of orbit and gravity data and, therefore, can be determined
a priori with high ﬁdelity.
For actual GRACE data processing in the remainder of this paper, we take the spectral domain transfer function, because (1) it produces slightly better LGD computation (see ΔF and ΔT in Figures 1 and 5) and (2) more
importantly, the transfer function is applied in the exact frequency band. We determine the transfer function
based on the admittance spectrum computed from data set #5 in the 5–90 CPR frequency band for real data
processing in sections 4 and 5.
Finally, one may argue that synthetic data used in this section do not
simulate the real situation of GRACE gravity measurements, since
GRACE data contain not only monthly mean time-variable gravity but
also other submonthly gravity signals such as ocean tide errors and
high-frequency (e.g., hourly or daily) hydrological variability. However,
any mass variation signal will affect both KBRA and LGD in a way that
the admittance spectrum is consistent with the one found from monthly
mean ﬁelds.

4. Numerical Experiments With Actual GRACE Data
δgLOS
12

Figure 5. Spectrum of line-of-sight (LOS) gravity difference
(red), residual centrifugal term Δ0 (black), and error of estimated LOS gravity difference ΔF (cyan) and ΔT (dark green) computed based on synthetic data set #4.
In addition, the purple line indicates the KBR sensor noise in terms of rangeacceleration and the blue line indicates the K-band range-acceleration
postﬁt residual computed based on the NASA GSFC mascon solution of
March 2004.

GHOBADI-FAR ET AL.

We processed actual GRACE KBR data for a month in March 2004. The
reference orbit was the one used in data set #4. For comparison, LGD
was also computed based on GSFC mascon solution of that month to SH
LOS
LOS
d/o 90 and denoted by δgSH
. The computed LGD δgSH
is compared with
LOS
our LGD estimate δgF determined directly from KBRA residual data. It is
LOS
important to distinguish that δgSH
represents the monthly mean gravity
LOS
signal, while δgF is the instantaneous one.
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2

2

Figure 6. Spatial map of band-pass-ﬁltered data (in 5–90 cycles-per-revolution frequency band) (a) δgLOS
12 (RMS =2.67 nm/s ), (b) Δ0 (RMS =0.54 nm/s ), and (c) ΔF
2
(RMS =0.15 nm/s ) based on synthetic data set #4. Note the different scales.

Figure 7a shows the GRACE ground track on 3 March 2004 together with two highlighted arcs. Figure 7b illusLOS
trates the time series of δg0LOS (blue dots), δgFLOS (red dots), and δgSH
(black line). The time series of instantaneous (L1B) LGD follows closely the LGD computed based on monthly mean (L2) mascon solution. In general,
LOS
the correlation of the daily time series between instantaneous LGD and δgSH
is higher than 0.8, which is
lower than expected from the correlation spectrum in Figure 2a. This is due to KBR data noise and partly
LOS
to inconsistency of time resolution in two different data; namely, δgSH
reﬂects monthly mean (snapshot)
LOS
LOS
gravity signals, while δgF and δg0 imply continuous changes over the month.
Figure 7c shows the time series along the highlighted track crossing the Amazon in Figure 7a. It is noted that
the observed negative and positive peaks in LGD between 20° and 15° latitudes indicate a positive and
negative mass change (with respect to the mean ﬁeld) in the Amazon basin. The correlation between
LOS
LOS
δgFLOS and δgSH
is 0.94, while that of δg0LOS and δgSH
is 0.90. Figure 7d illustrates the same for the track crossLOS
ing Africa. Likewise, the higher correlation is found from δgFLOS (0.86 b/w δgFLOS and δgSH
, while 0.83 b/w δg0LOS
LOS
and δgSH
). A closer look reveals that around the large negative and positive peaks (like those at latitudes of
10°, 5°, and 75° in Figure 7c and latitude 5° in Figure 7d), δgFLOS better ﬁts δgLOS
SH , demonstrating the effect of
the transfer function.

LOS
Figure 7. In-orbit comparison between δgLOS
SH (computed from mascon monthly mean solution) and instantaneous δg0
LOS
and δgLOS
F : (a) GRACE ground track on 3 March 2004 with two arcs highlighted with color representing values of δgSH .
LOS
LOS
(b) Time series of three quantities δgLOS
0 , δgF , and δgSH . (c) Three quantities along the highlighted arc1 with longitude
~ 60°. (d) Same as (c) but for the arc2 with longitude ~ +20°. In panels (b)–(d), the blue and red dots indicate δgLOS
and
0
LOS
δgLOS
F , respectively, and the black line indicates δgSH .
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Figure 8. Degree RMS of static gravity reference ﬁeld (black line), mascon
(blue line), and solution from δgLOS
(dark green line), solution from δgLOS
0
F
(red line). A zoom-in into degree RMS of the latter three from degree 2 to 20
is also shown. Results are based on the actual GRACE data of March 2004.
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The LGD time series of δg0LOS and δgFLOS were further evaluated in terms of
global monthly mean gravity ﬁelds. We estimated two sets of SH coefﬁcients from monthly data of δgLOS
and δgFLOS to d/o 60 and compared with
0
the SH coefﬁcients of the mascon solution. It is to mention that the mascon
solution is considered as the reference in this experiment. Figure 8 shows
the degree RMS of the estimated coefﬁcients to d/o 60 and that of the
mascon solution. The SH coefﬁcients at lower degrees (less than 5) were
not well recovered by LGD because our LGD transfer function model is
not valid in the low-frequency band (<5 CPR). For degrees between 5
and 20, the SH solution based on δgFLOS follows the mascon solution better
than the δg0LOS solution, conﬁrming the effect of the transfer function. The
degree RMS of the δg0LOS and δgFLOS solutions increases beyond degree 30
due to the KBR data noise, while that of the mascon SH coefﬁcients does
not due the spatial constraint applied in the mascon solution.

It should be noted that the aim of this section is to demonstrate the efﬁcacy of the transfer function in the case of actual GRACE data. It is not
our aim to produce global monthly mean solutions and evaluate them by comparing with the
mascon solutions.
The mascon solution and the SH coefﬁcients from δg0LOS and δgFLOS data were also computed in terms of
equivalent water height (EWH; Wahr et al., 1998). Table 3 reports the statistics of global EWH computed from
the three solutions, for the cases of (1) coefﬁcients to d/o 40 and no ﬁlter applied, and (2) coefﬁcients to d/o
60 and a Gaussian smoothing of radius 500 km applied (Jekeli, 1981). In both cases, the SH solution from δgFLOS
is more comparable to the mascon solution in terms of minimum, maximum, and RMS. Moreover, Figure 9
shows global grid of EWH from the mascon (Figure 9a), from δg0LOS minus the mascon (Figure 9b), and from
δgFLOS minus the mascon (Figure 9c). The difference shown in Figure 9(c) is noticeably smaller than that in
Figure 9b, particularly in West Antarctica, Amazon, Alaska, and Greenland. The δgFLOS is a considerably better
estimate of LGD than δg0LOS . Lastly, the difference between the mascon solution and the one from δgFLOS is
originated primarily from the low accuracy estimation of SH coefﬁcients of degree 5 and below from δgFLOS
and the internal spatial smoothing applied to the mascon solutions.

5. Application: Calibration of Surface Water Storage Changes
5.1. Methodology
We present a methodology of how GRACE LGD data are used to study SWS variation in various river basins by
calibrating lateral ﬂow velocity and the results from 11 years of GRACE data analysis. We do not invert the
GRACE data but rather compute the gravity effect at satellite altitude
directly from hydrological model outputs of storage and runoff. The model
Table 3
gravity results are compared with the GRACE LGD data. This approach has
Statistics of EWH (in cm) Computed From Mascon, Solution From δgLOS
0 ,
LOS
an advantage compared to the use of Level-2 gravity ﬁeld or Level-3 water
and Solution From δgF
storage maps; namely, no ﬁltering, decorrelation, nor smoothing is
Max. d/o
Radius
Solution
Min.
Max.
RMS
required to GRACE data for comparison with the models. We extend the
40
mascon
44.7
73.1
7.4
study of Han et al. (2009) by (1) processing a longer period of GRACE data;
(2) using range-acceleration instead of range-rate data, which is more
δg0LOS
33.3
65.9
6.5
appropriate for a regional analysis; (3) providing global-scale results; and
δgFLOS
38.5
74.6
7.7
(4) providing regional-scale results in basins other than Amazon.
60

500 km

mascon

30.8

40.3

5.1

δg0LOS

20.2

23.7

3.5

δgFLOS

24.8

30.0

4.4

Note. The second column indicates radius of the Gaussian ﬁlter used to
smooth the equivalent water height (EWH).
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The reference orbits and KBR residual data used for this purpose are very
similar to those used in production of ITSG-GRACE2016 daily and monthly
mean gravity ﬁeld solutions (Mayer-Gürr et al., 2016). For details regarding
background models and parameterization of initial states and nongravitational accelerations, see Klinger et al. (2016) and Klinger and Mayer-Gürr
(2016). The global geopotential model GOCO05S (Mayer-Gürr et al.,
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Figure 9. Spatial maps of equivalent water height (in m) obtained from (a) mascon solution, (b) difference between mascon and δg0LOS solution, and (c) difference
between mascon and δgLOS
solution. All global maps are based on spherical harmonic coefﬁcients to d/o 60 smoothed using a Gaussian ﬁlter with radius of 500 km.
F
Note the different scales.

2015), which comprises both static SH coefﬁcients to d/o 280 and time-variable (trend plus annual) SH
coefﬁcients to d/o 100, is used as the reference model in production of ITSG-GRACE2016. However, our
KBRA data are residual with respect to the static part of GOCO05S. As such, our KBR residual data
represent the anomalies with respect to a static mean ﬁeld (for consistency with other GRACE data
products). The 11 years of GRACE KBRA residual data from 2003 to 2013 are computed by applying
numerical differentiation to range-rate residual data. Finally, the predetermined transfer function (section 3)
in 5–90 CPR frequency band is applied to the KBRA residual data in order to obtain in situ LGD data.
For terrestrial water storage (TWS) model, we use daily 1° × 1° grids of Global Land Data Assimilation System
NOAH (GLDAS/NOAH) Version 2.0 model (Rodell et al., 2004). In order to obtain TWS anomaly, soil moisture,
snow water equivalent, and canopy water storage are added. We denote this TWS by TWSw/oSW highlighting
TWS exclusive of SWS.
The continuity equation and the river channel network information were used to simulate SWS from surface
and subsurface runoff following Oki et al. (1999). A gridded 1° × 1° global river channel network, named Total
Runoff Integrating Pathways (TRIP), developed by Oki and Sud (1998), was employed to route total runoff.
TRIP is a global river routing model that isolates the river basin and interbasin translation of water through
the channels and helps to route the surface and subsurface runoff to the river mouths (Han et al., 2009).
The effective velocity of lateral water ﬂow is a tuning parameter in the runoff routing model. In TRIP, the effective velocity is considered to be an integrated mean velocity of rainwater traveling from the surface soil layer
to the river mouth through various paths, inﬂuenced also by shallow ground water movement (Oki et al.,
1999). Thus, the surface water incorporated by TRIP is the water storage ﬂowing subhorizontally toward
the stream outlets including both surface ﬂow and downslope movement of shallow groundwater (Kim
et al., 2009; Oki et al., 1999).
We simulated SWS by routing daily 1° × 1° grids of total runoff outputs from GLDAS/NOAH. The simulated
SWS anomaly was added to TWSw/oSW, and the result is denoted by TWSw/SW implying inclusion of SWS.
As the next step, daily grid of TWSw/oSW and TWSw/SW were converted into SH geopotential coefﬁcients to
d/o 120 (e.g., Sneeuw, 1994). Then, the model LGD was calculated along the actual GRACE orbit from the daily
model SH coefﬁcients. Finally, GRACE and model LGD were band-pass ﬁltered between 5 and 60 CPR for subsequent analysis. We evaluated model water storage changes by comparing the GRACE observed LGD with
the model LGD computed from TWSw/oSW and TWSw/SW and by calibrating the effective ﬂow velocity. Various

Figure 10. Root-mean-square variability of (a) GLDAS/NOAH runoff in daily 1° × 1° grids (in mm/day), and (b) simulated
surface water using 0.5 m/s effective velocity (in m), both computed over the study period from 2003 to 2013. Please note
that Greenland is excluded from global-scale analysis over continents.
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Figure 11. Time-series of global-scale runoff routing results over continents from 2003 to 2013 in terms of: (a) Monthly
2
root-mean-square (in nm/s ) of GRACE line-of-sight gravity difference before subtracting any terrestrial water storage
w/oSW
w/SW
(TWS) model (black), after subtracting TWS
(blue), and after subtracting TWS
associated with three different
velocities (0.1, 0.5 and 0.9 m/s in dark green, red and cyan, respectively), and (b) red, blue and green bars show root-meansquare improvement in per cent by inclusion of surface water component in TWS, simulated with 0.1, 0.5 and 0.9 m/s
velocity, respectively.

effective velocities (i.e., 0.1, 0.3, 0.5, 0.7, 0.9, 1.1, 1.3, 1.5, and 2.0 m/s) were tested. However, for improved visibility, only a few of the tested velocities will be shown in the results.
5.2. Global-Scale Results
We present global-scale results over the continents, excluding Greenland and Antarctica. The RMS variability
of the daily GLDAS/NOAH runoff from 2003 to 2013 is shown in Figure 10a. We simulated SWS changes by

2

w/oSW

Figure 12. Spatial map of root-mean-square in year 2008 (in nm/s ) of (a) GRACE line-of-sight gravity difference (LGD), (b) GRACE LGD subtracted by TWS
, and
w/SW
(c) GRACE LGD subtracted by TWS
simulated with the velocity of 0.5 m/s. The root-mean-square is computed on a 2° × 2° bin. To improve visibility over regional
areas like Amazon, the global map is shown from latitude 60° to 60° and longitude 135° to 160°.
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Figure 13. Same as Figure 11 but for the Amazon basin. Three different velocities of 0.3, 0.5, and 0.9 m/s are shown in this
case.

routing the runoff in the TRIP river network with different effective velocities. The RMS variability of the SWS
calculated with 0.5 m/s is shown in Figure 10b. The SWS along the major rivers and ﬂoodplains like Amazon,
Parana, Orinoco, Congo, Nile, Ob, and Yenisei were pronounced after runoff routing.
The simulated SWS was added to TWSw/oSW to obtain daily global grid of TWSw/SW. Then, the model LGD was
computed along the actual GRACE orbit and subtracted from GRACE LGD
measurements. Figure 11a shows the monthly RMS of GRACE LGD before
(in black) and after subtracting TWSw/oSW (in blue) and TWSw/SW with three
different velocities (0.1, 0.5, and 0.9 m/s in dark green, red, and cyan,
respectively). The lower the RMS, the better the time-variable gravity models (i.e., hydrology). A considerable reduction in RMS was found after subtracting TWSw/oSW. The SWS simulated with 0.5 m/s further reduced the
monthly RMS, see for instance years 2008 and 2009. It is clear that a low
velocity like 0.1 m/s increases the RMS, indicating that it does not ﬁt the
GRACE data.

Figure 14. Mean annual cycle of terrestrial water storage (TWS) in the
Amazon basin from GRACE (black), computed based on the CSR-R05
solution with DDK5 ﬁlter, and GLDAS/NOAH without (blue) and with the
contribution from surface water (red, green, and cyan for 0.3, 0.5, and 0.9 m/s
velocity, respectively). Root-mean-square of difference between GRACE
TWS and various GLDAS/NOAH TWS is also indicated.

GHOBADI-FAR ET AL.

The SWS models with different velocities were compared with the GRACE
LGD data globally. Figure 11b presents the extent of agreement between
the SWS models and GRACE data in terms of RMS of the model and data
difference, relative to RMS without the SWS models. In other words, it
shows the RMS improvement by adding SWS to TWS. Overall, from 2003
to 2013, SWS with the velocity of 0.5 m/s provides the best agreement
with the GRACE data, reducing the model and data difference by several
per cent in RMS. The effective velocity found from our global runoff
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routing test using GRACE LGD is in agreement with the conventionally
used value of 0.5 m/s in global-scale applications (e.g., Alkama et al.,
2010; Oki et al., 1999).
We note the substantial spatial variability of the data and model comparison. Figure 12 shows the spatial maps of RMS variability of the LGD data,
of the LGD residual after removing TWSw/oSW, and of the LGD residual after
removing TWSw/SW in 2008. The reduction of the GRACE LGD data by
TWSw/oSW is noticeable in most basins, and the further reduction is also
found by including the SWS model with 0.5 m/s in the Amazon and
Orinoco basins. However, the SWS model with 0.5 m/s is not consistent
with the GRACE data in other basins like Okavango-Zambezi, as indicated
by the increased RMS. The SWS model with a constant velocity is
not tenable.
5.3. Basin-Scale Results
We reﬁned our analysis to ﬁnd the best ﬁt velocities in individual basins,
starting with the Amazon river basin. The RMS of the misﬁt by different
velocities only over the Amazon basin is shown in Figure 13 (similar to
Figure 11 for the global average). In general, the effective velocities larger
than 1 m/s do not agree with the GRACE LGD data in Amazon and are
ruled out. In Amazon, the SWS model with any velocity less than 1 m/s ﬁts
the GRACE data. For example, the SWS simulated with 0.3 or 0.5 m/s velocity results in RMS improvement of as much as 50% in some months. Over
the entire 11-year span of the study period, the effective velocity of 0.3 m/s
improves the RMS in 74% of the months with an average value of about
32%, when comparing the contribution of TWSw/SW with TWSw/oSW in
these months (as in Figure 13b). The signiﬁcant contribution of SWS in
Amazon and the low effective velocity of 0.3 m/s are in agreement with
the ﬁndings of Han et al. (2010).
To illustrate the contribution of SWS component in TWS, compared to that
of soil moisture in the Amazon basin, we also computed the mean annual
cycle from the models of TWSw/oSW and TWSw/SW and compared them
with GRACE L2 CSR-R05 monthly mean solutions smoothed with the
DDK5 ﬁlter (Kusche et al., 2009). The results shown in Figure 14 conﬁrm
that SWS and soil moisture contribute almost equally to TWS in the
Amazon and the velocity of 0.3–0.5 cm/s is a good estimate throughout
the basin. The 1-month phase difference between GRACE and model
TWS could be due to spatially constant velocity used in routing the runoff.
We tested different velocities to compute SWS storage changes in Congo,
Parana, Mississippi, and Yenisei basins and compared with the GRACE LGD
data. The RMS comparison in each basin is shown in Figure 15 (similar to
Figure 13b for Amazon) for velocities of 0.3, 0.9, 1.5, and 2.0 m/s. For
improved visibility, each time series is shown only for the 5 years 2005 to
2009. As opposed to the Amazon basin, the SWS model with a velocity like
0.3 m/s does not provide a reasonable ﬁt to the GRACE LGD data in the
Congo and Parana river basins. The negative RMS improvement in Figures 15a and 15b implies that velocities
like 0.3 or 0.9 m/s are ruled out. The GRACE LGD data imply that the runoff residence time is considerably
shorter yielding TWS change dominated by soil moisture changes in the basins like Congo and Parana. A similar conclusion is drawn in the Mississippi basin (shown in Figure 15c). The SWS model with 1.1 m/s velocity
seems most reasonable. From the Yenisei basin in Figure 15d, it is found that the low velocity like 0.3 m/s
is favorable yielding the improved model by 10 to 40%, in March, April, and May. However, in the second half
of the year, a higher velocity is preferred. The basin-scale analyses suggest considerable changes in effective
ﬂow velocity patterns in time and space (see also Decharme et al. (2010)).

Figure 15. Time-series of root-mean-square improvement in per cent from
2005 to 2009 by inclusion of simulated surface water in terrestrial water
storage (TWS) in four river basins: (a) Congo, (b) Parana, (c) Mississippi, and
(d) Yenisei. For each month, simulated surface water with four different
velocities 0.3, 0.9, 1.5, and 2 m/s (illustrated by red, blue, green, and grey,
respectively) is shown.
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6. Conclusions
A technique based on correlation-admittance analysis was developed for accurate estimation of in situ gravimetric observables directly from GRACE intersatellite ranging (KBR) data. The correlation spectrum shows
that LGD and KBRA residual data are near-perfectly correlated over frequencies greater than 5 CPR. The
admittance spectrum, quantifying the amplitude response of LGD to KBRA at the coherent bands, presents
that the gravity response is as large as 1.5 at 5 CPR and approaching to 1.0 at 60 CPR and higher, due to
the greater contribution of the centrifugal acceleration to the lower frequency components of the gravity signals. Moreover, it was found that these correlation and admittance spectra are stationary and do not change
signiﬁcantly with time, orbital altitude, nor strength of time-variable gravity signals. Based on the correlation
and admittance spectra, we determined the transfer function to enable estimation of LGD from GRACE KBRA
data. Time-domain representation of the transfer function expressed in terms of impulse response of the
Wiener ﬁlter was also presented. It was shown that frequency and time domain transfer functions provide
comparable LGD computations.
Numerical experiments using synthetic gravity ﬁeld models and GRACE orbit integration demonstrated the
efﬁcacy of our method. Tests with synthetic data show that the transfer function recovers LGD from KBRA
with an accuracy of 0.15 nm/s2, considerably smaller than the actual GRACE data error of 1 nm/s2 (or
pﬃﬃﬃﬃﬃﬃ
10 nm/s2/ Hz ) over the frequency band between 5 and 60 CPR, where most time-variable gravity signals
are identiﬁed. Without the transfer function, the LGD accuracy would be around 0.54 nm/s2, limited by the
magnitude of the residual centrifugal acceleration. Essentially, the transfer function yields improved LGD estimates by reconciling the low-frequency gravity signals from KBRA data. The effect of the transfer function is
seen mostly from SH degrees between 5 and 20 of the global gravity ﬁelds.
As an application, we demonstrated the use of LGD data applied to hydrological problems by analyzing
11 years of actual GRACE L1B data. Our approach is based on forward computation of the gravity effects from
hydrological models and comparison with the GRACE LGD data. This is the opposite way of using GRACE data
that can be found from many other studies based on the inverted monthly mean L2 gravity maps or L3
equivalent water height maps. We used a global runoff routing scheme with variable ﬂow velocity parameters in addition to other water storage components available from land surface models to compute terrestrial water storage every day. Then, global hydrological mass changes were used to compute the gravity
signals equivalent to GRACE LGD. From the data and model comparison, we calibrated the ﬂow velocity.
In the case of global-scale analysis over different continents, runoff routing simulations showed that the calibrated velocity over the study period is about 0.5 m/s. Basin-scale results indicated various optimal velocities
for different river basins and different times. The optimal velocity for the Amazon and Siberian basins is found
to be around 0.3 m/s with indications of seasonal change, while surface water in the Congo and Parana basins
is better simulated with a velocity larger than 2.0 m/s, implying the shorter rainfall residence time. The surface
water changes account for as much as 50% of TWS in Amazon, while it is marginal in basins like Congo and
Parana, in a monthly time scale.
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Finally, we reiterate that the GRACE LGD provides instantaneous information about global mass variations
on the Earth’s surface. This is in contrast to the conventional GRACE L2 and L3 data products in the form
of monthly mean global snapshots, preventing submonthly time-variable gravity analyses. The methodology based on the accurate in situ LGD data presented in this paper could serve as a tool suitable to study
geophysical mass changes at submonthly, tidal, and seismic frequencies and open new opportunities of
using satellite gravity measurements for near real-time monitoring of ﬂoods and droughts and rapid
hazard assessment.
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