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Low degree spherical harmonic influences on Gravity Recovery and
Climate Experiment (GRACE) water storage estimates

J. L. Chen,' Matt Rodell,2 C.R. Wilson,3 and J. S. Famiglietti4
Received 11 March 2005; revised 13 May 2005; accepted 14 June 2005; published 30 July 2005.

[1] We estimate terrestrial water storage variations using
time variable gravity changes observed by the Gravity
Recovery and Climate Experiment (GRACE) satellites
during the first 2 years of the mission. We examine how
treatment of low-degree gravitational changes and geocenter
variations affect GRACE based estimates of basin-scale
water storage changes, using independently derived low-
degree harmonics from Earth rotation (EOP) and satellite
laser ranging (SLR) observations. GRACE based water
storage changes are compared with estimates from NASA’s
Global Land Data Assimilation System (GLDAS). Results
from the 22 GRACE monthly gravity solutions, covering
the period April 2002 to July 2004, show remarkably good
agreement with GLDAS in the Mississippi, Amazon,
Ganges, Ob, Zambezi, and Victoria basins. Combining
GRACE observations with EOP and SLR degree-2
spherical harmonic coefficient changes and SLR observed
geocenter variations significantly affects and apparently
improves the estimates, especially in the Mississippi, Ob,
and Victoria basins. Citation: Chen, J. L., M. Rodell, C. R.
Wilson, and J. S. Famiglietti (2005), Low degree spherical
harmonic influences on Gravity Recovery and Climate
Experiment (GRACE) water storage estimates, Geophys. Res.
Lett., 32, 114405, doi:10.1029/2005GL022964.

1. Introduction

[2] The Gravity Recovery and Climate Experiment
(GRACE) satellite mission is jointly sponsored by the US
National Aecronautics and Space Administration (NASA)
and German Aerospace Center (DLR). The goal of GRACE
is to produce monthly maps of Earth’s gravity field with
unprecedented accuracy. These are based on precise mea-
surements of the distance between two satellites orbiting in
tandem, as well as data from on-board accelerometers and
Global Positioning System (GPS) receivers [Tapley et al.,
2004a]. These time-variable gravity fields can be used to
infer mass redistribution within the Earth system, including
variations of atmospheric surface pressure, terrestrial water
storage, snow and ice, and ocean bottom pressure [e.g.,
Wahr et al., 1998]. Recent studies [ Wahr et al., 2004; Tapley
et al., 2004b; Rodell et al., 2004b] concluded that seasonal
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water storage variations can, in fact, be derived from
GRACE data for certain large basins (e.g., the Amazon,
Mississippi, and Bay of Bengal), when appropriate smooth-
ing is applied. These GRACE-inferred terrestrial water
storage changes agree reasonably well with estimates from
hydrology models and observations.

[3] Due in part to orbital geometry and the short separa-
tion between the satellites (~200 km), very low degree
spherical harmonic coefficients, especially the degree-2
zonal term AC,,, are not well determined by GRACE.
Therefore, in most published studies the AC,, coefficient
is excluded. Chen et al. [2004] showed that degree-2
variations, AC,, AS,, and AC,, estimated from accurately
measured Earth rotational (EOP) data, appear to have better
accuracy than those derived from GRACE. The absence of
an ocean pole tide correction in current GRACE data
processing, (to be applied in upcoming reprocessing) has
significant effects on seasonal variability of GRACE AC,,
and AS,; [Chen et al., 2004]. Satellite laser ranging (SLR),
a well-established technique, can accurately measure the
degree-2 zonal gravitational change, AC,y, and hence pro-
vides another independent constraint on GRACE AC,.

[4] GRACE does not provide degree-1 coefficient
changes AC;, ASy,, and AC,, which represent variation
of Earth’s center of mass relative to the crust-fixed terrestrial
reference frame (geocenter motion) [e.g., Chen et al., 1999].
Chambers et al. [2004] suggested that when geocenter
motion estimated from SLR is included, GRACE-inferred
seasonal global non-steric sea level changes agree better
with TOPEX/Poseidon (T/P) and Jason-1 satellite altimeter
measurements. This indicates that the absence of geocenter
terms in GRACE time-variable gravity fields may have non-
negligible effects on terrestrial water storage estimates as
well.

[s] The first objective of this study is to estimate global
terrestrial water storage changes by combining GRACE
time-variable gravity fields with degree-2 coefficients
AC,, AS,;, and AC,, from EOP and/or SLR, and degree-
1 coefficients (geocenter variations) ACy;, AS;, and ACy
determined from SLR. Second, for six major river basins,
the Mississippi, Amazon, Ganges, Ob, Zambezi, and Vic-
toria, we evaluate the influence of these low degree terms on
basin-scale water storage change estimates, and how they
affect agreement with NASA’s Global Land Data Assimi-
lation System (GLDAS) [Rodell et al., 2004a].

2. Data and Models
2.1. Water Storage Changes From GRACE

[6] At present, the GRACE project has released 22
monthly gravity fields, spanning the period April 2002 to
July 2004, and representing approximately monthly average
values, though temporal sampling and averaging intervals
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Figure 1. Geographical locations of six major river basins
examined in this study: the Mississippi, Amazon, Ganges,

Ob, Zambezi, and Victoria basins.

are not completely uniform [Tapley et al., 2004a]. These
fields are provided as fully normalized spherical harmonics
up to degree and order 120, except that the Sept. 2002
solution is a 90 x 90 field because of limited data quality
and quantity. The mean gravity field is the GRACE GGMO01
gravity model, derived from the first 111 days of GRACE
data [Tapley et al., 2004a]. Tidal effects, including ocean,
solid Earth, and solid Earth pole tides (rotational deforma-
tion) have been removed in the level-2 GRACE data
processing. Non-tidal atmospheric and oceanic contribu-
tions are also removed in the level-2 de-aliasing process
(for details, see Bettadpur [2003]). This means that the
GRACE data represent changes caused by non-atmospheric
and non-oceanic mass changes, mainly continental water
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storage changes, as well as unmodeled atmospheric and
oceanic effects.

[7] The high degree spherical harmonic coefficients in
the GRACE solutions are dominated by noise [Tapley et al.,
2004b; Wahr et al., 2004]. Therefore, to simplify the
computation we truncate the GRACE solutions at degree
and order 60. To further minimize the noise in GRACE-
inferred terrestrial water storage change estimates, we apply
Gaussian smoothing [Jekeli, 1981; Wahr et al., 1998] to the
GRACE fields. Chen et al. [2005] demonstrated that choos-
ing an 800km radius in Gaussian smoothing produces the
best RMS (root-mean square) agreement between GRACE
and GLDAS water storage estimates. Therefore, we use
800km as the smoothing radius in this study. The mean of
the 22 solutions is removed from all time series in this
study.

[8] We carry out four experiments to estimate global
terrestrial water storage variability corresponding to differ-
ent treatments of low degree terms: 1) the AC,, coefficient
is excluded (similar to the published studies); 2) the AC,q
coefficient is included; 3) AC,; and AS,; are replaced
with estimates from EOP [Chen et al., 2004], and AC, is
replaced with the seasonal (annual plus semiannual) least
squares fit from SLR estimates [Cheng and Tapley, 2002];
and 4) seasonal geocenter variations are also included (on
top of experiment 3) based on published seasonal ampli-
tudes and phases from Chen et al. [1999]. Basin-scale
water storage changes are computed from GRACE-derived
global fields (after truncation and smoothing) using cosine
(latitude) weighting. The six basins (see Figure 1) were
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-5 GRACE with EOP/SLR
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Figure 2. Terrestrial water storage anomalies in the (a) Mississippi, (b) Amazon, (c) Ganges, (d) Ob, (e) Zambezi, and (f)
Victoria basins estimated from un-smoothed GLDAS (gray curves), GRACE without AC, (blue crosses), GRACE with
AC, (red circles), GRACE with AC,,/AS,; from EOP and AC,, from SLR (green squares), and GRACE with AC,;/AS,,;
from EOP and AC,, from SLR plus geocenter change from SLR (cyan triangles). The water height changes represent
averaged equivalent water thickness changes in the given basin.
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chosen based on either large seasonal variability (Amazon,
Ganges, and Zambezi basins), large size (Mississippi and
Ob basins), or geographical representation (Victoria basin).
We also estimate water storage changes in Antarctic and
Greenland from GRACE, to test sensitivity of estimates in
these regions to the low degree terms. GLDAS does
not provide results for these two regions [Rodell et al.,
2004a]. Atmospheric and oceanic effects on EOP and SLR
degree-2 gravitational changes AC,;, AS,;, and AC,, and
geocenter variations are first removed using GRACE
atmospheric and oceanic de-aliasing fields [Bettadpur,
2003].

2.2. Water Storage Change From GLDAS

[9] GLDAS was developed jointly by scientists at the
NASA Goddard Space Flight Center and the National
Oceanic and Atmospheric Administration National
Centers for Environmental Prediction [Rodell et al.,
2004a]. GLDAS parameterizes, forces, and constrains
sophisticated land surface models with ground and satellite
products with the goal of estimating land surface states
(e.g., soil moisture and temperature) and fluxes (e.g.,
evapotranspiration). In this particular simulation, GLDAS
drove the Noah land surface model [Ek et al., 2003] version
2.7.1, with observed precipitation and solar radiation
included as inputs. GLDAS terrestrial water storage
variations used in our calculations are the sum of soil
moisture (2 m column depth) and snow water equivalent.
Greenland and Antarctica are excluded because the Noah
model does not include ice sheet physics. Cosine (latitudinal)
weighting is applied when computing the GLDAS water
storage changes in the selected basins. The 3-hourly
GLDAS time series are smoothed by a 30-day sliding
window prior to comparisons with GRACE estimates.

3. Results and Comparison

[10] Figures 2a—2e show water storage changes inferred
from GRACE (in the four experiments introduced in 2.1)
and estimated from (unsmoothed) GLDAS in the 6 selected
basins. All time series are detrended using least squares fit.
The Amazon basin shows the greatest seasonal variability
(20—-30 cm), followed by the Zambezi and Ganges basins.
In all six basins, GRACE water storage changes agree
remarkably well with GLDAS estimates. To include
GRACE AC, (red circles) or not (blue crosses) has notable
(and sometimes significant) effects on the retrievals. For
example, GRACE’s AC,, was not well determined from
March to July 2004 (due to degraded ground track cover-
age), and the effects are evident in the Amazon and Ob
basins.

[11] Replacement of GRACE AC,;, AS,,, and AC,, with
estimates from EOP and SLR (green squares) also has
notable effects, although the improvement relative to ex-
cluding AC, is not obvious in most basins. However, when
EOP and SLR derived AC,,;, AS,;, and AC, are used for
the Mississippi basin, the seasonal amplitude from GRACE
increases significantly and agrees better with GLDAS.
Geocenter (GEOC) variations have an even greater impact
on basin-scale water storage changes than the degree
2 terms. Including the geocenter terms (cyan triangles)
significantly increases the seasonal variability and improves
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Table 1. Amplitude (Amp.) and Phase of Annual and Semiannual
Variations of Basin-Scale Water Storage Changes Estimated From
GRACE (GRC) and GLDAS*

Annual Semiannual
Amp. Phase Amp. Phase

Basins & Cases (cm) (deg) (cm) (deg)
Mississippi
GLDAS 4.10 6 1.51 150
GRC (no C20) 2.47 354 0.70 161
GRC (with C20) 2.66 0 0.83 154
GRC (EOP/SLR) 3.13 350 0.93 175
GRC(EOP/SLR/GEOC) 4.72 354 0.46 171
Amazon
GLDAS 9.27 343 0.44 122
GRC (no C20) 12.38 327 0.37 13
GRC (with C20) 12.46 321 0.67 339
GRC (EOP/SLR) 12.10 325 0.63 11
GRC (EOP/SLR/GEOC) 13.68 327 0.73 13
Ganges
GLDAS 7.45 188 2.66 329
GRC (no C20) 8.81 187 2.60 359
GRC (with C20) 9.10 190 2.71 357
GRC (EOP/SLR) 9.36 185 2.85 2
GRC (EOP/SLR/GEOC) 10.00 178 2.57 1
Ob
GLDAS 5.73 22 0.88 183
GRC (no C20) 5.43 348 0.82 205
GRC (with C20) 6.27 2 1.07 182
GRC (EOP/SLR) 5.21 353 0.85 197
GRC (EOP/SLR/GEOC) 5.49 8 0.96 197
Zambezi
GLDAS 9.44 0 2.49 313
GRC (no C20) 8.47 353 2.53 279
GRC (with C20) 8.03 345 2.81 283
GRC (EOP/SLR) 8.77 352 2.52 281
GRC (EOP/SLR/GEOC) 8.65 356 2.45 266
Victoria
GLDAS 4.94 358 1.64 334
GRC (no C20) 7.17 6 2.48 283
GRC (with C20) 6.59 0 2.72 286
GRC (EOP/SLR) 6.53 2 2.63 284
GRC (EOP/SLR/GEOC) 4.64 1 2.64 283

The phase is defined as ¢ in sin(2w(t — to) + ¢), where t, refers to h® on
January 1.

agreement with GLDAS in certain basins including the
Mississippi, Ob, and Victoria.

[12] Table 1 summarizes the amplitude and phase of
least-square-fit annual and semiannual variations estimated
from each time series shown in Figure 2. The agreement
between GRACE and GLDAS is generally very good. For
example, in the Ob basin GRACE results from Experiment 4
(EOP/SLR/GEOC) show nearly identical annual amplitude
and phase to GLDAS model estimates (5.73 vs. 5.49 cm of
water thickness change, and 22° vs. 8°). In the Victoria
basin, including EOP and SLR degree-2 terms and SLR
geocenter clearly improves the agreement. The annual
amplitude is reduced from 7.17 cm (in Experiment 1 when
AC, is excluded) to 4.64 cm in Experiment 4 (EOP/SLR/
GEOC), much closer to the GLDAS estimate (4.94 cm).

[13] In most cases, the phase of the GRACE water storage
cycle consistently lags the GLDAS cycle by a few days to
weeks. This seems unlikely to be due to errors in the data. A
likely explanation is that groundwater storage changes are
contributing to the signal seen by GRACE. Groundwater
changes should lag near-surface components of terrestrial
water storage (soil moisture and snow), and is not incorpo-
rated in the GLDAS estimates. Furthermore, one might
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Table 2. The Average RMS of the Residuals Between GLDAS
and GRACE Estimates in the Six Basins (in Units of cm of Water
Height)*

Basins RMSI1 RMS2 RMS3 RMS4
Mississippi 1.71 1.54 1.34 1.13
Amazon 3.10 4.02 3.11 3.77
Ganges 1.55 1.73 1.70 2.28
Ob 2.03 2.29 1.76 1.03
Zambezi 2.36 3.01 221 2.39
Victoria 2.97 3.20 2.88 2.97

“RMSI, 2, 3, and 4 represent the RMS of GLDAS — GRACE for the
four GRCACE experiments (no C20, With C20, EOP/SLR, and EOP/SLR/
GEOC), respectively.

expect that the addition of groundwater would increase the
amplitude of the signal relative to the GLDAS prediction.
[e.g., Rodell and Famiglietti, 2001]. This suggests that by
combining GRACE and GLDAS or other estimates of soil
moisture and snow changes, an estimate of groundwater
storage change might be obtained.

[14] Table 2 shows the averaged RMS of the residuals
between GLDAS and GRACE estimates in the six basins.
The RMS estimates also demonstrate the important effects
of low degree harmonics on GRACE estimated water
storage changes. For example, the RMS in the Mississippi
and Ob basins are significantly reduced when EOP/SLR
derived degree-2 harmonics change and geocenter motion
are applied (Experiment 4, EOP/SLR/GEOC).

4. Conclusion and Discussion

[15] We estimate basin-scale water storage changes using
GRACE time-variable gravity observations with different
treatments of degree-2 and geocenter terms. Substituting
EOP and SLR estimates of AC,;, AS;;, and AC,q strongly
affects the estimates. Geocenter terms also significantly
impact basin-scale water storage estimates. Sensitivity to
these different treatments depends on location, size, and
water storage variability of the region of interest.

[16] In the six selected basins, GRACE water storage
changes agree remarkably well with GLDAS soil plus snow
water storage changes. Combining EOP and SLR AC,,,
AS,;, and AC,q and/or SLR geocenter variations with
GRACE data generally improves agreement with GLDAS
estimates, particularly in the Mississippi, Ob, and Victoria
basins. The apparent phase lag of GRACE relative to
GLDAS may be linked to effects of groundwater. Additional
experiments (not presented here) indicate that polar regions
(i.e., Antarctica and Greenland) are even more sensitive to
the various treatments of low degree gravitational terms
examined here.

[17] Despite of the remarkably good agreements between
GRACE and GLDAS estimated water storage changes in
selected basins, many error sources could still affect these
estimates. Better determined low degree spherical harmon-
ics change from GRACE itself (from upcoming data
reprocessing) and improved geocenter time series should
improve GRACE estimates. How to successfully restore
real water storage change after the necessary smoothing
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applied in GRACE data is also a challenging issue for future
studies [e.g., Chen et al., 2005]. Ground water change is not
considered in this study, limited by data resources. Different
land surface models still show significant differences in
modeling large-scale water storage changes, although
GLDAS appears showing major improvements than other
models.
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of the results. This research was supported by NASA’s Solid Earth and
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