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SUMMARY
We use 6 yr of data of the GRACE (Gravity Recovery and Climate Experiment) satellite
mission, which yield estimation for interannual signals in gravity changes. We solve for such
signals in the form of not only linear trend but also quadratic term (acceleration/deceleration)
of mass variations globally at a spatial resolution of 500 km. On continents they signify hydrological mass transport, where any linear trend in precipitation minus evepotranspiration is the
input to and hence responsible for, the quadratic change in continental water storage and hence
in gravity. Comparison studies of geographical patterns of the quadratic (representing acceleration/deceleration) terms show interesting agreement of the hydrological model GLDAS with
GRACE data in many major areas, providing independent assessment as to the quality and
validity of the hydrological models for interannual applications.
Key words: Satellite geodesy; Time variable gravity; Global change from geodesy;
Hydrology.

1 I N T RO D U C T I O N
Many geophysical and climatic changes have been studied using
time-variable gravity (TVG) data from the twin-satellite mission of
Gravity Recovery and Climate Experiment (GRACE), which was
launched in 2002. Subsequent to the first studies on seasonal hydrological cycles in the tropical regions (e.g. Tapley et al. 2004),
some possibly long-term TVG trends began to be detected in various regions, for example, that due to present-day melting of ice
sheet in the coastal Greenland (e.g. Luthcke et al. 2006) and of
mountain glaciers in Alaska (e.g. Chen et al. 2006) and Asia
(Matsuo & Heki 2010) and secular TVG increase by glacial isostatic adjustment (GIA) in northern North America (Tamisiea et al.
2007) and northern Europe (Steffen et al. 2009). In addition, interannual TVG indicated that the ice loss has been accelerating in
Greenland (Velicogna & Wahr 2006) and in Antarctica (Chen et al.
2009).
With the accumulation of available GRACE TVG data in time
span, it becomes imperative and feasible to begin to examine the
temporal variation beyond the simple linear slope, which we refer
to as ‘trend’ (during the studied time span). Such variation, for any
given geographical location, constitutes by definition the longerterm acceleration (or deceleration) signal in TVG, which we shall
simply model with a quadratic polynomial, or a parabolic function,
of time within the studied time span. The acceleration in TVG
naturally reflects the acceleration in the causes of TVG, that is,
the mass transports in the Earth system. In particular, we shall
∗ Now at: Schlumberger Middle East S.A.
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focus on the continental hydrological mass variations; any temporal
acceleration thereof is obviously of grave importance in monitoring
and understanding of present-day global climate change, as well
as in predicting the future. Such is already the case in the case of
the observed sea level rise, as emphasized in the Intergovernmental
Panel on Climate Change 2007 report (Bindoff et al. 2007).
2 D ATA A N D P R O C E S S I N G
GRACE observations are processed at several research institutes.
We use the Level-2 Release-04 data set from the University Texas
Center for Space Research (Bettadpur 2007), given in the form
of monthly spherical harmonic Stokes coefficients up to degree
and order 60 (http://podaac.jpl.nasa.gov/grace/data_access.html).
The data span 71 months from January 2003 to December 2008
(we exclude those in 2002 because of their poorer data quality). The
C 20 component, which represents the Earth’s varying oblateness but
poorly determined by GRACE, is replaced with corresponding values derived from the Satellite Laser Ranging observations (Cheng
& Ries 2007).
As GRACE data have rather serious short-wavelength and correlated errors, particularly the ‘striping’ noises, spatial filtering is
necessary. In this paper, we apply the anisotropic fan filter which
consists of low-pass filters along both the degree n and order
m (Zhang et al. 2009), together with the de-correlation filter using polynomials of degree 4 for coefficients with m larger than 6
(Swenson & Wahr 2006).
For the TVG signals whose sources are mass transports occurring
on the Earth’s surface, one can directly and uniquely convert the
observed TVG into surface mass density changes (Chao 2005).
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where (θ , λ) = (colatitude, longitude), a and ρ e are the equatorial
radius and the mean density of the Earth, respectively and the load
Love numbers k n is to account for (or ‘undo’) Earth’s elastic yielding
effect under the mass loading in question. W n , W m are the fan filter
weights; we chose Gaussian weight equivalent to 500 km filter
length at Equator.
The EWT time series of any given location (or grid point on the
global map) is then analysed to look for hydrological accelerations
as follows. If the goal is to study the linear temporal trend in TVG,
the common practice is to model the time series of each given
location as:

confirmed that the K 2 aliasing affects little the estimated quadratic
terms.
While positive and negative quadratic terms show convex downward and upward time series, respectively, the interannual behaviour
of time series depends on both linear and quadratic terms. For
example, when a1 is positive, a positive (negative) a2 indicates acceleration (deceleration) of increase. However, when a1 is negative,
a positive (negative) a2 would indicate deceleration (acceleration)
of decrease. Thus, to avoid such ambiguities in the meaning of the
simple words of acceleration or deceleration alone, we shall specify
the polarity of the terms in each case as needed.
The statistical significance of the quadratic signal can be seen
in the degree variance of the linear and quadratic terms (Fig. 2a).
The estimated linear and quadratic terms remain well above formal
uncertainties, scaled using post-fit residuals, up to degree 50. The
coefficients with degrees >50 have large uncertainties but they affect little the recovered gravity changes because of the application
of the spatial filtering. Root-mean-square (rms) residual decreases
as the number of estimated parameters increases with higher degree
polynomials. Fig. 2(b) shows that this is the case and the rms decreases by adding the quadratic term exceeds those by adding any
of the higher degree terms. Thus we confirm that modelling with
quadratic function is statistically significant over modelling with
just the linear trend during the time span we analysed, that is, the
six full years of 2003–2008.

Mass(t) = a0 + a1 (t − t0 ) + ba cos( t − θa ) + bs cos(2 t − θs ),
(2)

3 R E S U LT S A N D D I S C U S S I O N S

We do so in terms of the equivalent water thickness (EWT) to
compare with meteorological quantities. In so doing we disregard
any non-surface processes, which are not among the main interest
of this paper, such as the GIA that would have hardly any quadratic
acceleration signal.
Specifically, given the deviation from the static Stokes coefficients in terms of C nm (t) and S nm (t), the EWT monthly map is
constructed by the summation of spherical harmonics (Wahr et al.
1998; Chao 2005):
σ (θ, λ, t) =

60
n

(2n + 1)
aρe 
Wn
Wm
3 n=2
(1 + kn )
m=0

×Pnm (cos θ ) [Cnm (t) cos mλ + Snm (t) sin mλ],

(1)

where the last two terms represent the seasonal components (annual
and semi-annual, respectively). The coefficient a1 is to account
for any linear trend in mass variation over the observed period.
Although the time derivative of the non-seasonal part of (2) does not
mathematically depend on t or epoch t0 , different studied periods
often yield different trends. For example (not shown here), such
trend looks quite different between the first and the second halves
of the time span in Eastern Europe; the increasing trend in the first
half reverses itself in the second. The opposite is seen in equatorial
Africa. In such cases, apparent trend changes can be part of the
interannual variability or just a result of a couple of anomalous
years, so a discussion on trend without specifying epoch is often
inadequate, especially as the data time span increases.
Thus, to better account for possible temporal acceleration/deceleration, we add an additional quadratic term with coefficient a2 into expression (2):
Mass(t) = a0 + a1 (t − t0 ) + a2 (t − t0 )2 + ba cos( t − θa )
+ bs cos(2 t − θs ).

(3)

Now the time derivative of eq. (3) depends on t and we need to
specify epochs in addressing the trend. Note that the coefficient a1
represents the ‘instantaneous’ trend at the epoch t0 . Here we let
epoch t0 = 2006.0, the mid-point of our time span. In that case,
a1 coincides with the average trend as recovered using eq. (2). The
parameters in eq. (3) are estimated with the usual least-squares
procedure. We plot the geographical distribution of the resultant
values of the linear (a1 epoch t0 ) and quadratic (a2 ) coefficients for
EWT in Figs 1(a) and (b), respectively.
GRACE data are known to suffer from the aliasing of tidal model
errors (Ray & Luthcke 2006) and the K 2 term may affect the estimation of quadratic signals with its relatively long aliasing period
of 1362.7 d. We evaluated the shifts of the estimated quadratic
terms by adding new terms changing with this period to eq. (3). We

Changes in the continental hydrological water storage in both forms
of surface soil moisture and underground water are the main cause
for (surface) TVG on land, which is observed by GRACE. Here we
discuss possible origins of quadratic changes in water storage (W ),
governed by the land-water budget equation:
dW
= P − E − R,
dt

(4)

where P, E and R are the precipitation, evepotranspiration and
runoff, respectively. If any of these fluxes contains a linear signal of the form αt +β, it would translate into a quadratic signal in
water storage:
W =

1 2
αt + βt + const.
2

(5)

Conversely, a quadratic signal in the water storage implies a linear
trend in the combination of the three hydrological fluxes.
Thus, as a first experiment, let us first compare GRACE data
with the linear trends in P estimated from meteorological data.
Crowley et al. (2006) showed good agreements between groundwater changes from GRACE data and integrated monthly precipitation
anomalies within the Congo Basin of Africa. Morishita & Heki
(2008) compared P–E from meteorological data with anomalous
changes in soil moisture related to El Niño/Southern Oscillation
from GRACE data. Both studies integrate P or P–E to compare
with W according to eq. (4) and assume constant R without better information. We, instead, directly compare linear trends in the
both sides of eq. (4). The quantity dW /dt in eq. (4) can be obtained
from GRACE data by calculating (i) monthly EWT at grid points as
shown in eq. (1) and (ii) their month-to-month differences at these
points. Then we could calculate its trend by estimating the linear
term in the time series of dW /dt using eq. (2). This is equivalent
to directly estimating the quadratic terms in GRACE with eq. (3)
(Fig. 1b).
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Figure 1. (a) Mean linear trend (epoch 2006.0) and (b) quadratic (acceleration/deceleration) of EWT from GRACE data, 2003–2008 (a 500-km fan filter and
de-striping filter applied).

In parallel, monthly worldwide precipitation data are available
from CMAP (Climate Prediction Center Merged Analysis of Precipitation) at 2.5 × 2.5◦ grids. CMAP provides merged precipitation
data using rain gauge, satellite observation and NCEP (National
Centers for Environmental Prediction) model output. We apply the
same 500 km fan filter to allow direct comparison with the GRACE
data. We then model P with eq. (2) to determine its linear trends and
show them in Fig. 3 (the original value in mm/month/year of EWT
is converted to those in mm/year/year to allow direct comparison
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with Fig. 1b). These trends constitute the contribution of P to β in
eq. (5).
When we compare Figs 1(b) and 3, both show clear systematic
patterns in large areas of Africa, Eastern Europe, Siberia, Southeast Asia and central North America. It should be noted that the
quantities shown in Fig. 3 should be twice as large as those in
Fig. 1(b) as indicated by the factor 1/2 in eq. (5). However, the
former is obviously larger than that, which is consistent with
the fact that P is only the input of the hydrological budget that
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Figure 2. (a) Degree variance of linear and quadratic changes of GRACE TVG. Red and blue curves show linear and quadratic terms, respectively. They all
exceed one-sigma errors shown with dotted curves. (b) Relationship between post-fit rms residuals of the Stokes coefficients of various spatial degrees and
the polynomial degree for the assumed interannual fit (plus the seasonal terms). Residual decreases notably by adding the quadratic term (i.e. by changing
polynomial degree from 1 to 2).

Figure 3. Linear trends in P from the CMAP meteorological data. The same spatial filters as the GRACE data have been applied.

determines dW /dt or W and one is still yet to take into account the
water loss by E and R for a full comparison. Unfortunately, we find
the latter not feasible at present. We have tried various ways to evaluate P–E or E alone from atmospheric general circulation model
(GCM) data, for example using water balance in the atmosphere
(Oki et al. 1995) or using temperature, hours of sunlight and precipitation data (Hamon 1963). They do agree well on the seasonal
behaviour, but not on the linear trends over the studied period of
time. Even when we use a same method on different atmospheric
GCM output to evaluate P–E, the results for trends often disagree.
Likewise is the model output for R; at present their interannual
behaviour does not close the water budget as dictated by eq. (4).
Nevertheless, the point of comparing the spatial distribution of the
trend of P with the quadratic changes in the GRACE data is simply
to confirm readily that a direct relationship exists between them,
the former as the source and the latter the consequence of the water
budget.
To further validate the GRACE results with those from independent sources, we estimate the same parameters from the Global
Land Data Assimilation System (GLDAS) Noah model (Rodell
et al. 2004). GLDAS/Noah provides snow, canopy and soil mois-

ture data at 1 × 1◦ grid points, except for Antarctica and Greenland
where the hydrological condition is hardly subjective to modelling
and the meteorological data are essentially unavailable. Although
GLDAS terrestrial water changes in some regions show fairly good
agreement with TVG from GRACE for their seasonal variations
(Tapley et al. 2004, Syed et al. 2008), reliability of interannual
changes in GLDAS hitherto have not been discussed sufficiently.
Here we estimate linear and quadratic terms of terrestrial water storage from GLDAS data at grid points and apply the same
500 km fan filter as we did for GRACE data.
We can now compare linear signals of continental water storage
in GLDAS (Fig. 4a) and GRACE (Fig. 1a) globally (except Antarctica and Greenland). The spatial pattern of the amplitude of GRACE
and GLDAS linear trends agree fairly well in Africa, eastern North
America, northern Australia and, to a lesser degree, near Amazon
River and Siberia. Besides, GRACE shows larger negative trend in
Alaska, Patagonia, Asian high mountains than GLDAS, presumably
because the latter does not include the recent melting of mountain
glaciers. GLDAS also shows poor agreement in northern India with
GRACE because GLDAS does not simulate changes in groundwater (e.g. Rodell et al. 2009). GRACE data, however, also include
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Figure 4. Same as Fig. 1, but for the GLDAS hydrological model output. Greenland and Antarctica are excluded.

non-hydrological gravity changes, for example, GIA signals as in
Northern Canada and Scandinavia and co-seismic and post-seismic
gravity changes of the great 2004 Sumatra–Andaman earthquake
(e.g. Han et al. 2006; Ogawa & Heki 2007).
Next we compare Figs 1(b) and 4(b) for the quadratic signal.
We see interesting, and sometimes remarkable, agreement in the
patterns of GRACE and GLDAS in many major areas. Positive
quadratic signals (in red) are seen in both cases in equatorial Africa,
Southeast Asia, western Siberia and to a lesser extent in central
North America and Alaska. Similarly, negative quadratic signals
(in blue) are seen in both cases in Eastern Europe and Southern
South America. On the other hand, we note that their amplitudes
are somewhat different, with larger differences tending to be in
regions near major rivers. In the present case, the anomalies in P
lead to and hence are largely offset by, opposite changes in R mainly
via rivers and partly via groundwater storage; the time constant of
the latter is much longer than the former. As the nominal depth
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of soil layers treated in GLDAS/Noah model is 2 m, groundwater
is not considered in its output. The present result suggests that the
groundwater plays a non-negligible role in regulating W on not only
linear but also quadratic signals as suggested in Rodell & Famiglietti
(2001) and Rodell et al. (2007).
For a case study in more detail, we focus on Eastern Europe
in the comparison between Figs 1(b) and 4(b), where the GRACE
quadratic signal much exceeds that of GLDAS. The observed large
negative quadratic signals by GRACE would be due to the leakage
from ocean mass changes. Generally speaking, long-term gravity
changes in oceanic areas are much smaller than those on land. Relatively small oceans surrounded by continents, however, might show
signals comparable to land regions. For example, both GRACE and
altimetry detected relatively large seasonal signals in the Mediterranean Sea (Garcia et al. 2006).
In fact, Swenson & Wahr (2007) showed a positive trend in
GRACE gravity in the Caspian Sea up to 2006. Thus, we also analyse

Sea Surface Height
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Figure 5. Time series of EWT in the Caspian Sea (top) and the Black
Sea (bottom). Blue curves show mass change from GRACE gravity data in
the two seas. Red curves show corrected sea surface height from AVISO
at arbitrary points in these seas. Dashed curves show best-fit quadratic
functions.

mass changes in the Caspian and Black Seas using 2003–2008
GRACE data with ‘boxcar’ land masks. In both seas, EWT shows
increases up to 2005, but reverted to decreases after 2006 (Fig. 5,
blue curves). Indeed, precipitation decreases linearly in the whole
regions during the period (Fig. 3).
These changes of precipitation should also be seen in the sea surface height (SSH). Therefore, we make use of the satellite ocean altimetry data from AVISO (Archiving, Validation and Interpretation
of Satellite Oceanographic data; http://www.aviso.oceanobs.com/
en/data/products/sea-surface-height-products/global/index.html) to
compare directly with GRACE quadratic changes. To do so,
we multiply an empirical factor to the SSH in accordance with
Swenson & Wahr (2007). Of course we do not expect them to
agree because GRACE data only reflect the mass variation while
the altimetry gives the total SSH which also includes the steric
contribution. Nevertheless, similar negative quadratic signal is also
present in the altimetry data for the Caspian Sea. The Black sea
SSH shows similar but weaker negative quadratic signal. Amplitude of its seasonal change is also significantly smaller than those
in GRACE. The Caspian Sea, being a closed water basin, would
have accumulated, or integrated, such trend more effectively than
did the Black Sea, which is connected (although indirectly) to the
global ocean.

4 C O N C LU S I O N S
With 6 yr of GRACE data, we find that the quadratic variation
of TVG is significant both in wavenumber and space domains.
Quadratic terms are significant in many regions, including equatorial Africa, Eastern Europe, central North America, Southeast
Asia and Amazon basin; the actual behaviour in terms of acceleration or deceleration of increases or decreases is to be determined
by a combined interpretation of the linear trend and the quadratic
term given in Figs 1(a) and (b).
The quadratic variations are indicative particularly of interannual
changes in terrestrial water storage W . Comparison with meteorological data suggests that the trends of precipitation P have similar
distribution to W according to GRACE although we still lack accurate knowledge of interannual changes in evapotraspiration E
and runoff R to study W fully. Nevertheless, we confirm that the
quadratic term in TVG would be a manifestation of linear trend of P.
Hydrological model GLDAS, which includes E and R, also shows

geographical patterns of linear and quadratic changes in agreement
with those of GRACE in many major areas.
GLDAS/Noah model tends to underestimate the interannual
changes of W , presumably because it does not currently simulate
changes in groundwater and surface water storages. The comparison
indicates for the first time that both the GRACE observation and the
GLDAS hydrological model are capturing the interannual variability by yielding qualitatively ‘correct’ estimates for interannual mass
variations. Full comparison with hydrological models needs further
investigations, especially on interannual behaviours of groundwater
storage. On the other hand, further quantitative comparison of the
quadratic (acceleration/deceleration) terms can provide independent assessment as to the quality and validity of the hydrological
models for interannual applications.
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