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S U M M A R Y
Signal leakage between the land and ocean is a challenge in using Gravity Recovery and
Climate Experiment (GRACE) observation data to study global mass redistributions. Although
the leakage occurs in both directions, more attention has been paid to the land-to-ocean leakage
and less to the ocean-to-land leakage. Here, we show that the ocean-to-land leakage is non-
uniform and non-negligible and propose a new forward modelling method to fully consider
bi-directional leakages with the help of the global Ocean ReAnalysis System ORAS5. This
observation-driven model could significantly reduce the variations in ocean grids and thus
decrease the ocean-to-land leakage. The results with different treatment of the ocean signal
leakage are compared. We find that failing to consider the ocean-to-land leakage will cause
an underestimation of ∼20 per cent in the seasonal variation and will introduce a bias of
several giga-tons in the secular trend. Although the uniform and non-uniform model have
similar results in the global average of seasonal mass variations, the non-uniform ocean model
is necessary in most places, especially near the Arctic Ocean, the Sea of Japan and the Gulf
of Carpentaria. Despite these achievements, we also point out that there is still much room
for improvement in ocean mass models, particularly in long-term trends. Our results indicate
the importance of the ocean-to-land leakage correction in the mass estimation in coastal land
areas using the GRACE data.

Key words: Global change from geodesy; Satellite gravity; Sea level change; Time variable
gravity.

1 I N T RO D U C T I O N

Gravity Recovery and Climate Experiment (GRACE) products have
been published as the Stokes’ coefficients (spherical harmonic co-
efficients, SHCs, Bettadpur 2012). Gravity fields expressed with
SHCs are spatially smooth, and a finite number of SHCs cannot
accurately simulate the actual mass distribution that often has sharp
boundaries. Hence, the gravity models reconstructed from SHCs
usually present skewed patterns extending beyond the actual signal
area with diminished intensity. This is known as the leakage (Wahr
et al. 1998; Wiese et al. 2016). The leakage occurring in both di-
rections is composed of leakage-in and leakage-out effects. Since
there may be two unknowns in each observation, it is troublesome
to solely depend on GRACE observations to scrutinize them. There
are generally two ways to separate and correct these two leakage
effects. One is to put different smooth constraints into different sig-
nal sources (from a prior information) so that no other observations
are needed. This strategy has been widely adopted in GRACE Mas-
con products (e.g. Luthcke et al. 2013; Watkins et al. 2015). The
other is to incorporate other independent observations to remove
the leakage-in effect (e.g. Sørensen et al. 2017; Huang et al. 2019)

and use a technique to restore the leakage-out afterwards [such as
scaling factors (Velicogna & Wahr 2006), point-mass method (Baur
et al. 2009) and forward modelling method (Chen et al. 2013)]. The
leakage problem is diverse in different locations and different signal
sources. Here, we will investigate the less-discussed ocean leakage
and adopt an ocean mass model to correct it.

It is well recognized that coastal land signals derived from
GRACE SHCs products may leak into nearby oceans (Chen et al.
2013), so we need to add these leaked signals back to the land mass
to avoid its underestimation (Chen et al. 2013). Fig. 1 illustrates
this problem with a profile across the equator of a simplified land-
ocean model (Yi et al. 2017). Considering global conservation of
water mass, a decrease of water mass storage on land will result
in an increase of the ocean mass by the same amount. Since the
land to ocean areal ratio is approximately 3:7, the ratio of their av-
erage mass anomalies will be 7:3, which means that the anomalies
on land are more than twofold (Fig. 1a). The realistic distribu-
tion of mass anomalies is highly heterogeneous (Fig. 1b). Usually,
mass anomalies are concentrated near the coast (less than hun-
dreds of kilometres), where more precipitation and ice melting take
place (Gardner et al. 2013). Gravity signals of land/ocean mass
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Figure 1. Schematic diagrams along the equator showing bi-directional leakage effects of a simple mass distribution (a) and a more complex distribution (b).
Here, we assume a simple earth composed of only one land and ocean.

anomalies will leak into ocean/land regions and cause an underesti-
mate of the mass changes on land/ocean through two mechanisms.
On the one hand, the gravity signal on the land/ocean is reduced
because a part of the coastal mass changes leaks out. On the other
hand, the signals leaking in from the other regions always have the
opposite sign. Therefore, both leakage effects should be corrected
to avoid the underestimation. However, only the leakage from the
land (land-to-ocean leakage) is well recognized until now, while the
leakage from the ocean (ocean-to-land leakage) was either neglected
or averaged from nearby ocean grids (Guo et al. 2010; Wiese et al.
2016).

The forward modelling method was proposed to recover mass
changes at regional (e.g. Wouters et al. ; King et al. 2012) and
global (e.g. Chen et al. 2013; Yi et al. 2017) scales. The main
change in the global application is to place a uniform water layer
with the inverse sign in the ocean area to guarantee that the sum of
global mass changes is zero. This water layer oversimplifies ocean
mass distributions, and therefore does not consider the ocean-to-
land leakage properly. We will show that the residual ocean signals
in GSM are far from uniform, and that over-/underestimation of
ocean mass will cause significant deviations in mass estimates of
nearby land areas.

Non-uniform distribution of ocean mass is caused by two factors–
ocean dynamics and gravitational attraction from land and atmo-
sphere, called sea level fingerprints (Mitrovica et al. 2009; Hsu &
Velicogna 2017). The later can be precisely modelled by sea level
equations (Mitrovica et al. 2009), and one previous study showed
that it is detectable in the latest observations (Hsu & Velicogna
2017). However, the ocean dynamic changes vary at different spa-
tial and temporal scales, making it difficult to simulate the distri-
bution of ocean mass. Seasonal ocean water mass variations of up
to 4000 Gt per year may be more concentrated in certain coastal
areas, especially in semi-enclosed seas. The long-term ocean water
mass increase, mainly resulting from groundwater depletion and
ice melting (Church et al. 2013), is observed to be over 2 mm yr–1

(e.g. Chambers et al. 2017; Dieng et al. 2017) during the period of

GRACE operation. A preliminary non-uniform forward modelling
method based on sea level fingerprints was also designed to consider
the non-uniform ocean mass distribution (Jeon et al. 2018). How-
ever, because not all the ocean dynamic processes are well simulated
and eliminated in GRACE products, the residual ocean dynamics
effects are non-negligible. Therefore, we consider it necessary to
introduce another ocean mass product to improve the correction of
ocean-to-land leakage.

In this study, we will first demonstrate the merits and de-
merits of a new ocean mass product by comparing it with the
GRACE build-in one. We then will introduce a non-uniform for-
ward modelling method based on the ocean mass product. The
result by the new method will be compared to these by non-
correction and uniform correction of the ocean signal leakage at
seasonal and long-term timescales to quantify its significance. Fi-
nally, the reliability and uncertainty of this new method will be
discussed.

2 DATA

2.1 GRACE products

The GRACE observation of gravity field change resulting from
miscellaneous mass transports in the earth is separated into sev-
eral products for different application purposes. Atmospheric and
non-tidal oceanic mass changes are modelled based on numerical
simulations performed by the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the Max-Planck-Institute for Me-
teorology Ocean Model (MPIOM), resulting in the Atmosphere and
Ocean De-Aliasing Level-1B (AOD1B) product, which consists
sub-products of GAA, GAB, GAC and GAD (Dobslaw et al. 2017).
After the AOD1B products are corrected from GRACE observa-
tions, we get the GSM product (GSM and GAx are all GRACE
product identifiers), which reflects hydrospheric, cryospheric and
tectonic mass transports in the earth and uncorrected atmosphere
and oceans dynamics due to the imperfect models.
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For ocean mass applications, we need to add back the GAD or
GAB product to GSM. Compared with GAD, GAB corrects the
Inverted Barometer (IB) effect of the atmospheric surface pressure
and excludes the upper-air atmospheric mass, and is suitable for
mass-induced ocean variations (Dobslaw et al. 2017). Their physical
relationship is:

�OBP = �Mocean + �Matm = �GSM
′ + �GAD, (1)

�Mocean = �GSM′ + �GAB, (2)

where OBP is ocean bottom pressure, Mocean is ocean water mass,
Matm is the total mass of atmosphere column integrated from the top
of the atmosphere to the ocean surface (i.e. atmosphere pressure on
the ocean surface). Note the pressure equals the gravitational force
of the mass applied on a unit area and the unit area is omitted here.
The prime sign means only the ocean part is used. � means only
the anomaly relative to the long-term average is investigated here.

We adopt the GRACE L2 RL06 data set from January 2005 to
December 2016 processed by the Center for Space Research at the
University of Texas (CSR-UT). The C20 term is replaced by the
more accurate one by satellite laser ranging (Cheng et al. 2011)
and the geocentre ones are added by the approach proposed by
Swenson et al. (2008). Note that the GAB product is not available
from CSR (while it is available from competitive products of the
GFZ German Research Centre and Jet Propulsion Laboratory at
California Institute of Technology, but different GAB products are
not interchangeable). However, it is easy to derive the GAB product
by the IB correction (Uebbing et al. 2019) from their GAD product,
which is always released with the GSM product.

Here, we investigate seasonal and long-term changes separately.
For seasonal changes, we removed the trend and acceleration of each
coefficient and averaged these in the same month, so we finally got
12 sets of SHCs. For long-term changes, we calculated the trend of
each coefficient, which was further corrected by a Glacial Isostatic
Adjustment (GIA) model (A et al. 2013). The same averaging and
fitting processing will be applied to the ocean product below. The
results shown in this study are in terms of equivalent water height
(EWH). The forward and inverse transformation between gridded
observations of EWH and SHCs are expressed as:

�σ (θ, φ) = aρe

3ρw

∑N

n=0

(
2n + 1

1 + kn

)∑n

m=0

{[
�Cm

n cos (mφ)

+�Sm
n sin (mφ)

]
Pm

n (cos (θ )
}
, (3)

{
�Cm

n

�Sm
n

}
= 1 3 1 + kn

4πaρe2n + 1

∫∫
S
�σ (ξ, η)

{
cos (mξ )
sin (mξ )

}

× Pm
n (cos η) sin ηdξdη, (4)

where (Cm
n , Sm

n ) are set of SHCs with a maximum degree of N,
Pm

n is the associated Legendre function, (θ, φ) or (ξ, η) are colati-
tude/longitude of observations, σ are gridded observations of EWH,
a and ρe are, respectively, the mean radius and the mean density of
the Earth, ρw is the density of water, kn is the loading Love number,
� means only anomalies are concerned and S represents integration
over the sphere.

2.2 Ocean product ORAS5

ORAS5 is the product of the ECMWF OCEANS reanalysis-analysis
system, a global eddy-permitting ocean–sea ice ensemble system of

five members (Zuo et al. 2019). Its data assimilation system includes
temperature and salinity profiles, altimetry-derived sea level anoma-
lies, sea-ice concentration and sea surface temperature. This is dif-
ferent from AOD1B products that are driven only by atmospheric
forcing. It is an up-to-date systematic production with improve-
ments in the ensemble generation strategy and data assimilation.
For the purpose of this study, the main advantage of this product
is that it incorporates both sea level anomaly and key ocean state
variables, which can be used to derive ocean mass change without
additional auxiliary data. Its spatial resolution is down to 0.25◦ by
0.25◦ (here we only use the version of 1◦ by 1◦) in global oceans and
contains 75 layers of ocean water temperature and salinity down to
5902.1 m deep.

We derived ocean steric change (Hsteric, which represents density-
induced sea level changes due to the variations in seawater temper-
ature and salinity) from the 75 layers of temperature and salinity
(Fofonoff & Millard Jr 1983). The observed sea level changes con-
sist of ocean mass changes and steric changes, so we can derive
mass change (M ′

ocean) from the difference between the ocean sur-
face height (Hheight) and the steric change:

�M ′
ocean = �Hheight − �Hsteric. (5)

3 U N E V E N O C E A N M A S S VA R I AT I O N S

The observation of total mass change is obtained by the sum of
GAB and GSM products of GRACE, and the rms of its seasonal
variation is shown in Fig. 2(a). The variation is much reduced in the
GSM production (Fig. 2b), indicating that GAB can successfully
remove most of the ocean dynamics. However, significant residual
signals in GSM can still be identified in the Arctic Ocean, the
Gulf of Carpentaria, the Sea of Japan and some other coastal areas.
A previous study (Mu et al. 2019) also highlighted this spatial
variation in the global coastal ocean mass distribution. Besides,
GAB always has a zero net mass change throughout the ocean
region, so an annual mass exchange of ∼4000 Gt between land
and ocean is retained in GSM. Therefore, significant regional and
overall ocean mass variations exist in GSM and their leakage needs
to be considered in the estimation of land mass. To this end, we
adopt the ocean mass derived from the ORAS5 model. It is found
that the spatial variation of the modelled mass roughly agrees with
that of the GRACE observations (see Figs 2a and c), which is a
promising sign for our following method.

Compared with the GAB-corrected result (i.e. GSM), the varia-
tion in ORAS5-corrected ocean mass is indeed significantly reduced
(Fig. 2d). However, significant variations still can be found, espe-
cially in the oceans near Canada–Greenland and Novaya Zemlya.
Such substantial variations do not exist before the correction, so
they must be caused by flaws in the ocean mass model.

The performance of these two ocean mass models at six coastal
spots (the locations of which are shown in Fig. 2) is specially exam-
ined in Fig. 3. Their variations range from ±2 to ±20 cm, demon-
strating that the ocean mass redistribution is highly heterogeneous.
The GAB product works well in some places, such as the Red Sea
(spot-d), but may perform insufficiently in some places like the Gulf
of Carpentaria (spot-a) and the East Siberian Sea (spot-e). In addi-
tion, the GAB product could also behave unexpectedly to exaggerate
the initial variations in some places like the Sea of Japan (spot-b)
and the Gulf of Mexico (spot-c). The ORAS5 model is capable of
alleviating most of these problems with an rms reduction of ∼50
per cent, despite that it may also suffer from dubious performance
(spot-f).
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Figure 2. Seasonal ocean mass variabilities (rms) in various datasets in terms of EWH. The rms of ocean mass without atmospheric mass contribution observed
by GRACE is shown in (a). Two different model-based correction results, GAB-corrected (i.e. the GSM product) and ORAS5-corrected, are given in (b) and
(d), respectively. The rms result of the ORAS5 model is given in (c). It is shown that the ORAS5 product could better reduce the rms of ocean mass in most
ocean areas than the GAB product, but may perform poorly especially in arctic coastal regions.

4 M E T H O D O F O C E A N - T O - L A N D
L E A K A G E C O R R E C T I O N

The basic idea of the ocean-to-land leakage correction is to use
ocean mass models (Mmodel

ocean ) to correct the observations (Mobs
ocean),

and the residuals (δocean) include the leakage from land (L land) and
model imperfections (e):

δocean = Mobs
ocean − Mmodel

ocean = L land + e. (6)

The next step is to estimate e without the influence of L land.
The land-to-ocean leakage is located only in coastal areas, so we
can discard these coastal grids and fill these voids by interpolation
from adjacent ocean areas. This step assumes that there is no local
variation in the residual ocean signals (δocean) in the coastal areas, so
the interpolation from further grids can restore the coastal values.
The GSM product apparently holds many local variations, as shown
in Figs 2 and 3, so the interpolation method will not work well.
We need to further suppress mass variations in the GSM product,
and another ocean mass product from the ORAS5 model could be
helpful.

As shown above, the ORAS5 product may outperform the GAB
product in some regions but underperform in others, so we im-
plement a joint ocean mass correction by putting a spatial mask
function to choose the product with the better performance. The

criterion is straightforward: the ocean mass product (either ORAS5
or GAB) that can reduce the RMS of mass variation in one grid to
a greater extent will be used for that grid. The ORAS5-corrected
and GAB-corrected results are compared in Figs 4(a) and a ratio
<1 indicates a better performance of the ORAS5 model. Although
ORAS5 always outperform GAB in the open oceans, these two
products show comparable results in coastal ocean areas, where
the leakage mainly happens. We extract mass anomalies in oceanic
grids within 500 km from the coast after ocean mass correction
and compare their statistical distributions in Fig. 5(a). Generally,
these two products exhibit similar performance in coastal regions.
Specifically, the ORAS5 product is a better choice for 42 per cent
of coastal grids while the GAB product is better for the oth-
ers. The joint correction could significantly reduce the variance
in coastal regions compared with a single correction, as shown in
Fig. 5(b). The joint correction with the mask function can be written
as:

δocean = GSM′ + GAB − mask (GAB, ORAS5)

= GSM′ − mask (0, ORAS5 − GAB) . (7)

The land leakage L land could be removed in two steps. First, the
SHCs are converted into a global gridded EWH (eq. 3,Wahr et al.
1998) without any smoothing, so the leakage is minimal. We then
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Figure 3. Seasonal EWH changes by various products at the six locations marked in Fig. 2. The total ocean mass is derived by the sum of the GAB and GSM
products. The red/blue numbers in the right column represent the rms of the corrected series and lower values indicate better model performance.

roughly remove signals on land by setting grids on land to zero and
the smaller residual land-to-ocean leakage is symbolized as δL land.
Second, the global gridded values are expanded back into SHCs
(eq. 4), which is again converted to EWH, but with a filter. Ocean
areas within 1.5 times of the smoothing radius to the shoreline in
the later result are further discarded to completely remove δL land.
This two-step procedure is necessary because L land has an influence
zone much further than δL land.

Although L land has been removed, another problem arises—there
is no data in the offshore oceans as we have discarded these obser-
vations. One simple way is to interpolate the available observations
in the nearby oceanic areas to get these data. It is assumed that the
nearshore grids can be represented by the nearby grids which are
not discarded.

The revised method for estimating ocean mass and removing its
leakage effect is shown in Fig. 6. The method has three inputs: the
GSM and GAB products of GRACE and one ocean mass model
(here, ORAS5). First, the land signals are roughly removed by set-
ting unsmoothed land grids calculated from GSM to zero (Fig. 6a).
The ocean grids are expanded back into SHCs and smoothed by a
500 km Gaussian filter when converted again into gridded observa-
tions (Fig. 6b).

Second, the ocean variations are reduced by the ocean mass prod-
ucts according to eq. (7) (Fig. 6e). As introduced above, there is still
a small part of land-to-ocean leakage in the coastal oceans, so we
discard grids within 750 km from the shoreline (i.e. 1.5 times the
smoothing radius) (Fig. 6d) and use a 2-D linear interpolation to
fill these gaps (Fig. 6f). Therefore, we obtain the residual ocean
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Figure 4. (a) Comparison of ORAS5- and GAB- corrected ocean mass anomalies. (b) RMS result of the joint inversion. In the joint correction, either the
ORAS5 or the GAB model with a better performance is used. This can be compared to Fig. 2(b) to check the improvement (the lower the better). The ORAS5
model always outperforms the GAB product in open oceans, but in areas within 500 km from the coast, only 42 per cent of grids show a reduced rms value
when the ORAS5 model is applied.

(a) ORAS5 corrected ocean mass anomalies
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(b) Jointly corrected ocean mass anomalies
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Figure 5. Histogram of ocean mass anomalies in coastal (≤500 km) ocean grids. The grey histogram behind each plot shows the result of the GSM product
(i.e. GAB corrected).

signals (or the model imperfection, e). This residual signal of e is
then subtracted from the GSM (Fig. 6g), so all ocean mass has been
removed (Fig. 6h). Finally, we recover the land signal by the tradi-
tional forward modelling method. No ocean layer is needed in this
step since ocean-to-land leakage has already been removed.

The forward modelling method is specified in four steps:

(i) The smoothed EWH observation f0 on land is taken as a
hypothesized mass m0 (in the unit of EWH) with a spatial resolution
of 1◦ by 1◦.
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Figure 6. Flow chart of the non-uniform forward modelling method. The expression below each plot shows the composition of the signals. M represents mass,
L represents leakage and e represents model imperfection. The apostrophe sign indicates the value is changed/biased. Note that the method has global coverage,
while the Southeastern Asia is shown as a regional demonstration.

(ii) The mass m0 is then expanded into SHCs, and the same
smoothing technique used above is applied. In this way, the recov-
ered signal f1 is obtained.

(iii) The difference between the GRACE observation and the
recovered signal (f0 –f1 ) is added to the mass m0 .

(a) The steps (b) and (c) iterate after a fixed number of steps
or until the observed signal is mostly recovered. To speed up the
convergence, an amplifier of 1.5 is often used in step three, that is

m0 = m0 + 1.5 × (f0 –f1 ). Please note that the low degrees are
intact.

5 R E S U LT S O F T H E O C E A N - T O - L A N D
L E A K A G E E F F E C T

To find out the importance of the ocean-to-land leakage, we compare
the results by three methods:

M1: the forward modelling method without ocean mass correction.
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Figure 7. Global mass change in EWH by three ocean mass correction strategies. The results and their differences are given in (a) and (b), respectively. The
M1 method underestimates the result by ∼20 per cent, and the M2 and M3 methods produce similar results in seasonal variations.

M2: the uniform ocean layer is used, so it is the same as previously
used (Chen et al. 2013; Yi et al. 2017).
M3: the non-uniform ocean layer is used, which is the method
proposed in this study.

5.1 Investigation at the seasonal temporal scale

The globally average of seasonal variations in land water storage
from the three methods is shown in Fig. 7. The land mass is con-
verted into sea level equivalent at a ratio of 1/361.7 mm Gt–1. The
ocean-to-land leakage, up to 2.4 mm, always accounts for ∼20 per
cent of the total mass anomaly, so failing to consider it will al-
ways cause an underestimation of the total mass anomaly by ∼20
per cent compared with a uniform ocean layer correction. The
non-uniform effect is not significant at the global scale, and the
difference between uniform and non-uniform effects is always
smaller than 0.5 mm, which is close to the mean GRACE data
error of 0.4 mm [propagated from the calibrated errors of SHCs
(Yi et al. 2016)]. Therefore, it is acceptable to not consider the
non-uniform distribution in ocean mass if only the global mean is
targeted.

Despite the small discrepancies between uniform and non-
uniform correction at the global scale, their regional differences

are remarkable. In Fig. 8, we show the details in October when the
largest difference among these methods occurs. In October, tremen-
dous mass is lost from the land, so the ocean generally rises by an
average of ∼0.9 cm. This leads to a significant ocean-to-land leak-
age and without considering it, the coastal land mass will generally
be positively biased (Fig. 8c). However, the pattern of the ocean
mass distribution is far from homogeneous. A faster-than-average
accumulation is recognizable in the Arctic Ocean, the South China
Sea, the Caribbean Sea and others (Fig. 8b). If a global average
is used in these regions, the ocean-to-land leakage will be insuffi-
ciently considered so the nearby land mass will still be positively
biased. With the non-uniform correction, we can find that the land
mass is significantly smaller in these regions compared with the
uniform correction (Fig. 8d).

The statistical distribution of the difference in land grids is cal-
culated separately in near-shore areas (within 500 km of coastline)
and the others (Figs 8e and f). These three methods put little effect
on mass change estimates of hinterland grids and the differences
are concentrated only in the coastal regions. In both cases of M1–
M2 and M3–M2, ∼40 per cent of grids differ by more than 1 cm.
Globally, the difference between M3 and M2 is close to a symmetric
distribution, so the total sum is not large. The difference in coastal
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(a) October of GSM
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(b) Derived ocean mass in GSM
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(c) M1 − M2
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Figure 8. Demonstration of the influence of different ocean mass corrections in mass estimate in terms of EWH in October (when the total ocean mass reaches
the peak). The derived ocean mass (b) is based on M3. The difference of mass estimate by M1 and M2 is given in (c) and (e) and that by M3 and M2 is given
in (d) and (f). The probability of the difference is separated into two categories: land grids within 500 km of the shoreline and the others (>500 km). The unit
is cm. It shows that the differences are mainly concentrated in coastal areas.

regions is generally smaller than 6 cm, but can be several dozens of
centimetres in extreme cases (mainly in isolated islands).

The RMS of difference over 12 months is given in Fig. 9. Com-
parison of results without correction and with uniform correction
shows that the difference can be 1–3 cm in most coastal regions
and larger in islands. The non-uniform correction brings a compa-
rable difference near these coastal regions. The difference grows
to 10 cm or even larger in some coastal land grids, for example

those surrounding the Arctic Ocean, the Sea of Japan and the Gulf
of Carpentaria, where GSM shows strong variations (Fig. 2). This
distribution puts a caution that the non-uniform ocean-to-land leak-
age will have an effect of at least 1 cm in all coastal regions and
could be even remarkable in the regions mentioned above, so it
is unacceptable to ignore this effect in any study of coastal mass
variation.
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(a) RMS(M1 − M2)
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Figure 9. Rms of mass difference in terms of EWH by (a) M1 and M2 and (b) M3 and M2. The difference concentrates in coastal areas, and the consideration
of non-uniformity in ocean mass distribution will greatly influence mass estimates in land grids around the Gulf of Carpentaria, the Sea of Japan and the Arctic
Ocean.

5.1 Investigation on the long-term trend

5.2.1 Global mass trend between 2003 and 2016

The decadal scale (2003–2016) of ocean-to-land leakage pattern
is quite different from the seasonal scale one. Due to the higher
signal-to-noise ratio in the secular trend than in the seasonal vari-
ation, we adopt a weaker filter here (a 400 km Gaussian filter).

The global map (Fig. 10) shows that mass in global oceans is in-
creasing, while the Arctica Ocean and the Northern Pacific Ocean
show a faster-than-average rate. One longitudinal profile (profile-A
in Fig. 10) and one latitudinal profile (profile-B) are given to bet-
ter reveal the non-uniform ocean mass distribution and its leakage
effect. Profile-A crosses several well-studied regions: the Caspian
Sea (Chen et al. 2017) the Tibet Plateau (Matsuo & Heki 2010;
Yi & Sun 2014), the North China Plain (Feng et al. 2013), the
2011 Tohoku Earthquake (Wang et al. 2012) and the Central Val-
ley in California (Famiglietti et al. 2011; Scanlon et al. 2012).
The latter two are located in coastal regions and their signals are
clearly mixed up with the ocean signals, that is due to the ocean
water mass increase, the gravity increase observed near the rup-
ture zone of the 2011 Tohoku Earthquake is enhanced, while the
gravity decrease caused by water consumption in the Central Valley
is reduced. As shown in the profile-B, such a leakage is particu-
larly severe in Alaska, where the mass of the surrounding oceans
is increasing much faster than the global average. Both profiles
show that the increase in ocean mass is inhomogeneous. For ex-
ample, the rate of mass increase in the Atlantic Ocean diminishes
eastward across the profile-A, while global ocean mass shows a
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(unit: cm/yr)
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Figure 10. Trend of the GRACE GSM product in EWH between 2003 and 2016 under 400 km Gaussian filter. Two profiles of A and B are given. Note the
uneven ocean mass increase and its mixture with land signals. The glacial isostatic adjustment effect is removed by the model of (A et al. 2013).

southward decreasing accumulation rate across the profile-B. Such
a distribution is more heterogeneous than the prediction of sea level
fingerprints (Mitrovica et al. 2009; Hsu & Velicogna 2017), imply-
ing that the ocean dynamic effect is not negligible in the timescale
of 14 yr.

5.2.2 A case study in the Central Valley in the U.S.

The influence of the ocean-to-land leakage in long-term trends
varies from place to place. Here we take the Central Valley as an ex-
ample. The Central Valley plays an important role in food production
in the United States and its irrigation heavily depends on ground-
water, especially during droughts (Famiglietti et al. 2011; Scanlon
et al. 2012). As a result, the groundwater has been decreasing for
the last century (Faunt 2009). The decreasing mass trend is well
captured by GRACE during the satellite mission. The trend of land
mass change by M3 is shown in Fig. 11(a). The mass loss spreads
along the Central Valley and gradually decreases with increasing
distance from the coast. Its close distance to the coast causes a mix-
ture of ocean and land signals in this region. To demonstrate the
ocean-to-land leakage, we expand the estimated ocean mass into

SHC and apply a 500 km Gaussian filter (Fig. 11b). The leakage
is up to 0.2 cm and decreases gradually with distance from the
shoreline. The results of the three methods are compared in a lon-
gitudinal profile shown in Fig. 11(c). The total mass change in the
Central Valley between 2005–2016 by M1, M2, M3 is –10.9 Gt,
–12.5 Gt, –13.3 Gt, respectively. Therefore, ocean-to-land leakage
will bring a positive bias of 2.4 Gt, and a uniform ocean layer only
corrects 65 per cent of this bias, because the mass of the ocean
area adjacent to the Central Valley is growing faster than the global
average (0.34 cm compared with 0.21 cm). The trough value of
the groundwater mass change along the profile is reduced and even
shifted eastward if the ocean-to-land leakage is not properly cor-
rected.

6 D I S C U S S I O N O N T H E R E L I A B I L I T Y
A N D U N C E RTA I N T Y O F T H E M E T H O D

The method of estimating ocean mass distribution relies heavily
on an ocean mass model. The adoption of the ocean model is cru-
cial, because it can greatly reduce the fluctuation of ocean signals
and guarantee reliable interpolation. This is extremely important for
certain nearshore variations that cannot be recovered by the interpo-
lation. For example, the strong signal in the Gulf of Carpentaria can
be reduced by the model in advance. However, we expect the model
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(a) (b)

(c)

Figure 11. Terrestrial (a) and smoothed ocean (b) mass trends in terms of EWH from the GSM estimated by M3. (c) Comparison of mass trends by three
methods along the profile marked by the dashed line in (a). The unit is cm.

could remove as many of these signals as possible, but the residual
signals, originating from defects in the ocean model, may still be
large. This bias only influences short-wavelength oceanic variations
but not long-wavelength ones, because afterward we deduct the in-
terpolated residuals from GSM. This step guarantees that the ocean
mass model does not bring in a different net mass change from that
of GRACE and that GSM is self-consistent in the sum of global
mass.

In our forward modelling method, we used a 500 km Gaussian
filter to suppress noise. Although different filters may have a large
influence on regional mass estimates, their integrated impact on the
global oceans is well below other uncertainties. As shown in Fig. 12,
we tested two Gaussian filters and two DDK filters (Kusche et al.

2009), and the difference among the results is less than 0.1 mm,
which is negligible compared with its estimates at the order of
±10 mm (Fig. 7). Note that the DDK1 filter is usually excessively
strong and it generates the largest difference in our results, but even
so, its influence is still acceptable.

The ocean mass model relies on steric observations which are
quite sparse before 2005, so we only use the product from 2005
onwards. From Fig. 2(e), we can find that the model does not per-
form well in higher latitudes and in the equatorial areas. Besides,
by comparing GRACE and ORAS5, we find the trend of ORAS5
is not as reliable as its seasonal variation, so a global trend evalua-
tion is not given here. These flaws in the ocean mass model could
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Figure 12. The influence of different filters on seasonal results. Two Gaussian filters with a radius of 500 km (G500) and 800 km (G800) and two DDK filters
(DDK1 and DDK3) are used here and the result by G500 is taken as the benchmark. It shows that the global mean result is insensitive to the choice of filters
considering its varied range of ±10 mm.

impede an accurate estimation and correction of the ocean signal
leakage.

The necessary implementation of the ocean mass model is due to
the poor performance of the GAB/GAD product in the simulation
of non-tidal ocean mass variations. If the GAB/GAD product can
fully simulate the short-wavelength variations, then we can just in-
terpolate to recover long-wavelength residuals without introducing
an ocean mass model.

On the other hand, if the ocean mass model is improved in the
future and has a precision below the GRACE data error, Fig. 6(f)
will only contain errors. We then only need to deduct Fig. 6(e) from
Fig. 6(g) to get Fig. 6(h) and the other steps can simply be omitted.
However, the strong residual signals in Fig. 6(f) seem to be far more
than noise. In conclusion, this method can be much simplified if
either the GAB/GAD product or the ocean mass model is improved
in the future to make them sufficiently accurate.

7 C O N C LU S I O N

In this study, we propose a new global forward modelling method
with non-uniform ocean mass correction to estimate the heteroge-
neous ocean mass distribution in GRACE observations. The main
principle of the method is to incorporate the ocean mass model
ORAS5 to remove the major ocean mass signals, so that the residual
ones can be recovered by spatial interpolation with high accuracy.
Due to the imperfection in the model, we adopt joint correction
to make full use of both the ORAS5 and GAB products. We use
three methods to deal with the ocean mass correction (no correc-
tion, uniform correction and non-uniform correction), compare the
results, and find the biases are different at different temporal and
spatial scales. In the seasonal study, failing to account for the ocean
mass correction will always bring an underestimation of ∼20 per
cent and a uniform correction is sufficient at the global scale, but
it is necessary to consider the spatial variation of the ocean mass
distribution in local coastal regions because the deviation can be up
to tens of centimetres. In the long-term trend, the influence is dif-
ferent in different regions depending on the signal characteristics.
We demonstrate by the case of groundwater depletion in the Cen-
tral Valley that the secular trend may be biased by several gigatons

and the uniform ocean leakage correction is only able to correct
2/3 of it. Based on these results, we conclude that the ocean-to-land
leakage in GRACE is non-uniform and non-negligible. This method
relies heavily on ocean mass models and the steps could be greatly
simplified if either the GAB/GAD product or the ocean mass model
has sufficiently high accuracy in the future.
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