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SUMMARY

Observations from the Gravity Recovery and Climate Experiment (GRACE) satellite mission
provide quantitative estimates of the global water budget components. However, these estimates
are uncertain as they show discrepancies when different parameters are used in the processing of
the GRACE data. We examine trends in ocean mass, ice loss from Antarctica, Greenland, arctic
islands and trends in water storage over land and glaciers from GRACE data (2005-2015) and
explore the associated uncertainty. We consider variations in six different GRACE processing
parameters, namely the processing centre of the raw GRACE solutions, the geocentre motion,
the Earth oblateness, the filtering, the leakage correction and the glacial isostatic adjustment
(GIA). Considering all possible combinations of the different processing parameters leads to
an ensemble of 1500 post-processed GRACE solutions, which is assumed to cover a significant
part of the uncertainty range of GRACE estimates. The ensemble-mean trend in all global
water budget components agree within uncertainties with previous estimates based on different
sources of observations. The uncertainty in the global water budget is +0.27 mm yr~! [at the 90
per cent confidence level (CL)] over 2005-2015. We find that the uncertainty in the geocentre
motion and GIA corrections dominate the uncertainty in GRACE estimate of the global
water budget. Their contribution to the uncertainty in GRACE estimate is respectively £0.21
and 40.12 mm yr~! (90 per cent CL). This uncertainty in GRACE estimate implies an
uncertainty in the net warming of the ocean and the Earth energy budget of +0.25 W m~2 (90
per cent CL) when inferred using the sea level budget approach.

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

the earthquakes (at small spatial scale). Once corrected for these

I INTRODUCTION effects, the variations in the time-varying gravity field represent

The Gravity Recovery and Climate Experiment (GRACE) mission
sponsored by the National Aeronautics and Space Administration
and the Deutsches Zentrum fur Luft-und Raumfahrt has been pro-
viding precise, time-varying measurements of the Earth’s gravita-
tional field since 2002 (Tapley et al. 2004). Changes in the Earth
gravitational field are caused by changes in the mass distribution in
the solid Earth and at the Earth’s surface, i.e. in the ocean, the atmo-
sphere and on land. The solid Earth processes that can cause signif-
icant variations in the Earth gravity field at interannual to decadal
timescales include essentially the Earth and Ocean-load tides, the
solid Earth pole tide, the glacial isostatic adjustment (GIA) and

the water mass exchanges at the Earth surface within and among
the ocean, the atmosphere and the water/snow/ice storage on land.
By providing the first global, satellite-based, accurate measurement
of these exchanges on a monthly basis, the GRACE mission has
given unprecedented insights on the Earth water cycle changes in
response to the current climate change (Wouters et al. 2014).

In particular GRACE measurements have provided since 2002
estimates of many components of the global water budget. These
components are the ice loss from glaciers (Jacob e al. 2012; Gardner
et al. 2013; Schrama et al. 2014), ice sheets (Shepherd et al. 2012;
Velicogna et al. 2014), the water storage changes in major river
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basins (e.g. Llovel et al. 2011; Chen et al. 2015a; Reager et al.
2016) and the variations of the ocean mass due to transfer of water
between continents and the ocean (Chambers 2009; Leuliette &
Willis 2011). GRACE estimates further helped in identifying and
unraveling the role of each of the global water budget components in
the contemporary sea level rise (Yi e al. 2015; Dieng et al. 2015a;
Reager et al. 2016; Rietbroek et al. 2016).

An interesting feature of GRACE-based estimates of the different
components of the global water budget is that they are derived from
the same single observing system and thus show a high level of
consistency with each other when computed with the same global
GRACE solution. For this reason, GRACE solutions have provided
essential and critical observations to analyse and test the closure
of the global water budget (Church ef al. 2013; Llovel et al. 2014;
Yi et al. 2015; Reager et al. 2016; Rietbroek et al. 2016; Dieng
et al. 2017). However, previous studies have noted significant dif-
ferences in the water budget components estimates when different
GRACE solutions from different data processing centres are used or
when different post-processing is applied to the data (e.g. Gardner
et al. 2013, for glacier mass changes; Barletta ez al. 2013, Velicogna
& Wahr 2013 for ice sheets mass changes; Quinn & Ponte 2010,
Chambers & Bonin 2012, for ocean mass changes and Reager et al.
2016; for the terrestrial water storage changes). These results in-
dicate that each single post-processed GRACE solution provides
consistent estimates of the global water budget components (in the
sense that they close the global water budget), but they are poten-
tially biased. Thus if GRACE solutions are considered alone, they
likely underestimate the true uncertainty in global water budget
components.

In this study, we propose to estimate the components of the global
water budget from GRACE in terms of trends over the period of
January 2005 to December 2015 and to evaluate the associated un-
certainty using an ensemble of global GRACE solutions and an
ensemble of post-processing parameters. We break down the un-
certainty into uncertainties associated to each post-processing pa-
rameter. Here, we consider the different component of the global
water budget as global ocean mass, Greenland (ice sheet + periph-
eral glaciers), Antarctica (ice sheet + peripheral glaciers), glaciers
on arctic islands while others glacier are lumped with terrestrial
water storage. Glaciers on arctic islands are separated from other
glaciers as they represent a coherent component for which several
mass change estimates have been published in the recent past.

We analyse five GRACE spherical harmonics solutions from
five different processing centres: the Center for Space Research
(CSR), the Jet Propulsion Laboratory (JPL), the Deutsches Geo-
ForschungsZentrum (GFZ), the Technische Universitit Graz (TUG)
and the Groupe de Recherche en Géodésie Spatiale (GRGS). These
solutions cannot be directly used to evaluate the global water bud-
get components; they need to be post-processed first (Wahr et al.
1998). The post-processing parameters include (i) the addition of
independent estimates of the geocentre motion as these harmon-
ics are not observable by GRACE (ii) the substitution of the Earth
oblateness by independent estimates as this harmonic is poorly ob-
served by GRACE (iii) a filtering for correlated errors that map
into characteristic north—south stripes, (iv) a correction for the large
land signals (from hydrology, glaciers and ice sheet) that can ‘leak’
into the ocean because of the coarse spatial resolution of GRACE,
and (v) a correction for GIA. For each GRACE solution from our
ensemble we test a range of post-processing parameters to get a
spread of estimates of the ice sheet mass changes, the continental
water storage changes and the ocean mass changes. Our selection of
GRACE solutions and post-processing parameters is not exhaustive

and thus does not cover the whole range of uncertainty of GRACE.
However, because we choose the most up-to-date and the largest
possible number of parameters, the spread of our ensemble should
approach the real underlying uncertainty. The implications on the
closure of the global water budget, the sea level budget and the
Earth energy budgets are further analysed.

Previous studies have used a similar ensemble approach based on
different GRACE solutions and different post-processing to assess
the uncertainty in GRACE estimates but they all focused on a sin-
gle component of the water budget such as the ocean mass change
(Quinn & Ponte 2010; Chambers & Bonin 2012), the ice sheet mass
changes (Velicogna & Wahr 2013; Chen et al. 2015b) or the glacier
mass changes (Gardner et al. 2013). Here we analyse all the com-
ponents together in a consistent way. This novel approach enables
us to explore whether the uncertainty in the different components
of the global water budget are correlated (or not) when assessed
with GRACE measurements. This issue is essential when assessing
the closure of the global water budget and the sea level budget (the
latter includes all components of the water budget plus the thermal
expansion of the ocean).

In the second section of this paper we present the five GRACE
spherical harmonic solutions that are used in this study and we
briefly explain the main differences among them (Section 2.1). We
also describe the range of post-processing parameters that are ap-
plied to the GRACE solutions (Sections 2.2-2.5) and the statistical
framework used to evaluate the uncertainties (Section 2.6). In Sec-
tion 3 we present an ensemble of GRACE post-processed solutions
based on all possible combinations from the set of post-processing
parameters and the set of GRACE solutions. From this ensemble,
we compute an estimate of the global water budget components and
test its sensitivity to the post-processing parameters and GRACE
solutions. In Section 4 we compare the ensemble of solutions with
the three mascons solutions available from CSR, JPL and GSFC.
We propose a new estimate of the uncertainties associated to the
water budget components. We also discuss the implications on the
closure of the global water budget and sea level budget and on the
indirect estimate of the ocean warming and Earth energy imbalance
through the sea level budget approach.

In addition to the spherical harmonic solutions, we analyse three
mascons solutions from JPL, CSR and the Goddard Space Flight
Center (GSFC). These solutions are already post-processed to add
the geocentre and the earth oblateness and to correct for the GIA
signal. This set of post-processing parameters is the same for the
three mascon solutions. We decided not to add these three mascon
solutions to our ensemble because it would have resulted in arbitrary
larger weight for this set of post-processing parameters when we
compute ensemble means. We prefer to use the mascon solutions
for comparison (see Section 4.3).

2 DATA AND METHODS

2.1 GRACE data

We focus on global solutions that are provided to users in the form of
spherical harmonic gravity coefficients (Stokes coefficients). Five
global solutions are obtained from five different processing cen-
tres: CSR, GFZ, GRGS, JPL and TUG. We use the release five of
CSR, GFZ and JPL solutions and the release ITSG 2016 of the
TUG solution (Klinger e al. 2016) from the International center
for global Earth models (ICGEM). We use the release 3.3 of the
GRGS solution (Lemoine ef al. 2016). All centres process the same
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raw data (level L1) from the GRACE mission which includes the
intersatellite range and range rates measured by the K-Band Range
(KBR), the range and phase measurements between satellites and
the GPS constellation, the accelerometers and the star trackers data.
The GRGS centre also uses the satellite laser ranging (SLR) data
from LAGEOS1-2, Starlette and Stella in a joint inversion with the
GRACE data. To perform the inversion, which yields the gravity
field, processing centres use as initial guess an a priori model of
the gravity field (which is usually a mean field with time-variable
components in the form of drift and periodic terms, based on an
earlier release of their monthly solutions). In order to reduce the
noise, they use ocean and atmosphere models (and sometimes hy-
drological models) to account for sub-month anomalies that would
otherwise alias into the GRACE solutions. They may also mod-
ify the weighting of the GPS and the misalignment of the KBR
antennas. During the inversion procedure different processing cen-
tres use different assumptions, different parameters and different
models, which lead to differences among the solutions. Of partic-
ular note, the JPL version was considered as a validation product
and is by design processed differently than the official CSR and
GFZ products. Except for the GRGS product, all processing cen-
tres deliver unconstrained solutions, which are not usable without
a filtering process (see in Section 2.3). The GRGS product uses an
inversion scheme that allows to control the noise of the solutions at
small spatial scales (by a normalization of the higher degrees) and
therefore does not need any a posteriori filtering (Lemoine et al.
2016). The TUG product uses an empirical covariance function of
the KBR range-rate data in order to better decorrelate the KBR
measurements.

For all GRACE solutions we use the spherical harmonic coeffi-
cients up to degree 60 for the conversion to gridded mass anoma-
lies. CSR and TUG solutions provide directly a 60-degree solution,
which we use here. For the solutions from other centres, we trun-
cate at the degree 60 to keep the comparison consistent among solu-
tions. To account for the full-mass variability estimated by GRACE,
the ocean and atmosphere background models (i.e. initial guess a
priori models of the gravity field) has to be restored to GRACE
solutions. Here we are not interested in the atmospheric mass vari-
ability so we only restore the ocean background model and the
atmospheric load over the ocean (GAD products, Flechtner et al.
2015) so that we get a full-mass variability estimated by GRACE
without the atmospheric variations over land. Over the ocean, the
atmospheric model is restored in order to correct the ocean mass
variations for the inverse barometer effect and make it comparable
with satellite altimetry (of course, for this purpose we remove the
time-variable spatial mean of the atmospheric load over the ocean
before restoring the atmospheric model). A problem with such an
approach is that the atmospheric and oceanic background models
are not the same for every GRACE solution (GRGS uses TUGO
for the ocean and ERA Interim for the atmosphere while the other
centres use OMCT for the ocean and ECMWE’s IFS for the atmo-
sphere). To address this issue we use an alternative approach for
the GRGS solution: we first restore its own ocean and atmosphere
background models to get the estimate of the full mass variabil-
ity; then we remove the atmospheric load over land and the mean
of the atmospheric load over the ocean using the ECMWF’s IFS
model.

GRACE solutions must be corrected for the pole tide (the solid
Earth and ocean response to the polar motion) to get estimates of
the surface mass variations. All processing centres except GFZ,
use the International Earth Rotation and Reference System Service
(IERS) recommended pole tide correction (Altamimi et al. 2016).

But this correction accounts only for the timescales at the Chan-
dler period, since it involves the offset between the instantaneous
pole and the mean pole. It does not include the long-period pole
tide signals (interannual and longer periods, Wahr et al. 2015). To
remove these long-period signals that contaminate GRACE surface
mass estimates, we apply to all GRACE solutions the correction
proposed by Wahr ez al. (2015). For the GFZ solution we also apply
the IERS-recommended pole tide correction (which is not applied a
priori) to get a full pole tide correction and be consistent with other
solutions. The mascon solutions that are additionally used in this
study are described in Section 4.3. A time mean over 2005-2015 is
removed from all GRACE solutions to compute anomalies.

2.2 Geocentre motion and Earth oblateness

Several corrections need to be made to the GRACE data in order to
be usable over land and over the ocean. The first correction is to in-
clude estimates of the degree 1 spherical harmonic coefficients. The
degree 1 terms are proportional to the position of the geocentre, de-
fined as the position of the centre of mass of the Earth (CM), relative
to the centre of figure (CF) of the Earth’s outer solid surface (i.e. the
Earth surface over land). As the GRACE mission orbits around the
CM and measures the intersatellite range and range rates it cannot
observe the degree 1 term. Previous studies based on SLR (Watkins
& Eanes 1997; Cretaux et al. 2002; Cheng et al. 2013b; Lemoine
& Reinquin 2017), GPS (Fritsche ef al. 2010; Wu Xiaoping 2010),
ocean models (Swenson ef al. 2008) and joint inversions using GPS,
GRACE and models (Rietbroek et al. 2012; Wu et al. 2017) provide
some estimates of the degree 1 correction. In this study, we consider
the four most recent estimates of the degree 1 (Rietbroek et al. 2012;
Cheng et al. 2013b; Lemoine & Reinquin 2017; Wu et al. 2017)
and we consider also the degree 1 correction from Swenson et al.
(2008) which is widely used in the GRACE community (Fig. 1).
Lemoine & Reinquin (2017) and Cheng et al. (2013b) estimates are
both based on SLR data but they differ in the inversion technique.
The Swenson et al. (2008) solution is based on a combination of an
ocean model with estimates of degree 2 and higher from GRACE.
The Rietbroek ez al. (2012) and the Wu et al. (2017) solutions use a
combination of observations from GPS and GRACE. All solutions
compare well in terms of annual cycle but they show different trends
(see Fig. 1). The estimates from Cheng et al. (2013b), Lemoine &
Reinquin (2017) and Wu ef al. (2017) show a trend in the Z compo-
nent that is positive (+0.12, +0.18 and +0.24 mm yr~!, respectively)
while estimates from Swenson et al. (2008) and Rietbroek et al.
(2012) show a negative trend (—0.05 and —0.04 mm yr~!, respec-
tively). Past studies have focused on estimating the annual cycle of
the geocentre. But here we are interested in the trends. The trends
are more difficult to retrieve than the annual cycle because they are
at the limit of what is achievable with some of the approaches de-
veloped so far to estimate the geocentre position (Wu et al. 2012).
A recent study from Riddell ef al. (2017) suggests that the uncer-
tainty in the trend of the geocentre could be up to +0.21, +0.28
and £0.54 mm yr~! in X, Y and Z, respectively (at 1.650 level). We
adopt here a conservative approach, considering the most recent
state-of-the-art published geocentre motions available at the time
of writing and use the spread in their trend as an estimate of the
uncertainty in the trend. Here, the spread in trend between different
geocentre is slightly smaller (0.30 mm yr~! on the Z-axis) than in
Riddell et al. (2017; see Fig. 1).

The second correction consists in including an estimate of the
Earth oblateness which corresponds to the degree 2 order 0 zonal

1202 49qWIaAON GZ U0 1sanB Aq 0Z/9S0G/S L 1/1/S | Z/aIo1EIB/Wwoo"dno-olwapeoe//:sdjy WwoJy papeojumoq



418  A. Blazquez et al.

(b) Trends
Jan05 Decl15

X C11

0.2 +

0.1
-+

or + +

-0.1

-0.2

mm/yr

L Swenson 08 L

Cheng 13
2011 Lemoine 17 2015

Wu 17

YS11 g 0

Rietbroek 12 0.2

0.1 +

0.1+ T
-0.2

mm/yr
o
e

2003 2005 2007 2009

2011 2013 2015

Figure 1. Geocentre motion in the (X,Y,Z). Time-series (a) and associated trends over the period January 2005-December 2015 (b) from Swenson et al.
(2008), Rietbroek et al. (2012), Cheng et al. (2013b), Lemoine & Reinquin (2017) and Wu et al. (2017). A low-pass filter to remove sub-annual frequencies
have been applied to the time-series. The trends are represented by error bars considering the 1.65 std from the individual errors.

spherical harmonic coefficient (C,). In principle, it can be de-
termined from the nodal precession acceleration of GRACE. But
GRACE is in a near-polar orbit which makes the satellite-to-satellite
tracking technique weakly sensitive to the nodal precession accel-
eration. As a consequence GRACE estimates of the C, o coefficient
are inaccurate (Wahr et al. 2006; Cheng & Ries 2017), and have to
be replaced by estimates based on SLR data (Chambers 2006). In
this study we consider two recent estimates of C, o from Cheng et al.
(2013a) and Lemoine & Reinquin (2017; see Fig. 2). Cheng et al.
(2013a) estimate is obtained from the analysis of SLR data only,
using five geodetic satellites: LAGEOS 1 and 2, Starlette, Stella
and Ajisai. Lemoine & Reinquin (2017) use the same SLR raw data
(except the Ajisai data) but obtain the C, estimate through a joint
inversion of the SLR data with GRACE data. Both C, estimates
are very close (see Fig. 2) in terms of annual to interannual vari-
ability and also in terms of trends over the period 2005-2015. This
is because the weighting scheme in the joint inversion of Lemoine
& Reinquin (2017) makes the calculation of C, heavily dependent
on SLR data.

2.3 Filtering

GRACE solutions show correlated errors in the high degrees and
orders coefficients (Swenson & Wahr 2006). This noise, which is
more pronounced on the sectorial coefficients than on the tesseral
and zonal coefficients, propagates into a north—south striping pattern
when the spherical harmonics are converted into equivalent water
height grids (EWH). The origin of these stripes lays in the near-polar
orbit of GRACE and the associated weak sensitivity of the satellite-
to-satellite tracking technique to East—West gravity gradients. In-
strument errors, background model inaccuracies and processing
errors are minimized in the North—South direction and tend to end
up in the East-West gravity gradients where the constraint from
observations is weaker. These stripes need to be corrected for, if we

want to retrieve accurate estimates of the surface mass variations
at small spatial scales (300—500 km). There are several methods to
reduce this noise. The most used are the simple Gaussian smoothing
of Jekeli (1981) adapted by Wahr ef al. (1998), the empirical destrip-
ing (Chambers 2006; Swenson & Wahr 2006), the Wiener filtering
(Sasgen et al. 2006), the empirical orthogonal function filtering
(Schrama et al. 2007), the two-step destriping method (Swenson &
Wahr ; Chen et al. 2007) and the smoothing with order convolution
filters (Kusche et al. 2009). Every method carries its limitations.
Here we choose to test two methods: the two steps method P3M6
from Chen et al. (2007) and the order convolution filters from
Kusche et al. (2009). The P3M6 method consists in smoothing all
the coefficients above the sixth order by computing a polynomial
fit of order 3 to the odd and even coefficients of a given order.
For the order convolution filter, ICGEM provides eight DDK filters
with different degrees of smoothing referred to as DDK1 to DDKS.
The DDK1 filter applies the strongest level of smoothing approx-
imately corresponding to a Gaussian smoothing radius of 530 km
along the East—West direction. The level of smoothing decreases
to the DDKS filter, which applies the weakest level of smoothing
corresponding to a Gaussian radius of 200 km (more information
on http://icgem.gfz-potsdam.de/Visualized_DDKkernels.pdf). The
large smoothing applied by the DDK1, DDK2 filters and Gaussian
filter results in an increased leakage of the ice sheet, and coastal
glacier signals into the ocean and a dampened signal on land while
the weak smoothing of the DDK7 and DDKS filters make the de-
striping inefficient in the ocean (see Fig. S1 in the Supporting In-
formation). For these reasons, these DDK filters are discarded here
and we only test four DDK filters, namely DDK3, DDK4, DDK5
and DDKG6. The filtering is applied to all GRACE solutions except
the GRGS solution which does not need a posteriori filtering. In-
deed, the GRGS centre uses a truncated single value decomposition
scheme (leaving out less than 12 per cent of the total variance)
for the inversion instead of a classical Choleski inversion. This al-
lows the resolution of the better-determined linear combinations of
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the gravity coefficients and prevents the resolution of the most ill-
determined ones, responsible for the stripes in the classical solution.

2.4 Leakage correction

At monthly and longer periods, mass variations are in general much
larger over land than over the ocean. Close to the coast the large mass
signal from land tends to spread out into the nearby ocean because
ofthe limited GRACE resolution. This effect, called ‘leakage’, gen-
erates spurious signal on the coastal ocean and an underestimation
of'the signal on land in the coastal zone. Based on a model approach
(Landerer & Swenson 2012), we correct for this land leakage sig-
nal by using an independent reference estimate of the ocean mass
variations. The reference ocean mass estimate is based on ocean
reanalyses that assimilates observations from satellite altimetry and
in situ temperature and salinity profiles. From the reference ocean
mass estimate, we compute for each gridpoint in the coastal ocean,
monthly mass anomalies (with respect to the local mean value over
2005-2015) in EWH. We assume these monthly mass anomalies
from the reanalyses as references and we consider that any dif-
ference between these anomalies and GRACE anomalies is land
leakage signal in GRACE solutions. We correct GRACE solutions
for this land leakage signal by transferring it from the coastal ocean
gridpoints to the closest land gridpoint. We apply this correction
to all ocean gridpoints located in the coastal ocean defined as the
ocean within 300 km from the coast. Once corrected, we verify that
the new mass distribution is compliant with GRACE raw uncer-
tainty (see Text S1 and Fig. S2 in the Supporting Information for
the GRACE raw uncertainty and Text S2, Figs S3 and S4 in the
Supporting Information for further details on the leakage correc-
tion). This leakage correction depends on the reference ocean mass
estimate. We test different values for this parameter.

Two different reference ocean mass estimates are considered.
They are computed from two ocean reanalysis namely ORA S4
(Balmaseda et al. 2013) and GLORYS2V4 (Garric et al. 2018).
These estimates cover the whole ocean including high latitudes

and the coastal zones. They assimilate observations from satellite
altimetry and temperature and salinity profiles worldwide. The dy-
namical core of the ORA S4 and GLORYS2V4 models enable to
interpolate the temperature and salinity fields in a physical con-
sistent way in regions where observations are scarce like coastal
regions.

We tested different methods to allocate the leakage signal on land
(distributing the signal on all land gridpoints with an amplitude in-
versely proportional to the distance instead of distributing the signal
on the closest land point) but it did not yield significant differences
in the results (not shown). We tested the boundary conditions of the
coastal ocean for the leakage correction and we choose 300 km (see
Fig. S5 in the Supporting Information). We also tested solutions for
which the destriping was not done before the leakage correction.
It yields differences in ocean mass trend (and other components
of the global water budget) below 0.03 mm yr~! (see Fig. S1 in
the Supporting Information). Another issue is the ‘ringing’ that the
truncation of the spherical harmonics generates. Note that the leak-
age correction does not prevent for this effect. However, although
the ringing presents an important local effect it does not affect the
global budgets so we neglect this effect here.

2.5 GIA correction

Several solid Earth processes generate significant variations in the
Earth gravity field at interannual to decadal timescales and can blur
the gravity changes associated with water mass redistributions at
the Earth surface. These processes are essentially the solid Earth
load tides, the solid Earth pole tides, the earthquakes and the GIA.
The solid Earth load tides and pole tides are already corrected for
in the solutions provided by the processing centres. Earthquakes
generate local mass redistributions on short timescales (over a few
days). They can also impact mass redistributions at interannual
to multidecadal timescales through long-term post-seismic adjust-
ment. However their effect is local (typically over a few 100 km)
and their impact is small at global scale (Reager et al. 2016). In this

1202 49qWIaAON GZ U0 1sanB Aq 0Z/9S0G/S L 1/1/S | Z/aIo1EIB/Wwoo"dno-olwapeoe//:sdjy WwoJy papeojumoq



420  A. Blazquez et al.

study we neglect their effect. In contrast, the GIA signal induces
significant trends in GRACE solutions that must be removed. The
only way to correct for this signal is to use GIA models. GIA mod-
els primarily depend on models of the deglaciation history and the
mantle viscosity profile. Here we consider three different models
namely AG 2013 (Geruo et al. 2013), ICE 6G_D 2017 (Peltier et al.
2017) and ICE6G-ANU_D 2018 (Purcell et al. 2018). AG 2013 is
based on the ICESG deglaciation model and the mantle viscosity
is computed numerically via a finite element method considering a
viscoelastic profile that varies laterally. ICE6G_D 2017 is an update
of ICESG_C which was developed simultaneously to the deglacia-
tion model (ICE 6 G; Stuhne & Peltier 2015) and the viscosity
mantle model (VM5a). ICE6G_ANU_D is an alternative version of
ICE6G_D that is corrected for anomalously large uplift signals over
regions where ice has been grounded below sea level at or since the
Last Glacial Maximum (Purcell e al. 2016).

Note that regional GIA models exist to correct GRACE in spe-
cific regions. These models often use regionally refined sets of
observations of the vertical land movement and refined sets of local
proxies of the past ice extent in their inversion scheme. Regional
GIA models show results that can be different from global models
locally. They yield to significantly different ice mass change es-
timates when they are used to correct local GRACE solutions in
particular in Antarctica (Shepherd et al. 2012; Whitehouse et al.
2012; Ivins et al. 2013; Martin-Esparfiol et al. 2016) and Greenland
(Khan et al. 2016). Here we do not use regional GIA models to
correct global GRACE solutions as they give spurious estimates of
the GIA signal out of the specific regions for which they have been
designed (Whitehouse et al. 2012). They would lead to inconsis-
tent estimates of mass changes at global scale. We only use two
regional GIA models over Antarctica (Whitehouse ef al. 2012) and
over Greenland (Khan et al. 2016) as references to quantify the im-
pact of using regionally refined GIA models rather than global GIA
models on GRACE mass trends (see Table S1 in the Supporting
Information).

2.6 Statistical method to evaluate GRACE uncertainty

Variations in processing and post-processing parameters affect
GRACE estimates of the mass redistributions. In order to deter-
mine to which extent these variations can bias GRACE estimates,
we consider the range of the six processing parameters described in
previous sections (i.e. processing centre, geocentre motion, C, o, the
filtering parameter, the leakage parameter and the GIA correction)
and we compute an ensemble of GRACE post-processed solutions.
The range of processing includes five GRACE solutions from five
processing centres, five geocentre motion corrections, two C, o cor-
rections, five filtering techniques, two leakage corrections and three
GIA corrections which lead to 1500 possible combinations to gen-
erate a post-processed GRACE solution. We thus build an ensemble
of 1500 post-processed solutions and use it to estimate the global
water budget.

The global water budget is broken down into five components:
the ocean mass change, the Antarctica mass change, the Greenland
mass change, the arctic islands mass change and remaining glaciers
plus terrestrial water storage (TWS) mass change (glaciers & TWS).
The ocean component is further broken down into the coastal ocean
mass change (within 300 km from the coast, which represents 17 per
cent of the ocean surface) and the open ocean mass change because
it is essentially the coastal ocean that is affected by variations in

processing techniques (see below). Greenland and Antarctica com-
ponents include the ice sheet and the peripheral glaciers. Antarctica
is defined using the bedmap2 mask (Fretwell ez al. 2013). The arctic
islands component is defined using the version 4.0 of the Randolph
glaciers inventory (RGI) from Pfeffer ef al. (2014). It includes is-
lands in the northern and southern arctic Canada (region 3 and 4 in
RGI), in Iceland (region 6 in RGI), in Svalbard (region 7 in RGI)
and in the Russian arctic (region 9 in RGI). The glaciers & TWS
component includes all other regions on Earth (see Fig. S6 in the
Supporting Information). All contributions are expressed in mm Sea
Level Equivalent (mm SLE is defined as the mass change of a water
budget component normalized by the total global ocean area). Note
that because water mass is conserved in the Earth system and in
GRACE observations (GRACE solutions do not include any degree
0), GRACE estimate of the ocean mass change is equal to the sum
of GRACE estimate of the other water budget components.

In this article, we focus on the trends of the global water budget
components over the period January 2005-December 2015. January
2005 corresponds to the full deployment of the ARGO profiling
floats in the ocean (Roemmich 2009), increasing the performance
of ocean reanalysis. However, the ensemble solution is provided
from August 2002, which is the first common month from the five
chosen processing centres. Note that all the trends in this study
are computed by least-squares fitting a first-order polynomial after
removing the annual and semi-annual cycles. This method provides
an estimate of the formal error associated to the trend estimate.
This formal error is very small (<0.001 mm yr~') because we use
monthly time-series that cover a decade. We neglect this source of
uncertainty.

The ensemble is built with the intent to consider the largest num-
ber of state-of-the-art processing parameters as possible. Any pro-
cessing parameter that has been shown to have deficiencies has been
discarded (e.g. the filters ddk1 or ddk2). All the other parameters
are weighted equally in the ensemble because we could not find
any reason in the literature to favour a parameter over another. With
this selection, we expect that our ensemble actually gathers most of
the current state-of-the-art GRACE solutions. As such, we expect
that the variance of our ensemble can provide insights on GRACE
uncertainty in global water budget component trends. That said,
we acknowledge that our ensemble is not exhaustive. It builds on
prior work to develop and refine the best processing parameters and
thus it does not include all GRACE estimates. In addition, it does
not account for any unknown systematic error that could affect all
GRACE solutions. As such, the spread of our ensemble do certainly
not represent the true uncertainty in GRACE. But we believe it gives
interesting insights on the sources of uncertainty in state-of-the-art
GRACE solutions.

To evaluate the role of the variations in a given processing param-
eter on GRACE uncertainty, we first average the ensemble across
the five other processing parameters. Then we compute the vari-
ance of the resulting single-parameter ensemble (see Sections 3.1—
3.6). To evaluate the total GRACE uncertainty, we compute the
variance of the whole 1500-member ensemble (see Section 3.7).
This variance can be expressed as the sum of the variance of each
single-parameter ensemble plus an interaction term. This method
is similar to the ANnalysis Of VAriance procedure — ANOVA e.g.
(Fisher 1925) — except that we do not have residual terms here. This
method was used by Geoffroy et al. (2012) to assess the contribu-
tion of different parameters to the variations of climate sensitivity,
and we refer to that study for details on the method. To summa-
rize, the total variance of GRACE reconstruction is decomposed as
follows:
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Eq. (1) computation of the variance as the sum of the variance of
each single-parameter ensemble plus an interaction term

var (Tr; (pc, GM, C,, Fp, Lp, GI A))
= var <(T’”i (pc))GM,szo.Fp,Lp,GlA)
+var ((TV,' (GM)>pc,C2'0,Fp.Lp,GIA>

Hvar ((Tr; (C;, 0)

< pc GM,Fp,Lp,GIA)
+var ( Trl (Fp)>p(' GM,Cy0,Lp, GIA)
+var ( Tri (LP)) pe.6u,Cr 0. Fp. GIA)

+var ((T”i (G[A))pc,GM.CZ‘O.Fp,Lp>
+var (I (pc, GM, Cy, Fp, Lp, GI A4)), (1)

where the brackets (), .., indicate the mean across the five
parameters py, ..., ps. I'r; indicates GRACE estimate of the
trend in the ith global water budget component (ocean mass,
Greenland, Antarctica, Artic islands and glaciers & TWS).
pe, GM, Cyp, Fp, Lp, GI A indicate the six processing parame-
ters (namely the processing centre, the geocentre motion, the C,,
the filtering parameter, the leakage parameter and the GIA parame-
ter) and I indicates the interaction term. Note that this decomposition
of the variance of the ensemble is exact. There is no approximation.
The interaction term corresponds to the non-additive interaction of
processing parameters in the GRACE post-processed solution (i.e.
the T'r; function) on one or several processing parameters. We evalu-
ate the interaction term in Section 3.7 and discuss the consequences
for GRACE uncertainty.

3 RESULTS: UNCERTAINTY IN GRACE
ESTIMATE OF THE WATER BUDGET
COMPONENTS

3.1 Uncertainty related to the GRACE processing centre

Fig. 3(a) shows the effect of varying the processing centre parameter
on GRACE estimates of the global water budget trends for the period
2005-2015. As described in eq. (1), we compute the trend for each
water budget component as the mean of the trends of the sub-
ensemble defined by the processing centre parameter. For all water
budget components, the trend varies by less than 0.20 mm yr~! SLE
among the different processing centres. The largest differences are
obtained for the open ocean mass and glaciers & TWS trends for
which largest differences reach 0.20 mm yr~! SLE. For Antarctica,
differences in trends estimates are below 0.09 mm yr~' SLE and
for Greenland and the arctic Islands the differences are smaller
(0.03 mm yr~!' SLE).

3.2 Uncertainty related to the geocentre motion correction

The geocentre motion parameter has a small impact on the es-
timate of the Greenland and arctic islands mass trends (smaller
than 0.03 mm yr~! SLE). The Antarctica mass trend differences
are below 0.08 mm yr~! SLE. However ocean and glaciers &
TWS mass trends are more sensitive to the geocentre parameter
(differences up to 0.42 mm yr~! SLE). The use of Lemoine &
Reinquin (2017) or Wu et al. (2017) geocentre motion parameters
yield similar results. They lead to small ocean mass trend (1.49—
1.51 mm yr~! SLE) and small glaciers & TWS mass trends (—0.24

and —0.21 mm yr~! SLE). The differences between both solutions
are below 0.02 mm yr~! SLE for all components of the global wa-
ter budget. Using Cheng et al. (2013b) or Rietbroek et al. (2012)
yield also similar results but they lead to a different picture (Fig.
3b) compared to Lemoine & Reinquin (2017) or Wu et al. (2017).
In the case of Cheng et al. (2013b) and Rietbroek et al. (2012), the
ocean mass and glaciers & TWS trends are both significantly larger
(1.63-1.68 mm yr~' SLE) than when we consider the Lemoine
& Reinquin (2017) and Wu et al. (2017) parameter. The use of
the Swenson et al. (2008) geocentre parameter leads to the largest
ocean mass trend (+1.84 mm yr~!) and the largest glaciers & TWS
mass trend (+0.14 mm yr~!). These large differences in ocean and
glaciers & TWS mass trend among GRACE solutions are essentially
caused by differences in trends of the Z component of the geocen-
tre motion parameter (see Barletta et al. 2013 and Table S2 in the
Supporting Information for the impact of the x, y and z component
of the geocentre motion parameter on the trends of the global water
budget).

3.3 Uncertainty related to the C, correction

The use of different C, corrections generate small differences in
the water budget component trends. These differences are smaller
than 0.03 mm yr~! for all components (Fig. 3c). The largest effect
is on the ocean and Antarctica mass trends.

3.4 Uncertainty related to the filtering

The filtering parameter has a small effect. This is for three reasons.
First, because we selected here only up-to-date state-of-the-art filters
and these filters tend to yield similar results. Second, because we
consider separately the leakage effect and the filtering (unlike many
previous studies). And third, because we only analyse large areas
(see Fig. 4a). We probably would find significant differences among
filters at basin or glacier scale. Here we find that the differences
in the water budget trends generated by the different filtering are
below 0.04 mm yr~! SLE for all components and all filters.

3.5 Uncertainty related to the leakage correction

As explained in Section 2.4, the leakage correction is sensitive to
the choice of the reference ocean mass used to correct the coastal
ocean. Here the two different reference ocean masses used in the
leakage correction generates differences in GRACE estimates of the
trends in the water budget components that are below 0.11 mm yr™!
SLE (see Fig. 4b). Because of the localization of the leakage on
the coast, only the coastal ocean mass and land components are
affected. The effect of this parameter is important on the glaciers
& TWS component. We find that it is small on Greenland, arctic
Islands and Antarctica mass trends.

3.6 Uncertainty related to the GIA correction

There is a good agreement between GRACE estimates of Green-
land, the arctic islands and glaciers & TWS mass trends when any
of the three GIA model is considered. With ICE-6G_D 2017 and
ICE6G_ANU_D 2018 models, similar Antarctica mass trends are
obtained. However, the ocean mass trends are different by up to
0.08 mm yr~! SLE. When AG 2013 is used, the picture is different
with a global ocean mass trend and Antarctica mass trend higher
(1.72 and 0.73 mm yr~! SLE) than the two other global GIA models.
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Figure 3. Trends in global mass budget (in mm yr~! SLE over 2005-2015) for all components of the global water budget. Comparison of the mean values
over the sub-ensembles according to (a) processing centre, (b) Geocentre motion and (c) Cy .

ICE-6G_D 2017 and ICE6G_-ANU_D 2018 models lead to sim-
ilar Antarctica mass trend (Whitehouse er al. 2012; Ivins et al.
2013) while AG 2013 present the highest value of all GIA models
available for Antartica (Martin-Espaiol et al. 2016). The reason
of the smaller difference comes from the fact that here two of the
three global GIA models have been recently updated considering
the same BEDMAP2 bathymetry for the Southern Ocean (Peltier
et al. 2017; Purcell et al. 2018). For Greenland, the regional model
of Khan et al. (2016) yields to a local GIA apparent mass higher
than global models, leading to a Greenland SLE mass loss which
is 0.06 mm yr~' SLE smaller than when using global models (see
Table S1 in the Supporting Information).

3.7 Total uncertainty

Table 1 summarizes the sources of uncertainty in GRACE estimate
of'the global water budget components associated to each processing
parameter. The uncertainty is expressed as 1.65 standard deviation
of each single-parameter ensemble corresponding to the 90 per cent

confidence level (CL) when assuming a Gaussian distribution. The
uncertainty of the whole ensemble of GRACE solutions (referred
to as the ‘total uncertainty’) is computed also as the 1.65 standard
deviation of the whole ensemble. We find that the total uncertainty
in GRACE estimates of the trends in Greenland and arctic islands
mass is below 0.04 mm yr~'. It represents respectively 5 and 13
per cent of the mass trend signal in these regions confirming the
accuracy of GRACE estimates of the current Greenland and arctic
islands mass loss. For the global ocean, Antarctica and glaciers
& TWS mass changes, the total GRACE uncertainty is about one
order of magnitude larger than for Greenland and the arctic islands.
It reaches respectively 0.27 mm yr~' SLE, 0.15 mm yr~' SLE and
0.27 mm yr~' SLE which represent 16, 23 and 300 per cent of
the average mass change signal in these regions confirming earlier
studies which point out the large uncertainty in GRACE estimates
of the current changes in Glaciers & TWS (Yi ef al. 2015; Reager
et al. 2016; Rietbroek et al. 2016; Dieng et al. 2017).

Table 1 also shows the interaction term, which is computed as
the difference between the total uncertainty and the quadratic sum
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Figure 4. Trends in global mass budget (in mm yr~! SLE over 2005-2015) for all components of the global water budget. Comparison of the mean values
over the sub-ensembles according to (a) filtering parameter, (b) leakage correction and (c) GIA correction.

of the uncertainty associated to each single processing parameter.
As explained in Section 2.6 the interaction term arises from the
non-additive interaction of parameters in the ensemble of GRACE
post-processed solutions. Here it represents less than 1 per cent
of the total GRACE uncertainty for all global water budget com-
ponents. The reason for this low interaction term is that here all
estimates of the processing parameters are sampled independently
and for this reason they are largely uncorrelated. This approach
is partly biased because some estimates of the different process-
ing parameters rely on a common reference frame (e.g. estimates
of the geocentre motion, C,, and GIA) that could impact several
parameters simultaneously, and thus generate covariance among
the processing parameter estimates. So the interaction term here
is likely underestimated. However the underestimation is probably
small as the biases of the International Terrestrial Reference Frame

are likely small (of the order of a few tenth of mm yr~'; Altamimi
et al. 2016).

At interannual timescales, we estimate the uncertainty in GRACE
solutions by computing for each year, the standard deviation of the
ensemble of all GRACE annual estimates. This uncertainty reaches
up to +4.23 mm SLE for the most uncertain years (at 1.650, i.e. 90
per cent CL assuming a Gaussian distribution).

Fig. 5(c) shows the ensemble-mean time-series of the global wa-
ter budget components. The uncertainty in glaciers & TWS mass
variations at interannual timescales reaches up to +4.28 mm SLE
(90 per cent CL). The main contributor to this uncertainty is the
uncertainty in geocentre motion (Fig. 6b). For Antarctica, the un-
certainty in mass variations at interannual timescales reaches up
to +1.24 mm SLE (90 per cent CL) while for Greenland and arctic
islands the uncertainty is smaller (up to £0.37 mm SLE).
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Table 1. Uncertainties in trend over 2005-2015 of GRACE estimates of the global water budget components (mm yr—!).

(mm yr~! SLE) Ocean mass Greenland Antarctica Arctic islands Glacier & TWS
Mean trend 1.63 0.80 0.63 0.29 —0.09
Processing centre 0.09 (5 per 0.02 (2 per 0.06 (9 per 0.01 (3 per 0.12 (137 per
cent) cent) cent) cent) cent)
Geocentre motion 0.21 (13 per 0.01 (2 per 0.05 (8 per 0.02 (5 per 0.23 (255 per
cent) cent) cent) cent) cent)
Coo 0.02 (1 per <0.01 (<1 per 0.02 (3 per <0.01 (1 per <0.01 (6 per
cent) cent) cent) cent) cent)
Filtering 0.02 (1 per 0.03 (3 per 0.01 (1 per 0.02 (8 per <0.01 (10 per
cent) cent) cent) cent) cent)
Leakage correction 0.08 (5 per <0.01 (<lper <001 (<lper <0.01 (1 per 0.09 (103 per
cent) cent) cent) cent) cent)
GIA 0.12 (7 per <0.01 (<1 per 0.12 (19 per 0.01 (4 per 0.03 (30 per
cent) cent) cent) cent) cent)
Total uncertainty 0.27 0.04 0.15 0.04 0.27
Quadratic sum of individual uncertainties 0.27 0.04 0.15 0.04 0.27
Interaction <0.01 <0.01 <0.01 <0.01 <0.01

All uncertainties are given at 1.65¢ (i.e. 90 per cent CL assuming a Gaussian distribution). Relative uncertainties are provided in per cent and calculated using
the mean trend value. Total uncertainty is computed as the 1.65 x RMS of the whole ensemble.
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Figure 5. Time-series of the global water budget components after applying a low-pass filter to remove sub-annual frequencies (left) and their trends
distributions for 2005-2015 (right). In the right-hand panel, the shaded areas indicate the distribution of trends, while the red lines indicate the distribution that
would be obtained under the assumption of a Gaussian distribution. For comparison, estimates have been offset in the left-hand panel.
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Table 2. Comparison with previous global water budget estimates in mm yr~!.

Ocean mass Greenland Antarctica Rest of the

Period Source (mm yr~! SLE) (mm yr~!' SLE) (mm yr~! SLEr) land (mm yr~—!' SLE)
Apr 2002-Dec 2014 Reager et al. 2016* 1.58 £0.43 0.77 £ 0.13 0.49 +0.53 0.32 +0.21
Aug 2002-Dec 2014 This study 1.32 £ 0.21 0.77 £ 0.03 0.49 +0.13 0.07 £ 0.20
Apr 2002-Jun2014 Rietbroek et al. 2016* 1.36 + 0.69° 0.73 +0.03 0.26 +0.07 0.09 + 0.27¢
Aug 2002-Jun2014 This study 1.31 £0.23 0.77 £ 0.03 0.46 =+ 0.13 0.07 £ 0.20
Jan 2005-Jul 2014 (Yi et al. 2015)¢ 2.03 +0.21 0.77 +0.05 0.60 +0.18 0.65 + 0.28°¢
Jan 2005-Jul 2014 This study 1.40 £ 0.22 0.83 +0.03 0.57 £ 0.14 0.00 + 0.21
Jan 2004-Dec 2015 (Dieng et al. 2017)* 224+0.16° 0.82 +0.10 0.33+0.10 1.03 £ 0.17
- - 2.35 £ 0.27° - - -

Jan 2004-Dec 2015 This study 1.57 £ 0.21 0.78 + 0.03 0.57 £ 0.14 0.21 £ 0.20

2Values in the article are expressed in 1o

bOcean mass computed as altimetry (total) minus steric from the reference
“Rest of land computed as sum of glaciers and hydro from the reference
dValues in the article are expressed in 1.960 (95 per cent of CL)

“Rest of land computed as glacier, ice caps and land water from the reference

fOcean mass is based on Chambers & Bonin (2012)

Our GRACE ensemble starts in August 2002 (and not April 2002) because there are some missing months in one of the processing centres. ‘Rest of the land’
corresponds to the sum of arctic islands and glaciers & TWS from our study. Uncertainty is expressed in 1.650 (90 per cent of CL). Red values do not overlap

within 1.650 (90 per cent of CL).
4 DISCUSSION
4.1 Impact of the geocentre motion in the global water

budget

As shown by previous studies (Barletta er al. 2013; Reager et al.
2016) most of the GRACE uncertainty related to the geocentre is
due to the uncertainty in the geocentre velocity along the Z-axis. We

tested this hypothesis by detrending the z component of geocentre
solutions and recomputing GRACE solutions. This experience re-
sulted in a significant reduction of the spread in GRACE estimates
of the ocean mass trend confirming previous studies (the spread
among the trends dropped from £0.35 to £0.17 mm yr~' SLE,
see Fig. S7 in the Supporting Information). Here the five different
estimates of the geocentre motion (Swenson et al. 2008; Rietbroek
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Figure 7. Comparison of our ensemble with previous estimates of some of the water budget components trends. Vertical lines represent 1.65 standard
deviation around the mean values and the grey shaded areas the distribution of trends from our ensemble. The estimates from Table 2 are included to complete

the comparison.

et al. 2012; Cheng et al. 2013b; Lemoine & Reinquin 2017; Wu
et al. 2017) show a geocentre velocity along Z ranging from —0.05
and +0.24 mm yr~!, and a dispersion around the ensemble mean in
general agreement with recent studies (Riddell et al. 2017 — shows
an uncertainty in the trend of the z component of the geocentre
of +0.54 mm yr~!). However our range may underestimate the real
range as it is based on only five geocentre solutions and it does not
take into account any potential sources of systematic bias.

4.2 Comparison with previous estimates

Table 2 and Fig. 7 show the comparison of the trends estimates of the
global water budget components from our ensemble with previous

estimates over similar time period (Shepherd et al. 2012; Gardner
et al. 2013; McMillan et al. 2014; Mémin et al. 2014; Purkey et al.
2014; Schrama et al. 2014; Velicogna et al. 2014; Nilsson et al.
2015; Yi et al. 2015; Reager et al. 2016; Rietbroek et al. 2016;
Dieng et al. 2017). Overall, the general agreement (within uncer-
tainties at 1.650') of our solution with previous published estimates
of the trends in the water budget components gives confidence in
the choice of post-processing parameters. There are only two cases
for which our estimate significantly differs from previous estimates:
the ocean mass and glaciers & TWS trends estimates from Yi et al.
(2015) and from Dieng et al. (2017). Dieng et al. (2017), is based
on older data sets which tend to be higher than what is estimated
here.
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Figure 8. Comparison between mascon solutions and a subset of our ensemble for the (a) global ocean mass evolution, (b) global ocean mass trends for
2005-2015 and (c) trends in global mass budget (in mm yr~! SLE over 2005-2015) for all components of the global water budget. A low-pass filter to remove

sub-annual frequencies has been applied to the time-series.

4.3 Comparison with mascons solutions

In this section, we compare our ensemble with the mascon solutions
from JPL (RLOSM_1.MSCNv02CRIv02 solution with Coastal Re-
gional Improvement filter applied; Watkins et al. 2015), CSR (the
CSR RLO05_Mascons_v01; Save et al. 2016) and GFSC (the Global
Solution v2.3; Luthcke et al. 2013). For a rigorous comparison,
we select the subset of our ensemble that is consistent with the
mascon solutions in terms of post-processing. The subset includes
all solutions that use the Swenson et al. (2008) geocentre motion
correction, the Cheng et al. (2013a) C, correction and the Geruo
et al. (2013) GIA model. JPL and CSR solutions are released with
the ocean model and the atmosphere model restored over the ocean.
To ensure that these solutions are consistent with the spherical har-
monic solution, we restore the mean atmosphere load over the ocean
(Landerer, personnal communication 2017). We use the land/ocean
mask of each mascon centre to compute the trends in the water
budget components.

Regarding the trend in global ocean mass (Fig. 8b), there is a good
agreement between our subset and the JPL mascon estimate while
the CSR mascon estimate is significantly smaller (by 0.09 mm yr~!,
90 per cent CL) and the GSFC estimate is significantly larger (by
0.14 mm yr~! at the 90 per cent CL). At interannual timescales
(Fig. 8a), our sub-ensemble is in general agreement with mascons
solutions except during La Nina 2011 where it differs significantly
from all mascons solutions. Regarding the glaciers & TWS trend

component our sub-ensemble differs with the three mascons solu-
tions but it is not an outlier (0.13 mm yr~! SLE versus 0.35, 0.23
and 0.02 mm yr~! SLE). Regarding the Antarctica trend our sub-
ensemble presents the highest mass loss (0.68 mm yr~! SLE versus
0.64, 0.64 and 0.62 mm yr~! SLE). In terms of the other global wa-
ter budget components, there is a good agreement (40.05 mm yr~!
SLE). Note that CSR solution do not close the global water bud-
get because of some interpolation issues between the hexagonal
computation grid and the final product that is in a rectangular grid
(Save, personnal communication 2017). The JPL solution closes
the mass budget with a precision of 0.01 mm yr~' SLE. The small
non-closure of 0.01 mm yr~! probably comes from a residual trend
of 0.01 mm yr~! in the atmospheric background model (over land)
which has not been restored here.

4.4 Implications for the global water budget, the sea level
budget and the Earth energy imbalance

Based on our ensemble, we find a total uncertainty in global ocean
mass from GRACE of £0.27 mm yr~! over 2005-2015 (SLE at
the 90 per cent CL). This uncertainty is comparable to the uncer-
tainty in thermal expansion [40.15 mm yr~!, Dieng ef al. (2017)
and £0.27 mm yr~!, Desbruyéres et al. (2016)] and the uncertainty
in global mean sea level from satellite altimetry over the same period
(which is of 40.33 mm yr~!. Ablain ef al. 2015).

When GRACE observations of the ocean mass changes are com-
bined with satellite altimetry, it gives an alternative estimate of
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the thermal expansion with an uncertainty of £0.30 mm yr~! over
2005-2015 (atthe 90 per cent CL assuming that the uncertainty from
GRACE and satellite altimetry are independent). Assuming a global
expansion efficiency of heat of 0.12 £ 0.01 m YJ~! (Levitus et al.
2012) we find that this uncertainty implies an uncertainty in the net
warming of the ocean and the Earth energy budget of £0.25 W m—
over 2005-2015 (at 90 per cent CL assuming Gaussian distribution)
when inferred using the sea level budget approach.

5 CONCLUSION

We compared trends in GRACE estimates of the global water budget
components over 2005-2015 for different set of processing param-
eters. We considered variations in six different processing param-
eters namely the processing centre of the raw GRACE solutions,
the geocentre motion and C,y corrections, the filtering, the leakage
correction and the GIA correction. With all possible combinations
of the different processing parameters we computed an ensemble
of 1500 post-processed GRACE solutions from which we evaluated
the trends in global water budget components and their associated
uncertainty. As an estimate of the uncertainty we consider the spread
around the ensemble mean. This approach has limitations and may
not reveal the true uncertainty of the GRACE estimates but it gives
interesting insights on the sources of GRACE errors as it enables
to explore the dependency of GRACE uncertainty to the different
processing parameters.

The analysis of the uncertainties associated with GRACE solu-
tions shows that they are dominated by the uncertainty in the geo-
centre motion correction and the GIA correction. The uncertainty
in the geocentre motion generates an uncertainty in GRACE esti-
mates of 0.21 mm yr~' on the global ocean mass, £0.01 mm yr~"
SLE on Greenland mass loss, +0.05 mm yr~' SLE on Antarc-
tica mass loss, #0.02 mm yr~! SLE on arctic islands mass loss
and 0.23 mm yr~! SLE on glaciers & TWS changes over 2005—
2015 (at 1.650, i.e. 90 per cent CL).

The uncertainty in the GIA correction generates an un-
certainty in GRACE estimates of 40.12 mm yr~' on the
global ocean mass, +0.01 mm yr~' SLE on the Greenland
mass loss, +£0.12 mm yr~' SLE on the Antarctica mass
loss, £0.01 mm yr~' SLE on arctic islands mass loss and
of £0.03 mm yr~!' SLE on the glaciers & TWS changes over 2005—
2015 (at 1.650, i.e. 90 per cent CL). This uncertainty in GIA is
likely underestimated because it does not take into account the total
uncertainty in the ice history (we only considered here GIA solu-
tions based on the ICE5G and ICE6G models) and two of the three
models have updated and converged in the estimate of the Antarc-
tica GIA mass apparent trend with the regional GIA models. This
is evidenced in Greenland where the use of a regional GIA model
yield a mass trend that is significantly smaller (by 0.06 mm yr~")
than our ensemble estimate.

There are other sources of uncertainty in GRACE solutions that
have not been taken into account here like the effect of earthquakes
or the uncertainties in the Earth reference frame that are not related
to the geocentre motion. But they are likely small compared to the
GIA and the geocentre motion effects (Reager et al. 2016).

A more general caveat concerning our uncertainty estimate is that
our calculations are based on an ensemble of products which is lim-
ited (because of a limited available sampling of the parameters), and
which does not explore all sources of uncertainties (because some
uncertainty sources such as earthquakes, are not represented). These

two characteristics make us think that our uncertainty estimates are
likely underestimated.

Compared with mascons solutions, we find a good agreement
in terms of interannual variability and trends with JPL solution.
However, with the CSR and GSFC solutions, we find significant
discrepancies in terms of trends.

Compared to the other GRACE-based studies (listed in Table
2 and Fig. 7), our estimates of the uncertainties are in general
agreement for all global water budget components

When the uncertainty on the geocentre motion is included, the
total uncertainty of GRACE on the global water and sea level budget
is +0.27 mm yr~!' SLE (at 1.650, i.e 90 per cent CL; Table 1). This
uncertainty is similar to the uncertainty in sea level estimate. It
fixes a limit on the constraints that the budget approach provides
on missing or poorly known contributions to sea level rise (such as
the deep ocean contribution; see Dieng et al. 2015b) or on related
essential climate variable such as the total ocean heat content from
which the Earth’s energy imbalance can be deduced (Llovel et al.
2014; Dieng et al. 2015b). These results call for more research to
refine our estimates of the geocentre motion and the geoid response
to GIA.
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