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Abstract

We estimate the total land water storage (LWS) change between 2003 and 2013 using a global water
mass budget approach. Hereby we compare the ocean mass change (estimated from GRACE space
gravimetry on the one hand, and from the satellite altimetry-based global mean sea level corrected for
steric effects on the other hand) to the sum of the main water mass components of the climate system:
glaciers, Greenland and Antarctica ice sheets, atmospheric water and LWS (the latter being the
unknown quantity to be estimated). For glaciers and ice sheets, we use published estimates of ice mass
trends based on various types of observations covering different time spans between 2003 and 2013.
From the mass budget equation, we derive a net LWS trend over the study period. The mean trend
amounts to +0.30 & 0.18 mmyr ' in sea level equivalent. This corresponds to a net decrease of
—108 + 64 km’yr~ ' in LWS over the 2003—2013 decade. We also estimate the rate of change in LWS
and find no significant acceleration over the study period. The computed mean global LWS trend over
the study period is shown to be explained mainly by direct anthropogenic effects on land hydrology,
i.e. the net effect of groundwater depletion and impoundment of water in man-made reservoirs, and
to alesser extent the effect of naturally-forced land hydrology variability. Our results compare well
with independent estimates of human-induced changes in global land hydrology.

1. Introduction

Liquid fresh water on land is stored in various
reservoirs: rivers, lakes, man-made reservoirs, wet-
lands and inundated areas, root zone (upper few
meters of the soil) and aquifers (groundwater reser-
voirs). Terrestrial reservoirs continuously exchange
with the atmosphere, oceans and land, through
vertical and horizontal mass fluxes (precipitation,
evaporation, transpiration of the vegetation, surface
runoff and underground flow). Land water storage
(LWS) varies with change in mean climate and climate
variability. Human activities also directly affect LWS
through water extraction from aquifers, building of
dams along rivers, urbanization, wetland drainage,

land use and land cover changes, and deforestation. All
these effects modify the water budget in river basins,
and because of water mass conservation in the climate
system, cause sea level changes. Studies based on
hydrological modeling have not reported any clear
long-term trend in global LWS over the past 60 years
but only interannual variability (e.g., Ngo-Duc
et al 2005). This is unlike human-induced factors such
as dam building (Chao et al 2008) and groundwater
extraction (Konikow 2011, Pokhrel et al 2012, Wada
et al 2012, Wada 2015). Although their contributions
to the global mean sea level (GMSL) are of opposite
sign (<0 for dams, >0 for groundwater pumping),
their net effect is responsible for a significant long-
term positive trend at least for the recent decades

©2015IOP Publishing Ltd
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(other human-induced factors have negligible contri-
butions to the GMSL). Building on the results from
Konikow (2011) and Wada et al (2012), Church et al
(2013) estimated that the net effect of dams and
groundwater depletion (i.e., groundwater abstraction
minus recharge; e.g., Wada 2015) on the GMSL
amounted 0.38 & 12 mm yr ' over 1993-2010. This
represents 12% of the observed GMSL rate of rise over
this time span, an amount of the same order of
magnitude as the Antarctic ice mass loss (see table 13.1
in Church et al 2013). Because of such a significant
contribution to sea level, it is worth to examine this
component in more detail. In addition, uncertainty of
this component has direct impact on our capability to
close the sea level budget, thus constrain missing
contributions (due to lack of data) such as the deep
ocean thermal expansion (see discussions on that topic
in Llovel etal 2014, Dieng et al 2015a).

The effect of dams and man-made reservoirs has
been estimated by Chao et al (2008). They recon-
structed the history of water impoundment in the
nearly 30000 reservoirs built during the twentieth
century and estimated the contribution to sea level by
dams and artificial reservoirs (including seepage) at
—0.55 + 0.08 mm yr ' in sea level equivalent (SLE)
during the last half-century, with a stabilization in
recent years. Estimates of groundwater depletion are
based on three methods (see Wada 2015): (1) volume-
based method, (2) flux-based method, and (3) satellite
observations from the GRACE space gravimetry mis-
sion. Each method has strengths and weaknesses. For
example, GRACE gives a vertically integrated estimate
of the water mass change; thus surface waters and soil
moisture must be known and removed to estimate the
ground water contribution. In addition, GRACE-
based estimates do not yet have full global coverage for
the estimation of groundwater depletion (Fam-
iglietti 2014, Wada 2015). The volume- and flux-based
methods lack global information and suffer from
model uncertainties. Thus estimating groundwater
depletion remains very challenging, as is the global
dam contribution.

In this study, we develop another approach based
on the global water mass budget of the climate system
to estimate the total LWS change. Focusing on the Jan-
uary 2003-December 2013 time span (for which
GRACE data are available), we compare the GRACE-
based ocean mass change to the sum of mass compo-
nents (glaciers, Greenland and Antarctica ice sheets,
atmospheric water vapor and LWS). We neglect other
mass components such as permafrost because global
data are lacking, as well as change in the snow pack,
previously shown to give negligible contribution to the
GMSL beyond time spans larger than 1 year (Bianca-
maria et al 2011). In this mass budget approach, we use
estimates of each component from different observa-
tional data sets, except for the net total LWS, the
unknown quantity to be estimated. A mean LWS trend
is first estimated over 2003-2013. Then, accounting
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for increasing rate of change (acceleration) of several
components (ocean mass, ice sheet mass balances)
over the study time span, we investigate whether the
LWS rate varies with time. To validate our results, we
perform a similar analysis but instead of using
GRACE, we estimate the ocean mass term from the
satellite altimetry-based GMSL corrected for steric
effects (i.e., effects of ocean temperature and salinity).

All results are expressed in terms of SLE change.
Units are given in mm yr~ ' and mm yr~* for trend and
acceleration respectively.

2. Method

To estimate the contribution of LWS change to sea
level, we can simply consider the conservation of water
mass in the Earth’s system (e.g., Llovel et al 2010). Of
course, LWS change could be derived from GRACE
data over the continents, as done previously in a
number of studies. However, considering that the
GRACE resolution (~300-500 km) may be proble-
matic in separating nearby masses (e.g., river basins
and glaciers), our objective here is to use a different
approach.

On time scales of years to decades, water mass
changes inside the solid Earth (e.g., in the crust) can be
neglected, so that only changes in land reservoirs,
ocean and atmosphere need to be considered, with the
mass conservation equation written as follows:

AZ\/IOcean (t) + AMGlaciers (t) + AMGreenland (t)
+AMAntarct.(t) + AJ\4Atm(t).
+AMws(t) = 0,

ey

where AM(?) represents changes with time f of water
mass in the different reservoirs: ocean, glaciers
(including small ice caps), Greenland ice sheet, Ant-
arctica ice sheet, atmosphere and land water stores.
Note that AM(t) may be either positive or negative.
Using equation (1), we deduce the LWS component by
simple rewriting as:

A]\4LWS (t) = - [AMOcean(t) + A]\4Glaciers(t)
+AMGreenland (t) + AI\/IAntarct.(t)
+AMyn (1) . @

As mentioned above, all contributions are expres-
sed in terms of SLE.

3.Data

3.1. Ocean mass

For estimating the ocean mass component, we apply
two approaches : (1) use of GRACE space gravimetry
data over the oceans, and (2) estimate of the GMSL
corrected for steric effects.
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3.1.1. GRACE-based ocean mass
Three different data sets of the GRACE Release 05
products have been considered:

(1) from the Texas University (CSR RL05),

(2) from the German GeoForschungsZentrum (GFZ
RLO5)

(3) from the Jet Propulsion Laboratory (JPL RLO5).

To study the ocean mass evolution, a specific
processing has been carried out by D. Chambers
(described in Johnson and Chambers 2013;
geocenter terms included; data available at https://dl.
dropboxusercontent.com/u/31563267/
ocean_mass_orig.txt). The data are provided as global
mean (averaged over the 90°S-90°N° domain) time
series at monthly interval with associated uncertainty.
The GIA (Glacial Isostatic Adjustment) effect is cor-
rected for using the GIA correction computed in
Chambers et al (2010). In the following, we consider
the mean of the three data sets.

3.1.2. Ocean mass estimated from the GMSL corrected
for steric effects

Changes in the GMSL result from steric effects plus
ocean mass changes. Thus, the ocean mass comp-
onent can be also derived from the difference ‘GMSL
minus steric effects’. For that purpose we used the
mean of six different satellite altimetry-based GMSL
data sets: (1) Validation and Interpretation of
Satellite Oceanographic (AVISO; http://aviso.
altimetry.fr/en/data/products/ocean-indicators-
products/actualitesindicateurs-des-oceansniveau-
moyen-des-mersindexhtml.html); (2) University of
Colorado (CU Release 5; http://sealevel.colorado.
edu/); (3) National Oceanographic and Atmospheric
Administration (NOAA; http://star.nesdis.noaa.
gov/sod/lIsa/SealevelRise/LSA_SLR_timeseries_
global.php); (4) Goddard Space Flight Center (GSFC
version 2; http://podaac-ftp.jpl.nasa.gov/dataset/
MERGED_TP_J1_OSTM_OST_GMSL_ASCII_
V2); (5) Commonwealth Scientific and Industrial
Research Organization (CSIRO; http://cmar.csiro.
au/sealevel /sl_data_cmar.html); (6) The European
Space Agency/ESA Climate Change Initiative /CCI
sea level data (http://esa-sealevel-cci.org/). Details
on these data sets can be found in Dieng et al
(2015a,2015b).

For the steric component, instead of using Argo
that suffer from gaps in the data coverage (e.g., in the
Indonesian region; Dieng et al 2015b), we make use of
the ORAS4 reanalysis (Balmaseda et al 2013) that pro-
vides ocean temperature and salinity down to 5350 m
and global coverage. Note that over their common
geographical and depth coverage, Argo-based and
ORAS4-based steric sea level are in good agreement
(see Dieng et al 2015b for a discussion).

H B Diengetal

Using the mean of the six GMSL products, we
compute the ocean mass component by subtracting
the ORAS4 steric component. It is simply called below
‘GMSL minus ORAS4’.

3.2. Atmospheric water vapor mass

To estimate change in atmospheric water vapor mass,
we used the vertically integrated water vapor grids
from the ERA Interim reanalysis performed by the
European Center for Medium Range Weather Fore-
cast/ECMWF (Dee et al 2011). The data are provided
as 1.5° x 1.5° grids at monthly interval. We compute
a globally averaged water vapor time series and express
itin terms of SLE (see Dieng et al 2014 for details).

3.3. Greenland and Antarctica mass

For the ice sheet mass balances, we used two
approaches: (1) time series given by Velicogna et al
(2014) and from the ESA CCI Ice Sheet project
(http://esa-icesheets-cci.org; see also Forsberg
et al 2014), (2) published estimates of mass balance
trends from the literature. For Greenland, we consid-
ered 52 published trend values based on 30 articles.
For Antarctica, we used 24 published trend values
based on 13 articles. Corresponding list of the 43
articles used in this study, as well as associated trend
values are given in the supporting information (SI).

3.4. Glaciers mass
For the glaciers, we considered 4 published estimates
of mass balance trends from the literature (Gardner
et al 2013, Schrama et al 2014, Yi et al 2015). The
Gardner et al data are a compilation of a large number
of glacier mass balance estimates from different
methods (these estimates are in terms of trends over
the 2003-2009 time span). Global glacier mass trends
from Schrama ef al and Yi et al are based on GRACE
and are given over different time intervals: January
2003-December 2013 (Schrama et al 2014); January
2005-December 2009 and January 2010—March 2014
(Yietal2015).

Note that the four glaciers estimates considered in
this study do not include Greenland and Antarctica
peripheral glaciers. Trend values are given in the SI.

4. Data analysis

When time series are used to estimate trends and
accelerations, the annual & semi annual signals are
removed by fitting 12-month and 6-month sinusoids.
Figure 1 shows the GRACE-based ocean mass
(called GOM) time series over 2003—-2013. This time
series is an update of that previously used by Dieng
et al (2015a, 2015b) to examine the closure of the sea
level budget. A mean trend of 1.85 + 0.1 mm yr ' is
estimated over the study time span. We fitted a
degree 2 polynomial to the data, from which we
deduce an acceleration of 0.29 + 0.04 mm yr~ 2 The
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Figure 1. Ocean mass time series over January 2003—December 2013 estimated from GRACE (GOM; mean of CSR, GFZ and JPL

products) (dashed black curve), and from ‘GMSL minus ORAS4’ (solid black curve) with associated uncertainty (shaded area). Unit:
—1
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Figure 2. Global water vapor (in sea level equivalent) time series from ERA-Interim, over January 2003—December 2013. Unit: mmyr "

2010 2012 2014

acceleration is defined as 2 times the adjusted coeffi-
cient of the polynomial #* term. The quoted uncertain-
ties represent 1 sigma errors estimated from the least-
squares fit and accounting for the time series errors. In
figure 1 is superimposed the ‘GMSL minus ORAS4’o-
cean mass time series and associated uncertainty (note
that the GOM uncertainty is not shown because smal-
ler than the latter). The mean ‘GMSL minus ORAS4’
trend over 2003-2013 amounts to 2.03 &£ 0.11 mm
yr~'. Besides, the acceleration is found to be almost
zero over the study time span.

Similarly, figure 2 shows the global atmospheric
water vapor time series. The mean trend estimated
from the time series is slightly negative (equal to
—0.04 + 0.04 mm yr ' SLE), indicating a small but

not significant increase in atmospheric water vapor
content. Dieng et al (2014) considered other water
vapor datasets and found little differences in terms of
interannual variability and trend. As for the ocean
mass data, we fitted a degree 2 polynomial but found
zero acceleration.

Figure 3 shows a plot of the 52 published trend
values of the Greenland mass balance (in mm yr '
SLE). Horizontal lines represent the time span covered
by each analysis. Note that several values are super-
imposed and are not visible on the figure. Averaging all
published values provides a mean trend of
0.76 £ 0.1 mm yr ' over 2003-2013 (this 1 sigma
error is that obtained from the regression, accounting
for errors provided with each estimate). This value can
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Figure 3. Trends (over different periods) of Greenland ice mass loss from published literature (see SI). Unit: mm yr ™' SLE. The black
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Figure 4. Trends (over different periods) of Antarctica ice mass loss from published literature (see SI). Unit: mm yr ™' SLE. Black line is

be compared with other mean trend estimates over the
same time span (2003-2013): 0.77 £ 0.16 mm yr*1
(Velicogna et al 2014), 0.63 £ 0.1 mm yrf1 (CCI data
set), and 0.77 & 0.05mm yr ' (Schrama et al 2014).
All trends agree well within their respective error bars.
We next performed a linear regression of the trend data
shown in figure 3 to estimate the acceleration term
(identified in figure 3 by the black line). The computed
acceleration of the Greenland ice sheet mass loss
amounts to 0.071 & 0.007 mm yr~>. The acceleration
provided by Velicogna et al (2014) equals
0.071 + 0.004 mmyr~ 2, in perfect agreement with our
estimate based on the 52 published values. The accel-
eration estimated from the CCI data amounts to
0.060 + 0.007 mm yr 2, slightly less than the other
two values.

Figure 4 is a plot similar to figure 3 but for the Ant-
arctica ice sheet. The black straight line has also the

same meaning. Unlike Greenland, results for the Ant-
arctica mass trends are much more scattered, even
though there is indication of an acceleration (as repor-
ted in the literature; see also Church et al 2013). The
mean trend over 2003-2013 based on all individual
trends amounts to 0.34 & 0.12mm yr ', a value
slightly larger than those from Velicogna et al (2014)
(0.19 & 0.12mm yr '), Schrama et al (2014)
(026 + 0.08 mm yr '), and the CCI data
(0.27 £ 0.10 mm yr ). Such differences may be partly
attributed to the considered GIA correction, highly
important for Antarctica (see Schrama et al 2014 for a
discussion). The acceleration adjusted on the 24 pub-
lished trends considered in our study amounts
t0 0.051 £ 0.011 mm yr~ 2 This value is slightly larger
than the Velicogna et al (2014) and CCI estimates (of
0.031 £ 0.010 mm yr > and 0.042 & 0.010 mm yr~ ',
respectively).
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A treatment similar to that applied for the ice
sheets was performed for the glaciers mean trend and
acceleration (see figure 5, with the black straight line
representing the acceleration). The mean trend and
acceleration over 2003-2013 are estimated to
0.58 + 0.1 mm yr ' and —0.004 & 0.005 mm yr 2.
The acceleration is not significantly different from
zero. Using GRACE only, Schrama et al (2014) esti-
mated the mean trend of the glacier contribution over
2003-2013 to 0.44 4+ 0.03 mm yr . The difference
cannot be attributed to peripheral glaciers of Green-
land and Antarctica ice sheets, not considered in either
case. However, the GRACE only glacier estimate may
be contaminated by land hydrology because of the
poor GRACE resolution.

We are also aware that the estimated acceleration
needs to be used with caution due to the few available
glacier observation-based data sets.

5. Results

5.1.LWS trend over 2003-2013

In figure 6, we present a chart of the mean trends over
2003-2013 for AMgpeean (from GRACE and from
‘GMSL minus ORAS4’), the sum of AM (atmospheric
water vapor plus glaciers plus ice sheets) and the
residuals (AMgcean—sum of AM). For the sums (and
residuals as well), 3 trend values are considered. Sums a,
b and c correspond to: (a) the average trend estimated
with the published results (i.e., sum of mean Greenland
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plus mean Antarctica plus mean glacier plus water
vapor trends—values given in section 4 above-), (b) the
Velicogna et al (2014)’s trends for Greenland and
Antarctica, and (c) the CCI trends also for Greenland
and Antarctica. For sums b and ¢, we consider for
glaciers and water vapor trends, the same values as in
sum a. All residuals are interpreted in terms of LWS
trends over 2003-2013, and are expressed in SLE.

Residuals 1 and 2 (called res1 and res2) in figure 6
are based on AMgcean from GRACE and from ‘GMSL
minus ORAS4’, to which ‘sum a’ is subtracted. We also
compute the mean of resl and res2. Corresponding
trends amount to 0.21 = 0.18 mm y‘F1 (resl),
0.39 &+ 19 mm yfl (res2) and 0.30 & 0.18 mm yrf1
(mean). Residuals 3 and 4 (called res3 and res4) are
based on sums b and c respectively, using the mean
value of AMgcean from GRACE and ‘GMSL minus
ORAS4’. These are also plotted in figure 6 as well as
LWS trends estimated by Wada er al (2012)—based
on the flux method- for 2 cases: (1) only dams
and groundwater depletion are accounted for, and (2)
in addition to dams and ground waters, account of
deforestation and wetland drainage (called Wadal and
Wada2 hereinafter). Trends over 2003-2013 for res3,
res4, Wadal and Wada2 amount to 0.44 + 24 mm
yr ', 0.50 + 020 mm yr ', 0.39 + 0.11 mm yr ' and
0.54 + 0.12mmyr ', respectively.

All computed residuals appear rather consistent in
spite of the quite different data sets used. They also
compare rather well with Wadal & 2. Trend values are
gathered in the SL.

5.2. LWS acceleration over 20032013

As mentioned above, figures 3 and 4 show clear
acceleration for the Greenland and Antarctica mass
balances (unlike the glacier and water vapor compo-
nents). The AMocean based on GRACE also displays
importantacceleration over the study time span. Using
the mass budget equation, we can deduce the accelera-
tion of the LWS residuals for this case. For resl, it
amounts to +0.17 + 0.04 mm yr . However if we
consider AMgcean based on ‘GMSL minus ORAS4’,
acceleration of the residual time series (res2) becomes
negative (and equal to —0.08 + 0.05mm yr °).
Besides accelerations of Wada 1 and 2 are very small
and non significant (0f0.008 & 0.010 mmyr ). With
the data currently available, it does not seem possible
to estimate any reliable LWS acceleration, nor to
identify which term of the mass budget equation
compensates the ice sheet mass balance acceleration.
Our results suggest nevertheless that the LWS accel-
eration is not significantly different from zero over the
2003-2013 time span.

5.3. Interannual variability in LWS trends over
2003-2013

We computed short-term trends of the AMoca, time
series based on GRACE and ‘GMSL minus ORAS4’,

H B Diengetal

over successive 2-year time spans (with 1 year overlap).
To these short-term trends, we removed the accelera-
tion term of sum a (i.e., the combined acceleration of
glaciers, ice sheets and water vapor). The corresp-
onding curves are shown in figure 7 (labeled resl and
res2). In figure 7 are superimposed four additional
LWS 2-year trend curves (also with 1-year overlap)
using: (1) LWS determined by Yi et al (2015) using
GRACE over continental river basins, (2) LWS based
on the ISBA/TRIP global hydrological model (Alkama
et al 2010), (3) LWS based on the Water Gap
Hydrological Model (WGHM, D6l et al 2014a), and
(4) LWS based on the Modern Era Retrospective-
analysis for Research and Applications (MERRA)
Reanalysis (Mantas et al 2015). The ISBA/TRIP and
WGHM land surface schemes calculate time variations
of surface energy and water budgets in different soil
layers. ISBA/TRIP only considers upper soil layers
while WGHM accounts for groundwater and man-
made reservoirs (Do6ll eral 2014a, 2014b). The MERRA
dataset is the version 5.2.0 of the GEOS-5 data service.
We used the total water storage in land reservoirs
product that includes the groundwater component. As
for ISBA/TRIP and WGHM, it is available as gridded
time series at monthly interval over the 2003-2013
time span. We computed geographical averages,
applying a cosine latitude weighting.

All six curves (expressed in SLE trends) exhibit
large interannual variability, mostly related to El
Nino-Southern Oscillation (ENSO) events (note for
example the minimum corresponding to the 2011 La
Nina). On average, a good correlation at interannual
time scale is noticed between these six curves. But we
note closer agreement between 2-year trend curves
from resl and Yi et al LWS on the one hand, and
ISBA/TRIP and MERRA LWS on the other hand. The
Wada 1 and Wada 2 short-term trends are also shown
in figure 7 (bottom curves; signal amplified by a factor
of 10). It is interesting to note that these also display a
minimum in 2011. Although the latter only represent
the direct anthropogenic components, the 2011 mini-
mum likely reflects increased groundwater recharge
during this La Nina episode.

All trends and accelerations estimates presented
above are gathered in the SI.

6. Discussion

The mean trend in LWS estimated by the global mass
budget approach developed in this study is found to be
positive in terms of SLE over the 2003—-2013 time span.
The mean of the two estimates based on two different
values of AMoean is 0.30 £ 0.18 mm yr~ ' SLE. This
corresponds to an annual decrease in net LWS of
—108 + 64km’ yr~'. This quantity represents the
combined effects of natural climate variability, anthro-
pogenic climate change and direct anthropogenic
factors. The uncertainty of this estimate directly relies
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Figure 7. Upper curves: 2-year trends (with 1-year overlap) (expressed in mm yr~' SLE) computed over 2003—2013 for res1 (dashed
blue curve), res2 (dashed red curve), global mean LWS rate estimated by Yi et al (2015) (green curve), ISBA/TRIP hydrological model
(red curve), WGHM hydrological model (black curve) and MERRA reanalysis (orange curve) . Bottom curves: 2-year trends (with
1-year overlap) of Wadal (red curve) and Wada 2 (yellow curve) (multiplied by 10; expressed in mm yr ' SLE). An arbitrary
downward vertical offset has been applied to the bottom curves for clarity.

on the ocean mass trend uncertainty. Here we used
two independent methods to estimate AMgce,, and
associated uncertainty, with quite consistent results.
Wada et al (2012)’s results for the direct anthropogenic
LWS components are only slightly larger (of
4+0.39 & 0.11 mm yr ' SLE or —140 £ 40km® yr '
LWS trend) for the net effect of dams and ground
water depletion. While the rate of reservoir impound-
ment exceeded groundwater depletion over most of
the 20th century, for the recent years, groundwater
depletion exceeds impoundment, thus the net effect
leads to a positive contribution to the GMSL. In
addition to Wada et al (2012), other estimates of the
groundwater component have been published in the
recent years: Konikow (2011) estimated that human-
induced  groundwater  depletion  contributed
0.34 + 0.07mm yr ' to the GMSL rise over
1993-2008 (based mostly on observational methods).
Pokhrel et al (2012) estimated much larger ground-
water depletion over 1981-2007, amounting
1.0 £ 0.16mm yr ' SLE (or 0.8 + 0.25mm yr~ '
when accounting for dams and natural climate varia-
bility). A recent study by Doll et al (2014b) based on
the WGHM model combined with GRACE data finds
a groundwater contribution to GMSL rise of
0.31 & 0.06 mm yr~ ' for the 2003-2009 time span.
Thus, these estimates (except for Pokhrel et al 2012)
agree well with our results.

Other studies based on GRACE have provided
estimates of the total (natural plus anthropogenic)
LWS change over different time spans. Considering
the 33 largest river basins, Llovel et al (2010) and Jen-
sen et al (2013) estimated to —0.22 £ 0.05 mm yfl
and —0.20 4 0.04 mm yr~ ' the LWS contribution to

GMSL over 2002-2009. Two LWS trend estimates by
Yi et al (2015) for 20052009 and 2010-2014 give
—0.27 + 0.25mm yr ' and 0.38 + 0.48 mm yr '
respectively. Note that over the 2003-2013 period, the
Yi et al (2015) and Schrama et al (2014) LWS trends
(both based on GRACE data processing on land) are
respectively  slightly  positive ~and  negative
(4+0.07 £ 0.04 mm yr " and —0.06 + 0.09 mm yr~'
respectively). This dispersion of LWS values and large
associated uncertainties based on GRACE is not totally
surprising. The GRACE LWS rate estimates are much
dependent on the study period, considering the
importance of the interannual variability (see figure 7),
as discussed in Jensen et al (2013). Besides, the GRACE
resolution does not allow unambiguous separation
between nearby sources (Longuevergne et al 2010).
This is particularly true in the region of the Ganges
basin and Himalayan glaciers. Finally, studies con-
sidering a limited number of river basins (e.g., Llovel
et al 2010) miss part of the signal, and the GIA correc-
tion, important in high latitudes, adds significant
uncertainty. All together, the GRACE LWS estimates
remain uncertain, in particular if study time spans are
short (Landerer and Swenson 2012).

In this study, we proposed a different approach to
estimate the net LWS contribution to GMSL change
over a 10 year time span. Using a large number of dif-
ferent data sets for the mass components, we came up
to a positive value for the LWS trend over 20032013
(in terms of SLE; i.e., decrease of total water storage on
land) that likely reflects the net anthropogenic comp-
onent, i.e., the dominant contribution of groundwater
depletion versus dams, in good agreement with the
Wada et al (2012) estimates.
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Figure 8. Global and regional trends in surface water and groundwater use (adapted from Wada et al 2014).

As far as the acceleration is concerned, results from
this study remain inconclusive. But they suggest that
there is no significant acceleration in LWS change over
the 2003-2013 decade, in agreement with Wada et al
(2012)’s results. Over the 2000s, Jung et al (2010) sug-
gest higher soil moisture and large water availability,
which reduce the amount of irrigation needs and thus
groundwater pumping. Figure 8 shows the global and
regional trends in surface water and groundwater use.
For South Asia (India, Pakistan), North America
(USA), and Western Europe (Spain, Greece, Italy)
where the sum of regional groundwater depletion
accounts for more than half of the global total, the
increase in groundwater pumping is low over the per-
iod. This substantially slowed down the increase in
groundwater contribution to sea level rise. At the same
time, negative contribution due to reservoir impound-
ment is also rather constant over the same period, with
a sharp increase due to the Three Gorges Dams only
over a few years. Considering the two terms being
almost constant, the net contribution also became
rather constant with negligible acceleration over the
2000s. This explains the results obtained in this study.

Finally, our study confirms that total LWS rate is
highly variable on the short-term (interannual time
scale) and much impacted by ENSO events. The net
LWS rate due to direct anthropogenic forcing (Wada
et al 2012) also responds to ENSO events, likely via
aquifer recharge.

Acknowledgments

H B Dieng is supported by an ESA (European Space
Agency) grant in the context of the Climate Change
Initiative (CCI) project. Y Wada is supported by Japan
Society for the Promotion of Science (JSPS) Oversea
Research Fellowship (grant no. JSPS-2014-878). We
thank S Yi for providing us with his GRACE-based
land water time series, as well as B Decharme for

making available to us the outputs of the ISBA/TRIP
hydrological model.

References

Alkama R et al 2010 Global evaluation of the ISBA-TRIP continental
hydrological system I. Comparison to GRACE terrestrial
water storage estimates and in situ river discharges
J. Hydromet. 11 583-600

Balmaseda M A, Mogensen K and Weaver A 2013 Evaluation of the
ECMWEF ocean reanalysis ORAS4 Q. J. R. Meteorol. Soc. 139
1132-61

Biancamaria S, Cazanave A, Mognard N, Llovel W and Frappart F
2011 Satellite-based high latitudes snow volume trend,
variability and contribution to sea level over 1989,/2006 Glob.
Planet. Change 75 99-107

Chambers D P, Wahr J, Tamisiea M E and Nerem R S 2010 Ocean
mass from GRACE and glacial isostatic adjustment
J. Geophys. Res. 115 B11415

Chao BF, WuYH and LiY $ 2008 Impact of artificial reservoir water
impoundment on global sea level Science 320 212—4

Church ] A etal 2013 Sea level change Climate Change 2013: The
Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on
Climate Change ed T F Stocker et al (Cambridge: Cambridge
University Press)

Dee D P etal 2011 The ERA-Interim reanalysis: configuration and
performance of the data assimilation system Q. J. R. Meteorol.
Soc. 137 553-97

Dieng H B, Cazenave A, Messignac B, Henry O,
von Schuckmann K and Lemoine ] M 2014 Effect of La Nifia
on the global mean sea level and north Pacific ocean mass
over 2005-2011 J. Geodetic Sci. 4 19-27

Dieng H B, Palanisamy H, Cazenave A, Meyssignac B and
von Schuckmann K 2015a The sea level budget since 2003:
inference on the deep ocean heat content Surv. Geophys. 36
209-29

Dieng H, Cazenave A, von Shuckmann K, Ablain M and
Meyssignac B 2015b Sea level budget over 2005-2013:
missing contributions and data errors Ocean Sci. 11
1-14

Dol P, Fritsche M, Eicker A and Mueller Schmied H 2014a Seasonal
water storage variations as impacted by water abstractions:
comparing the output of a global hydrological model with
GRACE and GPS observations Surv. Geophys. 35 1311-31

Doll P, Mueller S H, Schuh C, Portmann F T and Eicker A 2014b
Global-scale assessment of groundwater depletion and
related groundwater abstractions: combining hydrological



http://dx.doi.org/10.1175/2010JHM1211.1
http://dx.doi.org/10.1175/2010JHM1211.1
http://dx.doi.org/10.1175/2010JHM1211.1
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1002/qj.2063
http://dx.doi.org/10.1016/j.gloplacha2010.10.011
http://dx.doi.org/10.1016/j.gloplacha2010.10.011
http://dx.doi.org/10.1016/j.gloplacha2010.10.011
http://dx.doi.org/10.1029/2010JB007530
http://dx.doi.org/10.1126/science.1154580
http://dx.doi.org/10.1126/science.1154580
http://dx.doi.org/10.1126/science.1154580
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.2478/jogs-2014-0003
http://dx.doi.org/10.2478/jogs-2014-0003
http://dx.doi.org/10.2478/jogs-2014-0003
http://dx.doi.org/10.1007/s10712-015-9314-6
http://dx.doi.org/10.1007/s10712-015-9314-6
http://dx.doi.org/10.1007/s10712-015-9314-6
http://dx.doi.org/10.1007/s10712-015-9314-6
http://dx.doi.org/10.5194/os-11-789-2015
http://dx.doi.org/10.5194/os-11-789-2015
http://dx.doi.org/10.5194/os-11-789-2015
http://dx.doi.org/10.5194/os-11-789-2015
http://dx.doi.org/10.1007/s10712-014-9282-2
http://dx.doi.org/10.1007/s10712-014-9282-2
http://dx.doi.org/10.1007/s10712-014-9282-2

10P Publishing

Environ. Res. Lett. 10 (2015) 124010

modeling with information from well observations and
GRACE satellites Water Resour. Res. 50 5698720

Famiglietti ] S 2014 The global groundwater crisis Nat. Clim. Change
4945-8

Forsberg R et al 2014 Mass balance of Greenland from combined
GRACE and satellite altimetry inversion, 2014 AGU fall
meeting

Gardner A S et al 2013 A reconciled estimate of glacier contributions
to sea level rise, 2003—2009 Science 340 852—7

Jensen L, Rietbroek R and Kusche J 2013 Land water contribution to
sealevel and Jason-1 measurements J. Geophys. Res: Oceans
118 212-26

Johnson G C and Chambers D P 2013 Ocean bottom pressure
seasonal cycles and decadal trends from GRACE Release-05:
Ocean circulation implications J. Geophys. Res. Oceans 118
4228-40

Jung M et al 2010 Recent decline in the global land
evapotranspiration trend due to limited moisture supply
Nature 467 9514

Konikow L F 2011 Contribution of global groundwater depletion
since 1900 to sea-level rise Geophys. Res. Lett. 38 17401

Landerer F W and Swenson S C 2012 Accuracy of scaled GRACE
terrestrial water storage estimates Water Resour. Res. 48
W04531

Llovel W, Becker M, Cazenave A and Crétaux ] F 2010 Contribution
ofland water storage change to global mean sea level from
GRACE and satellite altimetry C.R. Geosci. 342 179-88

Llovel W, Willis ] K, Landerer F W and Fukumori 12014 Deep-
ocean contribution to sea level and energy budget not
detectable over the past decade Nat. Clim. Change 4 10315

Longuevergne L, Scanlon B R and Wilson CR 2010 GRACE
Hydrological estimates for small basins: evaluating

H B Diengetal

processing approaches on the High Plains Aquifer, USA
Water Resour. Res. 46 W11517

Mantas VM, Liu Z and PereiraAJS C 2015 A Web service and
android application for the distribution of rainfall estimates
and Earth observation data Comput. Geosci. 77 66—76

Ngo-Duc T, Laval K, Polcher J, Lombard A and Cazenave A 2005
Effects of land water storage on global mean sea level over the
past 50 years Geophys. Res. Lett. 32 L09704

Pokhrel Y N, Hanasaki N, Yeh P J-F, Yamada T, Kanae Sand Oki T
2012 Model estimates of sea level change due to
anthropogenic impacts on terrestrial water storage Nat.
Geosci. 5389-92

Schrama E ] O, Wouters B and Rietbroek R 2014 A mascon
approach to assess ice shett and glacier mass balance and their
uncertainties from GRACE data J. Geophys. Res. Solid Earth
119 6048-66

Velicogna I, Sutterley T C and van den Broeke M R 2014 Regional
acceleration in ice mass loss from Greenland and Antarctica
using grace time variable gravity data Geophys. Res. Lett. 41
8130-7

WadaY 2015 Modelling groundwater depletion at regional and
global scales: present state and future prospects Surv.
Geophys. in press (doi:10.1007/s10712-015-9347-x)

Waday, van Beek LP H, Weiland FC S, Chao BF, Wu Y-H and
Bierkens M F P 2012 Past and future contribution of global
groundwater depletion to sea-level rise Geophys. Res. Lett. 39
L09402

WadaY, Wisser D and Bierkens M F P 2014 Global modeling of
withdrawal, allocation and consumptive use of surface water
and groundwater resources Earth Syst. Dyn. 5 15-40

Yi S, Sun W, Heki K and Qian A 2015 An increase in the rate of global
mean sea level rise since 2010 Geophys. Res. Lett. 42 3998—4006

10


http://dx.doi.org/10.1002/2014WR015595
http://dx.doi.org/10.1002/2014WR015595
http://dx.doi.org/10.1002/2014WR015595
http://dx.doi.org/10.1038/nclimate2425
http://dx.doi.org/10.1038/nclimate2425
http://dx.doi.org/10.1038/nclimate2425
http://dx.doi.org/10.1126/science.1234532
http://dx.doi.org/10.1126/science.1234532
http://dx.doi.org/10.1126/science.1234532
http://dx.doi.org/10.1002/jgrc.20058
http://dx.doi.org/10.1002/jgrc.20058
http://dx.doi.org/10.1002/jgrc.20058
http://dx.doi.org/10.1002/jgrc.20307
http://dx.doi.org/10.1002/jgrc.20307
http://dx.doi.org/10.1002/jgrc.20307
http://dx.doi.org/10.1002/jgrc.20307
http://dx.doi.org/10.1038/nature09396
http://dx.doi.org/10.1038/nature09396
http://dx.doi.org/10.1038/nature09396
http://dx.doi.org/10.1029/2011GL048604
http://dx.doi.org/10.1029/2011WR011453
http://dx.doi.org/10.1029/2011WR011453
http://dx.doi.org/10.1016/j.crte.2009.12.004
http://dx.doi.org/10.1016/j.crte.2009.12.004
http://dx.doi.org/10.1016/j.crte.2009.12.004
http://dx.doi.org/10.1038/nclimate2387
http://dx.doi.org/10.1038/nclimate2387
http://dx.doi.org/10.1038/nclimate2387
http://dx.doi.org/10.1029/2009WR008564
http://dx.doi.org/10.1016/j.cageo.2015.01.011
http://dx.doi.org/10.1016/j.cageo.2015.01.011
http://dx.doi.org/10.1016/j.cageo.2015.01.011
http://dx.doi.org/10.1038/ngeo1476
http://dx.doi.org/10.1038/ngeo1476
http://dx.doi.org/10.1038/ngeo1476
http://dx.doi.org/10.1002/2013JB010923
http://dx.doi.org/10.1002/2013JB010923
http://dx.doi.org/10.1002/2013JB010923
http://dx.doi.org/10.1002/2014GL061052
http://dx.doi.org/10.1002/2014GL061052
http://dx.doi.org/10.1002/2014GL061052
http://dx.doi.org/10.1002/2014GL061052
http://dx.doi.org/10.1007/s10712-015-9347-x
http://dx.doi.org/10.1029/2012GL051230
http://dx.doi.org/10.1029/2012GL051230
http://dx.doi.org/10.5194/esd-5-15-2014
http://dx.doi.org/10.5194/esd-5-15-2014
http://dx.doi.org/10.5194/esd-5-15-2014
http://dx.doi.org/10.1002/2015GL063902
http://dx.doi.org/10.1002/2015GL063902
http://dx.doi.org/10.1002/2015GL063902

	1. Introduction
	2. Method
	3. Data
	3.1. Ocean mass
	3.1.1. GRACE-based ocean mass
	3.1.2. Ocean mass estimated from the GMSL corrected for steric effects

	3.2. Atmospheric water vapor mass
	3.3. Greenland and Antarctica mass
	3.4. Glaciers mass

	4. Data analysis
	5. Results
	5.1. LWS trend over 2003&nobreak;-&nobreak;2013
	5.2. LWS acceleration over 2003&nobreak;-&nobreak;2013
	5.3. Interannual variability in LWS trends over 2003&nobreak;-&nobreak;2013

	6. Discussion
	Acknowledgments
	References



