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Materials and Methods

1. GRACE JPL mascon solution over land

We use the JPL GRACE mascon solution (JPL RLO5M) (36), from April 2002 through
December 2014, which parameterizes monthly gravity field variations using 4,551 equal-
area 3° surface spherical cap mascons distributed globally. Analytical partial derivatives
relating the surface spherical cap mascons to the inter-satellite range-rate measurements
between the pair of GRACE satellites are used to estimate variations in the gravity field
every month. The choice of the mascon basis function allows for convenient application
of a priori information (which is derived from near-global geophysical models and
ancillary observations) to remove correlated error in the gravity solution during the
inversion. Implementation of time correlation in a Kalman filter approach reduces the
solution dependency on the geophysical models to recover accurate mass variations, in
particular trends. The resulting mass flux solutions are shown to suffer less from leakage
errors than spherical harmonic solutions, and do not necessitate empirical filters to
remove north-south stripes, lowering the dependence on scale factors (the global mean
scale factor decreases by 0.17) to gain accurate mass estimates. Computing basin
averages for hydrology applications shows general agreement between harmonic and
mascon solutions for large basins; however, the mascon solution typically has greater
resolution for smaller spatial
regions, in particular when studying
secular signals. This product was
developed at the Jet Propulsion y
Laboratory, and is now available for 0
public use on the GRACE Tellus
website at grace.jpl.nasa.gov.

We perform standard modifications s zou s00e m0s 20 207 2008 2000 2010 2011 3002 2013 2014 2015
to the solution to correct for

observational limitations of the

GRACE satellites and limitations in ' ™" #%7=r

the processing of the data. These s

modifications include replacing the .

degree 2, order 0 coefficients for
each month with those estimated by
a satellite laser ranging analysis
(38), adding an estimate of
geocenter motion (40), modifying
the C,; and S,; coefficients to
correct for the position of the mean
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Figure S.1: (fop) Full land mass anomaly time series;
(bottom) Land time series with climatology removed, and
a best-fit linear trend.



pole (39), and correcting for known atmospheric pressure jumps in the AOD1B RL05
background dealiasing model (56). To isolate the total land water storage (LWS)
component of the GRACE gravity signal, we remove glacial isostatic adjustment (GIA)
signals using the Paulson model (57) with the ICE-6G C loading history (37), and
tectonic signals caused by large earthquakes that GRACE was sensitive to (4/). These
corrections and their effect on the global land-mass trend are explained in detail in the
following sections.

Systematic errors in mass trends arise from uncertainty in the GIA model, uncertainties in
the glacier mass change signal, uncertainty in the geocenter correction, uncertainty in the
mean pole correction and uncertainty in the earthquake correction. To produce our land
(all continents except Antarctica and Greenland) water storage (all snow, surface water,
soil water and groundwater, but excluding glaciers) signal, these corrections introduce
additional uncertainties into the trend estimation, each of which is discussed in detail
below. Formal GRACE solution errors originate from signals outside the area of interest
leaking into the regional solution spatially, and from attenuation of the signal related to
the sensitivity of the instrument (58). Averaging over all land globally and propagating
into a 140-month trend fit, this error is below the precision of the uncertainties in the
corrections.

Figure S.1 shows the GRACE total land mass time series (excluding only Greenland and
Antarctica), representing an observational estimate of the total net mass exchange
between the global land and ocean at
monthly resolution from 2002 to
2014. We find this signal has annual
peak-to-peak amplitude of 17.3 +/- 3
mm SLE, estimated by calculating a
monthly climatology of land mass
anomaly. Removing the climatology,
and fitting a linear trend by a least-
squares approach, we estimate a
global continental land mass trend of
-0.32 mm yr' SLE (i.e. sea level
rise). We test the sensitivity of this
trend to each of the applied
corrections in the following sections.

1.1. Comparison of mascon solution 90" o= 1)
with spherical harmonic solution
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Correcting for leakage errors is .
1 g . hg leulati Figure S.2. (fop) mascon placement in the JPL RLOSM
extremely important when calculating mascon solution. (bottom) Dimensionless averaging

mass balances for regions on  function used to estimate the terrestrial water storage
land/ocean boundaries, and is one of  changes from GRACE spherical harmonic data for the

the primary differences between the  global land. White areas represent coastal glaciated
regions and are scaled by a factor of 1.7.



new mascon approach and the
standard spherical harmonic
solution. The mascon solution
has leakage errors to the extent
that some of the mascons are
geophysically  located  on
coastlines, so the observed
mass is a mix of land and ocean
signals. To reduce this leakage
error we apply a Coastline
Resolution Improvement (CRI) :
filter to separate between land
and ocean mass within mascons
that span coastlines. This filter i

uses statistical information

from ocean and hydrology Figure S.3: Mascons vs. spherical harmonics timeseries with
(top) full signal over land and (bottom) climatology removed.
“RLO5” refers to the JPL RLOS5 spherical harmonics, and
“mascons” refers to the JPL RLO5M mascons.

models to  perform  the
disaggregation, and has been
shown to reduce leakage errors
by more than 50% globally (36).

Since this approach to reducing leakage errors between land and ocean is novel (as is the
development of the mascon solution itself), we compare mascon results with global land
mass time series produced by applying an averaging-kernel (Figure S.2) to the JPL
Release 5.0 spherical harmonic solution. All of the processing corrections are applied to
the spherical harmonic and mascon solutions equally.

Time series for the two approaches are compared in Figure S.3, with and without the
seasonal climatology included. There is strong agreement between the two time series
for both cases; with only small deviations at higher-frequencies indicating that land-
ocean partitioning has little overall impact on the global land mass trend.

1.2. Geocenter correction

A geocenter motion correction (degree one spherical harmonic coefficients) is applied
according to Swenson et al. (40). This method estimates the time evolution of geocenter
anomalies using data from GRACE and output from an ocean model. Results have been
compared to independent estimates of geocenter derived from other satellite data, such as
satellite laser ranging and GPS. The estimated degree one coefficients are used to
improve estimates of mass variability from GRACE since the satellites are insensitive to
this term as they orbit the center of mass of the Earth.

Figure S.4 shows the spatial pattern of the isolated geocenter trend signal over land as
well as the time series of the geocenter correction over land. The geocenter signal (which
is added to the GRACE solution) is negative in the northern hemisphere and positive in
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Figure S.4: Geocenter correction and the effect on the global land mass trend. (/eff) The map of geocenter trend over
land (note finer-scale color axis); (fop right) the time series of geocenter-caused mass change over land; (bottom right)
the total land mass time series with +/- 50% adjustment of the geocenter signal.

the southern, resulting in a net negative mass trend over land of -58 Gt yr’', equivalent to
0.16 mm yr' SLE (i.e. ocean gaining), but also possesses strong seasonal periodicity. To
investigate the uncertainties in estimated geocenter motion, we compare the applied
correction to two other independently derived estimates. Riethroek (35) compute
geocenter motion with a joint inversion scheme using GRACE and satellite altimetry
observations and Wu et al. (59) apply a combination of GRACE observations, GPS
surface displacements, and ocean model output. The standard deviation of the land mass
contribution of the three estimates amounts to 0.05 mm yr' SLE, which corresponds to
~30% uncertainty. We conservatively assign an uncertainty of +/- %50, or +/- 0.08 mm
yr'' SLE to the geocenter trend. This uncertainty contributes 25% of the total uncertainty
budget on the GRACE land mass trend.

1.3 Mean pole correction

The pole tide is defined as the response of the solid Earth and oceans to polar motion. It
causes gravity signals that manifest in low spatial harmonics, typically of degree 2, order
1. The pole tide affects the coefficients of those harmonics (C21, $21) if it is not
removed, and introduces errors when using those coefficients to determine surface mass
variations caused by changes in hydrology. Long-period pole tide signals are not usually
included in the GRACE pole tide correction, and so those signals are still present in the
GRACE coefficients, and can manifest in a trend analysis. Wahr et al. [2015] recommend
modifying the C21, S21 coefficients to achieve an optimal GRACE pole tide correction.
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Figure S.5: Mean pole correction and its effect on the global land-mass trend. (fop) The mass trend
over land caused by Wahr et al.’s (39) recommended correction; (bottom left) the trend over land as a
time series in mm yr'' SLE; (bottom right) the effect of a +/- 50% adjustment in the meanpole signal on
the total land mass time series (climatology removed).

To investigate the effect of the mean pole trend on the land mass trends, we assume an
uncertainty on the Wahr et al. (39) recommended mean pole correction over land of +/-
50%. Figure S.5 shows the spatial pattern of the isolated mean pole trend signal over land
as well as the time series over land in units of SLE. The mean pole signal is a cumulative
positive mass trend over the continents, mostly negative in North America, and positive
in Eurasia and Northern Africa. This signal (which is subtracted from GRACE)
corresponds to a land mass trend of 29 Gt yr'', or approximately -0.08 mm yr"' SLE (i.e.
land gaining), and a 50% uncertainty represents a +/- 0.04 mm yr”' variation around that
signal. This uncertainty contributes ~12% of the total uncertainty budget on the GRACE
land mass trend.

1.4. GIA correction

Here we use the recently published estimates of ICE-6G_C (VMS5a) that are described in
Peltier et al. (37). The ICE-6G _C loading history model is constrained by GPS
measurements of vertical displacement for the period 1994-2012, augmented by
additional space geodetic constraints. This strategy has led to a significant improvement
over the previous model ICE-5G (VM2), and the improvement of the fit provided by
ICE-6G_C (VMS5a) over the other models is especially evident for North America [c.f.



Peltier et al., (37) Figure 5]. The new model also does well over Fennoscandia [c.f-
Peltier et al., (37) Figure 12]. In both regions a suite of comparisons of the predictions of
the new and old models to relative sea level histories were performed (37).

There is no formal uncertainty provided with ICE-6G, or any other available estimates of
GIA uncertainty that we are aware of. To explore effects that GIA uncertainty may have
on our assessment of global hydrology trends, we examine the spread between three
global GIA models and use this as a best-estimate of the uncertainty introduced by the
GIA correction. These models are based on a reconstruction of ice loading histories and
the predicted crustal response. The models used include: (1) ICE-6G_C loading history
and VMS5a viscosity profile (37); (2) ICE-5G loading history and Paulson viscosity
profile (57,60); and (3) ICE-5G loading history and VM2 viscosity profile (67). This set
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Figure S.6: GIA correction and its effect on the global land mass trend. (fop) The map of
the ICE-6G mass change estimates over land; (middle) the map of the standard deviation
of the three GIA models used; (bottom-left) the trend in GIA over land in mm yr' SLE;
(bottom-right) the effect of a +/- 50% adjustment in the GIA correction on total land mass
(climatology removed).



represents two distinct glaciation histories and two distinct viscosity profiles.

Figure S.6 shows the ICE-6G (VMS5a) modeled GIA signal, as well as the standard
deviation between the 3 models. The largest deviation in the domain is located in the
border between signals of opposite sign in North America. We adopt the 3-sigma spread
between the global land mass trends for the three GIA models as the uncertainty in the
ICE-6G GIA correction. We consider this a conservative estimate as Peltier et al., (37)
convincingly demonstrate improved agreement of ICE-6G to observations (gravimetry
and vertical crustal displacement) over earlier models. From this approach we determine
an uncertainty of +/- 0.08 mm/yr SLE. This number represents about ~25% of the total
land mass trend error budget.

1.5. Tectonic signals over land in GRACE

As part of the gravity field observed by GRACE, earthquakes cause variations in the
gravitational potential field at a spatial scale up to some thousands of kilometers and at
temporal scales of seconds to decades, by radiating seismic energy and deforming the
surface and interior (4/). Tectonic signals therefore must be removed from the GRACE
observations to isolate the hydrology signal.

We remove the effect of three seismic events from the GRACE record: the 2004
Sumatra-Andaman earthquake, the 2010 Maule earthquake, and the 2011 Tohoku-Oki
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Figure S.7: Tectonic corrections and their effect on the global land-mass trend. (fop) The map
of mass trends caused by tectonic signals over land; (bottom-left) the time series of tectonic
activity in mm yr' SLE (note y-axis change); (bottom-right) the effect of a +/- 50% adjustment
of the tectonic signal on the total land mass time series (climatology removed).



earthquake, as these were all substantial enough in magnitude to be observed by GRACE
(41). We use the models of Han et al., (47) to geospatially locate mascons which capture
the earthquake signals, and then fit a Heaviside function at the earthquake epoch to
account for the coseismic response, followed by a linear trend in the months after the
earthquake to account for the postseismic relaxation. While a linear trend may not be the
best parameterization for the postseismic response, models do not currently exist for this
behavior, and we consider this to be a conservative approach for our analysis.
Fortunately, these three large earthquakes predominately occurred over the ocean, so
there is little contamination of land hydrology signals (Figure S.7). Additionally, it is
seen that most of the contamination of land hydrology is due to the coseismic event rather
than the postseismic relaxation.

The cumulative tectonic motion during the study period contributes 0.04 mm yr' SLE to
the continents (land mass gain). Because of a lack of observations to constrain the
uncertainty in this estimate we adopt a conservative uncertainty of +/- 50% of the total
signal. This results in a +/- 0.02 mm yr' uncertainty on the global land mass trend,
representing ~7% of the error budget for the global land mass trend.



1.6. Glacier signals

Mass loss from glaciers is currently the largest transfer of mass from land into the oceans.
Here we estimate a glacier correction that can be applied to the JPL mascon trends in
continental mass storage to isolate mass anomalies in terrestrial water storage. We do this
using three separate approaches:

1. For those mascons with large concentrated glacier coverage, where mass trends are
dominated by changes in glacier mass, we assign a zero trend in terrestrial water storage
and add additional uncertainty to the land water storage (LWS) signal. We apply this
approach for Alaska, Arctic Canada North, Arctic Canada South, Iceland, Svalbard,
Russian Arctic Islands, and the Southern Andes regions as defined by the Randolph
Glacier Inventory (62). This approach minimizes errors introduced from uncertainties in
Little Ice Age and GIA signals that would be required to separate solid earth and glacier
signals within these mascons. As a sanity check we compare mass trends for these
mascons against the published values in Gardner et al. (10) for the matching period 2003
to 2009. Using the same LIA and GIA corrections as applied in Gardner et al., (10) we
get good agreement with their published values to within +/- 5 Gt yr”' for all regions. To
estimate the error introduced by setting the LWS trend in these mascons to zero we
assign an uncertainty to these mascons equal to two times the standard deviations in LWS
trends for all other land mascons (2 x 8.6 mm w.e. yr'l) scaled by the area of glacier free
terrain within each mascon. Taking this approach has little effect on the estimated trend
in LWS. As an example, if the real LWS anomaly for all 125 million km* of glacier free
terrain within these glacier mascons was 10 times the global average trend in LWS (0.96
kg m™ yr'') this would result in a trend of 0.05 mm yr'' SLE, well within the uncertainty
of our analysis.

Table S.1: Glacier trend estimation showing region, area, time period, data source, corrections applied
and trend and uncertainty estimates.

Gladier TWS Correction Glacier only
Area Correction dW/dt + 20 GIA + 2o UA + 20 dM/dt + 20
Region [km?] Period Source includes [Gtfyr] [Gtfyr] (G13) [Gtfyr] (112) [Gtfyr]
Alaska 87100 2002-14 JPLMascons glacier, GIA,LIA 52012 112 7+4 -5851+128
Western Canada and USA 14600 2002-12 GMBAL glacier only -13.3+57 -5+14 0+0 133457
Arctic Canada North 104900 2002-14 JPLMascons glacier, GIA, LIA -39.0+41 -3+2 0+0 -420 + 45
Arctic Canada South 40000 2002-14 IPLMascons glacier, GIA, LIA -35.6+51 -5+6 0+0 406 + 7.9
Iceland 11100 2002-14 JPLMascons glacier, GIA, LIA -88+12 010 0+0 838 + 1.2
Svalbard 34000 2002-14 JPLMascons glacier, GIA, LIA -4.8105 -2+4 0+0 -6.8+40
Scandinavia 2900 2002-12 GMBAL glacier only -30+23 -5%4 00 -3.0+23
Russian Arctic 51600 2002-14 JPLMascons glacier, GIA, LIA -49+10 -5+8 0+0 9.9+ 80
North Asia 3400 2002-12 GMBAL glacier only 071038 -110 0+0 07108
Central Europe 2100 2002-12 GMBAL glacier only -29+11 010 00 -29+11
Caucasus and Middle East 1100 2002-12 GMBAL glacier only -03101 - - 03101
High Mountain Asia 118200 2003-09 G13, Table 55 glacier only -29.0+26.8 -6+4 -3+1 -29+268
Low Latitudes 4100 2002-12 GMBAL glacier only 22313 02 0+0 22+13
Southern Andes 29300 2002-14 JPLMascons glacier, GIA, LIA -20.1+10 -4+32 9+5 -33.1+121
New Zealand 1200 2002-12 GMBAL glacier only -19+19 010 0+0 -19+19
Total -218.5+ 327 -253.0+354

Note: Error for mass changes determined from the JPL Mascons are taken to be 2 times the standard deviation of the trend in TWS for all non-glacierized mascons {2 x
&.6 mm w.e.) times the area of ice free terrain within each mascon. GMBAL {Cogley, 2009) errors are taken directly from data provided to the authors by G. Cogley. For
High Mountain Asia we use the mass change estimates presented in Gardner et al., 2013 Table S5 and scale their error by a factor of two to account for differences in
study periods. Error between regions are assumed random and propagated as the root sum of squares. G13 referes to Gardner et al. 2013 and J12 referes to Jacob et al.
2012.



2. For the high mountain Asia region, where changes in terrestrial water storage are
known to be large (e.g. 29) and regional estimates of glacier mass change from the
interpolation of in situ observations are known to be biased (c.f. Figure 3 of Gardner et
al. (10)) we rely on estimates derived from satellite laser altimetry (ICESat) for the
period 2003 to 2009 that are presented in Table S5 of Gardner et al. (10) which gives a
total glacier mass change for the region of -29 + 13.4 Gt yr''. We spatially distribute the
glacier mass changes by multiplying the glacier areas within each mascon by the average
rate of glacier loss for the three sub regions of Central Asia (-167 kg m™ yr™'), South Asia
West (-202 kg m™ yr'') and South Asia East (-513 mm kg m™ yr'") as defined in RGI 3.0
(62). To account for differences in study periods we scale the total uncertainty for the
2003-2009 period by a factor of two to give an uncertainty in the glacier correction for
this region of 26.8 Gt yr'.

3. For all other glacierized regions, LWS signals likely dominate regional mass trends
and solid earth response due to unloading of LIA ice is expected to be small. For these
regions we remove the glacier signal using Release 1301 of the global analysis of the
mass-balance dataset GMBAL adding the corresponding uncertainty in the glacier loss to
our calculation of the trend in LWS. Details on GMBAL dataset can be found in (63).

Glacier mass trend corrections for each glacierized region and respective uncertainties are
provided in Table S.1 and Figure S.8. Our estimate of glacier change for the 2002-2014
period of -253 + 35 Gt yr'' agrees within error to Gardner et al.’s (10) estimate of -215 +
26 Gt/yr for the period 2003-2009 (excludes Greenland and Antarctic periphery). Much
of the difference between estimates can be attributed to slight higher rates of ice loss for
Canadian Arctic North, Canada Arctic South and Russian Arctic regions during the last
five years of the 2002-2014 record.
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Figure S.8: Glacier correction and its effect on the global land mass trend. Map of the mass
changes caused by glacier losses over the 2002-2014 study period in Gt yr' per mascon; a zonal
average of glacial mass trends in Gt yr™.
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1.7. Error budget

We determine the uncertainty in our LWS trend by propagating the error as the root sum
of squares of the geocenter correction, mean pole correction, earthquake correction, GIA
correction and the glacier correction. Note that there are formal errors associated with
the GRACE monthly solutions themselves. Typically, these errors are approximately 2
cm of equivalent water height over 400 km spatial scales. However, once we average
over land regions and propagate this error into a trend error, it becomes negligible, and as
such, is disregarded from this analysis.

Table S.2: Budget of corrections and uncertainty applied to the GRACE data to yield an estimate of global
hydrology trends. LIA and glacier signals are estimated concurrently for each glacier region. The errors
marked with “*”only appear after their separation for this table and are propagated through the budget for
land water storage as a combined correction.

Correction Trend Uncertainty
(mm yr' SLE) (mm yr” SLE)
Geocenter motion +0.16 +/- 0.08
Mean pole trend -0.08 +/- 0.04
GIA -0.58 +/- 0.08
Earthquakes -0.04 +/- 0.02
Glacial mass loss +0.70 +/-0.10*
LIA -0.05 +/- 0.07*
Sum of corrections
(not including - +/-0.13
glacier and LIA)
Removing glaciers - +/- 0.16

11



2. Global mass budget closure and validation

Global mass budget closure is imposed in the formulation of the JPL RLO5SM mascon
solution (as well as GRACE spherical harmonic solutions). Additionally, global mass
budget closure is imposed in the derivation of the ICE-6G GIA model. These two
constraints guarantee global mass budget closure. Table S.3 shows derived trends from
non-ice sheet land areas (for which this study is focused on), as well as the derived trends
for the global ocean, Greenland, and Antarctica. The sum of each of these components is
equal to zero, meaning that global mass is conserved.

Table S.3. Trends (units of mm yr'1 SLE) derived from the JPL. RLO5SM GRACE solution (after removal
of GIA using ICE-6G) demonstrating global mass budget closure.

Term 2002-2014
Mass trend
Non-ice sheet land -0.32
Oceans 1.58
Greenland -0.77
Antarctica -0.49
Sum 0

Numerous studies have been devoted to deriving individual components of the global
mass budget shown in Table S.3; however, studies rarely consider each of these terms in
concert with each other. For validation purposes, the following subsections of text are
devoted to comparing our derived mass trends with published results.

2.1 Non-ice sheet land

For validation of our derived trend for non-ice sheet land areas, we compare our mascon-
based land mass time series with the land mass trends published in previous studies.
Figure S.9 shows the mascon global land mass time series, with trends fit over two
distinct periods. First, we fit a trend over the same period (i.e. August 2002 to July 2009)
as those fit by Llovell et al. (34) (0.22 +/- 0.05 mm yr’'"), Jensen et al. (6) (0.20 +/- 0.04
mm yr'l), and Riva et al. (43) (0.10 +/- 0.3 mm yr'l). We estimate a trend during this
timeframe from the JPL RLO5SM mascon solution of 0.25 +/- 0.05 mm/yr, which agrees
within uncertainty with each of these published estimates. This agreement validates both
the data and methods that were used in this study to derive the estimated land mass trend
of -0.32 mm yr' over the full timespan of April 2002 — November 2014.

This comparison highlights the sensitivity of mass trends estimated over short (i.e. less
than ten-year) time periods. Additionally, we make no statements about the extrapolation
of these trends beyond the observational period and in fact suggest that the land
hydrology ‘trend’ presented here may be due to decadal-scale variability, and could
change substantially in the future, with implications to the sea level budget.

12
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Figure S.9 : The GRACE mascons were applied to estimate global land mass trends during the August
2002 to July 2009 time period, following previous studies. We find a trend using the mascon solution that
is consistent with earlier studies (+0.25 mm yr"). For the full record, we estimate a trend of -0.32 mm yr’'

2.2 Global oceans

We estimate a global ocean mass trend of 1.58 mm yr”' over the full time period of this
study (Table S.3). For validation of our data and methods, Figure S.10 shows the global
ocean mass timeseries with two distinct trends fit to the data. The first is for the full
length of the data record (1.58 mm yr™'), and the second is from Jan 2005 — Dec 2014 (2.0
mm yr''), selected to match that of Llovel et al. (44). The Llovell et al. (44) estimate is
an important comparison because they demonstrate global sea level budget closure over
their period of study. Using the GRACE estimates of mass change and the ARGO
estimates of thermal expansion, they were able to match global altimetry estimates of sea
level rise. Llovel et al. (44) found that the global ocean mass was increasing at a rate of
2.0 mm yr' from 2005 to 2014. We exactly reproduce this result when using a
coincident time period. This gives us confidence that our derived global ocean mass
trend should also achieve sea level budget closure over the longer timeframe of this study
(although this work is not presented in this manuscript as it is out of the scope of the
study). Similar to the results for the non-ice sheet land areas, we find the derived trend is
quite sensitive to the selected time period, again warranting caution when comparing
trends fit over differing short intervals.
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Figure S.10: The GRACE mascons were applied to estimate global ocean mass trends for two time
periods: The 2005-2013 time period (following Llovell et al., (44)) and the full record (April, 2002 to
November 2014). We find a trend using the mascon solution that matches identically with the Llovel et
al. (44) estimates of 2.0 mm yr' mass gain over the 2005-2013 period. For the full record, we estimate
a trend of 1.6 mm yr™.

2.3 Greenland and Antarctica

Rather than validating our data and methods over Greenland and Antarctica explicitly
here, we direct the curious reader to Table 4 in Watkins et al. (36) where a comparison
between eight independent studies and the JPL RLO5SM mascon solution is made over
differing study time periods. That analysis shows that the mass trend for Greenland
derived from the JPL RLO5SM solution (including the GIA correction) agrees with all
studies within formal uncertainties, and particularly well with Sasgen et al. (64), to within
3Gt yr', as well as Schrama et al. (65), to within 7 Gt yr”'. For Antarctica, the inter-study
comparison is made independent of the GIA correction; that is, it tests only the
processing and interpretation of the GRACE data. Again, the JPL RLO5SM solution is
found to agree within formal uncertainties, and best with Sasgen et al. (66), to within 5 Gt
yr'. Significant uncertainty is introduced in the application of the GIA correction for
Antarctica as discussed in Shepherd et al. (/7). This primarily explains the differing rate
of mass loss we observe for Antarctica with respect to what is published in Shepherd et
al. (11), where regional GIA models were used to calculate the Antarctica mass trend
rather than the global mass-conserving model (ICE-6G) we have used.

In summary, the data and methods presented here lead to global mass budget closure.
Results presented here are validated with comparisons to previously published estimates
for non-ice sheet land areas, global ocean mass, Greenland, and Antarctica. The largest
disagreement with previously published results and our estimates come in Antarctica,
which is largely attributed to differences in GIA models used for those regions and has
little impact on the results and conclusions of this study which only focuses on the trend
in terrestrial water storage.

14



3. Comparative analysis of results

3.1. Precipitation

For mass to increase over land (i.e. a trend in storage or a positive dS/dt), there needs to
exist a change in the fluxes of precipitation, evaporation or runoff relative to one another.
This would not necessarily manifest as trend in precipitation or another single flux over
the study period, given, for example, the case of a change in the mean rates relative to
one another. Global runoff and land evapotranspiration are difficult to estimate
observationally. To investigate the possibility of a concurrent signal in precipitation
observations, we apply data from the Global Precipitation Climatology Project (GPCP)
(67), noting that this comparison alone only suggests a possible mechanism for the
observed land mass changes.

The spatial pattern of this trend is shown in Figure S.11. These trends in precipitation
generally support the hypothesis of increasing land hydrology mass over the GRACE
record for several regions, including the Amazon and North Eastern Australia. It is
possible that in other regions, recovery from drought periods preceding the GRACE
record, flood events, or increases in seasonal (e.g. snow) precipitation could drive a trend
in storage without showing a trend in precipitation over the entire study period.

Generally, interannual variations in storage are modulated by interannual variations in the
water balance (i.e. the residual of precipitation, evaporation and runoff fluxes). Global
land precipitation increases of 0.69 +/- 0.12 km® day” yr! were observed for a subset of
the study period (from 2003-2012) based on data from GPCP. An increased flux of this
magnitude would have delivered an additional 3000 +/- 500 Gt of water to land, roughly
equivalent to the observed climate-driven land mass trend. The largest increase in
precipitation during the study period coincided with the well-documented 2011 La Nifia
event, which acted to deliver extra water to Australia, North America and the Amazon
(21,50). Excess precipitation that recharges aquifers and soils can remain in storage for
subsequent years. During long periods of anomalous precipitation, the land can generally
be wetter (drier) than normal, and less (more) water is stored in the Oceans (33). These
variable periods are amplified by changing human water use (e.g. groundwater pumping
or reservoir storage) (/7).

Our results suggest interesting processes for further exploration. The terrestrial
hydrological cycle exhibits strong interannual and decadal variations (44,68), and trends
in land hydrology (i.e. ground water, soil water, and snowpack) are likely driven by
internal variability in the climate system. Recent analysis of a global warming ‘“hiatus”
and a corresponding increasing contrast in land and ocean temperatures (e.g. 69) form
complimentary evidence for intensification of ocean-land water vapor transport during
the GRACE period. It is entirely feasible that this variability could reverse directions,
causing a decadal increase of the sea level trend.
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Figure S.11: Precipitation trends over the April 2002 to November 2014 study
period from Global Precipitation Climatology Project (GPCP)

3.2. Human-induced changes in hydrology

Much work has been performed on estimating the direct human hydrology contributions
to sea level change, which include groundwater pumping, reservoir construction and
sedimentation, wetland drainage and deforestation. A survey of recent literature on this
topic produces a range of possible values, each estimated using different methodological
assumptions. For instance, using flux-based model estimates, Wada et al. (13) estimated a
rate of groundwater depletion of 0.57 £0.09 mm yr' in the year 2000. Konikow (14)
estimated a global groundwater depletion of 0.41 + 0.1 mm yr”' for 2000-2008. The later
estimate used in-situ groundwater storage with a model and GRACE satellite data to
calculate depletion for the USA and five other major aquifer systems (north India, North
China Plain, Saudi Arabia, Nubian and Sahara) that was then extrapolated globally. Dé!//
et al. (16) used the WaterGAP hydrology model to estimate a contribution from
groundwater depletion of 0.31 mm yr' (no uncertainty provided) during 2000-2009. In
summary, previous work suggests that in the years after 2000, a range of possible values
exists for groundwater contributions to sea level rise ranging from 0.31 to 0.57 mm yr'l.
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Richey et al. (17) present an estimate of depletion in the world’s 37 largest aquifers based
on the GRACE ‘sub-surface’ signal in each aquifer region. This was calculated by
removal of snow and surface water storage terms, and the residual is assumed to
represent changes in soil and ground water storage over the GRACE record. Since the
study was conducted over aquifer regions, it is assumed to be correlated with human
activity, though no human fluxes are explicitly calculated. We can apply the numbers
from Richey et al. (17) as a compliment to the groundwater deletion estimates over the
study period, though GRACE only sees changes in the net water storage, including both
depletion and recharge. To achieve a global estimate of potential sea level contributions,
we only consider the depleting (i.e. negative storage trend) signals from Richey et al.
(17). These are listed in the Table S.3. We acknowledge that this is not an estimate of
global groundwater depletion or consumption — it is a net value that includes natural
groundwater recharge and climate-driven processes as well over aquifers, but serves as
some evidence that human activities are offset by natural recharge.

Table S.4: Sub-surface water storage change for the global depleting aquifers over the study period,
estimated by removing model estimates of snow and surface water storage from GRACE total water
storage anomalies. After Richey et al., 2015.

Aquifer name Area Sub-surface trend Sub-surface trend Sub-surface error
qu (km?) (mm yr-1) (km® yr-1) (km®)

Arabian Aquifer System 1,700,712 -9.13 -15.53 1.53
Ganges-Brahmaputra
Basin 621,564 -19.564 -12.16 0.76
Russian Platform
Basins 2,753,613 -4.011 -11.04 291
Congo Basin 1,480,136 -4.848 -7.18 1.4
Atlantic and Gulf
Coastal Plains Aquifer 1,143,928 -.932 6.79 1.16
Nubian Aquifer System 2,093,788 -2.906 -6.08 1.85
West Siberian Basin 2,623,196 -1.978 -5.19 2.6
North Caucasus Basin 260,250 -16.097 -4.19 0.37
Canning Basin 380,872 941 -3.58 0.51
North China Aquifer
System 426,528 -7.501 3.2 055
Northwestern Sahara
Aquifer System 957,574 -2.805 -2.69 0.76
Murzuk-Djado Basin 494,151 -4.275 -2.11 0.5
Lake Chad Basin 1,483,183 -1.042 -1.55 1.26
Sudd Basin (Umm
Ruwaba Aquifer) 488,127 -2.853 -1.39 0.53
Indus Basin 313,201 -4.263 -1.34 0.27
Guarani Aquifer System 1,793,747 -0.579 -1.04 1.68
Californian Central
Valley Aquifer System 77917 -8.887 -0.69 0.15
Paris Basin 164,485 -4.118 -0.68 0.24
Taoudeni-Tanezrouft
Basin 741,127 -0.496 -0.37 0.48
Ogaden-Juba Basin 1,094,627 -0.335 -0.37 1.16
Tarim Basin 467,140 -0.232 -0.11 0.14
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Total (km® yr-1) -87.3 +/-5.73
Total (mm yr-1 SLE) +0.24 +/- 0.02

To present an estimate of the climate-driven changes in hydrology over the 2002-2014
period, we need to make some assumptions about the human-induced changes in
hydrology based on prior information. To form a candidate estimate of human-induced
changes over the GRACE record, we could represent groundwater depletion using the
mean value of the recently presented studies that coincide with the GRACE period, and
the full range of differences between them as a possible uncertainty, noting that the
published error on any of these estimates is likely not comprehensive (or in the case of
Doll et al. (16) does not exist). For 2002-2014, we would assume a groundwater
depletion number of 0.44 + 0.13 mm yr' SLE (i.e. the mean of the values from the
literature discussed above). Then we would subtract the other effects (mostly reservoir
impundment), assuming a continuation of those trends from 1993-2010 periods of -0.11 +
0.05 mm yr' SLE, although this number is also very poorly observed and difficult to
verify, with some studies suggesting a recent reversal in sign due to sedimentation (22).
Propagation of this number leads to a net human-induced rate of 0.33 +- 0.14 mm yr’'
SLE. Because little evidence exists for the validation of these estimates, they remain
highly uncertain. The IPCC’s (/) 1993-2010 estimate of the direct human contributions
to sea level was 0.38 + 0.12 mm yr'', and the combined net aquifer estimate of Richey et
al. (17)1s 0.24 + 0.02 mm yr'1 (also not with comprehensive uncertainties). It is hard to
argue that the suite of numbers provided in the recent studies have improved upon the
previous estimate since the new estimates fall within the uncertainty range of the IPCC
estimate.

In summary, none of the numbers exclude the existence of a strong climate-driven land
water storage trend during the study period. We therefore proceed with the previous
IPCC estimate in our study here, with the goal of addressing the present gap in the IPCC
budget in terms of climate-driven hydrology, and acknowledging that this number may be
updated with further research.
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