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Abstract. In this study, we use satellite gravimetry data from
the Gravity Recovery and Climate Experiment (GRACE)
to estimate regional mass change of the Greenland ice
sheet (GrlS) and neighboring glaciated regions using a least
squares inversion approach. We also consider results from
the input-output method (IOM). The IOM quantifies the
difference between the mass input and output of the GrIS
by studying the surface mass balance (SMB) and the ice
discharge (D). We use the Regional Atmospheric Climate
Model version 2.3 (RACMO2.3) to model the SMB and de-
rive the ice discharge from 12 years of high-precision ice ve-
locity and thickness surveys.

We use a simulation model to quantify and correct for
GRACE approximation errors in mass change between dif-
ferent subregions of the GrlS, and investigate the reliability
of pre-1990s ice discharge estimates, which are based on the
modeled runoff. We find that the difference between the IOM
and our improved GRACE mass change estimates is reduced
in terms of the long-term mass change when using a refer-
ence discharge derived from runoff estimates in several sub-
areas. In most regions our GRACE and IOM solutions are
consistent with other studies, but differences remain in the
northwestern GrlS. We validate the GRACE mass balance
in that region by considering several different GIA models
and mass change estimates derived from data obtained by
the Ice, Cloud and land Elevation Satellite (ICESat). We con-
clude that the approximated mass balance between GRACE
and IOM is consistent in most GrlS regions. The difference
in the northwest is likely due to underestimated uncertainties
in the IOM solutions.

1 Introduction

During the last decade, the ice mass loss from the Greenland
ice sheet (GrIS) has become one of the most significant mass
change events on Earth. Because of its ongoing and poten-
tially large future contribution to sea level rise, it is critical
to understand the mass balance of the GrlIS in detail. As a
result of increasing runoff and solid ice discharge (D), the
GrlIS has been experiencing a considerable and increasing
mass loss since the mid-1990s (Hanna et al., 2005; Rignot
and Kanagaratnam, 2006; van den Broeke et al., 2009). The
changes in mass loss rates are due to different processes. For
instance, mass loss acceleration in the northwestern GrlS is
linked to the rapidly increasing discharge in this region (En-
derlin et al., 2014; Andersen et al., 2015), while in the south-
east the increase in mass loss rate after 2003 is mainly due to
enhanced melting and less snowfall (Noél et al., 2015).

To quantify the recent changes in the GrIS mass balance,
three methods are used: satellite altimetry, satellite gravime-
try and the input-output method (IOM) (Andersen et al.,
2015; Colgan et al., 2015b; Sasgen et al., 2012; Shepherd
etal., 2012; Velicogna et al., 2014; Wouters et al., 2013). We
will concentrate on the latter two methods in this study, using
results from satellite altimetry for validation purposes.

The IOM is used to evaluate the difference between mass
input and output for a certain region. It considers two ma-
jor mass change entities: surface mass balance (SMB) and
solid ice discharge. SMB is commonly estimated using cli-
mate models (Ettema et al., 2009; Fettweis, 2007; Tedesco et
al., 2013; van Angelen et al., 2012), whereas D can be esti-
mated from combined measurements of ice velocities and ice
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thicknesses, e.g., Rignot and Kanagaratnam (2006), Enderlin
etal. (2014) and Andersen et al. (2015). To reduce the uncer-
tainties in the mass change of SMB and D, the SMB and D
from 1961 to 1990 are sometimes used as a reference when
applying the IOM method (van den Broeke et al., 2009; Sas-
gen et al., 2012). However, introducing SMB and D as ref-
erence may introduce new uncertainties in the IOM. We will
discuss the details of the IOM, as well as the uncertainties of
the reference SMB and D, in Sect. 2.

The satellite gravity observations from GRACE (Gravity
Recovery and Climate Experiment) provide snapshots of the
global gravity field at monthly time intervals, which can be
converted to mass variations. Mass variation solutions of a
given area that are obtained from GRACE observations are,
however, influenced by measurement noise and leakage of
signals caused by mass change in neighboring areas. Fur-
thermore, the GRACE monthly gravity fields contain north—
south oriented stripes as a result of measurement noise and
mis-modeled high-frequency signal aliasing. Therefore, to
estimate the mass balance for GrlS subregions from GRACE
data, we apply the least squares inversion method (Schrama
and Wouters, 2011) in this study with an improved approach
(Xu et al., 2015). However, as shown by Bonin and Cham-
bers (2013) in a simulation study, the least squares inversion
method introduces additional approximation errors.

Previous studies have compared regional GrIS mass
change from different independent methods. In Sasgen et
al. (2012), the mass balance in seven major GrlS drainage ar-
eas was derived from the IOM and GRACE data using a for-
ward modeling approach developed by Sasgen et al. (2010).
When separating out the IOM components and comparing
them with the seasonal variability in the derived GRACE so-
lution, the relative contributions of SMB and D to the annual
mass balances were revealed. In the northwestern GrlS, im-
portant differences between IOM and GRACE were noted,
which were attributed to the uncertainty in the regional dis-
charge component in this area, where detailed surveys of
ice thickness are lacking. The comparison between two ap-
proaches shows a mass loss difference of 24 + 13Gtyr—1 in
this region, and as a result the uncertainty in the regional
mass balance estimate is estimated at ~ 46 %. However, us-
ing new discharge estimates and the corresponding IOM re-
gional mass change in the northwestern GrlS, Andersen et
al. (2015) found that the difference between GRACE and
IOM mass loss estimates fell within the combined uncer-
tainty range. However, using the least squares based inver-
sion approach of Schrama and Wouters (2011), we find that
the mass change differences between results obtained from
GRACE and the IOM in the southern GrlS increase and can-
not be explained by the assumed uncertainties. An example
of the regional differences between the GRACE data and the
I0OM solution can be seen in Fig. Al. The details of this dif-
ference will be discussed in Sect. 4.

In this study, we aim to investigate the two aforementioned
sources of uncertainties in GRACE and 10M mass balance
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Figure 1. The GrlIS mascon layout, based on the drainage system
definition by Zwally (2012). A mascon with the same digits refers
to a region belonging to the same drainage system. The “a” and
“b” terms indicate the GrlS margin (< 2000m) and GrlS interior
(> 2000 m), respectively. There are 16 GrlS mascons and 4 neigh-
bouring Arctic mascons. The locations of the three largest discharge
outlets are marked with a star, i.e., Jakobshavn (green), Kangerd-
lugssuaq (red) and Koge Bugt (blue) glaciers. The glacier surface
area is defined in the RACMO2.3 model.

estimations: (i) we present a way to reduce the error from
the inversion approach and (ii) we investigate different dis-
charge estimates. We then evaluate our results by compar-
ing the GRACE and IOM estimates both with each other and
with published estimates from satellite altimetry.

The GrIS drainage system (DS) definition of
Zwally (2012) is employed here to investigate the mass
balance in GrlS subregions. This definition divides the whole
GrlIS into eight major drainage areas, and each drainage
area is further separated by the 2000 m elevation contour
line, creating interior and coastal regions for each drainage
area. This GrIS DS definition is employed by several other
studies (Andersen et al., 2015; Barletta et al., 2013; Colgan
et al., 2015a; Luthcke et al., 2013; Sasgen et al., 2012).
The regional GrlIS mass change estimated with GRACE
are influenced by mass change from areas outside the ice
sheet, i.e., from Ellesmere Island, Baffin Island, Iceland
and Svalbard (EBIS) (Wouters et al., 2008). Therefore, we
include four additional DSs to reduce the leakage from these
regions. The overall mascon definition used in this study is
shown in Fig. 1.

The main topic of this study is to provide improved GrlIS
regional mass balance estimates from GRACE and the IOM.
We show that the improved GRACE solution reduces the re-
gional differences between two mass change estimates, es-
pecially in the southeastern GrlS region. Furthermore, we
compare the GRACE solution with the IOM, which employs
different reference discharge estimates, showing that the un-
certainties in the reference discharge can result in an under-
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estimated mass loss rate in the IOM regional solution, in par-
ticular in the northwestern GrlS region.

In Sect. 2, we present SMB mass change from a recently
improved regional atmospheric climate model (RACMO2.3)
(Noél et al., 2015) and discharge estimates of Enderlin et
al. (2014), which are based on a near-complete survey of the
ice thickness and velocity of Greenland marine-terminating
glaciers. In Sect. 3, we introduce the least squares inversion
approach. In Sect. 4, we start by investigating different meth-
ods to calculate mass change in GrIS drainage areas using
the modeled SMB and D estimates. Subsequently, we iden-
tify the approximation errors in regional mass change esti-
mates from GRACE data, followed by a comparison of mass
change estimates from GRACE and the IOM and a discus-
sion of the remaining differences. The conclusions and rec-
ommendations are given in Sect. 5.

2 10OM method
21 SMBand D

For the GrlS, precipitation (P) in the form of snowfall is
the main contribution to the mass input, while mass loss
is a combination of sublimation (S), meltwater runoff (R)
and D. The SMB equals to P — S — R, and subtracting D
from SMB vyields the total mass balance (TMB). In this
study, we use the Regional Atmospheric Climate Model,
version 3 (RACMO?2.3), to model the SMB of the GrlS.
RACMO2.3 (Ettema et al., 2009; Van Angelen et al., 2012;
van den Broeke et al., 2009) is developed and maintained
at the Royal Netherlands Meteorological Institute (KNMI)
and has been adapted for the polar regions at the Insti-
tute for Marine and Atmospheric Research, Utrecht Uni-
versity (UU/IMAU). RACMO2.3 model output is currently
available at ~ 0.1° spatial resolution for January 1958 to De-
cember 2014. The differences between a previous model ver-
sion (RACMO2.1) and other SMB models are discussed by
Vernon et al. (2013). For RACMO2.3, we assume 18 % un-
certainties for the P and R components in each grid cell. As-
suming both components to be independent, the uncertainty
of the SMB is the quadratic sum of uncertainties of P and R.
The magnitude of S is small and its absolute uncertainty is
negligible compared to those in P and R. The RACMO2.3
model also provides estimates of the SMB in the peripheral
glacier areas, which we have included in this study.

D estimates from Enderlin et al. (2014) (hereafter
Enderlin-14, with the associated discharge estimates D-14)
are used in this study. In Enderlin-14, the ice thickness of
178 glaciers is estimated from the difference in ice sur-
face elevations from repeat digital elevation models and
bed elevations from NASA’s Operation IceBridge airborne
ice-penetrating radar data. The ice surface velocity is ob-
tained from tracking the movement of surface features that
are visible in repeat Landsat 7 Enhanced Thematic Map-
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per Plus (ETM+) and Advanced Spaceborne Thermal and
Reflectance Radiometer (ASTER) images. For glaciers with
thickness transects perpendicular to ice flow (i.e., flux gates),
the ice flux is estimated by summing the product of the
ice thickness and surface speed across the glacier width.
For glaciers with no thickness estimates, we use empirical
scaling factors for the ice flux, as derived in Enderlin et
al. (2014). Because the ice fluxes are calculated within 5km
of the estimated grounding line locations, the SMB gain or
loss between the observations and the grounding lines will
be small and the ice discharge is estimated directly from
the fluxes (Enderlin et al., 2014). The resulting estimation
of discharge uncertainty of 1-5 % for each glacier is smaller
than in previous studies, e.g., Rignot et al. (2008) (hereafter
Rignot-08, and the associated estimates are denoted by D-
08), which relied on interior ice thickness estimates that were
assumed to be constant in time.

2.2 Cumulative TMB anomaly

For both the whole GrIS and a complete drainage area from
ice sheet maximum height to the coast, the total mass balance
is

TMB = SMB — D. 1)

In this study, we further separate each GrlS drainage area in
a downstream (I) and upstream (I1) region, separated by the
2000 m surface elevation contour line. Thus, for the subdi-
vided regions Eq. (1) becomes

TMB =TMB' + TmB'", 2
where

TMB!" =swmB!' — F!', (3)
and

TMB' =sSMB' + F'' — F!, 4)

in which F'! refers to the ice flux across the 2000 m elevation
contour, and F' refers to the ice flow across the flux gate.
Note that F'' is canceled if the study area includes both the
regions below and above the 2000 m contour but F'' has to
be considered when the upstream and downstream regions
are considered separately. As described above, we assume
that SMB changes downstream of the Enderlin-14 flux gates
are negligible and that F' = D.

In order to fit the temporal resolution of the modeled SMB
data, we interpolate the yearly D on a monthly basis. Signif-
icant seasonal variations in ice velocity have been observed
along Greenland’s marine-terminating outlet glaciers (Moon
et al., 2014). However, since we focus mostly on long-term
mass change in this study, monthly variations in D should
have a negligible influence on our analysis, and we assume
that D is approximately constant throughout the year. Con-
trary to the total mass represented in the GRACE data, the
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SMB, D and TMB are estimates of rates of mass change (i.e.,
mass flux) in “Gt per month” or “Gt per year”. Hence, in or-
der to compare with GRACE, one has to integrate the SMB
and D from a certain month (or year) onwards, which yields

1
ATMB; = / (SMB; — D,)ds, (5)
io
where ATMB; is the cumulative mass change at month i in
the IOM (unit is Gt) and the integration time period is from
a certain initial month ig to month i.

In a previous study of mass balance with the IOM, for
which estimates of D were not available for certain regions
(Rignot et al., 2008), the 1961 to 1990 reference SMB is used
to approximate the missing regional D (Sasgen et al., 2012).
Also, due to the uncertainties in the SMB model, accumulat-
ing the TMB over decades may also lead to unrealistic mass
gains or losses (van den Broeke et al., 2009). By removing
the reference, the influence of large uncertainties and inter-
annual variability in SMB and D can be reduced (van den
Broeke et al., 2009). For instance, the uncertainties due to
model configurations could be similar in every monthly SMB
estimate, and accumulating those over a long period may re-
sult in a large uncertainty. The choice of reference period is
based on the assumption that the mass gain from the surface
mass balance during that period is compensated by ice dis-
charge, i.e., the GrlIS was in balance during that period (no
mass change).

For the reference period we defined the period for the inte-
gral in Eqg. (5) to be from years 1961 to 1990. For the subse-
quent period the lower and upper bounds of the integral are

1991 and i, respectively. Since we assume the GrlS was in
1990
balance during the reference period, [ (SMB; — D;)dr =0.

1961
By removing the reference SMB and D (i.e., SMBg and Do)
Eqg. (5) becomes

ATMB; = / (8SMB, — §D,) dr, (6)
1991

where §SMB; =SMB,; — SMBg and § D, = D; — Dg. Note
that SMBg and §SMB; are both rates of mass change (and
similarly for the discharge).

As explained before, when Eq. (6) is used to com-
pute the mass balance for the regions below and above
2000 m separately, the ice flux across the 2000m con-
tour (F'") has to be considered. Therefore we introduce
two assumptions: (1) F' is constant over time, which
means F'=F}' (F}! is the F'"" during the reference pe-

riod), so that [ 8F!'dt=0, and (2) the separate GrlS

1991

interior and coastal regions are all in balance during the
1990

1961-1990 reference period, i.e., [ (SMBY — F}')dt =0
1961

The Cryosphere, 10, 895-912, 2016

1990

and [ (SMB}+ F}' — Do) dt =0. Assumption (1) is nec-
1961

essary since there is a lack of yearly measurements of ice

velocity across the 2000 m contour. An estimate of decadal
change by Howat et al. (2011) suggests it is reasonable to
assume a constant F!' for the entire GrlS, except for a few
glaciers, such as the Jakobshavn glacier where, after 2000,
the F!' may be higher than FJ'. In Andersen et al. (2015),
the mass balance of the interior GrIS (in their study defined
as the ice sheet above the 1700 m elevation contour) was
41 + 61 Gtyr~1 during the 1961-1990 reference period and
in Colgan et al. (2015a) the ice flux across the 1700 m con-
tour was estimated to be 54 + 46 Gtyr—! for the same time
period, indicating the assumption of balance approximately
holds within the given uncertainties.

Based on these two assumptions, we apply Eq. (6) for the
interior and coastal GrlS regions, yielding

i

ATMB!' = / 5SMB!'dr, 7
1991

and

ATMB! = / (8SMB} — 8D;) dr. (8)
1991

We quantify the combined uncertainties of assumptions (1)
and (2) by comparing the results from Eq. (7) to the regional
mass balance derived from GRACE by Wouters et al. (2008),
as well as those derived from Ice, Cloud and land Elevation
Satellite (ICESat) by Zwally et al. (2011), resulting in an un-
certainty of +15Gtyr—! for the entire interior GrlS. The re-
gional uncertainties are summarized in Table A2. Note that
for each region, the same uncertainty is applied to both the
interior and coastal areas. For the whole drainage area, the
uncertainties associated with assumption (1) and (2) will van-
ish, because these two assumptions are needed only when we
separate the coastal and interior regions.

3 GRACE
3.1 Post-processing GRACE data

In this study, we use the GRACE release 5 level 2 monthly
spherical harmonics coefficients Cj, and S, (GSM) pro-
duced by the University of Texas Center for Space Re-
search (CSR). The monthly coefficients are available from
January 2003 to January 2014 and have a maximum spher-
ical harmonic degree / =60. We add Cip, C11 and Si1 co-
efficients to these GRACE solutions (related to the motion
of the Earth’s geocenter) obtained from GRACE data and
independent oceanic and atmospheric models (Swenson et
al., 2008). The geopotential flattening coefficients (Cop) from

www.the-cryosphere.net/10/895/2016/
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GRACE data are less accurate than those from the satellite
laser ranging (SLR) (Chen et al., 2004). Consequently, we
replace these coefficients with the ones obtained from SLR
data by Cheng et al. (2013). The GRACE potential coeffi-
cients are averaged between January 2003 and January 2014
to obtain the reference field with respect to which monthly
anomalies AC|m and A S|m are defined.

GRACE observations of mass change within a subregion
of the GrlIS are affected by the mass change in neighboring
areas, a phenomenon known as leakage (Wahr et al., 1998).
Furthermore, GRACE data should be corrected for known
oceanic and atmospheric mass mations, continental hydrol-
ogy and glacial isostatic adjustment (GIA). The oceanic and
atmospheric mass change is already removed from the co-
efficients provided by CSR. The Global Land Data Assimi-
lation System (GLDAS) model (Rodell et al., 2004), specif-
ically the 1° spatial resolution version 2 monthly data ob-
tained from Goddard Earth Sciences Data and Information
Services Center, is employed here to simulate the continen-
tal hydrology. Before removing the output of this hydrology
model from the GRACE monthly coefficients, permafrost
and glaciated regions are excluded.

We correct for the GIA effect in the GRACE data of
the GrlIS by using the output of the model by Paulson et
al. (2007), which is based on the ICE-5G ice loading history
and the VM2 Earth model (Peltier, 2004). Hereafter, we re-
fer to this model by Paulson-07. In addition to this approach,
three GIA models with a total of 11 variations are employed
based on different ice histories and viscosity models to de-
termine the uncertainty in the GIA correction. For instance,
the models of van der Wal et al. (2013) include 3-D changes
in viscosity and the model of Simpson et al. (2009) uses a
different ice loading history. A summary of the GIA models
used in this study is given in Table A3. An isotropic Gaussian
filter is employed to reduce the noise in GRACE data (Wahr
et al., 1998), with a half width of 1, =300 km.

3.2 Inversion of the regional mass balance

To estimate the regional mass balance in separate GrlIS
drainage area, we use a constrained least squares inver-
sion approach (Bonin and Chambers, 2013; Schrama and
Wouters, 2011):

%= (HTH—i-P’l)_lHTy. 9)

The vector y contains the monthly GRACE data. To com-
pute the influence functions in the design matrix H we as-
sume a layer of water with unit height uniformly distributed
over the mascon and subsequently express the mass change
in spherical harmonic coefficients up to d/o 60, similar to
the GRACE data. The vector x represents the scale factors
for the unit mass change in each drainage area that we aim to
find. P is the a priori covariance matrix of the mass change in
each mascon. When assuming that the mass change in each
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equally weighted mascon is independent, P = Al, with A the
a priori variance of the regional mass change. In our previ-
ous study, we demonstrated that three different prior vari-
ances for the GrlIS regions below and above 2000 m, as well
as for the surrounding Arctic regions, improved the recovery
of regional mass change (Xu et al., 2015). Using a simula-
tion model based on the IOM (see Sect. A3), optimal regional
constraints were determined. We find A, = 13 m? for coastal
mascons, A, = 0.1 m2 for inland mascons and Aggjs = 11 m?2
for the nearby surrounding EBIS regions. It has to be high-
lighted that the GRACE method used in this study is not
directly constrained by the mass change derived from the
RACMO2.3 and the ice discharge estimates. Instead, from
the RACMO2.3 and the ice discharge estimates, we derived
the variance of the mass change in each region as the con-
straint. Moreover, in our previous study (Xu et al., 2015), we
showed that the derived mass change in the coastal regions
is largely obtained from the GRACE data, with only a small
influence from the constraints. Conversely, for the interior re-
gions where the mass change rates are small, they are mainly
determined from the constraints.

4 Cross-validation
4.1 Reference SMB and D

In this study, the total error in SMBy, hereafter 6 SMBy, is a
result of the systematic error caused by the assumption of a
reference period and the averaging within the chosen refer-
ence period. Both components will be explained hereafter.

The systematic error is the uncertainty in the SMB derived
from model output, whereas the averaging error is related
to the variability of the reference SMBg during 1961-1990.
To quantify the latter, we perform a Monte Carlo simula-
tion to evaluate the standard deviations of the SMBg that
result from using different combinations of 20-year aver-
ages of the SMB, following van den Broeke et al. (2009).
The sampled combinations are randomly chosen from the
months between 1961 and 1990. For RACMO2.3, we find
20Gtyr—1 averaging errors in SMBg. The SMBg from
RACMO2.3 yields 403 Gtyr—1; hence the systematic error
is approximately 73 Gtyr—1 (considering 18 % uncertainty in
RACMOQO2.3). If we assume both errors are independent, then
oSMBy =75Gtyr .

We also investigate the uncertainties of the 1961-1990 ref-
erence discharge. In this study we employ D-14 as the D es-
timate in the IOM. However, the D-14 time series starts from
the year 2000, when the GrIS already was significantly out of
balance. To retrieve Dg for D-14, we use Do =413 Gtyr—!
in 1996 from D-08 (Dg-08) for the entire GrIS and assume
that the regional D changes from 1990 to 2000 in D-08 are
proportional to the changes in D-14 in each region, i.e., that
D-14 and D-08 are linearly correlated. The details of the in-
terpolation of regional Dg are given in Sect. Al. Note that

The Cryosphere, 10, 895-912, 2016
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Figure 2. Correlation between the anomaly of the discharge 5 D with respect to a reference SMB (y axis) and the 4-year averaged runoff § R
(x axis) in GrlIS regions. The symbols with different colors refer to different estimations of D. The grey bars for both § D and § R indicate the

errors. The correlation coefficients R? are also shown in each plot.

the averaging error in Dg is minimized via an iteration pro-
cess, the details of which can be found in Rignot et al. (2008).
Due to the lack of ice thickness information before 2000, the
reference Dg in Rignot-08 has high uncertainty, especially in
the northwest of the GrIS.

Another way to obtain historic discharge estimates is by
using the presumed correlation between discharge and SMB
or runoff (Rignot et al., 2008; Sasgen et al., 2012). This ap-
proach assumes that the anomaly of the discharge with re-
spect to a reference SMB (§ D =SMBy — D) is correlated
with a reference runoff (SR = R — Ryp), which is based on
the anomaly of the 5-year averaged runoff. Note that the lag-
ging correlation is discussed in Bamber et al. (2012) and Box
and Colgan (2013). In this study we choose to use the runoff
output from the RACMO2.3 model. We consider three esti-
mates of D, i.e., by Rignot-08, Enderlin-14 and Andersen et
al. (2015), which use different types of measurements of the
ice thickness and flux velocity changes, integration areas (ar-
eas between the flux gate and the grounding line), SMB and
ice storage corrections. Additionally, they differ in whether
the peripheral glaciers are included or not. In this study we
provide runoff-based estimates for Dy only for those GrlIS
drainage areas where the correlation coefficients between § D
and &R are equal or higher than 0.7 (Fig. 2), i.e., for DSL1,
DS3, DS7 and DS8. For the entire GrlS, we obtain a high
correlation (R% =~ 0.86), similar to the correlation found
by Rignot et al. (2008). However, the high correlation can-
not be obtained in all the GrIS drainage areas; the regional
correlation coefficients vary from 0.19 to 0.94. In DS7 and
DS8, the discharge anomaly is obviously correlated with the
runoff anomaly (R? > 0.9), while in other regions (i.e., in
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DS2, DS4, DS5 and DS6), the correlation is low (R? < 0.5).
In DS3a, when we consider only the D estimates from En-
derlin et al. (2014) and Andersen et al. (2015), the correlation
increases to R? =0.72. Note that, the regions with high cor-
relation are also those that have a large fraction of marine-
terminating glaciers. We derive the linear relation between
3D and &R for eight major GrIS DSs and calculate the re-
gional annual 8§ D from 1961 to 2013 using this linear rela-
tion.

Hereafter, the  regional  cumulative  discharge
anomaly (8 D), which is derived from the RACMO2.3 runoff,
is denoted as 8 DR, while §D-08 and §D-14 refer to § D based
on Rignot-08 and Enderlin-14, respectively. We compare
§DR, §D-08 and §D-14 in Fig. 3 for the time interval 2000
to 2007, which is common to both §D-08 and §D-14. In DS7
we find a correlation of R? =0.94. In that region, §D-08 and
8D-14 are similar, i.e., 20.1+1.9 and 17.6+2.2Gtyr 1,
respectively, but §DR is 8.9+ 4.7Gtyr1. The difference
between the runoff-derived and flux gate D estimates may
indicate that the reference Dy for this region should be
~9Gtyr~! lower than Dy estimated by Rignot-08. A
similar difference can be seen in DS4 where we obtain
36.24+2.5Gtyr1 for §D-14 and 37.94+2.8Gtyr ! for
sD-08, but 8DR is 8.4+3.3Gtyr 1. However, in DS4,
§DR is probably not reliable, since the runoff-to-discharge
correlation is weak in this region (R = 0.38). For the entire
GrlS, the reference discharge Do is 427 +30Gtyr~! for
8D-08 and 414+44Gtyr~1 for s§D-14. When applying
the runoff-based interpolated Dg only for DS1, DS3, DS7
and DSB8, with the rest of drainage areas using §D-14, Dy
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Figure 3. Comparison between cumulative TMB (2000-2012) obtained with three different methods. method 1, using no reference TMB,
is shown with a green curve. For method 2 (red markers and curve), the reference discharge is based on the estimation from D-08, while
the discharge estimation from D-14 is used (§D-14) for the years after 2000. Method 3 (blue markers and curve) interpolates the reference
discharge using the modeled runoff data (only in DS1, DS3, DS7 and DS8), is dented by § DR. sD-08 refers to the discharge estimated using
D-08. All the discharges are shifted upward by 200 Gt for visualization purposes. The numbers in each plot indicate the annual TMB change
rates in Gtyr—1. The x axis shows the last two digits of the years from 2000 to 2012.

becomes 410 4 37 Gtyr—1 and all three versions of reference
discharge agree within their respective uncertainties.

To evaluate the SMBg and Dg used in this study, we com-
pare the IOM regional mass balance in eight major drainage
areas (interior and coastal regions are combined) and apply
both Egs. (5) and (6). The latter equation relies on the deter-
mination of the SMBg and Dg while Eg. (5) does not, so the
comparison can provide an indication about the reliability of
the SMBg and Dy for some drainage area. For the application
of Eq. (6) we use two methods. Method 2 uses §D-14 while
method 3 uses § DR in DS1, DS3, DS7 and DS8. As can be
seen in Fig. 3, the three methods agree for the whole GrlS, as
well as for most of the drainage areas, within their uncertain-
ties. In DS4, DS7 and DSB8, however, methods 1 and 2 are sig-
nificantly different, which may be caused by underestimated
cumulative errors in Eq. (5) or a less accurate reference sur-
face mass balance SMBy and reference discharge Dg. This is
further discussed in Sect. 4.3.

4.2 Approximation errors

In the solution of x, two types of errors occur: (a) systematic
errors caused by measurement errors propagated through the
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least squares approach and (b) an additional error that is in-
troduced when applying Eq. (9). For the type (b) error, Bonin
and Chambers (2013) show that the use of Eq. (9) results in
a noticeable difference between the approximation x and the
“truth” (a GrlS mass change simulation), especially in GrlS
subregions, which we recognize as an error source; see also
the discussion in Tiwari et al. (2009). Hereafter the type (b)
error is denoted as “approximation error” or e. We estimate
€ by using simulations of GrlS for x, following Bonin and
Chambers (2013), so that the approximation error becomes
& =x — Xx. The simulated regional mass change on the mas-
cons is x =[x1, x2, X3, ... , X, ], where n is the total number
of mascons. We will show that there is a relation between x
and x, which can be used to correct for the approximation
errors.

The simulation model y = f(61) is based on the 10-year
linear trend (2003 to 2012) of mass change of SMB and D es-
timates (see Sect. A3), with uncertainties of the simulation
model written as o (91). We employ a Monte Carlo approach
to simulate a sample of 1000 randomly distributed observa-
tions, according to y; =y + k;o with k; = k;(61) a vector of
random scaling factors that vary from —1 to 1 and index [

The Cryosphere, 10, 895-912, 2016



902 Z. Xu et al.: Improved GRACE regional mass balance estimates of the Greenland ice sheet
20 60 150 100
100
0
50 0
20 /D22 0
089 g -100
40 0.90
-100
50 -150 -200
-60-40-20 0 20 50 0 50 -100 0 100 -200-100 0 100
150 200
100 50
100 100
50
° psss 0
-50 0.84
0.82 -100 -100
-100
-150 -150 -200 2200
100 0 100 -150 -50 50 -200-100 0 100 200 0 200

Ssigma ©

2sigma  +  1sigma
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running from 1 to 1000. It is important to note here that we
assume that measurement errors do not exist (i.e., the simula-
tion model is assumed to be reality). In addition, we assume
that the generated samples in the simulation (o) are normally
distributed.

Next we apply Eq. (9) to yield approximated regional mass
change x =[x,,], in which m is the index of the mascons
(see Fig. 1). From the simulation we can derive the real re-
gional mass change rate x = [x,,]. As mentioned above, the
difference between x and x equals the approximation error.
In Fig. 4 we show that the x; are linearly correlated with x,,.
By applying this correlation to the approximations derived
from GRACE data, one can reduce the approximation errors
in the GRACE-based regional mass balance approximations.

The simulated trends in regional mass changes x’ and the
corresponding approximation x’ are shown in Fig. 4. It can
be noticed that the approximations are strongly correlated
over time with the simulation in the coastal regions, having
an average correlation coefficient R? of ~0.9. This means
that the approximated regional solutions are close to the sim-
ulation. The correlation in region DSla is weaker (~ 0.6),
which suggests that the approximation for region DS1a is in-
fluenced more by mass change in neighboring regions such
as region DS8a. In the simulation, the inter-region correla-
tion between DSla and DS8a is ~—0.1, while in the ap-
proximations, the correlation rises to ~ —0.5. By compari-
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son, another neighbor of DS8a, DS7a, has a very weak inter-
region correlation with DS8a (~ 0.04), both in the simulation
and in the approximation. The inter-region correlation errors
are a systematic result of the least squares inversion (Bonin
and Chambers, 2013; Schrama and Wouters, 2011). Previ-
ous work shows that the regional approximation errors can
be reduced by specifying constraints for the GrlS coastal and
inland regions. However, in this study all the sub-drainage
areas within the coastal region are constrained by the same
prior variance, resulting in the large remaining correlation
between DS1a and DS8a.

For the coastal regions, there is a linear relationship be-
tween the simulations x and the approximation x, as can
be seen in Fig. 4. We fit this relationship by x = a1 X + a0,
with a1 and «g given in Table Al. The linear relationship
between the simulated and the approximated regional mass
change rates is found to be stable; even when the simulation
uncertainties are multiplied with a factor of 5 (light green
marks in Fig. 4), the regression parameters («1 and «p) vary
by less than ~ 1% for the coastal mascons. Therefore, it is
reasonable to assume «y and «g should also reflect the re-
lationship between reality and the approximation as derived
from GRACE observations. When the vector of observations
y becomes the GRACE observations, we can derive an im-
proved GRACE regional solution by applying the linear rela-
tionship to the corresponding approximation x. We will show
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Figure 5. Comparison of the 2003 to 2013 regional mass change rates between the GRACE solution and the IOM solutions. The first column
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interior regions (above the dashed line) and from the coastal regions (below the dashed line). The error bars are estimated in Sect. A4.

in Sect. 4.3 that this correction yields better agreement be-
tween GRACE and the IOM.

Contrary to the coastal regions, the linear relation between
x and x is weak in the interior regions, where the mean
correlation coefficient is ~0.2. This may be due to the fact
that interior regions show smaller mass change rates than the
coastal regions. For simulations created within a 1o range,
the highest correlation coefficient is only 0.47 for DS7b. The
strong constraint used for these regions, i.e., a priori variance
of 0.1 m?, may cause the approximation to be more strongly
determined by this constraint than in the simulation. How-
ever, even if we apply a weaker constraint, i.e., » =106, the
correlation coefficients between x and x in these regions re-
main below 0.5. This means that correcting the approxima-
tion errors using the same method as for the coastal regions
may create larger uncertainties. Following Bonin and Cham-
bers (2015), we choose to include the approximation errors
in the uncertainties, but only for the interior regions. The un-
certainties are shown in Table A2.

4.3 Results and discussions

We compare the regional mass change rate from GRACE
with the IOM (Fig. 5) before and after applying the approx-
imation error correction to GRACE, and with different dis-
charge estimations implemented in the IOM, separately for
coastal and interior regions. Note that in this figure, the time
interval is January 2003 to December 2013; we extrapolate
the 2013 ice discharge from Enderlin-14 D estimates. For
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the coastal regions, we find that the correction of the approx-
imation errors in the GRACE solutions adjusts the mass dis-
tributions between adjacent mascons. For instance, the cor-
rected mass loss rate in DS3a increases by 10 Gtyr—! while
it reduces the mass loss rate in the adjacent region DS4a by
15Gtyr—1. In DS6a, correcting for the approximation error
causes a mass loss increase of 13 Gtyr—1. One may notice
that the corrected GRACE mass loss rates exceed the uncer-
tainty range of the mass loss rates before correction; e.g., in
DSla and DS3a. This is because the uncertainty before our
correction is estimated without considering the approxima-
tion error.

We only consider TMB from the IOM in order to reduce
the influence of the individual uncertainties in SMB and D.
We obtain two IOM solutions, using the reference Do by
Rignot-08 (method 2) and the interpolated discharges based
on the RACMO2.3 runoff (method 3). In DS1a and DS3a,
we obtain lower discharge changes rate from method 3 than
from method 2. In DS7a, which includes Jakobshavn glacier,
method 3 results in smaller mass change than method 2.

Figure 5 shows that the agreement between GRACE and
the IOM improves after correcting the GRACE approxima-
tion errors and applying the runoff-based discharge estima-
tions in DS3a, DS5a, DS6a and DS7a. The difference be-
tween GRACE and 10M estimates is also reduced in DS1a
and DS2a, where the remaining difference falls within the
uncertainty margins. The corrected GRACE solution in DS4a
is only ~ 3 Gtyr—! lower than the IOM solution, while it was
~ 10 Gtyr~1 higher before correcting for the approximation
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error. However, regardless of whether the approximation er-
rors are corrected, the GRACE-inferred regional mass bal-
ance agrees with IOM mass balance in DS4a due to the large
uncertainties in the GRACE solution and the RACMO02.3
model there, i.e., £17 Gtyr—! (see Table A2). From Fig. 5
we can also make an inference about the effect of using dif-
ferent methods to estimate the reference discharge. That is, a
change in the reference discharge will accumulate over time
and cause the same amount of change in the mass change
rates. Only in DS8a, the IOM and GRACE do not agree
within the uncertainties.

One reason for the discrepancies could be the discharge
from peripheral glaciers, which is not included in the IOM
but which does affect GRACE estimates. Previous studies,
e.g., Bolch et al. (2013) and Gardner et al. (2013), show that
a mass rate of approximately 40 Gtyr—1 comes from the pe-
ripheral glaciers. However, this is not the reason for the dif-
ference between GRACE and the IOM. In this study we are
using RACMO2.3 SMB estimates for not only the GrIS but
for all of Greenland, including the majority of the mass loss
from the peripheral glaciers and ice caps. Discharge from
the peripheral glaciers and ice caps is expected to be small,
because there are far less marine-terminating glaciers that
drain the glaciers and ice caps than those that drain the ice
sheet. Less than half of the glaciers and ice caps are marine-
terminating in Greenland (Gardner et al., 2013). Moreover,
given the relationship in the discharge data found by Ender-
lin et al. (2014) between glacier width and area for the ice
sheet’s marine-terminating glaciers, we expect the discharge
from these glaciers to be small. Consequently, we expect the
regional mass change in these glacier areas to be dominated
by changes in SMB, which are captured by RACMO2.3. The
GRACE-IOM difference due to the exclusion of discharge
from peripheral marine-terminating glaciers and ice caps will
likely be negligible as long as the SMB for the whole of
Greenland is considered, not just the ice sheet.

For the regions above 2000 m altitude, GRACE-inferred
regional mass change rates agree with the estimations from
IOM within their uncertainties (see Fig. 5). A noticeable
mass increase appears in both the GRACE and IOM solutions
in DS2b (northeastern interior). A second observation is that
in the IOM the runoff dominates the regional mass balance
on the edge of the southern GrlIS interior, which results in
a mass loss of —8 Gtyr—1. The overall IOM uncertainties in
the coastal regions are mainly influenced by the uncertainties
in the SMB and D estimates, but the assumption on the flux
across the 2000 m contour (F29%9) contributes to additional
uncertainties in the GrlS interior regions. In the GRACE so-
lution, the uncertainties are due to the errors in the GRACE
coefficients which are not dependent on the altitude. There-
fore, the uncertainty level is similar for the interior regions
and the coastal regions.

We also compare our GRACE and IOM solutions to
(1) GRACE, (2) IOM and (3) ICESat altimetry estimates
from different studies, as shown in Table 1. All listed
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GRACE solutions agree within the uncertainty levels in DS1,
DS2, DS3, DS5 and DS8. In the southeastern region DS4,
there is a deceleration of the mass change after 2007, when
the regional acceleration of mass loss becomes negligible
(~ —0.1 Gtyr—2). However, different GRACE solutions for
the same time period do not result in the same mass change
rates. This suggests that a large approximation error, which is
associated with different approximation approaches, is likely
present in the GRACE solutions for this region. As shown
in Fig. 5, if we consider the time period of 2003-2013, the
regional mass change is reduced by 29 % in this region after
applying the correction introduced in Sect. 4.2.

The IOM is also relatively uncertain in DS4 (Sasgen et al.,
2012). Even though the mass-change rates between GRACE
and the IOM in this region show a relatively large differ-
ence, agreement is obtained within the large uncertainties.
For ICESat-based mass loss estimates, the retrieved long-
term mass loss can be very different, e.g., —75+2Gtyr1
by Zwally et al. (2011) compared to —434+11Gtyr—! by
Sgrensen et al. (2011). This may be explained by the com-
plicated regional ice surface geometry in the coastal areas
(Zwally et al., 2011) or uncertainty resulting from the con-
version of height changes to mass change, e.g., different firn
corrections and density conversions.

Another area where GRACE and the IOM do not agree is
the northwest (region DS8). We find that our GRACE solu-
tion shows —32 4+ 6 Gtyr—! mass change during 2003-2007
and —46 +5Gtyr—! during 2003-2010. The ICESat solu-
tions show similar mass loss rates in this region (see Ta-
ble 1), while the IOM solution shows lower mass change
rates, i.e., —13+3 and —28+6Gtyr~! for the time pe-
riod 2003-2007 and 2003-2010, respectively. Moreover, if
we determine the mass change rates for the time interval
from 2007-2011, the rate is —57 + 6 Gtyr—! (GRACE) and
—494 11 Gtyr—! (IOM). Both results agree with the rate of
—58+ 14 Gtyr—! from Andersen et al. (2015).

We have reduced the approximation error in the GRACE
solution for this region, although by a small amount
(—2.3Gtyr™1). To assess the influence of the remaining ap-
proximation errors, we compare the GRACE and IOM so-
lutions in the surrounding areas, i.e., DS1 and DS7. It can
be seen in Fig. 5 that mass change rates are consistent be-
tween IOM and GRACE solutions, within their uncertainties.
This suggests that the approximation errors become negligi-
ble in the GRACE solution. The comparison for Ellesmere
Island is more difficult because discharge is not included in
our IOM solution. However, an 10M solution including the
D estimates by Gardner et al. (2011), showed that the mass
change rate of the glaciers on this island is 37 + 7 Gtyr—1 be-
tween the years of 2004 and 2009. This agrees (to within its
uncertainty bound) with our solution for the same time inter-
val, i.e., =35+ 7 and —29 4 3 Gtyr~1 for IOM and GRACE
solutions, respectively. Hence, it is reasonable to believe the
mass change estimated from IOM and GRACE agree with
each other in this region. After comparing the GRACE and
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Table 1. The rates of mass changes in GrlS regions based on satellite gravity data (GRACE), IOM output and altimetry data (ICESat), in
thr‘l. The sources are Zwally et al. (2011), Sasgen et al. (2012), Barletta et al. (2013), Colgan et al. (2015b), Groh et al. (2014) and
Sgrensen et al. (2011). Note that the IOM solution from this study is shown in brackets.

Drainage area DS1 DS2 DS3 DS4 DS5 DS6 DS7 DS8
IZC‘;‘QQZ’” (2003-2007) 140 1340 5141  —75+2 —10+0 440 —14+0 —33+1
Isggesnjf” (2003-2009) 1641 —16+3 —40+18 —434+11 —26+5 5147 5343
Colgan (2003-2010) 2146 146  —47+13  —28+7  —244+4  —33+7  —2349 —42+12
GRACE

,Sgi?,e” (2003-2010) 2044  —16+5 3148  —66+21 —20+7 —66+20 —26+12
Sasgen (2003-2010)

CRACE —16+5 —12+5  —38+6  —4246 —24+6 5647 5347
Barletta (2003-2012)

CRACE 1742 1242  —36+4  —3543 2342 —66+4 4444

This study (IOM solution in brackets)

2003-2007 1446  —-1+8  —49+6 —60+13 —18+5 649 2546 —3246
GRACE (I0M) (—2247) (-944) (=55+12) (=73+21) (—1146) (—14+8) (—1743) (—1343)
2003-2010 1944  —94+5  —33+45 50411 —19+7  —24+8 —34+5 —46+5
GRACE (I0M) (—25+8) (—1044) (-37+7) (-61+20) (—16+7) (—32+12) (—26+5) (—28+6)
2003-2012 2044 —10+4  —35+5 51411 —204+7  —38+8 —37+5 —49+5
GRACE (I0M) (—26+8) (~1146) (—40+8) (-59+18) (—18+7) (—46+14) (—38+6) (—30+8)

I0OM solutions on all the neighbor regions of DS8, no signifi-
cant differences between the IOM and GRACE solutions are
found. This suggests that the remaining approximation error
is not the major source of the difference in DS8.

The uncertainties of the GIA effect are included as part
of the uncertainties of the GRACE solution for DS8 as well
(see Table A3), but adding these still cannot bridge the
gap between GRACE and IOM. The ICESat- and Opera-
tion IceBridge-based mass change estimates by Kjeldsen et
al. (2013) yield a mass loss rates of 55+ 8.4 Gtyr—! from
2003 to 2010, which is consistent with the GRACE solution
obtained in this study. A combination of all evidence indi-
cates that the IOM method underestimates the mass loss rate
in this drainage area by ~ 15 Gtyr—1. In Sasgen et al. (2012),
the discharge estimations from Rignot-08 are used, in which
a portion of DS8 was un-surveyed, to which they attributed
the difference between GRACE and IOM (24 & 13 Gtyr~1).
In this study, the discharge estimation from Enderlin et
al. (2014) covers the entire glacier area in this region, but
only for the years after 2000. Therefore, despite observations
of relatively stable terminus positions for the majority of the
marine-terminating glaciers in northwestern Greenland be-
tween 1985 and 2000 (Howat and Eddy, 2011), we hypothe-
size that the estimated reference discharge overestimates the
regional Dyg. In deriving Dy from D-14, we have used the
assumption that D from 1990 to 2000 follows Rignot-08,
which contains high regional uncertainties. However, if we
use the runoff-based estimate of Dg, uncertainties are influ-
enced by the uncertainty of the RACMO2.3 model. The SMB
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intercomparison study of Vernon et al. (2013) shows that the
1961-1990 reference SMBg of RACMO2.3 model is larger
than some other SMB models, e.g., MAR or PMMS5. It is
interesting to see that when the cumulative TMB is calcu-
lated independently from the reference SMBg and Dy (using
Eq. (5) and method 1), the mass change rates agrees with
the GRACE mass balance in this region within uncertain-
ties. This indicates that the modeled SMB (as well as SMBy)
could have uncertainties that are larger than 18 %.

5 Conclusions

In this study, we implement a simulation of the GrIS mass
change and show that the approximation errors caused by
the least squares inversion approach can be quantified and
reduced in the GRACE solution. When using the IOM, we
also improve the reference discharge estimate by utilizing
the modeled runoff. We show that the regional differences
between our GRACE and IOM solutions are reduced and
agree within their calculated confidence intervals. This is
confirmed by an intercomparison with ICESat-based regional
mass change rates. In the southeast, the corrections for the
approximation errors in GRACE data products are especially
important. We find that the IOM solutions underestimate
the mass loss in the northwest compared to the GRACE
and ICESat solutions, which we attribute to incorrect esti-
mates in the reference D and/or SMB that are used to con-
struct the IOM estimates. For the whole GrlS, we find a
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208 4 18 Gtyr—! mass loss rate for the period 2003 to 2008
from the GRACE solution, while the IOM solution shows
a mass loss rate of 1954 25Gtyr—1. These loss rates in-
crease by ~ 67 and ~ 85 % in 2009-2014 in the GRACE and
I0M solutions, respectively. The 10-year acceleration in the
GRACE data is —25+8Gtyr—2, consistent with the |OM
solution, —26 + 12 Gtyr—2.
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Appendix A: Reference discharge based on the pre-1996
discharge estimations

The GrlS ice discharge D was distributed into 34 glaciers by
Rignot et al. (2008), denoted here as D-08. We define the dis-
charge in 1996 and 2000 as D1996-08 and D2ppp-08, respec-
tively. Note that the D1996-08 was applied as the reference
Dg in D-08 (noted Dg-08). The deviations between D1ggs-
08 and D2ppp-08 are due to discharge changes in the late
1990s (Enderlin et al., 2014). Similarly, we define Enderlin-
14 as D-14, with the time series starting from the year of
2000 (D2poo-14). In order to estimate the reference discharge
Dq for D-14, we find scaling factors between D1gg6-08 and
D2000-08 and scale the Djggo-14 to yield the estimation of
D1996-14. We estimate the uncertainties of estimated D1gg6-
14 via 500 pairs of randomly generated D1996-08, D2000-08
and Doqpo-14, following from a normal distribution N (D,
op), in which op is the error in the discharge estimations. For
the entire GrlS, we find that the interpolated reference D1ggs-
14 equals 413.8+31.6 Gtyr—1, similar to previous studies
(Sasgen et al., 2012; van den Broeke et al., 2009); therefore
in this study we apply Digg6-14 as the reference Do when
using IOM method 2).

Al Approximation error correction

To determine the linear relationship between the simulated
regional mass balances with the associated approximations
after applying the least squares inversion, the linear-fit pa-
rameters «g and «q are calculated for different simulation er-
ror levels, the values of which are shown in Table Al. The
values of «p and w1 and their uncertainties vary slightly in
all coastal regions. To determine one value for op and a1, we
assume the ag and oy follow a normal distribution in each
region and draw 1000 random samples for each error level.
Then we combine all the samples and fit into another normal
distribution, from which the «g and a7 are determined for
each region (see the Table Al).

A2 The GrlS simulation

The GrlIS monthly mass balance simulations that are used in
Sect. 4.2 are based on the RACMO2.3 model and the dis-
charges estimates from Enderlin et al. (2014). Note that the
discharge estimates are given in the form of lumped mass
change for 178 different geographical locations. To get SMB
and D estimates for each drainage area we sum the dis-
charges for all glaciers and the gridded SMB values within
the same drainage area, respectively. We interpolate SMB
and D onto a gridded map of EWH with a resolution of 1°
of arc for the GrlIS and surrounding areas. To account for
leakage from outside the GrlS, as occurs for data products
obtained from GRACE, we apply the annual mass change
estimates from Schrama et al. (2014) for all the major glacier
areas (GrlS excluded). We convolve the gridded mass dis-
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tribution over the Earth’s surface and obtain the potential
coefficients in response to this distribution up to d/o 60.
Noise in the monthly GRACE coefficients manifests mainly
as north—south stripes in the spatial domain (Swenson and
Wahr, 2006). In order to mimic this error in the simula-
tion, we add randomly generated noise to the potential co-
efficients, as described in Bonin and Chambers (2013). The
simulation model was discussed in detail by Xu et al. (2015).
Note that for this study we focus on the discussion of long-
term linear trend, so the linear trend of the monthly simula-
tion is used as the simulation model.

A3 Uncertainty estimations

A summary of the uncertainties in the regional mass balance
(linear trend) is shown in Table A2. In our GRACE-inferred
mass balance, the uncertainties are associated with (1a) the
standard deviations of the CSR RL05 GRACE spherical har-
monics coefficients (including the standard deviations of the
external degree / =1 and 2 coefficients), (2a) the variations
of the regional mass change due to different GIA models and
(3a) the uncertainties due to the corrections of the systematic
errors in the least squares inversion solutions. The uncertain-
ties of the IOM-inferred mass balance consist of the uncer-
tainties of the 1961-1990 reference in SMBg and in Dg and
(2b) the systematic error in the SMB (RACMO2.3) and (2c)
the errors in the yearly D estimations (Enderlin et al., 2014;
Rignot et al., 2008).

A4 Selection of the GIA model for GrlS regions

We apply the GIA correction to the GRACE data using three
GIA models with a total of 11 different parametrizations
before estimating the associated regional mass change in
20 GrlS and surrounding Arctic regions (see the mascon def-
inition in Sect. 3). By comparing with one without applying
GIA correction, we assume the differences are the regional
GIA effects. In addition to the Paulson-07 GIA model, we
use a GIA model with lateral changes in viscosity and the
ICE-5G loading history (van der Wal et al., 2013).

Moreover, we use another GIA model based on the ice
history model from Simpson et al. (2009), provided by
Glenn Milne within the scope of the IMBIE project. The up-
per mantle viscosity ranges from 0.3 x 10%! to 1 x 10! Pas
and the lower mantle viscosity ranges from 1 x 10%! to
10 x 102! Pas. The thickness of the lithosphere is assumed
to be 96 or 120 km.

In Table A3, the GIA related mass change can vary from
—7 to 10 Gtyr~1 for the entire GrIS. A positive GIA effect
appears in the northern GrlIS while in the southern and south-
western GrIS (DSb5a to DS7a), negative GIA signals prevail.

In order to quantify the uncertainties of the regional GIA
in the Paulson-07, since it is the GIA model we used to derive
our GRACE solution, we estimate the standard deviation of
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all models with respect to Paulson-07. The uncertainties are
summarized in Table A2.
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Table Al. The linear-fit parameters «g and «1 that describe the relationship between the regional simulated mass balance and the approxi-
mations obtained after the inversion procedure, as applied to GRACE data of the coastal regions. For the interior GrIS regions, we show the
approximation errors as additional uncertainties.

Mascon (< 2000 m) DSla DS2a DS3a DS4a DS5a DS6a DS7a DS8a

aQ (thrfl) —1093+146 —-064+054 —-1182+147 1257+154 283+161 —-16.35+154 2544223 —-2.284+1.02
a1 0.85+0.03 1.02+£0.02 0.95+0.01 0.96 +0.02 0.90+0.01 0.90+0.02 0.97+0.01 1.00+0.01
Mascon (> 2000 m) DS1b DS2b DS3b DS4b DS5b DS6b DS7b DS8b
Uncertainty (Gtyr—!) 0.28 0.35 0.45 0.6 2.88 5.1 0.67 0.65

Table A2. The uncertainties associated with the regional mass change rates. For the GRACE-inferred regional solutions, “coef. SD” refers
to the errors due to the standard deviations in the CSR RLO5 spherical coefficients, “GIA” refers to the errors obtained from comparing
11 GIA models. Note that the GIA uncertainties in the interior GrlS are all close to 0 and are therefore negligible. In the column with the
header “cor” we show the uncertainties which are caused by the approximation error correction. For SMB and D trend estimations, the
uncertainties consist of the reference SMBg and Dg error (“SMBg” and “Dg”) and the systematic errors in RACMO2.3 model and in the
discharge estimations (“sys”). The column titled “cum. uncer.” refers to uncertainties using the assumptions (1) and (2); see Sect. 3.2 for
details. The highlighted columns show the total uncertainties of the linear fit of the GRACE and IOM mass balances.

Mascon GRACE RACMO2.3 (SMB) Discharge (D) Cum. uncer. IOM
coef. GIA Cor Total SMBg  Sys Total Dy Sys Total Apply SMB —
SD (2a) (33) (1b) (2b) (1c) (2¢) assum. (1) D
(1a) and (2)
DSla 1.9 3.9 16 34 1.9 7.2 7.6 08 0 0.8 1.1 7.7
DS2a 2.1 22 06 28 1.6 5.8 6 11 03 11 29 6.8
DS3a 3.2 3 15 43 3.6 6.8 7.8 2 1 2.2 21 8.4
DS4a 3.8 26 88 10 8.6 106 17.1 31 14 3.4 1.6 175
DSba 44 0.2 17 49 3.9 5.2 6.7 11 07 1.2 0.8 6.9
DS6a 3.7 0.8 17 56 4.7 125 134 06 03 0.6 1.4 135
DS7a 3 0.5 22 39 2 49 5.4 2 15 25 49 7.7
DS8a 2.4 3.7 11 45 3.3 7.7 8.3 21 11 2.4 23 8.9
Coastal 9 73 45 149 12.1 226 277 49 27 5.5 15.4 32.2
DS1b 1.8 03 18 0.3 0.1 0.3 1.1 11
DS2b 2.4 04 24 0.6 0.2 0.6 29 3.0
DS3b 3 05 3 1 0.3 11 2.1 2.4
DS4b 3.4 06 35 15 0.3 15 1.6 2.2
DS5b 35 29 45 11 0.3 1.2 0.8 1.4
DS6b 34 5.1 6.1 1.2 0.4 1.2 14 1.8
DS7b 2.8 07 29 1.8 0.6 2 49 5.3
DS8b 2.4 07 25 0.9 0.4 11 23 25
Interior 7.8 6 9.8 8.1 1.7 8.3 154 175
GrlIS 119 73 75 178 14,5 22.7 289 49 27 55 0 29.4
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Table A3. The GIA effects on mass balance in different GrlS regions based on 11 different GIA models. The unit is Gtyr—1. For the GIA
models using Simpson’s ice history model, the column headers are in the form of “xpad”, where the x value refers to the lithosphere thickness
(km), and a and b represent the viscosity of the upper and lower mantle, in 1020 and 102! Pas, respectively.

ICE

model ICE-5G  Wouter van der Wal Simpson

Mascon Paulson-07  Heat flow  Seismic 96p32 96p55 96p58 96p85 96p510 120p51 120p81  120pll
DSla 4 5 2 1 -1 -1 -1 0 3 4 4
DS2a 3 1 1 1 1 1 2 2 2 3 3
DS3a 0 2 -1 1 -1 -2 -1 -1 2 3 3
DS4a 0 3 1 -1 0 0 1 1 1 3 4
DS5a -3 -1 0 -5 -8 —7 —7 —7 —4 —4 -5
DS6a -2 1 2 -5 -2 -2 1 -2 -3 -1 0
DS7a -3 0 0 -1 -5 -5 —6 -5 -2 -2 -3
DS8a -1 -1 0 1 -1 -2 -2 -2 -1 -2 -2
Ellesmere 7 4 4 1 2 3 4 3 4 5 6
Baffin 12 -3 6 10 12 12 12 13 1 0 -1
Iceland -1 0 -1 -1 -3 -3 -3 -3 0 0 -1
Svalbard 2 0 2 2 3 4 3 5 0 0 0

(GRACE)

(1oM)

o
Gtyr2

Figure Al. The equivalent water thickness of the linear trend (al) and acceleration (a2) in CSR release 5 level 2 GRACE data. The linear
trend (b1) and the acceleration (b2) of IOM solution in EWH. The time interval is January 2003 to January 2012. The Gaussian filter

half-width r1 /, used for all plots is 300 km.
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