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S U M M A R Y
We examine vertical load deformation at four continuous Global Positioning System (GPS)
sites in southern Greenland relative to Gravity Recovery and Climate Experiment (GRACE)
predictions of vertical deformation over the period 2002–2016. With limited spatial resolution,
GRACE predictions require adjustment before they can be compared with GPS height time
series. Without adjustment, both GRACE spherical harmonic (SH) and mascon solutions
predict significant vertical displacement rate differences relative to GPS. We use a scaling
factor method to adjust GRACE results, based on a long-term mass rate model derived from
GRACE measurements, glacial geography, and ice flow data. Adjusted GRACE estimates show
significantly improved agreement with GPS, both in terms of long-term rates and interannual
variations. A deceleration of mass loss is observed in southern Greenland since early 2013. The
success at reconciling GPS and GRACE observations with a more detailed mass rate model
demonstrates the high sensitivity to load distribution in regions surrounding GPS stations.
Conversely, the value of GPS observations in constraining mass changes in surrounding
regions is also demonstrated. In addition, our results are consistent with recent estimates of
GIA uplift (∼4.4 mm yr−1) at the KULU site.

Key words: Global change from geodesy; Loading of the Earth; Satellite geodesy; Satellite
gravity; Space geodetic surveys; Time variable gravity.

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

The Greenland ice sheet (GrIS) is the second largest mass of ice
on Earth and would raise global mean sea level (GMSL) by ∼7 m
if completely melted (Gregory et al. 2004). With Arctic warming,
the GrIS has undergone significant melting, and is regarded as a
main contributor to GMSL rise (Shepherd et al. 2012). Improved
quantification of GrIS mass balance at various spatial and temporal
scales and understanding of its climatological and geodynamical
impacts continue to be important in understanding climate change.

Since the Gravity Recovery and Climate Experiment (GRACE)
satellite gravity mission was launched in March 2002 (Tapley et al.
2004), investigation of ice mass changes over polar ice sheets and
mountain glaciers has entered a new era (e.g. Chen et al. 2006;
Velicogna & Wahr 2006; Khan et al. 2010). By accurately measuring
Earth’s gravity, GRACE provides a unique monthly measure of
global large-scale mass changes (Cazenave & Chen 2010). Early
GRACE studies (e.g. Chen et al. 2006; Velicogna & Wahr 2006)
found accelerated GrIS ice loss since 2005, mostly in East and
Southeast Greenland. Khan et al. (2010) and Chen et al. (2011)
reported additional losses in northwest Greenland starting in late
2005, with evidence of acceleration since 2008. A recent study

(Forsberg et al. 2017) found large year-to-year variations during
the GRACE era, especially a large 2012 melt event (Nghiem et al.
2012). The estimated average GrIS ice loss rate is 265 ± 25 Gt yr−1

(Forsberg et al. 2017).
Continuous Global Positioning System (GPS) measurements on

bedrock adjacent to the GrIS are able to detect surface displace-
ments caused by ice mass unloading in Greenland. A number of
studies have demonstrated the value of these load deformation ob-
servations (e.g. Khan et al. 2007, 2010; Jiang et al. 2010; Bevis
et al. 2012; Nielsen et al. 2012; Larson et al. 2015; Liu et al. 2017).
In combination, GRACE and GPS data should provide additional
understanding of ice mass changes. Khan et al. (2010) compared
GRACE-predicted surface deformation with GPS measurements in
Greenland. They compared GPS loading signals and GRACE esti-
mates, and confirmed increasing ice mass loss towards the north.
Joud et al. (2017) also compared GRACE-predicted uplift rates
with GPS measurements to validate their methods for processing
GRACE data in regions with a large glacial isostatic adjustment
(GIA) signal.

The coarse spatial resolution (several hundred kilometres) of
GRACE measurements and spatial leakage effects have been a ma-
jor limitation in related studies. King et al. (2012) reduced the
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Figure 1. Map of the Greenland ice sheet, with locations of four selected GPS sites in southern Greenland marked by red dots (revised from Vasskog et al.
2015).

leakage effects to refine the estimation of Antarctic sea-level con-
tribution, and Mémin et al. (2014) also applied leakage correction in
studying snow and ice height change. In load deformation studies,
limited resolution, due to the range of available spherical harmonic
(SH) coefficients and spatial filtering used to suppress noise, con-
tributes to differences between load deformation estimated from
GRACE and GPS data. In some earlier studies GRACE-GPS dif-
ferences were attributed to errors in GPS data processing (e.g. King
et al. 2006, van Dam et al. 2007). Khan et al. (2010) found that
GRACE estimates were smaller than GPS with ratios of GPS to
GRACE uplift rates at THU3, KULU and KELY stations, of ∼2.9,
2.7 and 2.3, respectively. Khan et al. (2010) assumed similar ratios
for ice mass loss acceleration and trends and used these to adjust
GRACE trend and acceleration values for shorter time spans.

The scaling factor method has been shown to be useful for cor-
recting spatial leakage in GRACE mass change estimates (e.g. Chen
et al. 2007, 2017; Landerer & Swenson 2012). Scaling factors, at
either regional scales or at grid points, are commonly derived from
model-predicted mass change and used to adjust GRACE estimates.

However, the scaling factor method relies on accurate models, and
while seasonal predictions of available climate model are often good,
performance tends to degrade at longer time scales. In this study,
we use an improved scaling method to compare GPS-observed and
GRACE-predicted uplift rates at 4 GPS sites (KELY, QAQ1, SENU
and KULU) in southern Greenland (see Fig. 1) chosen for their
good data quality and availability. We examine GPS and GRACE
data over the period 2002–2016, long enough to examine both long
term rates and interannual variation. The improved scaling factor
method is based on a mass rate model that combines independent
information from GRACE, geographic (Google Earth) data, and ice
dynamic data.

2 DATA P RO C E S S I N G

2.1 GRACE spherical harmonic solutions

GRACE time-variable gravity data products include 153 Release 5
(RL05) GSM monthly solutions, covering the period August 2002
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to August 2016, provided by the Center for Space Research (CSR)
at the University of Texas at Austin (Bettadpur 2012). Each monthly
solution consists of fully normalized spherical harmonic (SH) coef-
ficients up to degree and order 60. Atmospheric and oceanic effects
have been removed during GRACE data processing through the de-
aliasing process (Bettadpur 2012), so that over Greenland, GRACE
GSM month-to-month changes mainly reflect ice mass and terres-
trial water storage (TWS) effects. Following standard practice, we
replace GRACE C20 coefficients by independent estimates from
satellite laser ranging (SLR) provided by CSR (Cheng et al. 2013),
and include degree-1 coefficients estimated using the method of
Swenson et al. (2008). GIA (Post Glacial Rebound, PGR) effects
are removed using the model of A et al. (2013) (based on ICE-5G
ice history and VM2 viscosity profile). To compare GRACE with
GPS results, atmospheric and oceanic loading effects (removed from
GRACE data during de-aliasing) have to be added back. We add to
GSM the GAC products, representing the combined effect of atmo-
sphere and ocean mass variations in GRACE AOD1B de-aliasing
products (Flechtner et al. 2014).

Elastic vertical load deformation dr (θ, φ), at colatitude θ and
longitude φ, can be calculated from GRACE Stokes coefficients as
follows (van Dam et al. 2007):

dr (θ, φ) = R
∞∑
l=0

l∑
m=0

Wl P̃l,m (cos θ ) (Clm cos (mφ)+Slm sin (mφ))

× h
′
l

1 + k ′
l

(1)

where R is the radius of Earth, P̃l,m are normalized Legendre func-
tions of degree l and order m, Clm and Slm represent the SH (Stokes)
coefficients of the gravity field, and h′

l and k ′
l are elastic load Love

numbers of degree l, whose values for a Gutenberg–Bullen (G-B)
elastic Earth model are provided by Farrell (1972). Wl is the weight-
ing value at each spherical harmonic degree to implement Gaussian
smoothing (Jekeli 1981; Wahr et al. 1998), with a radius of 300 km
in the present study.

2.2 GRACE mascon solutions

CSR RL05 GRACE 0.5◦ × 0.5◦ mascon solutions for August 2002
to August 2016 are also used (Save et al. 2016). Mascon solutions
are obtained using several constraints, including separation of land
and ocean signals to reduce leakage, and forward modelling of
annual and trend signals from ice losses in polar regions and moun-
tain glaciers. Unlike SH solutions, mascon solutions do not require
additional filtering to suppress noise (Save et al. 2016). Mascon
solutions are obtained with C20 coefficients replaced by SLR solu-
tions (Cheng et al. 2013), and the same degree-1 terms and GIA
corrections (Swenson et al. (2008) and A et al. (2013)). Note that
the mascon solutions have restored the GAD products, representing
the atmospheric and oceanic effects over the ocean (in contrast to
GAC, GAD data set is set to zero at the continents), so we compute
the total mascon solution as (CSR mascon solution + GAC − GAD)
to reflect the same load signal as SH solution (GSM + GAC).

Mascon 0.5◦ × 0.5◦ solutions dh(θ, φ) at colatitude θ and longi-
tude φ, are converted to Stokes coefficients up to degree and order
360, corresponding to about 0.5◦ resolution at the equator, using
eqs (2)–(4),

Ĉlm = 1

R
· 1

4π

�
σ

dh (θ, φ) P̃l,m (cos θ ) cos (mφ) dσ (2)

Ŝlm = 1

R
· 1

4π

�
σ

dh (θ, φ) P̃l,m (cos θ ) sin (mφ) dσ (3)

{
Clm

Slm

}
= 3ρw

ρave

1 + k
′
l

2l + 1

{
Ĉlm

Ŝlm

}
(4)

where Ĉlm and Ŝlm are dimensionless coefficients defined in eq. (9)
of Wahr et al. (1998), dσ is the area element, which equals to
sin(θ ) dθdφ, ρw is the density of water, ρave is the average density of
the Earth. Then we substitute Stokes coefficients Clm and Slm into
eq. (1) to obtain vertical load deformation. Note that Wl = 1 when
using mascon-based SH coefficients, because spatial smoothing is
not needed.

2.3 GPS data

The Jet Propulsion Laboratory’s (JPL’s) GNSS-Inferred Position-
ing System (GIPSY) solutions of daily GPS height at the four
sites (KELY, QAQ1, SENU and KULU, shown in Fig. 1) are avail-
able at ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ats/. Data
at KELY, QAQ1, and KULU span the GRACE era (August 2002
to August 2016), while SENU data are available for May 2008 to
August 2016. JPL’s reanalysis orbit and clock products are deter-
mined using a set of models in a free-network reference frame,
including gravity from Earth, Sun, Moon, and other planets. Mod-
els include: the DE421 planetary ephemeris (Folkner et al. 2008),
the GSPM10 satellite solar pressure model, the IAU06 model for
precession and nutation, the IERS2010 tide model (Petit & Luzum
2010), the FES2004 ocean loading model (Lettelier et al. 2004),
and International GNSS Service satellite and receiver antenna
phase centre models (ftp://sideshow.jpl.nasa.gov/pub/JPL GPS
Timeseries/repro2011b).

We remove GIA uplift rates using predictions from A et al.
(2013), used also in correcting GRACE data. Uplift rates are −2.25
mm yr−1 at KELY, 2.15 mm yr−1 at QAQ1, 1.83 mm yr−1 at SENU,
and −0.76 mm yr−1 at KULU. GIA model prediction error in Green-
land is thought to be relatively small (Velicogna & Wahr 2006).
However, a recent study (van Dam et al. 2017) suggests that the
GIA rate at KULU may differ significantly from model predictions.
Using GPS observations and superconducting gravimeter measure-
ments, van Dam et al. (2017) show that the GIA uplift rate at KULU
is about 4.49 mm yr−1, compared with the (A et al. 2013) prediction
of −0.76 mm yr−1. This affects the GRACE-GPS uplift comparison,
as discussed below.

3 R E S U LT S

3.1 GRACE and GPS comparison

We use GRACE GSM + GAC SH coefficients (up to degree and
order 60) to compute vertical displacements using eq. (1) with
300 km Gaussian smoothing at KELY, QAQ1, SENU and KULU.
Fig. 2 compares monthly GRACE vertical displacements and GPS
height series (blue and red curves). Upward trends at all stations re-
flect continued mass loss at these sites or nearby. With the exception
of QAQ1 (Fig. 2b), GRACE vertical displacements are smaller than
GPS, consistent with previous studies (Khan et al. 2010). GRACE-
GPS differences are believed to be partly attributed to the coarse
spatial resolution of GRACE (Khan et al. 2010). Due to the trunca-
tion of RL05 SH coefficients at degree and order 60 and the applied
300 km Gaussian smoothing, GRACE SH solutions underestimate
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Figure 2. Comparisons among GRACE (GRC) vertical displacements using SH solutions (green), mascon solutions (blue) and GPS heights (red). A 300 km
Gaussian smoothing has been applied to the GRACE SH solutions. Model predicted GIA effects (A et al. 2013) have been removed from both GRACE and
GPS.

the mass change and load deformation (Chen et al. 2007; Wang
et al. 2016).

GRACE mascon series should offer higher spatial resolution and
provide more accurate load deformation estimates than the SH solu-
tions, because they are not subject to the dominant stripe noise in SH
solutions, and do not require spatial smoothing. We convert gridded
mascon mass change into vertical displacements using eqs (2)–(4)
and (1), and superimpose the results in Fig. 2 (green curve). SH
representations of mascon solutions to degree and order 360 should
retain their spatial resolution. Compared with predictions from the
RL05 SH series (limited to degree and order 60), the GRACE mas-
con predictions are more similar to GPS height variations at KELY,
SENU and KULU as shown in Figs 2(a), (c) and (d), but differ-
ences are still relatively large. However, the QAQ1 series (Fig. 2b)
differs markedly from the other sites. The GPS uplift rate at QAQ1
is smaller than the GRACE prediction, and GRACE mascon agree-
ment with GPS is poor relative to the SH series. This is discussed
further below.

Least square fit linear trends for the four sites are given in
Table 1 (annual and semi-annual signals are fit simultaneously, but
not shown). GPS trend uncertainty is estimated from GPS formal
error (provided with the GPS height series). GRACE trend uncer-
tainty is based upon least squares fitting error. Large differences
among vertical rates from GPS, GRACE SH, and GRACE mascon

estimates are evident in Table 1. We compare in Fig. 3 GRACE SH
and mascon vertical rate predictions over Greenland. GRACE mas-
con rates are significantly larger and show better spatial resolution.
The largest vertical displacements are along southeastern and west-
ern coastal regions. However, comparisons with GPS observations
discussed above indicate that neither GRACE estimate is likely to
agree very well with GPS observations, without further processing
of GRACE data.

3.2 Correcting GRACE spatial leakage

Due to the truncation of GRACE SH coefficients at degree and or-
der 60 and additional spatial filtering (300 km Gaussian), GRACE
predictions of vertical displacements are limited to long-wavelength
features. While GRACE mascon solutions offer qualitative improve-
ments in spatial resolution, they remain subject to leakage effects
due to fundamental GRACE spatial resolution limits, and it is eas-
ier to quantitatively address resolution limits of SH solutions. If the
spatial spectrum (spatial distribution) of mass change is approxi-
mately known, either from climate models or from observations,
scaling factors can be estimated to adjust GRACE values to reduce
bias associated spatial leakage as discussed above (Chen et al. 2007,
2017; Landerer & Swenson 2012; Wang et al. 2016).
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Table 1. Predicted uplift rates using GRACE and GPS data (units: mm yr−1). UW means unweighted model, W means weighted model.

KELY QAQ1 SENUa KULU

GPS 7.70 ± 0.13 2.51 ± 0.06 (2.69 ± 0.15)b 8.06 ± 0.25 9.88 ± 0.06 [4.63 ± 0.06]c

GRACE SH 4.51 ± 0.08 3.23 ± 0.05 (3.39 ± 0.12) b 3.54 ± 0.13 4.15 ± 0.05
GRACE mascon 5.50 ± 0.10 4.71 ± 0.06 6.10 ± 0.18 6.54 ± 0.06
GRACE restored (UW) 6.85 ± 0.11 3.91 ± 0.06 8.04 ± 0.25 4.31 ± 0.05
GRACE restored (W) 7.10 ± 0.12 3.66 ± 0.05 8.05 ± 0.25 4.30 ± 0.05
aThe uplift rates at SENU are computed using data from May 2008 to August 2016, and others are from August 2002 to August 2016.
bThe uplift rates at QAQ1 in the parentheses are computed using data from May 2008 to August 2016.
cThe GPS uplift rate at KULU in the square brackets is computed using GIA uplift rate predicted by van Dam et al. (2017).

Figure 3. Vertical displacement rates (in mm yr−1) computed from: (a) GRACE GSM + GAC Stokes coefficients with 300 km Gaussian smoothing; (b)
GRACE mascon solutions (0.5◦ × 0.5◦) after adding back the contributions of atmospheric at the continents. GIA correction is applied to both GRACE SH
and mascon solutions.

Recognizing that long-term ice mass changes are dominantly
along the edges of the GrIS, we construct an ice mass change model
based on GRACE mascon solutions, published ice flow velocity data
(Khan et al. 2015), and known glacier locations (Google Earth). The
scaling factor at a grid point is the ratio between model-predicted
load deformation and the prediction after SH truncation and spa-
tial filtering. Scaling factors are then used to adjust GRACE SH
predictions of vertical motion at the four GPS sites. The procedure
includes the following steps:

(1) From GRACE mascon gridded equivalent water thickness
(EWT) data, we subtract the GAD products. The residual EWT
contains ice and TWS mass change effects, similar to GRACE
GSM data (after GIA correction). The mass rate of residual EWT
at each grid from August 2002 to August 2016 is found by least
squares with the result shown in Fig. 4(a).

(2) We divide the GrIS and surrounding areas into 12 regions
(Fig. 4b), and find the total mass rate within each using GRACE
mascon rates (Fig. 4a). Mass rates of the 12 regions are in Table 2
(units of gigatonne per year, Gt yr−1). Note that the sum of area 1
to 10 represents the total mass loss of Greenland, that is, −252.5 Gt
yr−1, which is consistent with previous publications (e.g. Velicogna
& Wahr 2013; Wouters et al. 2013).

(3) We construct a detailed mass rate model along the periphery
of southern Greenland glaciers (to latitudes 72.5◦N) by assigning
mass rates in the 12 regions into narrower bands (Fig. 5b), to rep-
resent dominant coastal and central Greenland locations associated

with long-term changes. Within each narrower region, mass change
is uniformly distributed. The Fig. 5(b) mass rate model is on a 0.1◦ ×
0.1◦ grid, with a width of 0.5◦ (∼25 km) along glacier edges, based
on Google Earth glacier geography. In regions far from the GPS
stations, a lower resolution model (0.5◦ × 0.5◦) is used (Fig. 5a).

(4) An additional mass rate model is constructed, in which areas
near the GPS stations are weighted according to observed ice flow
velocity data (fig. 8 in Khan et al. 2015). Weighted solutions retain
the same total mass rate in each subregion. We define the weight
as approximately proportional to the velocity (e.g. we define the
light yellow colour region in their figure as weight 1.0), and then
roughly allocate 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 or 1.8 as gridded
weight according to the colour of corresponding grid in the ice
flow velocity map. The weighted (W) model is shown in Fig. 5(c),
compared with the unweighted (UW) model in Fig. 5(b).

(5) The mass rate models are represented in an SH expansion
to degree and order 1800, and from these vertical displacements
calculated using both the full range Stokes coefficients, and Stokes
coefficients limited to degree and order 60 Stokes with additional
300 km Gaussian smoothing. At each grid point, the ratio between
the two displacements is the scaling factor used to adjust GRACE
estimates.

(6) We apply scaling factors to vertical displacement rates pre-
dicted by GRACE SH products, and add back GAC and GIA models.
These can now be compared with GPS observations for both UW
and W models in Figs 6 and 7 and Table 1.
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Figure 4. (a) GRACE mascon mass rates (in units of cm yr−1 of equivalent water thickness change) after the GAD and GIA models are removed; (b) the 12
shaded areas used to integrate the total mass rate within each of the regions in Fig. 4(a).

Table 2. Total mass rates of the 12 regions in Fig. 4(b) from integrating observed mass rates from the mascon solutions (Fig. 4a).

Area # 1 2 3 4 5 6 7 8 9 10 11 12 Gr Mass Total

Mass Rate (Gt yr−1) −18.2 −65.3 −7.8 −7.6 −29.2 −44.4 −57.6 −10.8 −15.8 4.2 −71.4 −7.6 −252.5 −331.5

3.3 Comparing leakage-corrected GRACE with GPS
vertical rates

We focus on interannual and longer-term variations, because scal-
ing factors are based on GRACE mass rates, associated mainly with
mass loss along the periphery of the GrIS. Load variations at shorter
time scales (e.g. seasonal) would be expected to have very different
spatial distributions due to dominant effects of snowfall and TWS
change. Figs 6(a) and (c) show very good agreement between ad-
justed GRACE and GPS uplift rates at KELY and SENU. At KELY
the GPS rate of 7.70 ± 0.13 mm yr−1 is in excellent agreement
with the GRACE (GRC) prediction of 7.10 ± 0.12 mm yr−1. Leak-
age correction steps have raised the GRACE rate from the previous
value of 4.51 ± 0.08 mm yr−1. With a shorter time span at SENU
(May 2008 to August 2016), GPS and GRACE uplift rates are in
excellent agreement 8.06 ± 0.25 mm yr−1 and 8.05 ± 0.25 mm
yr−1, respectively. The scaling factor leakage correction has raised
the rate considerably, from the former value of 3.54 ± 0.13.

KELY is about 40 km from the periphery of the southwest GrIS.
The model includes north-south distributed mass loss along the
periphery. The weighted model includes mass loss at the nearby
land-terminating glacial outlets (Fig. 5c). In this region, ice loss
patterns and locations are relatively well known, so the scaling factor
method is expected to be especially effective. SENU is just on the
periphery of the ice sheet (Fig. 1), making deformation sensitive
to nearby mass losses. Consequences of SH truncation and spatial
filtering are expected to be particularly large at SENU (Chen et al.
2015), but with well-constrained load locations, leakage correction
should be effective.

At QAQ1 and KULU GRACE-GPS differences persist, espe-
cially at KULU. QAQ1 is the only site of the four whose GPS uplift
rate is smaller than GRACE prediction (before or after leakage cor-
rection). SENU and QAQ1 are only about 70 km apart (Fig. 1), so
it is interesting to compare the two sites. We compute uplift rates
at QAQ1 for the period of SENU GPS data availability (May 2008
to August 2016) with results in parentheses in Table 1. GRACE SH
solutions at these two sites have similar rates (3.39 ± 0.12 versus
3.54 ± 0.13 mm yr−1), while GPS uplift rates are quite different

(2.69 ± 0.15 versus 8.06 ± 0.25 mm yr−1). This indicates that
mass loss is nearest SENU causing larger elastic load deforma-
tion evident with GPS, and with a much smaller effect at QAQ1
(∼70 km away). GRACE SH solutions, with their limited resolu-
tion, apparently cause the GRACE load estimate to be distributed
over a broader region that includes QAQ1. This indicates that the
leakage correction was not fully effective, as discussed below.

At KULU, GPS and GRACE uplift rates show the largest differ-
ence among the four stations. The GRACE rate (even with leak-
age correction) is less than half the GPS value (4.30 ± 0.05 ver-
sus 9.88 ± 0.06 mm yr−1). While the geographical setting around
KULU is relatively complicated, the mass rate model may not be
adequate, but we suspect that the large difference is not mainly
related to this. As noted earlier, the GIA uplift rate at KULU has
been proposed to be substantially different from model predictions
(4.49 mm yr−1 by van Dam et al. 2017). Khan et al. (2016) also
reported a similar GIA rate at KULU (∼4.4 mm yr−1). If we adopt
the van Dam et al. (2017) rate at KULU, then the GPS ice load
rate becomes 4.63 ± 0.06 mm yr−1, very close to the GRACE pre-
diction (4.30 ± 0.05 mm yr−1) (Fig. 6d). We have used a different
GIA value for the GPS data correction only. For GRACE data, we
still rely on GIA model prediction (A et al. 2013). Furthermore,
GIA correction in GRACE estimate (GIA mass rate converted to
deformation) is much smaller (∼0.1 mm yr−1), which unlikely has
any notable impact on our qualitative analysis. KULU is far from
the outlet glaciers relative to KELY and SENU, and is unlikely to
experience a much larger contemporary elastic unloading rate (9.88
mm yr−1) than the other two sites.

We apply a 13-month moving average filter (with half weight at
first and last values) to both GPS and GRACE monthly time series,
and compare smoothed series in Fig. 7. Errors are estimated as in
Table 1 (described in the 3rd paragraph of Section 3.1). Leakage-
corrected GRACE and GPS series show similar trends and inter-
annual changes. We estimate linear rates for three different time
spans (August 2002 to December 2009, December 2009 to March
2013, March 2013 to August 2016). All eight series (4 GPS +
4 GRACE) show increasing uplift rates after December 2009, and
decreasing rates after March 2013. This is further evidence of
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Figure 5. (a) The 0.5◦ × 0.5◦ mass rate model approximates ice loss locations and magnitudes in areas distant from the GPS stations; (b) the unweighted
0.1◦ × 0.1◦ mass rate model that confines ice loss to locations along the periphery of the ice sheet, with uniform distribution of ice loss within each sub-region
near the GPS stations; (c) the weighted 0.1◦ × 0.1◦ mass rate model. Weights are based on published ice flow velocity data. The mass rates in the far and near
field mass rate models are based on Fig. 4 and Table 2.

accelerated ice loss since 2010 (Forsberg et al. 2017). Both GPS and
GRACE series indicate a mass loss slow-down since 2013. Results
from unweighted and weighted mass rate models are shown in the
last two rows of Table 1.

4 D I S C U S S I O N A N D C O N C LU S I O N S

Analysis of vertical deformations at four continuous GPS sites,
KELY, SENU, QAQ1 and KULU in southern Greenland shows that
it is possible to reconcile GPS estimates of elastic loading with
GRACE time-variable gravity solutions after GRACE leakage ef-

fect is appropriately addressed. The scaling factor method used in
this study is based on ice mass change model derived from GRACE
observations, which is an improvement from the posteriori fac-
tors (not validated through other independent observations) applied
in Khan et al. (2010), also from the scaling factors derived from
deficient land surface model data (TWS model without ground-
water information) by Wang et al. (2016). The good agreements
between GPS and restored GRACE at KELY, SENU and QAQ1 in-
dicate that the long-term variations in the three GPS sites are mainly
caused by continuous ice mass loss in the surrounding regions. Some
uncertainties may affect our comparisons, including uncertainties
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Figure 6. Comparisons of monthly GPS height, GRACE spherical harmonic (SH) predicted vertical displacements and scaling factor adjusted GRACE series
using the weighted mass rate model (Figs 3a and c). Uplift rates are shown using the same curve colour. Note: we use two GIA uplift rates at KULU predicted
by A et al. (2013) (GIA) and van Dam et al. (2017) (GIA∗). GRACE-predicted uplift rates at SENU in the parentheses are computed using the same time
period as GPS (2008.05–2016.08).

in GRACE estimates, GIA models, our mass rate models and GPS
observations.

GRACE estimates are limited by coarse spatial resolution, and
subject to bias due to spatial leakage, resulting in apparently large
discrepancies with GPS estimates. GRACE mascon solutions offer
qualitative improvements in spatial resolution relative to SH so-
lutions (Fig. 3), but correcting leakage bias in mascon solutions
is not as straightforward as for SH solutions (Chen et al. 2017).
The scaling factor method is used to correct GRACE SH data,
with careful attention to constructing a long-term mass rate model
that combines GRACE measurements and geographical informa-
tion on glacier location and ice flow velocity. Leakage-corrected
GRACE vertical rate predictions then agree remarkably well with
GPS observations at KELY and SENU. A relatively large dif-
ference at KULU is probably due to an erroneous GIA uplift
rate, and when an estimate suggested in an earlier study (van
Dam et al. 2017) is used, GPS and GRACE rates agree very
well. At QAQ1 differences are thought to be due to errors in
both the GIA model and the mass rate model related to complex
geography.

GRACE-GPS results also agree well at interannual time scales,
with higher uplift rates during December 2009 to March 2013 at
all four sites, suggesting accelerated ice loss during this period.

A decrease in uplift rates at the four sites since early 2013, sug-
gests deceleration of mass loss in southern Greenland (Fig. 7). Our
finding of interannual variations of GrIS ice mass changes are con-
sistent with results from Forsberg et al. (2017). Excellent agreement
between GPS and GRACE estimates gives us confidence in the abil-
ity to geodetically monitor ice mass change. The care required to
correct for spatial leakage in the GRACE estimates illustrates the
sensitivity of load deformation to details of load changes in the
surrounding regions. A corollary is that GPS observations provide
unique and important constraints on regional mass changes.

The present study provides support, though indirect, for recent
GIA uplift rate estimates at KULU (Khan et al. 2016; van Dam
et al. 2017, both near 4.4 mm yr−1) which differ from previous
GIA model predictions (e.g. Peltier 2004, 2015; A et al. 2013;
Stuhne & Peltier 2015). GPS uplift rates at KULU are large, near
9.88 mm yr−1, and show less seasonal and interannual variability
than the other three sites. KULU is relatively far from major outlet
glaciers, so it is sensible that seasonal effects are smaller and that a
larger portion of the observed rate is due to GIA, rather than elastic
loading. Good GIA uplift rate estimates are essential in interpreting
and comparing GPS and GRACE uplift results, but uncertainty in
GIA estimates is difficult to determine, mainly due to the lack of
long-term in situ measurements.
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Figure 7. Comparison of GPS heights and scaling factor adjusted GRACE vertical displacements using the weighted mass rate model after 13-month moving
average filtering. The two dash lines mark dates December 2009 and March 2013.

Table 3. Predicted uplift rates of restored GRACE data using weighted model with different widths of the mass rate
model for glaciers in southwest Greenland as shown in Fig. 5(c) (units: mm yr−1).

KELY QAQ1 SENU KULU

GRACE restored (0.5◦) 7.10 ± 0.12 3.66 ± 0.05 8.05 ± 0.25 4.30 ± 0.05
GRACE restored (0.6◦) 6.98 ± 0.11 3.62 ± 0.05 7.75 ± 0.24 4.30 ± 0.05
GRACE restored (1◦) 6.55 ± 0.11 3.62 ± 0.05 7.75 ± 0.24 4.28 ± 0.05

Besides probable uncertainties in GRACE estimates and GIA
models, parametrization of the mass rate models also contributes
to uncertainty in our conclusions. The current width of mass rate
model is 0.5◦, which is approximately 25 km at this latitude zone.
We try other widths to test the sensitivity and show the results in
Table 3. In the experiment, we broaden the width of the mass rate
model for glaciers in southwest Greenland (as shown in Fig. 5c)
eastward to 0.6◦ and 1◦, and explore that the KELY is the most
affected sites in terms of uplift rates, which demonstrates the high
deformation sensitivity to near-field loading source. Indeed, Wahr
et al. (2013) showed their experiment results between vertical load
deformation at a point and the distance from loading disc centre
in their fig. 1(a), and Argus et al. (2014) also reported the similar
results in their fig. 1.

Furthermore, the differences between our unweighted and
weighted model results reinforce our conclusion of the effect of
load location and shape of glaciers. The weighted model provides
more detailed definition of the load location, especially in regions

where ice mass loss concentrates in large glaciers other than dis-
tributes evenly along the edge. The uplift rate at KELY, located
near the Russell Glacier, is notably affected by the weighted mass
rate model, and the same is for QAQ1. The sensitivity to load
location means that details of glacier location and mass change
magnitudes can be important. Additionally, the ice velocity data
from Khan et al. (2015) is based on observations between 2000/01
and 2005/06, which is only a first order approximation of ice veloc-
ity during GRACE period.

We have also compared JPL GPS series used here with GPS
solutions from the Scripps Orbit and Permanent Array Center
(SOPAC) and MEaSUREs combination solutions (Bock & Webb
2012, ftp://sopac-ftp.ucsd.edu/pub/timeseries/measures/ats/). Fig. 8
plots the three GPS height series at the four selected sites (SOPAC
provides KELY and QAQ1 data only), and Table 4 shows their
annual amplitudes, annual phases and linear trend signals. Slight
differences among the three solutions are found for both annual
and linear trend signals. There are a few factors causing such
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Figure 8. Comparisons of monthly GPS heights from JPL, SOPAC and MEaSUREs solutions. GIA from A et al. (2013) has been applied to each series.

Table 4. Annual amplitude, annual phase and linear trend corresponding with Fig. 8. The annual phase is defined as ϕ in cos(2π (t − t0) + ϕ),
where t0 refers to the start of the year (e.g. 2004.0). The uncertainties are estimated from GPS formal error and least squares fitting error.

KELY QAQ1 SENU KULU

Annual amplitude (mm)
JPL 5.59 ± 0.72 4.94 ± 0.35 9.09 ± 0.86 4.60 ± 0.35

SOPAC 5.16 ± 0.73 4.81 ± 0.43 / /
MEaSUREs 6.23 ± 0.76 5.19 ± 0.38 9.53 ± 0.95 5.55 ± 0.47

Annual phase (degree)
JPL 332 ± 7 344 ± 4 324 ± 5 330 ± 4

SOPAC 309 ± 8 316 ± 5 / /
MEaSUREs 276 ± 7 278 ± 4 294 ± 6 280 ± 5

Trend (mm yr−1)
JPL 7.70 ± 0.13 2.51 ± 0.06 8.06 ± 0.25 9.88 ± 0.06

SOPAC 7.50 ± 0.13 2.31 ± 0.08 / /
MEaSUREs 7.96 ± 0.14 2.32 ± 0.07 7.25 ± 0.26 8.22 ± 0.08

discrepancies, partly due to the differences in data processing strate-
gies between GIPSY (used in JPL) and GAMIT (used in SOPAC),
and partly due to the errors during the st_filter combination (used
in MEaSUREs combination solution). There will always misfit be-
tween JPL and SOPAC solutions, especially one is from Precise
Point Positioning (completely depend on FIXED orbit and clock
with no tie to any other station) and the other is from network so-
lution with orbit also participating in the adjustment (Peng Fang,
personal communication, 2017). The further discussion of GPS

time series may be beyond the scope of this article, and need to be
presented in a more specific article.

Disagreement between GPS and GRACE results at QAQ1 may
be due to a combination of errors in GIA estimates, GPS data, and
mass rate model or ice velocity weighting. Similarities in GPS re-
sults at QAQ1 and SENU (two adjacent sites) suggests that errors in
GIA or GRACE results may be the source of disagreement. QAQ1
is located at the juncture between southeast and southwest Green-
land, so our formulation of the mass rate model from mascon rates
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(Figs 4b and 5b and c) may produce relatively poor results near
QAQ1. Additional observations, for example from satellite altime-
try, airborne altimetry, absolute gravimetry, satellite gravimetry, and
surface mass balance models may be the basis for an improved mass
rate model in the future. We also take into account possible insuf-
ficiencies due to the use of an outdated GIA model (A et al. 2013,
based on the ICE-5G ice history) as well as load Love number
(Farrell 1972, based on the G-B Earth model). When using the new
ICE-6G GIA model (Peltier 2015), the difference of GPS uplift rates
at QAQ1 is ∼0.36 mm yr−1, as compared to the value based on the
ICE-5G model (i.e. 2.15 versus 2.51 mm yr−1). When using load
Love numbers based on the Preliminary Reference Earth Model
(Han & Wahr 1995), the estimated uplift rate at QAQ1 is 3.67 mm
yr−1, which is virtually the same as the result (3.66 mm yr−1) based
on the G-B Earth model (Farrell 1972) (see Table 1).

While long-term ice loss dominates GrIS mass changes, there are
also significant short-term fluctuations. Thus long-term continuous
observations are needed to understand long-term changes in the
GrIS. Deployment of the Greenland GPS Network (GNET; Bevis
et al. 2009) and continuing satellite gravity observations with the
GRACE Follow-On mission, are important elements of this longer-
term mission to understand GrIS mass balance.
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