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Abstract Global Positioning System (GPS) provides critical geodetic constraints on Earth's elastic
response induced by ice and other mass loadings in Greenland. Previous studies focused on long‐term ice
mass changes, with relatively fewer studies on transient signals and had used fewer GPS stations. Here we
reconstructed 44 Greenland‐wide coastal decadal GPS time series using multichannel singular spectral
analysis and quantified the origins of spatiotemporal patterns of transient to seasonal signals. We used an
exhaustive list of geophysical processes, including surface mass balance (SMB), atmospheric pressure,
continental hydrology, nontidal ocean loading, bedrock thermal expansion, precipitation, runoff, and ice
discharge, and identified that most of Greenland's GPS sites exhibit SMB‐induced transient signals during
2012–2015, with maximum displacement reaching 20.45 mm. Analyses of differenced time series between
adjacent GPS stations near peripheral glaciers reveal that locally varying seasonal signals are primarily
attributable to SMB, followed by atmosphere.

Plain Language Summary Prior studies on Greenland ice sheet mass change mainly focused on
long‐term and accelerated signals. However, the effects of multisource geophysical mechanisms on GPS
observed transient or abrupt signals are relatively less studied, including quantifying locally varying
spatiotemporal patterns between adjacent Global Positioning System (GPS) stations over entire Greenland.
In this study, we model crustal displacements caused by an exhaustive list of geophysical mechanisms in
Greenland, including atmospheric pressure, continental water storage, nontidal ocean circulation loading,
bedrock thermal expansion, surface mass balance, and ice discharge. We then reconstruct the transient
signals from 44 Greenland‐wide coastal GPS decadal records using multichannel singular spectral analysis.
The differenced time series between adjacent GPS stations located near the peripheral glaciers reveals
that locally varying deformation is primarily caused by surface mass balance loading, followed by
atmosphere loading. Most of GPS observed transient signals are attributable to surface mass balance and ice
discharge loading, 2009 to mid‐2011, and 2012 to 2015, which can reach a maximum displacement of
20.5 mm, with a mean displacement of 5.97 mm.

1. Introduction

Over the past decades, the rapid mass loss rate of the Greenland ice sheet (GrIS) has been exceeding that of
Antarctica ice sheet under an increasinglywarmer Earth. The global sea level would rise approximately 7m if
GrIS melts completely. The mass loss rate gradually increased from 2003 to summer of 2013, with extreme
melting occurred in 2012, and 98% of the GrIS reached the melting temperature (Tedesco et al., 2013).
After the summer of 2013, the melting suddenly stopped or nearly stopped for 12–18 months. Bevis
et al. (2019) thought that the changes of ice mass loading are mostly driven by the air temperature and solar
radiation and that continued atmospheric warming would lead to southwest Greenland being a major con-
tributor to global sea level rise. The geophysical processes of ice mass loss rate are not steady. Surface mass
balance (SMB), ice discharge (D), and calving front retreat have considerable effects on short‐term changes
of ice mass loss (Bondzio et al., 2017; Cassotto et al., 2015; Muresan et al., 2016; Zhang et al., 2018). SMB,
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which is a crucial factor, is the difference of accumulation and ablation process. It has considerable annual
and interannual characteristics (Abdalati & Steffen, 2001; Hanna et al., 2011). Previous studies have focused
on long‐term and annual changes (Kjeldsen et al., 2015; Khan et al., 2016; Liu et al., 2017; Shepherd
et al., 2012) and the impact of short‐termGreenland ice mass change on the estimation of long‐term ice mass
loss (Csatho et al., 2014; Ramillien et al., 2006; Velicogna, 2009; Velicogna&Wahr, 2006). However, relatively
fewer studies are on the quantification of transient or abrupt geophysical processes induced GPS loading sig-
nals covering Greenland‐wide coastal regions. In particular, transient signals originated from SMB and D
would significantly affect short‐term ice mass changes and, thus, impact long‐term Greenland mass balance
estimates. None of the studies listed above describe and explain the latest temporal and spatial short‐term
mass changes of GrIS. In particular, transient signals originated from SMB and D, by definition, vary with
the climate cycle and would significantly affect short‐term ice mass changes and, thus, impact long‐term
Greenland mass balance estimates. As the number of GPS sites and their observation records continue to
increase, this research aims at systematically and thoroughly quantifying these present‐day transient signals.

GPS is one of most important tools for studying mass changes in Greenland, via its sensitivity to the solid
Earth's response to loading of ice mass change and other geophysical processes, and its accurate decadal
or longer 3‐D displacement time series. Since 2007, more than 50 stations have been built in Greenland to
monitor the Earth's elastic and viscoelastic responses caused by ice mass change and other geophysical
changes. For example, the transient changes of GrIS in 2012 have been observed (Khan et al., 2014, 2016;
Nielsen et al., 2012, 2013). Zhang et al. (2017, 2018) applied multichannel singular spectral analysis (M‐

SSA) technique to estimate the transient mass changes near Greenland's Jakobshavn Isbræ glacier, the
results showed that the anomalies in this area are mainly caused by glacier movement and SMB changes.
Zhang et al. (2019) extracted transient mass changes of GrIS using 26 GPS stations; their results showed that
the ice mass anomalies were caused by atmospheric circulation anomalies. With the increasing number of
stations and data accumulation, the requirement of data accuracy also increases. Thus, quantitatively ana-
lyzing the temporal and spatial characteristics of annual signals and short‐term transient signals and their
effects on long‐term is imperative.

GPS time series shows long‐term trend and interannual variability. The long‐term trend of Greenland GPS
network (GNET) contains glacial isostatic adjustment signal over the past thousand years and elastic
response caused by present‐day variations on and near the GrIS (Khan et al., 2007, 2008, 2016). Annual varia-
bility is caused by surface mass loading, which is purely elastic and synchronous with the surface mass
changes (Liu et al., 2017), including periodic movements caused by nontidal loading, such as ice mass loss,
atmospheric pressure (ATM), continental hydrology (via the Global Land Data Assimilation System, or
GLDAS model), and ocean circulation (via the Estimating the Circulation and Climate of the Ocean‐2, or
ECCO2 model). Wang et al. (2005) reported that the effects of geophysical factors on station position cannot
be completely eliminated by harmonic analysis. Analysis and correction from the origin of geophysical pro-
cesses are necessary. Therefore, the nontidal loading signals in GPS time series should be modeled and ana-
lyzed (Dong et al., 2002; Mao et al., 1999). Previous studies have focused on the annual variability of ice mass
and the effect of atmospheric circulation (Bevis et al., 2012; Khan et al., 2016; Wahr et al., 2013). By contrast,
other remaining geophysical loading signals in the GPS data and the locally varying geophysical signals
between adjacent GPS stations located near ocean‐flowing peripheral glaciers over the entire Greenland col-
lectively lack quantitative analysis. Liu et al. (2017) explored the effects of nontidal loading and icemass load-
ing on the SRMP and UPVK stations to examine locally varying signals in the west coast of Greenland. Given
the vast area of Greenland, the effects of nontidal loading and ice mass loading vary considerably in different
regions. By analyzing the geophysical mechanisms of Greenland‐wide coastal GPS vertical deformation in
different drainage basins and covering the entire Greenland, we can effectively quantify the spatiotemporal
the effects of different geophysical sources and detection of transient and seasonal signals in Greenland.

In this study, we investigate the seasonal and transient geophysical characteristics in the GPS data observed
by 44 Greenland‐wide GNET stations. The data sources considered include ATM, GLDAS, ECCO2, bedrock
surface temperature (TEM), SMB, and D. First, we reconstruct and quantify the effects of SMB and D anoma-
lies based on M‐SSA. We then briefly describe the data sets used and the methodologies in section 2; each of
geophysical deformation forward models or corrections is presented in section 3, followed by the study of
identifying differential vertical displacements among adjacent stations, to assess Greenland‐wide locally
varying mass signals in section 4, and section 5 is the conclusions.
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2. Methods and Data
2.1. GPS Data

The GPS time series records used in this study are download fromNevada Geodetic Laboratory, University of
Nevada at Reno, corresponding to the IGb2008 data product. We select 44 GNET stations based on the integ-
rity of GPS time series with the time span from 2008 to 2017. Here we adopt the Greenland basin convention
by Rignot et al. (2011) and divided Greenland into six basins, namely, (1) north, (2) northeast, (3) southeast,
(4) southwest, (5) central west, and (6) northwest (Figure S1 in the supporting information). Most of GPS sta-
tions are located adjacent to peripheral glaciers in coastal Greenland. Some offsetting effects occur in the
horizontal direction. In this study, we focus on the vertical component. The average proportion of missing
data of our time series is 13.28%. We use the third quartile criterion to remove outliers from the raw time
series. To mitigate missing data in the time series, we use the regularized expectation–maximization
(RegEM; Schneider, 2001) algorithm to interpolate and reconstruct the complete time series.

2.2. Loading Data

To determine the crustal deformation caused by more than ice mass loading, we calculate the contributions
from other geophysical sources by modeling ATM, ECCO2, GLDAS, and TEM. The loading data of ATM,
ECCO2, and GLDAS are from the School and Observatory of Earth Sciences Loading Service, University
of Strasbourg. The ATM displacements are calculated using ECMWF reanalysis‐5 data, ERA‐5 (6 hr,
0.25°). The nontidal ocean loading is computed using the ECCO2 model output (daily, 0.25°). Continental
hydrologic loading (primary snow and subglacial lakes) is estimated from GLDAS/Noah v1.0 model (3 hr,
0.25°). SMB loading is estimated using Regional Atmospheric Climate Model version 2.3 (RACMO 2.3;
Noël et al., 2015, 2017; van Wessem et al., 2018). RACMO 2.3 provides SMB monthly solution data during
1958–2015 (11 km × 11 k m). We remove the 1961–1990 mean from the monthly fields and obtain the mass
balance time series from 2008 to 2015. All loading data are resampled to match the GPS data. The ice dis-
charge data (D) over Greenland have been studied by Bamber et al. (2018) and King et al. (2018). Here we
used the data from Bamber et al. (2018) to calculate the crustal deformation at all the GPS locations. This
data set updated and extended the original data set produced by Rignot et al. (2008), with new data which
captured surface velocities at subannual temporal intervals for 195 outlet glaciers across Greenland. At each
data grid, we use the Green's function to compute the elastic mass loading using the preliminary reference
Earth model and the continental crust data to estimate the elastic response from the 3‐D GPS displacements
at each site (Dziewonski & Anderson, 1981; Jentzsch, 1997).

2.3. Bedrock Surface Temperature (TEM) Data

The change in surface temperature will transmit heat to the bedrock, which causes the temperature change
of the bedrocks, inducing vertical deformation of all GPS stations in Greenland. The temperature data are
from ERA‐5 (daily sampling at 0.25° spatial resolution). According to Dong et al. (2002) and Yan et al. (2010),
the vertical displacement of GPS station caused by surface temperature change can be obtained in the sup-
porting information (Text S1).

2.4. Gravity Recovery and Climate Experiment (GRACE) Data

The University of Texas Center for Space Research GRACE RL06 data set is used this study. The monthly
temporal gravity field is expressed in spherical harmonics or in Stokes coefficients, from April 2002 to
June 2017. Data postprocessing steps include (1) replace the monthly low degree zonal coefficients, C20

and C30, with satellite laser ranging solutions (Loomis et al., 2019); (2) correction of Earth's ellipsoidal or obl-
ateness effect (Li et al., 2017) to compute mass changes; (3) remove the GGM05model (from January 2004 to
December 2009) as the mean reference gravity field; (3) the ICE‐6G‐D forward model is chosen to correct for
the glacial isostatic adjustment process (Peltier et al., 2018); (4) decorrelation and Gaussian filtering with a
300 km radius; (5) leakage corrections using the forward modeling method; and (6) we use the following for-
mulae depicted by Equations 1–4 to compute the vertical displacement from the GRACE data:

bClm¼
1
R
·
1
4π

∬
σ
dh θ;ϕð ÞePl;m cos θð Þcos mϕð Þdσ (1)

bSlm¼1
R
·
1
4π

∬
σ
dh θ;ϕð ÞePl;m cos θð Þsin mϕð Þdσ (2)
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Clm

Slm

� �
¼3ρω
ρave

1þ κ′l
2lþ 1

bClmbSlm
 !

(3)

Similar to Wahr et al. (1998), bClm and bSlm are dimensionless Stokes coefficients; θ and ϕ are geocentric lati-
tude and longitude, respectively; dσ is the area element, which is same as sin(θ)dθdφ; ρω is density of
water (1 g/cm3), and ρave is Earth's mean density (5.517 g/cm3). Stokes coefficients Clm and Slm
(Equation 3) are then used to calculate the vertical uplift (Equation 4), dr(θ, ϕ) (van Dam et al., 2007):

dr θ;ϕð Þ¼R ∑
∞

l¼0
∑
l

m¼0
WlePl;m cos θð Þ Clmcos mϕð Þ þ Slmsin mϕð Þð Þ · h′l

1þ κ′l
(4)

where R is the Earth's mean radius, ePl;m is the normalized Legendre function (l degree, m order), h′l and
κ′l are the load Love numbers, and Wl is the weighting function (Jekeli, 1981; Wahr et al., 1998). We apply
a Gaussian smoothing kernel of 300 km radius commensurate with the spatial resolution of GRACE data.

2.5. M‐SSA

M‐SSA is an improved SSA method (Chen et al., 2013; Ghil et al., 2002). It can effectively process multivari-
ate data and has been successfully applied to GRACE data (Rangelova et al., 2010, 2012), GPS data (Walwer
et al., 2016), andmultivariate data set (Zhang et al., 2017). We briefly describe the theory in supporting infor-
mation (Text S2), and further details can be obtained from Ghil et al. (2002) and Walwer et al. (2016).

3. Results
3.1. Nontidal Deformation

We first perform the spectral analysis for each of the GPS, ATM, ECCO2, GLDAS, TEM, SMB, and D time
series. The result shows all of the time series are mainly affected by annual and semiannual variabilities.
Thus, we consider the annual and semiannual periodicities in the least squares fitting. We calculate the crus-
tal uplift caused by nontidal deformation on the basis of the above data and methods. The results of all sta-
tions are shown in Figures S2; GPS time series and all loading time series show obvious periodic
characteristics. ATM has the maximum loading deformation, with maximum annual amplitude of
2.86 ± 1.7 mm (RINK station) and mean annual amplitude of 1.71 ± 0.64 mm. The deformation due to
ECCO2 ocean circulation and GLDAS hydrologic loading is extremely small, resulting in changes of mean
annual amplitudes to 0.36 ± 0.27 mm and 0.42 ± 0.11 mm, respectively. However, the ECCO2 and
GLDAS loading deformation at the HEL2 station is considerably larger than its adjacent stations, resulting
in changes of annual amplitudes of 1.17 ± 0.19 and 2.18 ± 1.32 mm, respectively. We interpret that the rea-
son of the much larger loading signals at HEL2 is due primarily to its proximity at the entrance of Helheim
glacier, where glacier activities and local weather conditions (such as sea breeze, atmospheric pressure
change, and ocean heat exchange) are abundant.

3.2. Bedrock Temperature Change (TEM) Result

According to Equation 1, we calculate the uplift displacement caused by TEM at 44 GNET stations. Themax-
imum change in temperature in Greenland can reach 15 °C, the maximum difference of vertical displace-
ment caused by TEM is close to 3 mm, and the mean annual amplitude is 0.67 ± 0.16 mm. After
removing TEM, annual amplitudes of 57% stations have been effectively reduced, and the maximum reduc-
tion is 47%. The variability of semiannual amplitudes is small. Thus, the thermal expansion effect mainly
affects the annual variations of GPS time series but has little influence on the semi‐annual term.

3.3. SMB Result

We calculate the uplift deformation caused by SMB using the RACMO 2.3 model. We also use GRACE data
to calculate the elastic deformation induced displacements, sand compare them with SMB, and the annual
amplitude difference between GRACE and SMB uplift deformation are presented in Figure S3. The stations
are mainly distributed in the coastal areas of southeast Greenland, where GRACE data are shown to be con-
sistent with those of SMB, especially at KULU, HJOR, and TIMM stations. The results are also consistent for
other regions (Figure S4), which show that the mass change of these areas where the three stations are
located are mainly caused by SMB. AASI, KMOR, and KULU stations having similar results. The
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differences between GRACE and SMB are relatively large in other stations, and the SMB amplitudes are lar-
ger than GRACE. One reason can be the low resolution of GRACE. Conversely, other forms of mass change
may still exist in Greenland, which offsets the SMB. KAGA station has the maximum uplift caused by SMB
loading, with annual and semiannual amplitudes of 8.44 ± 2.02 and 1.65 ± 0.18 mm, respectively. Moreover,
GROK, KELY, ILUL, SCBY, and BLAS have a large SMB deformation. The annual and semiannual ampli-
tudes are larger than 5 and 1 mm, respectively. The stations with smaller amplitudes are mainly concen-
trated in the northeast and northwest coastal areas, and the annual amplitude is less than 1 mm.

3.4. Ice Discharge (D) Result

The mass changes and deformation caused by D are calculated in six subregions. Figure S5 is the mass
changes of D, SMB, and GRACE, which shows that the mass changes caused by D is much smaller than
SMB. We calculate the sum of the absolute values of D and SMB mass changes, and D is only 3.50%,
2.19%, 4.15%, 2.79%, 1.38%, and 4.91% of SMB in six subbasins in Greenland. Furthermore, we calculate
the displacement caused by D (Figure S6); the maximum displacement appears in NW (3.27 mm, TIMM);
however, the corresponding GPS displacement is 46.74 mm. In other regions, the displacement is no more
than 1 mm. Therefore, we conclude that the crustal deformation caused by D has no significant effect on
the GPS uplift.

3.5. Applying Geophysical Corrections to GPS

Table S1 presents the amplitudes of GPS, ATM, ECCO2, GLDAS, SMB, and TEM. The maximum annual
amplitude of GPS is 7.04 ± 4.61 mm (SENU), and the mean amplitude is 3.22 ± 1.49 mm. SMB has the max-
imum influence, with a mean annual amplitude of 2.32 ± 0.91 mm. ATM has the second largest influence,
with a mean annual amplitude of 1.71 ± 0.64 mm. Southern Greenland is larger than the northern
Greenland. ECCO2, GLDAS, and TME have the least influence, with mean annual amplitudes of
0.36 ± 0.27, 0.42 ± 0.11, and 0.67 ± 0.16 mm, respectively; considering the displacement caused by D is very
small, the results are not considered in this section and in section 4.1.

Table S3 lists the amplitude varieties of GPS time series before and after removing each correction. Themean
reduction of annual amplitude is 0.96 ± 0.41, 0.19 ± 0.11, 0.11 ± 0.05, and 0.18 ± 0.08 mm after removing the
ATM, ECCO2, GLDAS, and TEM, respectively. After removing the four corrections, the reduction of max-
imum and mean annual amplitude is 2.8 ± 0.54 and 1.08 ± 0.36 mm, respectively. However, after removing
SMB, the annual amplitude becomes large in some stations; the semiannual amplitude has small changes,
which show the GPS uplift deformation caused by SMB mainly affects the annual variations. Moreover,
the phase has changed considerably before and after removing SMB in the stations with increased ampli-
tude, and the phase change is small in stations with reduced amplitude. Thus, other factors in the stations
have important contributions to the vertical seasonal variations of the Earth's surface; these factors include
the seasonal error of atmospheric model in tropospheric refraction correction, phase center model error and
multipath effect, the influence of software and solution strategy, and the influence of reference frame offsets
(Dong et al., 2002).

4. Discussions
4.1. Differential Vertical Displacements Among Adjacent Stations

After removing all the corrections, periodic terms still exist in some stations, particularly those mainly con-
centrated in stations close to and far away from glaciers, which we infer may be caused by SMB differences.
Some stations are selected for analysis to determine the mechanism of periodic terms in GPS time series.
Figure S7a shows the distribution of DGJG, SCOR, and VEDG and the difference of GPS and all correction
time series. Figure S7b shows the differential time series (DTS) of DGJG and SCOR. We can see the differ-
ences are caused by SMB and ATM. We initially remove the ATM of DGJG and SCOR. The annual ampli-
tude of DTS decreases from 1.21 ± 0.46 to 0.97 ± 0.24 mm. After further removing the ECCO2, GLDAS,
and TEM, the annual amplitude drops to 0.69 ± 0.34 mm. Finally, after removing SMB, the annual ampli-
tude drops to 0.34 ± 0.49 mm. The semiannual amplitude changes significantly after removing ATM, from
0.74 ± 0.26 to 0.38 ± 0.22 mm. After further removing other corrections, the semiannual amplitude remains
unchanged. Similar results occur between VFDG and SCOR. The effects of all corrections are similar in
DGJG and SCOR. The annual amplitude of the DTS between DGJG and SCOR is nearly zero.
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We conduct the same analyses for KAGA, IULU, and AASI. The DTS of SMB and GPS are highly correlated
(Figures S8b and S8c). We initially remove the four corrections (except SMB). The DTS of KAGA and IULU
have small changes (3.36 ± 2.03 to 3.24 ± 1.87 mm). After further removing SMB, the annual amplitude
decreases to 2.12 mm. For KAGA and AASI, the annual amplitude changes from 4.56 ± 2.28 to
4.64 ± 1.95 mm and then to 1.62 ± 0.74 mm after removing the four corrections and SMB. KAGA and
IULU are near the Sermeq Kujalleq glacier and are affected greatly by glacier movement. Although IULU
is far away from GrIS, the difference between IULU and AASI is mainly caused by SMB. We also calculate
the SMB effect between IULU and AASI. After removing SMB, the annual amplitude of DTS decreases from
2.41 ± 0.11 to 1.05 ± 0.59 mm.

We also analyze the DTS of NNVA, QAQ1, and SENU, and the results are similar to the two aforementioned
areas (Figure S9). The SMB difference among the three stations is small, because QAQ1 station is close to
GrIS. The rest of the corrections have relatively smaller effects. The detailed results list in Table S5. The dif-
ference among GPS stations near the GrIS is mainly caused by SMB, followed by ATM.

4.2. Transient Signals Caused by SMB and D

We find that the GPS and SMB time series have evident uplifts in some stations during 2012–2015. Zhang
et al. (2017) found that the uplifts are caused by SMB for a few GPS stations. To further extract the transient
signals and quantify the influence of SMB‐induced transient signals over entire Greenland, we apply M‐SSA
(Rangelova et al., 2010, 2012; Walwer et al., 2016) to GPS and GRACE data. The choice of M‐SSA window
width M is a trade‐off between the quantity of extracted information and the statistical confidence of the
extracted modes. Larger N/M (N is the length of data) ratio gives better results (Ghil et al., 2002). We follow
the approach in Zhang et al. (2017) to apply M‐SSA with a window width of 700 days to the time series. We
adopt the MC‐SSA (Allen & Robertson, 1996; Allen & Smith, 1996) to confirm the number of significant PCs
(Text S3). Meanwhile, we take the spatial correlation of geophysical signals into account to further distin-
guish the transient signals and use the eigenvalues to represent the variance of transient signals, where
the percentage of variance is the signal strength.

We use GPS and GRACE data to formulate a two‐channel SSA and SMB to one‐channel SSA. Given the
much coarser resolution of GRACE at 333 km half wavelength, the displacement derived from GRACE is
much smaller than GPS, which represents a point value. We follow Khan et al. (2010) approach to apply
scale factors to the GRACE‐computed vertical displacements at each of the GPS sites, which allows better
comparisons between GRACE and GPS observations. Then, we reconstruct the transient signals of NRSK
station (Figure 1a). The transient signals of GPS, GRACE, and SMB are highly consistent and showed signal
increases during 2012–2013 and decreases during 2013–2015, which reveal that the transient signal is caused
by SMB. We perform M‐SSA for all 44 stations in Greenland and find that 42 stations have transient signals
similar to NRSK during 2012–2015 (Figure S10). Thus, GPS stations in Greenland are generally affected by
SMB transient signal during this time period. We use peak‐to‐peak values to quantify the transient varia-
tions. The maximum displacements of GPS time series caused by SMB transient signal is presented in
Figure 1b, with more detailed information listed in Table S6. The maximum displacement of GPS time series
caused by SMB transient signal is approximately 20.54 mm, and the mean displacement is 5.97 mm. The
southwest of Greenland (subregion 3) is the most affected area, and the stations close to the GrIS and glaciers
are more affected than those along the coast.

We find that GPS and GRACE also have a reduction of the transient signal in 2011, whereas SMB does not.
Zhang et al. (2017, 2019) confirmed that the transient signals are caused by D. To quantify the effect of D
anomalies and patterns, we calculate the anomalies in all stations and find the anomalies show a very similar
varying trend with the GPS transient signals during 2009 and 2011 (such as TIMM shown in Figure S11). The
D shows a gentle subsidence from 2009 to mid‐2011, which exhibits similar temporal patterns as in the GPS,
though with a smaller amplitude. This trend is also found in many SMB transient signals (such as MIK2,
NNVN, QAQ1 etc.). This suggests that the anomalies during this period were due to the combined contribu-
tions from both D (ice discharges) and SMB. We use M‐SSA to reconstruct the D anomalies in Figure 1c,
which shows that the maximum anomaly appears only in NW (SRMP and UPVK), and they are close to
3 mm. However, D anomalies have much smaller effects on crustal displacement in other regions.
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In Greenland, dynamic ice mass redistribution also accounts for a large portion of ice dynamics. Here to
determine the main contribution to the GPS transient signals, we perform the sensitivity of loading contri-
butions using SMB data (Figure S12), which shows that the bedrock's measured displacement decreases very
quickly with increasing distance from the source. In addition, the inland dynamic ice mass redistribution
may contribute very little to the GPS transient displacements since the GPS sites were deployed on the
coastal bedrocks near the coast. Zhang et al. (2017, 2018) have reconstructed the transient signals using
SMB + D (or ice discharges) in the Upernavik and Jakobshavn glaciers. In both cases, it is revealed that
the transient displacements modeled by SMB + D agree very well with the transient signal extracted from
GPS bedrock time series and that the most transient motions are attributable to SMB + D.

4.3. The Spatial Characteristics of SMB and GPS Displacements

We remove the trend for all the time series and compare the time series for both GPS, SMB uplifts, and SMB,
GRACE mass changes (Figure 2, left). All of them reveal strong similarities in amplitudes and phases. From
Figure 2 (left), we can find that SMB is the main contribution for Greenland mass changes, especially in SE;

Figure 1. (a) The reconstructed transient signals at the NRSK station (red line is GPS, blue line is GRACE, and gray line is SMB time series, respectively); (b) the
magnitude maximum displacements of GPS time series caused by transient SMB; (c) the transient signals caused by ice discharge.
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the correlation between SMB and GRACE mass changes is 90.2%; the amplitude and phase are very similar,
and this means the mass loading displacements are mainly caused by SMB in SE. We reconstruct the
seasonal signals for the time series of GPS uplift, SMB uplift, SMB mass, and GRACE mass in every
subregion, which also has strong similarities (Figure S13).

Figure 2 (right) is the variations of transient signals of SMB and GPS, the results list in Table S7. The mass
change in every subregion have similar patterns as GPS, but their amplitudes (peak to peak) are different. SE
and SW have the largest amplitudes (40.37 and 56.48 Gt, respectively), and CW and NO have relatively smal-
ler amplitudes (10.70 and 16.42 Gt, respectively). However, NE and NW have different patterns, with sus-
tained mass loss from 2008 to 2010, then with sustained mass gain from 2010 to 2013; however, the

Figure 2. The uplift time series of GPS and SMB, the corresponding mass changes time series of SMB and GRACE in Greenland, each of the six subregions (left
panel), and the variations of transient signals from SMB and GPS: 2008–2016 (right panel).
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amplitude is only 1.70 and 0.87 Gt, respectively. Considering the low signal to noise in these regions, the sig-
nal may not be real, and we decided not to conduct further investigations.

Furthermore, due to runoff and precipitation are the two most important components to SMB in Greenland,
we quantify the contribution both of them in every subregion (Figure S14); we can conclude that the SMB is
mainly affected by runoff from both entire and local perspective, and runoff have the largest effect in SW.We
also calculate the transient signals by runoff and precipitation (Figure S15); we can see that the effect of pre-
cipitation anomalies is quite small, and SMB anomalies are mainly caused by runoff. The pattern of runoff
anomalies in CW, NO, SE, and SW Greenland regions is consistent with SMB but with poor agreements in
NE and NWGreenland. It is noteworthy that precipitation have the similar pattern with SMB in SE; we com-
pare the anomalies of GPS with SMB, runoff, and precipitation during 2011 to 2013 in Figure S16; we find
that SE Greenland has the largest precipitation, which significantly affected SMB. Therefore, precipitation
is also an important contribution to SMB anomalies in SE Greenland. The spatial characteristics of anoma-
lies in the South are larger than in North from the entire Greenland perspective, and SE has the largest
anomalies, indicating more ice mass loss.

5. Conclusions

In this study, we modeled crustal displacements caused by ATM, GLDAS, ECCO2, TEM, SMB, and D for 44
Greenland‐wide GNET stations. We quantify the effect of each geophysical mechanism from the entire and
local perspectives of Greenland on the GPS time series. Finally, we reconstruct transient signals caused by
SMB and D based on M‐SSA. Our findings and conclusions are as follows.

1. Throughout Greenland, SMB has the maximum influence on the loading signals in the GPS time series.
Next is ATM, while ECCO2, GLDAS, and TEM processes have the least influence. From the local per-
spective, the differences of adjacent GPS stations near the glacier area are mainly caused by SMB, fol-
lowed by ATM. The loading effects of other processes and from TEM are relatively small.

2. SMB anomalies aremainly caused by runoff, most of GPS stations are generally affected by SMB transient
signals in 2012–2015. Subsidence anomalies during 2009 to mid‐2011 were due primarily to the combined
contributions from both SMB and D.
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