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Abstract

To better monitor the vertical crustal movements and sea level changes around Greenland, multiple data sources
were used in this paper, including global positioning system (GPS), tide gauge, satellite gravimetry, satellite
altimetry,  glacial  isostatic  adjustment (GIA).  First,  the observations of  more than 50 GPS stations from the
international GNSS service (IGS) and Greenland network (GNET) in 2007–2018 were processed and the common
mode error (CME) was eliminated with using the principal component analysis (PCA). The results show that all
GPS stations show an uplift trend and the stations in southern Greenland have a higher vertical speed. Second, by
deducting the influence of GIA, the impact of current GrIS mass changes on GPS stations was analysed, and the
GIA-corrected vertical velocity of the GPS is in good agreement with the vertical velocity obtained by gravity
recovery and climate experiment (GRACE). Third, the absolute sea level change around Greenland at 4 gauge
stations was obtained by combining relative sea level derived from tide gauge observations and crustal uplift rates
derived from GPS observations, and was validated by sea level products of satellite altimetry. The results show
that although the mass loss of GrIS can cause considerable global sea level rise, eustatic movements along the
coasts of Greenland are quite complex under different mechanisms of sea level changes.
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1  Introduction
The Greenland ice sheet (GrIS) accounts for approximately

10% of the total ice over the world, and if the GrIS ablated com-
pletely, the global sea level would rise by approximately 6.5 m
(Chen et al., 2006). Therefore, it is of great significance to study
the variations in the Greenland ice sheet and its effects on vertic-
al crustal movements and sea level change.

The global positioning system (GPS) technique can provide
continuous monitoring of the vertical velocity field and the mass
balance in Greenland. However, due to the small number of sta-
tions in Greenland before 2010, most research focused on indi-
vidual stations at that time. Wahr et al. (2001) analysed the uplift
rates over the period of 1995–2001 using two GPS stations in
southern Greenland and the speed of GPS is significantly differ-
ent from the estimated speed of the glacial isostatic adjustment
(GIA) model. Khan et al. (2007) processed the observations of five
GPS stations in Greenland and estimated the contribution of the
two nearby glaciers (Helheim Glacier and Kangerdlugssuaq Gla-
cier) using a digital elevation model (DEM), who found that the
remaining uplift was attributed to the loss of glacial mass near
the southeast coast. Khan et al. (2008) validated the applicability
of the ICE-5G model using data from seven GPS stations and a
tide gauge station and found that the model overestimates the
subsidence rate of these stations. In 2007, the Technical Uni-

versity of Denmark (DTU) teamed up with Ohio State University
(OSU) to deploy more than 40 GPS stations in the coastal area of
Greenland to form the Greenland network (GNET), which pro-
motes increasingly comprehensive study of the Greenland ice
sheet. Bevis et al. (2012) processed observations from GNET and
pointed out that all sites showed an uplift trend, and in the sum-
mer of 2010, the rate of uplift increased significantly, which was
highly related to the abnormal mass loss during that particular
year. At the same time, the digital climate model and gravity re-
covery and climate experiment (GRACE) data are used to explore
the seasonal variations of GPS time series, by analysing the ef-
fects of ice mass variations, climate cycles and climate change
(Bevis et al., 2012). Based on the coordinate time series of 18
GNET stations and observations of atmosphere and sea temper-
ature, Yang et al. (2013) also inferred that there was an uplift an-
omaly in southern Greenland in 2010, and the ablation of snow
and ice was closely related to the change in subsurface water
temperature. Khan et al. (2016) used GNET data to re-evaluate
the impact of GIA since the last glacial period, and the results
show that the maximum uplift rate caused by GIA in the south-
eastern region is up to 12 mm/a. Liu et al. (2017) processed the
data of two GPS stations on the west coast of Greenland and
found the atmospheric pressure, ocean bottom pressure, contin-
ental water storage and surface mass balance model can quantify  
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the contribution of various factors to the periodic term. However,
in GPS data processing, time-dependent noise and location-de-
pendent noise could be considered further to improve time series
of GPS coordinates. In regard to time series of GPS coordinates,
the noise in the time series is time-dependent rather than white
noise (Mao et al., 1999; Williams et al., 2004; Zhang et al., 1997).

The sea level around Greenland has been investigated by tide
gauges (Richter et al., 2011; Spada et al., 2014), laser altimetry
(Spada et al., 2012), radar altimetry (Cheng et al., 2015; Rose et
al., 2019), and satellite gravity (Brunnabend et al., 2015; Forsberg
et al., 2017; Li et al., 2013). With a 1991–2015 average annual mass
loss of 0.47 mm sea level equivalent (SLE) and a peak contribu-
tion of 1.2 mm SLE in 2012, the GrIS has recently become a
major source of global mean sea level rise (van den Broeke et al.,
2016). A sea level rise of 1.54 mm/a in Arctic Ocean is found in
the total time period from 1991 to 2018 by using from four ESA
radar altimeter satellites (Rose et al., 2019). However, the tide
gauge records are still more accurate for sea level estimation loc-
ally than satellite-based observations, despite the unsatisfactory
numbers and distribution of Greenland tide gauges.

Based on the above analysis, this paper uses the observations
of more than 50 GPS stations and 4 tide gauge stations for the
2007–2018 period to analyse the vertical crustal movements and
sea level changes around Greenland. For more accurate time
series of GPS coordinates, the coloured noises are separated, and

the common mode error (CME) is eliminated with principal
component analysis (PCA). The impact of mass anomaly changes
on stations and the response of stations to current mass changes
in ice and snow are investigated using the GIA model and GRACE
observations. The absolute sea level around Greenland was ana-
lysed by combining the relative sea level derived from tide gauge
observations and the crustal uplift rates derived from GPS obser-
vations, and altimetry-based sea level products were used to val-
idate tide gauge-based sea level estimation.

2  Data and methods

2.1  GPS data and processing
Figure 1 shows the GPS stations used in this paper. There are

four GPS stations of the International GNSS Service (IGS) in
Greenland, of which three are on the west coast, including THU3,
KELY and QAQ1, and only one station, SCOR, is on the east coast.
The IGS stations around Greenland include ALRT, QIKI, and
NAIN in Canada, REYK and HOFN in Iceland and NYAL and
TRO1 in Norway. The 11 IGS stations form the core framework of
the GPS data processing. In 2007, DTU and OSU started the
GNET, with more than 40 GPS stations in the coastal area of
Greenland. In this paper, 42 GNET GPS stations are collected
from UNAVCO. All the stations are situated on bedrock.

The GPS observations were processed using GAMIT/GLOBK
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Fig. 1.   IGS and GNET site map in and around Greenland (red triangles represent IGS stations, and blue dots represent GNET stations).
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10.6 (Herring et al., 2015). The main solution strategy is outlined
as follows: Broadcast ephemeris and sp3 precise ephemeris are
provided by IGS, and observations of free ionospheric combina-
tion were used after automatic cycle slip repair mode (LC_AUTCLN).
The satellite cut off elevation angle is 15°, and the sampling inter-
val is 30 s. The tropospheric delay model is the Saastamoinen
model, and the ionospheric constraint is 0.0 mm+8.00 ppm. Op-
tical pressure perturbation correction is completed with the
BERNE model, and tidal correction is completed with the
FES2004 model. The fixed IGS station coordinate constraints are
0.05 m, 0.05 m, and 0.10 m, and the remaining station coordinate
constraints are 100 m, 100 m, and 100 m. In addition, the relaxa-
tion solution (RELAX) is performed by solving the satellite orbit-
al parameters at the same time. After baseline processing,
GLOBK is used to perform network adjustment under the
ITRF2008 framework. Since the stations used in this paper are in
a regional GPS network, to maintain the stability of the frame-
work, 91 core stations in IGb08 are selected as the framework sta-
tions. The station coordinates (north, east, up) are each given a
constraint of 10 m. UT1 and the pole positions are given relaxa-
tion constraints. The daily h-files of 9 global subnets in 2007–2018
from Scripps orbit and permanent array center (SOPAC) are ad-
ded to adjust the IGS global network baseline solution. For some
GPS stations that changed suddenly due to earthquake or an-
tenna changes, itrf08_comb.eq is used to rename these stations
and to obtain the daily station coordinate time series of these sta-
tions.

In this paper, CATS software (Williams et al., 2004) is used to
estimate the vertical velocity field of the GPS station under the
consideration of two kinds of coloured noises, flicker noise and
random walk noise. The outliers are eliminated by using the in-
terquartile range (IQR). The error in the daily solution of the GPS
station is caused by different noises, some of which are station-
dependent, and some are location-dependent. The location-de-
pendent noise can be caused by satellite orbit error and refer-
ence frame error and is usually called CME (King et al., 2010). In
this paper, PCA is used to identify the principal components in
the spatial distribution of the CME. The normalized principal
component and its corresponding normalized eigenvalues are
calculated by the method proposed by Dong et al. (2006).

2.2  GRACE data and processing
As a mission that observes earth’s gravitational field, GRACE

consists of two identical satellites that fly about 220 km apart in a
polar orbit 500 km above the Earth, operated by the National
Aeronautics and Space Administration (NASA) and the German
Aerospace Center (DLR). The Jet Propulsion Laboratory (JPL),
the Center for Space Research (CSR), the University of Texas at
Austin (UTCSR) and the Potsdam Geoscience Center (GFZ) are
responsible for GRACE data processing and archiving. The time-
varying gravitational field observed by GRACE can be used to es-
timate the redistribution of earth mass, such as changes in the at-
mosphere, oceans, and groundwater (Tapley et al., 2004). In this
paper, we use the RL05 version of the global gravity anomaly grid
data (Monthly Mass Grids-Global mascons) provided by JPL to
calculate the response of GPS stations to mass changes. The data
are properly processed using the C20 coefficient from laser satel-
lite ranging (SLR) to replace the C20 coefficient of GRACE (Cheng
et al., 2013) by estimating the geocentric correction (Swenson et
al., 2008) and correcting the GIA (Geruo et al., 2012). In addition,
the datasets are processed by using the coastline resolution im-
provement (CRI) filter to separate the influences of sea and land
(van Dam et al., 2007).

2.3  Tide gauge data and processing
Tide gauges usually measure the sea level relative to a nearby

geodetic benchmark. Once the influence of the local vertical land
motion is eliminated, tide gauge measurements can be used to
estimate absolute sea level. Four tide gauge stations around
Greenland are used in this paper, including NUUK, QAQO, SCOR
and THUL, which are provided by the Technical University of
Denmark (DTU). The time span of the collected tidal observa-
tions is generally consistent with that of the GPS stations. After
eliminating outliers in tide gauge records and deriving relative
sea level change at tide gauge stations, the absolute sea level can
be further obtained by combining relative sea level and crustal
uplift rates derived from GPS observations. In addition, global al-
timetric sea level anomaly products were used to further analyse
the sea level change around Greenland, which was given with
monthly grids by archiving, validation and interpretation of satel-
lite oceanographic data (AVISO). To better validate the sea level
from tide gauge observations, the local sea levels of AVISO were
interpolated to the locations of tide gauges. Although the pres-
ence of sea ice can limit the use of altimetry to some extent, the
reliability of altimetry on sea level estimation in Arctic region
with coverage up to 82°N was verified adequately (Cheng et al.,
2015; Rose et al., 2019).

3  Results and discussion

3.1  Performance of PCA filtering
Figure 2 shows the cumulative contribution rate of principal

component (PC) eigenvalues, where the horizontal axis denotes
the order of PCs and the vertical axis represents the percentage of
the cumulative contribution rate of principal component eigen-
values. If we arrange the eigenvectors so that the eigenvalues are
in descending order, the first few PCs represent the biggest con-
tributors to the variance of the network residual time series, usu-
ally related to the common source time function (Dong et al.,
2006). As shown in Fig. 2, the cumulative contribution rate of the
first three principal components obtained by the PCA method is
67.11%, and the higher-order PCs are much less than the first few
PCs, usually related to local or individual site effects.

The filtered results are obtained by subtracting the corres-
ponding common mode error from the coordinate time series
and the residual time series. To quantify the influence of the
common mode error derived from PCA on the time series of the
station coordinates, Table 1 shows the variations in standard de-
viations (stds) of residuals before and after filtering. After sub-
tracting the common mode error, the stds of the residuals of all
stations are reduced significantly, which indicates the good per-
formance of the PCA.

3.2  Vertical velocity derived from GPS stations
Figure 3 shows the vertical velocity field of stations estimated

using CATS software. As shown in Fig. 3, all stations in the coastal
area of Greenland rise. The stations near the outlet glacier have
higher speeds, such as HEL2 near Helheim (HH), KAGA near
Jakobshavn Isbrae (JI), and KUAQ near Kangerdlugssuaq (KL);
the station speeds reach 16.3 mm/a, 19.9 mm/a, and 18.7 mm/a,
respectively. These fast-moving glaciers and the basin formed by
Petermann Glacier (PG) account for approximately one-fifth of
the Greenland ice sheet. For Jakobshavn Isbrae, the ice mass loss
rate is (22±2) km3/a, as observed by laser altimetry data in 2006–
2009 (Khan et al., 2010), and this area’s loss rate is still accelerat-
ing. For the Helheim and Kangerdluqssuaq Glaciers, the mass
loss caused by dynamic changes in glaciers increased signific-
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antly during 2005, and warm ocean and air temperatures further
contributed to the thinning of glaciers (Khan et al., 2014). The ve-
locities of stations in the northwest and northeast are relatively
small, with an average speed of approximately 7.0 mm/a. The
minimum vertical velocity occurs in the eastern region with an
average of 3.4 mm/a, in which the speeds at the LBIB and HMBG
are 3.2 mm/a and 2.8 mm/a, respectively. Overall, the velocity
field of the GPS stations obtained in this paper is consistent with
the results of Bevis et al. (2012) and Wake et al. (2016), although
there are still differences for some stations. This difference is
mainly because the data processing strategy is not exactly the
same, and longer time series are used in this paper which can
better cover the time span of tide gauge observations.

3.3  Impact of current GrIS mass changes
Accurate estimation of the vertical velocity caused by the cur-

rent mass change in the Greenland ice sheet is significant for pre-
dicting global sea level change. To obtain the vertical deforma-
tion rate caused by the current ice and snow mass change, the
impact of GIA should first be corrected. The separation of the
elastic deformation rate and GIA rate can be achieved by using
GIA models and differencing between GPS and gravity data
(Nielsen et al., 2014; van Dam et al., 2007). Currently, the com-
monly used GIA global models mainly include ICE-3G (Tushing-
ham and Peltier, 1991), ICE-4G (VM2) (Peltier, 1994), ICE-5G
(VM2) (Peltier, 2004), ICE-6G_C (VM5a) (Peltier et al., 2015),
ICE-4G+RF3L20 (β=0.4) (Wang et al., 2009, 2010), Paulson07
(Paulson et al., 2007), and the Geruo13 model (Geruo et al.,
2012). The GIA models that show good performance in Green-
land mainly include the GREEN1 model (Fleming and Lambeck,
2004), the Huy2 model (Simpson et al., 2009), and the Huy3 mod-
el (Lecavalier et al., 2014). Since the GRACE data in this paper
used the Geruo13 model for GIA correction, the uplift rate of GPS
stations is also corrected using this model.

The Geruo13 model is a global grid model with a resolution of
1°×1°. The cubic spline interpolation method is used to obtain the
velocity field caused by GIA at the GPS station, as shown in
Fig. 4. The overall GIA speed in Greenland is low, with an aver-
age of only 1.6 mm/a. However, the largest contribution to
observed mass trends from GIA is in the north-east of Greenland
with a maximum of 7.4 mm/a at LEFN station. This is also a
region where there is a significant disagreement between differ-
ent GIA models (Wake et al., 2016). Using the above velocity field

to correct the GIA of the velocity field obtained by GPS observa-
tion, the vertical displacement velocity field caused by the cur-
rent ice and snow mass change can be obtained. Due to the same
GIA model used in GPS and GRACE data processing, the compar-
ison between GPS and GRACE derived speed is more reasonable
and convincing.

Figures 5 and 6 present the velocity fields of stations obtained
by GPS, GIA and GRACE. The GIA-corrected vertical velocity of

Table 1.   Comparison of residual stds before and after filtering at
each station

Station
name

Before
filtering/mm

PCA
filtering/mm

Improvement
rate of std/%

ALRT 6.94 4.18 39.75

QAQ1 5.81 3.63 37.43

SCOR 6.13 4.11 32.98

THU3 6.70 3.67 45.16

KELY 6.11 3.97 35.07

asky 5.8 3.37 41.87

blas 6.70 3.54 47.22

dane 5.89 3.52 40.25

dgjg 5.21 3.11 40.40

dksg 5.90 3.30 44.05

gmma 6.48 3.63 43.92

grok 6.67 3.72 44.24

hel2 6.40 4.27 33.33

hjor 5.85 2.76 52.86

hmbg 4.81 2.79 41.87

hrdg 6.60 3.35 49.30

jgbl 6.72 4.02 40.17

jwlf 7.12 4.01 43.74

kaga 8.14 5.86 27.98

kagz 5.87 2.99 49.09

kbug 7.65 5.58 27.13

kmjp 6.91 4.12 40.42

kmor 6.90 3.84 44.31

ksnb 6.13 3.61 41.00

kuaq 5.98 3.56 40.48

kull 6.15 3.98 35.16

kulu 6.04 3.56 41.00

lbib 5.35 2.49 53.41

lefn 6.45 3.80 41.01

lyns 6.84 3.76 45.06

marg 6.32 3.63 42.58

mik2 5.94 3.55 40.23

msvg 5.93 3.43 42.08

nnvn 5.21 3.94 24.35

nrsk 6.61 4.29 35.07

plpk 6.54 3.95 39.58

qaar 6.25 5.11 18.26

rink 6.37 4.41 30.77

scby 6.76 4.87 28.04

senu 6.30 4.27 32.19

srmp 5.79 3.32 42.70

timm 7.23 4.41 38.99

treo 7.01 4.90 30.09

utmg 5.44 3.69 32.14

vfdg 5.59 3.48 37.80

wthg 5.64 2.71 52.03

ymer 6.16 3.35 45.63

Order of PC eigenvalues
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Fig. 2.   Cumulative contribution rate of PC eigenvalues.
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the GPS is in good agreement with the vertical velocity obtained
by GRACE, and the correlation coefficient is 0.7. However, there
are also regional differences between the two kinds of velocities.
For stations in the northeast (LEFN, YMER, JGBL, BLAS, and
NRSK), the GIA-corrected speed of GPS and the speed of GRACE
are in good agreement, so these stations are considered to be less
affected by the current ice and snow mass changes. The stations
in the east (DGJG, DANE, and WTHG) are less affected by GIA
(less than 1.0 mm/a), and the GPS and GRACE speeds are also
low. For stations in the southeast and west (KUAQ, MIK2, HEL2,
KAGA, and SRMP), because their locations are close to outlet gla-
ciers, the large mass loss of these outlet glaciers in recent years
resulted in the higher speed, while the impact of GIA is small.
The GPS results of these stations are quite different from the
GRACE results because GRACE indicates large-scale mass move-
ment, while GPS stations are sensitive to regional mass changes.
In addition, Khan et al. (2016) pointed out that the impact of GIA
in southeastern Greenland is underestimated. Stations in the
south (QAQ1, SENU, TIMM, etc.) are also less affected by GIA
(1.0–2.5 mm/a). The average vertical lifting speed caused by the
ice and snow mass changes is 6.0–7.0 mm/a.

3.4  Sea level change
Figure 7 shows the monthly absolute sea level at NUUK,

QAQO, SCOR, and THUL derived from the tide gauge stations
and altimetric products of AVISO, where GPS-based vertical velo-
cities at tide gauge stations were used to convert relative sea level
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Fig. 3.   GPS-based vertical velocity field in Greenland.
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Fig. 4.   The GIA-based speed field in Greenland.
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Fig. 5.     GIA-corrected GPS speed field and GRACE speed field
(red arrows represent GPS results, and blue arrows are GRACE
results).
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to absolute sea level. Except for NUUK, the other 3 tide gauge sta-
tions can provide observations for over 10 years, which is highly
valuable for research on sea level change. Although the tide
gauges show slightly higher sea level variability than the alti-
metry data, they have a good correlation with each other, except
for THUL. For most areas of Arctic region, due to the presence of
sea ice, it is difficult to derive the sea level from satellite altimetry
in winter, especially in northwest Greenland, which means con-

tinuously operating tide gauge has unique advantages in monit-
oring sea level changes around Greenland.

Figures 8 and 9 show the absolute sea level trend at four tide
gauge stations in Greenland. Due to vertical crustal movements
in Greenland, it is necessary to convert relative sea level to abso-
lute sea level by introducing GPS vertical velocity during the time
span of tide gauge. In addition, it must be pointed out that the
GPS vertical speed at NUUK is interpolated by inverse distance
weighted due to the lack of NUUK GPS station in this paper. The
monthly gridded products of absolute sea levels of AVISO were
interpolated to the locations of tide gauges to better compare
with tide gauge observations.

The GrIS holds 7.2 m of sea level equivalent and rising tem-
peratures have led to accelerated mass loss in recent decades
(Aschwanden et al., 2019), and an accumulated global sea level
rise of 12 mm for GrIS from 1992 to 2016 was presented (Fors-
berg et al., 2017). However, regional eustatic movements along
the coasts of Greenland are quite complex as shown in Figs 7–9.
Notably, there is a dramatic decline in absolute sea level at
THUL, which is located in northwest Greenland. Rose et al.
(2019) also found a strong negative trend in northern Baffin Bay
using radar altimetry. For SCOR and QAQO, the absolute sea
level trend derived from tide gauge is also in good agreement
with that from altimetry. Comparatively speaking, the sea level
difference at NUUK derived from tide gauge and altimetry is non-
ignorable. Spada et al. (2014) presented an inferred rate of sea
level change of 1.9 mm/a at NUUK using tide gauge records from
1958 to 2002, however, it should be noted that the time period is
different in this paper. Given the fact that only 4 years of NUUK
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Fig. 6.   Scatterplot of GIA-corrected GPS speed field and GRACE
speed field.
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Fig. 7.   Comparisons of monthly absolute sea level changes derived from tide gauge and satellite altimetry.
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tide gauge observations are available and the good fit between
tide gauge and satellite altimetry during the 4 years, the sea level
fall at NUUK derived from satellite altimetry in 2007–2018 can be
taken as a more reasonable result. Spada et al. (2012) found a

pattern of regional sea level variations along the coasts of Green-
land with measurements from ice cloud and land elevation satel-
lite (ICESat) for the time period between 2003 and 2008, and ar-
gued that the regional sea level fall along the coasts of Greenland
was strongly anticorrelated with vertical movements. This kind of
anticorrelation can also be roughly found in Figs 5 and 8 at
THUL, SCOR and QAQO. The fingerprints of sea-level rise is be-
lieved as the major driver of regional variations in sea levels (Hsu
and Velicogna, 2017; Mitrovica et al., 2001). Sea level fingerprints
(SLF) is characterized as changes of near-field sea level fall and
far-field sea level rise in areas of intense ice mass loss such as Pa-
tagonia, coastal Alaska, the Amundsen Sea sector of West Antarc-
tica, and the GrIS (Adhikari et al., 2019). By utilizing sea level ob-
servations from tide gauge stations and satellite altimetry, this re-
search better illustrates the sea level changes in different coastal
areas of Greenland, and can be further applied to the analysis of
ice sheets and glaciers changes.

4  Conclusions
Global warming has caused dramatic ablation of the Green-

land ice sheet, which means it is of importance to investigate ver-
tical crustal movements and sea level change around Greenland.
In this paper, the observations of more than 50 IGS and GNET
GPS stations and tide gauge stations along the coast of Green-
land are processed and analysed with other data sources such as
satellite gravimetry, satellite altimetry and GIA. It is found that all
GPS stations show an uplift trend, and the stations in southern
Greenland have a higher vertical speed with a maximum of
20 mm/a, mainly because these stations are close to outlet gla-
ciers. The influence of current GrIS mass changes is analysed,
and it is shown that the GIA-corrected GPS velocity is consistent
with the current glacier mass change model. By combining relat-
ive sea level from tide gauge records and crustal uplift rates de-
rived from GPS observations, the absolute sea level around
Greenland is obtained at 4 gauge stations, and validated using al-
timetric sea level products. Although the accelerated mass loss of
GrIS can cause considerable global sea level rise, eustatic move-
ments along the coasts of Greenland are quite complex under
different mechanisms of sea level changes. Future works with
more GPS and tide gauge stations and longer GPS and tide gauge
observations can provide more accurate crustal uplift rates and
sea level changes around Greenland.
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