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Abstract15

Vertical land motion (VLM) of Earth’s surface can aggravate or mitigate ongoing rel-16

ative sea level change. The near-linear process of Glacial Isostatic Adjustment (GIA) is17

normally assumed to govern regional VLM. However, present-day deglaciation of primar-18

ily the Greenland Ice Sheet causes a significant non-linear elastic uplift of >1 mm yr−1
19

in most of the wider Arctic. The elastic VLM exceeds GIA at 14 of 42 Arctic GNSS-sites,20

including sites in non-glaciated areas in the North Sea region and along the east coast21

of North America. The combined elastic VLM + GIA model is consistent with measured22

VLM at three-fourth of the GNSS-sites (R=0.74), which outperforms a GIA-only model23

(R=0.60). Deviations from GNSS-measured VLM, are interpreted as estimates of local24

circumstances causing VLM. Future accelerated ice loss on Greenland, will increase the25

significance of elastic uplift for North America and Northern Europe and become impor-26

tant for coastal sea level projections.27

Plain Language Summary28

From 2003 to 2015, the Northern Hemisphere lost more than 6000 gigatonnes of29

ice, contributing with nearly 17 mm to the global mean sea level rise. Loss of land-based30

ice results in a vertical deformation of the Earths surface. An ongoing rebound or sub-31

sidence caused by the end of the last ice age is often assumed to govern the vertical de-32

formation. But also present-day ice loss from Greenland and Arctic glaciers cause an im-33

mediate vertical deformation. By using an vertical deformation model, that includes both34

components, we can explain GPS-measured deformation in the entire Arctic. Our results35

show, that the present-day Arctic ice loss contribution to vertical deformation is an up-36

lift in the order 0.5 to 1 mm/yr in a wider northern region. This exceeds the deforma-37

tion caused by the disappearance of the last ice ages at many coastal regions, including38

the North Sea region and along the North American Atlantic coast. The present-day ice39

loss included in the VLM-model equals a global sea level rise of 1.4 mm/yr. This means40

that 30-80% of the sea level rise caused by Arctic ice loss is mitigated by an surface up-41

lift caused by the same ice loss.42

–2–



manuscript submitted to Geophysical Research Letters

1 Introduction43

The Arctic region is warming faster than any other region on Earth (Post et al.,44

2019). Deglaciation of Arctic land-based ice accounts for 70 % of the total barysteric con-45

tribution to sea level rise (Abram et al., 2019) and has over the last 3 decades acceler-46

ated the sea level rise with 0.035 mm yr−1 (Nerem et al., 2018) every year. From 200347

to 2015 the Greenland Ice Sheet and adjoining glaciers contributed in total with 1 cm48

of sea level rise while other Arctic glaciers contributed with 0.8 cm (Zemp et al., 2019).49

Deglaciation of land ice is also changing the spatial pattern of sea level change. One50

effect of the redistribution of mass from ice to ocean is the gravitational change (Bamber51

& Riva, 2010; Hsu & Velicogna, 2017; Adhikari et al., 2019), and influx of freshwater chang-52

ing the steric sea surface height (Ludwigsen & Andersen, 2020; Armitage et al., 2020).53

A more overlooked outcome of present-day deglaciation is vertical land motion (Riva et54

al., 2017). Vertical Land Motion (VLM) has to be taken into account and corrected for,55

when studying sea level change based on tide gauges (Watson et al., 2015; Wöppelmann56

& Marcos, 2016). Coastal uplift can mitigate the increasing risk of coastal flooding, while57

subsidence will aggravate the hazards caused by rising sea levels.58

VLM is a composite of multiple ongoing processes, with the viscoelastic relaxation59

of the Earths surface since the ending of the last ice ages 21 kyr ago, also known as Glacial60

Isostatic Adjustment (GIA), being the most prominent component (Farrell & Clark, 1976;61

Tushingham & Peltier, 1991; Milne & Mitrovica, 1998; Peltier et al., 2015). In general,62

studies of coastal sea level change, only consider GIA (Church & White, 2011; Jevrejeva63

et al., 2014), while the elastic contribution is oftentimes ignored.64

The physics of the immediate elastic surface response to the changing ice load is65

well known (Farrell, 1972), and can be used as a proxy for studying glacial ice mass bal-66

ance (Khan et al., 2010, 2016). Locally, hydrology, tectonics and other seismic effects like67

earthquakes can be the single largest contribution to VLM (Klos et al., 2019) SLANGEN68

ref?.69

While GIA is dominant in non-glaciated regions, GIA alone is insufficient to ex-70

plain the measured VLM in the Arctic(Henry et al., 2012). We show, that the elastic VLM71

in the wider Arctic (roughly defined as the region above 50◦ latitude) caused by Arctic72

ice loss since 2003 is significant. The elastic VLM is for most of the region, including the73

North American coastlines and northern Europe, within the same magnitude as the cor-74

responding barystatic sea level change.75

2 Data and Method76

Commonly, gravimetric ice mass change data from GRACE (The Gravity Recov-77

ery and Climate Experiment) is used to estimate surface loading (Adhikari et al., 2016;78

Riva et al., 2017; Frederikse et al., 2019). GRACE is convenient because it ’weighs’ the79

Earth, and easily detects changes over time. The spatial signal wavelength of 300-50080

km of GRACE is, however, insufficient to reproduce realistic elastic VLM-signals in the81

proximity of glaciers and ice sheets. Instead, we use mass balance data from Arctic glaciers82

and Greenland, to create an yearly ice-model with a 2 x 2 km spatial resolution from 2003-83

2015 (see section 2.1).84

The ice-model surface loading is used as input for the REAR (Regional ElAstic Re-85

bound calculator), (Melini et al., 2014, 2015) to make an elastic VLM-model with the86

same, high resolution (2 x 2 km). REAR is build on the sea level equation of Farrell and87

Clark (1976) and assumes a solid, non-rotating and isotropic earth. By combining GIA88

with the elastic VLM model, the VLM-model can be evaluated against GNSS measure-89

ments.90
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The calculated temporal average elastic VLM-rate from 2003-2015 is shown in fig-91

ure 1. Yearly averaged mass balance changes of glaciers and the Greenland Ice Sheet (see92

section 2.1) from 2003-2015 are converted to elevation change assuming uniform ice den-93

sity of 917 kg m−3 . The spatial resolution of the ice loading, used as input, and elas-94

tic VLM output is 2 x 2 km, allowing us to estimate VLM in the proximity of glaciers.95

The Love numbers used in REAR are defined with respect to Earth’s centre of mass (CM-96

frame).97

The ongoing vertical adjustment caused by the melting of the large ice caps 21 Kyr98

ago is defined as GIA. We use the GIA-model from Caron et al. (2018), which uses 12800099

forward models of different 1D Earth rheologies and ice elevation histories to create the100

statistical best fit to long term GNSS observations and relative sea level records from101

tide gauges. Even though GIA decays over time, the deacceleration is negligible for short102

time periods and thus the GIA-rate is assumed to be constant.103

Both the elastic VLM-model and GIA is defined globally. However, the scope of104

this study is the wider Arctic area. This doesn’t mean that the elastic VLM is negligi-105

ble outside this region, but the VLM-signal from present-day ice-loss created VLM will106

not be significant.107

2.1 Ice Loading108

The main component of the elastic VLM model is the loading model. The eleva-109

tion change rate for the ice areas included in this study is shown in figure S1.1 in S1 (Sup-110

porting Information). We only consider Northern Hemisphere ice history, well aware that111

also Southern Hemisphere ice mass change my impact the region of this study (Riva et112

al., 2017). However, mass loss of the Southern Hemisphere is considerably smaller and113

specifically Antarctica is so far away, that it safely can be neglected.114

2.1.1 Glaciers115

Included in this study are all glaciers from the Randolph Glacier Inventory (RGI116

6.0) (Pfeffer et al., 2014; RGI Consortium, 2017) from North America, Russia, Scandi-117

navia (incl. Svalbard) and Iceland - in total more than 62.000 individual glaciers. The118

mass loss from the glaciers included covers 95 % of the registered glacial mass loss in the119

Northern Hemisphere and constitute 80% of the global glacial mass loss (Zemp et al.,120

2019).121

Mass change estimates for each glacier is derived by updating the model of Marzeion122

et al. (2012). Direct mass balance observations (Zemp et al., 2019) are used for calibra-123

tion and validation of the glacier model. The glacier model translates information about124

atmospheric conditions into glacier mass change, taking into account various feedbacks125

between glacier mass balance and glacier geometry.126

Glacial mass balance is combined with a distribution function, D to create glacier-127

wide surface elevation changes. This ensures, that the lower parts of the glacier is thin-128

ning, while the top is experiencing an small elevation gain. This ’slope steepening’ of glaciers129

is a characteristic pattern for glaciers in many regions (Nuth et al., 2010; Foresta et al.,130

2016; Ciracì et al., 2018) and is assumed to all glaciers included in this study (see Sup-131

porting Information S1 for more detail on the glacier model).132

2.1.2 Greenland133

The glacial ice history is combined with elevation change from the Greenland Ice134

Sheet and adjoining glaciers. We estimate the rate of ice volume change from 2003–2015135

by using altimeter surveys from NASA’s ATM flights (Krabill, 2011) during 2003–2015136

supplemented with high-resolution Ice, Cloud and land Elevation Satellite (ICESat) data137
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a b

Figure 1. Average VLM rates (mm yr−1) from 2003-2015 from Glacial Isostatic Adjustment
(Caron et al., 2018) (a) and elastic rebound from contemporary land ice loss with enlargement of
Svalbard (b).

(Zwally et al., 2011) during 2003–2009 and CryoSat-2 data during 2011-2015 (Helm et138

al., 2014). Our procedure for deriving ice surface elevation changes is described in de-139

tail by (Khan et al., 2013) and is similar to the method used by, e.g. Ewert et al. (2012);140

Smith et al. (2009) and Kjeldsen et al. (2013). We use the observed ice elevation change141

rates to interpolate (using collocation) ice thinning values onto the 2 x 2 km spatial grid.142

The volume loss rate is converted into a mass loss rate, taking firn compaction into ac-143

count, as described by Kuipers Munneke et al. (2015).144

2.2 GNSS data145

Timeseries of vertical deformation and error estimates of 42 GNSS-sites are from146

the sixth release of the consortium lead by University of La Rochelle (ULR-6) (Santamaría-147

Gómez et al., 2017) (detailed map and timeseries of all glaciers are shown in S2 figure148

S2.1 and S3 figure S3.1). ULR-6 includes more than 80 GNSS-sites located in the area149

of interest, but we only select GNSS-sites with data in at least 120 of 156 months from150

2003 to 2015 and where no known human impact is present. Furthermore, only one GNSS-151

sites is selected based on the timeseries with the lowest standard deviation, when mul-152

tiple GNSS-sites are located within 50 km of each other. The annual average is calcu-153

lated for each GNSS-site and gaps are filled by assuming linearity. The trend estimates154

are calculated from the original time-series with outliers of more than > 2σ removed.155
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3 Evaluating the VLM model156

In figure 2, the VLM-model from 2003 to 2015, which is the sum of GIA and the157

modeled elastic VLM from figure 1, is shown together with VLM-rates from the GNSS158

sites described in section 2.2.159

The model is dominated by the pattern of the GIA-model, with rates above 20 mm160

yr−1 east of the Hudson Bay and another local maximum of over 15 mm yr−1 in north-161

west Canada. The elastic rebound is evident, particular in Greenland with rates exceed-162

ing 10 mm yr−1. Large areas around Svalbard and Alaska have modeled elastic VLM-163

rates of more than 6 mm yr−1.164

The largest rates of vertical deformations are areas dominated by elastic VLM. Jakob-165

shavn Issbræ, north of Kangerlussuaq (KELY), has rates above 40 mm yr−1. Similarly166

the area of Austfonna glacier on Svalbard has rates above 30 mm yr−1. The largest de-167

pression zones are over the ocean, with the Beaufort Sea and Labrador Sea having rates168

below -2 mm yr−1 and the Norwegian Sea with rates below -1.5 mm yr−1. Subsiding coastal169

areas are found in North America, where Nova Scotia and most of the US east- and west-170

coast subsides with more than -1 mm yr−1, while smaller subsidence (-0.5 - 0.0 mm yr−1)171

is found in Northern Europe along the North Sea and Atlantic coastlines.172

Figure 3 shows, that for large areas of the Arctic, the elastic VLM can be attributed173

with at least 30% from the VLM-signal. When GIA is small or zero, the elastic VLM174

is determining the vertical deformation. This is true for large areas in east Siberia and175

a band following around the North American east and west coast, as well as the north-176

ern part of the British Isles and the southern parts of Denmark and the Baltic Sea coast177

line.178
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Alaska South Coast Greenland Svalbard

Figure 2. Average VLM-rates (mm yr−1) from 2003-2015 from the VLM-model (Glacial
Isostatic Adjustment + elastic VLM). The color of the squares represent the GNSS measured
average VLM-rate for the same period. For clarification Alaska South Coast, Greenland and
Svalbard are enlarged below.
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Figure 3. The share of GIA-rate and elastic VLM-rate from the total absolute VLM-rate (in
absolute terms) in percentage. Red colors indicate areas where GIA dominates VLM while blue
colors indicate where the elastic VLM is larger.
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While the general uplift pattern from the VLM-model is reflected in the GNSS rates,179

residuals between GNSS VLM and the VLM model are evident, in particular close to180

glaciers. Figure 4 displays the difference between the VLM-model and the GNSS-measured181

VLM. The two largest differences are found in Seldovia, Alaska (SELD) and Hoefn, Ice-182

land (HOFN). For Seldovia a large earthquake in 1964 is still causing displacement (Cohen183

& Freymueller, 2001), where on Iceland particular soft mantle structures creates larger184

uplift rates than predicted with the isotropic VLM-model (Fleming et al., 2007; Sørensen185

et al., 2017). The difference indicates the scale that extraordinary subsurface properties186

or post-seismic activities can have locally. More detailed information on local causes ex-187

plaining the residuals in figure 4 are described in S2, table S2.1 and figure S3.1.188

Some uncertainty is connected with the choice of GIA-model, for instance, the ICE6G-189

model from Peltier et al. (2015) has in other studies shown to provide a better fit to GNSS-190

sites in North America (Schumacher et al., 2018; Frederikse et al., 2019), where it seems191

that the Caron2018-model overestimates GIA slightly. In the early stages of this study,192

the Caron 2018 model provided the on average best fit to GNSS data compared to other193

GIA-models.194

Figure 4 shows that the VLM-model including uncertainty is within the range of195

GNSS-measured VLM for 33 of the 42 GNSS locations. The correlation between mea-196

sured VLM and GIA is 0.61, which improves to 0.74 when adding the elastic VLM to197

GIA (i.e. the VLM-model). The mean absolute error (MAE) of the 42 GNSS-sites is 1.54198

mm yr−1, which is 0.55 mm yr−1 better than a GIA-only model (2.09 mm yr−1). If we199

don’t consider sites located in glaciated areas (i.e. SELD, WHIT, THU2, KELY, KULU,200

REYK, HOFN, NYAL), then MAE becomes 0.89 mm yr−1 for the VLM-model which201

is significantly lower than 1.12 mm yr−1 for GIA-only.202

When comparing to the associated barysteric sea level change of ∼1.4 mm yr−1 (i.e.203

the ice loss created global average sea level change) is the elastic VLM significantly mit-204

igating the sea level change at most GNSS-sites in this study (see figure 4)205

The elastic VLM-rate is not linear, but unlike GIA, varies from year to year in ac-206

cordance with the annual ice loss, as the elastic response is instant. This is in particu-207

lar visible close to the ice loss, where the signal is largest and GNSS-measured VLM can208

be used as a proxy for the surrounding ice loss. Figure 5 shows how closely the VLM-209

model non linear follows the GNSS signal in Thule (THU2) in northern Greenland.210
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Figure 4. Top: 2003-2015 average VLM change [mm yr−1] from the elastic VLM model (blue)
and GIA (red) at 42 GNSS-sites shown in figure 2 and Supporting Information S2.1 ordered from
most west (left) to most east (right). The dotted-cyan line indicates the average barysteric sea
level rise (∼ 1.4 mm yr−1) from the ice loss included in this study. The total modeled VLM and
the error is shown with red error bars and the GNSS measured VLM is shown with black error
bars. The lighter red indicates where GIA is negative and hence overlaps the positive elastic
VLM. Bottom: The residuals between GNSS-measured VLM and the VLM-model (blue) and
GIA (red). The average of the absolute residuals (equivalent to Mean Absolute Error) is 1.54
mm yr−1 and 2.09 mm yr−1 respectively. All numbers for this figure are given in Supporting
Information table S2.1.
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Figure 5. Yearly displacement (mm) for Thule (Northeast Greenland) from 2003 to 2013,
measured by GNSS (green line - shaded green area is 1σ)) and from the VLM-model (black line -
shaded grey area is 1σ). The elastic VLM is represented by the blue area and GIA by the orange
area, which in this case is small.
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4 Discussion and Conclusion211

Vertical Land Motion in the wider Arctic originates from many ongoing processes,212

with GIA and elastic VLM being the most important ones on regional to global scales.213

Even though this study is limited to an wider area around the Arctic, the VLM caused214

by changing cryosphere is a global effect (Riva et al., 2017; Kleinherenbrink et al., 2018;215

Frederikse et al., 2019).216

By combining prehistoric (GIA) and present-day land ice change (elastic VLM),217

the VLM-model gives a realistic estimate on how the solid earth in the Arctic vertically218

deforms. By evaluating 42 selected GNSS-sites with a combined VLM-model, we find219

that the measured uplift by GNSS can be explained by either prehistoric or present-day220

land ice changes. For 33 of the GNSS-sites, the residual between GNSS measured VLM221

and the VLM-model is smaller than the associated errors.222

The 2 x 2-km spatial resolution of the VLM-model is much higher than similar prod-223

ucts from gravimetric satellite observations from GRACE (Adhikari et al., 2019). The224

spatial resolution improves the accuracy of VLM-predictions in glaciated regions, as lo-225

cal patterns of elastic deformation dominate the regional averages seen by GRACE (Frederikse226

et al., 2019). The VLM-model to GNSS comparison also indicates, that the VLM-model227

is inadequate in some regions due to local causes not covered by the VLM-model show-228

ing the scale of subsurface properties, past seismic activity or 19-20th century ice-loss229

(as seen on Svalbard (Mémin et al., 2014; Rajner, 2018)). A more detailed explanation230

of possible causes for differences between GNSS and the VLM is described in S2.231

In non-glaciated areas, GNSS measurements have generally good agreement with232

the VLM-model. The contour lines in figure 1 shows that the elastic uplift is centered233

around Greenland, except close to other glaciated regions (e.g. Alaska and Svalbard),234

even though the total mass loss of the Arctic glaciers is comparable with the Greenland235

ice mass loss. Hence, the elastic uplift caused by Greenland ice melt is significant in the236

entire wider Arctic including the coastlines in Northern Europe and along the North Amer-237

ican Atlantic.238

Riva et al. (2017) showed, that the elastic uplift caused by Greenland eventually239

becomes negative in the Southern Hemisphere, which also means that Antarctica has a240

similar effect on the Northern Hemisphere. Antarctica experienced about half of the ice241

loss of Greenland during 2003-2015. However, we found that the Antarctic elastic VLM242

contribution is insignificant compared to that of the Northern Hemisphere and has uni-243

form pattern for the region of this study. With potential future rapid ice loss (a.o. Edwards244

et al. (2019)), VLM caused by Antarctic ice loss will gain significance in the far field and245

hence be important to include for future coastal sea level projections in the Northern Hemi-246

sphere.247
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