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S1 Description of glacier ice model13

As initial conditions, we use glacier outlines obtained from RGI 6.0 (Pfeffer et al.,14

2014). The time stamp of these outlines differs between glaciers, but is typically around15

the year 2000. To obtain results before this time, the model uses an iterative process to16

find the glacier geometry in the year of initialization (e.g., 1901) that results in the ob-17

served glacier geometry in the year of the outline’s time stamp (e.g., 2000) after the model18

was run forward.19

The model relies on monthly temperature and precipitation anomalies to calculate20

the specific mass balance of each glacier. Here, we use the mean of seven different re-21

analysis products as boundary conditions. Temperature is used to estimate the ablation22

of glaciers following a temperature-index melt model, and to estimate the solid fraction23

of total precipitation, which is used to estimate accumulation.24

Mass balance data for each glacier is distributed over the glacier according to a math-
ematical approximation, assuming conservation of mass and that the glacier has a ele-
vation gain at the top which becomes a elevation decline further down the glacier. The
altitude where the elevation change goes from positive to negative, E, is approximated
by a simple function of the glacial altitude (Z) and the averaged ice height change, (h =
ρbA−1), and ρ is the ice density (917 kg m−3). Note that E is different from the equi-
librium line altitude (ELA).

E = (1 − h̄)Z̃ (S1)

where Z̃ is the median glacial height. For every glacier we define a distribution function,25

D(i), where i represents a grid cell of the glacier:26

D(i) = 1 − exp

(
(2−h̄)(E−Z(i))

Zmax

)
(S2)

For all glaciers, is the elevation change assumed to be exponentially declining with height,27

Z(i). The fraction in the exponential term makes sure that glaciers that on average gains28

up to 2 m height, will have an elevation loss in the bottom of the glacier and elevation29

gain at the top, unless E is equal or to Zmax, in which case, the whole glacier will be loos-30

ing height.31
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Figure S1.1. Ice elevation change from 2003 to 2015 in m yr−1 (red-blue scale) resulting from
the redistribution explained above. The most interesting regions (Alaskian Coast, Svalbard (on
a wider colorscale), Novaya Zemlja and Iceland) are enlarged. There is no significant ice loss in
mainland Siberia.

The elevation change, dh/dt, is found by normalizing D, multiplying with the to-32

tal mass balance, b, and converted to a height change by dividing with ρ = 917 kg m−3.33

dh(i)

dt
= b

ρD̂(i) where, (S3)

D̂(i) = D(i)∑k
i=1D(i)

(S4)

S1.1 Data availability34

The ice model is available as a NetCDF-4 file on ftp.space.dtu.dk/pub/DTU20/35

VLM.36
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Figure S1.2. Ice loss from Greenland (including peripheral glaciers) and Arctic glaciers that
goes in to the VLM calculations.

S2 Detailed description of the VLM signal at GNSS-site37

In this section, we explain the VLM measured by GNSS in comparison to the VLM-38

model for the regions covered in this study.39
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Figure S2.1. Location and name (and IGS abbreviation) of the 42 GNSS-sites used in this
study ordered from most west to most east. The color indicates the linear trend from 2003-2015
[mm yr−1], while the size of the square is proportional with the standard error (as estimated in
the URL6-product).

S2.1 North America40

The Alaskan GNSS stations show rates with opposite signs. Nome (AB11) in the41

Bering Strait, has a small elastic uplift which is countered by an sligthly larger GIA-caused42

subsidence. This results in a small total subsidence as it is also seen by the GNSS-site.43

Similar is the situation for Tuktoyaktuk (TUKT) where subsidience by GIA is -2.1 mm44

yr−1, which results in a total VLM of -1.2 mm yr−1, which matches the measured VLM.45

The Alaska south coast which accounts for more than 25 % of the total glacial melt,46

is naturally dominated by elastic uplift, while GIA VLM is below 1 mm yr−1. The GNSS-47

site Seldovia (SELD) shows large GNSS-measured uplift rates of 9.1 ± 1.1 mm yr−1, while48

the elastic uplift rate is only 1.1 ± 0.6 mm yr−1 and GIA-rate -0.1 ± 0.8 mm yr−1. In49

total this gives the second largest difference between the VLM model and GNSS VLM50

of the locations included in this study. Seldovia is located on the Kenai Peninsula close51

to the Kenai Fjords, which experienced an accelerated glacial Ice Loss in the 20th cen-52

tury (VanLooy et al., 2006). This is, however, not enough to explain the increased mea-53

sured uplift. GIA-estimates vary in the region (Larsen et al., 2005; Hu & Freymueller,54

2019), but is not more than around 1-2 mm yr−1. A postseismic signal following the Prince55
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IGS id Abbr. elastic VLM GIA VLM VLM-model GNSS VLM Model-GNSS

Nome 4 AB11 0.5 ± 0.1 -0.8 ± 0.3 -0.2 ± 0.5 -0.2 ± 2.0 -0.1 ± 2.0
Seldovia 517 SELD 1.1 ± 0.6 -0.1 ± 0.8 1.0 ± 1.3 9.1 ± 1.1 -8.2 ± 1.7
Whitehorse 651 WHIT 1.6 ± 0.8 0.9 ± 1.3 2.6 ± 2.1 2.1 ± 0.8 0.5 ± 2.2
Tuktoyaktuk 602 TUKT 0.9 ± 0.2 -2.1 ± 0.9 -1.2 ± 1.1 -1.1 ± 1.1 -0.1 ± 1.5
Nanoose 341 NANO 0.6 ± 0.3 1.5 ± 2.7 2.1 ± 3.0 1.5 ± 0.2 0.6 ± 3.0
Whistler 656 WSLR 0.9 ± 0.7 2.5 ± 3.1 3.4 ± 3.8 4.3 ± 0.5 -0.9 ± 3.8
Yellowknife 664 YELL 0.8 ± 0.2 7.6 ± 1.5 8.5 ± 1.7 6.9 ± 0.8 1.6 ± 1.9
Flin Flon 168 FLIN 0.6 ± 0.2 8.3 ± 1.6 8.9 ± 1.8 3.0 ± 0.5 5.9 ± 1.9
Lac du Bonnet 143 DUBO 0.6 ± 0.2 3.7 ± 1.1 4.3 ± 1.3 1.0 ± 0.3 3.3 ± 1.3
Churchill 106 CHUR 0.8 ± 0.3 8.4 ± 2.8 9.3 ± 3.1 10.6 ± 0.3 -1.3 ± 3.1
Thule (Pittufik) 583 THU2 5.9 ± 2.9 0.1 ± 2.1 6.0 ± 5.0 6.8 ± 0.7 -0.7 ± 5.1
Schefferville 510 SCH2 1.0 ± 0.3 15.7 ± 2.3 16.7 ± 2.6 11.0 ± 0.7 5.7 ± 2.7
Halifax 211 HLFX 0.5 ± 0.2 -1.5 ± 0.8 -1.0 ± 1.1 -1.0 ± 0.2 0.0 ± 1.1
St. Johns 548 STJO 0.7 ± 0.3 -1.4 ± 0.3 -0.7 ± 0.6 -0.1 ± 0.1 -0.5 ± 0.6
Kangerlussuaq 247 KELY 7.2 ± 3.3 2.9 ± 3.4 10.0 ± 6.6 4.7 ± 0.7 5.4 ± 6.7
Kulusuk 265 KULU 5.7 ± 1.8 -1.5 ± 1.0 4.3 ± 2.8 8.2 ± 0.5 -3.9 ± 2.9
Reykjavik 479 REYK 1.9 ± 0.5 0.2 ± 1.4 2.2 ± 2.0 0.0 ± 0.3 2.1 ± 2.0
Hoefn 215 HOFN 2.5 ± 1.0 -0.1 ± 1.0 2.3 ± 2.0 13.3 ± 0.3 -10.9 ± 2.0
Newlyn (UK) 347 NEWL 0.6 ± 0.2 -1.1 ± 0.2 -0.5 ± 0.4 -0.2 ± 0.1 -0.3 ± 0.4
Brest 72 BRST 0.5 ± 0.2 -1.0 ± 0.2 -0.5 ± 0.4 0.1 ± 0.1 -0.6 ± 0.4
Aberdeen 10 ABER 0.8 ± 0.2 -0.5 ± 0.4 0.3 ± 0.6 0.8 ± 0.2 -0.6 ± 0.7
Chize 102 CHIZ 0.4 ± 0.1 -0.3 ± 0.1 0.1 ± 0.3 0.0 ± 0.3 0.1 ± 0.4
Shoeburyness 531 SHOE 0.6 ± 0.2 -0.8 ± 0.4 -0.2 ± 0.6 -0.6 ± 0.5 0.4 ± 0.8
West-Terschelling 568 TERS 0.6 ± 0.2 -0.9 ± 0.7 -0.3 ± 0.9 -0.1 ± 0.2 -0.2 ± 0.9
Esbjerg Center 153 ESBC 0.6 ± 0.2 -0.1 ± 0.5 0.5 ± 0.7 0.8 ± 0.5 -0.2 ± 0.9
Hirtshals 210 HIRS 0.7 ± 0.2 2.2 ± 0.8 2.9 ± 1.0 2.9 ± 0.5 -0.0 ± 1.1
Oslo 596 OSLS 0.9 ± 0.2 4.6 ± 1.1 5.5 ± 1.4 4.3 ± 1.0 1.2 ± 1.7
Trondheim 370 TRDS 0.8 ± 0.2 5.0 ± 1.8 5.8 ± 2.0 5.3 ± 1.1 0.5 ± 2.3
Ny Ålesund 378 NYAL 4.9 ± 1.5 0.5 ± 0.4 5.4 ± 1.9 8.0 ± 0.5 -2.6 ± 2.0
Copenhagen 75 BUDP 0.6 ± 0.2 0.9 ± 0.5 1.5 ± 0.6 1.7 ± 0.5 -0.2 ± 0.8
Maartsbo 306 MAR6 0.7 ± 0.2 7.6 ± 2.4 8.3 ± 2.6 8.0 ± 0.6 0.3 ± 2.7
Visby 639 VIS0 0.6 ± 0.2 3.3 ± 1.1 3.9 ± 1.3 3.4 ± 0.6 0.5 ± 1.4
Tromsø 599 TRO1 1.0 ± 0.3 1.7 ± 0.7 2.7 ± 0.9 3.1 ± 0.7 -0.4 ± 1.2
Olstyn 274 LAMA 0.5 ± 0.1 0.1 ± 0.5 0.6 ± 0.7 0.0 ± 0.5 0.5 ± 0.8
Skellefteaa 534 SKE0 0.8 ± 0.2 8.5 ± 2.1 9.3 ± 2.3 10.4 ± 2.0 -1.0 ± 3.1
Kiruna 252 KIR0 0.9 ± 0.3 5.2 ± 0.9 6.1 ± 1.1 6.8 ± 2.1 -0.7 ± 2.4
Vaasa 625 VAAS 0.7 ± 0.2 8.3 ± 2.2 9.0 ± 2.4 9.1 ± 4.4 -0.1 ± 5.0
Vardoe 630 VARS 0.9 ± 0.3 2.0 ± 0.6 2.9 ± 0.8 3.1 ± 0.6 -0.1 ± 1.1
Arti 36 ARTU 0.2 ± 0.1 -0.2 ± 0.2 -0.0 ± 0.3 0.8 ± 1.6 -0.8 ± 1.7
Norilsk 360 NRIL 0.5 ± 0.2 1.9 ± 0.2 2.4 ± 0.4 1.8 ± 1.3 0.6 ± 1.3
Seismic Station Tixi 587 TIXI 0.5 ± 0.1 -0.3 ± 0.3 0.1 ± 0.4 1.0 ± 0.9 -0.9 ± 1.0
Seismic Station Magadan 298 MAG0 0.2 ± 0.1 -0.2 ± 0.2 -0.0 ± 0.2 -0.3 ± 0.3 0.3 ± 0.4

Table S2.1. Measured and modelled VLM for each GNSS-site in mm yr−1. VLM-model is the
sum of elastic VLM and GIA VLM.

Willam Sound Earthquake in 1964 explained by Cohen and Freymueller (2001) is still56

causing a locally increased uplift on this side of the peninsula. Our study indicate this57

effect to be 8.2 mm yr−1 from 2003-2015, which roughly matches the study by Cohen58

and Freymueller (2001), where they find the post seismic uplift to be 9.3 mm yr−1 from59

1994-2001. This rebound is expected to decay further over time, but will still be rele-60

vant for decades to come (Cohen & Freymueller, 2001).61

Whitehorse, Nanoose and Whistler, are dominated by large GIA-uncertainties, which62

are larger than the VLM-signal itself and 3-4 times larger than the residual between the63

VLM model and GNSS VLM. Yellowknife (YELL), Flin Flon (FLIN) and Lac du Bon-64

net (DUBO) are at the periphery of the largest GIA-rate, but have no large nearby glaciers65

to cause significant elastic uplifts. It is an area known to have uncertain GIA-estimates,66

e.g. does the ICE6G-model (Peltier et al., 2015) have lower GIA-rates in better align-67

ment with the measured GNSS VLM. The same residuals are also seen by Frederikse et68

al. (2019), which uses the same GIA model (Caron2018). The VLM predictions for Churchill69
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(CHUR) at the south-east coast of Hudson Bay, is in good alignment with the GNSS-70

measured VLM, while the deformationen rate for Schefferville (SCH2) also is overesti-71

mated in the model.72

At the Canadian Atlantic coast is GIA causing a subsidence. The VLM model shows,73

that a smaller positive elastic deformation is mitigating the subsidence, which in total74

gives a rate in the order of -1 mm yr−1, which agrees well with GNSS VLM measured75

at Halifax, Nova Scotia (HLFX) and St. Johns, New Foundland (STJO).76

S2.2 Iceland77

The two GNSS-sites in this study show very different uplift rates of 0.0 ± 0.3 mm78

yr−1 in Reykjavik (REYK) and 13.3 ± 0.3 mm yr−1 at Hoefn (HOFN) at the southn-79

ern edge of the largest ice cap on Iceland, Vatnajökull. The VLM-model overestimates80

the rebound in Reykjavik while it largely underestimates it at Hoefn. A probable expla-81

nation for this is the thin crustal layer and a soft viscoelastic mantly layer (Fleming et82

al., 2007), which creates a present-day viscoelastic signal that is much larger than the83

ones predicted by the GIA-model or in the 1-D earth rheology included in the elastic VLM-84

calculations (Sørensen et al., 2017). A thin crust, also means that the uplift decreases85

faster with distance to the glacier (Fleming et al., 2007), which could explain why Reyk-86

javik shows little vertical deformation.87

S2.3 Svalbard88

The majority of land in Svalbard is covered with ice, and vertical deformation highly89

influenced by ongoing ice-mass changes. The only site from Svalbard included in this study90

is Ny Ålesund (NYAL), which is located on the west coast. At this location, the VLM-91

model is dominated by an elastic uplift of 4.9 ± 1.5 mm yr−1 and GIA of 0.5± 0.4 mm92

yr−1. In total this is 2.6 mm yr−1 short of the measured GNSS VLM. While global GIA-93

models agree within ± 0.2 mm yr−1, more focused, but older studies predict a slightly94

higher GIA contribution of around 1.5 mm yr−1 (Sato et al., 2006; Kierulf et al., 2009).95

Another contribution to VLM, which is relevant for VLM-studies in glaciated regions,96

is the ’short-term mantle memory’, (Mémin et al., 2014; Rajner, 2018), which is a non-97

instant relaxation of the mantle after being depressed by an load. Svalbard likely expe-98

rienced significant deglaciation after the little ice age (LIA) that ended in the end of the99

19th century (Grove, 2001). The effect is quite uncertain (Rajner, 2018) and Mémin et100

al. (2014) estimated the post-LIA rebound to be 2-5 mm yr−1 in the beginning of 21st101

century, which would explain the residual of 2.6 mm yr−1.102

S2.4 Northern Europe and Scandinavia103

The fennoscandinavian icecap from the last ice ages is causing a GIA that is dom-104

inating the vertical deformation in Scandinavia (figure 1). Even though small glaciers105

exist in particular Norway, the elastic effect is very local and has almost negligible ef-106

fect on the GNSS-sites in this study. The contour lines of the elastic rebound are clearly107

parallel to Greenland (figure 1), which indicates, that the wavelength of the elastic VLM108

of Greenland is determining the elastic VLM in Scandinavia and Northern Europe.109

GIA is around 3-5 times larger than the elastic VLM in most of Scandinavia. How-110

ever it is clear, that for many of the GNSS-sites, can the VLM-signal only be explained111

by combining the elastic VLM model with GIA. This becomes more prominent for GNSS-112

sites in areas, where GIA is less dominant. Esbjerg (ESBC) on the west coast of Den-113

mark is close to the zero-line of the GIA VLM, but is still measuring an uplift of about114

0.8 mm yr−1. The VLM-model predicts elastic uplift rates of about 0.6 ± 0.2 mm yr−1,115

which agrees with the GNSS VLM. South of the zero-line in Northern Europe, where the116
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GIA-rate is negative, the elastic VLM caused by present day ice melt, is somewhat mit-117

igating the subsidence, which is also seen along the North American east coast.118

S2.5 Siberia119

Only a few available GNSS measurements exist in eastern Europe and Siberia. The120

GIA-model by Caron et al. (2018) is also challenged by limited resources of paleo sea-121

level records, which makes the GIA-model more dependent on the existing GNSS-records.122

It is commonly anticipated that Siberia had little or no ice during the last glacial cycle123

(Whitehouse et al., 2007), except some ice in the north central Siberia and in the shal-124

low waters in the Barents Sea between Svalbard and Novaya Zemlya (Root et al., 2015).125

The old ICE3G GIA model by Tushingham and Peltier (1991) contained included some126

prehistoric ice over the western Siberia, which disappeared in the later version ICE5G127

and ICE6G (Peltier et al., 2015).128

Also the Elastic uplift is limited in the region, with values around 0.5 mm yr−1.129

While the GNSS VLM is within in the error-range of the modelled VLM for the Siberian130

GNSS-sites (Arti (ARTU), Norilsk (NRIL), Tixi (TIXI) and Magadan (MAG0)), it seems131

that a GIA-only model would better fit the GNSS measurements, which possibly is be-132

cause of the enhanced GNSS-dependency of the GIA-model.133
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S3 Timeseries of vertical deformation at all GNSS sites134

Figure S3.1 shows both measured and modeled vertical deformation from 2003-2015135

of each individual GNSS-site. It also reflects, how elastic VLM is changing year by year,136

while GIA is linear.137

–8–



manuscript submitted to Geophysical Research Letters

Figure S3.1. Measured and predicted vertical deformation from 2003 to 2015 for the 42
GNSS locations. GNSS is shown by the green line (green shadow denotes the error range) and
the VLM model by the black line (error range is shown by the grey area). The red and blue areas
indicate the part of the VLM model that is elastic and GIA.
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