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1. Introduction
The Greenland Ice Sheet has lost mass at an increasing rate over recent decades, from close to balance in 
the 1990s to –222 ± 30 Gt yr–1 between 2013 and 2017 (IMBIE, 2020; Mouginot et al., 2019), leading to a 22% 
contribution to global sea-level rise between 2005 and 2018 (Cazenave et al., 2018). This trend is projected 
to continue well into the future (Aschwanden et al., 2019; Goelzer et al., 2020; Pattyn et al., 2018). Several 
recent efforts have reconciled the mass-balance of the polar ice sheets during recent decades (IMBIE, 2018, 
2020; Sasgen et al., 2012; Shepherd et al., 2012). A standard approach for these reconciliations is to use a 
common mask for the area of the ice sheet, as well as a common period over which to assess mass change 
(e.g., Vernon et al., 2013). These time-space standardizations aim to ensure that discrepancies between the 
individual, and reconciled estimates are due to methodology, rather than differences in spatiotemporal sam-
pling. For example, once interpolated on to a common ice mask, variations between four surface mass-bal-
ance models decreased and produced a reasonable agreement (Vernon et al., 2013). This improvement was 
attributed primarily to a decrease in the peripheral ablation area, where disagreements were largest, while 
leaving the interior accumulation area the same size.

However, many studies have also reported widespread retreat of the Greenland Ice Sheet margin, especially 
at marine-terminating outlet glaciers in northwestern Greenland (Carr et al., 2013; Khan et al., 2013; Kjær 
et al., 2012; McFadden et al., 2011; Moon & Joughin, 2008; Wood et al., 2018). This marginal retreat, which 
has been ongoing since the end of the Little Ice Age (Kjeldsen et al., 2015), has accelerated since c. 2005 
(Wood et al., 2018). For example, between 1849 and 2010, the Upernavik Ice Stream retreated c. 23 km, with 
c. 4.6 km of this retreat occurring since 2005 (Andresen et al., 2014; Haubner et al., 2018). Contempora-
neously, the entire northwestern Greenland coast experienced considerable ice loss, especially since 2005 
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(Khan et al., 2010; Kjær et al., 2012; Sasgen et al., 2012). Because this ice loss is due to a combination of 
increased iceberg calving, submarine melting, and decreased surface mass balance (SMB), the rate of ice-
sheet thinning is generally greatest at the ice margin. The relation between a rapidly thinning ice sheet, its 
rate of horizontal retreat (i.e., its slowly diminishing areal extent), and its mass balance is therefore a topic 
of fundamental interest but somewhat underexplored in relation to modern observations. To date, most 
attention on this topic has focused on correcting public misconceptions regarding the present retreat rate of 
the Greenland Ice Sheet margin (Kargel et al., 2012).

Here, we assess the impact of implementing a time-varying (dynamic) ice mask on mass-balance estimates 
of the Greenland Ice Sheet's northwestern (NW) sector and investigate its catchment-scale implications by 
focusing on the drainage basin for Upernavik Isstrøm (Figures 1a and 2a). We focus on the predominantly 
marine-terminating NW sector because it has experienced extensive changes during the past decades and 
because ice-sheet retreat has been greater there. Focusing on this region therefore permits a clearer and 
more direct investigation of the effect of a dynamic ice mask upon mass-balance estimates, as opposed 
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Figure 1. (a) Western part of the NW sector and location of outlet glaciers named in (b) and 1985 PROMICE baseline in dark blue. (b) Ice margin retreat of 
the NW sector. Length of retreat is plotted relative to the 1985 PROMICE ice mask. (c) Cumulative distribution of the retreat relative to the 1985 PROMICE ice 
margin. (d) and (e) Examples of ice margin retreat at Alison, Sverdrup and Nansen Glaciers, respectively.

(b)

(a) (c) (d)

(e)
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to slower, primarily land-terminating regions, such as the southwestern sector of the ice sheet (Anders-
en et al., 2019; Mankoff et al., 2020). We examine this effect by spatially interpolating altimetry-derived 
mass-balance observations (Khan et al., 2016) to five different ice masks, bounding four consecutive peri-
ods, and then estimating sector-scale mass loss. Finally, we then examine the impact of ice-mask choice on 
the modeled elastic uplift of the crust induced by near-marginal changes in ice loading.

2. Data and Methods
2.1. Ice Masks

To assess the impact of ice masks on mass-balance estimates, we consider five different ice masks, four of 
which are static (with differing timestamps) and frequently used to derive altimetry-based mass-balance esti-
mates (PROMICE, Rignot, Greenland Ice Mapping Project (GIMP), and climate change initiative (CCI)). The 
fifth ice mask is a new, dynamic ice mask (GEUS-Dyn) that evolves over time. To generate GEUS-Dyn, for each 
of the 4 years (2003, 2006, 2009, and 2012), we digitized the NW ice margin manually at a scale of 1:8,000 using 
optical Landsat satellite imagery (http://earthexplorer.usgs.gov) from July or August to ensure minimal snow 
cover. We employ 3-year intervals to ensure that differences in sector-scale mass-balance estimates are related 
to multiannual changes in ice extent, rather than seasonal fluctuations of the ice margin and mass-balance.

The PROMICE ice mask covers all of Greenland and is based primarily on aerial imagery recorded between 
1978 and 1987, but parts of the original PROMICE ice-margin delineation in NW Greenland are based on 
imagery from prior to 1978 (Citterio & Ahlstrøm, 2013), and thus, we use orthophotos derived from stereo-
photogrammetric imagery recorded in 1985 (Korsgaard et al., 2016) to ensure the PROMICE ice mask has 
a consistent 1985 timestamp.

The Rignot ice mask has a nominal timestamp of 2007–2008 (Rignot & Mouginot, 2012; Rignot et al., 2011). 
We modified the NW sector of this mask slightly by excluding the ice margin north of 76°48'N and 67°0'W 
and its interior catchment to focus on the ice drainage that primarily discharges into Melville Bay (Figure S1).

The GIMP ice mask is based on an image mosaic created from a combination of Landsat-7 and RADARSAT-1 
imagery acquired between July 1, 1999 and September 30, 2001 and is posted to 90 m (Howat et al., 2014). 
The GIMP ice mask has a nominal timestamp of 2000.
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Figure 2. (a) Overview map showing the NW sector and the Upernavik subsector in green, while (b) and (d) show mass-balance estimates for the two areas, 
respectively. (c) and (e) show the differences relative to the GEUS-Dyn ice mask for each period, with lines representing the absolute differences and symbols 
showing the difference expressed as percentage relative to the GEUS-Dyn value.
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Finally, the European Space Agency CCI ice mask (release 2.0) includes only peripheral glaciers and ice 
caps with a strong connection to the ice sheet (connectivity level CL2) and has an updated ice-sheet outline 
relative to the previous version (Rastner et al., 2012). The outline is based on Landsat-7 imagery acquired 
between 1999 and 2005, except for a portion in far northern Greenland, where the CCI mask uses the GIMP 
mask instead. For our NW study area, imagery was acquired between 2000 and 2002.

Because we focus on the ice sheet proper, we exclude local glaciers and ice caps not connected to the ice 
sheet from all masks. Moreover, all masks have been cropped so that their southern, eastern, and northern 
limits are identical to the NW sector of the Rignot mask (Rignot & Mouginot, 2012; Rignot et al., 2011). This 
homogenization ensures that any differences we find in mass loss or elastic rebound are due to differences 
in ice extent along the ice-sheet margin, which forms the western limit of each ice mask.

2.2. Mass-Balance Estimates

We use mass-balance estimates from Khan et  al.  (2016), averaged into four 3-year periods: 2003–2006, 
2006–2009, 2009–2012, and 2012–2015. First, we estimate ice volume changes using all available airborne 
and spaceborne radar and laser altimetry data from the 1995–2014 NASA's Airborne Topographic Mapper 
(ATM) flights (Krabill, 2015) and observations from the Ice, Cloud, and Land Elevation Satellite (ICESat) 
between 2003 and 2009 (Zwally, Giovinetto, et al., 2012), supplemented with NASA's airborne Land, Vegeta-
tion, and Ice Sensor data between 2007 and 2013 (Blair & Hofton, 2015), radar altimetry from the CryoSat-2 
satellite between 2010 and 2015 (Helm et al., 2014; Wouters et al., 2015), and European Remote-Sensing 
Satellite-1 (ERS-1) and ERS-2 data between 1995 and 2003 (Hurkmans et al., 2014). All altimetry observa-
tions account for continual elastic deformation and glacial isostatic adjustment (GIA; Khan et al., 2014). 
Subsequently, volume estimates are converted into mass-balance estimates by accounting for firn compac-
tion as described by Kuipers Muneke et al. (2015). Mass-balance estimates by Khan et al. (2016) are based 
on a 1-km square grid, which for this study we interpolate linearly to a 250-m square grid to better resolve 
the impact of changes in ice extent.

2.3. Modeled Elastic Uplift of the Crust

We examine the implication of the choice of ice mask on modeled elastic uplift of the crust at five Green-
land GPS Network (GNET) GNSS stations in NW Greenland where both horizontal and vertical land mo-
tion are measured (Figure 2a). The elastic deformation is modeled using the standard setup of the Regional 
ElAstic Rebound (REAR) calculator (Melini et al., 2015). To compute surface displacement rates in response 
to a disc-shaped load of uniform thickness (Green's functions for vertical displacements), we use load-defor-
mation coefficients to degree 600,000 with an earth structure based on a 56-layer mantle assumed to be com-
pressible and transversely isotropic, and a 26-layer core that is assumed to be compressible (Pan et al., 2015), 
computed using the MATLAB module developed by Chen et al. (2018). This model corresponds to Model 
1 in the study by Pan et al. (2015). According to the “rule of thumb” introduced by Bevis et al. (2016), a 
disc area equivalent to a 250-m square grid should use load Love number of degree ∼284,000, but they 
recommend doubling this value to avoid numeric instability and truncation errors. We follow this recom-
mendation by using a value of 600,000. Next, changes in surface loading due to ice-mass changes and their 
associated uncertainty are superimposed to model the elastic deformation. At the center of each grid cell in 
the mass-balance grid we use a disc-shaped load function with a radius of approximately 141 m, equivalent 
in area to a 250-m by 250 m square grid. As the mass-balance estimates are constrained by the ice masks, we 
do not consider any off-ice grid points or account for discs that may be partially off-ice, nor do we account 
for disc overlap or gaps between them.

To model elastic deformation and assess land motion near the retreating ice margin, it is important to em-
ploy a fine-resolution grid, in this case a 250-m square grid, rather than for instance a coarser 1-km square 
grid (Kjeldsen et al., 2013). Increasing to a yet finer resolution grid could improve assessment of near-mar-
gin changes, but this would be at the expense of a significant increase in computation time. Adjusting res-
olution from 1 km to 250 m increases the number of grid cells by a factor of 16, so we consider our 250 m 
square grid as sufficient for examining the impact due to different ice mask strategies. However, to illustrate 
the point of a coarse, lower resolution grid, we also resampled our 250 m square grid to a 5,000 m one and 
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model the elastic uplift using a disc with a radius of approximately 2,820 m (area equivalent to a 5,000 m 
square) and using the same earth structure.

The elastic uplift that we model here is based on mass-balance estimates from the NW sector only. This 
regional focus means that these derived values are not directly comparable with other studies that model 
the elastic response to ice-sheet-wide changes. This trade-off, however, allows us to assess the effect of using 
different ice masks. While the horizontal grid resolution impacts the vertical and horizontal magnitude of 
the modeled elastic signal, which also applies to the choice of elastic Green's functions (i.e., earth models), 
in-depth assessment of these implications are beyond the scope of this study. We instead seek to isolate the 
elastic implications due to changing ice masks only.

3. Results and Discussion
3.1. Ice Marginal Retreat

Figure 1 shows the evolution of the c. 2000 km of ice-sheet margin in the NW sector. In Figures 1b and 1c, 
the ice margins are plotted relative to the 1985 PROMICE mask, as this is the oldest ice mask. For clarity, 
here we only show the 2012 GEUS-Dyn margin. The differences between the Rignot, CCI, and GIMP ice 
masks are minor at the scales shown, which makes it difficult to differentiate them in Figure 1. However, 
it is clear that some of the large tidewater glaciers in the region have retreated substantially between 1985 
and 2012, corroborating other studies that have investigated regional tidewater glacier retreat (e.g., Kjær 
et al., 2012; McFadden et al., 2011; Moon et al., 2015). Here, relative to the 1985 PROMICE ice margin we 
find that on average Rignot, CCI, and GIMP ice masks have retreated by 197, 178, and 193 m, respectively, 
while the 2012 GEUS-Dyn margin has retreated on average by 452 m. Similarly, the largest retreat for Rignot, 
CCI, and GIMP ice masks is 4,416, 4,317, and 4,634 m, respectively, while that of the 2012 GEUS-Dyn mar-
gin is 11,899 m. This predominantly tidewater retreat has direct and nontrivial implications for mass-bal-
ance estimates and crustal uplift.

3.2. Implications for Mass-Balance Estimates

Figure 2 shows estimated mass-balance for the entire NW sector and the Upernavik subsector, respectively, 
during four 3-year periods between 2003 and 2015, based on the five different ice masks. Generally, we find 
that ensemble mean mass loss (simple average of the five ice-mask estimates) increased from 21.9 ± 3.1 Gt 
yr–1 between 2003 and 2006 to 73.5 ± 3.2 Gt yr–1 between 2006 and 2009, followed by 49.6 ± 4.3 Gt yr–1 
and 59.7 ±  3.2  Gt yr–1 during 2009–2012 and 2012–2015, respectively. These results are consistent with 
other mass-loss estimates that inferred considerable mass loss in the NW sector after 2005 relative to the 
1990s (Khan et al., 2010; Kjeldsen et al., 2013; Kjær et al., 2012; Mouginot et al., 2019; Sasgen et al., 2012). 
Comparing the Upernavik subsector to the entire NW basin shows that while mass loss increased after the 
2003–2006 period, a high rate of mass loss persisted and peaked between 2012 and 2015.

Figures 2c and 2e show the difference between the four static ice masks relative to the GEUS-Dyn estimate 
for the sector and subsector, respectively. For the whole of the NW sector (Figure 2c), all the differences in-
crease over time, with the largest differences occurring during 2012–2015. The absolute difference between 
the PROMICE and GEUS-Dyn estimates is between 1.0 and 3.4 Gt yr–1 for the four periods, equivalent to a 
relative difference of 3.2%–5.9%, while the differences between Rignot and GEUS-Dyn range between 0.6 
and 3.9 Gt yr–1 (2.9%–6.8%). CCI and GIMP absolute differences range between 0.2 and 2.8 Gt yr–1 (1.0%–
4.9%), with the largest difference being between the CCI and GEUS-Dyn ice masks during 2012–2015. For 
the smaller Upernavik subsector (Figure  2e), the absolute differences are correspondingly smaller (0.0–
0.4 Gt yr–1), but the relative differences remain nonnegligible (0.2%–4.2%).

This comparison reveals a trend of increasingly less mass loss (i.e., higher mass-balance) as the ice sheet 
retreats. Mass-balance assessed using the static ice masks becomes more negatively biased (toward lower 
mass-balance) over time because the ice-free land/ocean area residing within the static masks increases 
during the study period, a trend that is only captured by GEUS-Dyn. This systematic bias of increasing dif-
ference over time emphasizes that—when assessing mass-balance during the past two decades—incorpo-
rating a time-varying ice mask can resolve a nontrivial bias in spatially interpolated mass-balance estimates.
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While the absolute differences in mass-balance estimates between the different ice masks generally fall 
below their individual uncertainties, the difference between the PROMICE and GEUS-Dyn (3.4 Gt yr−1), 
and Rignot and GEUS-Dyn (3.9 Gt yr−1) for the entire NW basin during 2012–2015 both exceed the spatially 
aggregated mass balance uncertainties associated with those individual estimates (PROMICE ± 3.3 Gt yr−1; 
Rignot ± 3.2 Gt yr−1; GEUS-Dyn ± 3.2 Gt yr−1). The differences between the two remaining ice masks and 
GEUS-Dyn fall just below their mass-balance uncertainties. We note that during the study period, the ice-
sheet margin almost exclusively retreated (Figure 1), inferring that this ice-mask uncertainty is effectively 
a one-sided bias on mass-balance estimates, not a normally distributed uncertainty. The magnitude of the 
bias depends on the ice sheet's areal evolution following the timestamp of each mask's margin delineation.

The 3-year interval we use is sufficient to capture the secular trend in ice-margin behavior, and by using 
mid-summer satellite imagery only for ice-sheet delineation, we limit the influence of tidewater glacier sea-
sonality upon our analysis (e.g., Moon et al., 2015). In addition to capturing ice margin retreat, differences 
also arise from whether nunataks and/or other ice-free land areas are included in the ice masks. Inclusion 
of these features leads to a larger area over which mass-balance interpolations are performed. However, 
because the vast majority of these nunatak areas are located at higher elevation, where thinning rates are 
lower, they are of less impact and concern relative to retreat at the ice sheet margin.

The first Ice Sheet Mass Balance Intercomparison Exercise (IMBIE; Shepherd et  al.,  2012) compared la-
ser-altimetry-derived mass-balance estimates and produced an ensemble mean for the entire Greenland Ice 
Sheet of 186 ± 24 Gt yr–1 between October 2003 and December 2008, with a range of 12 Gt yr–1 between 
individual estimates. IMBIE's ensemble mean was based on the coarsely resolved ice masks from Csatho 
et al. (2009), Zwally, Schutz, et al. (2012), which are posted to 5 km and 1 km resolution, respectively. The 
range of the IMBIE input estimates is 6.4% of the ensemble mean, although this is based on only two dif-
ferent input estimates to the comparison. Nevertheless, this range implies that the effect of ice-mask choice 
in NW Greenland that we document (1.0%–6.8%) is comparable to the relative differences between altime-
try-derived mass-balance estimates at ice-sheet scale (6.4 %).

The uncertainty associated with the firn-compaction modeling used to convert volume changes into mass 
changes is generally considered the greatest source of uncertainty in altimetry-derived mass-balance as-
sessments (6.1%–9.7% between 2003 and 2012; (Khan et al., 2014; Shepherd et al., 2012; Smith et al., 2020). 
However, this firn-compaction relative uncertainty is not clearly always larger than that due to ice-mask 
choice for the NW sector (1.0%–6.8%). Consequently, for intercomparison of the mass-balance of polar ice 
sheets, the choice of ice mask should also be ranked alongside other key methodological choices, such as 
firn compaction correction.

In this study, we focus on the ice sheet proper and exclude local glaciers and ice caps. These smaller ice 
masses, however, have been shown to contribute significantly to sea level rise (Bolch et al., 2013; Colgan 
et al., 2015). Mapping of 139 glaciers in northwestern and central western Greenland show an average re-
treat of 16.2 m yr−1 between 2002 and 2015 (Bjørk et al., 2018). This pattern is mirrored in both central east-
ern and southeastern Greenland (Bjørk et al., 2012, 2018). Because estimating their mass-balance also relies 
on ice masks, we infer that dynamic ice masks are likely also required to properly assess the mass-balance 
of the >20,000 ice masses peripheral to the ice sheet proper (RGI Consortium, 2017). This may be particular 
important as these peripheral ice masses are likely even more responsive than the larger ice sheet to recent 
climate change (Oerlemans, 1989), and, therefore, addressing their proportional area changes may be an 
even more pressing challenge.

While our results show that implementing a time-varying, dynamic ice mask yields less negative mass-bal-
ance estimates in recent decades, it also implies caution when assessing past changes using present-day ice 
masks. For instance, Kjeldsen et al., (2015) noted that the ice-mass loss they inferred between the Little Ice 
Age (LIA) maximum and 1983 was likely underestimated, as the historic ice-area between the employed 
PROMICE mask and the true LIA maximum extent was not excluded. Conversely, in the case where the ice 
sheet advances beyond the extent of a static ice mask, then again only a time-varying, dynamic ice mask 
would capture this change and enable an accurate mass-balance estimate.

In addition to implementing a time-varying, dynamic ice mask to improve mass-balance estimates, incor-
porating different data sources to increase the spatial density of input data may also impact the fidelity of 
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mass-balance estimates. For instance, supplementing ICESat data with 
NASA airborne laser altimetry data generally increase data coverage in 
the ice-marginal area where the majority of changes occur. When doing 
so, this led to an 11% larger mass loss for the entire NW sector between 
2003 and 2010 (Kjeldsen et al., 2013).

Ice-mask-induced mass-balance uncertainty is not only a concern for al-
timetry-derived mass-balance estimates. It is also important for mass-bal-
ance estimates based on the input-output method. The input-output 
method computes mass-balance as area-integrated SMB minus ground-
ing line ice discharge. Ice mask area influences both the input (SMB) and 
the output (ice discharge) by determining the apparent ablation area. Ice 
discharge is sensitive to ablation area through the SMB corrections ap-
plied to convert ice flow across upstream flux gates into ice flow across 
the downstream grounding line (Colgan et al., 2019; Rignot & Kanagarat-
nam, 2006). Even for land-terminating glaciers, ice marginal retreat be-
comes important if accurate and updated ice masks are not incorporated. 
For example, in the wide ablation area of southwestern Greenland (van 
den Broeke et al., 2009), inclusion of ice-marginal grid cells that are no 
longer ice-covered would likely lead to an SMB with a negative bias when 
summed over the entire sector. The discrepancy has been shown to affect 
regional climate models that simulate both past and future changes in 
SMB. Recent work highlights the value of spatial temporaly evolving ice 
configuration (i.e., extent and elevation) in regional climate models (Hels-
en et al., 2012), especially over longer (i.e., multicenturial) time scales. 
Moreover, comparison between modeled SMB from MAR at resolutions 
between 15 and 50 km can result in ice-sheet-wide SMB differences of 
70 Gt yr–1 when computed on masks specific to the spatial resolution of 
each run, while SMB differences decrease to 23 Gt yr–1 when computing 
on a mask common to all spatial resolutions (Franco et al., 2012). More-
over, employing a 500 m version of the PROMICE ice mask with a more 
extensive ablation area decreased ice-sheet integrated SMB by ∼30 Gt yr–1 
relative to using the native 25 km MAR ice mask (Colgan et al., 2019), 
suggesting that SMB variability is rooted in the ablation area variability. 
Increased ice-sheet-wide agreement between four SMB-models was also 
found by Vernon and colleagues, when assessed over a common mask, 
although regionally there was less agreement, which suggest that spatial 
differences improve the integrated SMB-estimates (Vernon et al., 2013).

3.3. Implications for Modeled Elastic Uplift

We model the elastic uplift induced by the five different ice masks and 
associated mass-balance estimates and evaluate the impact at five GNET 

GNSS stations in the NW sector (Figure 3a). Our main motivation is to assess differences in modeled elastic 
uplift between different ice masks, rather than temporal changes in elastic uplift. We therefore limit our 
assessment to elastic uplift of the crust between 2012 and 2015. Our modeled elastic uplift does not provide 
a true global solution, but rather only the response due to different spatial patterns of ice unloading in the 
NW sector; not the entire ice sheet.

Figure 3 shows the modeled elastic uplift in response to the changes in ice-sheet loading associated with 
each ice mask near the outlet of the Upernavik subsector. Figures 3c–3f show the differences in modeled 
uplift between the four static ice masks relative to the GEUS-Dyn ice mask (Figure S3 shows the absolute 
uplift according to each of the five ice masks).

The modeled elastic uplift pattern for all solutions has higher values northeast of SRMP, in response to 
unloading and mass loss from one of the main outlets of Upernavik Isstrøm. While the pattern is similar 
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Figure 3. (a) Mass-balance during 2012–2015 using the Rignot ice mask 
(blue line), while the black line shows the 2012 GEUS-Dyn outline. Inset 
shows the NW sector outline in orange, the location of the five GNET 
GNSS stations in red triangles, and the blue square highlights the location 
of the lower region and outlet of the Upernavik subsector. (b) Modeled 
elastic uplift due to surface loading changes induced by the mass-balance 
during 2012–2015 using the GEUS-Dyn ice mask. Anomaly maps relative 
to the GEUS-Dyn estimate (c) PROMICE, (d) Rignot, (e) GIMP and (f) CCI, 
respectively, where a positive value indicates the modeled uplift is higher 
than GEUS-Dyn. CCI, climate change initiative; GIMP, Greenland Ice 
Mapping Project; GNET, Greenland GPS Network.
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between the five solutions, their differences also clearly show significant discrepancies where the ice masks 
disagree (Figures 3c–3f). All four anomaly maps show differences of ∼5 mm yr–1 (equivalent to ∼1/3 of the 
2012 uplift) centered near where the ice margin has retreated the most (up to 7.5 km). Although values are 
smaller, the impact on modeled uplift is clear along the ice margin throughout the study area, for example, 
note the additional southern lobe on the PROMICE anomaly map (Figure 3c). As these modeled uplifts 
are sensitive to mass-balance patterns across the entire NW sector, differences in ice-mask extent outside 
the area shown in Figure 2a also affect the magnitude of the modeled uplift within this focus area. Table 1 
shows the elastic uplift at the five GNET GNSS stations (Figure 3a) that we modeled. The estimates for the 
four static ice masks are expressed as anomalies relative to GEUS-Dyn, with the uncertainty being the quad-
ratic sum of the individual uncertainties associated with each elastic uplift estimate. At each station, the 
vertical uplift rate depends on not only the magnitude of the nearby mass loss but also the distance to the 
source of surface-loading change. For example, as UPVK is located farthest from the ice margin (c. 60 km), 
it shows the smallest variations in uplift rates, while DKSG, ASKY, and SRMP are located close to the ice 
sheet (<1 km). Interestingly, at all stations the difference between maximum and minimum modeled uplift 
(ΔMaxMin) across ice masks is significantly larger than the formal uncertainty associated with the modeled 
uplift of a given ice mask. For DKSG and SRMP, ΔMaxMin is equivalent to 12%–15% of the modeled elastic 
signal, regardless of which model is employed. For the remaining three stations, this ratio is 5%–8%.

These results clearly highlight that the choice of ice mask used to spatially constrain changes in ice-sheet 
load has a direct and nonnegligible impact on modeled elastic deformation rate. In addition to the choice 
of ice mask, modeled elastic deformation is also sensitive to the spatial resolution (or grid size) of the sur-
face-loading change and the choice of elastic Green's functions. An example of the former is presented in 
Table 2, which shows the modeled elastic uplift associated a resampled 5,000 m square grid version of the 
2012–2015 mass-balance, modeled using the same earth structure. The coarser spatial resolution yields a 
smaller variation between the different models, with ΔMaxMin being equivalent to 3%–8% of the modeled 
elastic uplift. This difference implies that the modeled uplift is less sensitive to ice mask choice when em-
ploying a coarse resolution grid, but at the expense of the accuracy at near-field sites (Bevis et al., 2016). 
While we have standardized the choice of elastic Green's functions, choices for these model parameters 
could also lead to different relative differences between modeled elastic deformations, both in Tables 1 and 
2 and across previous independent assessments.

In addition to GIA, ice-sheet altimetry measurements must be corrected for the elastic deformation por-
tion of crustal motion. Time-varying, dynamic ice masks therefore impact both the spatial interpolation 
extent of altimetry measurements, and also the elastic deformation interpretation underlying these meas-
urements. Khan et al. (2014) estimate that bedrock displacements due to GIA in the order of ±5 mm yr−1 
in Greenland corresponds to c. 1 Gt yr−1 mass change, and therefore not considered for mass-balance es-
timates between 2003 and 2012 in that study. Over the same period, the Greenland-wide correction due 
to elastic deformation equates to 6.6 Gt yr−1. GIA corrections are now typically included in altimetry pro-
cessing chains, similarly to elastic deformation corrections. Although the effect of ice-mask selection upon 
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Elastic uplift (mm yr–1)—250 m square grid

Station GEUS-Dyn ΔPROMICE ΔRignot ΔGIMP ΔCCI ΔMaxMin

DKSG 11.3 ± 0.2 1.5 ± 0.3 1.6 ± 0.3 0.7 ± 0.3 1.1 ± 0.3 1.6

ASKY 12.0 ± 0.2 0.6 ± 0.3 0.4 ± 0.3 0.3 ± 0.3 0.4 ± 0.3 0.6

KULL 6.1 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.3 ± 0.2 0.3 ± 0.2 0.5

SRMP 10.4 ± 0.2 1.4 ± 0.2 1.1 ± 0.2 0.9 ± 0.2 1.0 ± 0.2 1.4

UPVK 3.9 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.2

Note. The estimates for the four static ice masks are expressed as anomalies relative to GEUS-Dyn. ΔMaxMin is the 
largest difference between any of the five modeled solutions.
Abbreviations: CCI, climate change initiative; GIMP, Greenland Ice Mapping Project.

Table 1 
Modeled Elastic Uplift Induced by the Mass-Balance Estimate Using the 250 m Square Grid During 2012–2015 Based on 
the Five Different Ice Masks
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modeled elastic uplift that we examine here may only have a minor effect on the final mass-balance signal, 
and despite its effect is generally limited to within a few kilometers of the margin near fast-changing areas, 
accounting for ice-mask-induced changes in modeled elastic uplift will improve the mass-balance estimates 
from altimetry.

4. Conclusions
Delineation of the extent of land ice is essential to assess changes in its mass-balance over time. To date, 
however, only static ice masks have been used in major mass-balance studies or reconciliations thereof. 
Consequently, the mass-balance implications of ongoing land-ice retreat (beyond just overall mass loss) 
have remained underexplored. We find that using a time-varying, dynamic ice mask instead of a static one 
results in significantly different mass-balance estimates for the northwestern sector of the Greenland Ice 
Sheet. Specifically, we find a systematic bias toward lower mass loss estimates. Incorporating a time-varying 
dynamic ice mask increases mass-balance by 1.0%–6.8% for the entire NW sector, with smaller differences 
for a similar time evolution for the Upernavik Isstrøm subsector. This bias is proportionally comparable to 
the range of ice-sheet-wide mass-balance estimates derived from altimetry, and it approaches the relative 
uncertainty associated with high-elevation firn-compaction modeling. In other words, while ice-sheet mar-
gins have been mapped once at different times by different groups, it appears that is no longer sufficient rel-
ative to the rate of mass change that these ice sheets are experiencing, which we seek to measure accurately.

Modeled elastic uplift for the NW sector between 2012 and 2015 shows that differences of 0.2–1.6 mm yr–1 
at five GNET GNSS sites in the region exist between our time-varying ice mask and the four static ones. 
This difference is equivalent to 5%–15% of the total elastic signal, regardless of which ice mask choices is 
employed. Documented ice retreat elsewhere across Greenland (e.g., Box & Decker, 2011; Hill et al., 2018; 
Millan et al., 2018) suggests that its impact on mass-balance estimates and uplift rates warrants further, is-
land-wide investigation, as it is not yet known whether the relative magnitude of the effects we report apply 
to the whole of the Greenland Ice Sheet.

With the launch of CryoSat-2 in 2010 and ICESat-2 in 2018, more and finer-resolution altimetry data for 
both polar ice sheets is available to assess their mass-balance (e.g., Smith et al., 2020). For reliable intercom-
parison of multiple mass-balance studies, our results clearly show that it is preferable to adopt time-varying, 
dynamic ice masks. This applies not only to altimetry-based estimates, but also to SBM-modeling efforts as 
well as input-output method studies. Here we find that failure to properly account for changes in the ice-
sheet ablation area can introduce ambiguities comparable to those associated with ice-sheet wide firn-com-
paction modeling.

While we employ a 3-year interval for our time-varying ice mask, it is possible that a yet finer temporal 
resolution is preferable. This need should be weighed against data availability, in both time and space, the 
speed of methods to trace ice extent and time available to implement them, and the desired tolerance in 
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Elastic uplift (mm yr–1)—5,000 m square grid

Station GEUS-Dyn ΔPROMICE ΔRignot ΔGIMP ΔCCI ΔMaxMin

DKSG 12.3 ± 0.2 0.5 ± 0.3 0.7 ± 0.3 0.3 ± 0.3 0.8 ± 0.3 0.8

ASKY 12.5 ± 0.2 0.4 ± 0.3 0.4 ± 0.3 0.2 ± 0.3 0.1 ± 0.3 0.4

KULL 6.1 ± 0.1 0.5 ± 0.2 0.4 ± 0.2 0.5 ± 0.2 0.5 ± 0.2 0.5

SRMP 10.6 ± 0.2 0.6 ± 0.3 0.6 ± 0.3 0.3 ± 0.3 0.2 ± 0.3 0.6

UPVK 3.8 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 0.3

Note. The estimates for the four static ice masks are expressed as anomalies relative to GEUS-Dyn. ΔMaxMin is the 
largest difference between any of the five modeled solutions.
Abbreviations: CCI, climate change initiative; GIMP, Greenland Ice Mapping Project.

Table 2 
Modeled Elastic Uplift Induced by the Mass-Balance Estimate Using a Resampled 5,000 m Square Grid During 2012–
2015 Based on the Five Different Ice Masks
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ice-mask-induced uncertainty for a given mass-balance estimate. Automatic methods to delineate calving 
fronts are an area of active research (e.g., Baumhoer et al., 2019; Cheng et al., 2020), and their application to 
both land-terminating regions and smaller outlet glaciers could accelerate this process and decrease trade-
offs. Regardless, ice masks clearly need to be updated both more regularly and systematically than they 
presently are, so as to accurately gauge the mass-balance of the Greenland Ice Sheet over longer periods. 
Similar concerns likely apply for other large ice masses. With its proportionally greater ocean-terminating 
coastline and less well constrained elastic deformation rates, time-varying, dynamic ice masks may be of yet 
greater importance for the Antarctic Ice Sheet.

Data Availability Statement
The ice masks used in this study is available for download here: https://doi.org/10.22008/promice/data/
ice_mask_northwest_v01.
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