
1. Introduction
The mass loss of the Greenland Ice Sheet (GrIS) has been accelerating during the last quarter of a cen-
tury (Bamber et  al.,  2018; Mouginot et  al.,  2019; Shepherd et  al.,  2020) with rapid and record-high ice-
sheet-wide losses in 2012 and 2019 (Nghiem et al., 2012; Sasgen et al., 2020). A wide range of sensors and 
methods has been used to study the changes of the GrIS, including satellite gravimetry, altimetry, and the 
input-output method (IOM). Satellite gravity measurements from the Gravity Recovery and Climate Exper-
iment (GRACE/-FO) can be converted into mass change (Chen et al., 2006; Sasgen et al., 2020; Velicogna & 
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Plain Language Summary A wide range of sensors and methods have been used to study 
the changes of the Greenland Ice Sheet, including satellite gravimetry, altimetry, and the input-output 
method. Here, we present a novel fourth method to estimate dynamic ice loss of Greenland's three largest 
outlet glaciers: Jakobshavn Isbræ, Kangerlussuaq Glacier, and Helheim Glacier. We use Global Navigation 
Satellite System (GNSS) stations attached to bedrock to measure rise of land masses caused by ongoing 
ice mass loss near the glacier terminus. When we compare our results with ice discharge, we find a time 
lag between glacier speedup/slowdown and onset of dynamic induced thinning/thickening. Our results 
show that dynamic thinning/thickening on Jakobshavn Isbræ occurs 0.87 ± 0.07 years before speedup/
slowdown. This implies that using GNSS uplift time series we are able to predict ice flow speedup/
slowdown of Jakobshavn Isbræ by up to 10 months. For Kangerlussuaq Glacier and Helheim Glacier 
the lag between thinning/thickening and speedup/slowdown is 0.37 ± 0.17 years (4.4 months) and 
0.03 ± 0.16 years, respectively. Our methodology and results could be important for studies that attempt 
to model and understand mechanisms controlling short-term dynamic fluctuations of outlet glaciers in 
Greenland.
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Wahr, 2006). Airborne and satellite altimetry directly measure changes in ice surface heights and provide 
ice volume changes (Helm et al., 2014; Khan, Kjær et al., 2014; Pritchard et al., 2009). The IOM method de-
pends on the discharge of ice through a flux gate (Rignot & Kanagaratnam, 2006) and surface mass balance 
(van den Broeke et al., 2016). Each of these methods has strengths and weaknesses. GRACE/-FO provides 
solutions at high temporal (monthly) but limited spatial resolution, and is thus not suitable to study indi-
vidual glaciers (Barletta et al., 2013). Satellite and airborne altimetry provide high spatial resolution but 
limited temporal sampling (monthly to annual) (Khan, Kjeldsen et al., 2014; Schenk et al., 2014). IOM has 
the advantage that it identifies the physical processes responsible for the mass changes; it provides weekly 
solutions but is available only since 2016 (King et al., 2020; Mankoff et al., 2020) while yearly solutions 
are available since 1972 (Mouginot et al., 2019). However, while GRACE provides direct estimates of mass 
changes, both altimetry and IOM methods need several models and/or a priori knowledge to derive the ice 
mass changes, resulting in relatively high uncertainties in ice mass loss estimates.

Here, we present a novel method to estimate dynamic ice loss from direct observations of uplift of the elastic 
lithosphere using Global Navigation Satellite System (GNSS) stations attached to bedrock. GNSS stations 
are uplifting due to a combination of Glacial Isostatic Adjustment (GIA, caused by past ice-ocean mass ex-
change) and Earth's near instantaneous elastic response to present-day ice mass changes (Bevis et al., 2012). 
The Earth's elastic response can be isolated by applying a GIA correction. The magnitude of the elastic 
response to ice loss decreases with increasing distance from the ice loss center (Adhikari et al., 2017; Wahr 
et al., 2013), which means GNSS stations located near the center of ice loss will experience more uplift than 
GNSS stations further away. The Earth's elastic response is due to a combination of dynamic thinning of 
glaciers and surface mass balance (SMB) processes. However, these two contributors to surface elevation 
changes have different spatial patterns. Dynamic thinning is typically largest near the glacier terminus 
and along the main flowline and declines rapidly inland (Khan et al., 2020; Khazendar et al., 2019), while 
SMB-induced thinning has a much larger wavelength as SMB anomalies typically have a larger footprint. 
Earth's elastic response due to dynamic thinning can be isolated by applying a correction for SMB-induced 
elastic uplift. Therefore, a GNSS station located near a glacier front can sense and reveal the dynamic mass 
changes of that particular glacier. Here, we take advantage of GNSS stations located next to a major outlet 
glacier undergoing dynamic changes.

The major advantage of using GNSS data is the very high temporal resolution (daily) of elastic uplift esti-
mates, caused by daily mass loss variability of the nearby glacier. In general, GNSS data may reveal short-
term fluctuation of mass and significantly improve our understanding of glacier dynamics at daily times-
cales (Adhikari et al., 2017; Khan et al., 2010). Here, we focus on GNSS data from stations near Greenland's 
three largest outlet glaciers, Jakobshavn Isbræ (Sermeq Kujalleq, JI), Kangerlussuaq Glacier (KG), and Hel-
heim Glacier (HG). We develop a relation between GNSS uplift and accumulated ice discharge for each 
glacier to examine recent ice variability.

2. Data and Methods
2.1. GNSS Data

To estimate GNSS site coordinates, we use the Gipsy X software package version GipsyX-1.3 developed at 
the Jet Propulsion Laboratory (JPL) and released in December 2019 (Bertiger et al., 2020). We use JPL final 
orbit products which include satellite orbits, satellite clock parameters, and Earth orientation parameters. 
The orbit products take the satellite antenna phase center offsets into account. The atmospheric delay pa-
rameters are modeled using the Vienna Mapping Function 1 (VMF1) with VMF1grid nominals (Boehm 
et al., 2006). Corrections are applied to remove the solid Earth tide and ocean tidal loading. The amplitudes 
and phases of the main ocean tidal loading terms are calculated using the Automatic Loading Provider 
(http://holt.oso.chalmers.se/loading/) applied to the FES2014b (Carrère et al., 2016) ocean tide model, in-
cluding correction for center of mass motion of the Earth due to the ocean tides. The site coordinates are 
computed in the IGS14 frame (Altamimi et al., 2016).

Here, we use GNSS data from three sites located on bedrock near the margin of JI, KG, and HG. Fig-
ures 1a–1c shows the locations of the GNSS sites (red dots). KAGA is located near JI, KUAQ near KG, and 
HEL2 near HG. The blue curves in Figure 2 (left panels) show weekly solutions of bedrock uplift at KAGA, 
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KUAQ, and HEL2, respectively. To isolate the uplift associated with ice dynamic processes, we must account 
for the uplift associated with SMB processes. The red curves in Figure 2 (left panels) denote estimated elastic 
uplift caused by SMB anomalies. This SMB correction is described in the following section.

2.1.1. Surface Mass Balance Correction

We use surface mass balance output products from the Regional Atmospheric Climate Model (RACMO2.3p2) 
at 5.5 km horizontal resolution statistically downscaled to 1 km resolution (Noël et al., 2018, 2019). SMB 
uncertainty has been previously estimated using the bias between modeled and observed SMB. We use an 
accumulation zone uncertainty of 17 mm w.e./yr and an ablation zone uncertainty of 70 mm w.e./yr (Noël 
et al., 2019).

To estimate “elastic uplift due to SMB,” we integrate this SMB product over the drainage catchment of each 
glacier, and then remove the mean 1961–1990 to obtain SMB mass anomalies. Next, we convolve SMB mass 
anomalies with the Green's functions derived by Wang et al.  (2012) for elastic Earth model iasp91 with 
refined crustal structure from Crust 2.0. The blue curves in Figure 2 (left panels) denote GNSS observed 
uplift corrected for “elastic uplift due to SMB,” which we for simplicity denote as “elastic uplift due to ice 
dynamics.” In Figure 2 (right panel), we detrend the “elastic uplift due to ice dynamics” weekly solutions 
by fitting and removing a linear term and yearly term, allowing us to ignore, for example, glacial isostatic 
adjustment correction.
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Figure 1. (a) Jakobshavn Isbræ and the location of flux gate (red curve) and GNSS station KAGA (red dot). (b) Kangerlussuaq Glacier and location of flux gate 
(red curve) and GNSS station KUAQ (red dot). (c) Helheim Glacier and location of flux gate (red curve) and GNSS station HEL2 (red dot). Time series of ice 
discharge from (d) JI, (e) KG, and (f) HG. Black curve denotes time series of cumulative ice discharge (left axis) from (g) JI, (h) KG, and (j) HG. Orange curve 
denotes time series of detrended cumulative ice discharge (right axis) from (g) JI, (h) KG, and (i) HG.
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2.1.2. Uncertainties of the Elastic Uplift Due to Ice Dynamics

We construct weekly averages of the daily vertical solutions shown to take the temporally correlated 
(non-Gaussian) noise into account. We use the root mean square (rms) of those averages to represent 
their uncertainties that we denote σup_GPS. To estimate uncertainties of the elastic uplift due to SMB, we 
convolve SMB uncertainty with the Green's functions and denote these uncertainties as σup_SMB. The 
total uncertainties of the “elastic uplift due to ice dynamics” (blue curves in Figures 2a, 2c and 2e) are 
   2 2

elas up _ GPS up _ SMB .

The resulting uncertainty σelas is dominated by the GNSS data uncertainty which is typically1.5–2.0 mm, 
while the magnitude of σup_SMB is about 0.4 mm.
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Figure 2. (a) Time series of weekly uplift solution at KAGA (black curve). Time series of elastic uplift due to SMB anomalies at KAGA (red curve). Observed 
uplift subtracted elastic uplift due to SMB (blue curve). (c) Same as (a) but for KUAQ. (f) Same as (a) but for HEL2. (b) Detrended observed uplift subtracted 
elastic uplift due to SMB at KAGA. (d) Detrended observed uplift subtracted elastic uplift due to SMB at KUAQ. (f) Detrended observed uplift subtracted elastic 
uplift due to SMB at HEL2.
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2.2. Ice Discharge and Uncertainties

We use JI, KG, and HG solid ice discharge from December 2006 to 2020. 
Discharge is calculated across flux gates, from ice thickness (Morlighem 
et  al.,  2017) updated to account for surface elevation change (Khan 
et al., 2016), ice surface velocity (Solgaard et al., 2021), and an assumed 
ice density of 917 kg/m3 (Mankoff et al., 2020). Gates are placed ∼5 km 
upstream from the terminus and limited to ice flowing >100 m/yr, based 
on the average 2015, 2016, and 2017 winter velocity as provided by MEaS-
UREs (Joughin et  al.,  2018). The largest uncertainties in estimated ice 

discharge are associated with ice thickness uncertainties (Morlighem et al., 2017), and ice density uncer-
tainty due to crevasses.

Figures 1a–1c shows the location of flux gates for each glacier and Figures 1d–1f shows the ice discharge 
rate in Gt/yr. To estimate dynamic ice loss, we estimate cumulative discharge of each glacier and remove the 
associated basin-wide mean 1961–1990 SMB, which is typically assumed to characterize a near-equilibrium 
period (King et al., 2020). We estimate a 1961–1990 basin-wide mean SMB using RACMO2.3p2 of 29.9 Gt/
yr for JI, 19.5 Gt/yr for KG, and 26.5 Gt/yr for HG. Figures 1g–1i shows the dynamic ice loss (black curve) 
and the detrended dynamic ice loss (orange curve). To detrend the dynamic ice loss, we fit and remove a 
linear term and yearly term.

2.3. Airborne and Satellite Laser Altimetry

To assess elevation changes of the ice surface over JI, we use repeat laser altimetry surveys from NASA's 
Airborne Topographic Mapper (ATM) flights during 2006–2019 (Studinger, 2014). The airborne altimetry 
measurements over the ice were conducted from March to May during annual campaigns as part of NASA's 
Operation IceBridge. NASA ended its Operation IceBridge measurement over Greenland in spring 2019. 
To assess ice surface elevation changes during 2019–2020, we use Land Ice Along-Track Height Product 
(ATL06) from ICESat-2 (Ice, Cloud, and land Elevation Satellite 2) launched on September 15, 2018, as part 
of NASA's Earth Observing System (Smith et al., 2020). To estimate elevation changes from 2019 to 2020, 
we use surface elevations from January to mid-May for 2019 and difference with surface elevations from 
January to mid-May for 2020.

3. Dynamic Ice Loss From GNSS Uplift
The time series of detrended dynamic ice loss from flow speed (Figure 1 right panels) represent dynamic 
changes of JI, KG, and HG, respectively. We denote the time series of detrended dynamic ice loss from flow 
speed as D(t), where t is time. However, the time series of detrended elastic uplift (Figure 2 right panels) 
represent changes in uplift due to ice dynamics at JI, KG, and HG. We denote U(t) as time series of detrend-
ed elastic uplift due to dynamic ice loss. For both detrended time series, positive anomalies reflect periods 
of higher than normal ice dynamic mass loss. We detrend the dynamic ice loss and uplift time series over 
a common time period at each glacier, so the anomalies in each record are equivalent. Estimated trends 
removed from dynamic ice loss time series are listed in Table 1.

U(t) is the detrended elastic uplift due to dynamic ice loss and depends on the distance between the GNSS 
site and the center of the area undergoing dynamic thinning. Here, we assume that this distance is constant 
over the time period of comparison. D(t) is the detrended discharge at the flux gate and depends on the 
flux gate location (see Text S1), ice flow speed and ice thickness at the flux gate. For a glacier that thins and 
speeds up simultaneously, we can assume a simple linear relation between U(t) and D(t). However, if the 
speed-up lags the thinning as a consequence of the thinning, we have to introduce a time lag between U(t) 
and D(t). Based on our timeseries we assume a simple linear relation between U(t) and D(t) with a time lag 
between the two time-series,

      0D t k U t t (1)
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Glacier k [Gt/mm] t0 [years] Trend of dynamic ice loss [Gt/yr]

JI 0.67 ± 0.01 0.87 ± 0.07 16.2

KG 0.13 ± 0.01 0.37 ± 0.17 6.7

HG 0.46 ± 0.01 0.03 ± 0.16 1.6

Table 1 
Parameter k, t0, and Trend for JI, KG, and HG
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where k is a constant that depends local geology and glaciohydrology and the distance between the GNSS 
site and the section of the glacier losing mass and has units of Gt/mm. t0 is a constant time lag with units of 
years between detrended cumulative ice discharge D(t) (Gt) and detrended cumulative bedrock uplift U(t) 
(mm).

For each glacier, we estimate k and t0 using least square adjustment. Figures 3a–3c shows time series of 
detrended dynamic ice loss from flow speed and detrended dynamic ice loss from GNSS using Equation 1. 
Table 1 shows our estimates of k and t0 for JI, KG, and HG and their uncertainties (see Text S1).

Next, we use the detrended uplift time series U(t) with associated parameters in Table  1 to reconstruct 
dynamic ice loss for JI, KG, and HG, respectively. Figures  3d–3f shows our reconstructed “dynamic ice 
loss from GNSS data” and “dynamic ice loss from ice flow speed.” To reconstruct dynamic ice loss from 
GNSS uplift, we add the dynamic ice loss trend (see Table 1) that was removed when detrending dynamic 
ice loss time series in Figure 1 (right panels). Our method of estimating the relation between U(t) and D(t) 
and reconstruction of the dynamic ice loss from GNSS is independent of any secular trends that may affect 
GNSS data, for example, secular uplift due to glacial isostatic adjustment. Once a relation between uplift 
and dynamic ice loss has been established, we can use it to estimate dynamic ice loss from observed uplift 
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Figure 3. (a) Predicted detrended dynamic ice loss from past GNSS data at JI (blue curve) and ice flow method (black curve). (b) Same as (a) but for KG. (c) 
Same as (a) but for HG. (d) Cumulative dynamic ice loss from past GNSS data at JI (blue curve) and ice flow speed method (black curve). (e) Same as (d) but for 
KG. (f) Same as (d) but for HG.
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(b) Kangerlussuaq Glacier
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from GNSS. In principle, the method can be used for any glacier that has a GNSS station located near the 
glacier terminus.

4. Results
The observed uplift at GNSS sites is an elastic response to mass changes due to a combination of complex 
patterns of SMB and dynamic induced response of JI, KG, and HG. By removing the SMB induced mass 
anomalies, we can isolate the dynamically-induced thinning. For each glacier, we find the relation between 
dynamic ice loss and uplift. Our results for HG (Figure 3f) show increased dynamic ice loss starting in 
2017. HG lost a total of 10  ±  2  Gt during 2007.6–2017.0 (over a 9.4-year period) and 15  ±  2  Gt during 
2017.0–2020.0 (over a 3-year period). Both methods, dynamic ice loss from flow speed and dynamic ice 
loss using GNSS, show acceleration in dynamic loss. The two methods provide consistent results for JI, KG, 
and HG, and the pairs of time-series (Figure 3) lie within their error bars. However, it should be noted that 
fluctuations in detrended dynamic ice loss are small for KG (from −2 to +2 Gt) (see Figure 3b), whereas JI 
fluctuations vary between −20 Gt and +10 Gt, and HG between −5 and +10 Gt.

In principle the time lag t0 allows us to predict future dynamic loss from GNSS uplift. For JI we find a time 
lag of 0.87 ± 0.07 years between uplift and dynamic ice loss from flow speed, and thus we can predict dy-
namic ice loss until November 2021 (Figures 3a and 3d). The time lags for KG (0.37 ± 0.17 years, Figures 3b 
and 3e) and HG (0.03 ± 0.16 years, Figures 3c and 3f) are much shorter. To investigate and understand this 
time lag, we create time series of elevation changes for JI based on airborne and satellite laser altimetry data. 
Figure 4 shows annual elevation changes (April to April) from airborne and satellite altimetry between 
April 2008 and April 2020. The thinning is dominated by ice dynamics (Khazendar et al., 2019).
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Figure 4. Elevation changes of Jakobshavn Isbræ in meters during (a) April 2008–April 2009, (b) April 2009–April 2010, (c) April 2010–April 2011, (d) April 
2011–April 2012, (e) April 2012–April 2013, (f) April 2013–April 2014, (g) April 2014–April 2015, (h) April 2015–April 2016, (i) April 2016–April 2017, (j) April 
2017–April 2018, (k) April 2018–April 2019, and (i) April 2019–April 2020. Background show Landsat image of JI from 2012.
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Airborne and satellite altimetry suggest thickening of JI from April 2016 to April 2017 (Figure 4i), in line 
with recent studies, for example, (Khazendar et al., 2019). However, discharge from flow speed shows a 
large decline in discharge in summer 2017 (Figure 1d) and was consistently lower the following years. This 
suggests a time lag between the onset of glacier speedup/slowdown and the onset of dynamic thinning/
thickening, where dynamic thinning/thickening occurs before speedup/slowdown.

Our method of using GNSS uplift time series to estimate dynamic ice loss has its limitations. A GNSS sta-
tion located between two glaciers will not be able to sense which glacier is speeding up and undergoing 
dynamic thinning/thickening. Elastic uplift depends on the distance between the GNSS site and the glacier 
losing mass. However, usage of horizontal displacements could be a potential solution, as horizontal dis-
placements depend on the distance and direction between a GNSS site and the area losing mass (Adhikari 
et al., 2017; Wahr et al., 2013). The optimal location to install a GNSS station to monitor dynamic changes 
is close to the grounding line or close to the source that is, undergoing dynamic charges. A shorter distance 
between GNSS site and the source gives a larger elastic response.

5. Discussion and Conclusions
The Greenland GPS Network (GNET) was built to observe and monitor the Earth's instantaneous elastic 
adjustment to contemporary ice loss, and its delayed viscoelastic response to long past changes in ice mass 
(Bevis et al., 2012). Constant velocity displacements are hard to interpret, because both elastic and viscoe-
lastic adjustments are capable of producing steady crustal velocities, so any attempt to separate them is 
largely an exercise in modeling. But accelerating and transient displacements are driven by accelerating or 
transient changes in ice mass, and thus manifest the combined effects of shifting SMB and dynamic mass 
change (Bevis et al., 2019). Changes in dynamic ice loss at major outlet glaciers produce large elastic signals 
at nearby GNSS stations, but these signals decay in space much more rapidly than do the signals produced 
by major shifts in SMB. Thus, displacement transients seen at GNET stations close to major outlet glaciers, 
which are not found in the time series of more distant GNET stations, have a local origin.

Here, we present a novel method to estimate dynamic ice loss of JI, KG, and HG that uses uplift from GNSS 
data. Our method provides weekly estimates of dynamic ice loss from 2007 to 2020 for JI and HG and 2009 
to 2020 for KG (Figure 3). Our results show that uplift inferred from the GNSS data is a direct consequence 
of mass change with no time lag. The fact that the measured discharge at the flux gates lags the elastic re-
sponse indicates that the ice flow at the flux gates reacts to dynamic thinning that has already occurred. This 
lag between glacier thinning/thickening and speedup/slowdown allows us to use uplift from GNSS data to 
predict discharge at the flux gates, by up to 10.4 months for JI and 4.5 months for KG.

One mechanism that we suggest leading to the lag is the delay of the viscous response to a change in load 
of a glacier. With ice being a viscoelastic material, a change in load is initially leading to an elastic response, 
while the viscous response is taking a month to years to fully develop, depending on the viscosity (Christ-
mann et al., 2019; Rankl et al., 2017). Calving front motion induces softening of the ice that subsequently 
leads to acceleration (Bondzio et al., 2017). This implies that, locally, there might be a time lag between mass 
loss from the satellite altimetry method and the mass loss from the IOM method. Thus, on short timescales, 
the two mass loss methods should be compared with caution. We further note that the time lag between 
thinning/thickening and speedup/slowdown depends on the overall trend of the dynamic ice loss of the 
considered glacier. Table 1 suggests the time lag (column 3) increases linearly with the trend of dynamic 
ice loss (column 4). However, further investigation using more glaciers is needed to draw any conclusions. 
The method presented here may be used for other glaciers, for example, in Alaska or Antarctica that have a 
GNSS site located reasonably close (up to ∼30 km) to their center of dynamic mass loss.

Data Availability Statement
Glacier front position and discharge data is available at the following data repository: https://dataverse01.
geus.dk/dataset.xhtml?persistentId=doi:10.22008/promice/data/ice_discharge/d/v02.GNSS uplift data 
and Ice surface elevation changes is available at the following data repository: https://datadryad.org/stash/
share/CTZfCRbKv3t3vEXloNHVdVycpFXza_yuBK38Lo6syDc.
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