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Abstract
The Greenland Ice Sheet is a key component of the Earth’s climate system and assessing its mass 
balance is crucial for predicting sea-level rise. Solid ice discharge is a critical parameter that can 
be determined by calculating the mass flux through gates spanning all outlet glaciers. However, 
this calculation relies on accurate ice-thickness measurements. Here, we present an open-source 
Python package (PRODEM-Xtract) to extract high-resolution annual ice surface elevation and asso-
ciated ice-thickness profiles along user-defined flux gates over the marginal zone of the Greenland 
Ice Sheet. PRODEM-Xtract builds on PRODEM, an annual series (2019–2024) of Digital Elevation 
Models covering the margin of the Greenland Ice Sheet, while further refining the product to deliver 
a higher spatial resolution of 32 metres. Bed topography is derived from BedMachine v6. Using 
PRODEM-Xtract, we analyse changes in surface elevation and corresponding ice thickness along 
flux gates across the three largest outlet glaciers of the Greenland Ice Sheet, for which we observe 
complex spatial and temporal variability over the period from 2019 to 2024 (inclusive). The evolving 
annual ice thickness will be incorporated into future assessments of the dynamic ice discharge 
from the Greenland Ice Sheet.
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1 Introduction
The Greenland Ice Sheet is losing mass at an accelerating rate, and assessing 
this mass loss is crucial for understanding ice-sheet stability and accurately 
predicting sea-level rise (The IMBIE Team 2020; Simonsen et al. 2021; Otosaka 
et al. 2023). The mass loss is driven by complex and highly variable processes, 
with accelerated flow of outlet glaciers playing a major role (King et al. 2020). 
Higher resolution mass loss assessments in both space and time are essen-
tial for advancing our understanding of outlet glacier dynamics and for eval-
uating regional variations in mass balance. 

One way to monitor the ice sheet’s mass balance is through the mass 
budget (or Input-Output) method (van den Broeke et al. 2009; Mouginot 
et al. 2019; Mankoff et al. 2021). In this approach, the net mass change is 
determined by subtracting mass loss due to solid ice discharged to the 
oceans (derived from satellite observations) from the ice sheet surface 
mass balance (from regional climate models). The solid ice discharge cal-
culation relies on observations of ice-flow velocities and assessments of ice 
thickness along pre-defined flux gates. With accurate ice-flow velocities rou-
tinely produced (Solgaard et al. 2021), the main uncertainty associated with 
the assessment of solid ice discharge is currently related to knowledge of 
the ice thickness along the flux gates (Mankoff et al. 2020a). Enhanced thick-
ness calculations are thus a key priority to achieve improved assessments 
of the solid ice discharge.
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For this purpose, we have developed an open-
source Python package, PRODEM-Xtract, that leverages 
the PRODEM annual series of Digital Elevation Models 
(DEMs) for the Greenland Ice Sheet margin (Winstrup 
et al. 2024) to extract the evolving ice thickness at high 
spatial and temporal resolution along user-defined flux 
gates. While PRODEM (Winstrup 2023) serves as the 
foundation for these improvements, PRODEM-Xtract 
employs a sophisticated interpolation scheme that 
allows extraction of surface elevation at an enhanced 
spatial resolution of 32 m, thus surpassing the native 
500-metre PRODEM resolution. The associated ice 
thickness is calculated using bed topography from 
BedMachine version 6 (Morlighem et al. 2025). The 
improved resolution of the PRODEM surface elevation 
data provided by PRODEM-Xtract will facilitate more 
detailed analyses of the ice sheet’s solid ice discharge. 
While developed for flux gate thickness estimates, 
the  tool may also be used for other purposes that 
require high-resolution surface and ice-thickness pro-
files along user-defined line segments located in the 
marginal zone of the Greenland Ice Sheet. 

The Programme for Monitoring of the Greenland 
Ice Sheet (PROMICE) was initiated to monitor the mass 
balance of the Greenland Ice Sheet (Ahlstrøm and 
the PROMICE project team 2008), and one of the pri-
mary PROMICE datasets is based on the mass budget 
method (Mankoff et al. 2021). From 1986 onwards, the 
PROMICE solid ice discharge is derived from collocated 
ice-thickness and ice-flow velocities along gates across 
all fast-flowing marine-terminating outlet glaciers (Man-
koff et al. 2020a). The solid ice discharge is updated 
bi-weekly, as new velocity data (Solgaard et  al. 2021) 
become available. Prior to 2019, the surface elevation 
profiles in the PROMICE discharge product are based on 
the DEM of the Greenland Ice Mapping Project (GIMP) 
(Howat et al. 2014) and temporally adjusted using sur-
face elevation change fields from various altimetry 
sources (Khan et  al. 2016). In previous assessments, 
this approach was also adopted for 2019 and onwards, 
whereas in the latest update of the discharge product 
(Mankoff et al. 2020b) recent thickness estimates are 
based on PRODEM surface elevations. In the future, we 
intend to integrate the PRODEM-Xtract ice-thickness 
profiles into the PROMICE solid ice discharge workflow, 
leveraging the enhanced spatial resolution for more 
accurate assessments of the ice sheet mass balance 
and its temporal evolution.

As a case study, we apply PRODEM-Xtract to the 
PROMICE flux gates across the three largest outlet 
glaciers from the Greenland Ice Sheet: Sermeq Kujalleq, 
Helheim Gletsjer and Kangerlussuaq Gletsjer, which illus-
trates the added value of PRODEM and PRODEM-Xtract 
for discharge assessments.

2 Data

2.1 PRODEMs 2019–2024
PRODEM is a recently developed annual series of 500-
metre resolution summer DEMs covering a 50 km mar-
ginal zone of the Greenland Ice Sheet (Winstrup et al. 
2024). Each PRODEM is based on fusing satellite altime-
try data from CryoSat-2 and ICESat-2 acquired from June 
to September (inclusive) to obtain DEMs representing a 
primarily snow-free surface. The ICESat-2 data is aver-
aged along-track to match the coarser resolution of the 
CryoSat-2 observations. The PRODEM series begins in 
2019, the first summer after the launch of ICESat-2, and 
it currently extends to the summer of 2024 with annual 
updates expected. 

The PRODEMs are constructed by spatial interpola-
tion using regionally varying kriging on elevation anom-
alies, using the ArcticDEM v4.1 500 m gridded mosaic 
(Porter et al. 2023) as reference DEM. To reduce tempo-
ral bias in the interpolated elevation fields, observations 
are weighted toward the midpoint of the four-month 
acquisition period, and the resulting uncertainty field 
accounts for the increased uncertainty associated with 
greater deviation from this midpoint. Additionally, each 
PRODEM pixel is assigned a representative acquisition 
time derived from a weighted day-of-year of the contrib-
uting observations. Figure 1 shows PRODEM19 (i.e. PRO-
DEM for summer 2019) elevation fields across Sermeq 
Kujalleq, Helheim Gletsjer and Kangerlussuaq Gletsjer, 
along with the spatially varying uncertainty fields and 
the elevation anomalies relative to ArcticDEM v4.1.

2.2 ArcticDEM
The ArcticDEM mosaics are constructed at various spa-
tial resolutions from a vast collection of strips of optical 
stereo-imagery (two-metre resolution) acquired over 15 
years (Porter et al. 2023). While PRODEM is constructed 
using the ArcticDEM 500 m resolution mosaic (v4.1) as 
the reference DEM, PRODEM-Xtract employs the 32 m 
resolution mosaic to transfer the PRODEM elevation 
anomalies to elevations, which allows for substantially 
increased spatial resolution of the flux gate surface ele-
vation products.

2.3 BedMachine
BedMachine maps the bed topography beneath the 
Greenland Ice Sheet. The output is based on extensive 
observational data sets and the reconstructed surface 
mass balance from a regional climate model, while sat-
isfying mass conservation equations. PRODEM-Xtract 
employs the most recent version of the data set, Bed-
Machine Greenland v6 (Morlighem et al. 2025), to 
obtain bed topography along the flux gates. The bed 
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topography and associated uncertainty is posted in 150 
m resolution. However, the actual horizontal resolution 
in the marginal areas is closer to 400 m (Morlighem et al. 
2017).

3 PRODEM-Xtract
PRODEM-Xtract (Winstrup 2026) is an open-source 
Python package that interpolates summer ice-surface 
elevation, bed topography and associated uncertain-
ties along user-defined flux gates to obtain high-reso-
lution ice-thickness profiles (and uncertainties) for a 
given year. All elevations are referenced to the WGS84 
ellipsoid. Ice-thickness uncertainty is calculated by com-
bining the uncertainties on surface and bed elevation in 
quadrature. The programme also outputs representa-
tive acquisition time for the surface elevation along the 
flux gate, providing accurate time intervals for calculat-
ing, for example, elevation trend estimates. 

The flux gates may be defined as follows: For quick 
investigations, the user may provide start and end 
points, and gates will be formed as straight lines 
between these, with associated ice elevation and thick-
ness posted at evenly spaced waypoints. Alternatively, 
the flux gates may be provided as lists of user-defined 
waypoint coordinates, thus allowing full flexibility. A 
Conda environment configuration file is included for 
easy set-up, and simple use cases are provided in the 

accompanying Jupyter notebooks. The resulting annual 
surface elevation (including representative acquisition 
time), bed topography, ice thickness and associated 
uncertainties along the flux gates are returned as a 
GeoPandas dataframe and saved in GeoPackage (.gpkg) 
format. 

With the native PRODEM resolution of 500 metres, 
ordinary interpolation in the PRODEM elevation fields 
would eliminate smaller-scale topographic features 
characteristic of outlet glaciers where the flux gates 
are located. Therefore, PRODEM-Xtract takes another 
approach: Linear interpolation is instead conducted in 
the gridded (500-metre resolution) PRODEM elevation 
anomaly field relative to ArcticDEM. The interpolated 
anomalies are subsequently added to reference eleva-
tions interpolated from the 32 m resolution ArcticDEM 
mosaic. See Fig. 2 for a flowchart of the procedure. Tech-
nically, this approach is feasible since (1) the PRODEMs 
are constructed as elevation anomalies to ArcticDEM, 
and (2) the two ArcticDEM mosaics locally have identical 
mean elevation because they are derived from the same 
underlying data. An estimate of the surface elevation 
uncertainty along the flux gates is formed by interpola-
tion in the PRODEM uncertainty field. 

A similar approach could enhance the nominal res-
olution across the entire PRODEM area. However, as 
the processed altimetry data used to generate the 
PRODEMs has a resolution of several hundred metres, 

Fig. 1 (a) Overview of the PRODEM coverage (coloured area); red boxes indicate the three regions shown in b–j. Background (greyscale) is ArcticDEM. 
(b–j) PRODEM19 for the three largest outlet glaciers: Left panel: Sermeq Kujalleq. Middle panel: Helheim Gletsjer. Right panel: Kangerlussuaq Gletsjer. 
Thin blue lines are PRODEM19 contour lines. Thin white lines in b–d depict isolines of average ice surface velocity (m/day; Solgaard et al. 2021). Thick 
black lines indicate PROMICE flux gates (Mankoff & Larsen 2020). Top row: PRODEM19 elevation. Middle row: PRODEM19 elevation anomalies relative 
to ArcticDEM. Bottom row: The spatially varying uncertainty (1 standard deviation) associated with the PRODEM19 elevation fields.
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the increased resolution is achieved by incorporating 
small-scale (32 m) topographic details from the Arctic-
DEM mosaic. The higher resolution, therefore, relies 
on the assumption that surface features resolved at  
32 m resolution are sufficiently stable over time to 
represent persistent small-scale topography rather 
than transient conditions. The validity of this assump-
tion may vary across space, depending on ice-flow 
conditions as well as the number and temporal distri-
bution of ArcticDEM strips contributing to each pixel in 
the ArcticDEM mosaic. Generally, however, it is a rea-
sonable assumption: Surface features larger than 32 m 
are mostly associated with ice-dynamic processes such 

as crevasse fields, shear margins, and flow stripes, 
which typically form in persistent stress zones. These 
structures remain relatively stable under steady flow 
regimes (e.g. Colgan et al. 2016), compared to transient 
features like snow dunes or sastrugi, which occur at 
much smaller scales (metres to tens of metres). In addi-
tion, bed topography exerts a strong control on surface 
morphology at scales down to a few hundred metres, 
forming undulations that remain stable over long 
timescales (Ignéczi et al. 2018). For flux gates, which are 
often located near the ice sheet edges in regions with 
pronounced small-scale topography, the  advantage 
of improved spatial resolution outweighs the added 

Fig. 2 Flowchart of PRODEM-Xtract.
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uncertainty introduced by this assumption of topo-
graphic stationarity.

4 Application of PRODEM-Xtract  
We make use of PRODEM-Xtract to analyse changes in 
surface elevation and ice thickness for the PROMICE 
flux gates across the three largest of Greenland’s out-
let glaciers, which are the primary contributors to the 
ice sheet’s solid ice discharge. The PROMICE flux gates 
(Mankoff & Larsen 2020) are located 5 km upstream of 
the termini of all fast-flowing (>100 m/year) marine-ter-
minating Greenland outlet glaciers. They are automat-
ically generated based on the GIMP ice mask (Howat  
et al. 2014) and the mean ice velocity field, with each 
gate constructed as a string of 200 × 200 m grid cells. 
For this study, we focused on the flux gates of Sermeq 
Kujalleq, Helheim Gletsjer and Kangerlussuaq Gletsjer 
during the summers (June to September) of 2019–2024.

Figure 3 shows the extracted elevation profiles and 
the accumulated change in surface elevation and ice 
thickness since summer 2019. Improvements from the 
enhanced resolution result in elevation differences of 
up to 27 m (standard deviations ranging from 5.5 to 7.3 
m) in these areas, characterised by pronounced small-
scale topography (Fig. 3, bottom panel). While the rep-
resentative acquisition time of the surface-elevation 
profiles vary spatially and temporally, its impact on the 
derived surface elevation is relatively small (up to 1.5 m 
within a season, based on the average summer eleva-
tion trend map from Slater et al. 2021), and is accounted 
for in the associated uncertainty estimates. There is 
considerable evolution in surface elevation over the 
five-year period (six summers of observations), causing 
ice thickness in the central areas of Sermeq Kujalleq 
and Kangerlussuaq Gletsjer to be reduced by several 
percent. 

The surface topography of the three glaciers evolves 
differently over the five years. Sermeq Kujalleq displays 
the most complex pattern of evolution that varies along 
the flux gate (Figs 3d, g and j). The largest changes in sur-
face elevation occur where ice-flow velocities are high-
est (Fig. 3m). From summer 2019 to summer 2020, the 
surface lowers by up to 40 m, corresponding to a mean 
ice-thickness change of 3% over an 8 km section along 
the flux gate. The following summer, an additional sur-
face lowering of c. 10 m over an extended area can be 
observed. By summer 2022, the elevation has increased 
in the central area, which was previously most affected 
by surface lowering, while surrounding regions con-
tinue to decrease. A similar pattern is observed in 2023. 
By summer 2024, the surface elevation has increased 
(c. 10 m) across a wide area.

For Helheim, by comparison, the surface elevation 
along the flux gate stays relatively stable throughout 

the period (Figs 3e, h and k). Until summer 2022, the 
surface exhibits a slightly upwards trend, followed by 
a general decrease (c. 10 m) in summer 2023, which is 
subsequently offset by an increase of 20 m by summer 
2024. 

The largest changes in elevation during the five years 
(up to 57 m; on average 11% of the total ice thickness) 
occurs along the Kangerlussuaq Gletsjer flux gate (Figs 
3f, i and l). The surface elevation here shows a c. 35 
m decrease in elevation from summer 2019 to sum-
mer 2020, occurring relatively uniformly across the 
gate. By summer 2021, the elevation has rebounded, 
increasing by c. 15 m along most of the gate. This ele-
vation gain is eliminated by the summer of 2022 when 
the surface again shows a substantial lowering (30 m) 
along the entire flux gate. The surface remains at this 
level until summer 2023, before rising again (c. 35 m) 
by summer 2024.

Figures 3d–f also show surface-elevation profiles 
based on the temporally modified GIMP DEM used in 
previous versions of the PROMICE ice-discharge product 
(Mankoff et al. 2021; dashed lines). The PRODEM ele-
vation profiles differ substantially from these, with the 
PRODEM-Xtract mean surface elevation for 2019 being 
lower by, respectively, 8.9 m (Sermeq Kujalleq), 24.7 m 
(Helheim Gletsjer) and 4.5 m (Kangerlussuaq Gletsjer). 
The significantly lower ice-thickness estimates lead to 
reduced solid ice discharge from these glaciers. Fur-
thermore, the interannual variability in these previously 
used surface-elevation profiles (Figs 3g–i) does not dis-
play the large variability over time and place observed 
here.

The pronounced surface changes observed for these 
three large outlet glaciers from summer 2019 to 2024 
have measurable impacts on the calculation of solid ice 
discharge fluxes. Under a simplified scenario of constant 
velocities (Solgaard & Kusk 2022), the PRODEM-Xtract 
ice-thickness profiles along the three flux gates yield 
weighted mean ice fluxes of 33.6, 24.3, and 22.9 Gt/year, 
respectively, for the six summers. The range of interan-
nual variability due to changing ice thickness is 1.0–1.2 
Gt/year. This assessment demonstrates the need to 
incorporate the changing ice elevation in high tempo-
ral resolution for improved ice-sheet-wide estimates of 
solid ice discharge. 

5 Summary and outlook 
PRODEM-Xtract is a Python package developed to 
extract high-resolution annual surface elevation and 
ice thickness along user-defined flux gates. It employs 
the PRODEM elevation models, with surface elevations 
interpolated to higher-than-standard resolution, as 
applicable for the highly variable terrain often found 
across outlet glaciers.
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PRODEM-Xtract enables detailed investigations of 
changing ice thickness, providing critical support for the 
ongoing assessment of solid ice discharge through indi-
vidual outlet glaciers. Applying PRODEM-Xtract to the 

PROMICE flux gates for the three largest Greenland outlet 
glaciers (Sermeq Kujalleq, Helheim Gletsjer, Kangerlus-
suaq Gletsjer) reveals rapidly evolving surface elevation 
with pronounced and complex interannual variability.  
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Fig. 3 (a–c): Surface and bed elevation profiles along the PROMICE flux gates across Sermeq Kujalleq (left panel), Helheim Gletsjer (middle panel) and 
Kangerlussuaq Gletsjer (right panel). (d–f): Evolution in surface profiles. (g–i): Accumulated elevation change relative to the PRODEM19 elevation pro-
file. (j–l): Accumulated thickness change (in percent). (m–o): Mean ice surface velocity (Solgaard & Kusk 2022; black lines), and elevation differences 
resulting from enhancing the PRODEM resolution from 500 m to 32 m (thin grey lines). All, except bottom panel: Solid lines indicate the PRODEM 
elevation profiles with coloured bands illustrating the one-standard-deviation uncertainty. Also shown in d–i (dashed lines) are the corresponding flux 
gate surface elevations (2019–2022) based on the temporally adjusted GIMP DEM and associated accumulated elevation change since summer 2019.
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In the future, it will be applied to all PROMICE flux gates, 
with its output incorporated into PROMICE’s compre-
hensive evaluation of solid ice discharge across Green-
land’s outlet glaciers. This approach will improve the 
assessment of the Greenland ice discharge and better 
capture its interannual variability due to the combined  
fluctuations of surface velocity and elevation change.
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	Fig. 1 (a) Overview of the PRODEM coverage (coloured area); red boxes indicate the three regions shown in b–j. Background (greyscale) is ArcticDEM. (b–j) PRODEM19 for the three largest outlet glaciers: Left panel: Sermeq Kujalleq. Middle panel: Helheim Gletsjer. Right panel: Kangerlussuaq Gletsjer. Thin blue lines are PRODEM19 contour lines. Thin white lines in b–d depict isolines of average ice surface velocity (m/day; Solgaard et al. 2021). Thick black lines indicate PROMICE flux gates (Mankoff & Larsen 2020). Top row: PRODEM19 elevation. Middle row: PRODEM19 elevation anomalies relative to ArcticDEM. Bottom row: The spatially varying uncertainty (1 standard deviation) associated with the PRODEM19 elevation fields.
	Fig. 2 Flowchart of PRODEM-Xtract.
	Fig. 3 (a–c): Surface and bed elevation profiles along the PROMICE flux gates across Sermeq Kujalleq (left panel), Helheim Gletsjer (middle panel) and Kangerlussuaq Gletsjer (right panel). (d–f): Evolution in surface profiles. (g–i): Accumulated elevation change relative to the PRODEM19 elevation profile. (j–l): Accumulated thickness change (in percent). (m–o): Mean ice surface velocity (Solgaard & Kusk 2022; black lines), and elevation differences resulting from enhancing the PRODEM resolution from 500 m to 32 m (thin grey lines). All, except bottom panel: Solid lines indicate the PRODEM elevation profiles with coloured bands illustrating the one-standard-deviation uncertainty. Also shown in d–i (dashed lines) are the corresponding flux gate surface elevations (2019–2022) based on the temporally adjusted GIMP DEM and associated accumulated elevation change since summer 2019.



