
For Peer Review
THIS MANUSCRIPT HAS BEEN SUBMITTED TO THE JOURNAL OF 
GLACIOLOGY AND HAS NOT BEEN PEER-REVIEWED.

Ice Surface Change Drives Subglacial Hydrologic 
Reorganization and Interior Speedup in Northwest 

Greenland

Journal: Journal of Glaciology

Manuscript ID JOG-2026-0033.R1

Manuscript Type: Article

Date Submitted by the 
Author: n/a

Complete List of Authors: Sommers, Aleah; Dartmouth College, Thayer School of Engineering
Stubblefield, Aaron; University of Maryland; NASA Goddard Space Flight 
Center
Andrews, Lauren; NASA Goddard Space Flight Center, Cryospheric 
Sciences Labratory
Meyer, Colin; Dartmouth College, Thayer School of Engineering
Smith, Benjamin; University of Washington, 

Keywords: Subglacial processes, Laser altimetry, Ice-sheet modelling, Glacier 
hydrology, Arctic glaciology

Abstract:
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pressure and sliding velocity. Leveraging changes in elevation observed 
by the Ice, Cloud, and land-Elevation satellite (ICESat) and ICESat-2 
missions, we use coupled subglacial hydrology--ice dynamics modeling 
applied to a section of the northwest Greenland Ice Sheet to explore i) 
how decadal scale changes in ice surface elevation influence changes in 
winter background subglacial hydrology and corresponding ice velocity, 
and ii) how much seasonal response is attributable to geometry versus 
environmental forcing. Our simulations suggest complex reorganization of 
the subglacial hydrologic system between 2004 and 2020, resulting from 
changes in surface elevation, driving redistribution of freshwater flux, an 
overall acceleration trend in the interior, and an increase in background 
basal melt. Without changing hydrological conditions, geometry changes 
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alone lead to greater interior acceleration, suggesting that changes in the 
subglacial system help to mitigate this speedup. We also find that the 
winter background state of the subglacial system modulates the seasonal 
response. This work demonstrates feedbacks that influence mass loss 
from the Greenland Ice Sheet as surface elevation evolves, highlighting 
the subtleties involved in accounting for changes in effective pressure, ice 
velocity, and basal melt due to changes in subglacial hydrology.
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ABSTRACT. Changes in ice surface elevation and slope influence subglacial11

water pressure and sliding velocity. Leveraging changes in elevation observed12

by the Ice, Cloud, and land-Elevation satellite (ICESat) and ICESat-2 mis-13

sions, we use coupled subglacial hydrology–ice dynamics modeling applied to14

a section of the northwest Greenland Ice Sheet to explore i) how decadal scale15

changes in ice surface elevation influence changes in winter background sub-16

glacial hydrology and corresponding ice velocity, and ii) how much seasonal17

response is attributable to geometry versus environmental forcing. Our sim-18

ulations suggest complex reorganization of the subglacial hydrologic system19

between 2004 and 2020, resulting from changes in surface elevation, driving20

redistribution of freshwater flux, an overall acceleration trend in the interior,21

and an increase in background basal melt. Without changing hydrological22

conditions, geometry changes alone lead to greater interior acceleration, sug-23

gesting that changes in the subglacial system help to mitigate this speedup.24

We also find that the winter background state of the subglacial system modu-25

lates the seasonal response. This work demonstrates feedbacks that influence26

mass loss from the Greenland Ice Sheet as surface elevation evolves, highlight-27
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ing the subtleties involved in accounting for changes in e�ective pressure, ice28

velocity, and basal melt due to changes in subglacial hydrology.29

INTRODUCTION30

The Greenland Ice Sheet is a prominent frozen reservoir of freshwater on Earth. In recent decades, it has31

had a negative mass balance, losing more ice through melt, runo�, and iceberg calving than it gains each32

year through snow accumulation that gradually compacts into ice (Mouginot and others, 2019; Manko� and33

others, 2020). Although widespread satellite observations in recent years have improved the monitoring of34

overall mass loss of the Greenland Ice Sheet (Shepherd and others, 2012; Hanna and others, 2013; Mouginot35

and others, 2019; Smith and others, 2019), gaps remain in scientific understanding of the physical processes36

governing dynamics of the ice sheet and how these will impact mass loss in the future. A particular source of37

uncertainty in future sea level projections associated with ice mass loss is the role of subglacial hydrology, or38

liquid water at the interface between the ice and the underlying bed material. The subglacial environment39

is di�cult to access for direct observations, but numerical models can provide insights into basal processes40

by simulating the relevant physical processes of water and ice flow, melt, and sliding.41

Subglacial hydrology a�ects the velocity of glaciers by modulating how easily the ice slides over its42

bed. Glacier sliding parameterizations (or “sliding laws”) are generally formulated in terms of basal stress,43

calculated as a function of ice sliding velocity and e�ective pressure, which is defined as the di�erence44

between ice overburden pressure and water pressure at the bed (Budd and others, 1979; Schoof, 2005).45

The specific relationship and exponents vary between di�erent sliding laws, but sliding velocity and e�ective46

pressure typically have a nonlinear relationship.47

Water below glaciers flows according to pressure gradients, which are partly determined by geomet-48

ric properties of the glacier, such as surface slope, ice thickness, and bed slope, and partly by fluid flow49

dynamics. Pressure evolves dynamically through space and time with evolving glacier geometry and hy-50

draulic processes. Water moves from high to low pressure, meaning that in some cases water can flow51

uphill relative to the bed or surface topography. Although bed topography beneath the ice is di�cult to52

accurately constrain, ice surface elevation has been relatively well observed since 2003 with NASA’s Ice,53

Cloud and land-Elevation satellite (ICESat) and follow-up Operation IceBridge (MacGregor and others,54

2021) and ICESat-2 laser altimetry missions, by which the travel time of laser pulses is used to measure55

Page 3 of 26

Cambridge University Press

Journal of Glaciology



For Peer Review

Sommers and others: Subglacial hydrologic reorganization in Northwest Greenland 3

the elevation of Earth’s surface (Schutz and others, 2005; Abdalati and others, 2010; Markus and others,56

2017). Changes in ice surface elevation and surface slope cause changes in the hydraulic pressure gradient57

at the bed.58

Liquid water beneath glaciers is derived from melting at the base of the ice as well as seasonal surface59

melting that drains through the ice. During the winter months, the subglacial system receives water primar-60

ily from basal melt and is in a relatively stable background state. During the summer months, a significant61

fraction of the water that melts on the surface of the ice sheet drains to the bed via moulins and crevasses62

(Meierbachtol and others, 2013; Andrews and others, 2014; Smith and others, 2015). At higher elevations,63

a portion of surface melt percolates into porous firn and refreezes instead of running o� (Meyer and Hewitt,64

2017; Rennermalm and others, 2022). Intuitively, one might expect that more meltwater being produced65

on the ice sheet would lead to more water at the bed, and a corresponding increase in water pressure and66

acceleration. However, this is not necessarily the case – as has been observed through field observations67

and represented in numerical models (Schoof, 2010; Flowers, 2015) – with su�cient meltwater inputs to68

the bed, the drainage system will transition to form an e�cient system of channelized pathways. These69

e�cient conduits decrease water pressure and consequently pull water from the surrounding bed, increasing70

friction and yielding a deceleration even with increasing melt (Sundal and others, 2011). This negative71

feedback complicates predicting future development of Greenland glacier seasonal velocities, and numerous72

scientific studies have attempted to understand when and where such channelized drainage is likely to73

develop (Banwell and others, 2016; Cowton and others, 2016; Simkins and others, 2021; Rada Giacaman74

and Schoof, 2023; Warburton and others, 2024).75

In this study, we are motivated by questions that address the impact of the background state and76

seasonal evolution of the subglacial system: 1) How do decadal scale changes in surface elevation influence77

changes in winter background state subglacial hydrology and corresponding ice dynamics of the Greenland78

Ice Sheet? 2) How much is seasonal velocity attributable to glacier geometry compared to environmental79

forcing? Leveraging ice surface elevation derived from ICESat and ICESat-2 observations, we use a coupled80

subglacial hydrology–ice dynamics model to simulate changes in e�ective pressure and ice velocity over the81

period 2004 to 2020.82

In the following sections, we describe our methods, including how we generate our high-resolution83

DEMs, the models and data we use, and our experimental approach. We then present simulation results84

and discuss implications of our findings.85
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METHODS86

DEM generation87

We generate high-resolution DEMs of the Greenland Ice-Sheet surface based on a combination of ICESat88

and ICESat-2 satellite laser altimetry, Operation IceBridge airborne laser-altimetry data, and ArcticDEM89

digital elevation models. We combine these using a surface-fitting algorithm adapted from the algorithm90

developed for the ICESat-2 ATL14 and ATL15 gridded height and height-change data products, with91

additional processing steps added to help correct for potential artifacts in the other datasets. The ATL14/1592

algorithm (Smith and others, 2026, 2025) approximates ice-sheet elevations as the sum of a fine-resolution93

reference DEM and a set of coarser-resolution elevation-change surfaces. For example, the ICESat-2 project94

generates a 100-m DEM (ATL14) and a set of elevation-change surfaces with 1 km horizontal and 0.25 yr95

temporal resolution. The algorithm works by minimizing a functional that depends on the roughness of96

the DEM, the roughness of the elevation-change rate described by the elevation-change surfaces, and the97

uncertainty-scaled misfit between the estimated elevation (equal to the sum of the DEM and the elevation-98

change surfaces) and the ICESat-2 data points. The combined ATL14 and ATL15 data products give well99

constrained estimates of surface height during the ICESat-2 mission (2019-2025) along reference ground100

tracks that ICESat-2 has measured repeatedly, but the accuracy of the surface-height estimates declines in101

the gaps between these tracks (Smith and others, 2026). We use a modified version of this algorithm with102

an extended set of input data products to generate a set of high-resolution DEMs spanning 2004-2020.103

Our DEM generation is carried out in two stages. In the first stage, we apply the surface-fitting104

algorithm to a combination of ICESat-2 and ArcticDEM data to generate a high-resolution (50 m) DEM105

referenced to decimal year 2020.5. In the second stage, we subtract this DEM from a multi-decadal time106

series of ICESat and IceBridge laser-altimetry data to produce a set of elevation-di�erence measurements107

spanning 2004-2020. We then apply the surface-fitting algorithm to these di�erence measurements to108

produce a time series of gridded elevation di�erences with 500 m horizontal and 1 yr temporal node109

spacing. See the Supplemental Information for more details.110

Model description111

To simulate subglacial hydrology, we use the Subglacial Hydrology And Kinetic, Transient Interactions112

model (SHAKTI; Sommers and others (2018)) coupled with ice dynamics in the Ice-sheet and Sea-level113
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System Model (ISSM; Larour and others (2012)). SHAKTI is a physics-based model that calculates114

evolving hydraulic head, e�ective pressure, subglacial gap height, water flux, and basal melt. The model115

internally calculates spatiotemporally variable hydraulic transmissivity, allowing for turbulent, laminar, and116

transitional flow regimes to develop, and flexible drainage geometries to emerge that represent a continuum117

from ine�cient/distributed drainage, to e�cient/channelized drainage. ISSM is a state-of-the-art glacier118

ice flow model that uses finite element methods on adaptable meshes to simulate a variety of processes that119

impact ice dynamics. SHAKTI is built into ISSM as a module to facilitate coupling between subglacial120

hydrology and ice velocity, which occurs through the friction parameterization, or sliding law, in which121

basal stress depends on both e�ective pressure (calculated by SHAKTI) and ice sliding velocity (calculated122

by the stress balance in ISSM). We use the same form of the SHAKTI equations as in Sommers and others123

(2024). The simulations presented in this paper use the Budd-type sliding law (Budd and others, 1979) and124

the Shallow Shelf Approximation (SSA) (MacAyeal, 1989) for ice flow. See Table S1 for a list of parameter125

values.126

In the Budd friction parameterization, basal stress ·b is calculated as:127

·b “ C2Nub, (1)

where C is a spatially variable friction coe�cient, N is e�ective pressure, and ub is ice sliding velocity128

(which is equivalent to the depth-integrated velocity in the SSA ice flow approximation used here).129

In an e�ort to keep the model relatively simple while including hydrology and velocity coupling, we130

assume an average bulk ice temperature of -10 degrees C for the entire domain, with ice rheology (Glen’s131

flow law coe�cient) based on that temperature. This same rheology applies to SHAKTI and appears in132

the creep closure of the subglacial system, which depends on the flow law parameter. The basal melt rate133

calculation implicitly assumes that water and ice directly at the bed are both at the pressure melting point.134

No-flux Neumann boundary conditions are applied along the domain boundaries, and a Dirichlet boundary135

condition setting hydraulic head to zero is applied to ice-free nodes and where ice thickness is less than136

10 m. Assuming that fjord water is well mixed with fresh water near the terminus of marine-terminating137

glaciers, this sets the subglacial discharge water pressure equal to the hydrostatic pressure of the overlying138

water depth in the fjord at the terminus. We begin with an initial subglacial gap height of 0.01 m and use139

a time step of 1 hour.140

Our model domain is a region in Northwest Greenland (Fig. 2a), selected as a focus area because of its141
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significant change in surface elevation and numerous fjords with outlet glaciers. The finite element mesh142

consists of 129,273 triangular elements, using adapted resolution based on observed surface velocity, with143

element edge lengths ranging from 100 m to 20 km. We use ice thickness and bed elevation estimates144

from BedMachine v5 (Morlighem and others, 2021) to set the ice geometry for 2004. Bed elevation is145

held consistent for all other years, while the ice thickness changes corresponding to changes in ice surface146

elevation. After prescribing the 2004 ice geometry for our domain, we perform an inversion to infer the147

pattern of the spatially variable friction coe�cient C used in Eq. 1, assuming in the inversion perfect148

connectivity to the ocean (i.e. hydraulic head equals zero and e�ective pressure is purely a function149

of ice geometry). This is similar to the iterative inversion initialization process described in Sommers150

and others (2024) but with only one inversion. In standard practice ice sheet modeling, the friction151

coe�cient is typically used to represent the lumped influence of variable conditions at the bed necessary152

to reproduce observed velocity patterns, including variations in e�ective pressure. Because we explicitly153

account for spatial and temporal variations in e�ective pressure in our coupled hydrology simulations,154

here the friction coe�cient primarily represents variations in bed material properties that influence basal155

friction and presumably remains relatively unchanged over the decadal time scales considered here. We156

hold this friction coe�cient distribution consistent in all our simulations, and the basal stress obviously157

evolves with changes in e�ective pressure. This is in contrast to the transient calibration approach of158

Badgeley and others (2025), for example, in which sequential inversions are performed to infer changes in159

friction coe�cient, assuming a static e�ective pressure distribution.160

Winter background hydrology and velocity161

We run coupled SHAKTI-ISSM spin-up simulations for one year to generate the winter “background state”162

hydrology and velocity conditions for snapshots at 2004, 2008, 2012, 2016, and 2020, with ice geometry163

based on the derived DEM for each year described above. Ice geometry remains unchanged during each164

simulation, with surface elevation set by the DEM for each year. Ice thickness and terminus positions165

do not transiently evolve during a simulation. In these winter simulations, we assume that all meltwater166

present in the subglacial system is produced by basal melt through a combination of geothermal flux,167

frictional heat from sliding, and turbulent dissipation. The winter background sets the initial conditions168

for the melt season in Greenland, with drainage structures sustained below the ice even in the absence169

of large surface meltwater inputs. Far from being stagnant, active subglacial hydrological systems persist170
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through the winter, supplied by basal melt (Sommers and others, 2023).171

Seasonal simulations172

Beginning from our winter background state simulations for 2004 and 2020, we run transient seasonal173

simulations using ice sheet surface runo� derived from the MERRA-2 climate reanalysis (Gelaro and174

others, 2017) to prescribe the magnitude, timing, and distribution of meltwater inputs to the bed. We175

direct all surface runo� immediately to the bed at the location where the water is produced, neglecting176

the nuances of routing, refreezing, or storage in the supraglacial and englacial drainage systems. In order177

to uniquely assess the role of surface geometry in determining hydrological and ice flow under comparable178

environmental forcing, we force these transient simulations on 2004 and 2020 geometries using the same179

seasonal runo� data from the mean climatology over the period 2003-2022.180

Ice velocity comparison to observations181

In order to assess the impact of surface elevation change on ice velocity patterns relative to observations,182

we compare the modeled winter background states to winter time SAR derived ice velocities (Joughin and183

others, 2010, 2015, 2018; Joughin, 2023). To complete this analysis, we use observations dated from 2000 to184

2020; 2000 is used because the next image is from 2005/2006. Table S2 presents a list of the specific images185

used. Velocity images span variable ranges, but do not include the summer melt season (June, July and186

August). We then calculate the linear velocity trend of each pixel. Using the linear trend, we determine187

the expected velocity at the model time steps of 2004.5 and 2020.5. We perform the same analysis for188

the winter background model outputs after regridding the model outputs to the observational grid of 500189

m x 500 m. This processing permits us to directly compare the observations and model outputs while190

minimizing the impact of interannual variability.191

MODEL RESULTS192

Figure 1 presents ice surface velocity, subglacial water flux, and e�ective pressure modeled using 2004 and193

2020 surface elevations. Modeled velocity, water flux, and e�ective pressure all vary spatially, and overall194

display the same large-scale structure in both years. The di�erences between the two, however, reveal195

notable changes attributable to changes in surface elevation. These changes are discussed next.196

Page 8 of 26

Cambridge University Press

Journal of Glaciology



For Peer Review

Sommers and others: Subglacial hydrologic reorganization in Northwest Greenland 8

2004 2020

Ve
lo

ci
ty

(m
 yr

-1
)

Su
bg

la
ci

al
 W

at
er

 
Fl

ux
 (m

2 s-1
)

Ef
fe

ct
iv

e 
Pr

es
su

re
 

(M
Pa

)

a b

c d

e f

x (km)x (km)

y 
(k

m
)

y 
(k

m
)

Fig. 1. Model domain in NW Greenland and modeled ice velocity in 2004 (a) and 2020 (b). Modeled subglacial

water flux in 2004 (c) and 2020 (d). Modeled e�ective pressure in 2004 (e) and 2020 (f). All x and y axes are in

polar stereographic projection (EPSG: 3413) with units of km.
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Ice surface elevation changes197

Figure 2a shows the di�erence in ice surface elevation (2020 - 2004) over the Greenland Ice Sheet as observed198

by the ICESat and ICESat-2 missions, based on the DEMs described above. Significant elevation decrease199

(i.e. ice sheet thinning) is visible around the margins of the ice sheet, and no significant increase in surface200

elevation is apparent. Some major outlet glaciers show large areas of pronounced surface lowering in excess201

of 100 m over this period, with widespread thinning along the northwest coast. Incremental changes every202

four years over this period are presented in Figs. S1 and S2, with a general pattern of steady thinning203

around the ice sheet margins over each segment of time.204

Changes in winter water flux, e�ective pressure, velocity, and basal melt205

Figure 2b-g present spatial plots of modeled changes in winter subglacial water flux, e�ective pressure, ice206

velocity, and basal melt rate as simulated by the coupled model SHAKTI-ISSM for the ICESat (2004) and207

ICESat-2 (2020) eras in northwest Greenland, with changes plotted as the di�erence between these results208

(2020 minus 2004). Incremental changes every four years over this period are presented in Figs. S2-S5.209

Changes in subglacial water flow paths caused by changes in surface elevation are clearly visible as blue210

and red pathways in Fig. 2b. Red indicates a decrease in winter water flux and blue indicates an increase211

in winter water flux over the period 2004 to 2020. The di�erence between 2020 and 2004 shows a mix of212

increases and decreases in water flux at di�erent places. Incremental four-year simulation steps suggest that213

background water flux generally increased in the interior from 2004 to 2008 with some notable switches in214

subglacial water flow paths, further reorganized between 2008-2012 and 2012-2016, and experienced more215

of an overall decrease from 2016-2020 (Fig. S2), resulting in the full mixed reconfiguration apparent in Fig.216

2b. For a closer view of the redirection of water flux, percent change in modeled subglacial water flux is217

shown in Fig. 3a,d, and g for three selected areas.218

Modeled e�ective pressure reveals a consistent decrease in e�ective pressure near the margin (red),219

with a general increase in e�ective pressure in the interior (Fig. 2c). A closer look is provided into percent220

change in modeled e�ective pressure in Fig. 3b, e, and h. These changes, however, do not develop through221

a linear progression, as seen in the four-year incremental change plots in Fig. S3, but rather exhibit more222

widespread changes in e�ective pressure during the 2004-2008 and 2016-2020 periods, with relative stability223

during 2008-2012 and 2012-2016, except for localized increases in e�ective pressure.224

Simulated velocities show deceleration in some outlet glaciers near the margin, while others accelerate,225
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Fig. 2. a) Change in ice surface elevation (2020 minus 2004) over the Greenland Ice Sheet, with model domain in

NW Greenland. b-d) Modeled change in background state subglacial water flux (b), e�ective pressure (c), and ice

velocity (d). e-g) Modeled change in total basal melt rate (e) and change in basal melt rate due to frictional heat (f)

and dissipation (g).
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2a.
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and overall a dominating acceleration trend further inland over the full period 2004 to 2020 (Fig. 2d), with226

a zoomed in perspective for detail of percent change in velocity in Fig. 3c, f, and i. When viewed over227

four-year increments, again these patterns of change do not develop linearly over time, but instead show up228

with mixed acceleration and deceleration during 2004-2008 (Fig. S4). From 2008-2012 and 2012-2016, the229

modeled velocity change continues to be mixed, with areas of acceleration and deceleration. The period230

2016-2020 shows a broad pattern of mild deceleration in the interior with pronounced acceleration in several231

outlet glaciers.232

As calculated by SHAKTI, our simulations suggest a variety of changes in basal melt rate (Fig. 2e)233

between 2004 and 2020, with locations near the margin experiencing reduced basal melting, and a clear in-234

crease in basal melt inland. The bulk of the change in basal melt rate is attributable to changes in frictional235

heat associated with changes in sliding velocity (Fig. 2f). However, turbulent dissipation corresponding to236

changes in subglacial water flux is significant at some outlet glaciers, leading to increased basal melt from237

dissipation in places where winter water flux increased or was redirected (Fig. 2g).238

Through examination of changes in ice velocity, e�ective pressure, basal melt rate, and subglacial239

water flux as related to changes in ice surface elevation (Fig. 4), a trend emerges relating a decrease in240

modeled e�ective pressure with a decrease in surface elevation (Fig. 4b). However, the relationship is241

weak for predicting changes in modeled velocity or basal melt rate based on changes in surface elevation242

(Fig. 4a,c,d). An overall relationship between increasing ice velocity and increasing e�ective pressure is243

apparent (Fig. 4e). This is perhaps counter-intuitive, as a decrease in e�ective pressure with ice thinning244

might be presumed to imply an increase in velocity. The modeled data, however, display a high degree of245

variability and generally suggest a lack of predictability of ice velocity response to projected ice thinning.246

We also note that thinner ice does not necessarily imply decreased e�ective pressure, since the water247

pressure evolves in response to those changes and does not remain constant, and the ice surface does not248

lower uniformly everywhere. Coupled simulations such as these provide a window into the nonlinear and249

complicated behavior of ice sheet dynamics.250

Response to seasonal melt251

Figure 5 presents time series of mean modeled e�ective pressure, subglacial water flux, ice velocity, and252

total basal melt over our model domain in response to seasonal meltwater forcing based on mean 2003-253

2022 climatology derived from MERRA-2 reanalysis as described above. For both the 2004 and 2020254
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a b c

d e

Fig. 4. Change in ice velocity (a), change in e�ective pressure (b), change in basal melt rate (c), and change in

subglacial water flux (d) as a function of change in ice surface elevation. Change in velocity as a function of change

in e�ective pressure (e). Solid dark lines show a linear fit, with ˘ 95% confidence plotted in light dashed lines.

Page 14 of 26

Cambridge University Press

Journal of Glaciology



For Peer Review

Sommers and others: Subglacial hydrologic reorganization in Northwest Greenland 14

geometries, subglacial water flux increases during the melt season in response to the runo� inputs. This255

generally corresponds to an increase in velocity and decrease in e�ective pressure early in the melt season,256

followed by deceleration and increase in e�ective pressure following the peak of the melt season at Day 200.257

Notably, an abrupt acceleration near the end of the melt season corresponds with a decrease in e�ective258

pressure as the drainage system shuts down and becomes less e�cient. Overall, the shape of the response259

is similar in both simulations, but with an o�set in e�ective pressure and velocity between the background260

winter state for the two eras, reflecting a general decrease in both e�ective pressure and ice velocity in261

2020 as compared to 2004, simply due to the di�erences in ice surface elevation. While the response is262

qualitatively similar, the di�erence between the two seasonal simulations (2020 minus 2004; Fig. 5d-f)263

reveals some variation around the background o�set, with a slightly less negative response in e�ective264

pressure during the peak melt season in 2020 compared with 2004, a slightly more negative response in265

water flux, and a slightly less negative response in velocity. The relationship between the spatial mean266

modeled quantities in these seasonal simulations using the 2004 and 2020 geometries are plotted in Fig.267

5g-i, showing a near-linear pattern, but with some variation around that. These results show that changes268

in ice geometry and the background subglacial drainage state influence the seasonal response in coupled269

behavior of the Greenland Ice Sheet, again highlighting the complex response of the ice sheet to changes270

in surface elevation.271

DISCUSSION272

Changes in subglacial water flow273

Our simulation results show an increase in subglacial water in some areas (appearing blue in Figs. 2b,274

3a,d,g) and a reduction in others (appearing red in Figs. 2b, 3a,d,g). The relationship between change in275

water flux and change in surface elevation is relatively weak when considered over the entire model domain276

(Fig. 4d). However, some locations suggest an increase in subglacial water being produced and routed277

toward areas that have experienced enhanced thinning, with a reduction in water flow toward outlets that278

have maintained relatively more of their thickness (Fig. 2). Local changes in subglacial water flow not only279

influence ice sliding velocity by changing the pressure distribution at the bed, but also hold ramifications280

for freshwater discharge into fjords along the margins of the ice sheet. Changes in freshwater flux may have281

wide-ranging impacts such as changes in fjord circulation patterns, ecology, biogeochemistry, frontal melt282

rates, and terminus position (Straneo and Cenedese, 2015; Jackson and Straneo, 2016; Sejr and others,283
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Fig. 5. Mean runo� forcing from 2003-2022 mean MERRA-2 climatology (a), mean modeled e�ective pressure (b),

subglacial water flux (c), ice velocity (d), and total basal melt (e) in response to seasonal meltwater forcing with

ice geometry corresponding to the ICESat era (2004; blue) and ICESat-2 era (2020; red). Di�erence (2020 minus

2004) in mean e�ective pressure (f), mean subglacial water flux (g), mean ice velocity (h), and total basal melt

(i). Relationship of mean e�ective pressure (j), water flux (k), and velocity (l) between 2004 and 2020 simulations.

Change in modeled ice velocity during peak melt season (Day 200) relative to modeled winter ice velocity with 2000

ice elevation (m) and 2020 ice elevation (n).
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2022; Vries and others, 2025).284

Interior acceleration285

We simulate a general decrease in e�ective pressure near the ice sheet margins, but a modest increase in286

e�ective pressure further inland, which corresponds to an overall accelerating trend in simulated winter ice287

velocity between 2004 and 2020 (Fig. 2c,d). This result may initially seem surprising. If basal conditions288

remained the same in terms of water pressure, a decrease in ice thickness would lead to a decrease in289

e�ective pressure and corresponding acceleration. Our simulations demonstrate a more mixed response.290

Changes in surface gradients facilitate a reorganization of pressure gradients at the bed that drive the291

reconfiguration of subglacial water flow and corresponding changes in pressure. These various factors play292

out in di�erent ways under di�erent specific conditions, and it is worth noting the widespread interior293

acceleration that occurs even with deceleration in certain locations near the ice sheet margin.294

To explore the relative controls on ice velocity changes, we investigate the importance of the redistribu-295

tion of subglacial water flux (and corresponding changes in e�ective pressure) as compared to the change296

in driving stress due to thinning and changing surface slopes. In order to do this, we take the e�ective297

pressure distribution resulting from our 2004 simulation, use that e�ective pressure with the 2020 geometry298

and calculate the ice velocity from the stress balance under these conditions. The di�erences in velocity299

are shown in Fig. S6. While the patterns of change in velocity near the ice-sheet margin are complicated,300

the interior acceleration is more pronounced in this experiment that separates the control of driving stress301

changes from the influence of hydrological changes. This suggests that the hydrological impact actually302

compensates for what would otherwise be larger interior acceleration due to geometry and corresponding303

driving stress changes alone.304

Comparison to velocity observations305

We compare our modeled changes in velocity to observed changes in velocity using winter observations306

derived from synthetic aperture radar (SAR) over the same period. Figure 6 shows the calculated rate of307

change per year in modeled and observed velocities, and the number of available velocity observations at308

each location. In general, the model and observations show the same general pattern, with the exception of309

the very near terminus regions. However, the magnitude of the rate of change is lower in the model than in310

the observational dataset. Figure 7 shows the percent change in velocity averaged per year over the period311
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Fig. 6. Rate of change in velocity (2020 minus 2004) as modeled due to change in surface elevation and hydrologic

e�ects (a). Rate of change in observed velocity (b). Count of observations (c).

between 2020 and 2004, as modeled and observed, and the di�erence between them. The annual trend312

in mean modeled and observed velocity is presented in Fig. 8, showing a general acceleration. Overall,313

modeled velocity changes reproduce the correct spatial patterns, but the magnitude of change between 2020314

and 2004 is only about 20% of the observed change in velocity. Our winter background modeling approach315

accounts for changes in surface elevation and changes in subglacial hydrology, isolating these influences from316

other sources of influence at the terminus such as changes in warm water circulation, changes in terminus317

position and buttressing support, and other ice/ocean interactions, along with changes in seasonal surface318

melt. The fact that the model produces velocity changes that generally agree spatially with observations319

is encouraging, and we interpret this to represent the magnitude of velocity change that can be attributed320

to changes in ice surface elevation and corresponding changes in the subglacial hydrological system.321

Basal melt changes322

Ice-sheet mass balance is estimated from melting at the surface, but the ice also melts from below at the323

ice–bed interface. The role of basal melting has recently been highlighted as an important consideration for324

overall ice-sheet mass balance (Karlsson and others, 2021; Young and others, 2022), although it is di�cult325
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Fig. 7. Percent change in velocity per year as modeled due to change in surface elevation and hydrologic e�ects

(a). Percent change per year in observed velocity (b). Di�erence between observed and modeled (c).

Fig. 8. Mean winter ice velocity and linear regression trend based on modeled (a) and observed (b) velocities.
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to observe directly and constrain over large time and space scales. SHAKTI calculates total basal melt rate,326

along with its components (geothermal, frictional, and turbulent heat), providing an informed estimate of327

evolving basal melt. As shown in Fig. 2, changes in ice elevation yield heterogeneous changes in basal328

melt rate in the coupled SHAKTI-ISSM model. In the interior, these changes are dominated by changes329

in frictional heat, whereas changes in dissipation are important at the outlets, especially in places where330

subglacial water flux has increased or decreased through hydrologic reorganization as a result of changes331

in surface elevation.332

Our coupled winter simulations calculate a total background basal melt volume over our model domain333

of 11.72 Gt yr´1 in 2004 and 11.77 Gt yr´1 in 2020. This implies an increase of 0.05 Gt yr´1 in background334

basal melt in this region.335

Importance of the winter background state336

Changes in ice surface elevation alone alter the pattern of basal melting and, over the 2004 to 2020 interval,337

result in substantial changes in the subglacial winter background state. Our seasonal simulation results338

(Fig. 5) suggest that the winter background state has a non-negligible influence in determining pressure339

and velocity magnitudes. The winter background state is determined by ice geometry that has shifted340

over time on a decadal scale between the eras of ICESat and ICESat-2 observations. It is notable that341

the seasonal pressure and velocity responses in our seasonal simulations using 2004 and 2020 geometries342

are o�set based on the winter background state when forced with the same transient runo� inputs to the343

bed, but also exhibit di�erences in the magnitude of response during the melt season (Fig. 5). While in344

reality, seasonal forcing evolves over time and also exhibits interannual variability, this modeled exercise345

allows for isolation of the di�erence in response due to geometry alone. It is also perhaps unexpected346

that the ICESat-2 era displays both a decrease in mean modeled e�ective pressure and mean modeled347

velocity, as one might expect that a decrease in e�ective pressure should lead to increased velocity. The348

key here is that these quantities are mean values over the entire domain; although our simulations produce349

an increase in e�ective pressure in the interior, we calculate substantial decreases in e�ective pressure along350

the margins, which act to significantly lower the mean value of change in e�ective pressure. These findings351

demonstrate the complex impact of changes in surface elevation and the resulting response in ice dynamics,352

when accounting for the coupled e�ects of subglacial hydrology.353
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Limitations354

As in any modeling e�ort, we made informed choices of parameter values and approximations to physics,355

including choices for ice temperature and rheology, flow law approximation, sliding law, process parameteri-356

zations, and forcing data. We cannot and do not aim to perfectly reproduce reality with all its complexities,357

but we do aspire to represent the relevant physical processes in an appropriate way to assess feedbacks and358

make inferences about realistic behavior of the Greenland Ice Sheet. In the landscape of coupled subglacial359

hydrology and ice dynamics modeling, much remains for future work to rigorously assess the impact of360

di�erent sliding laws and improve parameterization of basal friction with evolving hydrology. For example,361

McArthur and others (2023) found that the Schoof friction law produced better velocity results than the362

Budd friction law in coupled modeling of an Antarctic glacier using a di�erent subglacial hydrology model,363

and Meyer and others (2026) compared coupled simulations using SHAKTI-ISSM with both Budd and364

Schoof friction laws at Thwaites Glacier at Thwaites Glacier.365

At least in the early part of our study period (2004-09), the resolution of our elevation-change maps366

is limited by the track-to-track spacing of the ICESat data, which is up to 20 km in the southern part of367

our domain. This means that the elevation-change estimates may not resolve the fine details of surface-368

elevation change, and may underestimate gradients in elevation change around relatively small topographic369

features such as outlet glaciers.370

We selected our model domain in northwest Greenland based on its significant widespread surface371

elevation change between 2004 and 2020, representative of the ICESat and ICESat-2 eras (Fig. 2a).372

Future research should model larger regions of the Greenland Ice Sheet, ideally the entire ice sheet. The373

work presented here represents advances in coupled subglacial hydrology–ice dynamics modeling using374

SHAKTI-ISSM on a larger domain than previous applications to single glaciers. Further work should aim375

to expand these modeling capabilities and establish robust general boundary conditions that can easily be376

applied to any complicated ice sheet or glacier domain. Moreover, much remains to be explored regarding377

how best to represent sliding laws and geological friction coe�cients while modeling coupled ice velocity378

and subglacial hydrology.379
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CONCLUSIONS380

In this study, we present large-scale coupled subglacial hydrology and ice dynamics using SHAKTI and381

ISSM applied to northwest Greenland. We find that changes in ice surface elevation, as observed by satellite382

laser altimetry from NASA’s ICESat and ICESat-2 missions and derived gridded products, yield changes383

in subglacial water flow and corresponding ice velocity, along with changes in basal melt rates. We find384

instances of increased subglacial water flow toward outlets with enhanced thinning and decreased water flow385

toward outlets that have retained more of their ice thickness. This reorganization of freshwater discharge386

holds potential impacts for fjord dynamics, biogeochemistry, and ecology, as well as for frontal ablation387

rates (including both melt and calving processes). Our simulations demonstrate decreased e�ective pressure388

and locations of decreased ice velocity near the margins of the ice sheet, but conversely a modest increase389

in e�ective pressure and overall velocity acceleration in the interior. Compared to the observed velocity390

changes during this period, our coupled model suggests that changes in surface elevation and subglacial391

hydrology contribute approximately 20% of the total observed velocity change as modeled here, without392

accounting for changes in terminus forcing (i.e. changes in terminus position, buttressing, warm water393

circulation in fjords, etc.). Accompanied by an increase in simulated background basal melt rate, these394

results suggest feedbacks intensifying mass loss from the Greenland Ice Sheet attributable to changes in395

ice surface elevation and changes in the subglacial system. Changing the geometry alone yields a higher396

interior acceleration due to changes in driving stress than with coupled hydrological changes, indicating397

that the impacts from changing hydrology and basal stress help to soften the inland acceleration e�ect of398

changes in driving stress.. The coupled simulations demonstrate the complexity and nuance in accounting399

for changes in e�ective pressure due to changes in subglacial hydrology, while highlighting how the ice sheet400

and its subglacial drainage system respond heterogeneously to changes in surface elevation.401
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DEM METHODS15

Reference DEM estimation16

To generate the 2020.5 reference DEM, we used the algorithm used to generate the ICESat-2 ATL14/1517

product (Smith and others, 2025b, 2026), modified in three main ways::18

1. ICEsat-2 data source: Instead of the ATL11 (along-track slope-corrected height, Smith and others19

(2025a))product, the algorithm used here uses the higher-resolution ATL06 along-track height product20

(Smith and others, 2019). This allows the ICESat-2 measurements to match the resolution of the21

ArcticDEM product.22
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2. ArcticDEM elevation products: To help resolve small-scale topography between ICESat-2 tracks, we23

include ArcticDEM DEM strips (Porter and others, 2022). These strips provide elevations at 2-m24

resolution, with near-complete repeat coverage of Greenland 1-2 times per year. We filter and subsample25

each strip to 32-m resolution, and assign each pixel an estimated uncertainty equal to the RSS (root26

sum of squares) of a 5-m horizontal geolocation uncertainty times the surface slope, and the RMS27

di�erence between pixel’s elevation and the elevations of the surrounding pixels in the 2-m input DEM28

(accumulated using a 32-m Gaussian average). During the surface-fitting process, we solve for an29

additional set of parameters for each DEM to account for across-track stripe artifacts that result from30

misalignment of satellite sensor pixels (Shean and others, 2016), and along-track artifacts that sometimes31

appear in the DEMs, possibly due to imperfections in the sensor geolocation models (similar to Girod32

and others (2015)). These corrections take the form of one piecewise-linear function with 100-m node33

spacing in the across-track direction and a second piecewise-linear linear function with 500-m resolution34

in the along-track direction, where the along-and across-track directions are determined separately for35

each strip. The coe�cients of these functions are determined during the least-track fitting procedure36

along with the DEM and height-change parameters. We also solve for the uniform per-strip 5-m-RMS37

vertical elevation bias that has been observed in similar DEMs (Shean and others, 2019).38

3. Firn-air and surface-mass-balance correction We correct for expected surface-elevation variations driven39

by snowfall and compaction by subtracting a model that estimates height changes due to accumulation40

and firn-air content change (Medley and others, 2022). We subtract the sum of the firn-air-content41

anomaly and the ice-accumulation anomaly from each measured elevation before fitting, then add the ice-42

accumulation anomaly to the estimated DEM and elevation-change surfaces. These steps are intended43

to reduce the sampling error that can arise when altimetry data do not evenly sample the seasonal44

variations in the ice-sheet surface elevation.45

We apply the fitting algorithm to ICESat-2 and ArcticDEM data spanning 1 January 2019 - 31 De-46

cember 2023, and solve for a reference DEM for July 1 2020 with a horizontal posting of 50 m and a set of47

elevation-change surfaces with 0.25-a temporal and 500-m horizontal posting.48

We perform the calculations on overlapping 18-km tiles, with tile centers separated by 10 km, and49

mosaick the final products from these tiles using a cosine-taper weighting function in the overlapping50

regions. We do not use the elevation-change surfaces (”px, y, tq) in the current study, but need to include51

them in the solution to allow data from multiple temporal epochs to contribute to the DEM surface. The52
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result of this procedure is a nearly seamless map of Greenland elevations that includes data that resolve53

fine-scale surface features almost everywhere on the ice sheet. There are a few regions in south-central54

Greenland where high-quality ArcticDEM data were not available during our study period; in these areas,55

we marked the pixels directly sampled by ICESat-2 (with 200-m tolerance) as valid, and marked the56

unconstrained pixels as invalid.57

Decadal elevation-change estimates58

To estimate elevation surfaces for 2004, 2008, 2012, and 2016, we apply the surface-fitting algorithm to the59

di�erences between laser-altimetry data spanning 2004-2019 and the reference 2020.5 DEM. We use release60

634 ICESat data (Zwally and others, 2014), ATM (Airborne Topographic Mapping system) ICESSN data61

(Studinger, 2014), and LVIS (Laser Vegetation and Ice measurement System) geolocated surface elevation62

product (Blair and Hofton, 2019). The scanning laser altimetry datasets provide data over a swath beneath63

the aircraft, and we have found that in some cases small errors in the instrument orientation can produce64

artificial tilts in the data which appear in the gridded product as gradients in elevation change. We avoid65

this e�ect by using only a narrow swath of data beneath the instrument. For the ATM data, which reduces66

the instrument’s point cloud to a set of planar facets, we select only the near-nadir facet. For LIVS, we67

select only the elevation measurements that fell within 50 m of the center of the swath. We convert each68

product to the ITRF2014 reference system, relative to the WGS84 ellipsoid, and because our goal is to69

create a time-varying surface-elevation estimate for the ice sheet (rather than mass change) we do not70

correct for the e�ects of glacial isostatic adjustment or elastic rebound.71

We fit a time series of elevation changes to the subsampled pre-ICESat-2 elevation measurements by

subtracting 2020.5 DEM from each measurement, then fitting the elevation residuals with a smoothly

varying surface, on a 500-m horizontal, 1-yr temporal grid:

”pre “ fmin”pre

˜
ÿ

data

ˆ
”pre ´ pzi ´ zDEM ´ bi ´ ”SMB,i ´ ”F AC,i

‡i

˙2
` Wxxt

ª
Ò2Bt”predAdt `

ÿ

biases

ˆ
bj

Epbjq

˙2
¸

Here Wxxt is a weighting function that describes the importance of model smoothness in the solution72

relative to data misfit, bj represents the biases for each dataset, and Epbjq is the expected RMS bias for73

the dataset; we assume that each dataset has a unique bias value for each day, with an expected RMS74

variability of 0.03 m. Solving for uncertain bias values in this way lets us take into account the e�ects of75

correlated errors in the data. We solve for the decadal elevation change on overlapping 40-km tiles, whose76
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centers are spaced 10 km apart, then mosaic these tiles using a raised-cosine weighting function.77

Constructing the elevation time series78

We derive elevations for the DEMs by adding the SMB anomaly to the sum of the DEM and the height-

change maps:

zpx, y, tq “ z2020.5px, yq ` ”prex, y, t ` ”SMBx, y, t

This estimate essentially copies the details of the surface topography in the 2019 DEM to the previous79

years, using the coarser-resolution elevation-change maps derived from IceBridge and ICESat to constrain80

the larger-scale changes in ice-sheet topography driven by patterns of ice-sheet mass imbalance.81
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Table 1. Constants and parameter values used in this study

Symbol Value Units Description

A 3.5ˆ10´25 Pa´3 s´1 Flow law parameter (for ice at -10°C)

C Spatially varying s1{2 m´1{2 Drag coe�cient used in basal stress calculation

G Spatially varying 0.04-0.06 W m´2 Geothermal flux (Shapiro and Ritzwoller, 2004)

g 9.81 m s´2 Gravitational acceleration

H Varying m Ice thickness

L 3.34 ˆ 105 J kg´1 Latent heat of fusion of water

n 3 Dimensionless Flow law exponent

zb Varying m Bed elevation with respect to sea level

‹ 1.787 ˆ 10´6 m2 s´1 Kinematic viscosity of water

Ê 0.001 Dimensionless Parameter controlling nonlinear

laminar/turbulent transition

fli 917 kg m´3 Bulk density of ice

flw 1000 kg m´3 Bulk density of water
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Table 2. Velocity observations used for comparison to modeled velocities
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SUPPLEMENTAL FIGURES82

S1-S5: Incremental changes between 2004-2008, 2008-2012, 2012-2016, 2016-2020.83

S6: Results of experiment exploring the impact on ice velocity due to changes in geometry only,84

separated from corresponding changes in hydrology.85
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Fig. 1. Change in ice surface elevation of the Greenland Ice Sheet during incremental 4-year periods: a) 2008

minus 2004, b) 2012 minus 2008, c) 2016 minus 2016, d) 2020 minus 2016.
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Fig. 2. Change in ice surface elevation in northwest Greenland during incremental 4-year periods: a) 2008 minus

2004, b) 2012 minus 2008, c) 2016 minus 2016, d) 2020 minus 2016.
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Change in modeled winter subglacial water flux 
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Fig. 3. Change in modeled winter subglacial water flux during incremental 4-year periods: a) 2008 minus 2004, b)

2012 minus 2008, c) 2016 minus 2016, d) 2020 minus 2016.
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Change in modeled effective pressure (kPa)
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Fig. 4. Change in modeled winter e�ective pressure during incremental 4-year periods: a) 2008 minus 2004, b)

2012 minus 2008, c) 2016 minus 2016, d) 2020 minus 2016.



Sommers and others: 12

Change in modeled ice velocity (m yr-1)
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Fig. 5. Change in modeled winter ice velocity during incremental 4-year periods: a) 2008 minus 2004, b) 2012

minus 2008, c) 2016 minus 2016, d) 2020 minus 2016.
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Change in modeled ice velocity (m yr-1)

Fig. 6. We conducted an experiment using e�ective pressure from our 2004 coupled simulation inserted into the

2020 geometry to explore the impact on ice velocity due to changes in geometry only, separated from corresponding

changes in hydrology. We refer to this 2020 stress balance with 2004 e�ective pressure as N2004. a) Di�erence in

modeled winter ice velocity with 2020 geometry, between N2004 and the coupled 2020 simulation. b) Di�erence in

modeled winter ice velocity between N2004 and the coupled 2004 simulation. c) Di�erence in modeled winter ice

velocity between the 2020 and 2004 coupled simulations (same as shown in Fig. 2d of the main text.
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