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Abstract 12 

Petermann Glacier, the largest marine-terminating glacier in northern Greenland based 13 

on catchment area and ice discharge, plays a key role in regulating ice discharge from 14 

the Greenland Ice Sheet into the Arctic Ocean. With an upstream catchment connected 15 

to the ice sheet interior via a deep subglacial canyon, its future stability has major 16 

implications for sea level rise. In this review, we synthesize recent advances in 17 

understanding Petermann’s dynamics across three critical interfaces: the ice–ocean     , 18 

ice–atmosphere, and ice–bed      boundaries.      At the surface, observations show that 19 

reanalysis products underestimate air temperatures and melt, while regional climate 20 

models diverge significantly in their estimates of surface mass balance, underscoring the 21 

need for improved in situ data and models. At the ocean boundary, enhanced basal 22 

melting driven by both subglacial runoff and Atlantic water intrusions is identified as the 23 

dominant driver of recent mass loss of Petermann Glacier, with continued warming posing 24 
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a serious threat to the stability of the floating tongue. At the bed, new geophysical 25 

synthesis reveals complex geology, likely spatial variability in geothermal heat flux, and 26 

the influence of the megacanyon on seasonal hydrology and velocity fluctuations. 27 

Petermann’s mass balance has been negative in recent decades without corresponding 28 

flow  acceleration. However, the glacier has undergone significant calving events, and the 29 

current      rifting that began in September 2025 highlights its vulnerability. This upcoming 30 

calving event underscores the timeliness of this review, as it will put Petermann Glacier’s 31 

terminus at its most retreated position since records began in 1923. The anticipated 32 

retreat of the ice tongue also reduces buttressing and brings the terminus closer to the 33 

grounding zone, and modeling studies suggest that calving within 12 km of the grounding 34 

zone could potentially  trigger      dynamic retreat,     accelerating ice discharge, and a 35 

doubling of flow speeds. We conclude that improved observations, sustained monitoring 36 

of oceanographic and atmospheric properties, and high-resolution modeling are critical 37 

to constraining projections of Petermann Glacier’s future and its role in the stability of the 38 

Greenland Ice Sheet. 39 

1. Historical Evolution 40 

Petermann Glacier retreated from its largest extent in the Holocene ~7.5 ka BP from the 41 

outer sill into Petermann Fjord (26). Reconstructions and geophysical data suggest this 42 

retreat was followed by a complete collapse of the ice tongue ~6.8 ka BP, which is 43 

hypothesized to be due to Marine Ice Cliff Instability (26, 27). Between 6.8 and 2.2 ka BP 44 

air temperatures were 0.8–2.9 K higher than pre-industrial times (28) and relatively mobile 45 

sea ice facilitated the increased transport of warmer Atlantic Water into Petermann Fjord, 46 
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thus preventing the formation of an ice tongue (26, Detlef et al., 2021). Sediment records 47 

show that Petermann Glacier’s ice tongue was reestablished ~2.2 ka BP, during long-48 

term regional cooling, with the pre-2010 extent being reached between 0.4 and 0.9 ka BP 49 

when temperatures were coolest during the Holocene (26). 50 

The existence of Petermann Fjord was reported during the U.S. Polaris expedition in 51 

1871, but the existence of Petermann Glacier was not confirmed until 1875/76, when a 52 

British expedition suggested that a large glacier must feed into the fjord (7, 8).  During 53 

this expedition, Petermann Glacier’s terminus was mapped at the entrance of Petermann 54 

Fjord and large fissures in the floating tongue were noted (Coppinger, 1877). In 1922, 55 

Lauge Koch observed the terminus had remained in the same location since the British 56 

Arctic Expedition (Koch, L, 1928), whereas in 1962 it had retreated by approximately 6 57 

km (Davies and Kirnsley, 1962). While the naming of the glacier is not definitively 58 

traceable, it is commonly assumed that the glacier has been named during this expedition 59 

after German geographer August Petermann for his contribution to polar exploration (8). 60 

Petermann Glacier does not have a Greenlandic name (Bjork et al., 2015).  61 

2. Recent Evolution 62 

The Greenland Ice Sheet (GrIS) has been losing mass since the end of the Little Ice Age 63 

(~1900) and has experienced a sharp increase in mass loss since the mid to late 1990s, 64 

with marine-terminating glaciers now contributing 30–60% to the annual mass loss of the 65 

GrIS (1–3). Petermann Glacier is the largest glacier in northern Greenland, based on ice 66 
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discharge and catchment area, with an ice volume equivalent to 0.38 m of global sea level 67 

(4) and a catchment that covers ~4% of the GrIS area (Fig. 1) (2, 5, 6, 89, 90). It is one 68 

of the few remaining marine-terminating glaciers in Greenland with a floating ice tongue, 69 

along with the North Greenland Ice Stream (NEGIS) and Ryder Glacier, which extends 70 

~50 km from the grounding zone into Petermann Fjord.  71 

Many glaciers in Greenland are grounded on bedrock at or near their marine terminus. 72 

The area where the ice transitions from resting on a grounded bed to floating on the ocean 73 

is referred to as the grounding line (9). In contrast to other marine-terminating glaciers in 74 

Greenland, Petermann Glacier     is more analogous       to Antarctic ice shelves, whereas 75 

the ice transitions from being in contact with bedrock to freely floating over several 76 

kilometers, due to its floating ice tongue (10). At Petermann Glacier, we refer to this  77 

transition zone as grounding zone. The extent of the grounding zone of Petermann 78 

Glacier is tidally modulated and can be up to 6.5 km in along-flow width (Fig. 1) (4). 79 

Remote sensing suggests that over the past two decades, this grounding zone has 80 

widened from 1.5 to 6.5 km in its center and retreated several kilometers (Fig. S1B) (4, 9, 81 

11, 12). This retreat began along its shear margins and then translated to just west of the 82 

glacier centerline. Enhanced basal melting due to long-term ocean warming (13) has 83 

been implicated as the driver of this retreat (9). However, Petermann experiences large 84 

seasonal variations in ocean-driven melting due to subglacial runoff of summer surface 85 

meltwater across the grounding line (14). This process           can enhance submarine or 86 

basal melting by entraining warmer ocean waters in a turbulent plume, thereby increasing 87 
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heat flow towards the glacier front or floating tongue (e.g. Motyka et al., 2003, Slater and 88 

Straneo, 2022).  89 

Between 2016 and 2022, the grounding zone retreat resulted in the formation of a 90 

grounding zone cavity that experiences comparatively higher      basal melting with 91 

average melt rates of up to 60 ± 15 m yr–1, as estimated with remote sensing, coincident 92 

with summer subglacial runoff (Fig. 1 D-F) (4,15, 16).  93 

 94 

 95 

 96 
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 97 

Figure 1 | Overview of Petermann Glacier 98 

Overview of Petermann Glacier. A) Terminus positions (17, 18) between 1923 and 2025 (manually delineated using 99 
GEEDiT) (19) colored by year (white to red) and grounding zones between 1992 and 2022 (4), also colored by year 100 
(orange to purple). The rift that initiated the ongoing calving event (delineated using Sentinel-1; Fig. S2) is shown as a 101 
light-blue dashed line and highlights that it will become Petermann Glacier’s most retreated position since 1923 . The 102 
X and Y axes are polar stereographic coordinates (EPSG: 3413). Flux gates (20–22) are pink and brown, and the 103 
centerline is yellow. Basemap is a pan-sharpened Landsat-8 image from 17 June 2024 overlaid with MEaSUREs v5 104 
mean annual ice surface speed (23). B) Location of Petermann Glacier, NEGIS and Sermeq Kujalleq (Jakobshavn 105 
Isbræ) catchments (teal; 64) with insets for Fig. 3 shown in orange on top of bedrock topography from BedMachine v5 106 
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(24, 25). C) Ice thickness from Bedmachine v5 (24, 25) with flight lines for Figure S3 shown in black. Basemap is a 107 
pan-sharpened Landsat-8 image from 17 June 2024. D-F) Recent basal melt rates from Ciraci et al., 2023 for 2020-108 
2021, 2016-2019, and 2011-2015, respectively.  109 

Over most of its observed history, Petermann Glacier has been stable, with relatively little 110 

terminus retreat (5, Coppinger, 1877, Koch 1928, Davies and Kirnsley, 1962). However, 111 

in the last two decades, large calving events have shortened its tongue by ~40 km, 112 

reducing its area by ~40% (29, 30). The calving events produced ice islands with areas 113 

between 30 and 300 km2, which are relatively small compared to the tabular icebergs that 114 

calve off Antarctic ice shelves, but comparatively large for Greenlandic glaciers (Crawford 115 

et al., 2018). Over the past quarter century, such      calving events have occurred       every 116 

5 to 10 years, with some resulting in temporary increases in ice flow speed of ~10%, 117 

which are smaller than the subglacial-discharge-driven seasonal variability of ~25% (31–118 

35). Using the break-up of the Holocene as an analog, it has been suggested that the 119 

increasing air temperatures of the recent decades have already destabilized the floating 120 

tongue of Petermann Glacier and have increased the risk of its collapse (26). The latest 121 

Sentinel-1 synthetic aperture radar image from March 2026 shows that a new calving 122 

event is imminent, as two rifts are visible at ~12.8 km and 19 km from the terminus, with 123 

the latter appearing to have reached the full width of the glacier within the last 12 months 124 

(Fig. S2). Once this ice has calved off, Petermann Glacier’s new terminus will be within 125 

40 km of the grounding zone, its farthest upstream position observed since 1923 (Fig. 1). 126 

This places the ice tongue terminus closer to the region of increased buttressing 127 

hypothesized to be at ~12 km from the grounding zone, from which calving events could 128 

drive larger increases in flow speeds as suggested by a modeling study (6). 129 

Increased calving is currently a minor contributing factor (~5%) to the recent mass loss of 130 

Petermann Glacier,      compared to basal melting of the floating tongue (~75%) and 131 
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surface melting (20%) (36–38, Munchow et al.,2014, ). Since 1990, Petermann Glacier 132 

has experienced grounding line retreat and flow acceleration      due to an increase in 133 

basal melting of the tongue. These melt rates      have increased from approximately      24 134 

± 5 m yr–1 in the grounding zone in the 1990s to averages of 60 ± 15 m yr-1 in the center 135 

and            >100 ± 15 m yr–1 at the eastern and western margin of the grounding zone in 136 

the early 2020s (4, 11, 39). Similar basal melt rates have been measured at the Northeast 137 

Greenland Ice Stream (NEGIS), with an average of 60 m yr-1 and maxima of >150 m yr-1 138 

near the grounding zone (Zeising et al., 2024). Warm Atlantic waters are delivered into 139 

Petermann Fjord at depth along its southwestern side (13, 40, 41). These warm Atlantic 140 

waters occupy the fjord water column from the sill depth (380–500 m) to the seabed at 141 

~1000 m, resulting in considerable oceanic heat available for ice melt (13, 40–42). In 142 

contrast, at Ryder Glacier, which is to the northeast of Petermann Glacier, the sill provides 143 

greater protection from warm Atlantic waters than at Petermann Glacier, thereby reducing 144 

basal melt rates there and limiting retreat (Jakobsson et al., 2020).  145 

A recent modeling study suggests that if the ocean warms by an additional 0.5–1 K – an 146 

increase that has been observed at NEGIS between the 1970s and 2010s–      ice tongue 147 

break-up could be induced within the next 5 to 30 years, depending on the rate of warming 148 

(43, Wekerle et al., 2024). Crucially, this projection did not include the influence of 149 

atmospherically-driven surface melt on basal melting and therefore could represent a 150 

conservative timeline of collapse. This ice tongue breakup has the potential to drive large-151 

scale retreat of Petermann Glacier, which has an upstream catchment that connects to 152 
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the ice sheet interior via a ~750-km-long subglacial canyon that rests below sea level (24, 153 

44). In this way, Petermann Glacier’s ice tongue collapse could result in dramatic thinning, 154 

and increases in ice discharge and velocity,           , similar to       the break-up of Sermeq 155 

Kujalleq’s (Jakobshavn Isbræ) ice shelf      in 1997 (45–47), with catchment-wide 156 

implications (section 5.4.1)      (Felikson et al., 2017, 2021). 157 

Atmospheric warming has also been shown to have a direct impact on basal melt rates, 158 

as greater subglacial runoff has been suggested to induce      to faster basal melting of 159 

the floating tongue (14). Remote sensing has shown an expansion of      surface melt      160 

area in northern Greenland between 1985–1992 and 2013–2020 (48).      Increased 161 

summer meltwater runoff has been found to enhance buoyancy-driven circulation 162 

beneath the Petermann Ice Shelf, intensifying ocean-driven basal melting and producing 163 

melt rates approximately twice those observed during winter (Cai et al., 2017; Washam 164 

et al., 2019).                         . With expected earlier onsets of the melt season in the future 165 

(50), Petermann Glacier’s seasonal acceleration will likely start sooner each year, and 166 

basal melting of the floating tongue will increase due to increasing subglacial runoff (35).  167 

A previous study reviewed Petermann Glacier with an oceanographic focus and provided 168 

an excellent overview of the ice–ocean boundary (Münchow et al., 2016).  Given new 169 

findings in the past decade, especially at the ice–bed and ice–atmosphere interfaces,      170 

and  increasing           risks to the future stability of Petermann Glacier by climate change, 171 

here we review recent advances in our understanding of the behaviour      of Petermann 172 

Glacier. We structure this article into three sections that represent the dominant interfaces 173 



10 

where various processes are influencing the glacier’s mass balance: (3     ) ice–174 

atmosphere boundary, (4     ) ice–ocean boundary, and (5     ) ice–bed boundary. In section 175 

3     , we compare currently available observational data products with reanalysis data to 176 

assess the mass balance and behavior changes of Petermann Glacier over the past 177 

decades, identify gaps in our knowledge and highlight future data needs. In section 4     , 178 

we discuss recent findings concerning ocean heat delivery, submarine melting and long-179 

term oceanographic trends. In section 5     , we discuss Petermann Glacier’s underlying 180 

geology, geothermal heat flow and subglacial hydrology, and their influence on ice flow 181 

and basal melting. Finally, we provide an outlook on how recent changes at Petermann 182 

Glacier might impact its future and the stability of its floating tongue, and provide 183 

recommendations for future research efforts      184 

3. Ice–Atmosphere Boundary 185 

For the ice–atmosphere boundary, we focus on air temperature, surface mass balance, 186 

and ice velocity as the key observable parameters influencing the recent evolution of 187 

Petermann Glacier. By comparing different data products, namely 1) reanalysis and 188 

observational air temperature data, 2) three different surface mass balance products 189 

extracted from regional climate models (RCMs), and 3) two different ice velocity products, 190 

we aim to assess the current state of Petermann Glacier while also highlighting potential 191 

caveats in their interpretation and needs for future improvements therein.  192 
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3.1 Atmospheric Conditions      193 

Directly observed air temperatures are only available within the catchment of Petermann 194 

Glacier from two GC-NET weather stations (51, 52) and one automated weather station 195 

(PG16) established by the University of Delaware (14). The “Petermann Glacier” GC-NET 196 

weather station was located just upstream of the grounding zone during 2002–2006 at an 197 

elevation of 37 m, while the “Petermann ELA” GC-NET station has been located at the 198 

historical equilibrium line altitude (944 m) since 2003. The automatic weather station 199 

“PG16” was established 16 km from the grounding zone in August 2015 and provides 200 

complete data for 2017 (14). Off the ice, there is also a Danish Meteorological Institute 201 

(DMI) weather station in Hall Land, ~110 km from the floating tongue at an elevation of 202 

105 m (53). Given the significant distance of both the DMI and “Petermann ELA” stations 203 

to the Petermann Glacier proper, we omit those stations to prevent skewing the analysis 204 

towards potentially colder temperatures. Observational data is therefore only available for 205 

2002–2006 (GC-NET), and 2017 (PG16).      The observed air temperatures are compared 206 

to reanalysis data from ERA5 (54), MAR 3.14 (Tedesco and Fettweis, 2020) and 207 

RACMO2.3 (55). The ERA5 reanalysis data provide air temperatures at a height of 2 m 208 

above surface, with a spatial resolution of 0.25° ⨉ 0.25° (~31 km; Hersbach et al., 2020), 209 

whereas RACMO2.3 and MAR 3.14 have      a resolution of 0.1° ⨉ 0.1° (~11 km; 55, 210 

Tedesco and Fettweis, 2020; Noël et al., 2018).      To correct for the elevation difference 211 

between GC-NET station and ERA5 grid cells, we calculate a minimum and maximum 212 

correction factor using lapse rates of 4.5 K km–1 and 7 K km–1 (Noel et al., Fettweis et 213 

al.,Dutra et al.,). For simplicity, we use a mean lapse rate of 5.5 K km–1 (56) for the 214 

comparison of ERA5 data to observational data.      215 
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The comparison of air temperatures from weather stations, ERA5, MAR 3.14 and 216 

RACMO2.3 for the period 2002 to 2005 and for 2017 shows that the reanalysis data can 217 

generally capture the seasonal variability in the observational data (Fig. 2A). Given that 218 

surface meltwater can be an important driver for ice dynamics at Petermann Glacier, we 219 

focus our specific analysis on the summer melt season, between June and September of 220 

each year (14). During the investigated melt seasons (Fig. 2), GC-Net data shows positive 221 

degree days for 285 out of 364 days (78.3%), compared to 68 (18.6%) for ERA5,     266 222 

(72.9%) for RACMO2.3, and 306 (84.1%) for MAR 3.14 (Figure S3). Similarly, PG16 223 

shows 54 out of 88 total days (61.4%) being above 0°C compared to 15 days for ERA5 224 

(17.1%), and 47 (53.4%) for RACMO2.3 (Figure S3). Only 80 days overlapped between 225 

MAR 3.14 and PG 16 data, with 51 days (66.3%) being above 0°C for PG16, and 66 226 

(88.7%) for MAR 3.14 (Figure S3). Assuming a degree-day-factor between 5 and 9 mm 227 

d–1 °C–1 (57), this would equal to a maximum total surface melt of ~554 cm (minimum: 228 

307 cm) for GC-Net, ~263 cm (146 cm) for ERA5,      450 cm (250 cm) for RACMO2.3      229 

(58), and ~664 cm (369 cm) for MAR 3.14 temperatures. For the 2017 melt season, this 230 

would equal to maximum surface melt at PG16 of 84.7 cm (minimum: 47 cm), with ERA5,     231 

RACMO2.3, and MAR 3.14 indicating 12.1 cm (6.7 cm) ,     71 cm (39 cm), and 168 cm 232 

(93 cm), respectively. 233 
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Figure 2 | Air temperature comparison for Petermann Glacier      234 

Comparison of air temperature data for A) Monthly mean air temperature data from GC-NET automated weather 235 
stations (51, 59) located at Petermann Glacier (dark green),      monthly mean air temperature data from ERA5 (orange) 236 
(54), and monthly mean air temperature data from PG16 automated weather station (turquoise) (14). Daily values 237 
during the melt season (June-September) are shown for GC-NET (green x), ERA5 (red circle), and  PG16 (turquoise 238 
x)     c     . For location of ERA5 grid cell and AWS locations see Figure S2. Below is the difference between daily 239 
ERA5 and observed air temperature data during the melt season (red=ERA5      temperature > observed temperature; 240 
blue=ERA5 temperature < observed temperature). B) Same as A) for RACMO2.3 reanalysis data (55). C) Same as A) 241 
for MAR 3.14 reanalysis data (Tedesco and Fettweis, 2020). 242 

 243 

This analysis shows that the bias towards colder air temperatures of ERA5 data has 244 

significant implications for estimating surface melting in the catchment of Petermann 245 

Glacier. Simply put, Petermann Glacier is likely experiencing more surface melt than 246 
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suggested by ERA5, which should be taken into consideration when using that reanalysis 247 

to force the spin-up of ice flow models of Petermann Glacier. As highlighted below 248 

(Section 3.2), ERA5 reanalysis data features      prominently in the current generation of 249 

RCMs simulating Greenland Ice Sheet surface mass balance. While RACMO has a 250 

significantly smaller bias towards colder temperatures than ERA5, it still underestimates 251 

the number of positive degree days and consequently the amount of surface melting. On 252 

the other hand, MAR 3.14 shows a significant overestimation of positive degree days and 253 

surface melting, which should be taken into account when using this data. This 254 

comparison shows that the choice of reanalysis product is significant for investigations of 255 

surface processes. It further stresses that in-situ observational data is needed to validate 256 

reanalysis products, and to accurately determine surface melting at Petermann Glacier.  257 

3.2 Supraglacial hydrology 258 

Previous studies have shown that supraglacial lakes (SGL) form across the grounding 259 

zone and the floating tongue annually, starting in early June with the onset of surface 260 

melting (Macdonald et al., 2018, Zhu et al., 2023). Subsequently, SGLs increase rapidly 261 

in number, volume and area, before declining in July despite air temperatures often 262 

persisting above 0°C (Macdonald et al., 2018). A narrow channel in the center of the 263 

floating tongue, which has been identified as an area of thinner ice compared to the sides 264 

of the floating tongue, turns into a river coinciding with the onset of SGL development 265 

(Münchow et al., 2014, Macdonald et al., 2018). The development of SGLs has been 266 

associated with Antarctic ice shelf instability and break-up as has been observed on the 267 

Larsen B ice shelf in March 2002, for which SGLs covered up to 5.3% of its surface area 268 
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prior to its breakup  (Banwell et al., 2012, Macdonald et al., 2018). In comparison, during 269 

the 2014–2016 melt seasons, Petermann Glacier’s floating tongue SGL coverage 270 

reached a maximum of 2.8% (Macdonald et al., 2018). While future increases in air 271 

temperatures could increase SGL development and thus instability of the floating tongue, 272 

the decrease in SGL volume despite positive air temperatures suggests that meltwater is 273 

drained somewhat efficiently, thereby limiting this destabilizing factor (Macdonald et al., 274 

2018). 275 

  276 

3.3 Ice Discharge 277 

We review the ice discharge (D) as assessed for Petermann Glacier by previous monthly 278 

(20, 21), annual (2, 55) and decadal studies (22). Table S1 provides an overview of the 279 

differences in grounding line, or flux gate, assumption (Fig. 1), input datasets, and 280 

temporal resolution between the three data products. We note that the annual (2, 55) and 281 

decadal datasets (22) correct for mass loss downstream of the flux gate using surface 282 

mass balance data, whereas the monthly dataset (20, 21) does not. 283 

This comparison of ice discharge products shows that a slight increase in discharge since 284 

the 1980s is captured in all products (Fig. 3A). While this pattern is supported when 285 

comparing decadal means, we find a significant difference in the magnitude of change 286 

between multi-decadal trends (Table S2). The annual (2, 55) and decadal data (20, 21) 287 

suggests an increase in ice discharge of 6% (0.7 Gt yr–1) and 1% (0.1 Gt yr–1) from 1990–288 

2000 to 2000–2017, respectively (Table S2). Conversely, the monthly data (20, 21) shows 289 

a 4% (–0.5 Gt yr–1) decrease when comparing the same time periods (Table S2). As 290 
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shown in Fig. 3A, seasonal variability can influence ice velocities, and thus ice discharge, 291 

by up to ~25%. This seasonality means that data products that capture the full seasonal 292 

velocity cycle yield a more accurate annual discharge than those that do not. Based on 293 

these results, we suggest that seasonal ice discharge products with resolutions no 294 

coarser than monthly (20, 21) are preferred not only when assessing seasonal ice 295 

dynamics but also when investigating multi-decadal trends.  296 

3.4 Surface mass balance 297 

Despite the Petermann Glacier catchment encompassing 4% of the ice sheet’s area, the 298 

only surface mass balance (SMB) measurements presently available are four years of in-299 

situ SMB measurements from the “Petermann Glacier” weather station (60). Therefore, 300 

rather than comparing observed and modelled SMB, we instead perform an 301 

intercomparison of the SMB assessed by different models for the entire catchment of 302 

Petermann Glacier between 1980–2020. For this intercomparison, SMB is taken from 303 

ERA-Interim forced 5-km monthly HIRHAM5 data (61, 62), ERA5 forced 1-km monthly 304 

MAR v3.14 data (63), and ERA-40/ERA-Interim forced 5-km RACMO2.3 data downscaled 305 

to 1 km (2, 55). The different climate reanalysis datasets used to force the regional climate 306 

models have different spatio-temporal resolutions, with ERA-40 being the coarsest (~1°, 307 

6-hourly), followed by ERA-Interim (0.75°, 6-hourly) and ERA5 (0.25°, hourly). MAR 308 

v3.14, HIRHAM5 and RACMO2.3 SMB values are extracted up to the grounding zone, 309 

thereby excluding the floating tongue, as determined by the catchment boundary of a 310 

previous study (2, 64). Along catchment boundaries, the SMB value within each RCM cell 311 

is weighted proportionally according to the fractional area within the catchment polygon.  312 
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These catchment-integrated SMB values show that all RCMs have similar variability over 313 

time, despite their differences in temporal resolution. However, at times, the SMB 314 

estimates differ in magnitude by up to ~7 Gt yr–1 (Fig. 3B), and while HIRHAM 5 and MAR 315 

v3.14 data both show a declining SMB trend, RACMO2.3 data indicates no change over 316 

the investigated period. A previous comparison of the same three RCMs forced by a 317 

common large-scale Earth System Model found similar discrepancies in SMB between 318 

the RCMs on an ice-sheet wide scale (65). These differences in SMB were primarily 319 

attributed to differences in modeled runoff and meltwater refreezing within the firn. The 320 

discrepancies in modeled SMB magnitudes and trends that we present here emphasize 321 

that – while there have been transformative advances in RCMs in the past two decades 322 

– there remains considerable spread in their catchment-level assessments. More in-situ 323 

observations, including surface temperature and surface mass balance, and 324 

parameterizations, including meltwater runoff and refreezing, are still needed to improve 325 

RCM performance within the Petermann catchment (66). 326 



18 

Figure 3 | Ice discharge, surface mass balance and mass balance for Petermann Glacier 327 

Comparison of A) monthly (yellow) (20, 21), annual (red) (2) and multi-decadal (blue) (22) ice discharge (D). B) Surface 328 
Mass Balance (SMB) from HIRHAM 5 (yellow) (61, 62), MAR v3.14 (blue) (63), and downscaled RACMO2.3 (green) 329 
(2, 55) with respective trendlines (HIRHAM 5 – dashed; MAR v3.14 – dash-dot; RACMO2.3 – dotted). C) Calculated 330 
mass balances shown in gray for combinations of D and SMB data products with “Best estimate” mass balance (MB) 331 
shown in blue and trend shown as dashed line. 332 

 333 

 334 

 335 

4. Ice–Ocean Boundary 336 

Petermann Glacier’s ice tongue extends into Petermann Fjord, which connects to Nares 337 

Strait (Fig. 4A). This ~500-km-long body of water separates Greenland from Ellesmere 338 

Island and connects the Lincoln Sea of the Arctic Ocean to Baffin Bay and the Atlantic 339 
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Ocean. Nares Strait is one of the major pathways for freshwater export from the Arctic 340 

Ocean, in the form of shallow, low-density polar water (74). However, northern and 341 

southern sills inhibit deep water throughflow in Nares Strait (Fig. 4B). The shallower 342 

southern sill prevents relatively warm Atlantic Water (AW, 2–3°C) traveling northward as 343 

part of the West Greenland Current from entering via Baffin Bay (75–77). Cooler AW 344 

(~1°C) that has transited the Arctic Ocean ascends the northern sill from the Lincoln Sea 345 

into Nares Strait (20, 75, 78). During this process, AW mixes with overlying water and 346 

cools by another 0.5 K (20). After entering Nares Strait, AW flows southward and spills 347 

over another sill to fill Petermann Fjord from about 400 m depth to the seabed (48). The 348 

sea ice state likely controls AW upwelling from the Lincoln Sea into Nares Strait and 349 

Petermann Fjord, with a mobile state leading to increased AW transport (3). Petermann 350 

Glacier’s grounding line resides at a depth around 500 m (43), and undiluted AW has 351 

been observed up to 400 m depth within 3 km of the grounding line (20). This 352 

demonstrates the potential for a direct connection between melt rates along the base of 353 

Petermann Glacier’s ice tongue and the temperature of AW in the Arctic Ocean. Long-354 

term trends in AW conditions therefore exert a first-order control on the ice tongue stability 355 

and the larger glacier’s mass balance. 356 
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 357 

Figure 4 | Oceanographic overview 358 

A) Overview of Petermann Fjord in an oceanographic context. The X and Y axis are polar stereographic 359 
coordinates (EPSG:3413). Basemap is a Sentinel-2 cloudless mosaic by EOX IT Services GmbH 360 
(Contains modified Copernicus Sentinel data 2016 & 2107). B) Conservative temperature with selected 361 
isotherms in black, isopycnals in white, and bathymetry only shown above 650 m (taken from (20)). 362 
 363 
Despite its primary role in driving mass loss, the ocean cavity beneath floating ice shelves 364 

and ice tongues is significantly underconstrained due to the sheer difficulty in observing 365 

it. Access to the ice–ocean interface typically requires a substantial logistical undertaking, 366 

such as using hot water to drill through the ice, or deploying underwater robotic vehicles 367 

from a ship at the ice front (Jennings et al., 2022; Washam et al., 2019; Rignot et al., 368 

2025). The observations that have been made beneath ice shelves and ice tongues 369 

expose a host of physical processes occurring across a range of scales that transport 370 

oceanic heat towards the ice to drive melting. Ocean-driven melting along the base of 371 

Petermann Glacier’s ice tongue removes the majority of its mass (36) and the ice tongue 372 

has been thinning since 2007 due to increased basal melting (30). This mass loss 373 

highlights the importance of understanding key processes occurring at the ice–ocean 374 

interface for projecting the future behavior of this Greenland outlet glacier. In this section, 375 
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we review the pathways of ocean heat delivery into and meltwater export from the 376 

Petermann Glacier’s ice tongue cavity, dominant processes responsible for mixing ocean 377 

heat into contact with the ice base, and long-term trends in environmental forcing. We 378 

then summarize the lessons learned from these results and place them into context of the 379 

future stability of the ice tongue. 380 

4.1 Oceanographic data 381 

4.1.1 Pathways of ocean heat delivery and freshwater export in Petermann 382 

Fjord 383 

The ice tongue of Petermann Glacier presently thins from ~600 to <100 m thickness over 384 

its ~50 km length     , with much of this thinning occurring within 10 km of the grounding 385 

line in large channels melted into the ice base (74). Several studies spanning the time 386 

period of 2002 - 2022 have used remote sensing to map the melt rates across the extent 387 

of Petermann Glacier’s ice tongue that lead to its distinct geometry (Ciracì et al., 2023; 388 

Münchow et al., 2014; Rignot & Steffen, 2008; Wang et al., 2024; Wilson et al., 2017). 389 

While the methods combined ice surface velocities with either direct ice thickness 390 

measurements from penetrating radar (Münchow et al., 2014; Rignot & Steffen, 2008) or 391 

digital elevation models that estimate the ice base from its surface (Ciraci et al., 2023; 392 

Wang et al., 2024; Wilson et al., 2017), the resultant melt rate distribution is qualitatively 393 

similar across studies. Maximum ocean-driven melting occurs in the inverted channels 394 

lining the ice base, with rates peaking around 100 m yr-1           (Fig. 5     ) (4). Strong 395 

melting concentrates within 10 km of the grounding line, where the majority of thinning 396 

occurs, then it diminishes considerably along the thin outer portion of the ice tongue. As 397 
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the majority of Petermann’s recent calving events have occurred in its outermost 20 km, 398 

they therefore only remove a relatively minor fraction of the ice tongue volume (30). 399 

However, intense channelized melting has been linked to rifting in Petermann Glacier’s 400 

ice tongue via unstable distribution of internal strain induced by the large across-glacier 401 

thickness gradients (75, 76) Melting along the ice tongue underside therefore directly 402 

affects its thickness and stability, which in turn dictate buttressing and the overall 403 

upstream glacier’s current and future mass balance. This is of particular note, as average 404 

basal melt rates across the ice tongue appear to be increasing each year, resulting in 405 

unsteady thinning and potential destabilization (Wang et al., 2024).                      .  406 

 407 
Figure 5 |Schematic of Petermann Glacier’s floating tongue 408 

Ice tongue geometry reveals concentrated melt near Petermann Glacier’s GL. A -F) Elevation profiles from the 409 
NASA/NSF OIB laser altimeter (ATM) and ice penetrating radar (IPR) from various years (flight lines in Figure 1) with 410 
the Bedmachine v3 bed, rifts, and 2015 terminus annotated. E) Focus on the 2018 – 2021 GL retreat and potential 411 
2011 – 2015 thinning in the western channel. In A), E) the 2018 (grey line) and 2021 (green lines) GL locations are 412 
the intersections between the OIB flight lines and GL map in Figure 1. 413 

 414 
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Local circulation within Petermann Fjord also controls ocean heat delivery to the ice 415 

tongue base and export of the resulting freshened meltwater–seawater mixture. As 416 

Petermann Fjord is ~15 km wide, or approximately twice the internal Rossby deformation 417 

radius, the Coriolis force influences fjord circulation and produces cross-fjord variability in 418 

water properties. In the northern hemisphere, the Coriolis force bends flow to the right, 419 

which concentrates deep AW inflow to the southwest side of the fjord and shallow 420 

meltwater-enriched outflow to the northeast (40, 41). This cyclonic circulation results from 421 

cross-fjord density differences balancing pressure differences, referred to as the thermal 422 

wind balance. At marine-terminating glaciers, i     ncreased freshwater release from 423 

melting and subglacial runoff leads to larger across-fjord density differences, which can 424 

increase ocean circulation strength, heat delivery, and meltwater export (82). All 425 

hydrographic sections in Petermann Fjord that resolve this density-driven circulation have 426 

been collected during the abbreviated summer season when air temperatures exceed 427 

freezing and freshwater release from melting and subglacial runoff are expected to be 428 

near their annual peaks. Importantly, this density-driven circulation is superimposed on 429 

background current patterns, of which there are no long-term measurements in 430 

Petermann Fjord. However, multiple observations suggest the importance of tidal 431 

interaction with density structure in Petermann Fjord, which drives ocean currents and 432 

internal waves (41, 83). Such background circulation patterns likely dominate throughout 433 

much of the year when air temperatures remain below freezing. This summary highlights 434 

the large uncertainties that surround local fjord-scale processes, which control ocean 435 

transport below the ice tongue, where small-scale mixing ultimately determines the heat 436 

delivery to the ice–ocean interface and resultant melting.  437 
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4.1.2 Processes controlling melting beneath Petermann Glacier’s ice 438 
tongue 439 

Despite its remote location in northern Greenland, Petermann Glacier has been studied 440 

thoroughly with airborne radar sounding, in contrast to many      other Greenland and 441 

Antarctic glaciers. This surveying has produced high-resolution ice thickness maps (Fig. 442 

1C) that reveal four 200-m-tall and 1000-m-wide basal channels beneath its ice tongue 443 

(Fig. 5) (36, 74), which are critical for its stability (75, 76). Five boreholes have been drilled 444 

with hot water through the ice tongue to access the underlying ocean cavity. One of these 445 

was drilled in the northeastern shear margin of the outer ice tongue and four were drilled 446 

in the central basal channel between 3 and 26 km of the grounding zone. The resultant 447 

oceanographic and complementary phase-sensitive radar measurements have provided 448 

some of the most detailed observations of sub-ice oceanographic structure and ice-ocean 449 

interactions in basal channels. 450 

     . The water column cools and freshens above the thick layer of AW beneath Petermann 451 

Glacier’s floating tongue           , due to input of glacial meltwater and subglacial runoff, 452 

with all observations depicting a well-mixed upper ice–ocean boundary layer (14, 36, 84). 453 

Oceanographic instruments moored beneath the central basal channel showed that 454 

meltwater and subglacial runoff input creates a buoyant plume that occupies the boundary 455 

layer and flows seaward along the ice base (14). Current shear between the flowing plume 456 

and the immobile ice base mixes the upper boundary layer, driving ocean heat upwards 457 

towards the ice and diluting fresh meltwater into seawater. However, within 1 m of the ice 458 

base, the ocean restratifies, with significant cooling and freshening insulating the ice base 459 

and reducing melt rates (83). Nevertheless, the strength of the under-ice buoyant plume 460 

controls melting in the ice tongue central channel. Seasonal variability in subglacial runoff 461 
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discharge from atmospheric melting plays the dominant role in driving the under-ice 462 

plume, with melt rates increasing by an order of magnitude in summer (14). Hydrological 463 

modeling suggests that the subglacial conduits that deliver fresh runoff to the grounding 464 

line are aligned with ice tongue channels (35), with the buoyant plume seeding their 465 

downstream evolution. These patterns link the channel melt rates to atmospheric forcing 466 

through the seasonal cycle in surface melting, subglacial runoff discharge flux across the 467 

grounding zone, and the strength of the meltwater plume (85). 468 

Away from the vigorous outflowing plume, the steeply sloping sidewalls of the channels 469 

melt more rapidly than flat portions of the ice base (86), due to an interplay with ocean 470 

stratification that drives variable heat flux towards the ice (87). This feedback allows the 471 

channels to melt both outwards and upwards to erode the ice shelf laterally. Tidal currents 472 

in the grounding zone are also thought to drive vigorous melting through AW delivery (4, 473 

15, 16) and modulate outflow of meltwater plumes (83). Hence, the dynamic ice–ocean 474 

interactions occurring in the grounding zone set the foundation for ocean circulation and 475 

melting beneath the Petermann Glacier ice tongue (85). Changes to the AW temperature 476 

and subglacial runoff flux generated during summer are therefore of primary importance 477 

for the ice tongue stability. 478 

 479 
 480 
 481 
 482 
 483 
 484 
 485 
 486 
 487 
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Figure 6      | Ocean and atmospheric forcing on Petermann Glacier  488 
Ocean and atmospheric forcing on Petermann Glacier for the period 2002 – 2021 using RACMO2.3 (55) data. A) mean 489 
summer 2 m air temperature output for Petermann near the GL and B) mean annual runoff for the upstream catchment 490 
that is assumed to discharge subglacially (QSG). C) Conservative Temperature (Θ) of Atlantic Water in Petermann Fjord. 491 
D) Bulk ice shelf melt rate anomalies considering ocean warming (Figure 5a of (88)) and ocean warming combined with 492 
SGW flux through the western channel (Eqn. (10) of (83), adapted for Θ′). QSG values have been multiplied by 0.555, 493 
following (4), and a channel outlet cross-section area of 707 m2, following (83), to account for the two main SGW outlets 494 
at the GL. 495 

4.1.3 Impacts of long-term trends in ocean and atmospheric on melt rates 496 

A collection of in situ oceanographic observations and atmospheric reanalyses tracks the 497 

long-term environmental forcing impacting Petermann Glacier, including during the 2016–498 
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2021 period when its grounding line retreated (Fig. 1) (9). Mean summer air temperatures 499 

near the grounding line, estimated by RACMO2.3, increased significantly between 1957 500 

and 2021 (Fig. 6     A). The summertime atmospheric warming affected a large area of 501 

Petermann’s catchment and likely increased the annual average subglacial runoff flux 502 

across the grounding line (QSG) by 77 ± 29 m3 s–1 over these 64 years (Fig. 6     B) (49). 503 

Remote sensing likewise indicates expanded surface melt area in northern Greenland 504 

(48). In addition to a warming summer season, AW temperatures increased by 0.2 K in 505 

Petermann Fjord, from 0.15°C to 0.35°C between 2003 and 2021 (Fig. 6     C).  506 

After remaining stable for the satellite observational period, Petermann Glacier’s 507 

grounding line began retreating along its shear margins in 2016 (9), coincident with a 508 

marked upturn in AW temperature (Fig. 6     C). The grounding line then started retreating 509 

along the western ice tongue channel in 2018 (Fig. 5     ) (9) when AW temperatures 510 

reached 0.35°C. This grounding line retreat coincided with a 15% increase in ice flow 511 

speed (9), which suggests that the retreat initiated an inland response. Area-averaged 512 

ice tongue melt rate relations, based on the observed ocean warming (88) and the 513 

combination of ocean warming and greater subglacial runoff (SGW) discharge from 514 

warmer summers (83), reveal the importance of SGW-induced circulation to melting (Fig. 515 

6     D). Notably, the long-term melt rate anomaly in regions of Petermann Glacier’s ice 516 

tongue influenced by SGW discharge is an order of magnitude higher, at 6–8 m yr-1, than 517 

the ~0.60 m yr–1 across the rest of the ice tongue that is exposed only to ocean warming. 518 

Repeat-pass radar surveys of Petermann Glacier’s western ice tongue channel suggest 519 

that it thinned by up to ~150 m between 2011 and 2015, within 12 km of the now-retreating 520 

grounding line (Fig. 5     E). Track alignment errors between flights are small (21 ± 4 m, 521 
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95% confidence interval), but steep thickness gradients along the channel sidewalls (Fig. 522 

5     F) could have caused even these small misalignments to manifest as a false thinning 523 

signal. Evidence from multiple independent datasets indicate that increased SGW 524 

discharge in the western channel has accelerated localized melting and driven GL retreat. 525 

The bed slopes downward up-glacier of the last observed GL location (2021), suggesting 526 

that further retreat may be ongoing (Schoof, 2007). Combined ocean warming and 527 

increased SGW discharge are likely increasing melt rates and thinning the other ice 528 

tongue basal channels in a similar fashion. This unstable channelized thinning increases 529 

internal strain in Petermann Glacier’s ice tongue (75) and is contributing to the multiple 530 

rifts present in the ice tongue (76, 84). The proliferation of rifts has the potential to 531 

accelerate calving and destabilize the ice tongue. Recent modeling shows that if the ice 532 

tongue totally collapses, the grounding line will retreat and Petermann Glacier’s ice flux 533 

will increase by 40%, substantially raising sea level (89). This highlights Petermann 534 

Glacier’s vulnerability to ongoing ocean and atmospheric warming that combine to drive 535 

melting along the ice–ocean boundary. 536 

 537 

4.3 Terminus processes 538 

We use      terminus positions from the TermPicks dataset (Fig. 1A) (17, 18) and      the 539 

centerline method within the Margin Change Quantification Tool (MaQiT) (19) to assess 540 

Petermann Glacier’s terminus position change between 1970 and 2015. Few 541 

observations of terminus positions exist prior to the satellite era (29) so it is difficult to 542 

definitively determine terminus change before 1970. However, previous studies suggest 543 
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that large calving events at Petermann Glacier occurred with a 5–10 year frequency with 544 

periods of steady advance with a rate of ~1 km yr–1 since the first observations in 1876 545 

(8, 29, 90). The dominant calving style at Petermann Glacier is tabular rifting, similar to 546 

other glaciers with a floating ice tongue in Greenland as well as Antarctica ice shelves, 547 

where a rift propagates across an ice shelf until it reaches full width (Humbert et al., 2023; 548 

Bezu and Bartholomaus, 2024).      Between 2000 and 2010, the terminus of Petermann 549 

Glacier has been relatively stable, except for interruptions by comparatively small calving 550 

events. In the following decade, significant calving events in 2008, 2010 and 2012 551 

resulted in large-scale terminus retreat (Fig. S1A). The latter two events have been 552 

associated with the early break up of landfast sea ice, which usually provides backstress 553 

on the glacier terminus and inhibits calving (Detlef et al., 2021). Landfast sea ice has also 554 

been shown to prevent the inflow of warmer Atlantic Water into Petermann Fjord (Shroyer 555 

et al., 2017) and mélange from exiting Petermann Fjord thereby not only impeding 556 

calving, but also basal melting of the floating tongue (Akesson et al.,2022). A similar 557 

scenario has been observed at Ryder Glacier, North Greenland, where tabular icebergs 558 

are trapped within the fjord by sea ice, thereby providing backstress and reducing calving 559 

(Jakobsson et al., 2020).   560 

While large calving events have been observed in the past, these three events suggested 561 

an increase in periodicity attributed to weakening of the floating tongue through basal 562 

melting (33, 90). However, the large calving event that is currently underway, which 563 

followed a steady advance of ~10 km since 2012 (Fig. S1, S5), is more consistent with 564 

the calving frequency and dynamics found prior to 2010. If future large calving events 565 

were to follow this current event, analogous to the 2010–2012 period, they could reach 566 
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the critical distance to the grounding zone of ~12 km in 5–10 years and lead to additional 567 

inland acceleration and increased ice discharge      of      (6).  568 

The period of glacier advance between 2012 and 2025 contrasts with the previously 569 

discussed SMB decline (section 3.32), but appears to coincide with an increase in 570 

subglacial runoff, which is extracted as a weighted catchment average from 1 km monthly 571 

MAR v3.14 data (63) and converted from millimeters water equivalent per month to 572 

gigatons per year using the catchment area determined by a previous study (2, 55). 573 

Subglacial runoff appears to be relatively low from 1970 until approximately mid-2000, 574 

when it starts to slightly increase (Fig. S1C). Comparatively higher summer runoff peaks 575 

are apparent in 2014 (4.6 Gt yr–1) and 2020 (5.2 Gt yr–1), and a slight increase in annual 576 

mean runoff is apparent over the investigated period. A recent modeling study found the 577 

presence of a distributed water sheet, which persists year-round within 20 km of the 578 

grounding zone, but extends far inland during the melt season with a thickness of several 579 

centimeters (35). The same study also suggests that the highest subglacial runoff rates 580 

are found within the five channels that are distributed across the grounding zone, where 581 

peak runoff rates can exceed 100 m3 s–1 during the melt season (35). 582 

While terminus positions can be readily      derived from remote sensing data, additional 583 

observations of subglacial runoff, especially within and upstream of the grounding zone, 584 

are needed. These would help to not only better constrain basal and submarine melt 585 

rates, but also to provide further insights into the advance and retreat behaviour of 586 

Petermann Glacier.            587 

      588 
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5. Ice–Bed Boundary 589 

Processes that occur at the ice–bed boundary are still poorly understood, as the collection 590 

of direct observational data there remains challenging. In this section, we discuss recent 591 

advances in geophysical data interpretation, which provide a more holistic perspective of 592 

the state of Petermann Glacier’s ice–bed interface, with the aim to provide novel insights 593 

and to discuss the potential implications for its stability.  594 

5.1 Geology and Geothermal History  595 

The first map of Greenland’s subglacial geology highlighted that the geology beneath 596 

Petermann Glacier and its catchment region was both likely complex and poorly 597 

constrained (94). A more recent synthesis, based on available geophysical data, suggests 598 

the Petermann Glacier catchment is underlain by at least three distinct geologic provinces 599 

(Fig. 7     A) (95). The subaerial geology bounding Petermann Glacier’s land-terminating 600 

margin and floating ice tongue is the Franklinian Basin, which comprises sedimentary 601 

shelf and basin deposits (primarily limestone) of 560–410 Ma age and outcrop 602 

spectacularly along the flanks of Petermann Fjord. The Franklinian Basin likely underlies 603 

the lower fifth of its ice-sheet drainage basin. Farther inland, underlying approximately the 604 

next two-fifths of the basin, is the Inglefield Orogen, which is a predominantly Archean 605 

basement with subsequent Paleoproterozoic orogenic activity. The subglacial geology in 606 

the uppermost fifth of the ice-sheet catchment is unclear, as its large-scale geophysical 607 

properties are not yet clearly reconcilable with more peripheral regions that have 608 

subaerial exposures. Neither the boundary between the Inglefield Orogen and this 609 
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unknown central region nor the boundary between the Franklinian Basin and the Inglefield 610 

Orogen are particularly well defined. 611 

Figure 7      | Geology and basal thermal state  612 

A) Geological provinces in Greenland after (95) with Petermann catchment outlined as dashed blue line (64) and 2015 613 
ice extent shown as dotted line (96). PA refers to the Petermann anomaly. B) Basal thermal state of the Greenland Ice 614 
Sheet after (97). Basemap is a cloudless Sentinel-2 mosaic provided by EOX IT Services GmbH. The X and Y axis are 615 
polar stereographic coordinates (EPSG:3413) 616 

The widespread presence of subaerial basalt and porphyry erratics around the ice margin 617 

in Northwest Greenland, with no corresponding subaerial source, led a previous study to 618 

hypothesize the presence of a subglacial volcanic source province in the region (94). With 619 

geophysical data synthesis, it is apparent that there is an unusual ~4,000 km2 elevated 620 

bedrock feature within the Inglefield Orogen, referred to as the “Petermann Anomaly” (PA; 621 

Fig. 7     A) (95). Its relatively high gravity and magnetic anomalies suggest a batholith, 622 

possibly formed during the transit of the Iceland Hotspot (98). A previous study inferred 623 

that the Iceland Hotspot transited near Petermann’s grounding zone at ~75 Ma, likely 624 

causing partial melting of the lithosphere, or intrusion into the lower crust (99). They also 625 

inferred an enhancement of present-day geothermal heat flow at Petermann Glacier’s 626 
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grounding zone (~ +10 mW m–2). However, other models infer no discernible heat flow 627 

enhancement there, suggesting instead that inferences of enhanced heat flow from 628 

lithospheric modelling may reflect paleoimprints on underlying lithospheric architecture 629 

(100). While it is plausible that the Petermann Anomaly is a batholith associated with the 630 

Iceland Hotspot transit, a batholith is a poor match for the porphyry erratics described by 631 

(94). This ambiguity suggests that there may be an additional, as-of-yet unidentified 632 

subglacial volcanic province, in the vicinity of Petermann Glacier (101).  633 

5.2 Ice Stream Onset 634 

Compared to most other Greenlandic outlet glaciers, Petermann Glacier has an unusually 635 

localized onset of fast ice flow that can be traced to a ~10 ⨉	10 km region directly adjacent 636 

to the Petermann Anomaly, roughly ~220 km upstream of the grounding zone (Fig. 8     A). 637 

This highly localized onset of fast flow is similar to that of the Northeast Greenland Ice 638 

Stream and Antarctic ice streams (NEGIS; Fig. 8     B, S5), whereas for virtually all other 639 

Greenlandic outlet glaciers, surface speeds increase gradually over tens to hundreds of 640 

kilometers. Ice streams are typified by high inland surface ice velocities yet low driving 641 

stresses, with well-defined shear zones (102). This mechanism of achieving fast inland 642 

flow contrasts substantially with that of Sermeq Kujalleq (Jakobshavn Isbræ), where 643 

instead ice flow is channelized within deeply incised subglacial channels and where 644 

higher inland ice velocity is driven by higher driving stresses, and where ice–ice shear 645 

zones are typically less well-defined (Fig. 8     C) (102). In contrast to Sermeq Kujalleq, 646 

the onset of fast flow at both Petermann Glacier and NEGIS appears to be mostly 647 

independent of local spatial variability in subglacial topographic roughness or a deep 648 
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subglacial channel (95, 103), although the northeastern flank of Petermann Glacier’s 649 

onset region is bounded by the Petermann Anomaly. Given the clear analogue of 650 

Petermann’s fast flow onset, its pronounced shear margins, and elevated basal slip ratio 651 

similar to both NEGIS and other Antarctic ice streams, we hereafter refer to “Petermann 652 

Ice Stream”, to more accurately reflect its apparent dynamics (104). 653 

There are several significant implications to reclassifying Petermann as an ice stream. 654 

Due to their high velocities at low driving stresses, ice streams are generally considered 655 

to be less stable than topographically constrained outlet glaciers, meaning that they can 656 

both accelerate or decelerate relatively rapidly (105, 106). Recent radiostratigraphic 657 

analysis suggests that two ice streams used to flow into Nioghalvfjerdsbræ (79N Glacier) 658 

earlier during the Holocene, before shutting down before ~2.5 ka (107). The relatively 659 

recent shutdown of these northeastern ice streams appears to have caused the main 660 

drainage system to reconfigure and possibly lead to the enhancement of ice flow at 661 

NEGIS. This reconfiguration highlights the potential sensitivity of Greenland ice streams 662 

to reorganize over relatively short timescales, and that the ice flow observed at 663 

Petermann today may not reflect past discharge across the grounding zone, which 664 

presents a challenge for the use of recent observations to calibrate projections of ice 665 

sheet form and flow (108). 666 
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Figure 8      | Ice stream vs isbræ 667 
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Flow-aware hillshade that mostly highlights the surface expression of basal topographic relief (95) overlaid with a 668 
MEaSUREs multi-year velocity mosaic (109, 110) bedrock topography from BedMachine v5 (24, 25) and driving stress 669 
calculated from BedMachine v5 and MEaSUREs multi-year velocity mosaic for A) Petermann Glacier with megacanyon 670 
indicated in blue, B) Northeast Greenland Ice Stream (NEGIS), and C) Sermeq Kujalleq (Jakobshavn Isbræ;      Note 671 
the different color scale for velocities). Conceptual sketch for along flow and across flow cross sections for D) Ice 672 
Streams and E) isbræs. The X and Y axes are polar stereographic coordinates (EPSG:3413). 673 
 674 

5.3 Ice velocity 675 

We review the agreement between the MEaSUREs v5 (23, 67, 68) and PROMICE v4 (69, 676 

70) ice velocity data at Petermann Glacier. The MEaSUREs v5 velocity product is derived 677 

from TerraSAR/TandDEM-X as well as Landsat-8 and -9 optical      imagery and is 678 

available at a monthly resolution. PROMICE v4 data is derived solely from Sentinel-1 679 

synthetic aperture radar imagery and has a temporal resolution of ~11 days. Velocities 680 

for both datasets are extracted along a Petermann Glacier centerline that has been 681 

delineated from the ice flow direction using PROMICE v4. Landsat-derived ITS_LIVE (71, 682 

72) is an additional velocity product that could be used, however data is only available on 683 

an annual resolution          , so we chose not include it in this comparison.  684 

Both the MEaSUREs v5 and PROMICE v4 ice velocity products capture the general 685 

spatial pattern in ice velocity along the centerline during the 2016–2024 period. The 686 

annual mean velocities for both data products (Fig. 9     ) show that velocity variability is 687 

highest at the terminus and decreases towards the interior of the GrIS. The mean ice flow 688 

velocities only disagree by 24 m yr–1 (~2%) over this centerline profile (MEaSUREs v5: 689 

1131 m yr–1; PROMICE v4: 1155 m yr–1; Fig. 9     A-C, B).  690 

While both satellite-derived ice velocity products appear to agree well when averaged 691 

over 2016–2024, their annual mean and maximum velocities exhibit a significant 692 

divergence after 2021 (Fig. 9     D, C). The divergence in mean velocity grows to ~34 m 693 
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yr–1 by 2024. While maximum MEaSUREs and PROMICE velocities generally agree 694 

before 2021, after 2021 maximum PROMICE velocities increase steadily from ~1331 m 695 

yr–1 to ~1490 m yr–1 (11.9%).      In contrast, maximum MEaSUREs velocities increase 696 

only marginally between 2021 and 2023 from ~1316 m yr–1 to 1329 m yr–1 (0.99%) and 697 

then decrease to ~1290 m yr–1 (2.9%) in 2024. This results in an appreciable difference 698 

in maximum flow velocity of 199135 m yr–1 (~13.4 %) between data products.  699 

 700 
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Figure 9      | Petermann Glacier flow velocities 701 

Comparison of MEaSUREs v5 (23, 67, 68) and PROMICE V4 (69, 70) centerline velocities. A-B) All available velocities 702 
extracted along the centerline shown in grey for MEaSUREs and PROMICE, respectively. Annual velocity averages 703 
shown with color indicating the year (yellow= 2016, blue=2024). C) Inset map shows location of the centerline along 704 
which velocities are extracted. Basemap is a pan-sharpened Landsat-8 image from 17/06/2024. D) Annual mean 705 
(dashed line) and maximum (solid line) ice velocities from MEaSUREs v5 (purple) and PROMICE V4 (teal) extracted 706 
along the centerline between 2016 and 2024. E) Linear regression of MEaSUREs and PROMICE mean ice velocities 707 
grouped by year and distance along the centerline. Marker color shows distance along the centerline, and histogram 708 
shows distribution of data points with color indicating distance along the centerline. F) Linear regression of MEaSUREs 709 
and PROMICE maximum ice velocities grouped by distance along the centerline. Marker color shows distance along 710 
the centerline. 711 

The linear regression between MEaSUREs v5 and PROMICE V4 grouped by year and 712 

distance along the centerline (Fig. 9     E, D) indicates a comparatively large spread within 713 
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the first 30 km from the terminus. Compared to MEaSUREs v5, the PROMICE v4 714 

velocities appear biased towards higher velocities downstream of the grounding zone. 715 

Similarly, maximum velocities have the largest variability at the terminus (Fig. 9     F, E) 716 

and past the grounding zone, with PROMICE v4 velocities being again higher than 717 

MEaSUREs v5.  718 

This comparison of velocity products shows that data with sub-monthly temporal 719 

resolution is able to capture the spatial variability of velocities across the floating tongue, 720 

which is not resolved in the monthly data (Fig 9 A, B). The variability is likely also reflected 721 

in the annual mean and maximum velocities (Fig 9. D, F), thus suggesting that high-722 

temporal resolution data might be more suitable to investigate changes in flow. It further 723 

highlights      that ice velocities at Petermann Glacier have a strong seasonal variability, 724 

which      is consistent with previous studies which found a 10–15% increase in velocity 725 

during the summer since 2013 due to reduced basal friction moderated by changes in 726 

subglacial hydrology (9, 35). Between 2015 and 2018, winter velocities increased by 727 

approximately 10%, which was attributed to the loss of ice shelf resistance following       the 728 

2012 calving event (9).  The winter speed-up is also consistent with the suggestion that 729 

Petermann Glacier follows a pattern of short-lived glacier acceleration followed by 730 

sustained high velocities for several years      after a retreat, which has also been observed 731 

at other glaciers with floating tongues in Greenland (73, Hill et al., 2018). The loss of ice 732 

shelf buttressing has also been associated with additional thinning and grounding line 733 

retreat in 2017/2018 (9). The 2015 speed-up also coincided with the development of two 734 

distinct, flow-parallel shear zones on the ice tongue, which caused a velocity gradient 735 

across the ice tongue (9). After 2018, velocities have remained relatively stable, despite 736 
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rapid grounding line retreat on a retrograde slope (9). While the velocity data products 737 

shown in Fig. 9      are generally in good agreement with each other, the difference in 738 

maximum velocity as well as the spread of maximum ice velocities at the terminus 739 

indicates that – when seasonal variability is not accounted for – ice velocities are 740 

underestimated. Ice velocity products that resolve seasonal variations are therefore 741 

preferred for investigating ice dynamics at Petermann Glacier.  742 

5.4 Basal Topography  743 

The bed topography at Petermann Ice Stream makes it prone to large dynamic mass loss, 744 

as its shallow slope has the potential to cause drawdown from dynamic thinning farther 745 

inland (111, 112). A previous study (112) identified knickpoints, which are rises in the bed 746 

topography that act as natural limits for inland thinning, and found that the thinning limit 747 

for Petermann Glacier, similar to Humboldt Glacier, would be more than 200 km from its 748 

current grounding line. Thus, should Petermann Ice Stream experience increased basal 749 

melting and dynamic thinning, this could result in s     lower, but more sustained long-term 750 

mass loss through inland thinning (47, 111,112). The interior of the GrIs has also been 751 

identified as the area      that holds            the majority of committed future sea level rise, 752 

with Petermann Ice Stream contributing up to 0.65 mm by 2100 under high basal melt 753 

scenarios (47, 113, 114). Conversely, Sermeq Kujalleq     (Jakobshavn Isbræ) and NEGIS 754 

have distinct knickpoints that limit dynamic thinning to within <150 km of their margins, 755 

but their respective high ice flux of more than 15 Gt      yr–1 also indicate the potential for 756 

large future dynamic mass losses (112; Rignot et al., 2000; Schlegel et al., 2014; Hansen 757 

et al., 2021 ). 758 
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The most pronounced subglacial topographic feature beneath Petermann Ice Stream is 759 

the ~1700-km-long megacanyon, which is incised about ~0.5       km into the local bed 760 

topography (24, 25, 44). During interglacial periods, assuming an ice-free Greenland with 761 

rebounded bedrock topography, this canyon would have drained ~25% of Greenland’s 762 

area, reaching as far south as ~68°N (115). While one study (44) argues that it was likely 763 

carved via fluvial activity through many glacial cycles, another study (116) highlights the 764 

possibility that the canyon may be much younger, incised during Pliocene–Pleistocene 765 

megafloods, although this interpretation is disputed (116, 117). For either interpretation, 766 

the megacanyon is agreed to be fluvial in origin and to predate the formation of the 767 

Greenland Ice Sheet. The megacanyon is clearly deflected around the Petermann 768 

Anomaly, which suggests that the latter’s rock is more competent than its surroundings 769 

(95). This pattern also indicates that the Petermann Anomaly predates the formation of 770 

the megacanyon. 771 

5.5 Subglacial Hydrology 772 

The megacanyon likely collects subglacial meltwater from a large portion of the present-773 

day ice sheet, ultimately influencing subglacial hydrology over (35, 44). Presumably, 774 

channelized subglacial runoff of this meltwater at the grounding zone induces additional 775 

basal melting of deep longitudinal channels into the bottom of the downstream ice shelf 776 

(36). The ISMIP6 ensemble of ice sheet models suggests that Petermann’s ice-sheet 777 

catchment is thaw     -bedded inland (Fig 7     B) to near the ice stream onset (~2000 m 778 

surface elevation) (97). Farther inland, the synthesis basal thermal state does not agree 779 

with the ISMIP6 ensemble, and it is unlikely that the bed is thawed along the 780 
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megacanyon’s entire length. Although the grounding zone of Petermann Ice Stream is 781 

partly formed and constrained by the megacanyon, it only intersects with the megacanyon 782 

~100 km downstream of the onset of its fast flow (103). The relatively deep megacanyon 783 

underlying the lower reaches of Petermann Ice Stream contributes to strong seasonal 784 

variations in velocity associated with surface-driven seasonal variations in subglacial 785 

hydrology (35). Efficient subglacial drainage may also contribute to the absence of 786 

observed subglacial lakes within the Petermann Ice Stream catchment, despite relatively 787 

extensive airborne radar sounding there that should be able to otherwise identify these 788 

features (118, 119). 789 

The catchment of Petermann Ice Stream contains perhaps the densest concentration in 790 

Greenland of disrupted basal ice units observed by radar sounding (104, 120). While 791 

these deeper radiostratigraphic anomalies may be due to large-scale folding induced by  792 

anisotropic ice flow (121), they may also be due to either surface or basal meltwater 793 

refreezing at the ice–bed interface (122, 123), or perhaps even localized convection (Law 794 

et al., 2026). If these basal stratigraphic anomalies are indeed associated with refreezing 795 

meltwater, it would suggest that basal water is more widespread than inferred by the 796 

ISMIP6 ensemble. It would also suggest the possibility of more extensive enhanced 797 

warming and deformation of basal ice. At the same time, however, pre-Holocene ice 798 

outcrops are extensive along the land-terminating ice margin between Petermann Ice 799 

Stream and Humboldt Glacier (124). These ice outcrops imply that at least some pre-800 

Holocene ice experiences little basal melt and reaches the ice margin in close proximity 801 

to the ice stream’s thawed bed. Together, these inferences suggest large spatial 802 

gradients must exist in Petermann Ice Stream’s basal thermal state (120). 803 
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Subglacial runoff is expected to increase in the future, with increasing air temperatures 804 

and Arctic Amplification, which could lead to an earlier onset of the melt season (48, 49, 805 

91–93). As a result, the distributed subglacial water sheet, discussed in section 4.3, might 806 

extend even farther inland, thereby increasing basal motion in previously low friction 807 

areas and sustaining higher velocities. Higher subglacial runoff could also have 808 

implications for the subglacial hydrological system, which could develop a more efficient, 809 

channelized drainage system that can drain higher influxes of subglacial runoff (35). While 810 

this might suggest an earlier onset of the seasonal speed-up and higher velocities 811 

throughout the melt season, further measurements are needed to confirm this hypothesis 812 

(35). A future increase in runoff could also lead to enhanced basal melting of the floating 813 

tongue through a stronger buoyant plume as discussed in section 4.1 (42, 85). 814 

6.  Projected Mass Loss and Sea Level Rise 815 

The drainage basin of Petermann Glacier holds approximately 0.38 m of global mean sea-level 816 

rise, which has motivated extensive modeling efforts exploring how different mass-loss 817 

mechanisms may influence the glacier’s stability. One modeling study found that an immediate 818 

collapse of the ice tongue would contribute 0.92 mm to global sea level rise, by increasing flow 819 

velocities and ice discharge, forcing grounding line retreat and thinning (Hill et al., 2021). Calving 820 

has been shown to have a minor effect on grounding line retreat, except when it occurs within 821 

proximity of the grounding zone (Nick et al., 2012, Hill et al., 2018, 2021). A modeling study 822 

showed that should calving occur within 12 km of the grounding zone the loss buttressing would 823 

result in an increase of flow speeds by an average of 0.9 km yr-1 and an increase in ice discharge 824 

from 11 Gt yr-1  to 25 Gt yr-1 , which is equivalent to 0.07 mm yr-1 of sea level rise (Hill et al., 2018). 825 

Similarly, increases in surface melt and doubling of the melt season appear to have little effect on 826 
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grounding zone position, even though reduced basal friction leads to an initial doubling of ice 827 

discharge, which gradually decreases as the glacier adjusts to its new geometry (Nick et al., 828 

2012).  829 

On the other hand, submarine melting has been found to have a significant impact on the future 830 

stability of Petermann Glacier and its floating tongue (Nick et al., 2012, Akesson et al., 2021). A 831 

tripling of submarine melt rates, comparable to that observed between the 1990s and early 2020s, 832 

was found to result in an ice discharge increase by ~300% in less than a millenium with extensive 833 

retreat of the ice shelf (~40 km) and grounding zone (~80km) (Nick et al., 2012). Another study 834 

found that an immediate increase in ocean forcing alone can force the break-up of the ice shelf 835 

and would lead to a maximum contribution of 11 mm of global sea level rise by 2300 (Akesson et 836 

al., 2021). They also found that the contribution to sea level rise from increased ocean forcing 837 

depends on the basal friction, with a warming of 2 K leading to a 2.3–6.3 mm sea level rise by 838 

2300 (Akesson et al., 2021). For all ocean forcing projections, pinning points in the bedrock 839 

geometry could halt retreat at Petermann Glacier and limit sea level rise to 3 mm even under 840 

strong ocean warming. Should the ice shelf disappear, modeling suggests that it would require 841 

ocean cooling as well as reduced calving for the ice shelf to reestablish itself over the time span 842 

of several hundred years (Akesson et al., 2022).  843 

7. Summary      844 

Significant progress has been made in assessing the mass balance of Petermann Ice 845 

Stream over recent decades through in-situ data collection, advances in atmospheric 846 

reanalyses, and improved ice flow modeling. However, this review identifies both 847 

knowledge gaps and data needs that remain, with the key points given below and further 848 

details in the text. 849 
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● We currently lack sufficient in-situ atmospheric monitoring (e.g. air temperatures, 850 

SMB), which is critically needed for model validation and accurate assessment of 851 

surface melting and mass balance. This concern is also applicable to many other 852 

marine-terminating glaciers in Greenland. 853 

● There currently is no continuous monitoring of oceanographic properties within 854 

Petermann Fjord, which would help to better constrain fjord circulation models and 855 

their relationship to ice flow and atmospheric conditions. 856 

● We lack sufficient knowledge about geology and bedrock topography beneath 857 

Petermann Glacier catchment and the interior of Greenland, which leads to 858 

uncertainties in its present basal thermal state, geothermal heat flow, and the 859 

nature of its onset region.   860 

● Currently, subglacial runoff data is only available from modeling studies and 861 

observational data would be needed to …… 862 

 863 

The ice–atmosphere boundary is not well-constrained at Petermann Ice Stream. While 864 

reanalyses have improved in spatial resolution over the past decades, a comparison to 865 

observational data shows that significant biases remain that can lead to incorrect 866 

estimation of surface melting. Observational data remains scarce, with no current AWS 867 

in the vicinity and no long-term, continuous data. Mass balance estimates can differ 868 

significantly depending on the ice discharge products used, with the “best estimate” mass 869 

balance shown in this review indicating an overall negative trend over the past four 870 

decades. It is apparent that there is a need for more observational data of surface climate 871 

variables to improve our understanding of ice dynamics and climate model validation.  872 
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Velocities follow a seasonal pattern of summer speed-up and winter slowdown     , with 873 

large calving events, like those observed in 2008, 2010 and 2012,      resulting in     short-874 

term speed-ups that are sustained over 1 to 2 years. However, if the floating tongue 875 

collapses, then the loss of backstress will result in grounding line retreat and large velocity 876 

increases inland. 877 

Over the past decades, airborne radar flights and in-situ ocean measurements revealed 878 

large basal channels in Petermann Glacier’s floating ice tongue and linked them to 879 

enhanced basal melting from atmospherically-produced subglacial runoff. The observed 880 

grounding line retreat starting in 2016 and subsequent short-term increases in ice velocity 881 

have been linked to the influx of warm AW, highlighting Petermann Ice Stream’s 882 

sensitivity to ocean forcing. Additional ocean warming, in combination with increased 883 

surface melting and subglacial runoff, is anticipated to lead to the break-up of the ice 884 

tongue and further grounding line retreat as early as by 2050     . This will likely drive an 885 

inland velocity response that significantly increases ice discharge and sea level rise.  886 

Advances have been made in determining the geological provinces beneath Petermann 887 

Ice Stream with ~80% of the catchment now being classified. However, the geology 888 

beneath the onset of Petermann Ice Stream remains unknown and boundaries between 889 

provinces are not yet well defined there. Similarly, there is currently no consensus on the 890 

origin of elevated geothermal heat flow at Petermann Ice Stream, and there could be a 891 

subglacial volcanic province in the vicinity. The basal thermal state varies significantly 892 

within the glacier’s catchment, which is not well reflected in ISMIP6. Based on the well-893 

defined shear margins and elevated basal slip ratio present at Petermann Ice Stream, we 894 

argue that Petermann Glacier should be referred to as “Ice Stream” to more accurately 895 
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reflect its dynamic setting. This reclassification is significant, as ice streams can 896 

experience comparatively rapid changes in velocity and can reconfigure over the 897 

relatively short time scale of several millennia      , which should be considered for model 898 

spin-up as current ice dynamics might not accurately reflect past behavior.  899 

8. Outlook  900 

Based on this review, we expect Petermann Ice Stream to undergo substantial dynamic 901 

changes over the next 10–20 years. Increases in air temperature will likely result in higher 902 

subglacial runoff and an earlier onset of the melt season. These changes may lead to 903 

higher basal melt rates, especially along channels in the floating tongue, which will 904 

increase thinning rates of the floating tongue thereby reducing backstress and allowing 905 

for higher flow velocities. The      rifting event that initiated in 2025 will, once the ice has 906 

calved off, place Petermann Ice Stream’s terminus at its most retreated position since 907 

1923, and closer to a threshold that could result in a complete break-up of the floating 908 

tongue. We expect similar major calving events in the future, which could lead to such a 909 

break-up scenario and also induce increases in ice discharge that could result in 910 

substantial sea level rise.  911 
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Supplementary Material 1343 

1344 
Figure S1 | Terminus and grounding zone change, and subglacial runoff at Petermann Glacier 1345 
A) Terminus position change along the centerline from TermPicks dataset (10, 11) extended to present day using 1346 
GEEDiT (calculated using MAQiT) (12). Shaded areas mark large calving events (purple) and periods of advance 1347 
(blue). B) Grounding Line change along the centerline (13). C) Runoff extracted from monthly MAR3.14 (14) 1348 
reanalysis data as weighted catchment average with annual mean shown in black. 1349 
 1350 
 1351 
 1352 
 1353 
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 1365 
Figure S2 | Sentinel-1 image of ongoing calving event 1366 
A) Stacked Sentinel 1 image (Band1: HH, Band2: HV, Band3: HH): from 19/03/2026 showing two large rifts near the 1367 
terminus of Petermann Glacier at a distance of ~12.8 and 19 km from the terminus. The rift at 19 km from the 1368 
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terminus appears to have reached the full width of the glacier indicating that a calving event is currently underway. B) 1369 
evolution of the rift at ~12.8 km from the terminus delineated using GEEDiT (Lea, 2018) on top of a pansharpened 1370 
Landsat 8 image from 17/06/2024. C) Same as in B) for the rift at ~19 km from the terminus. 1371 
 1372 
 1373 
 1374 
 1375 
 1376 
 1377 
 1378 
 1379 
 1380 

 1381 
Figure S3 | Petermann weather station overview 1382 

Location of ERA5 (1) grid cell, DMI automatic weather station (AWS) in Hall Land (pink cross), GC-Net “Petermann 1383 
ELA” AWS (red triangle) and “GC-Net “Petermann Glacier” AWS (yellow star) (2, 3), MAR 3.14 grid point (green 1384 
circle), and PG16 weather station established by the University of Delaware (4) Basemap is a pan-sharpened 1385 
Landsat-8/9 Mosaic from 17/06/2024. Note: Grid cells are equilateral but are distorted due to the Polar Stereographic 1386 
coordinate system. The X and Y axis are polar stereographic coordinates (EPSG: 3413). 1387 
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 1391 

 1392 
Figure S4 | Positive Degree Day overview 1393 
Positive degree days for A     ) ERA5, GC-Net and PG16, with positive degree days for observational data shown as 1394 
black x and for reanalysis data as yellow o. B) same as A) but for RACMO2.3 reanalysis data. C) same as in A) but 1395 
for MAR 3.14 reanalysis data. 1396 
 1397 
 1398 

Table S1 | Overview of solid ice discharge datasets 1399 

Overview of solid ice discharge datasets with differences in flux gate locations, velocity products, surface elevation, 1400 
bedrock topography and temporal resolutions (5–9). 1401 

 1402 
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 1403 
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 1405 
 1406 
Table S2 | Decadal mean ice discharge comparison 1407 

Comparison of decadal means for each ice discharge data product with change to previous period shown in 1408 
parenthesis (5–9). 1409 

 1410 
 1411 
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 1413 
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 1414 
Figure S5 | Onset of Pine Island Glacier Antarctica 1415 
Flow-aware hillshade from REMA that mostly highlights the surface expression of basal topographic relief (95) overlaid 1416 
with a MEaSUREs multi-year velocity mosaic (Rignot et al., 2011; Mouginot et al., 2012; Rignot et al., 2017; Mouginot 1417 
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et al., 2017; ) bedrock topography from BedMachine Antarctica v4 (Morlighem et al., 2020; Morlighem 2026) and driving 1418 
stress calculated from BedMachine v4 and MEaSUREs multi-year velocity mosaic for Pine Island Glacier, Antarctica 1419 
B) Conceptual sketch for along flow and across flow cross sections for Ice Streams. The X and Y axis represents 1420 
Antarctic polar stereographic coordinates (EPSG: 3031). 1421 
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