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Abstract 1 

The Greenland Ice Sheet, a major contributor to sea-level rise, loses mass through complex 2 
processes that are not fully understood. Laser altimetry provides direct and accurate 3 
measurements of ice sheet surface elevation. Here, we present the first continuous, laser 4 
altimetry-based annual reconstruction of Greenland Ice Sheet mass change from 1994 to 2020 at 5 
1 km horizontal resolution. Our novel approach fuses NASA's multi-mission laser altimetry 6 
records and isolates dynamic ice thickness change. We estimate an average mass loss of 191 ± 7 
6 Gt/yr, with the most intense thinning concentrated in western and southeastern regions, driven 8 
by enhanced surface melt and dynamic ice mass loss. Despite challenges in partitioning surface 9 
and dynamic components, we find a robust temporal evolution of dynamic thinning that reveals 10 
diverse thinning patterns across tidewater glaciers. This high-resolution reconstruction provides a 11 
crucial, observation-based benchmark for model calibration and evaluation that illuminates the 12 
complex drivers of ice sheet mass change across spatial and temporal scales. 13 

Significance Statement 14 

The Greenland Ice Sheet is losing mass rapidly, yet its strong regional variability remains difficult 15 
to resolve at high spatial resolution. We present the first continuous, annual reconstruction of 16 
Greenland Ice Sheet mass change at a 1 km resolution from 1994 to 2020 using multi-mission 17 
laser altimetry, with uncertainties in firn processes quantified. This reconstruction highlights 18 
severe mass loss in the Northwest and Southeast, contrasting with much lower rates in the North 19 
and Northeast. Partitioning atmospheric and dynamic contributions uncovers distinct regional 20 
mass change mechanisms and the highly diverse behaviors of individual tidewater glaciers. 21 
Ultimately, this observation-based record provides a critical benchmark for improving ice sheet 22 
models and projecting future sea-level rise. 23 
 24 
 25 
Main Text 26 
 27 
Introduction 28 
 29 
The Greenland Ice Sheet (GrIS) has accounted for approximately a quarter of the observed 30 
global mean sea level rise since 1900 and is projected to continue losing ice throughout the 21st 31 
century (1, 2). Ice is primarily lost through increased surface melt and ice discharge into the 32 
ocean through calving and submarine melting at marine-terminating outlet glaciers, also known 33 
as tidewater glaciers (3). Different regions of the ice sheet are subject to different climatic 34 
conditions and local geometric environments and may have different responses and sensitivities 35 
to changes in atmospheric and oceanic conditions. For example, northern and northeastern 36 
Greenland are generally cold and dry and are characterized by a few large tidewater glaciers and 37 
ice streams with large floating ice tongues (4). In contrast, the southeastern region is 38 
mountainous, has a high amount and variability of precipitation, and contains many tidewater 39 
glaciers but none with significant floating portions (5). The tidewater glaciers in the southeast are 40 
close to the warm and salty Atlantic Waters (AW), which originate in the North Atlantic Ocean (6). 41 
On the west coast, numerous tidewater glaciers in the northwest and central west Greenland 42 
drain the ice into the ocean, while the ice sheet in the southwestern region is mostly land-43 
terminating (6). Meters-thick layers of ice, known as ice slabs, have been forming and expanding 44 
in the percolation zone of western and northern Greenland in response to enhanced meltwater 45 
refreezing (7). This spatial diversity in ice flow and mass change processes implies that a 46 
regional-scale assessment of ice sheet mass change, including its major components, is critical 47 
for understanding ice-climate interactions. Such an assessment is needed to enhance the 48 
calibration and evaluation of ice-sheet models to help reduce uncertainties in projecting the future 49 
contribution of the Greenland Ice Sheet to sea-level rise (8, 9). 50 
 51 
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Reconstructions of contemporary ice-sheet mass change are categorized into three groups: 52 
altimetry, gravimetry, and the input-output method (10). Altimetry measures surface elevation 53 
change. The small footprint size (less than 100 m in diameter) and high vertical measurement 54 
accuracy (< 0.2 m measurement error) of laser altimetry enable the evaluation of the spatial 55 
variability of mass change, especially on the rapidly changing tidewater glaciers (11). Elevations 56 
measured by radar altimetry have a higher uncertainty because of the radar penetration into ice 57 
and snow and the much larger footprint size (12). To convert surface elevation change to mass 58 
change, we correct for the vertical land motion from the viscoelastic deformation of the Earth’s 59 
crust and underlying mantle and changes in the densities of firn layers (formed from snow 60 
accumulating and compacting). Gravimetry measures variations in the Earth’s gravity field caused 61 
by mass redistribution (13). The time-resolved satellite gravimetry measurements from the 62 
Gravity Recovery and Climate Experiment (GRACE) have greatly enhanced our understanding of 63 
mass transport processes within the Earth system, particularly those related to the hydrosphere 64 
and cryosphere (13, 14). Mass change reconstructions using GRACE (2002–2017) and GRACE 65 
Follow-on (FO, 2018–present) provide monthly temporal resolution but are limited by their low 66 
spatial resolution of ~300 km in Greenland (15). The input-output method calculates mass 67 
change as the difference between the input from Surface Mass Balance (SMB, net mass change 68 
at the ice sheet surface due to atmospheric processes) and output from ice discharge (16). While 69 
ice sheet-wide observation from altimetry and gravimetry records spans the satellite era (e.g., 70 
post-1990s), the input-output method can reconstruct mass changes over much longer periods 71 
(e.g., 1972-present or earlier) by leveraging modeled SMB and ice thickness and velocity at flux 72 
gates (17, 18). The Ice Sheet Mass Balance Intercomparison Exercise (IMBIE) attempts to 73 
reconcile ice sheet mass change estimations from these three methods (10, 19). This 74 
reconciliation is done at the ice sheet scale and has not yet been focused down to the drainage 75 
basin scale in Greenland. 76 
 77 
Since 1993, NASA has been observing the Greenland Ice Sheet using airborne and satellite laser 78 
altimetry (20–22). The two satellite missions, ICESat (Ice, Cloud and land Elevation Satellite, 79 
2003–2009) and ICESat-2 (2018–present), have been successfully used for ice sheet mass 80 
change reconstruction at a spatial resolution as high as 5 km (23, 24). Two additional airborne 81 
missions extended the timeline to 1993–present, with the Airborne Ice Mapping (AIM, 1993–82 
2008) mission providing an initial estimate of GrIS mass changes and the Operation Ice Bridge 83 
mission (OIB, 2009–2021, last Greenland land ice flight in 2019) bridging the ICESat and ICESat-84 
2 satellite missions (20). Both airborne missions had irregular and relatively sparse temporal and 85 
spatial sampling due to their prescribed focus on repeat surveys of major outlet glaciers (Fig. S1). 86 
As a result, the use of airborne surveys is often limited to validating satellite altimetry 87 
measurements of surface elevation change (25) or combining with satellite altimetry to improve 88 
mass change reconstructions near the ice sheet margin (26). Here, we present the first 89 
continuous annually resolved laser altimetry-based reconstruction of the GrIS mass change 90 
between September 1, 1994, and August 31, 2020, at 1 km horizontal resolution (Fig. 1). This 91 
extends the nineteen-year 1993–2012 record of (11) to 26 years.  92 
 93 
Our mass change reconstruction uses the complete surface elevation change time series at over 94 
54,000 locations (Fig. S2), including most ICESat ground tracks, from the Surface Elevation 95 
Reconstruction And Change detection (SERAC) method (27). SERAC fuses NASA’s airborne and 96 
satellite laser altimetry measurements between 1993 and 2022 and digital elevation models 97 
(DEMs) from stereo aerial photographs between 1978 and 1987 (11, 27, 28). Unlike previous 98 
studies that estimate firn density or corrected for changes in firn air content to convert volume 99 
change to mass change (11, 24, 29, 30), we directly remove firn height change caused by surface 100 
processes from the surface elevation change time series. The firn height change estimates 101 
consist of changes due to SMB anomalies and firn air content (FAC) change. After the 102 
viscoelastic solid earth vertical land motion (Fig. S3) (31, 32) is also removed, the residuals 103 
represent the ice thickness change due to ice dynamics from perturbations to ice flow (Fig. S4). 104 
The relatively smooth behavior of the dynamic ice thickness change time series allowed a robust 105 
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estimation of its annual change despite the irregularly spaced airborne data acquisitions (Fig. S2). 106 
Here, we obtained three mass change reconstructions that are partitioned into surface and 107 
dynamic mass change using three different firn height change and surface mass balance 108 
datasets from firn densification models (FDMs): IMAU-FDM v1.2G forced by RACMO2.3p2 (33, 109 
34), GSFC-FDM v1.2.1 forced by MERRA-2 (35, 36), and GEMB v1.0 forced by corrected ERA5 110 
(37). 111 
 112 
We use the average of our three reconstructions as our final altimetry-based mass change 113 
estimation. Despite using only three FDMs, the standard deviation of our three reconstructions 114 
provides an initial estimate of the mass change uncertainties arising from uncertainties in firn air 115 
content and height change estimates, especially biases that are poorly understood. The mass 116 
change uncertainties represented by the standard deviation of the three reconstructions are of the 117 
same magnitude as uncertainties estimated from formal error propagation (SI Text). Following 118 
(17), we divide the Greenland ice sheet into seven drainage basins: northeast (NE), central east 119 
(CE), southeast (SE), southwest (SW), central west (CW), northwest (NW), and north (NO). We 120 
analyze mass change patterns at the ice sheet, drainage basin, and individual glacier scales and 121 
compare our mass change estimates with GRACE (15, 38). All annual changes are reconstructed 122 
for balance years, with 1995, for example, referring to September 1, 1994, to August 31, 1995. 123 
 124 
 125 
Results 126 
 127 
Spatiotemporal variation of ice mass change 128 
 129 
Between 1994 and 2020, we estimated an average ice mass loss rate of 191 ± 6 Gt/year from the 130 
Greenland Ice Sheet (Fig. 1 and Table 1). Our results agree well with the IMBIE3 estimate of 179 131 
± 16 Gt/year for the same period (19) and other independent studies (Table S1) (11, 17, 24, 29, 132 
39). When partitioning the total mass change into changes due to surface processes (SMB 133 
anomaly) and ice dynamics (dynamic mass change), we found widespread negative SMB 134 
anomalies in the ablation zone and dynamic thinning of tidewater glaciers that extended well 135 
above the average 1994–2020 equilibrium line altitude (ELA, where the net ice accumulation is 136 
zero, black dashed line in Fig. 1) (Figs. 1 and 2). Our surface elevation change reconstruction 137 
reveals that although the elevation of 48% of the ice sheet area increased between 1994 and 138 
2020, the cumulative increase across most of these areas was less than 2 m (Fig. S5). In 139 
contrast, the elevation-decreasing region exhibited a much larger change, with 11% of the ice 140 
sheet undergoing a cumulative decrease in excess of 10 m.  141 
 142 
The ice sheet had record mass losses of more than 420 Gt/year in 2012 and 2019 (Fig. 3). The 143 
large interannual variability in our results (for example, see the contrasting mass change of 1995 144 
and 1996 in Fig. S6) stems primarily from interannual variability in SMB (Fig. 3). In comparison, 145 
dynamic mass change varies at a longer timescale (Fig. 3). When we divide the mass change 146 
into five-year periods, we find that the Greenland Ice Sheet was losing mass at an increasing 147 
rate, peaking at 291 ± 19 Gt/year between 2010 and 2015, after which the mass loss rate 148 
decreased to 209 ± 11 Gt/year  (Fig. 2 and Table 1). Comparing the mass changes from the well-149 
sampled ICESat years of 2003–2009 (194 ± 17 Gt/year) to the more recent period of 2014–2020 150 
(212 ± 11 Gt/year), we found widespread mass loss increases in western Greenland, especially 151 
the southwest (Fig. 3 middle map). Meanwhile, we also found increased mass loss near the 152 
termini of many tidewater glaciers, especially in the NW, NO, and NE, and further upstream of 153 
large outlet glaciers, such as Jakobshavn Isbrae (glacier 5 in Fig. 3). These increases are 154 
partially balanced by the reduced dynamic thinning near the termini of some tidewater glaciers, 155 
such as Jakobshavn Isbrae and Kangerlussuaq (glaciers 5 and 7 in Fig. 3, respectively) and 156 
decreased surface mass loss in eastern Greenland, especially in the CE and SE (Fig. S7). 157 
 158 
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The uncertainties of the 1994–2020 total mass change estimations, expressed as the standard 159 
deviation of our three reconstructions, mainly reflect the spread in firn air content change from the 160 
three FDMs. Between 1994 and 2020, the standard deviation of annual total mass change rates 161 
averaged 18 Gt/year, ranging from 5 Gt/year in 2005 to 50 Gt/year in 2012 (Fig. 3). Spatially, the 162 
most significant differences of the three 1994–2020 mass change estimates are found in narrow 163 
regions, parallel with the ice sheet boundary in southeast and south Greenland and near the ELA 164 
in northern and western Greenland (Fig. 1F). These regions all host extensive firn aquifers and 165 
ice slabs that can complicate local firn densification (7) 166 
 167 
While calculating the drainage basin mass changes, we took the intersection of the drainage 168 
basin outline from (17) with the floating-tongue-corrected CCI (ESA Climate Change Initiative) ice 169 
sheet mask (release 2.0) (40, 41). Over the period 1994–2020, all drainage basins lost mass but 170 
did so at very different rates (Fig. 3 and Table 1). The NW underwent the highest average mass 171 
loss at a rate of 50 ± 3 Gt/year, increasing from 8 ± 1 Gt/year between 1995 and 2000 to 80 ± 172 
5/year between 2010 and 2015 (Table 1). The SE ranked second, with an average mass loss rate 173 
of 45 ± 1 Gt/year, peaking at 58 ± 3 Gt/year between 2005 and 2010. The CE maintained a high 174 
mass loss rate averaging 32 ± 4 Gt/year. The SW has been losing mass at an increasing rate, 175 
averaging 26 ± 4 Gt/year. The CW has been losing ice at a similar rate of 26 ± 4 Gt/year, 176 
increasing since the 1990s and peaking between 2010 and 2015. The NO has been losing ice at 177 
a moderate rate of 9 ± 1 Gt/year, which has been increasing in recent years. The NE showed the 178 
lowest mass loss rate of all basins at 3 ± 3 Gt/year. 179 
 180 
Comparison with mass change from GRACE 181 
 182 
We compared our total mass change reconstructions with the 1-arc-degree NASA Goddard 183 
Space Flight Center GRACE and GRACE-FO mascon solutions (Fig. 4A), hereafter collectively 184 
referred to as GRACE, at the ice sheet and drainage basin scales (15, 38). To compare with our 185 
ice sheet-only mass change reconstructions, we replaced the Glacial Isostatic Adjustment (GIA) 186 
model in the altimetry-based reconstructions with ICE_6G-D used in the GRACE mascon solution 187 
(42) and removed mass change of peripheral glaciers and ice caps (GICs) provided by (43) from 188 
GRACE (Fig. S8). To make the comparison at the drainage basin scale, we reconstructed laser 189 
altimetry-based mass changes in the observational resolution of GRACE at a lower, mascon 190 
scale by applying the resolution operator, R (Fig. S9) (38). This led to an apparent reduction in 191 
mass loss in some basins, such as NW and NE, and increased mass loss in others, such as NO 192 
and SW, by introducing similar leakage from GRACE (Fig. S10). Thus, while the R-applied laser 193 
altimetry-based reconstructions are appropriate for comparison with GRACE-based estimates, 194 
they do not represent accurate mass changes at the drainage basin scale. Notably, the RMSE 195 
between the 2003-2020 altimetry-based and GRACE reconstructions was reduced by 67% in NO 196 
and 42% in NE when the GICs were removed from the GRACE solution.     197 
 198 
Overall, GRACE and our laser altimetry-based estimations show good agreement (Fig. 4B). The 199 
GRACE reconstruction shows a total ice mass loss of 4102 Gt (241 Gt/year) between 2003 and 200 
2020. This falls within the range of our three reconstructions (Fig. 4B), which span from 3580 Gt 201 
(211 Gt/year) to 4164 Gt (245 Gt/year). This relationship also holds for most of the drainage 202 
basins, except the NW and NE (Fig. 4B). In the NW, GRACE shows a cumulative mass loss of 203 
1016 Gt (60 Gt/year), exceeding the altimetry-based reconstructions ranging from 762 Gt (45 204 
Gt/year) to 940 Gt (55 Gt/year). In the NE, GRACE reveals a total mass loss of 196 Gt (12 205 
Gt/year), also exceeding laser altimetry-based reconstructions ranging from mass gain of 8 Gt 206 
(0.5 Gt/year) to mass loss of 76 Gt (4.5 Gt/year) (Fig. 4B). Nevertheless, we found a high 207 
similarity between the sub-decadal mass change variability of the GRACE and laser altimetry-208 
based estimations at both the drainage basin and ice sheet scales (Fig. 4B). 209 
 210 
Partitioning mass change into surface and dynamic components 211 
 212 
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Surface mass balance (SMB) anomaly and dynamic mass change are the two major components 213 
of the Greenland ice sheet mass change. The surface mass balance, defined as the net mass 214 
change at the ice sheet surface, equals the accumulation from precipitation minus the ablation 215 
from meltwater runoff and other processes, such as sublimation and evaporation. SMB anomaly 216 
is calculated relative to the baseline SMB of the reference period, during which total SMB is 217 
approximately equivalent to total ice discharge, such that the ice sheet is presumed to be in near 218 
equilibrium (44). Therefore, the SMB anomaly is assumed to represent the surface mass change 219 
contribution to the ice sheet mass change at the time of the anomaly. Similarly, dynamic mass 220 
change is assumed to represent the mass change incurred from the perturbations to ice flow due 221 
to ice-ocean-atmosphere interactions (2, 45, 46). 222 
 223 
By averaging the three SMB anomaly datasets and dividing into 5-year averages, we found peak 224 
surface mass loss between 2005 and 2010 (Table S2) with significant mass loss in the ablation 225 
zone and increased mass loss in the interior of the ice sheet (Fig. 2). This could be due to a 226 
combination of enhanced surface runoff and reduced accumulation. After 2015, surface mass 227 
loss reduced and turned into mass gain in CE and SE (Fig. 2). Despite the overall slowdown of 228 
surface mass loss after 2015, the annual rates suggest another near-record mass loss in 2019 229 
(Fig. 3). This 2019 event is more pronounced than the record melting year of 2012 in basins 230 
mostly located in northern Greenland, with 79% more surface mass loss than 2012 in CW, 56% in 231 
NW, 28% in NO, and 108% in NE (Fig. 3) (51, 52). This finding is consistent with GRACE, which 232 
observed record summer mass loss in northern Greenland, and with satellite observations of 233 
extensive surface melt in these basins in summer 2019 (47). Regionally, SW shows the highest 234 
increase in surface mass loss over a five-year scale, and it alone accounts for almost half of the 235 
total surface mass loss between 2015 and 2020 (Table S2). Furthermore, the increase in surface 236 
mass loss from 2003–2009 to 2014–2020 in the SW, as well as CW, was not restricted to the 237 
ablation zone but extended up to the ice divide (Fig. S7) due to the high melt years of 2016 and 238 
2019 (Fig. S6). In CW, NW, and NO, surface mass loss has been increasing since the 1990s and 239 
peaked between 2010 and 2015 (Table S2). Notably, NO has become the second largest surface 240 
mass loss basin following SW between 2015 and 2020 and over the whole period (Table S2). The 241 
three drainage-basin scale SMB anomaly estimates show the largest difference in SE with a 242 
standard deviation of 13 Gt/year, much larger than the average SE surface mass loss rate of 3 243 
Gt/year for 1994–2020 (Fig. 3). This highlights the uncertainty in SMB modeling as reported in 244 
detail in (48, 49). 245 
 246 
Unlike the SMB anomaly that varies significantly from year to year, the dynamic mass loss of the 247 
Greenland ice sheet has been gradually increasing since the 1990s, with two maxima in 2004 248 
and 2012 (Fig. 3). These peaks reflect the different timing of increasing dynamic mass loss in 249 
different drainage basins. For example, the 2012 peak was mainly from CW and NW. After 2013, 250 
dynamic mass loss decreased in CW. It also stabilized in NW after 2012 and started to decrease 251 
after ~2018 (Fig. 3). On the east coast in CE and SE, however, dynamic mass loss temporally 252 
reduced after the increase in the early 2000s. After that, it started to increase again and peaked 253 
in 2017 in CE and in 2019 in SE. Among all basins, SE and NW have the highest dynamic mass 254 
loss rate between 1994 and 2020 at 42 ± 14 Gt/year and 40 ± 11 Gt/year, respectively (Table 255 
S2). In contrast, insignificant dynamic mass changes are found in NO, NE, and SW compared 256 
with relatively large uncertainty from results using different firn height change datasets (Fig. 3). 257 
Nevertheless, glaciers such as Humboldt Gletscher and Zachariae Isstrom (Zachariae Isstrøm) 258 
have exhibited increased dynamic thinning (HG and ZI (6) in Fig. 1D and Fig. 2).  259 
 260 
In this study, the dynamic mass change is calculated by subtracting solid-earth deformation and 261 
firn height change from the surface elevation change. As a result, any uncertainty in firn height 262 
change, including both SMB anomaly and firn air content change, is propagated into the dynamic 263 
mass change (Fig. 1H). Our three reconstructions with different firn height change and SMB 264 
anomaly datasets reveal high uncertainty in partitioning the total mass change into surface and 265 
dynamic components (Fig. 5, figs. S11 and S12). The IMAU-FDM, forced by RACMO2.3p2, 266 
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attributes 41% of the total mass loss of the entire ice sheet between 1994 and 2020 to ice 267 
dynamics (Fig. 5), which is close to previous studies suggesting a roughly equal partitioning 268 
between surface and dynamic mass loss (10, 17). However, a much higher proportion of dynamic 269 
mass loss is derived from using the other two models: 80% with GSFC-FDM (MERRA-2 forced) 270 
and 70% with GEMB (ERA5 forced).  271 
 272 
At the drainage basin scale, we found both similarities and differences in the partitioning results in 273 
our three reconstructions (Fig. 5). On average between 1994 and 2020, all three reconstructions 274 
show net surface mass loss in every drainage basin except SE. In SE, GSFC-FDM and GEMB 275 
indicate a net surface mass gain, while IMAU-FDM shows a considerable surface mass loss. 276 
Except in NE and SW, all three reconstructions have consistent signs of dynamic mass change. 277 
Specifically, dynamic mass loss in CE, SE, CW, and NW, and a small dynamic mass gain in NO. 278 
All three agree that dynamic mass loss exceeds surface mass loss in CE, SE, and NW. We found 279 
that the partitioning results from GSFC-FDM and GEMB are highly similar. However, in NW, 280 
using the GSFC-FDM assigns all the mass loss to ice dynamics, whereas the other two FDMs 281 
attribute only ~67% of the mass loss to ice dynamics. Using the IMAU-FDM results in greater 282 
surface mass loss than the other two in southern Greenland, especially in SE and SW. 283 
Consequently, a net dynamic mass gain is derived in SW using the IMAU-FDM, and much less 284 
mass loss is assigned to ice dynamics at the ice sheet scale. Although using different FDMs 285 
yields different absolute surface and dynamic mass loss estimates, the percentage of dynamic 286 
loss follows a consistent trend reaching a minimum around 2005–2010 before gradually 287 
increasing (Fig. 5).  288 
 289 
The different partitioning of the three reconstructions reflects uncertainties in SMB and firn air 290 
content change modeling, and in the definition of the reference period, which presupposes the 291 
steady state of the ice sheet. Different models assume different reference periods: the IMAU-292 
FDM uses 1960–1979, the GSFC-FDM uses 1980–1995, and GEMB uses 1979–1988. Previous 293 
studies found a high sensitivity of firn air content trend to the selection of the reference period (37, 294 
50). Meanwhile, when calculating SMB anomalies by assuming a common reference period of 295 
1980–1990, differences in SMB anomalies are slightly reduced in a complex manner (Fig. S13). 296 
Significant differences in SMB anomalies persist in most drainage basins (Fig. S13). 297 
 298 
Dynamic mass change reveals complex tidewater glacier behavior 299 
 300 
Overall, dynamic mass change is the greatest near the terminus of tidewater glaciers (Fig. 1D). It 301 
can be initiated by several processes. For example, the increased frontal ablation at the ice-302 
ocean boundary, either due to calving or undercutting, can initiate acceleration of ice flow and 303 
dynamic thinning (45, 51). However, this relationship is modulated by many other factors, such as 304 
glacier, bed, and fjord geometry (52). To further understand how ice dynamics contributed to 305 
mass change, we examined well-sampled dynamic ice thickness change time series on selected 306 
tidewater glaciers that calve in deep fjords with warm water (53). They show the diverse patterns 307 
of dynamic ice thickness change, which is the primary component of surface elevation change 308 
near the terminus of these tidewater glaciers. The selected time series are located as close to the 309 
glacier terminus and the deep glacial trough as possible. By fusing surface elevation data since 310 
the 1970s–80s, our reconstructions provide a more complete, decadal-scale view of individual 311 
tidewater glacier dynamics than the previous study by (11). 312 
 313 
The three well-studied large tidewater glaciers, Jakobshavn Isbrae (Sermeq Kujalleq), 314 
Kangerlussuaq (Kangerlussuaq Gletsjer), and Helheim Gletscher (Helheim Gletsjer), all retreated, 315 
accelerated, and dynamically thinned significantly in the last few decades, but with 316 
heterogeneous temporal patterns (Fig. 6). Jakobshavn Isbrae, which dominates the mass change 317 
in CW (17, 51, 54), started to show rapid dynamic thinning in the late 1990s due to ocean 318 
warming (55). Thinning continued with the weakening and disintegration of the floating ice tongue 319 
in the early 2000s (56). Starting in the late 2000s, the glacier experienced more frequent short-320 
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term variation of dynamic ice thickness change (Fig. 6). For example, it thickened by over 50 m 321 
from 2016 to 2019 near the terminus, which is likely related to ocean cooling and the existence of 322 
rigid ice mélange that restrained frontal ablation (57, 58). The 2012 and 2019 initiations of the 323 
rapid thinning are coincident with the high melt years, suggesting the potential impact of 324 
atmospheric forcing. Time series with different distances to the glacier terminus indicate 325 
propagation of these major dynamic thinning and thickening signals far inland (Fig. S14). 326 
However, the short-term, smaller-scale variations, such as the seasonal dynamic changes in 327 
2014, are detectable only near the glacier terminus (Fig. S14). Kangerlussuaq in CE had multiple 328 
periods of thinning and stabilization since the 1980s (Fig. 6) (59), showing a pattern similar to the 329 
variations of the terminus position (Fig. S15). However, despite the similar retreat distance in the 330 
early 2000s and after 2016, dynamic thinning increased much more dramatically in the early 331 
2000s. Helheim Gletscher had two major periods of thickening and thinning (Fig. 6) (60). Its rapid 332 
thinning in the early 2000s was followed by a short period of thickening after 2006. Thinning 333 
gradually started again in the 2010s and doesn’t show the large seasonal fluctuations as in the 334 
terminus position and velocity (Fig. S16). The thinning rate decreased after 2020 (Fig. 6). Other 335 
than the climatic forcing, the complicated bedrock topography with a ridge in the middle of the 336 
fjord might have contributed to the complex behaviors of Helheim Gletscher (Fig. S16) (61). 337 
 338 
When looking at these three large tidewater glaciers on a centennial timescale, multiple decadal 339 
thinning episodes were found in Jakobshavn Isbrae and Kangerlussuaq after 1880 (62), with the 340 
latest presented in detail in our study. These two glaciers have lost over 1000 Gt of ice since 341 
1880 (62). Currently, dynamic mass loss from Jakobshavn Isbrae has been temporarily reduced 342 
after 2012 as the terminus reached a lateral pinning point of the fjord (Fig. 6, Fig. S15). However, 343 
the bed is over-deepening upstream and exceeds 1000 m in depth, making it at risk of further 344 
rapid retreat and dynamic mass loss if the mechanism of stabilizing the glacier is ephemeral (63). 345 
Similarly, the terminus of Kangerlussuaq is currently on a retrograde deep bed. The high 346 
variability of its terminus position and dynamic ice thickness change suggests a high sensitivity to 347 
changes in external climatic forcing. Helheim, on the other hand, hasn't been losing much mass 348 
on the centennial time scale (62). However, the dynamic ice thickness change time series near 349 
the terminus clearly shows that thinning outpaced thickening since the 1980s (Fig. 6). Thus, 350 
further investigations are needed to determine whether this glacier has transitioned to a different 351 
unsTable State (64). 352 
 353 
Beyond these three major tidewater glaciers, numerous slower-moving glaciers also exhibited 354 
significant dynamic thinning, many with considerable temporal variations (Fig. 1D, middle maps in 355 
Fig. 3 and Fig. 5). For instance, in NW, Dietrichson and Kakivfaat Sermiat experienced slow 356 
dynamic thinning until around 2010, followed by rapid retreat, acceleration, and thinning in the 357 
early 2010s (Fig 6 and Fig. S15). Dietrichson reached a new equilibrium in the late 2010s, but 358 
Kakivfaat Sermiat began accelerating and thinning again after 2020. Steenstrup, whose calving 359 
front width is about three times larger than that of its northern neighbor (Fig. S15), Dietrichson, 360 
experienced a more gradual thinning, retreat, and acceleration. Further north, Docker Smith 361 
Gletscher W shows a long-term thinning with acceleration periods in ~2004 and 2012, followed by 362 
stabilization after ~2020 (Fig. 6). Together, patterns from the individual tidewater glaciers are 363 
reflected in the high and increasing dynamic mass loss of NW and its stabilization in the late 364 
2010s (NW in Fig. 3). In eastern Greenland, Ikertivaq NN, located south of Helheim Gletscher, 365 
shows two cycles of rapid thinning and stabilization (Fig. 6). Tingmiarmiut Fjord, located further 366 
south, also had two thinning cycles connected by a very short thickening period (Fig. 6). Such 367 
behaviors contributed to the high dynamic mass loss rate of SE and the multiple peaks in 2005, 368 
2010, and 2019 (SE in Fig. 3). Despite the overall small dynamic mass change signal in NO and 369 
NE, some glaciers exhibit significant dynamic thinning. Zachariae Isstrom, which is one of the 370 
outlets of the Northeast Greenland Ice Stream, dominated dynamic mass loss in NE (middle map 371 
in Fig. 5). Its dynamic thinning started to accelerate in the early 2000s (Fig. 6), coinciding with the 372 
disintegration of its floating ice shelf (65). As the glacier retreated, the calving front reconfigured 373 
into a single face in ~2012 after the northern branch was detached from the main ice stream (Fig. 374 
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S16). Since then, the terminus has retreated steadily, and the dynamic thinning and ice flow 375 
acceleration have continued (Fig. S16).  376 
 377 
 378 
Discussion  379 
 380 
The Greenland Ice Sheet has experienced dramatic mass loss since the 1990s, with contributions 381 
from both surface and dynamic mass loss. Regionally, NW and SE have the highest mass loss 382 
rates, mainly due to the high dynamic mass loss from tidewater glaciers (Fig. 3). Surface mass 383 
loss increased dramatically in SW, with ~14% of the SW area thinned more than 10 m between 384 
1994 and 2020. Although NO and NE are still losing ice at a much lower rate, surface mass loss 385 
has been increasing as the ablation zone expands (34), and large tidewater glaciers have begun 386 
to show accelerated dynamic thinning (4). These changes indicate the ice sheet’s vulnerability to 387 
both the atmospheric and oceanic forcing. 388 
 389 
Our mass change reconstructions show good agreement with GRACE even during years of 390 
limited laser altimetry data availability, such as between the ICESat and ICESat-2 missions. This 391 
proves the robustness of our reconstruction methods. Meanwhile, the comparison with GRACE 392 
reveals uncertainties from both approaches. In the NE and NW, our reconstructions show lower 393 
mass loss than GRACE does. (66) found that global GIA models such as ICE_6G-D, which is 394 
used in the GRACE mascon solution, may overestimate the uplift in NE. This will lead to an 395 
overestimation of ice mass loss by GRACE. Estimation of the firn air content change alone can 396 
also lead to significantly different trends of mass changes in NE (Fig. 4). Specifically, the IMAU-397 
FDM tends to attribute more thickening to an increase in firn air content instead of mass gain in 398 
the dry snow area of NE, resulting in a higher mass loss rate than the other two models (Fig. 399 
S17). Our reconstruction also ignores basal melt. While the basal melt estimate of 21.4 +4.4/−4.0 400 
Gt/year from (67) indicates that it is a much smaller term than other mass change processes at 401 
the ice sheet scale, in basins like NE where the mass loss is only a few gigatons per year (Fig. 3), 402 
the estimated regional basal melt rate of 2.8 Gt/year is a substantial portion of the mass loss (67). 403 
In NW, the GIA estimate also has a significant uncertainty due to the limited availability of relative 404 
sea-level observations (68) and poorly constrained deglaciation since the Little Ice Age in most 405 
GIA models, such as ICE_6G-D used by the GSFC GRACE solution (31, 69). Uneven 406 
spatiotemporal sampling of laser altimetry, such as rapidly thinning tidewater glaciers that were 407 
not surveyed by airborne missions, and the lack of SERAC elevation change time series near 408 
tidewater glacier termini due to the sparse coverage of ICESat groundtracks (Fig. S1), could also 409 
introduce additional uncertainty to our altimetry-based reconstructions. Overall, our 410 
reconstruction, together with GRACE observations, demonstrates both the reliability and 411 
uncertainty of drainage-basin-scale mass change estimates. These results provide critical 412 
information for evaluating and calibrating ice-sheet models using drainage basin mass change. 413 
 414 
Using three different firn height change datasets, we observed a high uncertainty in the 415 
partitioning of surface and dynamic mass loss. In our reconstruction, different estimates of the firn 416 
height change trend led to different partitioning results. However, previous partitioning estimates 417 
also depended directly on the modeled SMB and the assumed reference period. For example, in 418 
IMBIE2, the SMB anomaly is derived by averaging the SMB from three regional climate models 419 
(RACMO2.3p2, MARv3.6, and HIRHAM) and removing the mean SMB between 1980 and 1990, 420 
the assumed reference period (10). Despite being unable to determine the exact ratios, our 421 
results improve the understanding of partitioning by evaluating its uncertainty at the ice sheet and 422 
drainage basin scale, as well as the spatiotemporal variability of surface and dynamic mass 423 
change. Further investigations are needed to understand the relative contributions of surface and 424 
dynamic processes to ice sheet mass loss. 425 
 426 
Taking advantage of the small footprint size of laser altimetry, our reconstruction produced a 427 
robust estimate of the decadal trend and interannual variability of dynamic ice thickness change 428 
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near the terminus of many tidewater glaciers. These new results confirmed the complex 429 
spatiotemporal variability of outlet glacier behavior (11) and provided insight into the timing and 430 
evolution of ice-dynamics events over an extended period from the 1970s–80s to 2022. These 431 
dynamic ice thickness change observations, together with other observations such as terminus 432 
position and surface ice flow velocity, depict a more comprehensive picture of the dynamic 433 
behaviors of individual tidewater glaciers. This is critical for identifying the processes driving the 434 
changes of individual tidewater glaciers. For example, the potential impact of local factors on the 435 
asynchronous start of rapid thinning and retreating of tidewater glaciers in the NW and CW. We 436 
need to continue monitoring tidewater glaciers because of the potential for rapid reconfiguration 437 
of the ice sheet margin (70) and the risk of further rapid retreat and dynamic mass loss following 438 
the substantial surface lowering driven by dynamic thinning and surface ablation in recent 439 
decades (64). We also detected dynamic ice thickness change signals in the interior of the ice 440 
sheet, such as the widespread dynamic thickening in the interior of NO, NE, and SW (Fig. S11). 441 
However, it remains unclear whether the dynamic thickening reflects errors in firn height change 442 
datasets (66, 71), a slowdown of the ice flow, such as in the land-terminating margins of SW (72), 443 
or the ice sheet still responding to long-term changes in ice rheology (73). Dynamic changes are 444 
also observed far upstream of many glaciers’ termini (74–76). These results highlight the 445 
importance of improving our observations and understanding of ice dynamics not only near the 446 
ice sheet margin but also in the ice sheet interior. 447 
 448 
 449 
Materials and Methods 450 
 451 
Over 54,000 surface elevation change time series were reconstructed using the Surface 452 
Elevation Reconstruction And Change detection (SERAC) framework across the Greenland Ice 453 
Sheet, which combines airborne and satellite laser altimetry (11, 27, 59). These elevation change 454 
time series were corrected for solid Earth deformation and firn height changes to isolate dynamic 455 
ice thickness variations. To explicitly quantify the substantial uncertainty associated with firn air 456 
content, firn height changes were estimated using an ensemble of three independent firn 457 
densification models: IMAU-FDM v1.2G forced by RACMO2.3p2 (33, 34), GSFC-FDM v1.2.1 458 
forced by MERRA-2 (35, 36), and GEMB v1.0 forced by corrected ERA5 (37). The residual 459 
dynamic thickness change was temporally interpolated using localized spline methods, and 460 
subsequently spatially interpolated to a 1-km grid using ordinary kriging. It's then combined with 461 
surface mass balance anomalies to estimate total mass change, with the modeled elastic 462 
response of the solid Earth removed. These reconstructed mass changes were compared with 463 
the NASA GSFC GRACE mascon solution utilizing a novel comparison framework specifically 464 
designed to ensure spatial consistency and to explicitly account for peripheral glaciers and ice 465 
caps (15, 38). Please see SI Text for details of the methods. 466 
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Figures and Tables 670 
 671 

 672 

Figure 1. Mean annual surface elevation and mass change of the Greenland Ice Sheet between 673 
1994 and 2020. (A to D) Mean annual rates of surface elevation change, total mass change, 674 
surface mass balance (SMB) anomaly, and dynamic mass change between September 1, 1994, 675 
and August 31, 2020. These are averaged over three reconstructions using laser altimetry with 676 
firn height change datasets from IMAU-FDM, GSFC-FDM, and GEMB. (E to H) The standard 677 
deviations of the three 1994–2020 reconstructions for the corresponding variables in A to D using 678 
different FDMs. Drainage basin outlines are shown as black solid lines (17). The equilibrium-line 679 
altitude (ELA) (SMB=0 for 1994–2020 from MERRA-2) is shown as a black dashed line. On F, the 680 
boundary between the percolation and dry snow zones in western Greenland from (77) is shown 681 
as a black dotted line. The locations of the glaciers in Fig. 6 and Figs. S15-16 are annotated with 682 
numbers and arrows on D: 1, Docker Smith Gletscher W; 2, Dietrichson (Dietrichson Gletsjer); 3, 683 
Steenstrup 4, Kakivfaat Sermiat (Kakiffaat Sermiat); 5, Jakobshavn Isbrae (Sermeq Kujalleq); 6, 684 
Zachariae Isstrom (Zachariae Isstrøm); 7, Kangerlussuaq (Kangerlussuaq Gletsjer); 8, Helheim 685 
Gletscher (Helheim Gletsjer); 9, Ikertivaq NN; 10, Tingmiarmiut Fjord. Humboldt Gletscher (HG) is 686 
also annotated on D. 687 
 688 
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 690 
Figure 2. Maps of partitioned Greenland Ice Sheet mass changes over five-year periods. Mean 691 
annual total, surface (SMB anomaly), and dynamic mass change maps (averaged across three 692 
reconstructions using different FDMs) for each five-year period since September 1, 1995. 693 
Locations of Humboldt Gletscher (HG) and Zachariae Isstrom (ZI, glacier 6) are annotated on the 694 
dynamic mass change maps. The drainage basins’ outlines and the 1994–2020 ELA are shown 695 
as black solid and dashed lines, respectively. The bar plots at the lower right of the total mass 696 
change maps show the average total mass change rate (black bars) divided into SMB anomaly 697 
(orange bars) and dynamic mass change (cyan bars) over each 5-year period. White lines mark 698 
50 Gt/yr intervals. The thick horizontal black line is the reference 0 line, with bars above it 699 
indicating mass gain and bars below it indicating mass loss. 700 
 701 
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 703 
Figure 3. Annual mass change time series of Greenland Ice Sheet and drainage basins, and 704 
mass change difference between the periods 2003–2009 and 2014–2020. The panels with three 705 
bar plots show the average annual mass change of our three reconstructions in Gt/year in each 706 
drainage basin and the whole Greenland Ice Sheet. Total mass change rates are in black, 707 
surface mass balance anomaly in orange, and dynamic mass change rates in cyan. Estimates of 708 
the mean 1994–2020 annual mass change rates and their uncertainty in each region are also 709 
listed. The record melt years of 2012 and 2019 are annotated with a grey vertical dashed line in 710 
the total and surface mass change plots. The error bars represent the standard deviation of our 711 
three reconstructions using the three FDMs. The middle map shows the difference in mean 712 
annual total mass change between 2003/09/01–2009/08/31 and 2014/09/01–2020/08/31. The red 713 
color on the map indicates increased mass loss or decreased mass gain during 2014–2020 714 
compared to 2003–2009, and vice versa. The locations of the glaciers in Fig. 6 are annotated on 715 
this map. 716 
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 719 
Figure 4. Comparison of mass change reconstructed using laser altimetry and GRACE. (A) Total 720 
2003-2020 mass change from GRACE observations with mass change from peripheral glaciers 721 
and ice caps (GICs) removed. The assignments of each GRACE mascon into the drainage 722 
basins are shown in Fig. S8A. (B) Comparison of cumulative drainage-basin and Greenland Ice 723 
Sheet mass changes from laser altimetry (this study) and GRACE. The laser altimetry-based 724 
reconstructions with the GIA model replaced and the resolution operator (R) applied are shown in 725 
solid purple (IMAU-FDM), orange (GSFC-FDM), and blue (GEMB) lines (second row in Fig. S9). 726 
The solid black lines are the GIC-removed GRACE mass changes from NASA GSFC in A. 727 
 728 
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 730 
Figure 5. Five-year and 1994-2020 average surface and dynamic mass change rates from 731 
partitioned laser altimetry reconstructions. The red bars are SMB anomalies, and the blue bars 732 
are dynamic mass change rates calculated using laser altimetry with different FDMs. Drainage 733 
basin-scale partitioning from 1994 to 2020 is summarized in the panel above the legend. The 734 
percentages of dynamic mass loss relative to the total mass loss are shown as blue points in the 735 
lower left panel. The middle map shows the individual glacier basins colored by the average 1994 736 
to 2020 dynamic mass change rates, averaged from our three reconstructions. Drainage basin 737 
and glacier basin outlines are from (17). The basins of the glaciers in Fig. 6 are highlighted using 738 
dotted black lines. 739 
 740 
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 742 
Figure 6. Elevation and dynamic ice thickness change of selected tidewater glaciers. Surface 743 
elevation changes are shown as points, colored by laser altimetry missions or sensors. Dynamic 744 
ice thickness changes derived using different firn height change datasets are shown as colored 745 
circles: purple for the IMAU-FDM, orange for the GSFC-FDM, and blue for GEMB. Lines 746 
represent interpolated dynamic ice thickness changes using the Approximation by Localized 747 
Penalized Spline (ALPS) method with 95% t-confidence intervals (colored band) (78). A 748 
downward trend in the time series indicates glacier thinning, and an upward trend indicates 749 
thickening. The 10 selected glaciers are divided into west coast (left panel) and east coast (right 750 
panel), with the three large outlet glaciers, Jakobshavn Isbrae, Kangerlussuaq, and Helheim 751 
Gletscher labeled with bold text. The inset shows the locations of the selected glaciers (red dots) 752 
on the 1995-2015 Greenland velocity mosaic from (79). Glacier elevation, dynamic ice thickness, 753 
ice velocity, and terminus position change time series, with time-series locations on bed-elevation 754 
maps, are in Figs. S15 and S16. Exact locations and further information about these time series 755 
are listed in Table S3. 756 
 757 
  758 
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Table 1. Mass change rates of the Greenland Ice Sheet and its constituent drainage basins. 759 
Mean annual total mass change rates every five years since 1995, as well as from 1994 to 2020, 760 
from the September 1 of the start year to the August 31 of the end year. These rates are 761 
averaged from our three reconstructions with different FDMs and rounded to integers. The 762 
uncertainty represents the standard deviation of the three reconstructions. Five-year average 763 
surface and dynamic mass change rates are presented in Table S2. 764 
 765 

Region 
Mean mass change rate (Gt/year) 

1995–2000 2000–2005 2005–2010 2010–2015 2015–2020 1994–2020 

Greenland -34 ± 15 -149 ± 13 -246 ± 18 -291 ± 19 -209 ± 11 -191 ± 6 

NE 12 ± 7 -19 ± 2 -1 ± 4 -6 ± 1 1 ± 3 -3 ± 3 

CE -24 ± 6 -29 ± 5 -36 ± 6 -37 ± 3 -26 ± 2 -32 ± 4 

SE -29 ± 1 -33 ± 3 -58 ± 3 -53 ± 2 -43 ± 5 -45 ± 1 

SW 5 ± 3 -2 ± 2 -40 ± 7 -47 ± 8 -39 ± 6 -26 ± 4 

CW 7 ± 1 -16 ± 2 -35 ± 6 -52 ± 7 -30 ± 5 -26 ± 4 

NW -8 ± 1 -38 ± 1 -65 ± 7 -80 ± 5 -63 ± 4 -50 ± 3 

NO 5 ± 1 -12 ± 1 -11 ± 2 -18 ± 2 -10 ± 2 -9 ± 1 
 766 
 767 
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Supporting Information Text 
Reconstruction of Greenland Ice Sheet Mass Change 
Surface elevation changes time series. Surface elevation change time series are reconstructed 
using the SERAC method (Surface Elevation Reconstruction And Change detection) (1–3). We 
used SERAC to fuse airborne and satellite laser altimetry surface elevation measurements from 
NASA‘s Program for Regional Climate Assessment and Operation IceBridge missions (Airborne 
Topographic Mapping system (ATM) and Land, Vegetation, and Ice Sensor (LVIS)), ICESat, and 
ICESat-2 satellite altimetry between 1993 and 2022 (Fig. S1) (4–6), and included DEMs from 
stereo aerial photographs between 1978 and 1987 near the ice sheet margin (7). Because the 
DEMs cover only the ice sheet margin, we use them to contextualize the altimetry-based 
reconstruction for 1993-2022, but do not extend the ice sheet mass change estimation back to 
the 1980s. SERAC estimates time series of surface elevation change and absolute elevations at 
the centroids of all altimetry observations within ~1km2 surface patches by modeling its shape 
with a third-order polynomial fit. It assumes that the shape of each surface patch is time-invariant. 
The locations of the time series are primarily determined by ICESat ground-track crossovers and 
ICESat’s overlaps with ATM or LVIS (8) to obtain longer time series and correct for surface shape 
at the same time. The SERAC time series dataset was thinned by imposing a minimum distance 
of 500 m between time series locations and selecting the longest time series, i.e., those 
consisting of the most time observational periods (epochs). We obtained over 54,000 time series 
across the Greenland Ice Sheet with irregular temporal spacing and various lengths (Fig. S2A). 
We removed time series with high uncertainties based on the quality of the SERAC’s least-
squares solution. We identified epochs when the ice sheet boundary retreated behind the time 
series locations on floating ice by comparing absolute ice surface elevations with ocean surface 
elevation estimated by the GGEOID16 geoid height (9). We flagged and further discarded data 
points within 10 m elevation above the open ocean water and didn’t use them. Finally, outliers 
within each time series were detected using a multi-step statistical approach. These outliers were 
flagged and excluded from this reconstruction. 
 
Solid Earth Corrections. To convert surface elevation change to ice thickness change, we first 
correct for the solid Earth’s viscoelastic response to the long-term surface mass redistribution. 
We use glacial isostatic adjustment (GIA) uplift rates that combine estimations from (10) and (11). 
The GIA model from (10) accounts for the 3-D Earth structure using multiple realizations of 
mantle viscosity and lithosphere thickness and considers North Hemispheric deglaciation since 
the Last Glacial Maximum with improved loading history in Greenland based on the Huy3 
reconstruction (12). (11) modeled ongoing viscoelastic solid Earth response to post-Little Ice Age 
(LIA) deglaciation – a signal vastly overlooked by typical GIA models – using large ensembles 
that vary lithosphere thickness, mantle viscosity, and loading history. The combined GIA 
estimation exhibited a much better agreement with GNSS-based uplift rates corrected for elastic 
loading effects (11). The GIA uplift was removed from the SERAC surface elevation change time 
series (Fig. S3A).  
 
The instantaneous elastic response of the solid Earth is calculated after deriving an estimation of 
the total mass change. We use the Ice-sheet and Sea-level System Model (ISSM) that allows 
capturing high-resolution surface mass changes (13). We rely on the Preliminary Reference Earth 
Model (PREM) and the associated Green’s function to solve for the elastic vertical land motion 
(VLM) and the ratio of mass change to elastic VLM (13). Although the estimated total ice mass 
change is corrected for firn air content change and GIA, it still contains the elastic VLM signal. 
Thus, we use the ratio of mass change to elastic VLM and the condition that their sum equals the 
estimated total mass change in meters of ice to solve for the elastic VLM in response to the 
actual mass change. We removed outliers by applying a local median filter with a varying 
searching radius depending on the number of neighbors and a varying threshold of median 
absolute deviation (MAD) based on the distribution of the neighbors’ values. Finally, we re-
gridded the filtered elastic VLM to our spatial domain, described in the ice sheet mask section 
(Fig. S3B). 
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Firn Height Change Corrections. After removing GIA from the surface elevation change time 
series, we removed firn height change, i.e. the total height change due to surface processes, to 
get the residual (Fig. S4). Ignoring elastic VLM and basal melt, this residual is considered 
“dynamic ice thickness change”, which is the ice thickness change related to changes in ice flow 
(14). The firn height change, modeled by the Firn Densification Model (FDM), includes elevation 
change due to surface mass balance (SMB) anomalies and firn air content (FAC) change (15–
17). FAC-driven elevation change, i.e., resulting from firn density variations, does not contribute 
to mass change. Previous studies reported a large spread in SMB and FAC from different climate 
and firn models in the Greenland Ice Sheet (18, 19). Because these climate and firn densification 
models differ in numerous ways, and each could be advantageous in certain perspectives, we 
use three different firn height change datasets to examine their impact on mass change 
reconstruction. 
 
The three firn height change datasets we use are from RACMO2.3p2 and IMAU-FDM v1.2G (15, 
20), MERRA-2 and GSFC-FDM v1.2.1 (17, 21), and corrected ERA5 and GEMB v1.0 (16). 
RACMO2.3p2 is the polar version of the Regional Atmospheric Climate Model. We used its 
downscaled 1 km monthly surface mass balance output from 1958 to 2021 (20). IMAU-FDM 
(1957–2020) is a firn densification model forced by RACMO2.3p2 output at 5.5 km resolution, 
before it is downscaled (15). MERRA-2 (Modern-Era Retrospective analysis for Research and 
Applications, Version 2) is a global atmospheric reanalysis (21). GSFC-FDM (1980–2022) is 
based on the community firn model (CFM) and forced at the upper boundary by MERRA-2 
outputs (17). It has a horizontal resolution of 12.5 km. GEMB (Glacier Energy and Mass Balance 
model, 1979–2022) is a column model of surface energy, mass exchange, and firn processes 
(16, 22). It is on an irregular ISSM mesh and forced by ERA5 output from 1979 to 2022, with 
surface temperature and downwelling longwave radiation forcing, biased-corrected using 
RACMO2.3 (23) monthly averages from 1980 to 2015. The details of each model can be found in 
the original papers. For each ice thickness change time series, we extracted the firn height 
change time series from the nearest grid cell and resampled it to the epochs in the time series 
using the nearest neighbor date. This step and the following reconstruction steps were repeated 
using each of the firn height change datasets. 
 
 
Temporal Interpolation of Dynamic Ice Thickness Change. After correcting for GIA and firn 
height change, we obtained the time series of dynamic ice thickness change that is not corrected 
for the elastic VLM. The dynamic ice thickness change time series keeps the irregular sampling of 
the original surface elevation change time series. It has a relatively low interannual variability (3, 
24). This allows us to interpolate dynamic ice thickness change through temporal gaps of several 
years, for example, when the gap between ICESat and ICESat-2 is not bridged by the airborne 
missions. We used the Approximation by Localized Penalized Spline (ALPS) method to 
interpolate the dynamic ice thickness change into regularly sampled time series with 10-day 
resolution using p = 4 and q = 3 (25). Then we resampled it annually using balance years with 
1995 spanning September 1, 1994, to August 31, 1995. The annual rate reconstructions at 
SERAC locations are available from September 1, 1978, to August 31, 2020, for the 
reconstruction using the IMAU-FDM (Fig. S2) and from September 1, 1981, to August 31, 2022, 
using the other two. 
 
Ice Sheet Mask and Drainage Basin Mask. To define the ice sheet and separate it from weakly 
and not-connected ice caps and glaciers, we use an updated version of the CCI ice sheet mask 
(release 2.0) with strongly connected glaciers and ice caps included (connectivity level CL2) (26, 
27). This ice mask is based on Landsat images acquired mostly between 1999 and 2005. We 
removed the floating ice tongues of a few major tidewater glaciers. In northern Greenland, we 
used the grounded ice sheet boundary from (28) for Petermann Gletscher, Ryder Gletscher, 
Hagen Brae, Nioghalvfjerdsfjorden, and Zachariae Isstrom. In Jakobshavn Isbrae in western 
Greenland, we derived the grounding line of Jakobshavn Isbrae using the 2008/06 DEM (29) from 
the hydrostatic method. This modified CCI ice sheet mask is used as the spatial domain for 
reconstructing the Greenland Ice Sheet mass change in this study. To minimize projection 
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distortion in the Greenland Ice Sheet, we use EPSG: 32624 – WGS 84 / UTM zone 24N for our 
spatial domain, which has a central meridian of 39°W. In the future, a more consistent framework 
is needed to treat the time-varying ice sheet boundary in mass change reconstructions, especially 
on tidewater glaciers like Ryder Gletscher and Zachariae Isstrom, where the grounding line has 
retreated dramatically since the 1990s. 
 
Spatial Interpolation of Dynamic Ice Thickness Change. We obtained annual dynamic ice 
thickness changes at the locations of the SERAC elevation change time series. Despite limited 
laser altimetry data in the years without satellite laser altimetry (Fig. S1), the temporal 
interpolation greatly improved the spatial coverage of the annual dynamic ice thickness change 
(Fig. S2B). We used Ordinary Kriging with a spherical variogram model to interpolate annual 
dynamic ice thickness change estimates into 1 km regular grids. We used the best-fitting 
spherical variogram model in each basin and visually checked for underfitting or overfitting. In 
addition, 34 time series are removed after a visual examination of extreme values on the 
interpolated grids, mostly due to the irregular sampling of time series and missed outliers within 
the time series. We removed the annual dynamic ice thickness change from these time series 
and repeated the spatial interpolation step to improve the quality of the annual dynamic ice 
thickness change grids. Due to the altimetry (Fig. S1) and firn height change data availability, the 
gridded solution is available between September 1, 1994, and August 31, 2020, for the IMAU 
reconstruction, and September 1, 1994, and August 31, 2021, for the other two. 
 
Estimation of Total Mass Change. We summed the gridded annual dynamic mass change and 
surface mass balance anomaly to calculate the total mass change for each of our three 
reconstructions. Surface mass balance is an output of GSFC-FDM and GEMB firn densification 
models, which are forced by precipitation, air temperature, and other climate model outputs to 
model the snow and firn processes, including runoff. It’s not directly provided as an output of the 
IMAU-FDM. To be consistent, we use SMB from the downscaled 1km RACMO2.3p2, which has a 
similar firn module to the IMAU-FDM. Then, we calculated the SMB anomaly by removing the 
mean SMB over the reference period assumed by each FDM. IMAU-FDM assumes the reference 
period to be 1960–1979, GSFC-FDM uses 1980–1995, and GEMB uses 1979–1988. Next, we 
calculated balance-year SMB anomalies from the full-resolution estimates (5-day resolution from 
GSFC-FDM and GEMB, and monthly resolution from the downscaled RACMO2.3p2) and re-
gridded them to our spatial domain using bilinear interpolation. We summed the annual SMB 
anomaly and dynamic ice thickness change, which was converted to dynamic mass change using 
the ice density of 917 kg/m3, to estimate total mass change. It is then used as the surface load 
change to model the elastic response of the solid Earth, as described in the solid Earth 
corrections section. We removed the elastic VLM from the dynamic ice thickness change grids to 
get the “real” dynamic ice thickness change grids. Finally, the dynamic mass changes are added 
up with the surface mass balance anomaly to calculate the total mass change. We calculated 
mass change over our spatial domain in EPSG: 32624 – WGS 84 / UTM zone 24N projection. We 
also share the mass change grids that are reprojected to EPSG:3413 – WGS 84 / NSIDC Polar 
Stereographic North due to its popularity in the ice sheet community.  
 
Reconstruction of Annual Ice Surface Elevation Change. We reconstructed annual elevation 
change by summing dynamic ice thickness change (pre-elastic VLM correction), firn height 
change, and GIA. Using three different firn height change datasets, we obtained three sets of 
annual elevation change at 1 km resolution from September 1, 1994, to August 31, 2020. 
Meanwhile, we also provide the annual elevation change at locations of the SERAC elevation 
change time series (Fig. S4). We analyzed the spatial variability of the reconstructed total 
elevation change from September 1, 1994, to August 31, 2020, by calculating the ratio of ice-
sheet or drainage-basin area within discrete elevation change bins (Fig. S5). 
 
Comparison with Mass Change from GRACE 
GRACE Mascon Data Processing. We compared the annual altimetry-based mass change 
reconstructions with the GSFC GRACE Global Mascon Solution, version RL06v02 (41), at a 
drainage basin scale. This GRACE solution is a 1-arc-degree mascon solution that uses spatial 
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regularization techniques to better delineate land-mass change signals from ocean-mass change 
signals along coastlines (30, 31). Annual mass changes between successive September 
estimates were computed for the GRACE mascons to compare with the balance-year altimetry 
mass change reconstructions (Fig. 4). The entire Greenland land area is covered by 198 
mascons (Fig. S8A). The spatial domain of our altimetry-based mass change reconstructions 
overlaps with 181 mascons (mascons with a darker color in Fig. S8A). To compare only the ice 
sheet mass change, simply ignoring the non-overlapping 17 mascons is not appropriate. The 
spatial resolution of GRACE observations is limited to 300-350 km, meaning that any single 
mascon (approximately 112 km in width) contains signal leakage from the surrounding mascons. 
The GSFC solution minimizes leakage along coastlines, but leakage between mascons within the 
continent still exists, including both the leakage among drainage basins and between the ice 
sheet and peripheral glaciers and ice caps (GICs). We corrected for the leakage between the ice 
sheet and GICs by first binning an altimetry-based mass change rate (32) over the GICs into the 
GRACE mascon space (Fig. S8B), then multiplying it with the resolution operator, R, from the 
mascon estimation system to obtain their contribution to the GRACE mascon solutions (Fig. 
S8C). The full derivation and explanation of the resolution operator are presented in (31). The R-
applied mass change of peripheral glaciers and ice caps at GRACE’s resolution was subtracted 
from the original 198 GRACE mascons (Fig. S8D) to estimate the ice sheet mass change from 
GRACE (Fig. S8E). Mass change was then calculated for the seven drainage basins used in this 
study (Fig. S8A). 
 
Altimetry-Based Mass Change Data Processing. To facilitate the intercomparison, we also 
converted our altimetry-based ice sheet mass change to the mass change in GRACE’s grids. We 
first replaced the GIA model with ICE-6G_D to stay consistent with GRACE processing (33). 
Then we applied the resolution operator, R, to altimetry-based reconstructions that are binned 
into mascons (first row in Fig. S9) to approximate the effects of leakage among mascons and 
between drainage basins. The comparison between the altimetry-based reconstructions from this 
study and GRACE is done by comparing this R-applied altimetry-based mass change (second 
row in Fig. S9) with the ice sheet GRACE mass change (Fig. S8E). The ice sheet and drainage 
basin scale comparisons are shown in Fig. 4B. 
 
Uncertainty Estimation from Formal Error Propagation 
Drainage Basin Total Mass Change Uncertainty Estimation. The uncertainty of drainage 
basin total mass change estimates (!!",$%$&',(&)*+) primarily arises from elevation change 
measurement uncertainty, uneven sampling of elevation change measurements, uncertainty in 
estimates of firn air content changes, and viscoelastic solid Earth vertical land motion. Uncertainty 
in estimates of firn air content changes is included here because of our reconstruction approach: 
we removed firn height change that includes both SMB anomaly and firn air content change at the 
beginning and later added back SMB anomaly while calculating total mass change. The drainage 
basin total mass change uncertainty is estimated using the following equation, assuming these 
uncertainty components to be independent: 

!!",$%$&',(&)*+ = #!!",,-./,(&)*+0 + !!",1,2,(&)*+0 + !!",34,,(&)*+0 + !!",5/,,(&)*+0 	(1) 
 
We use the temporal interpolation error from ALPS (25) (the localized interpolator applied to 
dynamic ice thickness change time series) with the 95% t-confidence intervals to represent 
random errors in surface elevation measurements and uneven temporal sampling of the time 
series, assuming a relatively smooth change in dynamic ice thickness. The ALPS interpolation 
error of annual dynamic ice thickness change at each SERAC time series location ) 
(!!6,,-./,7%*+$,*) is calculated using the ALPS error at the start (September 1) and end (August 31) 
of each balance year, following: 

!!6,,-./,7%*+$,* = #!6,,-./,7%*+$,*,)$&8$0 + !6,,-./,7%*+$,*,9+:0 	(2) 
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Following equation S5 in (3), we estimated the drainage basin ALPS interpolation volume error 
(!!6,,-./,(&)*+) from individual dynamic ice thickness change time series (!!6,,-./,7%*+$,*) by 
assuming equal area around each time series using: 

!!6,,-./,(&)*+ = +,(!!6,,-./,7%*+$,*-*)0
;

*<=
	 	(3) 

where / is the number of time series in each basin, -* is the area around location ). -* is 
calculated by dividing the basin area (-(&)*+) by /. Thus, -= 	= 	-0 	= 	-> = ⋯	= 	-;	and -(&)*+ =
∑ -*;
*<= . The ALPS interpolation error is the highest in the early years when the SERAC surface 

elevation change time series were relatively poorly sampled. The errors dropped accordingly with 
improved sampling. Using an ice density of 917 kg/m3 (2*?9), the drainage basin ALPS 
interpolation mass change error (!!",,-./,(&)*+) is calculated as: 

!!",,-./,(&)*+ = 2*?9!!6,,-./,(&)*+	 	(4) 
 
The mass change estimation uncertainty from uncertainty in firn air content change (!!",1,2,(&)*+) 
is calculated as the standard deviation of the three firn air content change datasets (IMAU, 
GSFC, and GEMB). The uncertainty in GIA at each grid cell is provided by the original study (11). 
To derive drainage basin mass change uncertainty due to GIA uncertainty (!!",34,,(&)*+), we first 
modeled the spatial correlation in the errors using the best-fitting variogram. Then, we 
approximated the GIA volume error using the spatial covariance of errors, error estimation at 
each grid cell, and the number of grid cells following equation 18 in (34). Finally, the volume error 
is converted to !!",34,,(&)*+ using ice density 2*?9. The mass change uncertainty from uncertainty 
in the elastic vertical land motion (!!",5/,,(&)*+) is estimated proportionally to the uncertainty of 
total mass change. First, we calculated the ratio of the drainage basin total mass change to the 
elastic vertical land motion. Then, we estimated !!",5/,,(&)*+ by multiplying this ratio by the 
drainage basin total mass change uncertainty that’s estimated without considering the error in the 
elastic vertical land motion in equation 1.  
 
Drainage Basin Dynamic Mass Change Uncertainty Estimation. The uncertainty of drainage 
basin dynamic mass change estimates has similar components to the total mass change, with 
uncertainty in firn air content change estimates replaced by firn height change estimates. We 
estimate the uncertainties from the firn height change estimates (!!",@*8+,(&)*+) using the standard 
deviation of the three firn height change datasets (IMAU, GSFC, and GEMB) in each drainage 
basin. Assuming independent error terms, the uncertainty of annual dynamic mass change in 
each drainage basin (!!",:A+&B*?,(&)*+) is calculated following: 

!!",:A+&B*?,(&)*+ = #!!",,-./,(&)*+0 	+	!!",@*8+,(&)*+0 	+	!!",34,,(&)*+0 + !!",5/,,(&)*+0 	(5) 
 
Ice sheet mass change uncertainty estimation 
 
We estimated ice sheet firn height change error, firn air content change error, and GIA and elastic 
vertical land motion error following the same strategy as in drainage basins but using the grids of 
the whole ice sheet. The ice sheet ALPS interpolation error (!!",,-./,3899+'&+:) is calculated as 
follows, assuming the ALPS interpolation uncertainty in each basin is independent: 

!!",,-./,3899+'&+: = 5 , !!",,-./,(&)*+0

(&)*+Î	D
	 	(6) 

where 7 includes the seven drainage basins used in this study.  
 
Multi-Year Average Mass Change Uncertainty Estimation. We also report the uncertainty of 
the 5-year and 1994-2020 average dynamic and total mass change for each region (drainage 
basins and Greenland Ice Sheet) (!!",E,89F*%+). They are derived using the annual errors of 
dynamic or total mass change, assuming the errors from each year are independent, following: 



 
 

7 
 

!!",E,89F*%+ =
#∑ !!",A9&8,89F*%+0A9&8Î	E

/E
(7) 

 
where 9 is the period of interest, such as 1995 – 2000, and /E is the number of years in 9. We 
acknowledge the potential underestimation of this uncertainty due to the neglect of the 
autocorrelation of firn air content change and firn height change estimations. We also ignored 
uncertainty from basal melt (35), considering the complex relationship between basal melt and 
surface elevation change.  
 
Uncertainty Estimations from Two Different Approaches. The formally propagated errors 
derived using the method described above, and the spread of mass change that’s calculated as 
the standard deviation of our three reconstructions using different firn height change datasets, are 
shared in the dataset Uncertainty_annual_mass_change_basins.xlsx. The error components 
contributing to the error from formal error propagation, such as ALPS interpolation error, are 
shared in the dataset Formal_uncertainty_components_basins.xlsx. 
 
In general, the annual uncertainty estimation from formal error propagation is of the same 
magnitude as the uncertainties represented by the standard deviation of the three reconstructions 
using different FDMs. We notice that for the dynamic mass change errors, the standard deviation 
of the three reconstructions is relatively consistent and autocorrelated temporally, impacted by 
the smoothing effect of the temporal interpolation technique we used. On the other hand, the 
spread in firn height change estimations has a significant impact on dynamic mass change errors 
estimated from formal error propagation. Despite the efforts to formally propagate errors, it’s still 
under numerous assumptions and is hard to be comprehensive, considering the complexity of 
each dataset and reconstruction steps. Therefore, in the main text, figures, and tables, we 
reported the spread of mass change that can be interpreted more straightforwardly.  
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Figures 

 

Fig. S1. Number of observational periods (epoch) during each balance year in the SERAC 
surface elevation change time series. Using the SERAC algorithm, one elevation is obtained at 
each epoch at the centroid of the 1 km2 patch using all observations within the patch. The first 
map, dated 1977/09/01–1992/08/31, shows the locations of SERAC time series that includes the 
aerial photographs (1978–1987) (7). Between 1993 and 2002, the spatiotemporal sampling of the 
SERAC time series was driven by the observations acquired by the Airborne Topographic 
Mapping system (ATM). The spatial coverage increased after ICESat was launched in 2003. 
Between 2009 and 2019, the Operation IceBridge mission, including the ATM and LVIS data 
acquisitions, was used to bridge the gap between ICESat and ICESat-2. ICESat-2, which was 
launched in 2018 and is still operating, improved the temporal sampling of elevation change 
observations. Note that the SERAC time series locations on these maps do not reflect all the 
flight lines and satellite ground tracks, as they are primarily determined by ICESat/ICESat 
crossovers or ICESat and ATM/LVIS overlap to obtain extended time series. 
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Fig. S2. Annual reconstruction statistics. (A) Points indicate the locations of SERAC elevation 
change time series. They are colored by the length of the annual dynamic mass change or 
elevation change reconstructions for the 1978–2020 balance years. The black star in NW marks 
the location of the SERAC time series in Fig. S4. (B) The green bars are the number of annual 
rate reconstructions in each balance year. These annual rates are derived after the temporal 
interpolation of the dynamic ice thickness change time series, which has the same irregular 
sampling as the SERAC elevation change time series. Bars filled with backslashes represent the 
number of SERAC time series that have elevation reconstruction data points in each balance 
year. The number of annual rate reconstructions increases after new observations become 
available. For example, the largest increase in the number of annual rate reconstructions 
happened from 2004 (2003/09/01–2004/08/31) to 2005 (2004/09/01–2005/08/31), after the 
dramatic improvement of data availability from ICESat in the 2004 balance year. Temporal 
interpolation greatly increased the number of annual rate reconstructions before 2003 and 
between 2010 and 2019, when satellite laser altimetry measurements were unavailable. 
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Fig. S3. Processes contributing to surface elevation change but not to ice mass change. (A)  
Glacial Isostatic Adjustment (GIA) rate, including the GIA in response to the post-Medieval Warm 
Period (MWP) deglaciation (10, 11). (B) Mean annual elastic crustal deformation between 
1994/09/01 and 2020/08/31 (using mass change reconstruction with GSFC-FDM as surface load 
change from this study). (C) Mean annual firn air content change from the GSFC-FDM between 
1994/09/01 and 2020/08/31. Positive values in A and B indicate land uplift. Note the different 
scales for color bars in A, B vs. C. 
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Fig. S4. Detailed reconstruction of ice sheet elevation changes calculated from interpolated ice 
dynamics and modeled firn height changes due to surface processes. The time series location is 
marked as a black star in figs. S2 and S11. Metadata about this SERAC elevation change time 
series is included in Table S3. (A) Surface elevation change. Points are the relative surface 
elevations from SERAC, colored according to the sensors. Lines with different colors show high-
temporal resolution elevation change time series calculated by adding together the interpolated 
dynamic ice thickness change (10-day resolution) in C with full-resolution firn height change time 
series (5-day resolution for GSFC and GEMB and 10-day for IMAU) in B from different FDMs. (B) 
Firn height changes from different FDMs. (C) Dynamic ice thickness change after removing GIA 
and firn height change from the surface elevation change time series in A are shown as points. 
Solid lines are the interpolated results using ALPS with p = 4 and q = 3 (25). This location has a 
total uplifting of ~0.126 m from GIA and ~0.092 m from the elastic VLM between 1994 and 2020. 
This time series is an extension of the time series in Fig. 11 in (25), where more details about the 
method can be found. Shading in A and C shows the 95% confidence interval from ALPS 
interpolation. 
  



 
 

12 
 

 

Fig. S5. Total surface elevation change of the Greenland Ice Sheet from September 1, 1994, to 
August 31, 2020. (A) Map of reconstructed 1994/09/01–2020/08/31 cumulative elevation change, 
average from our three reconstructions. (B) Same as A but with a color scale ranging from -100 to 
0 meters, emphasizing the rapid thinning near the tidewater glacier termini. Drainage basin 
outlines and the 1994 - 2020 ELA are shown as black solid and dashed lines, respectively. (C) 
Area ratio of each elevation change group relative to the total area of each region. This is based 
on the average of our three elevation change reconstructions with different FDMs. The error bars 
represent the standard deviation of the three. The bin size of the elevation change group is set to 
be 1 m between -10 m and 5 m, 10 m between -100 m and 10 m, and those less than -100 m or 
greater than 5 m are summed. The area ratios of thinning greater than 10 m, thinning less than 
10 m, and thickening of each region are reported on the corresponding panel. 
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Fig. S6. Maps of annual mass change rates of the Greenland Ice Sheet. Annual balance year 
mass change rates are averaged over our three reconstructions. The unit of the maps is meters 
of ice/year with the ice density of 917 kg/m3. 
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Fig. S7. Total, surface, and dynamic mass change rates from 2003/09/01 - 2009/08/31 (2004 - 
2009) to 2014/09/01 - 2020/08/31 (2015 - 2020) using the different FDMs. Similar to the middle 
map in Fig. 3, the red color on the map indicates increasing mass loss or decreasing mass gain 
between 2014–2020 compared to 2003–2009, and vice versa. 
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Fig. S8. Mass change from GRACE without peripheral glaciers and ice caps. (A) GRACE 
mascons and the drainage basin they are assigned to. The light color shows the assigned 
drainage basins of mascons outside the ice sheet boundary. (B) Mass change of peripheral 
glaciers from (32) that’s binned into GRACE mascons for the balance years 2004 – 2020 
(September 1, 2003 – August 31, 2020). (C) Mass change of peripheral glaciers after applying 
the resolution operator, R. (D) Mass change from GRACE mascon solution, including ice sheet 
and peripheral glaciers and ice caps. (E) Greenland Ice Sheet’s mass change from the GRACE 
mascon solution without peripheral glaciers and ice caps. E is derived by removing C from D. 
Drainage basin mass change from GRACE is calculated using the mascons in A, including those 
outside the ice sheet boundary that contain mass change leaked from the ice sheet. Note the 
different color bars in panels B-E. 
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Fig. S9. Altimetry-based mass change at GRACE’s resolution. The first row shows laser 
altimetry-based mass change reconstructions using different FDMs for the balance years 2004 – 
2020 (September 1, 2003 – August 31, 2020), which are binned into the GRACE mascon space. 
The GIA is switched to ICE_6G-D, used by the GRACE solution. The second row shows the 
result of applying the resolution operator R to the first row to simulate altimetry-based mass 
change as seen by GRACE. 
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Fig. S10. Cumulative mass change from laser altimetry with different FDMs and GRACE. In 
addition to the comparison in Fig. 4, colored dashed lines show the original laser altimetry-based 
reconstructions from this study (before applying R) and the ice sheet plus peripheral glaciers and 
ice caps (GIC) GRACE solution (Fig. S8D) in each region. 
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Fig. S11. Partitioned Greenland Ice Sheet mass change rate from laser altimetry with different 
FDMs between 1994 and 2020. The black star in NW marks the location of the SERAC time 
series in Fig. S4. 
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Fig. S12. Annual partitioned mass change rates in each region from using different FDMs. Annual 
total, surface, and dynamic mass change from using three different FDMs: purple (IMAU-FDM), 
orange (GSFC-FDM), and blue (GEMB). The rates are in gigaton of ice per year. 
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Fig. S13. Cumulative SMB anomaly calculated using different assumptions of the steady-state 
period. (A) SMB anomalies in the Greenland ice sheet and each drainage basin from using their 
original steady-state period assumptions: IMAU-FDM (purple): 1960 - 1979, GSFC-FDM 
(orange): 1980 - 1995, and GEMB (blue):1979 - 1988. (B) SMB anomaly recalculated assuming a 
common steady-state period of 1980-1990. 
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Fig. S14. Propagation of dynamic ice thickness changes upstream in the Jakobshavn Isbrae 
drainage basin. (A) Locations of the five SERAC time series shown in B along the deep trough of 
Jakobshavn Isbrae in CW Greenland, with Jak1 being the closest to the terminus and Jak5 being 
the furthest. Jak1 is the time series of Jakobshavn Isbrae shown in Fig. 6. Metadata about these 
five SERAC time series is included in Table S3. The basemap is the surface ice flow velocity 
mosaic (36), overlaid by the summer terminus position since 1995 from AutoTerm (37) and 
TermPicks (38), and the 300 m-interval bed elevation contours (39). (B) SERAC time series of 
surface elevation change and dynamic ice thickness changes before elastic VLM correction with 
different FDMs. The y-axis shows the surface elevation at Jak1, while the other four time series 
are shifted. The actual elevation at Jak2 is the y-axis value plus 120 m, Jak3 is the y-axis value 
plus 400 m, Jak4 is the y-axis value plus 450 m, and Jak5 is the y-axis value plus 550 m. See 
Fig. 6 for details. (C) Surface ice flow velocity time series from ITS_LIVE (40) at the locations of 
SERAC time series, and terminus position time series along the black profile on A. Downward 
trends in the time series indicate thinning, acceleration, and retreat. 
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Fig. S15. Decadal changes in ice thickness, velocity, and terminus position of selected tidewater 
glaciers in western Greenland. The time series figures on the left show the time series of surface 
elevation change from SERAC, dynamic mass change calculated using different FDMs, terminus 
position time series (37, 38) along the black profile on the bed elevation map, and ice flow 
velocity (40) at the same location as the SERAC time series. Downward trends in the time series 
indicate glacier thinning, retreating, and accelerating. The maps on the right show the bed 
elevation (39) near the terminus of each glacier. The red star marks the location of the SERAC 
and ice flow velocity time series. The most retreated terminus position of June to October in each 
year is overlaid on the bed elevation map. The white shaded area marks where the ice sheet is 
using the drainage basin outline in (41). 
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Fig. S16. Decades of observations of selected tidewater glaciers in eastern Greenland. Same as 
Fig. S15, but for selected glaciers in eastern Greenland. In the time series figure of Zachariae 
Isstrom, the black dashed line indicates 2012/09/12. The black arrow on the bed elevation map 
points to the calving front location on this date, when the glacier has retreated into the main trunk. 
A supplementary set of elevation and dynamic ice thickness change time series, Kan2, is added 
for Kangerlussuaq. For Helheim Gletscher, the supplementary data points from another time 
series located at the red plus marker on the bed elevation map are shown as plus markers in the 
time series. 
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Fig. S17. Annual firn air content (FAC) changes in the ablation area (AA) and dry snow area 
(DSA) of NE from different FDMs. (A) Following (42), we divided the Greenland ice sheet into 4 
climate zones: Dry snow area (DSA, yellow), low accumulation percolation area (LAPA, red), high 
accumulation percolation area (HAPA, green), and ablation area (AA, black). (B) The annual firn 
air content change in DSA and AA of NE from the three FDMs used in this study. 
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Tables 

Table S1. Comparison of Greenland Ice Sheet mass change reconstructions with other studies. 
The mass changes from this study are the average of three reconstructions that use different 
FDMs. The uncertainty value represents the standard deviation of these three reconstructions. 
The IMBIE3 estimate is derived from altimetry, GRACE gravity, and input-output methods. Most 
mass change rates are reported directly in the cited literature. For the time spans marked by an 
asterisk (*), we recalculated the mass change based on the monthly or annual values provided in 
the datasets using the overlapping period with this study. 

Study Method Time span Mass change 
(Gt/year) 

Time span  
(this study) 

Mass change (this 
study; Gt/year) 

Csatho et al. (2014) (3) Laser 
altimetry 

2003/09/01–
2009/08/31 -243 ± 18 2003/09/01–

2009/08/31 -194 ± 17 

Otosaka et al. (2023) (43) IMBIE3 
reconciled 

1994/09/01–
2020/08/31* -179 ± 16 1994/09/01–

2020/08/31 -191 ± 6 

Khan et al. (2022) (44) Laser and 
radar  

2011/04–
2020/04 -273 ± 17 2011/09/01–

2020/08/31 -240 ± 15 

Simonsen et al. (2021) (45) Radar 
altimetry 1994–2020* -167 1994/09/01–

2020/08/31 -191 ± 6 

Smith et al. (2020) (46) Laser 
altimetry 

2003/2008–
2018/2019 -200 ± 12 2003/09/01–

2019/08/31 -242 ± 13 

Mouginot et al. (2019) (41) Input-output 
method 

1994.5–
1999.5* -54 1994/09/01–

1999/08/31 -88 ± 10 

Mouginot et al. (2019) (41) Input-output 
method 1999.5–2009.5 -187 ± 17 1999/09/01–

2009/08/31 -165 ± 12 

Mouginot et al. (2019) (41) Input-output 
method 2009.5–2018.5 -286 ± 20 2009/09/01–

2018/08/31 -251 ± 14 
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Table S2. Greenland Ice Sheet surface mass balance anomaly (surface mass change) and 
dynamic mass change from 1994 to 2020. Mean annual mass change rates of our three 
reconstructions with different firn densification models every five years since 1995, as well as 
from 1994 to 2020. The uncertainty represents the standard deviation of the three 
reconstructions. The rates are in gigaton of ice per year. 

Region 
Mean surface mass balance (SMB) anomaly (Gt/year) 

1995/09/01- 
2000/08/31 

2000/09/01- 
2005/08/31 

2005/09/01- 
2010/08/31 

2010/09/01- 
2015/08/31 

2015/09/01- 
2020/08/31 

1994/09/01- 
2020/08/31 

Greenland 51 ± 38 -31 ± 28 -130 ± 24 -127 ± 27 -75 ± 34 -69 ± 30 

NE 6 ± 5 -21 ± 6 -9 ± 5 -11 ± 7 -8 ± 6 -8 ± 6 

CE -4 ± 4 -6 ± 4 -14 ± 3 -8 ± 5 6 ± 4 -7 ± 4 

SE 0 ± 17 14 ± 17 -16 ± 11 -10 ± 12 7 ± 12 -3 ± 13 

SW 12 ± 12 1 ± 10 -37 ± 9 -33 ± 14 -35 ± 13 -20 ± 11 

CW 18 ± 6 1 ± 6 -12 ± 5 -16 ± 5 -14 ± 6 -6 ± 5 

NW 17 ± 6 -4 ± 8 -26 ± 6 -27 ± 11 -12 ± 8 -11 ± 8 

NO 1 ± 1 -15 ± 4 -15 ± 2 -22 ± 5 -19 ± 4 -14 ± 3 

Region 
Mean dynamic mass change (Gt/year) 

1995/09/01- 
2000/08/31 

2000/09/01- 
2005/08/31 

2005/09/01- 
2010/08/31 

2010/09/01- 
2015/08/31 

2015/09/01- 
2020/08/31 

1994/09/01- 
2020/08/31 

Greenland -84 ± 24 -118 ± 26 -116 ± 36 -164 ± 45 -134 ± 45 -122 ± 34 

NE 5 ± 11 2 ± 8 8 ± 9 5 ± 7 8 ± 8 6 ± 9 

CE -20 ± 3 -23 ± 3 -22 ± 4 -29 ± 2 -32 ± 2 -25 ± 1 

SE -30 ± 18 -47 ± 16 -42 ± 10 -43 ± 13 -50 ± 15 -42 ± 14 

SW -7 ± 12 -3 ± 8 -2 ± 15 -14 ± 20 -3 ± 19 -6 ± 15 

CW -11 ± 7 -17 ± 8 -23 ± 10 -35 ± 12 -16 ± 11 -20 ± 9 

NW -25 ± 6 -33 ± 9 -39 ± 12 -53 ± 15 -51 ± 12 -40 ± 11 

NO 4 ± 2 4 ± 5 4 ± 2 5 ± 4 9 ± 5 5 ± 3 
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Table S3. Information on selected SERAC time series for tidewater glaciers. It includes the ID of 
the glacier used in Fig. 6, figs. S15 and S16 (ID), glacier name (Glacier), drainage basin the 
glacier belongs to (Basin), ID of the selected SERAC elevation change time series in Fig. 6 
(SERAC ID), longitude (SERAC longitude) and latitude (SERAC latitude) of the SERAC time 
series, surface elevation of the first (Beginning elevation) and last reconstruction (End elevation) 
in SERAC time series on WGS84 ellipsoid, velocity magnitude from the 1995-2015 velocity 
mosaic at the location of SERAC time series (Velocity), date of the most retreated terminus 
position calculated using the terminus position dataset in figs. S15 and S16 along the profile 
(Date of the most retreated termini), and the distance of the SERAC time series to the most 
retreated terminus position (SERAC distance to the termini). 
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ID Glacier Basin SERAC ID SERAC 
longitude 

SERAC 
latitude 

Beginning 
elevation 

(m) 

End 
elevation 

(m) 
Velocity 
(m/year) 

Date of the 
most 

retreated 
termini 

SERAC 
distance 

to the 
termini 

(m) 

Fig. S4 Nansem_Gle
tscher NW 17000652 -55.266 76.319 1926 1925 52 NA NA 

1 Docker Smith 
Gletscher W NW 17002982 -61.896 76.336 339 175 1090 2015-09-12 2101 

2 Dietrichson NW 15000222 -57.936 75.459 291 163 1136 2020-09-03 1234 

3 Steenstrup NW 15003663 -57.766 75.327 426 298 1289 2016-09-05 5781 

4 Kakivfaat 
Sermiat NW 11002191 -55.275 73.484 276 151 1507 2020-02-19 1520 

5 (Jak1) Jakobshavn 
Isbrae CW 5004363 -49.525 69.12 427 226 8539 2021-07-21 788 

5 (Jak2) Jakobshavn 
Isbrae CW 5004526 -49.358 69.112 617 410 5854 2021-07-21 7067 

5 (Jak3) Jakobshavn 
Isbrae CW 5011810 -49.006 69.145 932 807 2486 2021-07-21 20542 

5 (Jak4) Jakobshavn 
Isbrae CW 5003844 -48.766 69.186 1054 950 1802 2021-07-21 30488 

5 (Jak5) Jakobshavn 
Isbrae CW 5008153 -48.506 69.206 1225 1146 1183 2021-07-21 41078 

6 Zachariae 
Isstrom NE 26002976 -21.653 78.901 292 219 735 2020-05-30 13487 

7 
(Kan1) 

Kangerlussu
aq CE 5030019 -33.228 68.751 853 659 1391 2018-11-11 17574 

7 
(Kan2) 

Kangerlussu
aq CE 5030023 -33.048 68.657 518 351 5910 2018-11-11 4734 

8 Helheim 
Gletscher SE 3001259 -38.389 66.416 563 464 5196 2017-08-23 8677 

9 Ikertivaq NN SE 3007265 -39.674 65.715 444 221 5734 2018-12-26 1531 

10 Tingmiarmiut 
Fjord SE 1001948 -43.442 62.785 984 884 1623 2020-03-19 11682 
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Dataset S1 (separate file). Annual_mass_change_basins.xlsx. Time series of drainage basin 
and ice sheet annual total, surface, and dynamic mass change in Gt of ice/year. The cumulative 
mass change from this study, which was used for the comparison with GRACE, and the mass 
change estimation from GRACE, are also included. The cumulative mass changes are 
normalized to the balance year of 2003, and the unit is Gt of ice. 

Dataset S2 (separate file). Uncertainty_annual_mass_change_basins.xlsx. The uncertainty 
estimations of total (Error of total MB) and dynamic (Error of dynamic MB) mass change for the 
Greenland Ice Sheet and each drainage basin. It includes two types of uncertainties: 1) Spread of 
MB: the standard deviation of the three mass change reconstructions using different firn height 
change datasets, and 2) FE_FDM (where FDM can be IMAU, GSFC, and GEMB): the formally 
propagated errors described in the Supplementary Text. In addition, the errors of multi-year 
average mass changes are also available in the sheet named Error of total MB (5 years) and 
Error of dynamic MB (5 years). The unit of error estimation is Gt of ice/year.  

Dataset S3 (separate file). Formal_uncertainty_components_basins.xlsx.The uncertainty 
components that contribute to the uncertainty estimates of total and dynamic mass change from 
formal error propagation (FE_FDM in Data S2. Uncertainty_annual_mass_change_basins.xlsx), 
as described in the Supplementary Text. It includes GIA (GIA), firn air content change error 
(FAC), firn height change error (FDM_dh), ALPS interpolation error (ALPS_FDM, where FDM can 
be IMAU, GSFC, and GEMB), and elastic vertical land motion error (ELA_FDM). The unit is Gt of 
ice/year. 
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