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Abstract. The Greenland Ice Sheet (GrIS) has experienced sustained mass loss over recent decades in response to Arctic1

warming, raising concerns about its sensitivity to climate change and its future contribution to sea-level rise. Understanding2

when and how rapidly the GrIS began to decline provides important constraints on its response to ongoing and future warming.3

Previous studies have shown that glacier retreat across Greenland began at different times, with some glaciers retreating as early4

as the mid-19th century and others not until the late 20th century. Although historical evidence (e.g., historical maps, expedition5

logs) as well as dating of geomorphological features have enabled the reconstruction of ice-front positions for many Greenland6

glaciers during the 19th and 20th centuries, the timing, magnitude, and spatial distribution of Greenland-wide thinning since the7

Little Ice Age (LIA, ∼1300–1850 CE) remain poorly constrained. Here, we reconstruct Greenland-wide ice surface elevation8

for 1850 and 1980 using ice-sheet boundaries representative of each period. We generate an ensemble of 127 reconstructions9

that samples the main sources of uncertainty in past ice-sheet geometry and estimate the spatial distribution of elevation10

change since 1850. Our reconstruction uses the mass distribution (MD) approach, which combines satellite-era observations11

of elevation change rates, estimates of total ice-sheet mass change since 1850, and a contemporary digital elevation model to12

infer past ice-sheet geometry. Using our reconstructed ice-sheet geometries and evolving ice boundaries, we reinterpret existing13

Greenland-wide mass-change estimates, including those of Mankoff et al. (2021), and obtain a total mass loss equivalent to14

26.8 mm SLE between 1850 and 2015 (0.16 mm SLE yr−1). Of this total, 15.6 mm SLE occurred during 1850–1980 (0.1215

mm SLE yr−1), 5.6 mm during 1980–2007 (0.21 mm SLE yr−1), and 5.5 mm during 2007–2015 (0.69 mm SLE yr−1).16

These results indicate that the average mass-loss rate during 2007–2015 was approximately six times greater than during17

1850–1980.Uncertainty of ice surface elevation within the ensemble is primarily controlled by the total ice-sheet mass change18

since 1850 used to constrain the reconstructions and secondarily by the spatial pattern of observed elevation change rates. Our19

reconstructions, which explicitly account for historical ice-sheet boundaries, differ substantially from reconstructions based on20

a contemporary ice mask, highlighting the importance of representing temporal changes in ice extent when reconstructing past21

Greenland geometry.22
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1 Introduction23

The Greenland Ice Sheet (GrIS) is experiencing accelerated mass loss in response to anthropogenic warming, having lost nearly24

5,000 Gt of ice over the past three decades (Otosaka et al., 2022). Its contribution to global mean sea-level rise increased from25

about 5% in 1993 to 25% in 2014, making Greenland one of the dominant contemporary contributors to sea-level rise (Chen26

et al., 2017). The rate of mass loss has increased by a factor of six since the 1980s (Mouginot et al., 2019) and by a factor of27

five over the past 30 years (Otosaka et al., 2022). Modelling studies suggest that, under sustained high-end warming, the GrIS28

could disappear as soon as within the next 1,000 years (Aschwanden et al., 2019), which would add approximately 7 m of29

global mean sea-level rise (Morlighem et al., 2017). Both the timing and magnitude of this potential contribution are critical30

for coastal adaptation planning.31

Historical estimates of ice-sheet change are important for several reasons. A key motivation is climate-change attribution:32

understanding how ice sheets varied in the past provides essential context for recent changes and helps to distinguish mass33

loss driven by natural variability from that driven by anthropogenic forcing (Roe et al., 2021). In addition, reconstructions of34

past ice-sheet states are fundamental for improving ice-sheet models that are used to project future mass loss and sea-level35

contribution. In practice, such reconstructions can be used for model initialization, calibration, and evaluation. For example,36

all simulations contributing to the ISMIP6 projections for the 21st century were initialized prior to 2015—the beginning of37

the projection period. Around 1/4 of the simulations were initialized around 2007 due to the availability of a Greenland-wide38

DEM for this year (Morlighem et al., 2017), while all others were initialized between 1979 and 2000 (Goelzer et al., 2020).39

However, because ice-sheet-wide observations or reconstructions prior to the 2000s have been lacking, simulations initialized40

before the 2000s were typically started either from modern observed geometries (i.e., ice elevation, thickness and extent) or41

from geometries produced through long model spin-ups (Goelzer et al., 2020). The latter approach often produces substantial42

mismatches between modelled and observed geometries, with the cost of poorly representing the ice sheet geometry in the43

simulations, which can undermine the reliability of subsequent projections (Goelzer et al., 2017). Consequently, improved44

knowledge of past ice-sheet geometry and mass changes is essential for refining projections of future sea-level rise.45

Knowledge of ice-sheet mass balance is derived from a range of observational approaches. Traditional methods include46

satellite altimetry, which measures changes in ice sheet elevation which can be converted into volume changes; gravimetry,47

which detects variations in the Earth’s gravity field; and the input–output (IO) method, which estimates mass balance by48

comparing mass gains (input) and losses (output). While altimetry and gravimetry-based estimates are limited to the eras49

spanned by their corresponding satellites, beginning in 1991 and 2002, respectively (Thomas et al., 2006), the IO method50

combines ice velocity observations with surface mass balance products produced from atmospheric reanalysis data and has51

been produced for periods as far back as 1840 (Mankoff et al., 2021). Although one study has estimated total Greenland52

mass change since the 19th century (Mankoff et al., 2021), only a limited number of ice-sheet-wide products that combine53

observations with empirical approaches resolve the spatial distribution of mass changes prior to the satellite era (Khan et al.,54

2020; Kjeldsen et al., 2015).55
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The further away from the observational era, the greater the levels of uncertainty in ice sheet state (Mankoff et al., 2021).56

The Little Ice Age (LIA) represented the culmination of the Neoglacial cooling that took place between ∼8 ka before present57

and 1850 (McKay et al., 2018), and is thought to have been reversed by the onset of anthropogenic warming (Kaufman et al.,58

2009). Despite increasing research on the GrIS variability in the past centuries, the timing and magnitude of the GrIS response59

to anthropogenic warming during and after the LIA remain an open and actively debated question. Some studies suggest that60

the GrIS continued to gain mass until the late twentieth century, reflecting a delayed dynamic response to climatic forcing (Box61

and Colgan, 2013; Mouginot et al., 2019; Yang et al., 2022). Other studies indicate that the ice sheet was in balance around62

1850, with the onset of sustained mass loss occurring in the late nineteenth century—approximately a century earlier than63

suggested by other estimates (Kjeldsen et al., 2015; Mankoff et al., 2021). Resolving this long-standing uncertainty is central64

to improving our understanding of the response time of the GrIS to a changing climate.65

To fully understand the timing and magnitude of the GrIS response to climate change, it is important to characterize the66

state of the ice sheet before major retreat began. To add more insight into this problem, we here reconstructed Greenland-67

wide DEMs for 1850—often referred to as the termination of the LIA (Kjær et al., 2022)— and 1980, using corresponding68

ice extent boundaries for both periods (Salmani et al., 2026), accompanied by a thorough quantification of their uncertainties.69

This allowed us to extend the reconstruction beyond the contemporary ice extent across the entire ice sheet. We generated70

an ensemble of 1850 ice-sheet states and evaluated the methodology by applying the same framework to three reference71

years (1980, 2007, and 2015), for which independent observations of ice elevation are available. That provides an important72

step toward resolving the spatiotemporal response of the ice sheet to climate change and enabling ice-sheet models to more73

realistically simulate its evolution during the nineteenth and twentieth centuries.74

2 Methods75

2.1 Mass Distribution approach76

In this study, we conceptualize and present the Mass Distribution (MD) approach, a method to reconstruct the GrIS configura-77

tion in the past. This method uses a combination of datasets available in the literature to generate a Greenland-wide elevation78

map in 1980 and 1850. The input datasets are: (1) a satellite-based observed map of elevation changes (Gao et al., 2026; Khan79

et al., 2024; Nilsson and Gardner, 2024; Zhang et al., 2021), (2) a reference Digital Elevation Model (DEM) (Howat et al.,80

2015, 2022), (3) an estimate of total volume/mass change between 1850 (or desired predicted year) and the nominal date of the81

reference DEM (Mankoff et al., 2021), and (4) a boundary corresponding to the ice sheet extent in the predicted period (e.g.,82

Salmani et al. (2026) for realistic 1850 and 1980 boundaries and the European Space Agency (ESA) Climate Change Initiative83

(CCI) ice mask Rastner et al. (2012) for 2007 and 2015 reconstructions representing a contemporary boundary). The satellite-84

based observed map of elevation changes (dh/dt) is a Greenland-wide elevation change map averaged over the observational85

period (e.g., the last three decades), and provides a spatial weight for our mass distribution. The reference DEM (hDEM , t) is86

a contemporary Greenland-wide DEM at nominal year t, from which the total elevation change between the LIA and t is sub-87

tracted. The estimate of total volume change between the LIA and t (∆VLIA−t) is a literature-based estimate of total volume88
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change between the predicted year and the nominal date t of the reference DEM. As literature provides mass change estimates89

instead of volume, those were converted to volume by assuming a constant ice density. The boundary corresponding to the ice90

sheet extent in the predicted period, is an observed or reconstructed continuous boundary of the GrIS that is assigned to the91

same period as the predicted elevation. The reconstructed LIA surface elevation (hLIA) is calculated using Eq. (1).:92

hLIA = hDEM,t −∆VLIA−t ×Wdh/dt, (1)93

where the LIA, here referred as to 1850, could be replaced by any year desired for reconstruction, and the spatial weight for94

the mass distribution, Wdh/dt, is given by95

Wdh/dt =
dh/dt(x,y)∑N
i=1 dh/dti

, (2)96

where dh/dt(x,y) is the temporal average dh/dt over the observation period at every x and y location, and
∑N

i=1 dh/dti is the97

spatial sum of dh/dt at all locations. In regions between the present-day and the LIA boundary, we linearly interpolated the98

dh/dt maps. Then, we subtracted that elevation change map from a reference DEM, ending up with a Greenland-wide elevation99

map in 1850. To be consistent with DEM (Howat et al., 2015), the elevations are reported in meters above the WGS84 Ellipsoid.100

Our approach was inspired by previous studies that reconstructed glaciers around the world in the LIA. The MD approach101

follows Adhikari et al. (2021), who uniformly distributed the mass change since 1850 over a contemporary DEM in peripheral102

glaciers and ice caps around Greenland to reconstruct the LIA elevation for Glacioal Isostatic Adjustment (GIA) modelling103

purposes. We improve on this strategy by applying a spatial variability to weight mass changes based on observed spatial104

patterns. The method assumes that the spatial variability did not change between 1850 and the averaged last three decades,105

1995-2025. Figure 1 shows the application of the MD approach to the Sermeq Kujalleq (Jakobshavn Isbrae) region. Although106

the illustrations picture 1850 (the LIA) as our reconstruction date, the MD method can be applied to any desired year, as long107

as the mass change since the reference DEM date and the ice sheet boundary are referenced for that specific year.108

We test the sensitivity of the MD method to different input datasets by producing an ensemble of possible 1980 and 1850109

states. For example, we take dh/dt from four different sources: Gao et al. (2026) spanning 1994-2020, Khan et al. (2024)110

spanning 2003-2023, Nilsson and Gardner (2024) spanning 1992-2023, and Zhang et al. (2021) spanning 1991-2020. Within111

the Gao et al. (2026) dataset, we assess the sensitivity to firn models by using dh/dt fields derived from three different firn112

models. Combined with the other datasets, this results in a total of six distinct dh/dt inputs. For each input, we compute (1)113

the average over the full period available, and (2) the average over the 2003–2009 interval only, as this period is supported by a114

denser satellite observational record. In addition, we included two different reference DEMs and produced ensemble members115

using either the GIMP1 in 2007 (Howat et al., 2015) or the GIMP2 in 2015 (Howat et al., 2022). Some ensemble members used116

Eq. (1) over the entired period between LIA and t, while others used the observed dh/dt from the 6 different sources during117

the observation period, while using the Eq. (1) only during the time period lacking direct observations. Finally, we tested the118

sensitivity of the MD approach to the mass change input by having a Minimum, a Median and a Maximum mass, based on the119
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average and the standard deviation range calculated of Mankoff et al. (2021) mass balance estimates since 1840. Table 1 shows120

the mass change estimates for all studied intervals that were used to produce our ice elevation ensembles, calculated from121

Mankoff et al. (2021) yearly product. The mass change is also shown in volume units (i.e., mm SLE) after conversion. The122

Minimum and Maximum mass change values were produced by adding and subtracting, respectively, the cumulative error of123

±86 Gt yr−1 from Mankoff et al. (2021) product, estimated in their study. Since the standard deviation is a cumulative sum over124

of Mankoff et al. (2021) average error of ±86 Gt yr−1, longer time intervals present wider ranges of uncertainty. A consequence125

of such increasing uncertainty over large periods, is that for two periods (1850-2007 and 1850-2015), the Minimum mass shows126

a gain of mass, as the cumulative error being higher than the Median loss of mass. In addition, Table 2 shows uncertainties127

in those estimates. We estimated the uncertainty in elevation change between each time interval separately for the Median,128

Minimum, and Maximum scenarios. For each scenario, we calculated the total volume change for every ensemble member and129

took the standard deviation across members.130

Time interval Minimum mass Median mass(Med) Maximum mass (Max)

1850–1980 1.9× 103 Gt / 5.2 mm SLE −9.3× 103 Gt / −25.7 mm SLE −20.5× 103 Gt / −56.7 mm SLE

1980–2007 −75 Gt / −0.2 mm SLE −2.5× 103 Gt / −6.9 mm SLE −4.9× 103 Gt / −13.5 mm SLE

2007–2015 −1.6× 103 Gt / −4.4 mm SLE −2.3× 103 Gt / −6.4 mm SLE −3.1× 103 Gt / −8.6 mm SLE

1850–2015 365.6 Gt / 1.0 mm SLE −13.9× 103 Gt / −38.4 mm SLE −28.2× 103 Gt / −77.9 mm SLE
Table 1. Mass change values used for the ensemble production. Median values represent the accumulated mass change over the respective

intervals calculated from the mass change estimates of Mankoff et al. (2021). Minimum and maximum values account for the cumulative

uncertainty based on a standard deviation of ±86 Gt yr−1. Sea-level-equivalent values were calculated using 361.8 Gt = 1 mm SLE.

Time interval Minimum mass uncertainty Median mass uncertainty Maximum mass uncertainty

1850–1980 62 Gt / 0.2 mm SLE 191 Gt / 0.5 mm SLE 398 Gt / 1.1 mm SLE

1980–2007 629 Gt / 1.7 mm SLE 749 Gt / 2.1 mm SLE 1,318 Gt / 3.6 mm SLE

2007–2015 491 Gt / 1.4 mm SLE 2,329 Gt / 6.4 mm SLE 3,345 Gt / 9.2 mm SLE

1850–2015 1,963 Gt / 5.4 mm SLE 800 Gt / 2.2 mm SLE 1,447 Gt / 4.0 mm SLE
Table 2. Uncertainties in the estimated mass changes calculated using the Minimum, Median, and Maximum ice mass scenarios from

Mankoff et al. (2021) for the studied time intervals.

A combination of all input choices for the MD approach, mentioned in the previous paragraph, allowed for an ensemble131

of 127 members that captures a wide range of uncertainties in the methodology. For instance, the uncertainty in product132

source and post-processing techniques of contemporary dh/dt spatial pattern is taken into account by including dh/dt inputs133

from four different studies (Gao et al., 2026; Khan et al., 2024; Nilsson and Gardner, 2024; Zhang et al., 2021) and varying134

the period used to derive the climatology. Uncertainty in total mass change since 1850 or 1980 is taken into account by135

considering the uncertainty range in the mass change estimates (Mankoff et al., 2021). The uncertainty in the contemporary136

DEM product is taken into account by using two different products for both 2007 and 2015 (Howat et al., 2015, 2022).137
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Figure A6 shows the errors associated with these DEM products, illustrating the need to sample this source of uncertainty.138

For the modern ice sheet topography, we utilized the MEaSUREs GrIMP Digital Elevation Model (NSIDC-0715, Version139

2). While the dataset comprises imagery spanning 2008–2020 (with a median acquisition year of 2015) and is vertically140

registered to 2019–2020 ICESat-2 altimetry, we treat the modern snapshot as a nominal 2015 baseline. Given our 170-year141

study timescale (1850–present), the multi-year variance within the modern mosaic introduces a minor structural uncertainty to142

the century-scale trends. In addition, uncertainties associated with the treatment of firn are partially accounted for by including143

four dh/dt products derived using different firn densification models (e.g., GEMB, GSFC, and IMAU) or assuming a constant144

ice density of 917 kg m−3. However, our conversion of the mass-change estimates from (Mankoff et al., 2021) to volume145

change assumes a constant ice density as the mass change is not resolved spatially. Importantly, both the dh/dt products and146

the associated firn corrections rely on the assumption that contemporary spatial patterns are representative of those in 1850 and147

1980. Uncertainties associated with this assumption are not sampled in the present study because Greenland-wide observations148

prior to the satellite era are insufficient to constrain historical dh/dt patterns and the spatial and temporal evolution of firn149

properties and the climatic forcing controlling firn densification.150

We performed a Principal Component Analysis (PCA) to characterize the variability within the 127-member ensemble com-151

prising our 1850 reconstruction. The ensemble was arranged into a two-dimensional matrix in which each column represented152

one member (e.g., each distinct reconstruction) and each row represented a spatial grid cell. At each grid cell, the ensemble-153

mean elevation was subtracted, such that the PCA was applied to elevation anomalies relative to the ensemble mean. The154

resulting principal-component scores describes the contribution of each principal component to individual ensemble members155

and the corresponding loading vectors describe their spatial patterns. The fraction of total ensemble variance explained by each156

component was used to assess the relative importance of the dominant modes of variability.157

One important contribution of our study is the use of realistic ice boundaries in the ice-surface elevation reconstructions for158

1850 (Salmani et al., 2026) and 1980 (Kjeldsen et al., 2020). Previous studies resolving spatially varying mass changes across159

Greenland have assumed a static ice boundary over time (Kjeldsen et al., 2015), thereby excluding mass changes occurring160

beyond the contemporary ice extent. This omission may be particularly important because the highest rates of elevation and161

mass change occur near the ice-sheet margins. To quantify the effect of changing ice extent on the estimated mass change, we162

compared estimates derived using period-specific ice masks for 1850, 1980, and the contemporary period (Rastner et al., 2012)163

with estimates restricted to the contemporary ice boundary (Rastner et al., 2012).164

2.2 Validation of reconstructions165

We validated and evaluated the MD reconstruction method by applying it to estimate ice elevation in three years when there is166

an observed DEM for comparison: 1980s (Korsgaard et al., 2016), 2007 (Howat et al., 2015) and 2015 (Howat et al., 2022).167

We chose the 1980s as our main validation period because it is the oldest date within the recent past where there is an available168

DEM that was constructed from aerial photogrammetry in the periphery of the ice sheet (Korsgaard et al., 2016), similar to169

Kjeldsen et al. (2015). For the validations of the MD approach against the AERODEM, we masked out low reliability data in170

the AERODEM by including only pixels with Figure-Of-Merit (FOM) greater than or equal to 40 (Korsgaard et al., 2016). We171
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Figure 1. Schematic workflow of the Mass Distribution (MD) approach applied to Jakobshavn Isbrea, showing: a) the average elevation

change dh/dt from (Gao et al., 2026) in a present day mask; b) same as a, but extended to the LIA boundary (Salmani et al., 2026) using

linear interpolation; c) calculated map of proportion of total mass change based on the spatial pattern in b; d) ice elevation change between

2007 and 1850 calculated from distributing the mass change from Mankoff et al. (2021) using the spatial pattern in c; e) the ice elevation

from GIMP1 DEM (Howat et al., 2015); f) the estimated ice elevation in 1850 by subtracting elevation change in d from the GIMP1 DEM in

1850.

also used the PROMICE ice mask (Kjeldsen et al., 2020) for that reconstruction, with corrections from Salmani et al. (2026).172

Since the AERODEM is only available for the ice sheet periphery and does not allow a comparison over the entire ice sheet, we173

also performed an evaluation of our method in the years 2007 and 2015, using the GIMP1 and GIMP2 DEMs for comparison.174

Such model-observations comparison also aids in selecting ensemble members that best match observations. For example, the175

Taylor Diagram in Figure A2 shows that the ensemble mean has a better agreement with observations compared with any176

individual ensemble member.177

In addition, Figure 2 aids in comparing observations against modelled elevations in 1980, 2007 and 2015 through histograms178

and scatter plots. In the 1980s, the highest elevation frequency was between 5 and 1,200 meters (Fig. 2a), while in 2007179
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and 2015, the highest frequency was between 2,000 and 3,000 meters (Fig. 2c and e). That is because the 1980s DEM only180

encompasses the ice sheet periphery, while the 2007 and 2015 DEMs encompasses the entire ice sheet. In the 1980s, the greatest181

differences appear to be in elevations lower or equal to 100 meters, where the ensemble mean overestimates the frequency of182

low elevations. In the 1980s, the ensemble mean underestimates the elevation distribution between 300-700 meters, though183

the differences are lower over 600 meters (Fig. 2a). That is confirmed on the scatter plot (Fig. 2b), where the main spread184

seems to occur in lower elevations. The 2007 and 2015 show similar patterns, where the greatest differences between modelled185

and observed elevations are in median elevations between 700-2,700 meters (Fig. 2d and f), though the greater distribution of186

elevations is around 2,000-3,000 meters (Fig. 2c).187

Ensemble mean elevations show excellent agreement with reference DEMs at all validation time slices (r2 ≥ 0.998; RMSE188

= 14–20 m), with near-identical elevation distributions (Fig. 2), indicating that the Mass Distribution approach preserves large-189

scale topographic structure while introducing only minor residual differences. The near-perfect coefficient of determination r2190

in all cases can be explained by the magnitude of elevation differences (15-20 m) being only 0.8% of the typical elevation191

values (2,500 m).192

3 Results193

3.1 Ensemble variability194

We assess ensemble variability and its dominant sources of spread using a Principal Component Analysis (PCA) applied to the195

1850 elevation reconstructions. The first two principal components (PC1 and PC2) explain 46% and 26% of the total variance,196

respectively, accounting for 72% of the ensemble variability, while the remaining 28% is more evenly distributed across higher-197

order principal components (Fig. A3). Figure 3 shows the distribution of ensemble members in the space defined by PC1 and198

PC2. Each point represents one realization of the 1850 reconstruction. Colors denote the imposed 1850–2007 mass constraint199

(Minimum, Median, and Maximum estimates from Mankoff et al. (2021)), while marker shapes indicate the dh/dt source used200

in the MD approach.201

The distribution in PC1–PC2 space highlights systematic patterns in the ensemble (Fig. 3). Ensemble members clearly202

separate along PC1 according to the imposed total mass change. Realizations using the Minimum, Median, and Maximum203

mass constraints form distinct clusters along this axis, indicating that PC1 primarily reflects differences in the magnitude of204

integrated mass change. This demonstrates that uncertainty in total mass change is the leading source of variability within205

the ensemble. In contrast, PC2 captures variability associated with differences in the spatial pattern of elevation change. Most206

realizations cluster near zero in PC2, but two distinct groups of four realizations each exhibit large negative PC2 values. All of207

these outliers correspond to reconstructions using the Zhang et al. (2021) dataset, indicating that this dh/dt product introduces208

spatial patterns that differ substantially from those derived from the other datasets. Overall, the PCA reveals a hierarchical209

structure in ensemble variability: the imposed total mass change controls the dominant mode of variability (PC1), while the210

choice of dh/dt dataset primarily governs the secondary mode (PC2). These two factors together explain most of the spatial211

spread in the 1850 reconstructions.212
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Figure 2. Statistical comparison between the reconstruction ensemble mean and observational Digital Elevation Models (DEMs). (a) Fre-

quency distribution (histogram) and (b) regression analysis (scatter plot) of elevation values for the 1980s (AERODEM). Panels (c) and (d)

show the corresponding histogram and scatter plot for 2015 (GIMP2).

Understanding the spatial patterns of the ensemble variability can help us pinpoint areas of greater uncertainty. To com-213

plement the evaluation of variability within the ensemble, Fig. 4 shows the total elevation change between 2007 and 1850214
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Figure 3. Principal Component Analysis (PCA) of the ensemble of 1850 reconstructed elevations plotted according to the input mass change

between 1850 and 2007 (Maximum, Median or Minimum), and source of dh/dt dataset ((Gao et al., 2026), Khan et al. (2024), Zhang et al.

(2021) or Nilsson and Gardner (2024)).

reconstructed using different inputs to the MD method. The figure highlights the influence of two key inputs: the dh/dt dataset215

(varying across columns) and the imposed total mass change (varying across rows). The imposed mass change strongly influ-216

ences the magnitude of the reconstructed elevation differences. Reconstructions using the Minimum mass scenario (Fig. 4i–l)217

show relatively small elevation changes across most of the ice sheet, with near-zero changes over large areas and localized218

regions of slight thickening along some outlet glaciers. In contrast, the Maximum-mass scenario produces substantially larger219

thinning along the ice-sheet margins, particularly along major outlet glaciers, while the ice-sheet interior remains largely un-220

changed. Differences between mass scenarios exceed 200 m locally along the margins, whereas the interior of the ice sheet221

shows comparatively little sensitivity to the imposed mass constraint.222

In addition to the influence of the total mass change, the choice of dh/dt dataset introduces distinct spatial patterns in223

the reconstructed elevation changes. Reconstructions based on Khan et al. (2024) exhibit relatively smooth spatial gradients224

with limited spatial variability across the ice sheet (Fig. 4b, f, and j). In contrast, reconstructions derived from Zhang et al.225

(2021) display stronger spatial heterogeneity, characterized by sharp transitions between areas of large thinning and near-zero226

change, particularly along the eastern and southeastern margins of Greenland (Fig. 4c, g, and k). Similarly, the reconstructions227

based on Nilsson and Gardner (2024) show pronounced elevation changes concentrated along glacier flowlines, with smoother228

transitions in the surrounding areas (Fig. 4d, h, and l). In comparison, other dh/dt datasets (e.g., (Gao et al., 2026) and (Khan229
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et al., 2024)) tend to distribute elevation changes more broadly across glacier catchments rather than concentrating them along230

narrow outlet-glacier pathways. These spatial contrasts are consistent with the PCA results, confirming that total mass change231

and the choice of dh/dt dataset represent the two dominant sources of ensemble variability.232

To further evaluate the spatial variability within the ensemble, we computed the standard deviation of elevation across all233

ensemble members for each reconstruction year (Fig. 5). This metric quantifies the spatial distribution of ensemble spread in234

reconstructed ice-sheet elevation. Across all time slices, the largest variability occurs along the ice-sheet margins (>10 meters in235

many regions), whereas the interior shows comparatively low spread (∼1-3 meters of spread in most of the accumulation zone).236

This pattern reflects the fact that most elevation changes occur along outlet glaciers and coastal sectors, while the interior of the237

ice sheet remains relatively stable. Regions with the largest ensemble spread include eastern Greenland, which is characterized238

by complex topography and numerous marine-terminating glaciers, including major outlet glaciers such as Helheim and many239

others that are shorter and narrower.240

The magnitude of ensemble spread also increases for reconstructions further in time from the two reference DEMs (2007241

and 2015). In particular, the standard deviation along the ice-sheet margins increases from values generally below 1–2 m in242

the 2015 reconstruction to locally more than 10 m in the 1850 reconstruction. This reflects the longer temporal extrapolation243

required to reconstruct earlier states of the ice sheet, which is a consequence of the accumulated errors in the mass change244

input taken from Mankoff et al. (2021). The range between the Minimum and Maximum mass is larger for periods that are245

further away from the reference DEM because the standard deviation of 86 Gt yr−1 is cumulative over the predicted period246

and the reference DEM year. The 2015 reconstruction is approximately 7 years away from its reference DEM (2007), whereas247

the 1850 reconstruction extends 157 or 165 years from the reference elevation dataset, depending on the reference DEM used248

(2007 or 2015). In contrast, the ensemble spread in the interior of the ice sheet remains small and relatively consistent across249

all reconstruction years, indicating that uncertainties in the MD approach primarily affect regions where elevation changes are250

largest.251

3.2 Elevation change through time252

To understand how the GrIS has evolved since the LIA, we analyzed the spatial elevation changes across the entire ice sheet253

and how they translated into total mass change and mass change rates. Figure 6 illustrates the ensemble mean of these changes254

across four periods: 1850–1980, 1980–2007, 2007–2015, and the full 1850–2015 interval. The top row (Fig. 6a–d) displays the255

total elevation change (m), with the cumulative mass loss indicated in millimeters of sea level equivalent (SLE) in the upper256

right of each panel. The bottom row (Fig. 6e–h) shows the elevation change rate (m yr−1) with the the total mass change rate257

(mm SLE yr−1) indicated in the bottom right for the same respective intervals, highlighting the acceleration of ice loss over258

time.259

Figure 6 reveals a significant and accelerating loss of ice mass across the GrIS since the end of the LIA. Panels (a–d)260

show a total cumulative mass loss of 26.8 mm SLE between 1850 and 2015, which occurred in distinct stages: 15.6 mm SLE261

(1850–1980), 5.6 mm SLE (1980–2007), and 5.5 mm SLE (2007–2015). While the majority of the total mass loss (58%)262

occurred during the long historical period before 1980, the rate of loss has intensified dramatically in recent decades, as the263
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Figure 4. Elevation change between 1850 and 2007 plotted according to the input mass change between 1850 and 2007 (Maximum, Median

or Minimum), and source of dh/dt dataset ((Gao et al., 2026), Khan et al. (2024), Zhang et al. (2021) or Nilsson and Gardner (2024)).

12

https://doi.org/10.5194/egusphere-2026-5841
Preprint. Discussion started: 8 October 2026
c© Author(s) 2026. CC BY 4.0 License.



Figure 5. Standard Deviation (STD) of reconstruction ensemble for a) 1850; b) 1980; c) 2007; and d) 2015.

mass loss was distributed over a shorter time span. As shown in panels (e–h), the average mass change rate for the entire period264

was 0.16 mm SLE yr−1, but this rate nearly doubled from 0.12 mm SLE yr−1 (1850–1980) to 0.21 mm SLE yr−1 (1980–2007),265

eventually reaching 0.68 mm SLE yr−1 after 2007. The the rate of mass loss in the most recent interval (0.69 mm SLE yr−1) is266

almost 6 times higher than the pre-1980 rate (0.12 mm SLE yr−1), highlighting a rapid late-century acceleration in Greenland’s267

contribution to global sea level rise.268

The regional distribution of mass loss since the LIA across the seven IMBIE basins is shown in Fig. A5. The proportional269

contribution of each basin remained consistent across time intervals, a result of the assumption that the spatial pattern of270

mass change remains static within the MD approach. Throughout all studied intervals, the Northwest (NW) region was the271

primary contributor to mass loss, accounting for -4.20 mm SLE (1850–1980), -1.32 mm SLE (1980–2007), and -1.43 mm SLE272

(2007–2015). Cumulatively, the NW contributed -7.05 mm SLE, representing 26.3% of the total GrIS mass loss (26.8 mm273

SLE). This was followed by the Southeast (SE) and Central East (CE) regions, which contributed -5.52 mm SLE (20.6%) and274

-3.69 mm SLE (13.8%), respectively. In contrast, the Northeast (NE) region remained relatively stable, representing only 4.1%275

(-1.09 mm SLE) of the total mass loss. Notably, even though there were regions of mass gain, specially in the ice sheet interior276

(Fig. 4), all IMBIE regions experienced a net mass loss over all studied periods.277

3.3 Impact of ice mask on mass change estimations278

A key contribution of this study is the application of time-evolving ice masks for both 1980 and 1850 reconstructions as well279

as the spatially-resolved mass change estimates since the mid-19th century. Because the most significant mass changes occur280

at the ice sheet margins — which have retreated substantially since the LIA — failing to account for these shifting boundaries281

can introduce considerable uncertainty into long-term mass balance estimations. To quantify this effect, we show in Table 3 a282
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Figure 6. Total elevation change in meters between (a) 1850-1980, (b) 1980-2007, (c) 2007-2015 and (d) 1850-2007 is shown in the first

row. Elevation change rate in m yr−1 between (a) 1850-1980, (b) 1980-2007, (c) 2007-2015 and (d) 1850-2007 is shown in the second row.

comparison of mass change estimates that accounted for time-evolving masks against those that had the ice boundary cropped283

to the present-day extent from Rastner et al. (2012), to exemplify the impact of mass change estimates using a static mask from284

the contemporary period. Such comparison highlights the potential bias introduced when using a modern ice sheet geometry285

to represent historical states.286

Table 3 reveals the sensitivity of GrIS mass balance estimates to the choice of ice mask. The discrepancy between the287

two methods is most pronounced during the post-LIA period. Using the time-evolving representative mask, we estimate a288

total mass loss of 5,644.1 Gt (15.6 mm SLE) between 1980-1850. In contrast, the static ESA CCI ice mask (Rastner et al.,289
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Figure 7. Mass change over four time intervals (1850-1980, 1980-2007, 2007-2015 and the full studied period 1850-2015), shown in terms

of mm of sea level equivalent (SLE) over IMBIE basins: Southeast (SE), Central East (CE), Northeast (NE), North (NO), Northwest (NW),

Central West (CW), and Southwest (SW)

Time interval Mass change: Representative ice mask Mass change: CCI ice mask (Rastner et al., 2012) Difference

1850-1980 5,644 Gt / 15.6 mm SLE 4,559 Gt / 12.6 mm SLE 1,085 Gt / 3 mm SLE

1980-2007 2,026 Gt / 5.6 mm SLE 1,881 Gt / 5.2 mm SLE 145 Gt / 0.4 mm SLE

2007-2015 1,990 Gt / 5.5 mm SLE 1,990 Gt / 5.5 mm SLE 0 Gt / 0 mm SLE

1850-2015 9,696 Gt / 26.8 mm SLE 8,285,2 Gt / 22.9 mm SLE 1,411 Gt / 3.9 mm SLE
Table 3. Impact of the ice mask on the estimated mass change. Total mass change between studied time intervals: 1850-1980, 1980-2007,

2007-2015 and 1850-2015 using the respective mask for each year, compared to using the European Space Agency (ESA) Climate Change

Initiative (CCI) ice mask (Rastner et al., 2012).

2012) yields 4,558.7 Gt (12.6 mm SLE). This difference of 1,085.4 Gt (3 mm SLE) indicates that a static contemporary mask290

underestimates early-period mass loss by approximately 19%, likely due to its failure to account for thinning and retreat in291

areas that are currently ice-free but were glaciated in the mid-19th century.292
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The "mask effect" diminishes as the ice sheet geometry approaches the modern state. For the 1980–2007 interval, the293

difference in mass loss estimates reduces to 144.7 Gt (0.4 mm SLE), which corresponds to 7.1% of the estimates using a294

representative mask. By the final period (2007–2015), the estimates from both masks converge completely (0 Gt difference),295

as both 2007 and 2015 reconstructions were based on the same ice mas (i.e., ESA CCI ice mask from (Rastner et al., 2012)).296

That the decrease in the influence of the ice mask could signify that the mass changes after 1980 were more distributed over297

the ice sheet interior, while the mass changes in the 1980-1850 period were more concentrated in the margins. That could be a298

reflection of a dynamic thinning as a response to the 1850-1980 retreat.299

Over the full study period (1850–2015), the integrated mass loss using the time-evolving mask is 9,696.2 Gt (26.8 mm SLE),300

compared to 8,285.2 Gt (22.9 mm SLE) when using the static mask, representing a 14.6% lower estimate. The total difference301

of 1,411.0 Gt (3.9 mm SLE) highlights that accounting for the evolving ice sheet boundary is critical for accurately quantifying302

the long-term contribution of the GrIS to global sea level rise.303

3.4 Case studies: the three primary outlet glaciers in Greenland304

We evaluated the historical thinning and retreat of the three largest outlet glaciers of Greenland: Jakobshavn Isbræ, Helheim,305

and Kangerlussuaq. Together they hold 1.3 m SLE and drain around 12% of the GrIS surface area (Khan et al., 2020). Analyzing306

these three glaciers allows us to investigate different patterns of retreat. Both Helheim and Kangerlussuaq are located along the307

eastern margin of GrIS, while Jakobshavn Isbræ lies on the western margin. Another aspect we can examine is how different308

bedrock geometries influence glacier retreat. Jakobshavn Isbræ and Kangerlussuaq both lie on a retrograde bed slope, which309

can increase their susceptibility to non-linear retreat (Schoof, 2007), whereas Helheim rests on a complex but predominantly310

non-retrograde bed geometry (Khan et al., 2020).311

The historical thinning and retreat of Jakobshavn Isbræ glacier since the LIA is shown in Figure 8, together with elevations312

extracted from a DEM at the LIA trimline (Salmani et al., 2026). The 2007 and 1980 reconstructed profiles demonstrate313

good agreement with available observations (Fig. 8b). The 1980 reconstruction shows the most discrepancy compared to314

observations, specifically an abrupt elevation drop towards the ice front near the boundary of the contemporary mask (Rastner315

et al., 2012) and the region that extends the contemporary mask to the LIA boundary. That transition corresponds to the316

boundary where the dh/dt was extrapolated in the MD approach, as observational data for dh/dt are unavailable over the317

contemporary mask. This sharp transition is a methodological artifact of the interpolation method and the dh/dt source, and318

is less pronounced in the 1850 profile. Jakobshavn Isbræ retreated approximately 25 km between 1850 and 1980, and a further319

12 km between 1980 and 2007 (Fig. 8b). In higher elevation sections along the flowline, the model ensemble mean indicates320

that the glacier thinned ∼350 meters between 1850 and 1980, and further ∼200 meters between 1980 and 2007, amounting321

a cumulative thinning of 550 meters (Fig. 8b). The thinning that occurred before 2015 took place while the ice front was322

positioned over a neutral bed slope, suggesting that these changes were primarily climate-driven rather than dynamically323

driven, in agreement with previous literature that found that warming of subsurface waters was responsible for the retreat of324

Jakobshavn Isbræ in the 1990s (Holland et al., 2008). By 2015, however, the glacier front lay on a retrograde slope that becomes325
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increasingly negative with further retreat, potentially making the glacier more susceptible to accelerated retreat through the326

combined effects of atmospheric/oceanic warming and dynamic instability.327

The reconstructed 1850 elevation at Jakobshavn varies substantially across the ensemble (Fig. 8c). In higher elevations, at328

40 km distance along profile, the spread reaches up to 2,500 meters. The lower bound suggests an ice front positioned 40 km329

inland relative to the reconstructed LIA ice front (Salmani et al., 2026), whereas the upper bound shows elevations reaching330

2,500 m that drop abruptly to 800 m along the flowline near the 1980 front position. While both the upper and lower bounds331

of the ensemble spread include extreme scenarios, they act as boundary constraints that collectively produce an ensemble332

mean profile closely aligned with observational data (Fig. 1c). This suggests that the range captures the structural uncertainty333

inherent in the interpolation across the mask boundaries. These results indicate that the main errors in the reconstructions are334

concentrated around the limits of the contemporary ice sheet boundary due to interpolation errors, or around high elevations335

due to the wider scale of elevation change.336

The historical thinning and retreat of Helheim Glacier since the LIA is shown in Figure 9. Similar to the Jakobshavn Isbræ337

reconstructions, both the 2007 and 1980 profiles show good agreement with observational data (Fig. 9b), successfully capturing338

the characteristic undulations in the elevation profile.The glacier thinned by approximately 200 m between 1850 and 1980,339

followed by an additional 150 m between 1980 and 2007, resulting in a total thinning of 350 m over the study period. The340

ensemble spread, as shown in Figure 9c, exhibits significant variability. In lower elevations, the spread reaches around 1,000341

m (e.g., 400-500 m).342

The historical thinning and retreat of Kangerlussuaq Glacier since the LIA is shown in Figure 10. Consistent with our343

findings for Jakobshavn Isbræ and Helheim, the 1980 and 2015 reconstructed profiles align well with observations over the344

entire profile (Fig. 10).345

Unlike the thinning at Helheim, which is concentrated near the terminus, Kangerlussuaq displays a more sustained, pro-346

gressive thinning across the entire profile length as it retreats (Fig. 10b). Between 1850 and 1980, the glacier thinned by347

approximately 200 m, with an additional 50 m of thinning occurring after 1980, resulting in a cumulative vertical thinning348

of 250 m. The ensemble spread (Fig. 10c) indicates a higher degree of confidence in the mean profile compared to Helheim,349

with the ensemble members clustering more tightly (higher spread of ∼2,500), reflecting a more stable model response for this350

particular flowline geometry. That associated with the lower magnitude of thinning in Helheim.351

4 Discussions352

Our mass-change estimates, derived from the ensemble-mean elevation-change maps, show that the GrIS lost 26.8 mm SLE353

(9,696.2 Gt) between 1850 and 2015, corresponding to a mean loss rate of 0.16 mm SLE yr−1 (57.8 Gt yr−1). The rate354

increased nearly sixfold, from 0.12 mm SLE yr−1 during 1850–1980 to 0.69 mm SLE yr−1 during 2007–2015. Our estimated355

mass loss since the LIA falls within the uncertainty range reported by Kjeldsen et al. (2015) (9,013 ± 2,436 Gt). However, their356

estimate covers 1900–2003, whereas ours covers 1850–2015, reflecting different assumptions regarding the timing and extent357

of the LIA maximum. When evaluated over a comparable period, our estimate would therefore likely fall toward the lower end358
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Figure 8. Cross-section of reconstructed and observed ice elevation for Jakobshavn Isbræ since 1850. (a) Plan view of the glacier surface

elevation; the red line denotes the location of the approximate flowline cross-section used in panels (b) and (c). (b) Reconstructed surface

elevations for 1850 (black solid line), 1980 (grey solid line), and 2015 (blue solid line). Observed elevations for 1980 and 2015 are indicated

by grey and blue dotted lines, respectively. (c) Reconstructed 1850 ice-surface elevations for individual ensemble members (gray) and the

resulting ensemble mean (black), illustrating the ensemble spread along the transect. (d) Red box indicated the location of Jakobshavn Isbræ

relative to the Greenland ice sheet outline. All elevation data are referenced to the WGS84 ellipsoid.

of their uncertainty range. Our estimates also differ slightly from those of Mankoff et al. (2021). Although the mass-change359

estimates of Mankoff et al. (2021) were used to constrain the individual ensemble members, our final values were recalculated360

from the ensemble-mean elevation at each grid cell and therefore do not necessarily reproduce the original constraints exactly.361
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Figure 9. Cross-section of reconstructed and observed ice elevation for Helheim since 1850. (a) Plan view of the glacier surface elevation;

the red line denotes the location of the approximate flowline cross-section used in panels (b) and (c). (b) Reconstructed surface elevations

for 1850 (black solid line), 1980 (grey solid line), and 2015 (blue solid line). Observed elevations for 1980 and 2015 are indicated by grey

and blue dotted lines, respectively. (c) Reconstructed 1850 ice-surface elevations for individual ensemble members (gray) and the resulting

ensemble mean (black), illustrating the ensemble spread along the transect. (d) Red box indicated the location of Helheim relative to the

Greenland ice sheet outline. All elevation data are referenced to the WGS84 ellipsoid.

Accordingly, our results represent a reanalysis of these mass-change estimates rather than an independent estimate and remain362

subject to uncertainties inherited from Mankoff et al. (2021).363

Mass changes are not spatially homogeneous across the ice sheet but instead exhibit pronounced mass loss near the margins364

and modest mass gain in parts of the interior accumulation zone. Interior mass gain may be partly explained by increased365
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Figure 10. Cross-section of reconstructed and observed ice elevation for Kangerlussuaq since 1850. (a) Plan view of the glacier surface

elevation; the red line denotes the location of the approximate flowline cross-section used in panels (b) and (c). (b) Reconstructed surface ele-

vations for 1850 (black solid line), 1980 (grey solid line), and 2015 (blue solid line). Observed elevations for the 1980s and 2015 are indicated

by grey and blue dotted lines, respectively, and are used for validation and evaluation of our reconstruction approach. (c) Reconstructed 1850

ice-surface elevations for individual ensemble members (gray) and the resulting ensemble mean (black), illustrating the ensemble spread

along the transect. (d) Red box indicated the location of Kangerlussuaq relative to the Greenland ice sheet outline. All elevation data are

referenced to the WGS84 ellipsoid.

snowfall associated with oceanic and atmospheric warming (Ettema et al., 2009). Khan et al. (2020) also identified cumulative366

surface-elevation gain in the ice-sheet interior during 2003–2023, although the area experiencing gain was more spatially367

restricted than in our reconstruction for 1850–2015, suggesting that the region of interior thickening has contracted over time.368
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Warming has contrasting effects across the ice sheet: in the ablation zone, a greater fraction of precipitation falls as rain and369

may enhance surface melt, whereas in the accumulation zone, increased snowfall can produce modest mass gain. The resulting370

peripheral thinning and interior thickening may steepen the ice-sheet surface and increase the gravitational driving stress acting371

on outlet glaciers. This increase in surface slope, together with the reduced buttressing provided by floating ice tongues, could372

contribute to outlet-glacier acceleration. However, the loss of buttressing is expected to exert a stronger influence on glacier373

acceleration and the associated increase in ice discharge (King et al., 2020). Changes in ice rheology may partly counteract374

these dynamic effects and can, under some conditions, produce slower velocities in a warmer climate (MacGregor et al.,375

2016). Because the ice-sheet thermal structure adjusts over timescales longer than a few centuries, however, this rheological376

response is unlikely to dominate the changes considered here. These considerations suggest that the LIA ice sheet was generally377

slower-flowing than the present-day ice sheet and that further acceleration may occur in the future, particularly because total378

precipitation, including both snowfall and rainfall, is projected to increase during the twenty-first century (Boberg et al., 2025).379

The magnitude of mass change also varied substantially across regions, reflecting differences in both climatic forcing and380

glacier dynamics across the Greenland Ice Sheet. Most of the mass loss occurred in the NW and SE regions, whereas the NE381

remained relatively stable throughout the study period. These regional patterns can be compared with the retreat estimates of382

Salmani et al. (2026) over similar time intervals. Both our reconstruction and the results of Salmani et al. (2026) indicate that383

the NW experienced the greatest overall ice loss and retreat between 1850 and the 2000s. In their study, the NW exhibited the384

highest retreat rates during all periods except 2000s–2022, when retreat rates in the CE, SE, and NO regions exceeded those in385

the NW by approximately 10 km2 yr−1. In contrast, the NE experienced the smallest cumulative mass loss in our reconstruction,386

yet Salmani et al. (2026) found relatively high retreat rates there during 2000s–2022. This apparent discrepancy likely reflects387

differences in the time periods represented by the two studies. Our spatial pattern of mass change is constrained by satellite-era388

observations spanning approximately 1990–2015, which include the period of increased snowfall and temporary mass gain in389

northeastern Greenland during the 1990s. Consequently, our reconstruction attributes relatively little net mass loss to the NE,390

whereas the retreat analysis captures the subsequent period of accelerated glacier retreat.391

Our results and those of Salmani et al. (2026) highlight the strong spatial and temporal variability of the GrIS mass changes392

makes direct intercomparisons challenging unless the analyses span the same time period. A limitation of our methodology393

is the assumption of a nearly constant spatial pattern of mass change through time. Specifically, the reconstruction relies on394

satellite altimetry-derived dh/dt fields, from which spatial weighting factors are calculated and assumed to remain constant395

throughout the reconstruction period. Consequently, temporal variations in the distribution of mass change that occurred prior396

to the satellite era are not fully represented. We note that, because our reconstruction focuses on centennial-scale changes, it397

is expected to be less sensitive to short-term fluctuations in the spatial distribution of mass change decadal fluctuations these398

spatial patterns.399

In recent decades, the northern regions increased their contribution to total mass change due to a shift in atmospheric400

circulation after 1990, which culminated in the advection of warm, humid air from Baffin Bay toward the ice sheet (Noël401

et al., 2019). The NO and NW regions were particularly affected by this circulation pattern. Concurrently, these large-scale402

atmospheric changes transported cold, dry air toward southern Greenland. This spatial contrast may explain why our results,403
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which rely on post-1990 spatial weights to distribute mass change, underestimate the contribution of southern Greenland to the404

total mass loss over earlier periods. In addition, our results do not resolve the mild mass-gain period around 1960–1990 because405

it is obscured by the net mass loss calculated over the longer periods analyzed here. Evidence of this period is also reflected406

in the reduced retreat rates reported by Salmani et al. (2026) between the 1980s and 2000 in the NE and SE regions, while the407

other regions either remained close to balance or continued to retreat. More generally, the MD approach cannot capture such408

temporal variations in the spatial pattern of mass change.409

Our results improve our understanding of the GrIS response to warming and provide a longer-term context for interpreting410

contemporary changes. Ice sheets were once regarded as relatively static components of the climate system, responding slowly411

to climatic forcing. However, observations of rapid, nonlinear changes have challenged this view, demonstrating that an initial412

climatic perturbation can be amplified by internal feedback mechanisms (Rott et al., 1996; Steiger et al., 2017). Nevertheless,413

considerable uncertainty remains regarding when the GrIS began to decline in response to anthropogenic warming and how414

much mass loss is already committed under the climate conditions experienced to date. The termination of the Little Ice415

Age (LIA) broadly marks the transition from Neoglacial cooling to widespread glacier retreat, but its timing is not precisely416

defined. Some studies place the end of the LIA around 1900 (Kjær et al., 2022), while others suggest that the GrIS did not begin417

experiencing net mass loss until after 1980 (Yang et al., 2022). However, observational evidence indicates that some Greenland418

glaciers began retreating before 1900 (Csatho et al., 2008; Lea et al., 2014), and recent ice-core analysis suggests that warming419

in Greenland began around 1800 CE, although its timing and magnitude varied regionally and seasonally (Hörhold et al., 2023).420

Whether the GrIS began to respond to this warming earlier in the 1800s or later in the late 1990s would reveal how fast421

the ice sheet can respond to the climate. Our estimation that the GrIS lost 15.6 mm SLE (5,644.1 Gt) between 1850-1980,422

suggests that the ice sheet was already losing mass and undergoing significant melt before 1980. The 1850-1980 mass loss423

could have been steady over the entire period, or it could have happened closer to 1980. Since there is evidence of mild cooling424

and re-advance after 1960, it is more likely that such retreat took place between 1850-1960. These events emphasize that the425

ice sheet can respond faster to a climate forcing than previously thought. This sensitivity has contrasting implications under426

different future climate scenarios: sustained warming could promote rapid and potentially irreversible retreat (Gregory et al.,427

2020), whereas a sustained reduction in greenhouse-gas concentrations could slow or reverse the externally forced response,428

allowing natural climate variability to exert a greater influence on ice-sheet change.429

Our reconstructions can be used by the scientific community in different ways. One example is to initialize or validate ice430

sheet models. As there is a large uncertainty on how the ice sheet geometry looked like in the past, many ice sheet models that431

simulate the 19th and 20th centuries are often initialized with the modern geometry or a spun up geometry (Muntjewerf et al.,432

2020), resulting in an non-representative initial ice volume and geometry that can propagate biases throughout the simulation433

(Goelzer et al., 2018). Having an available reconstruction of the GrIS in 1850 will allow for models to accurately represent its434

geometry through time. Another usage of such dataset is to estimate the Glacial Isostatic Adjustment (GIA), as local timing and435

magnitude of the ice load history have a large effect on GIA models, therefore an accurate representation of ice sheet evolution436

in the recent past can help close the sea level budget in the last centuries. For example, Woodroffe et al. (2023) used salt marsh437

sediments combined with GIA modelling to reconstruct the relative sea level of Dronning Marie Dal, a location in southwest438
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of Greenland. After varying the LIA termination from 1900 to 1700, and applying a 30% reduction in the total amount of mass439

lost, the RSL mismatch reduced from 30% (5 mm yr−1 to 3 mm yr−1).440

Our work adds to the previous literature by reconstructing the elevation over the entire ice sheet based on a consistent441

boundary attributed to the end of the LIA (Salmani et al., 2026), while accounting for the mass changes since the LIA that442

occurred beyond the extent of contemporary ice. Previous studies that reconstructed the LIA-present day mass changes in443

Greenland were either limited to the contemporary mask (Kjeldsen et al., 2015), or derived mass changes that accounted for a444

time evolving boundary, but were limited to only a few outlet glaciers (Khan et al., 2020). The consideration of mass changes445

over the present-day mask can have a significant impact on the GIA modelling accuracy, as most of the mass changes are446

concentrated near the margins. That is also important for the ice physics modelling aspect, as the location of the grounding line447

has a major impact on the sensitivity of outlet glaciers to climate. As accurately modelling the grounding line for historical448

simulations depend on a realistic representation of the historical ice sheet ice surface elevation, our product can potentially aid449

in improving the accuracy of ice sheet models.450

5 Conclusions451

We reconstructed the Greenland-wide ice surface elevation in 1850 and 1980 based on reconstructed and observation-based452

ice masks for both periods (Salmani et al., 2026). We conceptualized and applied the MD approach, which combines available453

estimations of the total mass change since 1850 with spatial mass change patterns from satellite observations to build an454

ensemble of ice elevation distribution in the studied periods. We then validated and evaluated our reconstructions by comparing455

estimations with available DEMs, and applied our methodology to assess the mass changes between 1850-2015, as well as456

further investigate the retreat of the three major Greenlandic glaciers: Jakobshavn Isbræ, Kangerlussuaq and Helheim.457

We found that using the actual 1850 ice sheet extent, as opposed to using the contemporary extent for 1850, increased the458

1850-12015 mass change estimate by 20%. This highlights the importance of ice sheet extent choice when estimating ice mass459

change.. The results were evaluated and validated against observations, showing a good representation of spatial patterns for460

the elevation distribution. The MD approach enabled the construction of an ensemble of 127 members, capturing a wide range461

of uncertainties in our estimates.462

We assessed mass changes in Greenland since 1850, and found that ice thinning rates during 2007-2015 were nearly 6463

times greater than during the 1850-1980 period, reflecting an accelerating response to warming. These results further indicate464

that the long-term decline of the GrIS likely initiated prior to 1960, suggesting that the ice sheet varies largely in phase with465

climatic fluctuations and can respond to climate forcing more rapidly than previously thought. These findings have important466

implications for the future evolution of the ice sheet and its contribution to sea level rise. Under sustained warming, the ice sheet467

could approach an irreversible retreat more rapidly than anticipated. Conversely, under reduced greenhouse gas concentrations,468

the ice sheet may remain responsive to natural climate variability, potentially avoiding major increases in sea level contribution.469

Our product, freely and openly available to the scientific community, provides a valuable resource for the GIA and ice sheet470

modelling communities to improve estimates of sea level change and ice sheet evolution.471
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Code availability. The code developed for and used in this study will be made publicly available in a suitable repository upon publication of472

the manuscript.473

Data availability. The datasets generated in this study will be made publicly available in a suitable repository upon publication of the474

manuscript.475

Appendix A476

Figure A1. Estimated Greenland ice sheet mass balance from 1840-2025 (black solid lines), with its respective upper and lower uncertainty

boundaries (blue and red dashed lines, respectively).
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Figure A2. Taylor Diagram showing the performance of the 1980 ensemble of ice surface elevation reconstruction against the 1980 AERO-

DEM (Korsgaard et al., 2016), marked by the black X. The diagram marked the Correlation Coefficient, the ratio between modelled and

observed standard deviation (σ/σobs), and root mean square error (RMSE). Colored circles are the ensemble members, and the gray triangle

is the ensemble mean.
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Figure A3. Percentage of variance explained by the first 10 principal components (blue bars) and the corresponding cumulative explained

variance (black line) from the principal component analysis (PCA) of the ensemble of reconstructed Greenland ice sheet surface elevations

in 1850.
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