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Abstract:

Mittivakkat Gletsjer (MIT) has the longest glaciological surface mass 
balance (SMB) record of any peripheral glacier in Greenland. In this 
study, we utilize the glaciological SMB record, calibrate SMB from the 
Regional Atmospheric Climate Model (RACMO), and calculate geodetic 
mass balance (MB) to provide a multi-methodic assessment of trends in 
SMB. Glaciological SMB and modelled SMB correlate well (r = 0.80, p < 
0.01) and all three methods agree on an accelerating mass loss. The 
modelled output shows that mass loss more than tripled from -0.26 ± 
0.40 m w.e. a-1 on average in 1959-92 to -0.91 ± 0.40 m w.e. a-1 in 
1993-2024, coinciding with an annual mean temperature increase from -
1.6°C to -0.1°C for the respective periods. The modelled SMB extending 
back to 1959 shows that mass loss is linked to increasing air 
temperatures and decreasing winter precipitation. Our findings highlight: 
(I) Calibrating SMB from RACMO allows for reconstructing mass changes 
on the scale of individual glaciers. (II) MIT is out of balance with the 
current climate and experienced a change in mass balance during the 
1990s, similar to that observed in the Greenland periphery.
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13 ABSTRACT
14 Mittivakkat Gletsjer (MIT) has the longest glaciological surface mass balance (SMB) record of any 
15 peripheral glacier in Greenland. In this study, we utilize the glaciological SMB record, calibrate SMB 
16 from the Regional Atmospheric Climate Model (RACMO), and calculate geodetic mass balance (MB) 
17 to provide a multi-methodic assessment of trends in SMB. Glaciological SMB and modelled SMB 
18 correlate well (r = 0.80, p < 0.01) and all three methods agree on an accelerating mass loss. The 
19 modelled output shows that mass loss more than tripled from -0.26 ± 0.40 m w.e. a-1 on average in 
20 1959-92 to -0.91 ± 0.40 m w.e. a-1 in 1993-2024, coinciding with an annual mean temperature increase 
21 from -1.6°C to -0.1°C for the respective periods. The modelled SMB extending back to 1959 shows 
22 that mass loss is linked to increasing air temperatures and decreasing winter precipitation. Our 
23 findings highlight: (I) Calibrating SMB from RACMO allows for reconstructing mass changes on the 
24 scale of individual glaciers. (II) MIT is out of balance with the current climate and experienced a 
25 change in mass balance during the 1990s, similar to that observed in the Greenland periphery.

26 1. INTRODUCTION
27 Glacier mass change is directly linked to atmospheric and ice surface processes. Projecting glacier 
28 response to future climate change is of great importance to assess their contribution to sea level rise, 
29 glacier-related hazards, and environmental impacts. Glacier mass loss affects local hydrology and 
30 downstream ecosystems as mass is generally lost through meltwater runoff (Kaser and others, 2003). 
31 Globally, the great majority of Greenland peripheral glaciers and ice caps (GICs) have been losing 
32 mass in the last decades (Hugonnet and others, 2021; Dussailant and others, 2025), translating to a 
33 global mean sea level rise estimate of 17.1 ± 4.4 mm during 1993-2019, and they will continue to do 
34 so as a result of climate warming (IPCC, 2021,2022). Since 1979, annual mean air temperatures in the 
35 Arctic (66.5-90 °N) have increased nearly four times faster than the global average (Rantanen and 
36 others, 2022).  Glaciers across the Arctic have shown to contribute to global sea level rise in the same 
37 magnitude as the Greenland Ice Sheet (GrIS), while their specific (per unit area) mass loss was larger 
38 (Box and others, 2018). Peripheral glaciers in Greenland contributed 13 % to the global glacier mass 
39 loss between 2000-19 (Hugonnet and others, 2021) and have shown largest mass losses when 
40 compared to other Arctic glaciers during 2006-15 (IPCC, 2019). In Greenland, both summer and winter 
41 mean temperatures increased significantly between 1991 and 2019 (Hanna and others, 2021), 

Page 2 of 30

Cambridge University Press

Journal of Glaciology



For Peer Review

2

42 coinciding with accelerating mass loss of Greenland glaciers in recent decades (Carrivick and others, 
43 2023; Khan and others, 2022; Larocca and others, 2023; The GlaMBIE Team, 2025).

44 Mittivakkat Gletsjer (MIT) is a peripheral glacier located in southeast Greenland (Fig. 1). It has 
45 exhibited a significant glacier frontal retreat and surface lowering since the 1930s (Knudsen and 
46 Hasholt, 2008). Climate-forced changes in the glacier area and volume of MIT are well-documented 
47 (Knudsen and Hasholt, 1999; Mernild and others, 2011) and several studies have focused on its mass 
48 evolution since the initiation of the glaciological mass balance program in 1995 (i.e., Knudsen and 
49 Hasholt, 1999, 2004, 2008; Mernild and others, 2008a, 2008b, 2011, 2013a, 2013b, 2018; Yde and 
50 others, 2014). Since 1995, most of the years documented in the glaciological mass balance record 
51 have shown net mass losses (WGMS, 2025) and MIT is expected to continue losing mass in the future 
52 (Mernild and others, 2011).

53 With a high-quality SMB time series of several decades that is the longest for any peripheral glaciers 
54 in Greenland, we can showcase several relevant scientific avenues: I) Using regional climate model 
55 outputs, we can assess the potential of reproducing mass balance variability for unmeasured areas. 
56 II) Provided this is successful, we can extend the time series to the past and use selected historical 
57 elevation models for validation. III) Using our reconstructed mass balance series, we can identify 
58 drivers of mass changes and relate them to circulation anomalies. In that respect, this study aims to 
59 compare glaciological, modelled, and geodetic data to evaluate trends in the mass balance of MIT 
60 during the period 1959-2024. To reconcile mass changes on MIT across different data sources, we 
61 utilize the ablation and accumulation stake records (glaciological surface mass balance), estimates 
62 from the Regional Atmospheric Climate Model (RACMO2.3p2) (modelled surface mass balance) 
63 statistically downscaled to 1 km resolution, and mass losses estimate from volume changes derived 
64 from digital elevation models (DEMs) using a density conversion (geodetic mass balance). The 
65 agreement and magnitude of the mass balances independently estimated by the three methods are 
66 compared and trends in MIT mass changes are discussed based on climate indices and previous 
67 studies.

68 2. STUDY AREA
69 Mittivakkat Gletsjer is a temperate glacier (Knudsen and Hasholt, 1999) on the island Ammassalik Ø 
70 in south-east Greenland located approximately at 65.70 °N and 37.80 °W (Fig. 1). The volume of MIT 
71 was about 1.44 km3 in 2012 (Yde and others, 2014) and the surface area roughly covered 16 km2 in 
72 summer 2023. The glacier is situated about 50 km east of the eastern GrIS margin, separated from 
73 the mainland by the 10-15 km wide Sermilik Fjord, and approximately 15 km northwest of the town 
74 Tasiilaq. In 2023, the altitudinal extent of the glacier ranged from 160 m a.s.l. to 930 m a.s.l. and the 
75 mean surface slope was estimated at 5.9° in 2011 (Mernild and others, 2018). The main part of the 
76 glacier flows towards the west, while towards the south and east it is constrained by mountain ridges. 
77 The northern glacier margin mainly consists of several protruding. The glacier bedrock consists of 
78 granite-gneiss (Bridgwater, 1976) and unconsolidated subglacial sediments that are only observed 
79 sporadically along the ice margin. The area is characterized by a Low Arctic tundra climate, 
80 representing a relatively humid part of Greenland (Mernild and others, 2015a). Climatological data 
81 for 1991-2020 from the meteorological station in Tasiilaq reported by Capellen and Jensen (2021) 
82 shows that the mean annual air temperature is -0.3 °C (Hansche and others, 2023), while the mean 
83 annual wind speed reported by Station Coast in MIT vicinity is approximately 4 m s-1 (Mernild and 
84 others, 2006a; Mernild and others, 2008b).
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85
86 Fig. 1. Overview map of the Mittivakkat Gletsjer (MIT). Elevation contours in 100 m-intervals are derived from the Pléiades 
87 DEM in 2023. The MIT outlines used for the geodetic mass balance are digitized from orthoimages of the AERODEM 
88 (Korsgaard and others, 2016a) and Pléiades DEM and from Landsat 7 imagery (USGS, 2024) acquired on 20130803. 
89 Locations are shown for mass balance stakes which are currently utilized within the glaciological mass balance programme. 
90 The fixed RACMO coverage (purple) corresponds to the uncalibrated model output. The calibrated model output is based 
91 on the fixed RACMO coverage and the calibrated coverage for 200-300 m a.s.l. and <200 m a.s.l. The RACMO glacier mask 
92 area for 200-300 m a.s.l. is decreased by 0.03 km2 a-1 from 1959-2024 to account for the glacier retreat (see Methods 
93 section). Background image: S2 scene from 20230915 (ESA 2025). Overview map: Greenland outline from QGreenland 
94 (2024), modified from Natural Earth (2024).

95 3. RESEARCH HISTORY
96 Mittivakkat Gletsjer is one of Greenland’s most intensively studied glaciers. Since 1933, MIT has been 
97 observed at irregular intervals by means of field observations, aerial photography, and satellite 
98 imagery (Hasholt and Jakobsen, 2013; Mernild and others, 2015b). Based on the earliest scientific 
99 glacier work on MIT in that year, conducted by the geologist Keld Milthers, it was picked as one of the 

100 Danish focus sites for Arctic research during the International Geophysical Year (IGY) 1957/58 
101 (Fristrup, 1970). The first mass change studies were conducted by Fristrup (1960), showing that the 
102 glacier retreated since 1933 (Fristrup, 1970; Hasholt and others, 2016). Since then, MIT and the 
103 surrounding landscape have been photographed and changes of glacier extent are well-documented 
104 (e.g., Knudsen and Hasholt, 1999; Mernild and others, 2011). Historical topographic maps have been 
105 issued based on photogrammetric surveys conducted in 1933, 1972, and 1981 (Hasholt, 1986; 1987). 
106 The glacier retreat has been most pronounced along the western and northern margins (Knudsen 
107 and Hasholt, 1999). Until about 1969, the glacier mainly retreated across a flat alluvial plain and then 
108 up through steep and narrow gorges (Knudsen and Hasholt, 2008). The retreat of the terminus has 
109 been influenced by the transition from valley to peak topography as the terminus has moved inland 

Page 4 of 30

Cambridge University Press

Journal of Glaciology



For Peer Review

4

110 from the fjord, by climate variability, and by ice dynamic processes (Mernild and others, 2011). 
111 Volume and ice thickness estimates and their change rates have been determined by two radar 
112 surveys in 1994 and 2012 (Knudsen and Hasholt, 1999; Yde and others, 2014). 

113 As a result of harsh climate conditions and logistical difficulties, few reliable long-term observations 
114 of mass loss and glacier retreat are available for Greenland’s peripheral glaciers. In 1995, the current 
115 glaciological SMB program at MIT was initiated by Niels Tvis Knudsen and later continued by Simon 
116 de Villiers (Mernild and others, 2011). Before the initiation of the SMB program, mass changes were 
117 estimated from photogrammetric and topographic surveys and maps (Knudsen and Hasholt, 2004, 
118 2008). More recently, geodetic mass balance for Greenland’s peripheral glaciers, including MIT, have 
119 been estimated using space-borne digital elevation models (Hugonnet and others, 2021; Dussailant 
120 and others, 2025). Since 2009, an automated weather station (AWS) located at 65.69 °N, 37.83 °W, 
121 440 m a.s.l. (PROMICE/GC-NET, 2024) records surface ablation and meteorological conditions. The 
122 AWS is located below the long-term equilibrium line altitude (ELA), resulting on average in a negative 
123 specific net mass balance at the AWS site (Fausto and others, 2020). Since the early 2000s, about 20 
124 studies have been discussing mass balance at MIT. Knudsen and others (2008) discussed MIT retreat 
125 based on radiocarbon dating of reindeer and polar bear remains, and peat material. Mernild and 
126 others (2015) focused on albedo at the MIT surface, which exhibits mainly windblown sediment and 
127 englacially transported debris. They found that glacier-wide albedo has been declining between 2000 
128 and 2013.  Other studies, focused on snow melt simulations, discharge, and internal drainage 
129 systems, addressed the MIT drainage system efficiency and found increasing runoff and discharge 
130 quantities (Mernild, 2006; Mernild and Hasholt, 2006; Mernild and others, 2006a, 2006b). Studies on 
131 the MIT area climate have been using meteorological data from the AWS installed on the glacier as 
132 part of the PROMICE/GC-NET (2024) network (Fig. 1), two periglacial AWSs in the glacier vicinity, and 
133 one AWS located in Tasiilaq. The two periglacial stations, i.e., Nunatak (65.710 °N, 37.812 °W, 515 m 
134 a.s.l.) and Coast (65.680 °N, 37.917 °W, 25 m a.s.l.), recorded meteorological conditions since 1993 
135 and 1997, respectively, and showed increasing air temperatures (Mernild and others, 2008a, 2008c). 

136 4. DATA
137 4.1 Mass balance stake record
138 To estimate glaciological SMB and calibrate our model, we utilize annual specific and elevation-band 
139 SMB compiled in the Fluctuation of Glacier Database Version 2024 (WGMS, 2025). Fig. 1 shows the 
140 locations of mass balance stakes at MIT, which are currently, or were until recently, part of the 
141 glaciological SMB program. The number of stakes varies with time and has been reduced after about 
142 2011 (Mernild and others, 2013a), partly due to glacier retreat. The mass balance stakes cover major 
143 parts of the ablation area and the northern parts of the accumulation area. Due to a high density of 
144 crevasses in the south-eastern part of the glacier, no stakes were installed for the mass balance 
145 program there. 

146 4.2 Regional Atmospheric Climate Model
147 We utilize monthly cumulative modeled SMB from the Regional Atmospheric Climate Model (RACMO) 
148 covering the Mittivakkat region from January 1958 to December 2024 (Noël and others, 2019). 
149 RACMO is a regional atmospheric climate model forced by meteorological reanalysis data (van 
150 Meijgaard and others, 2008). The current operational version RACMO2.3p2 – for simplicity, hereafter 
151 referred to as ‘RACMO’ – is an adapted version for high latitudes with a spatial resolution of 5.5 km.  
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152 The dynamical core of the High-Resolution Limited Area Model (HIRLAM) (Undèn and others, 2002) 
153 and the physics package cycle CY33r1 of the European Centre for Medium-Range Weather Forecasts 
154 Integrated Forecast System (ECMWF-IFS, 2008) are incorporated in RACMO. A multilayer snow 
155 module that simulates melting, liquid-water percolation and retention, refreezing, and runoff (Ettema 
156 and others, 2010) is included. Dry snow densification (Ligtenberg and others, 2011) and drifting snow 
157 erosion and sublimation (Lenaerts and others, 2012) are accounted for. An albedo scheme calculating 
158 snow albedo based on prognostic snow grain size, cloud optical thickness, solar zenith angle, and 
159 impurity concentration in snow (Kuipers Munneke and others, 2011) is included (Noël and others, 
160 2018).

161 In the model, melt energy flux is estimated by closing the surface energy budget. Consequently, SMB 
162 is estimated from precipitation, sublimation from drifting snow and surface processes, erosion from 
163 drifting snow, and runoff (Noël and others, 2018). RACMO is evaluated against 37 AWSs on and 
164 around the GrIS, including the supraglacial Mittivakkat AWS, and is shown to realistically represent 
165 near-surface temperature, specific humidity, wind speed and air pressure (0.73 < R2 < 0.98), and cloud 
166 conditions through shortwave and longwave radiation components (0.85 < R2 < 0.96) (Noël and others 
167 2019). This translates to biases of 0.14 °C for daily mean air temperatures at 2 m, -0.11 g kg-1 for 
168 specific humidity, and 4.3 W m-2 and -7.8 W m-2 for shortwave and longwave radiation, respectively. 
169 Modeled SMB has been evaluated using mass balance stake measurements at 182 sites in the 
170 accumulation zone and 1073 stake measurements at 213 sites in the ablation zone of the GrIS and 
171 shows good agreement (R2 = 0.78) (Noël and others 2019). The data we use have been statistically 
172 downscaled to 1 km resolution. This high resolution is essential to resolve the narrow ablation zone 
173 and marginal glacier tongues in sufficient detail (Noël and others, 2019). The RACMO simulations 
174 used in this study have been forced with reanalysis data from ERA40 (ECMWF, 2024a) for 1958-78, 
175 ERA-Interim (ECMWF, 2024b) for 1979-89, and ERA5 (ECMWF, 2024c) for 1990-2024.

176 4.3 Digital elevation models
177 4.3.1 AERODEM
178 AERODEM (Korsgaard and others, 2016a) is a 25 x 25 m gridded DEM including a 2 m resolution 
179 orthophotograph derived from approximately 3500 vertical photographs acquired from 1978-87 that 
180 cover the coastal regions of Greenland and a significant part of the GrIS margin. The product is based 
181 on aero-triangulation and validated as described in Kjeldsen and others (2015) following co-
182 registration methods described in Kääb and others (2005) and Nuth and Kääb (2011) (Korsgaard and 
183 others, 2016b). In this study, we utilize the data product of the section UTM 24N. The aerial images 
184 which serve as basis for the DEM and orthophotograph in the Mittivakkat area were acquired in 1981. 
185 The DEM shows to be accurate to 10 m horizontally and 6 m vertically (Korsgaard and others, 2016a). 

186 4.3.2 ArcticDEM
187 ArcticDEM (Porter and others, 2018) is a high-resolution and high-quality DEM of the Arctic using 
188 optical stereo imagery, high-performance computing, and open-source photogrammetry software. It 
189 is based on imagery from the high-resolution Maxar (2024) satellite systems including WorldView-1, 
190 WorldView-2, and WorldView-3, and GeoEye-1, acquired over the summer seasons between 2007 and 
191 2022. ArcticDEM is produced from processed stereoscopic images using the Surface Extraction by 
192 TIN-based Search Space Minimization (SETSM) method (Noh and Howat, 2015). The coverage of 
193 ArcticDEM includes land areas north of 60 °N and the entirety of Greenland. In this study, we utilize 
194 ArcticDEM strip data from 20130730. The absolute accuracy of ArcticDEM is evaluated by the SETSM 
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195 method (Noh and Howat, 2015) and is approximately 4 m in horizontal and vertical directions (PGC, 
196 2024). 

197 4.3.3 Pléiades DEM
198 The Pléiades satellite mission, launched in 2011/12, acquires high-resolution imagery in a sun-
199 synchronous orbit at an altitude of 694 km (CNES, 2024a). In this study, we utilize the Pléiades product 
200 including DEMs and orthoimages from 20230809 and 20230810. The DEMs and orthoimages have 
201 been generated from Pléiades images using the NASA Ames Stereo Pipeline (ASP) (Beyer and others, 
202 2018). The set of processing parameters used for DEM generation based on semi-global matching 
203 are from Deschamps-Berger and others (2020). The DEMs and orthoimages are co-registered to the 
204 GLO-30 DEM (ESA, 2024) using the ‘demcoreg’ tool (Shean and others, 2021). Pléiades DEMs, which 
205 have been computed without ground control points (GCPs), exhibit vertical and horizontal 
206 inaccuracies of ± 5-10 m (Berthier and others, 2024). 

207 4.4 Meteorological observations
208 We use 2 m air temperature and accumulated precipitation data from the station Tasiilaq to relate 
209 the SMB evolution to the temperature and precipitations trend since 1958. The Tasiilaq weather 
210 station is approximately 15 km southeast of MIT and the data is provided by the Danish 
211 Meteorological Institute (DMI, 2026).

212 4.5 Climate indices
213 We utilize data of the North Atlantic Oscillation (NAO) (Barnston and Livezey, 1987), Greenland 
214 Blocking Index (GBI) (Hanna and others, 2016), Atlantic Multi-decadal Oscillation (AMO) (Enfield and 
215 others, 2001), and sea surface temperature (SST) anomaly (Kaplan and others, 1998) for the period 
216 1959-2022 to identify links with MIT surface mass balance on a larger scale. The NAO index and GBI 
217 are annual index values for the summer months June-August and the AMO index and SST anomalies 
218 represent standardized annual temperature anomalies (NOAA CPC, 2024; NOAA PSL, 2024a, 2024b, 
219 2024c). While the AMO index represents the SST variability across the North Atlantic Ocean, we also 
220 utilize local SST anomaly data derived from a grid cell in the vicinity of Ammassalik Island that is 
221 closest to MIT (Fig. S1).

222 Negative NAO index values are caused by the weakening of the pressure gradient between the Azores 
223 High and the Icelandic Low and are typically associated with higher temperatures over Greenland 
224 leading to increased summer melt. In contrast, positive NAO index values are associated with 
225 reinforced westerlies, storm track activity, and lower temperatures over Greenland (Bjørk and others, 
226 2018, Silva and others, 2022). GBI represents the mean 500 hPa geopotential height for the 60-80 °N, 
227 20-80 °W region (Hanna and others, 2016) and is strongly correlated with surface air temperature 
228 data from coastal Greenland and GrIS runoff since the 1970s, making it a potentially useful predictor 
229 of GrIS mass balance changes (Hanna and others, 2012). AMO is the leading low-frequency (multi-
230 decadal) mode of sea surface temperature computed as area weighted averages over the North 
231 Atlantic (0-70 °N) (Hanna and others, 2012; NOAA PSL, 2024b) and is significantly correlated with 
232 Greenland temperatures and GrIS runoff (Hanna and others, 2012). 
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233 5. METHODS
234 5.1 Glaciological surface mass balance
235 The uncertainty in annual glacier-wide mass balance from the glaciological record of MIT has been 
236 estimated to ± 15 % (Mernild and others, 2011). Using this measure, uncertainties in annual mass 
237 balance over the period 1996-2024 vary between ± 0.06 and ± 0.32 m w.e. annually, with a median 
238 value of ± 0.18 m w.e. Huss and others (2017) estimate that uncertainties in annual mass balance for 
239 glaciers in the Swiss Alps range from ± 0.15 to ± 0.40 m w.e. Further, they consider the uncertainty to 
240 be close to the lower bound of this range for glaciers with a dense network of stake measurements. 
241 Therefore, we assume the uncertainty in the annual glacier-wide mass balance at MIT to be of similar 
242 magnitude and assign a fixed value of ± 0.32 m w.e., corresponding to the largest uncertainty as 
243 estimated by Mernild and others (2011).

244 5.2 Modelled surface mass balance
245 We tested different configurations combining several mass‑balance year definitions (Jan–Dec, Sep–
246 Aug, and Oct–Sep) and RACMO grid‑cell coverages (Fig. S2) for MIT, and compared the resulting 
247 annual specific SMB estimates for 1996–2024 with the glaciological record. For our analysis, we 
248 selected the Sep-Aug mass‑balance year from RACMO, as it aligns with the period used in the 
249 glaciological data. Furthermore, we found that using a minimal grid cell coverage over the glacier (Fig. 
250 S2d), corresponding to the RACMO coverage shown in Fig. 1, yielded the strongest relationship (R2 = 
251 0.82, p <  0.01) with the glaciological record. This configuration, however, underestimates the glacier-
252 wide mass loss by approximately 39 % for 1996-2024. RACMO uses a fixed glacier mask at 1 × 1 km 
253 resolution and only partially covers MIT. The fixed glacier mask ignores past glacier extents at low 
254 elevations where the terminus has retreated several kilometers over the last decades. This 
255 introduces a significant bias in glacier-wide modelled SMB estimates. As a result, temporal changes 
256 in glacier area must be introduced via additional ice-mask adjustments. In this study, we therefore 
257 present two modelled SMB outputs following the workflow shown in Fig. 2: (I) Uncalibrated modelled 
258 SMB, which corresponds to the fixed spatial model coverage (Fig. 1) that covers an elevation range 
259 between 300 m a.s.l. and >800 m a.s.l. (II) Calibrated modelled SMB, which accounts for glacier surface 
260 area changes by expanding the modelled area at the lower ablation zone based on observed glacier 
261 change rates (Fig. 1). As the area reconstruction includes elevations that are lower and outside the 
262 fixed glacier mask domain, SMB for elevations <300 m a.s.l. are estimated by following method: 

263 (I) We use polynomial regression to relate SMB in the two lowest elevation bands (<200 m a.s.l. and 
264 200-300 m a.s.l.) to SMB in the higher elevation bands (300-400, 400-500, 500-600, 600-700, and 
265 >800 m a.s.l.) using the glaciological elevation-band record. The period 1996-2010 serves as training 
266 data (n = 15), and 2011-2024 as validation data (n = 12). SMB in the <200 m (𝑏1) and 200–300 m (𝑏2) 
267 elevation bands are estimated using Eq. (1) and Eq. (2),

268 𝑏1 = 1.53 𝑏3 ―0.91 𝑏4 ―1.70 𝑏5 +2.25 𝑏6 +0.45 𝑏7 ―0.42 𝑏8 ―1.92 Eq. (1)

269 𝑏2 = 1.70 𝑏3 ―0.96 𝑏4 ―0.94 𝑏5 +1.57 𝑏6 +0.02 𝑏7 ―0.35 𝑏8 ―0.70 Eq. (2)

270 where 𝑏3, 𝑏4, 𝑏5, 𝑏6, 𝑏7, and 𝑏8 correspond to the 100 m-elevation bands of the glaciological SMB 
271 between 300-700 and >800 m a.s.l., respectively. The relationships shown in Eq. (1) and Eq. (2) show 
272 strong correlations (R2 = 0.93 and R2 = 0.98, respectively) and in both cases 𝑏3 proves to be the 
273 significant predictor (p = 0.05 and p < 0.01, respectively). Comparison of predicted 𝑏1 and 𝑏2 during 
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274 the validation period demonstrates that SMB in the lowest elevation bands can be reliably inferred 
275 from SMB at higher elevations (R² = 0.60, p < 0.01 and R² = 0.88, p < 0.01, respectively). (II) We use the 
276 relationships derived from the glaciological record on the RACMO output, taking the model’s 
277 higher‑elevation band SMB (300-400, 400-500, 500-600, 600-700, and >800 m a.s.l.) as inputs to 
278 predict modelled SMB in the <200 m and 200–300 m bands. (III) We add two 500 m × 1 km grid cells 
279 to the RACMO domain, based on visual inspection of the 2023 glacier outline, to account for the 
280 today’s (2023) glacier surface area. This added coverage corresponds to SMB in the 200-300 m a.s.l. 
281 elevation band. To account for glacier surface‑area changes in the reconstructed SMB series back to 
282 1959 beyond that reconstructed 2023 margin, we assume that SMB at <200 m a.s.l. represents the 
283 retreating MIT tongue as the today’s pro-glacial terrain exhibits negligible elevation changes. Glacier 
284 area loss between 1981 and 2022, derived from AERODEM and Pléiades orthophotos, amounts to 
285 1.30 km². We expand the model domain by growing the <200 m SMB area coverage by 0.03 km² yr⁻¹, 
286 corresponding to a total area loss of 2.04 km² since 1959. A conceptual illustration of the added 
287 RACMO coverage is shown in Fig. 1.

288

289 Fig. 2. Flowchart showing the processing steps for the modelled SMB estimates from RACMO. The two outputs in this study 
290 consist of the uncalibrated modelled SMB which uses the fixed glacier mask of the initial RACMO coverage and the 
291 calibrated modelled SMB which accounts for former glacier extents and estimates SMB at low elevations from SMB at higher 
292 elevation bands.
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293 In addition to the ice-mask adjustment for the model output in the lower ablation area, we tested the 
294 sensitivity of modelled estimates to adjusting the higher‑elevation SMB grid‑cell coverage to match 
295 the digitized outlines. Calibrating the SMB coverage in these elevation bands (300-400, 400-500, 500-
296 600, 700-800, and >800 m a.s.l.) did not significantly affect the resulting specific SMB (p > 0.05). We 
297 therefore chose not to apply area calibrations in these sections. RACMO SMB estimates have an 
298 uncertainty of ±0.40 m w.e., based on evaluation against stake measurements across the GrIS (Noël 
299 et al., 2019), and we adopt this uncertainty for both the uncalibrated and calibrated RACMO SMB 
300 used in this study.

301 5.3 Geodetic mass balance
302 To estimate the geodetic mass balance at MIT, we use DEM products from AERODEM, ArcticDEM, and 
303 Pléiades corresponding to the acquisition years 1981, 2013, and 2023. The DEMs are spaced by at 
304 least one decade, which is recommended to enhance the climatic signal, minimize short‑term 
305 elevation variability driven by seasonal or interannual meteorological conditions, and reduce 
306 uncertainties introduced by the volume‑to‑mass conversion (Huss, 2013; Zemp et al., 2013; Berthier 
307 et al., 2023). Pre‑processing of the DEMs includes mosaicking, reprojection, resampling, and 
308 co‑registration. We neglect the influence of snow cover in the ArcticDEM and Pléiades DEMs because 
309 both scenes were acquired during summer and contain little to no periglacial snow. In the AERODEM, 
310 approximately 60 % of the glacier surface elevations are interpolated due to low radiometric contrast 
311 over the high‑elevation snow‑covered areas (Korsgaard et al., 2016b). The workflow of the geodetic 
312 MB is shown in Fig. 3.
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313

314 Fig. 3. Flowchart showing the processing steps for the geodetic MB estimates from AERODEM, ArcticDEM, and Pléiades 
315 DEM. Geodetic MB is estimated from volume changes calculated from the x-y-z-coregistrated DEMs and an assumed density 
316 conversion.
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317 We co‑register the DEMs in both the horizontal and vertical directions. For the horizontal 
318 co‑registration, we use the demcompare algorithm (CNES, 2024b), which is based on Nuth and Kääb 
319 (2011), with the Pléiades DEM serving as the reference. Stable terrain is defined as all areas excluding 
320 ice, snow, and water, identified using the SWIR/red ratio of Sentinel‑2 bands B11/B4 from the scene 
321 acquired on 2016‑09‑11, following the method of Paul et al. (2016). To account for temporal variations 
322 in water levels and ice extents, we apply a 500 m buffer around these excluded areas (Fig. S3). After 
323 horizontal (x–y) co‑registration, we compute vertical differences over stable terrain and apply the 
324 modal offset as a vertical correction (Δz‑correction). This results in vertical adjustments of 4.5 m for 
325 AERODEM and 3.7 m for ArcticDEM (Fig. S4, S5), aligning both datasets with the Pléiades DEM.

326 We manually digitized the glacier surface areas used for estimating geodetic mass balance from 
327 Pléiades and AERODEM orthoimagery, as well as from Landsat 7 imagery acquired on 2013‑08‑03 
328 corresponding to the 2013 ArcticDEM (Fig. 1). As MIT is embedded within a larger glacier complex, we 
329 delineated its boundaries at the ice divides by interpreting elevation contours from the DEMs (Fig. S6). 
330 Following Zemp and others (2013), we estimate mass balance 𝐵𝑔𝑒𝑜𝑑 (m3 w.e.) from differencing two 
331 DEMs multiplied by the ratio of an assumed glacier-wide density 𝜌 (kg m-3) and density of water 𝜌𝑤 
332 (kg m-3) as shown in Eq. (3),

333 𝐵𝑔𝑒𝑜𝑑 = 𝜌
𝜌𝑤

𝑟2∑𝐾
𝑘=1 ∆ℎ𝑘 = 𝜌∆𝑉 Eq. (3)

334 where 𝜌𝑤 is the density of water, 𝐾 is the number of pixels covering the glacier at the maximum 
335 extent, ∆ℎ𝑘 is the elevation difference between the two grids at pixel 𝑘, and 𝑟 is the pixel length (Zemp 
336 and others, 2013). Note that for calculating with 𝐾, ∆ℎ𝑘, 𝑘, and 𝑟, we resampled the three DEMs to a 
337 common geometric resolution. We convert volume change to mass change assuming a widely used 
338 density conversion of 𝜌 = 850 kg m−3 (Huss, 2013). This is done for the MB period 2014-2023 using 
339 the ArcticDEM and Pléiades DEM since they show a comprehensive coverage of the glacier surface.

340 Due to the low reliability of AERODEM over approximately 60 % of the glacier surface, we interpolate 
341 mass changes t those low-reliability regions following the approaches introduced and evaluated by 
342 Kääb (2008) and McNabb et al. (2018). To estimate surface‑elevation changes – and consequently 
343 volume and mass changes – between AERODEM and ArcticDEM, we apply a hypsometric 
344 interpolation method (mean elevation difference by elevation bin interpolation), which consists of the 
345 following steps: (I) We mask out low‑reliability areas in AERODEM (Fig. 1). (II) We subtract AERODEM 
346 from ArcticDEM to create a DEM of Differences (dDEM) representing surface lowering between 1981 
347 and 2013. (III) The dDEM is grouped into 50 m elevation intervals based on the elevations of the 
348 ArcticDEM, and the mean elevation difference is calculated for each interval. (IV) We then bin the full 
349 ArcticDEM surface into the same 50 m elevation bands which covers the entire MIT area coverage. 
350 For each band, volume change is computed by multiplying the bin area by the corresponding mean 
351 elevation difference derived from the dDEM. Finally, the geodetic mass balance 𝐵𝑔𝑒𝑜𝑑 (m3 w.e.) is 
352 derived as shown in Eq. (4),

353 𝐵𝑔𝑒𝑜𝑑 = 𝜌
𝜌𝑤

∑𝐽
𝑗=1 𝑆𝑗 ∆ℎ𝑗 = 𝜌∆𝑉 Eq. (4)

354 where 𝐽 is the number of 50 m-elevation bins, ∆ℎ𝑗 is the mean elevation difference of the dDEM in 
355 elevation bin 𝑗, and 𝑆𝑗 is the area of the respective elevation bin.
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356 Eventually, the specific mass balance (𝑏𝑔𝑒𝑜𝑑) (m w.e.) can be denoted as shown in Eq. (5),

357 𝑏𝑔𝑒𝑜𝑑 = 𝐵𝑔𝑒𝑜𝑑

𝑆
= 𝜌∆𝑉

𝑆
 Eq. (5)

358 with 𝑆 = 𝑆𝑡0+𝑆𝑡1

2

359 where 𝑆 is the average glacier area of the two surveys at time 𝑡0 and 𝑡1, assuming a linear change 
360 through time (Zemp and others, 2013).

361 Three sources of uncertainty are considered in the geodetic mass balance: (I) The uncertainty 
362 introduced by manually delineating the glacier extent remained within ± 5 % of the total glacier area 
363 from the several attempts we performed. (II) The uncertainty related to the volume-to-mass 
364 conversion corresponds to the uncertainty in glacier-wide density, estimated at ± 60 kg m-3 (Huss, 
365 2013). (III) The uncertainty introduced by the data and co-registration quality of the DEMs is assumed 
366 to correspond to the standard deviation of the vertical differences over stable terrain (Fig. S4, S5). 
367 From these three sources we estimate the total uncertainties in geodetic mass balance to be ± 0.36 
368 m w.e. a-1 for 1982-2013 and ± 0.21 m w.e. a-1 for 2014-2023.

369 6. RESULTS
370 6.1 Mass balance at MIT
371 During 1996–2024, annual values from the calibrated model SMB are strongly correlated (r = 0.80, p 
372 < 0.01) with mass‑loss estimates from the glaciological method (Fig. 4), while the uncalibrated output 
373 shows a weaker correlation (r = 0.61, p < 0.01). Our results also indicate that the calibrated model 
374 output lies within the uncertainty range of the cumulative reconstructions of both the geodetic mass 
375 balances and glaciological surface mass balance in the corresponding periods (Fig. 5c). Therefore, we 
376 find that the calibrated output captures mass evolution at MIT more confidently compared to the 
377 uncalibrated output, and we will therefore present and discuss the calibrated model output – 
378 hereinafter simply referred to as ‘model/modelled SMB/output’.
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379

380 Fig. 4. a) Calibrated modelled SMB vs. glaciological SMB between 1996-2024, exhibiting a strong linear relationship (r = 0.80, 
381 p < 0.01). Vertical and horizontal lines represent uncertainties in the respective methods. b) Calibrated modelled SMB vs. 
382 2 m mean air temperature in summer (Jun-Aug) in Tasiilaq (15 km NW southeast of MIT) between 1959-2024, exhibiting a 
383 moderately strong linear relationship (r = -0.39, p < 0.01).

384 The time series of the modelled output and the temperature record clearly show a shift in the mass 
385 balance and temperature regime during the mid-1990s (Fig. 5a,c). A two-sample t-test assuming 
386 unequal variances based on multiple sets of two SMB periods with varying break points during the 
387 1990s (α = 0.05) showed a regime change in mass balance rates in 1992/1993. We found that mass 
388 balance rates show the largest differences in means as well as lowest p-values when comparing the 
389 periods 1959-92 and 1993-2024. We therefore discuss mass balance rates and temperature averages 
390 for those two periods hereafter.

391 Comparing the periods 1959-92 and 1993-2024, we find an average annual air temperature increase 
392 from -1.6 °C to -0.1 °C and average summer air temperature in Tasiilaq from 5.5 °C to 6.4 °C, 
393 respectively, coinciding with accelerated negative mass balance estimates in those periods (Table 1, 
394 Fig. 5a-d). Since 1959, the model output suggests a cumulative mass loss of 37.81 ± 26.40 m w.e. at 
395 MIT which translates to a SMB rate of -0.57 ± 0.40 m w.e. a-1 (Table 1, Fig. 5d). During 1959-92 and 
396 1993-2024, SMB rates amount to -0.26 ± 0.40 m w.e. a-1 and -0.91 ± 0.40 m w.e. a-1, respectively, 
397 indicating a tripling of mass loss between those two periods. Between 1996 and 2024, the 
398 glaciological SMB rate amounts to -1.07 ± 0.30 m w.e. a-1 while the calibrated modelled SMB rate 
399 amounts to -0.87 ± 0.40 m w.e. a-1, highlighting a difference of mass change estimates of 20 % 
400 between those two methods. The geodetic mass balance rate for the period 1982-2023 amounts 
401 to -0.72 ± 0.33 m w.e. a-1 which is a specific mass change of -30.32 ± 14.07 m w.e. Geodetic mass 
402 changes are more negative during the period 2014-23 (-0.96 ± 0.21 m w.e. a-1) compared to 1982-
403 2013 (-0.65 ± 0.37 m w.e. a-1). For the period 1982-2013, the modelled SMB rate agrees well with the 
404 geodetic MB rate, showing specific mass changes of -22.78 ± 13.20 m w.e. (modelled SMB) and -20.69 
405 ± 11.98 m w.e. (geodetic MB). Rates of the modelled SMB agree well with the MB rate of the geodetic 
406 method during 2014-23, while all three methods highlight the accelerated mass loss at MIT during 
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407 that period (Table 1, Fig. 5c,d). The geodetic MB deviates by 19 % from the glaciological record in 
408 2014-23, while the modelled SMB differs by 24 % compared to the glaciological SMB.

409

410 Fig. 5. a) Timeseries and b) averages of annual and summer Jun-Aug air temperature measured in Tasiilaq, 15 km southeast 
411 of MIT. c) Timeseries and d) averages of specific SMB, and e) cumulative SMB from the glaciological, modelled, and geodetic 
412 method. The reconstructed cumulative SMB series are normalized to a reference value of zero in 2023, the final year with 
413 complete coverage across all methods. This allows for a direct visual comparison of the cumulative SMB evolution across 
414 the three methods. Note that the normalized value of zero in 2023 does not represent the glacier’s cumulative SMB in that 
415 year but simply anchors all series to the year 2023. The calibrated modelled SMB indicates a more negative mass balance 
416 regime in 1993-2024 (-0.91 ± 0.40 m w.e. a-1) compared to 1959-1992 (-0.26 ± 0.40 m w.e. a-1), coinciding with a summer 
417 mean air temperature increase from 5.5 °C to 6.4 °C and an annual mean air temperature increase from -1.6 °C to and -0.1 
418 °C. The period 2014-23, which is covered by all three methods, exhibits a mass change of -1.19 ± 0.30 m w.e. a-1 (glaciological 
419 SMB), -0.91 ± 0.40 m w.e. a-1 (calibrated modelled SMB), and -0.96 ± 0.21 m w.e. a-1 (geodetic MB). Reconstructions of 
420 cumulative SMB from the calibrated model output agree well with the geodetically reconstructed glacier mass back to 2013 
421 and 1981, which also holds for the glaciological SMB back to 2013. Generally, modelled and geodetic estimates 
422 underestimate mass loss at MIT when compared to the glaciological record but lie within uncertainties. Global and regional 
423 atmospheric and meteorological extremes are well depicted in the SMB time series.
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424 Table 1. Comparison of specific (surface) mass balance rates across the three methods and mean air temperature during 
425 selected periods. SMB and MB at MIT can be directly compared since solid ice discharge can be disregarded as MIT is a 
426 land-terminating glacier and non-surface MB contributions are typically of negligible magnitude (Kaser and others, 2003; 
427 Huss and others, 2009; Zemp and others, 2013).

Specific (S)MB rate (m w.e. a-1) Mean air temp. (°C) in Tasiilaq
Glaciological Modelled Geodetic Annual Jun-Aug

1959-1992 -0.26 ± 0.40 -1.6 5.5
1959-2024 -0.57 ± 0.40 -0.9 6.0
1982-2013 -0.67 ± 0.40 -0.65 ± 0.37 -0.8 5.9
1982-2023 -0.73 ± 0.40 -0.72 ± 0.33 -0.6 6.1
1993-2024 -0.91 ± 0.40 -0.1 6.4
1996-2024 -1.07 ± 0.30 -0.87 ± 0.40 0.0 6.5
2014-2023 -1.19 ± 0.30 -0.91 ± 0.40 -0.96 ± 0.21 0.3 6.7

428

429 The reconstructed surface mass balance series based on the calibrated model output captures 
430 events and years of climate extremes well (Fig. 5a,c). Aerosols introduced to the stratosphere by large 
431 volcanic eruptions may lead to surface cooling due to scattering of the incoming solar radiation back 
432 to space (Robock, 2020). Lower air temperature in turn leads to decreased summer melt and an 
433 increased annual mass balance. Anthropogenic influences and volcanic aerosols are the main drivers 
434 of global glacier mass changes between 1961 and 2005 (Zemp and Marzeion, 2021). The eruptions of 
435 Agung (Indonesia) in 1963, El Chichón (Mexico) in 1982, and Pinatubo (Philippines) in 1991 resulted 
436 in record-high, positive changes in global ice mass in the respective following years (Zemp and 
437 Marzeion, 2021). On a Greenland-wide scale, the years 1972 as well as the post-volcanic years 1983 
438 (El Chichón) and 1992 (Pinatubo) feature unusually low mid-tropospheric pressure over Greenland. 
439 The coldest years between 1900 and 2010 rank 1972 as first (annual average temperature 4.1 °C) and 
440 the ‘volcanic’ years of 1983 and 1992 (both 4.6 °C) as third and fourth (Hanna and others, 2012). These 
441 events can also be observed in the temperature timeseries in Tasiilaq (Fig. 5a) and in the mass 
442 balance of MIT (Fig. 5c). Years with lowest GrIS runoff rank 1992 (after Pinatubo) as first (MIT: third 
443 highest SMB), 1964 (after Agung) as second (MIT: second highest SMB), 1983 (after El Chichón) as 
444 third (MIT: fifth highest SMB), and 1972 as fourth (MIT: highest SMB) (Hanna and others, 2012). Two 
445 out of three years with a positive SMB during the period 1996-2024 (i.e., 1996 and 2003) can be 
446 associated with unusually high winter precipitation and low mean summer temperatures, 
447 respectively (Mernild and others, 2011). The positive SMB in 2015 might be related to notably low 
448 summer (June-August) air temperatures (Hanna and others, 2020).

449 6.2 Temporal and spatial variability
450 The model output allows for both assessing temporal and elevation-dependent changes in SMB at 
451 MIT. For changes in SMB during the mass balance year (Fig. 5a), we present the uncalibrated model 
452 output since the calibrated output is a result of annual SMB calibration and therefore does not 
453 resolve monthly timescales. Each respective month experienced a SMB decrease when comparing 
454 the periods 1959-92 and 1993-2024, except December which exhibits a slight increase. Greatest 
455 decreases in SMB can be observed in the months of June (-0.18 m w.e.), July (-0.20 m w.e.), and August 
456 (-0.13 m w.e.). This indicates that increased mass loss at MIT revealed by the modelled output is 
457 driven by summer melting (Fig. 6a) which is in agreement with observed summer temperature 
458 increase (Fig. 5a,b). Regarding the altitudinal sections, the calibrated model SMB shows a decrease in 
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459 each elevation band (<200, 200-300, 300-400, 400-500, 500-600, 700-800, >800 m a.s.l.) between the 
460 two periods, ranging from -0.82 m w.e. to -0.71 m w.e., with most negative values in the highest 
461 elevation bands (Fig. 6b).

462

463 Fig. 6. Modelled SMB for a) each month and b) altitudinal sections during 1959-2024. SMB decreased in each month except 
464 December and most strongly during June-August as well as across the entire elevation range with largest decreases in the 
465 highest elevations.

466 The geodetic results highlight an altitudinal dependency of glacier surface elevation change (Fig. 7). 
467 Here we discuss elevation change rates as opposed to mass change rates, since the latter ones are 
468 estimated using an assumed glacier-wide density and utilizing a hypsometric interpolation for about 
469 60 % of the surface area in the 1981 AERODEM. The maps show total surface lowering (Fig. 7a,b) and 
470 surface lowering rates (Fig. 7c,d) while maps including the 1981 data have major parts of the 
471 accumulation area masked out (Fig. 7a,c). These areas are affected by low contrast in the aerial 
472 photographs due to snow that prevents properly resolving heights masked out (Korsgaard and 
473 others, 2016b). Between 1981-2013 and 2013-23, virtually the entire glacier area experienced surface 
474 lowering (Fig. 7a,b). Pixel-wise surface change rates for 2013-23 are as low as -5.9 m a-1 (Fig. 7d), while 
475 the entire glacier surface lowered on average by 11.1 m during that time. A stronger surface lowering 
476 extends higher up the glacier in the recent period (Fig. 7d) compared to the period 1981-2013 (Fig. 
477 7c), in line with observations of the snow line altitude at increasing elevations in satellite imagery and 
478 during field surveys (Mernild and others, 2013b). Increased surface lowering during 2013-23 between 
479 600 and 800 m a.s.l. in the northern areas in contrast to the southern areas might be linked to the 
480 south-facing exposition (Fig. 7d). The lack of ablations stakes in these areas might explain why 
481 glaciological SMB are more negative than the modelled and geodetic estimates.
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482

483 Fig. 7. a,b) Total surface lowering and c,d) surface lowering rate at MIT during the periods 1981-2013 and 2013-23, 
484 respectively. The 1981-2013 maps show only areas of high reliability in the AERODEM while low reliability areas are masked 
485 out. Those areas are accounted for in the geodetic MB by hypsometric interpolation. Over both periods the glacier surface 
486 area experienced surface lowering, with the largest losses in 2013-23. The greatest surface lowering rates are observed in 
487 the ablation area which are as low as -5.9 m a-1 during 2013-2023. Note that surface elevation changes for 1981-2013 and 
488 2013-23 correspond to mass balances of 1982-2013 and 2014-23, respectively. Elevation contours are derived from Pléiades 
489 DEM in 2023 and glacier outlines are digitized from orthoimages of AERODEM and Pléiades DEM and from Landsat 7 
490 imagery acquired on 20130803. Mass balance stakes that are currently part the glaciological mass balance programme are 
491 shown as black dots. Background image: S2 scene from 20230915 (ESA 2025).
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492 6.3 Climate context
493 The air temperature record in Tasiilaq shows that mean summer and annual air temperatures have 
494 been increasing throughout the last decades (Fig. 5a-b, Table 1). When compared to temperature 
495 trends across larger regions with data available as recent as 2021 (Rantanen and others, 2022), 
496 Tasiilaq shows to be warming faster than the global mean but slower than the Arctic on average. 
497 Between 1959-92 and 1993-2021, the annual air temperature warming trend in Tasiilaq increased by 
498 0.7 °C from -0.1 °C dec-1 to 0.6 °C dec-1. During the same period, the annual air temperature warming 
499 trend increased globally by 0.5 °C from -0.3 °C dec-1 to 0.2 °C dec-1 and across the Arctic by 1.7 °C 
500 from -0.8 °C dec-1 to 0.9 °C dec-1 – which is more than three times the global trend (Rantanen and 
501 others, 2022). This points to MIT being far out of balance for the current climatological conditions 
502 which raises the question of the dominant driver of mass loss at MIT. Annual estimates of modelled 
503 SMB correlate moderately with summer air temperatures (Fig. 8a: r = -0.39, p < 0.01) and correlate 
504 more strongly with winter precipitation (Fig. 8b: r = 0.51, p < 0.01) observed in Tasiilaq. This shows 
505 that mass loss at MIT is driven by both increasing air temperatures and decreasing snowfall which 
506 has been discussed in studies before (e.g., Mernild and others, 2011). This is in line with a general 
507 trend of increasing summer temperatures and decreasing winter precipitation across coastal 
508 Greenland (Bjørk and others, 2018; Hanna and others, 2021).

509

510 Fig. 8. Calibrated modelled SMB vs. a) Jun-Aug mean air temperature, exhibiting a moderate linear relationship (r = -0.39, p 
511 < 0.01) and b) Dec-Feb mean accumulated precipitation, exhibiting a strong linear relationship (r = 0.51, p < 0.01). Circles 
512 represent years during 1959-92 and triangles represent years during 1993-2024. Meteorological data was acquired by the 
513 weather station in Tasiilaq, 15 km southeast of MIT (Danish Meteorological Institute, 2026).

514 The interannual variability of SMB at MIT driven by summer air temperatures and winter precipitation 
515 can be linked to the larger-scale variability of climate. The calibrated, modelled SMB at MIT exhibits 
516 a positive relationship with the NAO index (Fig. 9a: r = 0.38, p < 0.01) and negative relationships with 
517 the GBI (Fig. 9b: r = -0.47, p < 0.01), the AMO index (Fig. 6c: r = -0.49, p < 0.01), and SST anomalies (Fig. 
518 9d: r = -0.24, p = 0.06), being significant for the first three indices (significance level α = 0.01). Years 
519 since 1993 exhibit strong positive GBI values, AMO index values, and SST anomalies (Fig. 9, Fig. S7) 
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520 which are indicative of their (multi-)decadal variability. At the GrIS, record high runoff years in the 
521 1990s and 2000s can be associated with oceanic temperature forcing as gauged through the AMO 
522 (Hanna and others, 2012). Hanna and others (2012) state that record-warm Atlantic waters may have 
523 amplified the GrIS melt and runoff, which might also be the case for MIT (Fig. 9 c,d, Fig. S7) given its 
524 oceanic location and its proximity to the ocean (Fig. 1,S1). Furthermore, Greenland air temperatures 
525 and GrIS runoff over the last 30-40 years are strongly correlated with GBI anomalies (Hanna and 
526 others, 2012), which can be also observed at MIT. Positive GBI values have been coinciding with 
527 negative SMB since the late 1990s (Fig 6b). As air temperature and precipitation anomalies are 
528 influenced by the NAO and the GBI (Hanna et al., 2012), the temperature and precipitation variability 
529 observed in the MIT region can be linked to climate variability across a larger scale.

530

531 Fig. 9. Calibrated model SMB vs. four climate indices: a) North Atlantic Oscillation (NAO) index, b) Greenland Blocking Index 
532 (GBI), c) Atlantic Multidecadal Oscillation (AMO) index, and d) Sea Surface Temperature (SST) anomalies. Circles represent 
533 years during 1959-92 and triangles represent years during 1993-2022. The modelled SMB positively and negatively 
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534 correlates with climate indices with medium strength, being significant (significance level α = 0.01) for the NAO index, GBI, 
535 and AMO index. The GBI, AMO index, and SST anomalies exhibit increased values since the mid-1990s.

536 7. DISCUSSION
537 7.1 Limitations and potential
538 The comparison of (surface) mass balance records in this study is based on the following 
539 assumptions: (I) The reference area for the glaciological method has been adjusted only once 
540 throughout the record, meaning that a continuous glacier area decrease has not been accounted for 
541 in the annual estimates. The modelled SMB estimates are based on a fixed glacier geometry 
542 (elevation and extent), but are calibrated to account for past glacier extents, while the geodetic MB 
543 is based on discrete glacier outlines which are manually derived from satellite imagery. We tested 
544 the sensitivity of MB estimates in all three methods by varying the reference areas and found no 
545 significant changes or differences. Therefore, we assume that mass rate differences stemming from 
546 the differences in reference model glacier area and the actual glacier area are negligible. (II) The 
547 glaciological estimates are based on ablation stake measurements that have been typically 
548 conducted in the last two weeks of August with no specified timing, while the specific estimates of 
549 the modelled output are calculated from monthly cumulative values of SMB. The geodetic mass 
550 balances are based on image acquisitions which are not aligned to a specific day of the year, either 
551 due to unspecified dates (AERODEM, July/August 1981) or different acquisition dates (ArcticDEM on 
552 20130730 and Pléiades DEM on 20230809/10). However, since the difference in temporal coverage 
553 of the mass balance estimates is in the order of a few days, we assume this temporal influence to be 
554 small. (III) Several studies suggest that englacial and subglacial mass loss processes are of negligible 
555 magnitude and are therefore not included in mass balance estimates (Kaser and others, 2003; Huss 
556 and others, 2009; Zemp and others, 2013). We also follow this assumption and therefore directly 
557 compare estimates of glaciological and model-derived SMB with MB estimates from the geodetic 
558 method.

559 The reconstructed evolution of specific surface mass balance at MIT from modelled data shows two 
560 distinct periods, i.e., 1959-92 and 1993-2024, with mass loss having more than tripled when 
561 comparing their respective SMB rates. The increased negative regime in recent decades is supported 
562 by the glaciological record covering 1996-2024 and by the geodetic MB results covering 2014-23. The 
563 calibrated model output underestimates SMB compared to the glaciological SMB and geodetic MB 
564 during respective periods, however, all methods agree within uncertainties. RACMO estimates SMB 
565 from meteorological (reanalysis) data, multi-layer snow cover simulations, including an albedo 
566 scheme (Noël and others, 2018). Since the model output is a simulation of real-world conditions and 
567 is a statistically downscaled product typically applied on a Greenland-wide scale (Noël and others, 
568 2019), the glaciological record and geodetic methods might capture mass changes at MIT more 
569 confidently. However, the glaciological record might be affected by a spatial bias due to the 
570 distribution and density of the stakes, especially in higher elevations (Fig. 1), whereas the geodetic 
571 mass estimate has about 60 % of its surface area interpolated by the hypsometric method (Fig. 1). 
572 Considering the shortcomings of each method, the results still provide valuable and relevant 
573 information on MIT mass changes, particularly on its inter-annual variability and multi-annual rates.

574 We acknowledge that estimating ablation is challenging in areas close to the glacier terminus, 
575 especially when considering a rapid front recession over complex topography. Our presented 
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576 calibration of the model output, which includes estimating SMB at former glacier extents, improves 
577 the agreement between the modelled SMB and both glaciological and geodetic records. A limitation 
578 of our modelled SMB reconstruction, however, is the lack of measurements for validation, especially 
579 for estimates quantified before the start of the glaciological record in 1996. Using improved, high-
580 resolution models combined with enhanced and better spatio-temporal coverage of in-situ 
581 measurements bears great potential to capitalize on the existing studies of mass balance at MIT.

582 7.2 Cross comparison of mass balance rates
583 Our reconstructed model SMB estimates for 1959-2024 show reasonable magnitude when compared 
584 to estimates from previous studies at MIT (Fig. 10). The published SMB estimates stem from studies 
585 using a variety of methods, including estimates from synoptic meteorological data, elevation changes 
586 from topographical maps, ablation stake data from both prior the initialization and as part of the 
587 glaciological mass balance programme, georadar studies, geodetic data, AWS data, and from 
588 estimates combining mass balance stake and geodetic data. The following two features must be 
589 considered for the comparison shown in Fig. 10: (I) The SMB estimate from Mernild and others 
590 (2008a) covers 1898-1993 and is compared to modelled SMB estimates for 1959-93. (II) The SMB 
591 estimate from the AWS site at MIT (Fausto and others, 2020) represents point SMB as opposed to the 
592 glacier-wide, specific SMB and is therefore compared to the modelled SMB estimate of the closest 
593 grid cell to the AWS site.

594 Our calibrated modelled SMB agrees well with previous MIT mass balance estimates. Differences 
595 between our and other published SMB can be explained by respective uncertainties in most of the 
596 studies. This highlights that our calibrated modelled SMB is robust to reconstruct mass loss at MIT. 
597 Mernild and others (2011) suggested that MIT is significantly out of balance with the current climate 
598 and will likely lose at least 70 % of its area and 80 % of its volume even in the absence of further 
599 climate warming. Because of their lagged response, glaciers will continue to lose mass at least for 
600 several decades even if global temperature is stabilized (IPCC, 2021). Therefore, projections of a 
601 continued air temperature increase (IPCC, 2021) will inevitably lead to sustained mass loss at MIT 
602 throughout this and the next century. Our study underlines that MIT is out of balance with the current 
603 climate. The increased mass loss at MIT from 1959-92 to 1993-2024 agrees with an observed mass 
604 loss acceleration across the Greenland periphery (Zemp and 14 others, 2019; Dussailant and others, 
605 2025; The GlaMBIE Team, 2025).
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606

607 Fig. 10. Calibrated modelled SMB of our study vs. SMB estimates from previous studies at MIT during respective periods. 
608 Differences between the calibrated model output and previous SMB estimates can be accounted for by uncertainties in all 
609 estimates except for 1960-1992 from Dussaillant et al. (2025).

610 8. CONCLUSION
611 In this study, we demonstrate that estimates from glaciological, modelled, and geodetic methods 
612 compare well, allowing for reliably reconstructing mass balance at MIT back to 1959, i.e., prior to the 
613 initialization of the glaciological SMB programme in 1995. The three methods agree on (surface) mass 
614 balance estimates during 2014-23 being increasingly negative compared to the period before 2013 
615 and show that MIT is out of balance with the current climate. During 1996-2024, which corresponds 
616 to the temporal coverage of the glaciological record, both the glaciological record and the modelled 
617 output show increased mass losses. The modelled SMB reconstruction shows that MIT tipped into a 
618 more negative mass balance regime from 1959-92 to 1993-2022 with a tripling of mass loss, 
619 coinciding with increased air temperatures and decreased winter precipitation. This is consistent with 
620 increased mass losses across peripheral Greenland since the early 1990s. Modelled SMB correlates 
621 with climate indices NAO, GBI, and AMO, showcasing that mass balance at MIT that is driven by 
622 changes in the local climate can be linked to a larger-scale climate variability. The modelled SMB also 
623 agrees with the magnitude of previously published estimates of SMB at MIT.
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