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Patagonian glaciers have been rapidly losing mass in the last two decades, but the1

driving processes remain poorly known. Here we use two state-of-the-art regional2

climate models to reconstruct long-term (1940-2023) glacier surface mass balance3

(SMB), i.e., the difference between precipitation accumulation, surface runoff and4

sublimation, at about 5 km spatial resolution, further statistically downscaled to 5005

m. High-resolution SMB agrees well with in-situ observations and, combined with6

solid ice discharge estimates, captures recent GRACE/GRACE-FO satellite mass7

change. Glacier mass loss coincides with a long-term SMB decline (-0.42 Gt yr−2),8

primarily driven by enhanced surface runoff (+0.58 Gt yr−2) and steady precipita-9

tion. We link these trends to a poleward shift of the subtropical highs favouring10

warm northwesterly air advections towards Patagonia (+0.14oC dec−1 at 850 hPa).11

Since the 1940s, Patagonian glaciers have lost 1,471 ± 202 Gt of ice, equivalent to12

4.1 ± 0.6 mm of global mean sea-level rise.13

Situated in the Southern Andes, Patagonia hosts the largest glacier area within the south-14

ern hemisphere, excluding the Antarctic ice sheet1–3. Besides small mountain glaciers,15

Patagonia encompasses three major icefields, namely the Northern (NPI; 4,000 km2)4
16

and Southern Patagonian Icefields (SPI; 13,000 km2)5, and the Cordillera Darwin Ice-17

field (CDI; 2,600 km2)6 located in the Tierra del Fuego archipelago (inset maps in Fig.18

1a). Patagonian glaciers are on average 181 m thick2, with a maximum of 1,400 m in19

deep glacial valleys3. Altogether, these glaciers hold 5,350 km3 to 5,500 km3 of ice2,7,8,20

eventually raising global sea level by ∼13 mm if totally melted. Extrapolation of glacio-21

logical and geodetic observations suggests that Patagonia has experienced glacier mass22

loss since the early 1960s, contributing about 3.3 mm to global sea-level rise in the pe-23

riod 1961-20167. Recent remote sensing studies spanning the last two decades have24

reported rapidly increasing glacier mass loss ranging from 19 to 22 Gt yr−1 in the period25

2000-20199–11, equivalent to an average 0.06 mm sea-level rise each year. The three ma-26

jor icefields are responsible for 83% of this mass loss9, while the remainder is attributed27

to smaller neighbouring mountain glaciers. Storing only 3% of the Earth’s total ice volume28

outside polar ice sheets2, Patagonia is disproportionately responsible for ∼10% of the29

glacier contribution to sea-level rise (2002-2016)12.30
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Mass change (MB) of Patagonian glaciers can be quantified by subtracting solid ice dis-31

charge (D), i.e., frontal ablation of calving icebergs, from the glacier surface mass balance32

(SMB), i.e., the difference between mass gained from precipitation accumulation, and lost33

from meltwater runoff and sublimation. NPI and SPI icefields generally discharge ice into34

the ocean on the western side of the Andes, while they typically flow into proglacial lakes35

on the eastern side1. Remotely sensed solid ice discharge estimates indicate that NPI and36

SPI accounted for 15.1 ± 1.1 Gt yr−1 on average in 1968-19991, which further increased to37

24.1 ± 1.7 Gt yr−1 in 2000-201913. SPI floating glaciers contributed about 80% to the total38

solid ice discharge flux in 1968-19991, and up to 90% in 2000-201913. Since the 2000s,39

SPI ice discharge has however undergone a decreasing trend13. This reveals that glacier40

SMB has been playing an increasing role in the recent Patagonian glacier mass loss14,41

which is expected to further accelerate in the future15,16. Previous NPI and SPI SMB re-42

constructions using positive degree day (PDD)17, regional climate models18, sometimes43

statistically downscaled14,19,20, suggested a positive but insignificant SMB trend in the44

period 1975-2015. This trend was ascribed to long-term snowfall increase combined45

with meltwater runoff decline. However, these results remain highly uncertain since low-46

resolution climate models are prone to overestimate precipitation over the steep Andes21,47

while they cannot accurately capture high meltwater runoff rates across narrow glaciers18.48

Furthermore, a positive SMB trend contradicts the recent mass loss increase observed49

in the last two decades9–11,22–24, highlighting large uncertainties in modelled SMB and a50

poor understanding of mass change drivers.51

Here we use two state-of-the-art regional climate models, namely MAR version 3.1452

(1940-2023) and RACMO version 2.3p2 (1979-2023)18,25, to reconstruct the contem-53

porary SMB of Patagonian glaciers at 5 km and 5.5 km spatial resolution respectively54

(Supplementary Fig. 1) (Methods). Both models are forced by the latest ERA5 climate55

reanalysis26 and statistically downscaled to a 500 m grid27,28 (Methods). In brief, statisti-56

cal downscaling uses daily, local vertical gradients to correct SMB and components, i.e.,57

total precipitation, snowfall, total sublimation, total melt and subsequent runoff, for eleva-58

tion difference between the low-resolution surface topography prescribed in both models,59

and the high-resolution Shuttle Radar Topography Mission (SRTM) digital elevation model60

(DEM)29 at 30 m resolution, down-sampled to a 500 m grid (Supplementary Fig. 2). Mod-61

erate Resolution Imaging Spectroradiometer (MODIS) albedo records at 500 m resolution62

are further used to correct surface melt and runoff for the albedo of exposed dark bare63

ice in summer. The statistically downscaled SMB products are then uniformly adjusted for64

overestimated surface runoff in MAR (12.5%) and total precipitation in RACMO (32.5%)65

across all glacier grid-cells on a daily basis (Methods). The justification for these adjust-66

ments is to eliminate the remaining bias relative to mass change records from the Grav-67

ity Recovery and Climate Experiment (GRACE) and Follow-On (GRACE-FO) missions24
68

(Supplementary Fig. 4), when combined with solid ice discharge1,13. Hereafter, we use69

the adjusted high-resolution SMB products to identify the drivers of Patagonian glacier70

mass loss, and estimate their contribution to global sea-level rise.71
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Mass change of Patagonian glaciers72

Figure 1a shows long-term Patagonian glacier monthly cumulative mass change (MB =73

SMB - D) derived from MAR (green line; 1940-2023) and RACMO SMB (blue line; 1979-74

2023), further statistically downscaled to 500 m (Fig. 2c and Supplementary Fig. 3c),75

combined with previously published solid ice discharge estimates1,13. In 1940-19991,76

solid ice discharge is set to 15.1 ± 1.1 Gt yr−1 with a step change increase to 24.1 ±77

1.7 Gt yr−1 in 2000-202313. Since 1940, Patagonian glaciers have been experiencing78

sustained mass loss (MB < 0), though briefly interrupted by a short mass gain episode79

(MB > 0) in the period 1945-1955 (Fig. 1a ). This long-term negative trend is in line with80

geodetic mass change records spanning 1961-2016 (grey dots)7, with averaged observed81

and modelled mass loss of 26.2 ± 11.0 Gt yr−1 (Geodetic)7 and 25.1 ± 2.4 Gt yr−1 (MAR)82

respectively. Modelled mass loss from MAR (28.1 ± 2.4 Gt yr−1) and RACMO (29.3 ± 2.483

Gt yr−1) also aligns well with GRACE/GRACE-FO satellite measurements (28.8 ± 11.084

Gt yr−1) (red line) in the last two decades (2002-2022), showing both a strong correlation85

(R2 = 0.93) and a low RMSE (∼50 Gt) for both models (Supplementary Fig. 4c). Using86

our two high-resolution products, we estimate that Patagonian glaciers have lost 1,471 ±87

202 Gt of ice since 1940, contributing 4.1 ± 0.6 mm to global mean sea-level rise.88

Long-term surface mass balance trends89

To explore the role of surface processes in the long-term mass loss, Figure 1b shows90

annual cumulative SMB and components from both MAR (solid lines; 1940-2023) and91

RACMO models (bands; 1979-2023), statistically downscaled to 500 m (Fig. 2a-c and92

Supplementary Fig. 3a-c). For SMB evaluation, we use 74 stake measurements (1980-93

2019) collected at 38 in-situ sites across NPI (2 sites), SPI (26 sites), and CDI (19 sites)94

(yellow stars in the inset maps of Fig. 1a) (Methods). MAR and RACMO agree well95

with observations, i.e., R2 reaches 0.85 and 0.77, and RMSE ranges from 2.3 to 4.1 m96

water equivalent (w.e.) respectively (Supplementary Fig. 5c,f). Cross-model compar-97

ison between each SMB component in the overlapping period 1979-2023 shows good98

agreement, with high correlation (0.82 ≤ R2 ≤ 0.93) and overall small model differences99

(0 to 11%) (Supplementary Fig. 6a-e) (Methods). Although glacier-integrated amounts100

are almost identical, low correlation is found for modelled retention and refreezing in firn101

(Supplementary Fig. 6f), i.e., the perennial compressed snow layer covering the glacier102

accumulation areas (SMB > 0 in the inset maps of Fig. 1a). We attribute these discrep-103

ancies to the different snow modules incorporated in MAR and RACMO (Methods). Sup-104

plementary Fig. 3d-f shows spatial differences between downscaled SMB components105

from MAR and RACMO at 500 m. Total precipitation shows large-scale spatial differ-106

ences between the two models, i.e., with lower values in MAR on the western windside107

slope, and higher values on the eastern leeside (Supplementary Fig. 3d). This indicates108

a more pronounced foehn effect on the Patagonian Andes from prevailing westerly winds109
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in RACMO relative to MAR. In fact, RACMO generally overestimates orographic-forced110

precipitation in this region18,21. In addition, MAR has lower runoff than RACMO (2.2 Gt111

yr−1 difference in Supplementary Fig. 6d and Supplementary Table 1), notably inland the112

icefields (Supplementary Fig. 3e). This results from both higher meltwater production (0.8113

Gt yr−1 in Supplementary Fig. 6e) and refreezing in firn (0.3 Gt yr−1 in Supplementary114

Fig. 6f), combined with lower rainfall in MAR (2.7 Gt yr−1 in Supplementary Fig. 6c).115

Consequently, glacier-integrated SMB is almost equal in both models (0.7 Gt yr−1 differ-116

ence in Supplementary Fig. 6a), and spatial differences are mostly driven by precipitation117

distribution patterns (Supplementary Fig. 3f). To ensure reliable surface accumulation,118

we compare modelled glacier-integrated total precipitation with corresponding estimates119

from the gridded meteorological PMET data set at 5 km spatial resolution (1980-2020)30
120

(Supplementary Fig. 7). We find excellent model agreement (R2 = 0.87 and 0.90) with121

low RMSE of 10.6 Gt yr−1 and 8.9 Gt yr−1, i.e., equivalent to 4% and 5% of the PMET122

total precipitation, in MAR and RACMO respectively.123

Using long-term MAR timeseries (Fig. 1b), we find that Patagonian glacier SMB (Fig. 2c)124

remained close to equilibrium at 0.1 ± 0.7 Gt yr−1 on average (1940-2023), the result125

of total precipitation (198.7 ± 1.5 Gt yr−1) (Fig. 2a), i.e., partitioned in snowfall (77%)126

and rainfall (23%), approximately balancing surface runoff (199.7 ± 2.2 Gt yr−1) (Fig. 2b)127

(Supplementary Table 1). At the same time, SMB experiences large interannual variability128

(SD = 31.4 Gt yr−1), primarily driven by runoff fluctuations (SD = 26.1 Gt yr−1) being 45%129

larger than those of total precipitation (SD = 18.0 Gt yr−1). Large interannual variability is130

illustrated by peak high and low SMB reaching +70.2 Gt in year 1948, and -66.4 Gt in year131

2016 (Fig. 1b). In these years, SMB is three to five-folds larger than the corresponding132

solid ice discharge flux (D = 15.1 to 24.1 Gt)1,13, indicating that SMB fluctuations primarily133

drive the variability and trend of Patagonian glacial mass change. In the period 1940-134

2023, we find that Patagonian glaciers have undergone sustained, and significant SMB135

decline (-0.42 ± 0.27 Gt yr−2, p < 0.01) (Fig. 1b). Our product suggests that long-136

term SMB decline is driven by insignificant total precipitation increase (0.15 ± 0.16 Gt137

yr−2, p > 0.05) notably in the glacier interior accumulation zones (Fig. 2d), combined138

with significantly enhanced surface runoff (0.58 ± 0.20 Gt yr−2, p < 0.01) across low-139

lying glacier ablation zones (Fig. 2e). Interestingly, the insignificant precipitation trend140

stems from steady snowfall accumulation (0.04 ± 0.14 Gt yr−2, p > 0.05) with significant141

rainfall increase (0.11 ± 0.05 Gt yr−2, p < 0.01). The increase in runoff coincides with a142

significant rise in annual mean glacier near-surface air temperature (T2m) (0.10 ± 0.03oC143

dec−1, p < 0.01), hence triggering enhanced meltwater production (0.56 ± 0.20 Gt yr−2,144

p < 0.01). Atmospheric warming is in line with two gridded meteorological data sets at145

5 km spatial resolution, namely CR2MET (1960-2021)31 and PMET (1980-2020)30 (Fig.146

1c). We conclude that, following long-term atmospheric warming (1940-2023), enhanced147

runoff at the glacier margins (Fig. 2e) exceeds the small precipitation increase inland (Fig.148

2d), in turn significantly reducing SMB (Fig. 2f).149
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Drivers of long-term runoff increase150

Patagonian glacier SMB strongly correlates with surface runoff in both MAR and RACMO151

(r = 0.80) (Fig. 3a), while the signal is much weaker for total precipitation (r = 0.57; not152

shown). Our products indicate that long-term Patagonian glacier SMB responds predom-153

inantly to runoff rather than precipitation changes (Fig. 2d-f). At the same time, runoff154

is highly sensitive to glacier near-surface temperature anomalies with respect to 1960-155

1989 (r = 0.81) (Fig. 3b), indicating that long-term atmospheric warming triggers runoff156

increase. To investigate the link between atmospheric warming and runoff, Figure 4a-c157

shows long-term ablation zone extent (SMB < 0) as a fraction of the total glacier area; the158

fraction of total precipitation falling as rain; and the glacier refreezing capacity, i.e., the159

fraction of rain and meltwater effectively retained or refrozen within the firn layer. The lat-160

ter three quantities are first correlated to near-surface temperature anomalies (Fig. 4d-f)161

and then to surface runoff (Fig. 4g-i). MAR and RACMO agree well in the overlapping pe-162

riod 1979-2023, with strong correlation and small model differences for the ablation zone163

extent (R2 = 0.89, difference = -1.2%), rainfall fraction (R2 = 0.92, difference = -0.6%), and164

firn refreezing capacity (R2 = 0.84, difference = 0.1%) (Fig. 4a-c).165

Using long-term MAR timeseries, we find that the glacier ablation zones have significantly166

expanded since 1940 (+0.9% dec−1, p < 0.01), following near-surface atmospheric warm-167

ing (r = 0.75, Fig. 4d). Ablation zone expansion triggers runoff increase (r = 0.85, Fig.168

4g) as enhanced melt eventually drains on top of impermeable bare ice exposed at the169

surface in summer. Furthermore, the contribution of rainfall to total precipitation has sig-170

nificantly increased (+0.4% dec−1, p < 0.01), the result of atmospheric warming favouring171

precipitation in the liquid phase (r = 0.67, Fig. 4e), which preferentially runs off on top172

of bare ice surfaces (r = 0.83, Fig. 4h). In the interior accumulation zone, firn retains173

roughly 25% of surface melt and rain in its pore space on average (1940-2023). Since174

1940, firn refreezing capacity has significantly declined (-0.3% dec−1, p < 0.01) (Fig. 4c)175

following atmospheric warming (r = 0.71, Fig. 4f). This results in increased surface runoff176

across the glacier interior accumulation zone (r = 0.89, Fig. 4i) through i) the progressive177

removal of the firn layer, ii) a reduced firn replenishment as rainfall increases at the ex-178

pense of snowfall, and iii) the depletion of available firn pore space following enhanced179

surface melt and rain storage. Through these combined processes, near-surface atmo-180

spheric warming drives enhanced surface runoff not only in low-lying ablation zones, but181

also, though to a smaller degree, in the higher interior accumulation zones (Fig. 2e).182

Poleward shift of subtropical highs drives glacier mass loss183

Atmospheric warming strongly correlates throughout the air column from the near-surface184

(T2m) up to the 850 hPa level (T850) (r = 0.85) (Fig. 3c), suggesting a large-scale circula-185

tion change origin besides the effect of global warming. Figure 5a shows long-term spatial186
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correlation between T850 derived from the ERA5 reanalysis26 and glacier-integrated sur-187

face runoff from MAR at 500 m (1940-2023). Strong links are generally found across the188

South Pacific and Atlantic Oceans, notably nearby the Southern Andes (r > 0.75, yellow189

contour in Fig. 5a). Similar patterns hold for RACMO glacier runoff in the period 1979-190

2023 (Supplementary Fig. 8c). To explore the drivers of this atmospheric warming, Fig-191

ure 5b maps long-term trends in T850 (oC dec−1; background colour), geopotential height192

Z850 (m dec−1; grey contours), and wind speed and direction (arrows) derived from ERA5193

in 1940-2023. The Southern Pacific Subtropical Gyre, i.e., also called Saint Helena High194

(SHH in Fig. 5b; 30-45oS/130-160oW) experiences enhanced Z850 (> 2.5 m dec−1),195

indicating a long-term strengthening. This is supported by stronger anticlockwise atmo-196

spheric circulation, and associated synoptic warming through enhanced air subsidence197

(> 0.2 oC dec−1). Superimposed on this, the SHH has undergone a long-term poleward198

shift since 1940, highlighted by a pronounced southeastward curvature of the geopotential199

contours (80-110oW). Patagonian glaciers experiences increased atmospheric pressure200

(1.01 ± 0.81 m dec−1, p < 0.05) (Fig. 5c) that drives enhanced northwesterly warm sub-201

tropical air advection (Fig. 5b). This triggers significant atmospheric warming near the202

Southern Andes (0.14 ± 0.03 oC dec−1, p < 0.01) (Fig. 5d), that is 17% larger than the203

global average (0.12 ± 0.01 oC dec−1, p < 0.01). We conclude that this atmospheric204

warming is primarily responsible for the long-term runoff increase (R2 = 0.90) (Fig. 5d).205

Discussion and conclusion206

Carrasco-Escaff et al. (2023)14 previously explored the SMB response of Patagonian207

glaciers to climatic controls in the period 1980-2015. Opposite to our results, they found208

that the interannual variability and trends of glacier SMB were predominantly driven by209

precipitation (r = 0.87), rather than runoff fluctuations (r = -0.69). High accumulation210

years coincide with the formation of an anomalous low pressure system in the Drake211

Passage (DP in Supplementary Fig. 8b,d), i.e., situated to the south of Cape Horn, in212

turn favouring stronger westerlies and associated precipitation across Patagonian ice-213

fields. We find similar strong correlation between total precipitation and Z850 nearby214

the Drake Passage in both MAR (1940-2023) and RACMO (1979-2023) (Supplementary215

Fig. 8b,d). However, our results identify atmospheric warming and subsequent runoff216

increase as the prime control on SMB fluctuations and trends (r = -0.80 in Fig. 3a), while217

precipitation only plays a secondary role (r = 0.57). We ascribe this contrast to the fact218

that our adjusted high-resolution data sets i) do not significantly overestimate precipita-219

tion across Patagonian Andes compared to gridded observations21 (Supplementary Fig.220

7a), and ii) do not significantly underestimate runoff in low-lying ablation zones relative to221

in-situ measurements18 (Supplementary Fig. 5c,f). This is further demonstrated by the222

good agreement between our downscaled mass change estimates from both MAR and223

RACMO, and recent geodetic, glaciological, and remote sensing records (Fig. 1a and224

Supplementary Table 2). Climate projections across NPI and SPI under a low (RCP2.6)225
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and a high-end emission scenario (RCP8.5) by 205016 corroborate that the contemporary226

and future SMB variability and trends currently are, and will remain to be, primarily driven227

by atmospheric warming and runoff increase.228

We ascribe long-term runoff increase to a poleward shift of subtropical high pressure sys-229

tems, which has been observed in the southern hemisphere in the past four decades230

with latitudinal displacements ranging from 0.04 to 0.10o per decade32. The shift of high231

pressure gyres result from a positive feedback between anomalous rise in sea surface232

temperature and change in atmospheric circulation33. Subtropical sea surface tempera-233

ture increase is attributed to anomalous Ekman pumping that strengthens surface conver-234

gence, hence transporting more heat from the Equator, and further expanding the tropical235

warm water zone southward. Oceanic warming in turn affects the atmospheric circula-236

tion by enhancing the subtropical high pressure systems, i.e., with stronger anticlockwise237

wind patterns that reinforce the Ekman pumping33. Poleward shift of warm subtropical238

waters strengthens high pressure gyres while displacing them southward, as reported239

e.g., for the SHH region in previous studies33–35. The drivers of this large-scale ocean-240

atmosphere interaction remain uncertain but are likely linked to global warming32, and the241

SHH poleward shift is thus expected to continue in the future32. Here we link the SHH242

poleward shift, and associated northwesterly warm subtropical air advection, to a long-243

term surface runoff increase in Patagonia (1940-2023), hence driving enhanced glacier244

mass loss (Fig. 5d). Climate warming projections predict that mass loss of Patagonian245

icefields will persist in the future, raising global sea-level by 3.1 mm (RCP2.6) to 3.8 mm246

(RCP8.5) in the period 2012-2050, further reducing the remaining ice volume by 22% to247

27% respectively16. Extrapolating our modelled mass loss rates from MAR (26.9 ± 2.4 Gt248

yr−1) and RACMO (26.2 ± 2.4 Gt yr−1) for the period 1979-2023 (Fig. 1a), and assum-249

ing no significant fluctuations in solid ice discharge, we estimate that Patagonian glaciers250

could completely melt away within the next 200 years.251

Methods252

SMB and mass change records253

For SMB evaluation, we use 74 stake measurements spanning the period 1980-2019,254

and collected at 38 locations across NPI (2 sites), SPI (26 sites) and CDI (19 sites) (inset255

maps in Fig. 1a). SMB records were estimated from stakes and firn cores drilled on: i)256

San Rafael (1984)36 and Nef (1996)37 glaciers in NPI; ii) Perito Moreno (1980-198538 and257

1996-200139,40), De Los Tres (1995-1996)41, Chico (1994-2001)42, Cerro Gorra Blanca258

(1995-2001)43,44, Tyndall (1998-2000)45, and Pio XI (2000-2006)44 glaciers in SPI; and iii)259

Monte Sarmiento Massif (2013-2019)6 in CDI. We discarded data compiling less than 3260

months of monitoring. For a meaningful comparison, we cumulated downscaled SMB at261

500 m from MAR and RACMO over the overlapping months of measurements (Supple-262

mentary Fig. 5).263
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We compare monthly GRACE and GRACE-FO mass change records (and uncertainties)24
264

for the period 2002–2022 with input-output method estimates (MB = SMB - D) (Fig. 1a and265

Supplementary Fig. 4). Annual mean solid ice discharge (D) was set to 15.1 ± 1.1 Gt yr−1
266

in 1968-19991 and 24.1± 1.7 Gt yr−1 in 2000-202313, and were equally distributed within267

each month of the year. Monthly SMB is derived from MAR and RACMO spatially inte-268

grated over glacier areas, i.e., ignoring seasonal snow and melt outside glaciers. While269

this may affect the amplitude of mass change, i.e., with peak snow/melt in winter/summer,270

it does not affect its trend since snow cannot accumulate outside glacier areas over the271

years.272

Gridded meteorological records273

We use two gridded meteorological data sets at 5 km, i.e., CR2MET (1960-2021)31 and274

PMET (1980-2020)30, to evaluate downscaled glacier-integrated total precipitation and275

snowfall from MAR and RACMO at 500 m spatial resolution (Supplementary Fig. 7).276

While the meteorological data sets correlate well in the overlapping period 1980-2020277

(R2 = 0.69), total precipitation is on average 31% (65.5 Gt yr−1) larger in PMET than in278

CR2MET. Total precipitation in MAR and RACMO show excellent agreement with PMET279

(R2 = 0.87 and 0.90; RMSE = 10.6 Gt yr−1 and 8.9 Gt yr−1 respectively), while being 24%280

to 26% larger than in CR2MET (54.2 and 55.4 Gt yr−1 respectively). We attribute the281

difference between the two meteorological data sets to the fact that CR2MET may only282

capture solid precipitation. This is supported by the relatively low RMSE obtained when283

comparing downscaled snowfall from MAR (13.1 Gt yr−1) and RACMO (12.0 Gt yr−1) to284

the CR2MET data set, i.e., 8% and 9% of the total precipitation in CR2MET respectively.285

We also compare anomalies in annual mean near-surface air temperature (T2m), spatially286

averaged over glacier areas, from MAR and RACMO with those of CR2MET (1960-2021)287

and PMET (1980-2020). For a meaningful comparison, anomalies are estimated with288

respect to the period 1960-1989, or the overlapping period in each data set, i.e., 1979-289

1989 for RACMO and 1980-1989 for PMET (Fig. 1c). All four data sets show excellent290

agreement with 0.74 < R2 < 0.89, and 0.14oC < RMSE < 0.28oC.291

MAR: Modèle Atmosphérique Régional292

The Modèle Atmosphérique Régional version 3.14 (MAR3v14) implements the dynamical293

core developed by Gallée and Schayes (1994)46 and the physics discussed by Fettweis et294

al. (2005)47. MAR has been used and thoroughly evaluated for glaciated areas including295

the Greenland ice sheet48, glaciers and ice caps of the Arctic region49, and the Antarctic296

ice sheet50. The model incorporates a dedicated Soil Ice Snow Vegetation Atmosphere297

Transfer (SISVAT) module51 that is specifically adapted for snow and ice processes52,53.298
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Surface melt, percolation and retention in firn, and subsequent surface runoff are simu-299

lated in a 21-layer snowpack. Snow albedo is computed in the CROCUS sub-module54
300

based on snow grain properties (size, sphericity, dendricity), snow densification, solar301

zenith angle, cloud optical thickness, and surface meltwater ponding. Here MAR is run302

at 5 km spatial resolution and forced at its lateral (seven pixels) and upper (stratosphere)303

atmospheric boundaries by the latest ERA5 climate reanalysis26 (1940-2023). Forcing304

fields include temperature, pressure, specific humidity, wind speed and direction pre-305

scribed at the 24 model atmospheric levels. Sea surface temperature is prescribed by306

ERA5 reanalysis on a 6-hourly basis. Firn is initialised with a former MAR3v13 10-year307

spin-up simulation at 10 km spatial resolution using initial snowpack densities of 500 kg308

m−3 and 920 kg m−3 above and below 1200 m a.s.l. respectively. Before conducting the309

1940-2023 MAR3v14 simulation at 5 km, an additional 4-year spin-up is carried out with310

snowpack initialisation from the former MAR3v13 run at 10 km. Ice albedo is fixed at 0.55311

as a constant in space and time. Surface topography and ice mask are derived from the312

1’ resolution digital elevation model ETOPO0155 and the ESA CCI Land Cover User Tool313

(v.3.10)56 at 1 km resolution, both down-sampled to 5 km.314

Compared to the high-resolution glacier outlines from the Randolph Glacier Inventory315

version 6 (RGIv6)57, MAR at 5 km generally overestimates ice extent in low-lying ablation316

areas, notably in SPI (Supplementary Fig. 1a). Surface topography in glacier areas is317

overall 609 m lower in MAR than in the high resolution Shuttle Radar Topography Mis-318

sion (SRTM) digital elevation model (DEM)29 (Supplementary Fig. 2b), with small outlet319

glaciers being generally too high, and mountain divides and promontories being too low.320

As a result, glacier hypsometry, i.e., the area-elevation distribution (Supplementary Fig.321

9a), is overestimated at low elevations in MAR (green line) relative to SRTM DEM (black322

line), notably in ablation areas below 600 m a.s.l., and vice-versa further inland (Supple-323

mentary Fig. 9b). Using 74 in-situ SMB measurements for model evaluation, we find324

that MAR overestimates SMB across low-lying outlet glaciers, and underestimates SMB325

in inland accumulation zones, where erroneous ablation conditions are captured (Supple-326

mentary Fig. 5a). Poor agreement with in-situ observations (R2 = 0.05) and large RMSE327

(6.1 m w.e) indicate that MAR typically underestimate SMB across Patagonian glaciers328

and icefields. This is supported by an overall mass loss overestimate when comparing329

MAR-derived mass change (SMB - D) with GRACE/GRACE-FO records (RMSE = 573330

Gt) (green and red lines in Supplementary Fig. 4a).331

RACMO: Regional Atmospheric Climate Model332

The Regional Atmospheric Climate Model version 2.3p2 (RACMO2.3p2) incorporates the333

dynamical core of the High Resolution Limited Area Model (HIRLAM)58 and the physics334

package cycle CY33r1 of the European Centre for Medium-Range Weather Forecasts-335

Integrated Forecast System (ECMWF-IFS)59. The model is specifically adapted to rep-336
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resent surface processes of polar ice sheets and ice caps including the Greenland ice337

sheet25, Canadian Arctic60, Svalbard61, Iceland62, Patagonia18 and Antarctica63. The338

model has a 40-layer snow module simulating melt, percolation and retention into firn339

and subsequent surface runoff64. The model represents dry-snow densification65, drift-340

ing snow erosion66, and snow albedo based on grain size, cloud optical thickness, solar341

zenith angle, and impurity content67. RACMO2.3p2 at 5.5 km spatial resolution is forced342

by ERA5 reanalysis26 (1979-2023) within a 24-grid-cell-wide relaxation zone at the lat-343

eral model boundaries. Forcing consists of temperature, pressure, specific humidity, wind344

speed and direction being prescribed at the 40 model atmospheric levels every 3 hours.345

Upper atmospheric relaxation is active68. Sea surface temperature is prescribed from346

the ERA5 reanalysis on a 3-hourly basis. Firn is initialised on 1st January 1979 by pre-347

scribing an initial snow depth (4 m), temperature (-10oC) and density profile (300-900 kg348

m−3), followed by a 5-year spin-up simulation (1979-1983). The spin-up ensures that the349

snowpack properties reach equilibrium with atmospheric conditions. The presented 1979-350

2023 simulation is then branched from the 5-year spin-up. Ice albedo is prescribed as a351

constant field in space and time at 0.55. Surface topography and ice mask are derived352

from the 30” resolution digital elevation model GTOPO3069 and the Global Land Cover353

Characteristics59 at 1 km resolution, both down-sampled to 5.5 km.354

355

RACMO at 5.5 km spatial resolution resolves the three major icefields relatively well (Sup-356

plementary Fig. 1a), but does not capture the smaller neighbouring mountain glaciers357

outlined in the high-resolution RGIv6 product57. Relative to the SRTM DEM29, RACMO358

shows patterns of surface elevation bias similar to those of MAR, though being smaller359

on average (529 m) (Supplementary Fig. 2c). As opposed to MAR, glacier hypsometry360

in RACMO at 5.5 km is underestimated below 600 m a.s.l. (Supplementary Fig. 9d), as361

low-lying glaciers are generally not captured. This is supported by model evaluation using362

74 in-situ measurements (Supplementary Fig. 5d) showing an overall SMB overestimate363

in the ablation zone. RACMO aligns better with in-situ observations (R2 = 0.55) than MAR364

(R2 = 0.05), although with similar RMSE (6.3 m w.e.) and an over three-fold larger positive365

bias (3 m w.e.). Comparison to GRACE/GRACE-FO mass loss records confirms a SMB366

overestimate in RACMO, with an erroneous and persistent mass gain since 2002 (blue367

line in Supplementary Fig. 4a), in line with previous studies18,21. In addition, RACMO-368

derived mass change RMSE (1161 Gt) is over two-fold larger than that of MAR (573 Gt)369

(Supplementary Fig. 4a).370

Statistical downscaling371

MAR (1940-2023) and RACMO (1979-2023) SMB components are statistically down-372

scaled from the native model resolution of 5 km and 5.5 km, respectively, to a 500 m373

ice mask and topography derived from RGIv657 and the high-resolution SRTM DEM29.374
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The downscaling procedure corrects individual SMB components for elevation on the 500375

m topography, using daily-specific vertical gradients estimated on the native model grids.376

SMB components (X in Eq. 1) include total precipitation (PR), total sublimation (SU), to-377

tal melt (ME), and runoff (RU). Drifting snow erosion (ER) is accounted for in RACMO.378

Vertical gradients are estimated as linear regressions using at least six grid-cells, i.e., the379

current one and at least five (up to eight) adjacent pixels. To obtain realistic local esti-380

mates, the regression slope (a) is applied to the current grid-cell to compute an intercept381

(b), i.e., value at sea level. These two regression coefficients are bi-linearly interpolated382

from the low-resolution model grids onto the high resolution one, and applied to the SRTM383

DEM surface topography at 500 m (h) as,384

X 500 m = a 500 m x h 500 m + b 500 m (1)

Melt and runoff are further corrected for surface albedo in regions exposing dark bare ice385

(albedo < 0.55) in summer, that are unresolved in MAR and RACMO. To that end, we386

use a 500 m MODIS 16-day product averaged for the period 2000-2023. MODIS bare387

ice albedo is estimated as the mean of the 5% lowest surface albedo recorded each year,388

averaged for the period 2000-2023. In addition, daily snowfall fraction (SFfrac), i.e., the389

fraction of snowfall on total precipitation, is statistically downscaled to 500 m following390

Huai et al. (2022)70. Snowfall is thus estimated as,391

SF 500 m = PR 500 m x SFfrac 500 m (2)

Rainfall is estimated as a residual as,392

RA 500 m = PR 500 m − SF 500 m (3)

SMB is reconstructed using individual components statistically downscaled to 500 m as,393

SMB 500 m = PR 500 m − RU 500 m − SU 500 m − ER 500 m (4)

Note that the drifting snow erosion flux (ER) is not accounted for in MAR. Refreezing (RF)394

is estimated as a residual following,395

RF 500 m = ME 500 m + RA 500 m − RU 500 m (5)

Spatial refinement and adjustments396

In MAR, statistical downscaling results in a 28% increase in total precipitation (42.8 Gt397

yr−1 for 1940-2023) combined with a 13% increase in surface runoff (26.2 Gt yr−1), in398

turn enhancing SMB by 38% (18.0 Gt yr−1) (Supplementary Table 1). Total precipitation399
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mostly increases around the hypsometry peak of Patagonian glaciers situated between400

1000-1600 m a.s.l. (Supplementary Fig. 9a-c), where MAR at 5 km substantially under-401

estimates surface elevation and glacier area. This is in excellent agreement with PMET-402

derived vertical precipitation profile (cyan line in Supplementary Fig. 9c). The same holds403

for surface runoff, though we find an increase in low-lying regions (0-200 m a.s.l.), where404

small, dark outlet glaciers were not well captured in the original 5 km product (Supple-405

mentary Fig. 9a-c). Compared to in-situ SMB records, statistical downscaling signifi-406

cantly improves upon the native MAR product at 5 km, with higher correlation (R2 = 0.84)407

and essentially halved RMSE (2.7 m w.e.) (Supplementary Fig. 5a-b). Note that high408

ablation rates are slightly overestimated in downscaled MAR (Supplementary Fig. 5b),409

indicating a runoff overestimate. Statistical downscaling however improves MAR-derived410

mass change agreement with GRACE/GRACE-FO, i.e., the RMSE (358 Gt) is reduced by411

38% relative to the native product at 5 km (green lines in Supplementary Fig. 4a-b). To412

eliminate the remaining negative bias in downscaled MAR mass change, surface runoff is413

uniformly decreased by 12.5% (28.9 Gt yr−1 in Supplementary Table 1) across all glacier414

grid-cells on a daily basis (green line in Supplementary Fig. 4c). This adjustment reduces415

mass change RMSE down to 48 Gt compared to GRACE/GRACE-FO (Supplementary416

Fig. 4c), and decreases SMB RMSE to 2.3 m w.e. relative to in-situ measurements417

(Supplementary Fig. 5c).418

In RACMO, runoff increases by 147% (126.2 Gt yr−1 for 1979-2023) through statistical419

downscaling. This is almost balanced by a 69% increase in total precipitation (122.9420

Gt yr−1), hence only reducing SMB by 2% (2.1 Gt yr−1) relative to the native product at421

5.5 km. RACMO generally underestimates glacier area at all elevations (Supplementary422

Fig. 9e), notably below and around the Patagonian glacier hypsometry peak (1000-1600423

m a.s.l.). Largest increases in total precipitation and runoff are thus found in low-lying424

(respectively elevated) regions where outlet (respectively mountain) glaciers were not re-425

solved at 5.5 km (Supplementary Fig. 9 e,f). As mentioned in previous studies18,21,426

RACMO at 5.5 km exaggerates orographic-forced precipitation across the Andes. This427

process is amplified through statistical downscaling as demonstrated by large precipita-428

tion overestimates relative to the PMET data set (cyan line in Supplementary Fig. 9g).429

This is supported by large SMB overestimate compared to in-situ measurements in the430

accumulation zone (Supplementary Fig. 5e). Nonetheless, we find that statistical down-431

scaling improves upon the native product at 5.5 km, with higher correlation (R2 = 0.80) and432

lower RMSE (4.6 m w.e.) (Supplementary Fig. 5d-e). Comparing downscaled RACMO-433

derived mass change with GRACE/GRACE-FO shows similar positive bias, correlation434

and RMSE to the native product at 5.5 km (Supplementary Fig. 4d-e), the result of al-435

most unchanged SMB as precipitation increase compensates for enhanced runoff. In line436

with remote sensing, the amplitude of seasonal mass change has increased, i.e., with437

higher winter accumulation and summertime ablation. Uniformly reducing total precipita-438

tion by 32.5% (98.4 Gt yr−1 in Supplementary Table 1) across all glacier grid-cells on a439

daily basis eliminates the remaining positive bias and decreases mass change RMSE to440
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50 Gt relative to remote sensing (blue line in Supplementary Fig. 4c). This adjustment441

also improves the vertical profile agreement between the downscaled RACMO and PMET442

products (cyan line in Supplementary Fig. 9e), and further decreases the SMB RMSE to443

4.1 m w.e. compared to in-situ records (Supplementary Fig. 5f).444

Model uncertainty estimates445

Uncertainties in SMB and individual components are estimated as the glacier integrated446

difference between SMB (components) statistically downscaled to 500 m averaged for the447

period 1979-2023, including runoff (-12.5%) and total precipitation (-32.5%) adjustments448

in MAR and RACMO respectively (e.g., Supplementary Fig. 3d-f). These uncertainties449

are shown in Supplementary Fig. 6 and listed in Supplementary Table 1.450

For glacier mass change (MB = SMB - D), we sum the uncertainty in modelled SMB (0.7451

Gt yr−1) with that of D estimated at 1.7 Gt yr−1 in Minowa et al. (2021)13. We thus estimate452

a model mass change uncertainty of 2.4 Gt yr−1 as listed in Supplementary Table 2. For453

cumulative mass change and contribution to sea-level rise, we sum monthly mass change454

uncertainty in time (0.2 Gt per month) (Fig. 1a).455
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Figure 1: Long-term mass loss of Patagonian glaciers. a Monthly cumulative mass
change (MB = SMB - D) of Patagonian glaciers estimated as the difference between mod-
elled surface mass balance (SMB) from MAR (green line, 1940-2023) and RACMO (blue
line, 1979-2023) statistically downscaled to 500 m resolution, and solid ice discharge from
Rignot et al. (2003)1 (1940-1999) and Minowa et al. (2021)13 (2000-2023). Observed
geodetic mass change from Zemp et al. (2019)7 (1961-2016) and satellite mass change
from GRACE/GRACE-FO (2002-2023) are shown in grey and red respectively. Coloured
bands represent uncertainties. Inset maps show averaged MAR SMB at 500 m (1940-
2023) with a zoom in on three major Patagonian icefields: Northern (NPI) and Southern
Patagonian Icefield (SPI), and Cordillera Darwin Icefield (CDI). Mass change is converted
to global sea-level rise equivalent assuming that 362 Gt of ice raises sea-level by 1 mm. b
Annual mean SMB components from MAR (coloured solid lines) and RACMO (coloured
bands) at 500 m. c Annual mean 2 m air temperature anomaly (relative to 1960-1989),
spatially averaged over glacier area from MAR (green line) and RACMO (blue band) at
500 m, from CR2MET (red line, 1960-2021)31 and PMET (orange band, 1980-2020)30

meteorological grids at 5 km. In b-c, long-term trends are derived from MAR (dashed
lines).
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Figure 2: Long-term SMB components and spatial trends. long-term average of a to-
tal precipitation, b adjusted surface runoff and c SMB as modelled by MAR, statistically
downscaled to 500 m, for the period 1940-2023. d-f same as a-c but for long-term trends
(1940-2023).
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Figure 3: SMB response to atmospheric temperature anomalies. Correlation between
a SMB and surface runoff, b surface runoff and anomalies in glacier near-surface temper-
ature (T2m), c anomalies in near-surface temperature and anomalies in 850 hPa atmo-
spheric temperature (T850). Anomalies are estimated relative to the 1960-1989 period.
MAR and RACMO data at 500 m are shown as blue and green dots respectively. For T2m,
model data at 500 m are spatially averaged over glacier areas. Linear regression and rel-
evant statistics, i.e., number of records (N), slope (a), intercept (b), and correlation (r),
include both MAR and RACMO data sets. T850 data are extracted from ERA5 reanalysis26

within the yellow contour shown in Fig. 5a-b.
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Figure 4: Long-term trends in SMB processes affecting glacier runoff. Time series
of annual a ablation zone fraction (%), i.e., relative to the total glacier area, b rainfall
fraction (%), i.e., relative to the glacier integrated total precipitation, c firn refreezing
capacity (%), i.e., the fraction of total melt and rainfall retained or refrozen in firn, for
the period 1940-2023. MAR and RACMO data at 500 m are shown as green lines and
blue bands, respectively. Long-term trends (1940-2023) derived from MAR are shown as
dashed lines. Correlation between anomalies in glacier near surface temperature (T2m,
relative to 1960-1989) and d ablation zone fraction, e rainfall fraction and f firn refreezing
capacity from MAR (green dots) and RACMO (blue dots) at 500 m. g-i same as d-e but
correlated to surface runoff. In d-i linear regression and relevant statistics, i.e., number of
records (N), slope (a), intercept (b), and correlation (r), include both MAR and RACMO
data sets.
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Figure 5: Poleward shift of subtropical highs enhances surface runoff. a Spatial cor-
relation between glacier integrated runoff from MAR at 500 m and 850 hPa atmospheric
temperature (T850) from ERA5 reanalysis (1940-2023). The yellow contour highlights
correlation r > 0.75. b Spatial trends in T850 (background map), 850 hPa geopotential
height (Z850, m dec−1) (grey contour), and wind direction (arrows). The location of the
Saint Helena High (SHH) and Drake Passage (DP) are also shown. c Timeseries of Z850
anomalies relative to 1960-1989, derived from ERA5 reanalysis (1940-2023). d Timeseries
of T850 anomalies relative to 1960-1989, derived from ERA5 reanalysis (solid black line;
1940-2023); MAR (solid red line; 1940-2023) and RACMO (red band; 1979-2023) runoff
timeseries at 500 m are also shown. In c-d, Z850 and T850 anomalies are extracted from
the region outlined in yellow in a-b. long-term ERA5 (black) and/or MAR (red) trends are
shown as dashed lines.
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