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Abstract. The pronounced increase in meltwater runoff from the Greenland Ice Sheet in recent decades represents an important 11 

source of global sea-level rise. The role of anomalous anticyclonic circulation patterns in facilitating this increase has been 12 

widely documented; however, this change in atmospheric circulation has coincided with a rapidly warming Arctic. While 13 

amplified Arctic warming has undoubtedly contributed to trends in Greenland’s mass loss, the contribution of this shift in 14 

background conditions relative to changes in regional circulation patterns has yet to be quantified. Here, we apply the pseudo-15 

global warming method of dynamical downscaling to estimate the contribution of the change in the thermodynamic 16 

background state under global warming to observed Greenland Ice Sheet surface mass loss since the turn of the century. Our 17 

analysis demonstrates that, had the 2000–2019 sequence of atmospheric circulation occurred under a preindustrial 18 

thermodynamic background state, anomalous surface mass loss from the ice sheet would have been reduced by over 62% 19 

relative to observations. We show that the change in the thermodynamic environment under amplified Arctic warming has 20 

augmented melt of the ice sheet via longwave radiative effects accompanying an increase in atmospheric water vapor content. 21 

Furthermore, the thermodynamic contribution to surface mass loss during the record melt years of 2012 and 2019 was less 22 

than half that of the long-term average, suggesting that the pronounced mass loss during those two summers was more a result 23 

of the anomalous atmospheric circulation than a direct consequence of the long-term warming trend. 24 

1 Introduction 25 

The Greenland Ice Sheet has undergone persistent mass loss since the turn of the century (Hanna et al., 2014, 2024; Khan et 26 

al., 2015; Kjeldsen et al., 2015; Mouginot et al., 2019; Otosaka et al., 2023; The IMBIE Team et al., 2020; Velicogna et al., 27 

2020). While highly variable, mass loss from the Greenland Ice Sheet has consistently raised global mean sea level by over 28 

0.5 mm yr-1 in recent decades, contributing to sea-level rise at approximately twice the rate of the Antarctic Ice Sheet (Cazenave 29 
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et al., 2018; Horwath et al., 2022; Smith et al., 2020; The GlaMBIE Team et al., 2025; The IMBIE team et al., 2018; The 39 

IMBIE Team et al., 2020). Estimates place the total contribution of Greenland at over 10 mm of sea level rise since the 1990s 40 

(Mouginot et al., 2019; The IMBIE Team et al., 2020). Moreover, most of the impact of recent climate change on total mass 41 

balance has yet to be realized, as the timescale at which ice sheet dynamics adjust to a climate perturbation is an order of 42 

magnitude or greater than that of the surface mass balance (SMB) response (Box et al., 2022). Recent work conservatively 43 

estimates another ~274 mm of committed sea level rise before the ice sheet achieves balance with the current climate state—44 

i.e., even without considering the additional impact of any future warming scenario (Box et al., 2022).  45 

 46 

Over Greenland, there has been both an increase in solid-ice discharge and a decline in SMB over the past few decades (van 47 

den Broeke et al., 2009a; Mankoff et al., 2019; The IMBIE Team et al., 2020); however, increased runoff has caused SMB to 48 

decline at a rate twice that of the observed increase in dynamic ice loss (Box et al., 2022; Fettweis et al., 2017, 2020; Mote, 49 

2007; Noël et al., 2017). Consequently, SMB reductions have surpassed discharge as the largest source of mass loss (Mouginot 50 

et al., 2019) and, according to dynamically downscaled CMIP5 and CMIP6 global climate model (GCM) output, SMB losses 51 

are projected to exceed mass accumulation on their own by the year 2100 unless the most ambitious mitigation efforts are 52 

implemented (Noël et al., 2021). This timeline, however, contains considerable uncertainty as differences in prescribed bare-53 

ice albedo and firn model parameterizations have been shown to yield a twofold spread in simulated runoff between the three 54 

leading polar Regional Climate Models (RCMs) under a common future radiative forcing, with RACMO – the RCM used to 55 

derive this estimate – underestimating future runoff relative to HIRHAM and MAR (Glaude et al., 2024).  56 

 57 

This change in ice sheet surface conditions has been associated with a recent shift in summer atmospheric circulation over the 58 

North Atlantic. The decline in SMB has coincided with a more persistently negative North Atlantic Oscillation (NAO) and an 59 

increase in atmospheric blocking episodes over Greenland (Bevis et al., 2019; Fettweis et al., 2013; Hanna et al., 2015, 2016, 60 

2018b, 2022; Hofer et al., 2017). Indeed, previous studies have shown a statistically significant increase in summer Greenland 61 

blocking between the 1990’s and early 2010’s using a variety of blocking detection methods (Davini and D’Andrea, 2020; 62 

Hanna et al., 2022; Lee and Polvani, 2026; Luu et al., 2024; Woollings et al., 2018). While multi-year mean summer Greenland 63 

blocking frequency has declined since its peak around 2010, interannual variability has remained anomalously high with 64 

extreme blocking episodes again facilitating record-setting melt of the ice sheet in 2019 and 2023 (Bonsoms et al., 2026; 65 

Cullather et al., 2020; Lee and Polvani, 2026; Luu et al., 2024; Tedesco and Fettweis, 2020). More frequent blocking has 66 

played a key role in encouraging melt via multiple contrasting mechanisms. The increase in surface melt has been ascribed to 67 

the suppression of cloud cover by large-scale subsidence within the blocking ridge (Hofer et al., 2017). This reduction in cloud 68 

cover has allowed for anomalously high downward shortwave radiation over the southern ice sheet which, owing to its lower 69 

surface albedo, is more sensitive to changes in shortwave radiation than other regions of the ice sheet (Hofer et al., 2017; Wang 70 

et al., 2019). Other studies, however, have demonstrated the importance of cloud longwave radiative effects, particularly in 71 

regions where albedo is high, such as the northern ice sheet and over the high-elevation accumulation zone (Gallagher et al., 72 
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2018; Lenaerts et al., 2019; Noël et al., 2019; Orsi et al., 2017; Wang et al., 2019). Southerly moisture transport upstream of a 89 

blocking anticyclone in July 2012 supported the formation of low-level cloud cover that produced melt over the highest 90 

elevations of the ice sheet for the first time in over a century (Bennartz et al., 2013; Clausen et al., 1988; Fausto et al., 2016b, 91 

a; Mattingly et al., 2018; Meese et al., 1994; Neff et al., 2014; Nghiem et al., 2012). Additionally, the high-amplitude Omega 92 

blocking patterns that have increased most in recent summers deliver moisture farther poleward, generating above-normal 93 

downward longwave radiation over northern Greenland (Preece et al., 2022)—conditions which have caused pronounced 94 

growth of the ablation zone and spurred a disproportionate increase in runoff from the northern drainages of the ice sheet (Noël 95 

et al., 2019). 96 

 97 

A natural question is whether this shift in summer circulation may be a symptom of climate change. At the hemispheric scale, 98 

there are several theoretical frameworks that postulate a link between changes in the meridional temperature gradient under 99 

Arctic Amplification and more frequent persistent weather extremes (Cohen et al., 2014; Coumou et al., 2018; Francis and 100 

Vavrus, 2012), and there is mounting evidence of such a link during summer (Cattiaux et al., 2016; Coumou et al., 2015; Di 101 

Capua and Coumou, 2016; Kornhuber and Tamarin-Brodsky, 2021; Vavrus et al., 2017). However, not only have GCMs failed 102 

to capture the positive trend in Greenland blocking, they consistently predict a decline in blocking frequency in the region 103 

(Delhasse et al., 2021; Hanna et al., 2018a)—a critical source of uncertainty regarding a causal link between anthropogenic 104 

climate change and the observed shift in summer circulation over Greenland. Conversely, the change in the background 105 

thermodynamic environment, and its resulting impact on SMB represents a more robust signal of climate change than the 106 

potential dynamical response outlined above. Multiple well-documented radiative feedbacks have helped warm the Arctic at 107 

four times the global average rate (Pithan and Mauritsen, 2014; Rantanen et al., 2022; Serreze and Barry, 2011). This 108 

constitutes a likely contributor to the nonlinear decline in SMB, as surface melt would be expected to increase in frequency 109 

and magnitude in a warmer, more humid atmosphere.  110 

     111 

The thermodynamic environment over Greenland is surely influenced by changes occurring more broadly throughout the 112 

Arctic. Indeed, Box et al. (2013) linked increased precipitation over Greenland to higher Northern Hemisphere surface air 113 

temperature and showed that this statistical relationship was more robust than when considering local near-surface 114 

temperatures over Greenland or North Atlantic SST—a result that emphasizes the importance of remotely-sourced heat and 115 

moisture to the SMB. However, local sea-surface conditions (SSCs) may also play an important role. Specifically, sea ice 116 

reductions over adjacent waters could further contribute to elevated temperatures over Greenland through the water vapor 117 

feedback, wherein a warmer atmosphere together with an ice-free ocean increases atmospheric water vapor, which then 118 

enhances longwave radiative forcing at the surface (Pithan and Mauritsen, 2014; Trenberth, 2011). One of the more intuitive 119 

ways that sea ice loss could impact the ice sheet is through advection of warm, moisture-enriched air from the neighboring 120 

seas. Studies have revealed a relationship between changes in sea-ice concentration near Greenland and ice sheet SMB 121 

(Pedersen and Christensen, 2019; Rennermalm et al., 2009); however, these studies fail to separate direct marine influence 122 
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from any indirect effects via alteration of the large-scale circulation by oceanic thermal forcing (Ballinger et al., 2019; Liu et 123 

al., 2016) or relationships that might arise as a byproduct of mutual forcing of local sea ice concentration (SIC) and ice sheet 124 

melt by the large-scale synoptic setting (Ballinger et al., 2018; Stroeve et al., 2017). 125 

     126 

Several modeling efforts have demonstrated minimal contribution from local SSCs during summers of pronounced melt due 127 

to the persistent katabatic outflow over the ice sheet that acts as a barrier to onshore advection (Hanna et al., 2009, 2014; Noël 128 

et al., 2014); however, observational evidence suggests that local SSCs may play an important role earlier in spring. While 129 

melt events during summer and fall are primarily a product of large-scale atmospheric conditions (Ballinger et al., 2019; 130 

Hermann et al., 2020; Noël et al., 2014), recent work demonstrated elevated atmospheric moisture and enhanced downward 131 

longwave radiation over the ice sheet approximately one week following sea ice retreat in the Baffin Bay and Davis Strait in 132 

years of early melt, suggesting that local sea ice anomalies precondition the ice sheet for early melt onset (Stroeve et al., 2017).  133 

     134 

Disentangling the relative contributions of atmospheric dynamics versus thermodynamics is an intractable problem using 135 

observations alone. Previous studies have utilized RCMs to examine the sensitivity of the SMB to perturbations in SSCs 136 

(Hanna et al., 2009, 2014; Noël et al., 2014) or atmospheric thermodynamic fields (Delhasse et al., 2018); however, none of 137 

these efforts examined the combined influence of atmospheric and SSCs. Furthermore, these studies either applied arbitrary 138 

perturbations to the targeted boundary fields or examined a single melt season and, therefore, did not aim to measure the 139 

existent contribution of observed changes in these fields to mass loss.  140 

 141 

Here, we provide an estimate of the relative contributions of dynamical versus thermodynamic change to recent Greenland ice 142 

sheet surface mass loss using the pseudo-global warming (PGW) method of dynamical downscaling. The PGW method uses 143 

adjusted reanalysis data for the initial and lateral boundary conditions of an RCM (Kawase et al., 2008; Kimura and Kitoh, 144 

2007; Schär et al., 1996). To obtain the adjusted boundary conditions, this method applies a climate change perturbation signal 145 

that is estimated from GCM output by assuming a linear change in the boundary fields between the control period (i.e., the 146 

period of observed reanalysis data) and some alternative period of interest with a contrasting thermodynamic background state 147 

(Kawase et al., 2008; Rasmussen et al., 2011; Schär et al., 1996). Thus, the PGW technique effectively isolates the impact of 148 

the long-term thermodynamic component of climate change by assuming that the timing and structure of synoptic disturbances 149 

along the RCM's boundaries will be the same in the alternative period as during the control (Lackmann, 2015). 150 

     151 

While the PGW method is typically utilized to simulate future conditions, it can also be used to investigate how recent periods 152 

of climate or individual weather events would have behaved under past conditions. For example, Lackmann (2015) estimated 153 

the thermodynamic contribution of recent climate change to the evolution of Hurricane Sandy by comparing a control run to a 154 

PGW simulation using boundary conditions that were adjusted to reflect the climate of the late 19th Century. Likewise, Kawase 155 

(2008) used a similar approach in a climate change attribution study of the Mei-yu rain band in southern China. Here we use 156 
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the PGW method to quantify what the magnitude of surface melt would have been if the recent dynamical forcing of the ice 159 

sheet had occurred in a preindustrial thermodynamic background state by answering the following questions: (1) How much 160 

of the recent SMB decline can be attributed to the combined influence of increasing background temperatures and contributions 161 

from local SSCs? (2) What portion of the thermodynamic influence is due to adjacent SSC change alone and do SSCs have a 162 

discernible impact on the timing or duration of the melt season?   163 

2. Experimental Design 164 

A model schematic outlining our approach is presented as Figure 1. Atmospheric conditions and the SMB and surface energy 165 

balance (SEB) response were modeled using the RCM, Modèle Atmosphérique Régional (MAR) (Fettweis et al., 2005, 2020; 166 

Lefebre et al., 2005). MAR includes a surface-atmosphere energy and mass transfer scheme with a one-dimensional snowpack 167 

model that represents snow grain metamorphism and its impact on albedo, and accounts for the percolation and refreeze of 168 

meltwater within the snowpack (Amory et al., 2021; Brun et al., 1989, 1992). For a more detailed description of MAR, see 169 

Amory et al. (2021). Here, we employed MAR version 3.12 initialized and forced at its lateral boundaries with 6-hourly ERA5 170 

reanalysis data and integrated over a 120x180, 20-km grid with 24 vertical atmospheric levels.   171 
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Figure 1. Model experiment overview. Model schematic illustrating the design of the control run (gray outlines) and pseudo-global 173 
warming experiments (blue outlines). For the control run, all boundary fields including SSCs were sourced from ERA5. In 𝑃𝐺𝑊!!"

#,%, the 174 
atmospheric thermodynamic fields of air temperature (T) and specific humidity (Q) from ERA5 were adjusted to reflect preindustrial 175 
conditions by applying a climate change perturbation signal derived from Community Earth System Model (CESM) data, and preindustrial 176 
SSCs of SST and SIC were prescribed using merged Hadley-OI observational data. In 𝑃𝐺𝑊!!", only SST and SIC were altered to reflect 177 
preindustrial conditions. 178 
 179 
As a control, we forced MAR with ERA5 data spanning 2000 to 2019 to represent historical conditions during the recent period 180 

of anomalous Greenland blocking (Figure 1, gray components). For the control, all boundary fields including the SSCs of sea-181 

surface temperature (SST) and SIC were sourced from ERA5. To simulate the preindustrial thermodynamic state (Figure 1, 182 

blue components), we adjusted the boundary conditions of air temperature and specific humidity using perturbations obtained 183 

from the NCAR Community Earth System Model-Large Ensemble (CESM-LE) project (Kay et al., 2015), while zonal and 184 

meridional winds at the model boundaries were left unaltered to minimize differences in the large-scale atmospheric circulation 185 

between the experiment and the control. For the pre-industrial simulations, we adjusted ERA5 air temperature and specific 186 

humidity using a climate change perturbation derived from the 40 ensemble members of the NCAR CESM-LE project as 187 

follows: 188 

 189 

𝛥𝑥 = 𝑥! − 𝑥"	190 

 191 

Where 𝛥𝑥 is the climate change perturbation for variable 𝑥, 𝑥!is the ensemble-averaged, long-term monthly mean of variable 192 

𝑥 for a preindustrial reference period of 1880–1899, and 𝑥" is the ensemble-averaged, long-term monthly mean of variable x 193 

for a control period of 2000–2019. We then linearly interpolated the monthly climate change perturbations derived from 194 

CESM-LE temporally to a 6-hourly timestep, vertically to ECMWF’s L137 hybrid sigma-pressure levels, and horizontally to 195 

the ERA5 grid before adding them to the corresponding ERA5 boundary fields that were used to force MAR. A comparison 196 

of 500 hPa geopotential height over the study area shows strong temporal covariability between simulations, indicating that 197 

the large-scale circulation of the control was well preserved in our application of the PGW method (Fig. S1).   198 

 199 

While GCMs aim to capture the periodicity of internal climate variability, they may not accurately resolve the magnitude of 200 

said variability and the precise timing of a particular mode of variability differs between individual ensemble members. 201 

Considering a single GCM simulation alone would risk enhancing or suppressing the magnitude of the climate perturbation 202 

signal if the control and alternative periods are characterized by opposing phases of a relevant mode of internal variability. For 203 

example, an anomalously negative summer NAO since the turn of the century has favored the advection of warm, moist air 204 

over Greenland (Fettweis et al., 2013; Hanna et al., 2013; Henderson et al., 2021; Mattingly et al., 2018; Mote, 1998; Tedesco 205 

et al., 2016). Since our intent is to isolate the contribution of background thermodynamic change to mass loss, deriving a 206 

perturbation signal from observations would overestimate the baseline change in temperature and humidity around Greenland 207 

because it would also include the dynamical contribution of an anomalously negative NAO during our control period. Taking 208 
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an ensemble mean of the CESM-LE effectively removes the noise of internal climate variability by averaging across the 209 

differing phases resolved by each ensemble member for a given date, thereby providing a more appropriate estimate of the 210 

change in the mean climate state. 211 

 212 

Figure 2 shows a subset of the monthly surface air temperature and specific humidity perturbation fields that were applied at 213 

the lateral boundaries of MAR. Seasonally, CESM-LE simulates the greatest temperature difference in fall and winter(Fig. 2, 214 

top row), consistent with what should be expected under Arctic amplification, which is largely driven by sea ice loss (Screen 215 

and Simmonds, 2010). Differences in near-surface atmospheric moisture are largely reflective of the Clausius-Clapeyron 216 

relation, with drier conditions mirroring locations of cooler temperatures in the preindustrial climate (Fig. 2, bottom row).  217 

Figure 2. Climate change perturbation fields. Perturbation fields derived from CESM-LE for surface air temperature (top row) and specific 218 
humidity (bottom row) shown for a selection of months equally spaced throughout the year as labeled at the top of each panel. Perturbation 219 
fields shown for the lowermost model level after vertically interpolating to the same ECMWF L137 hybrid sigma-pressure levels as the 220 
ERA5 boundary conditions. Contour interval: 500 m. Range: 1000–3000 m. 221 
 222 
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The use of a GCM-derived perturbation signal presents issues when dealing with sea ice. The change in SIC is greatest along 223 

the sharply defined sea ice front and the GCM's representation may not geographically align with observations. Figure 3 224 

presents one such comparison for June 15, 2018, which occurs during a month of exceptionally low SIC in the Greenland Sea. 225 

There is a considerable gap between the observed sea ice front and area of greatest SIC change according to CESM-LE, such 226 

that the application of this perturbation signal would result in a locally high SIC stretching from Iceland to Svalbard that is 227 

separated from the main body of sea ice. To avoid this unrealistic distribution, and to ensure consistency between SIC and 228 

SST, we prescribed both SIC and SST in our experimental simulations using 1880–1899 long-term monthly means calculated 229 

from the merged Hadley-OI observational dataset (Shea et al., 2020) and interpolated to a 6-hourly timestep.  230 

Figure 3. Sea ice representation. Comparison of observed sea ice concentration on June 15, 2018 (shading) and the corresponding CESM-231 
LE climate perturbation signal (contours, 5% interval). 232 
 233 

Contrary to global SST trends, there are extensive areas around Greenland where SST during the preindustrial period was 234 

higher than during the current period (Figure S2). This is most apparent during winter and spring when higher preindustrial 235 

SST is observed throughout the northern subpolar gyre to the southeast of Greenland and extending from the southern 236 

Greenland coast along the sea ice edge to Svalbard. The spatial and seasonal pattern of lower SST since the preindustrial period 237 

matches the fingerprint of the so-called North Atlantic warming hole—an observed decrease in subpolar North Atlantic SST 238 

that has been attributed to a weakening of the Atlantic meridional overturning circulation and associated poleward oceanic 239 
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heat transport as a consequence of climate change (Caesar et al., 2018). In summer, SST throughout much of the region was 240 

lower during the preindustrial period (Figure S2). 241 

 242 

After interpolating the Hadley-OI fields to a 6-hourly timestep, we applied the following adjustments based on the work of 243 

Hurrell et al. (2008) to further ensure consistency between SST and SIC:   244 

● If an interpolated grid cell had a SIC > 90%, we set the SST of that cell to the sea ice freezing point of -1.8 °C. 245 

● Where 15% < SIC < 90% we adjusted SST as follows: 246 

𝑆𝑆𝑇 = 9.328(0.729 − (𝑆𝐼𝐶/100)#) − 1.8 ,         (1)       247 

● SIC was set to zero if SST > 4.97 °C. 248 

● Where -1.8 °C < SST < 4.97 °C we adjusted SIC as follows: 249 

𝑆𝐼𝐶 = 100(0.729 − (𝑆𝑆𝑇 + 1.8)/9.328)
!
" ,         (2)     250 

 251 

Following Noël et al. (2014), we allotted 5 years of spin-up time for each model simulation to allow the MAR snowpack model 252 

to adjust to the altered boundary conditions. In 𝑃𝐺𝑊$$%
&,(, we adjusted the boundary forcing fields of temperature (T), specific 253 

humidity (Q), and the SSCs of SST and SIC to reflect the long-term preindustrial conditions. Thus, by comparing 𝑃𝐺𝑊$$%
&,( to 254 

the control, we quantify the thermodynamic contribution to recent surface mass loss. For 𝑃𝐺𝑊$$%, we adjusted SST and SIC 255 

to reflect preindustrial conditions, while leaving the temperature and humidity fields unaltered￼to￼ quantify the portion of 256 

recent surface mass loss that is due to changes in local SSCs  257 

 258 

The design of 𝑃𝐺𝑊$$% also allows us to test how much of the mechanism identified by Stroeve et al. (2017) – that low spring 259 

SIC in the seas surrounding Greenland preconditions the ice sheet for melt in early melt onset years – is due to direct 260 

thermodynamic forcing alone. Following Stroeve et al. (2017), we define melt onset as the first instance of five or more 261 

consecutive days of melt. The date of freeze onset is then defined as the first day following the last instance of five or more 262 

consecutive days of melt. We calculated all measures of the melt season at each MAR grid pixel, then tested for significant 263 

differences between the PGW simulations and the control using a paired Wilcoxon signed-rank test (Wilcoxon, 1945) with a 264 

predetermined significance level of 𝛼 = 	0.05 (i.e., 95 % confidence level). 265 
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3. Results 266 

3.1. Thermodynamic Contribution to SMB Change 267 

Figure 4 presents a comparison of the cumulative SMB anomaly between the control run and each PGW simulation. The 268 

control run (Fig. 4, gray line) shows a cumulative SMB anomaly of -1852 Gt over the study period of 2000 to 2019, congruent 269 

with other estimates (IMBIE, 2020), and corresponding to approximately 5 mm of global sea level rise. A gradual shift to a 270 

negative cumulative SMB occurs around 2005, coinciding with the transition to a more persistently negative NAO and rise in 271 

Greenland blocking frequency (Hanna et al., 2015; Hofer et al., 2017). The first instance of pronounced mass loss is evident 272 

as a sharp decrease in 2007—a year of unprecedented surface melt up to that point in the satellite record (Mote, 2007). The 273 

exceptional melt years of 2012 (Hanna et al., 2014; Nghiem et al., 2012) and 2019 (Cullather et al., 2020; Hanna et al., 2021; 274 

Tedesco and Fettweis, 2020) are readily apparent as drops in the control time series.  275 

Figure 4. Temporal evolution of the SMB under contrasting thermodynamic background conditions. Shown are the cumulative SMB 276 
anomaly time series for the control (gray), 𝑃𝐺𝑊$$%

&,( (blue dashed), and 𝑃𝐺𝑊$$%  (green dashed) simulations. Anomalies calculated with 277 
respect to the 1980-1989 reference period. Left axis shows cumulative SMB anomaly; right axis shows the equivalent sea-level contribution. 278 
Annotations detail the difference in the final cumulative SMB between each of the PGW simulations and the control. 279 
 280 

Comparing the control with 𝑃𝐺𝑊$$%
&,( (Fig. 4, blue dashed line) highlights the substantial thermodynamic contribution to the 281 

recent change in SMB. A difference in cumulative SMB between the two simulations of 1145 Gt amounts to a 62% reduction 282 

in surface mass loss in 𝑃𝐺𝑊$$%
&,( relative to the control. Under the preindustrial thermodynamic setting of 𝑃𝐺𝑊$$%

&,(, the ice sheet 283 

maintains a positive SMB anomaly through 2009, and the mass loss for each melt season is reduced relative to the control. 284 

This holds true for the exceptional melt years of 2012 and 2019; however, while the magnitude of mass loss is greater when 285 

the warming signal is included, the relative contribution of those individual melt seasons to the total SMB change over the 20-286 

year period is greater for 𝑃𝐺𝑊$$%
&,(—In a preindustrial climate, 2012 and 2019 each account for ~250 Gt of mass loss, which – 287 

combined – is approximately 2/3 of the total mass loss in 𝑃𝐺𝑊$$%
&,( (Fig. 4). Furthermore, while the rate of mass loss is reduced 288 

from 2013 to 2018 in the control, this period undergoes a slight surface mass gain in 𝑃𝐺𝑊$$%
&,(.  289 
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Figure 5. Spatial distribution of SMB change under contrasting thermodynamic background conditions. (a) The cumulative SMB 290 
anomaly over the full study period of 2000–2019 as represented by the control simulation. (b) 𝑃𝐺𝑊$$%

&,( cumulative SMB minus the control. 291 
(c) 𝑃𝐺𝑊$$%  cumulative SMB minus the control. Contour interval: 500 m. Range: 1000–3000 m. 292 
 293 
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The cumulative SMB anomaly in 𝑃𝐺𝑊$$% (Fig. 4, green dashed line) is 105 Gt greater than that for the control. This relatively 294 

small difference indicates that there has been minimal direct thermodynamic influence by changes in local SST and SIC over 295 

the study period—a result that is consistent with previous modeling studies which showed low SMB sensitivity when applying 296 

arbitrary perturbations to local SSCs (Hanna et al., 2009, 2014; Noël et al., 2014), adding confidence that changes occurring 297 

more widely throughout the Arctic and sub-Arctic dominate the thermodynamic contribution to mass loss. 298 

 299 

The cumulative SMB over the study period in the control (Fig 5a) shows a band of negative SMB along the perimeter of the 300 

ice sheet that demarcates the ablation zone. The greatest accumulation occurs along the southeast coast of Greenland and is a 301 

product of orographic enhancement of precipitation associated with lee-side cyclones that form in westerly flow over southern 302 

Greenland (Bromwich et al., 1998; Rogers et al., 2004; Schuenemann et al., 2009). Other areas of notable SMB gains include 303 

west and northwest Greenland. Snow accumulation in these areas is fueled by bouts of intense water vapor transport through 304 

the Davis Strait that have increased in frequency in recent decades (Mattingly et al., 2016, 2018).  305 

 306 

Relative to the control, 𝑃𝐺𝑊$$%
&,( yields a greater cumulative SMB in a band that stretches around the perimeter of the ice sheet, 307 

exceeding 2000 m elevation in some locations in southwest Greenland (Fig 5b)—a consequence of decreased meltwater runoff 308 

in the preindustrial setting (Fig. S3a). At higher elevations over much of eastern Greenland and to a lesser extent over the 309 

northwest ice sheet, a reduction in snowfall in the cooler and dryer atmosphere of 𝑃𝐺𝑊$$%
&,( results in a lower SMB compared 310 

to the control (Fig 5b, Fig. S3b). This represents a competing influence on SMB, as the same bouts of remotely sourced heat 311 

and moisture that promote melt at lower elevations can also deliver anomalous snow accumulation over high elevations, 312 

thereby offsetting SMB losses directly, through increased mass gains, and indirectly, by increasing the surface albedo (Bailey 313 

and Hubbard, 2025; Mattingly et al., 2018).  314 

  315 

The greatest differences in surface runoff between 𝑃𝐺𝑊$$%
&,( and the control are centered on mid-to-late July (Fig. 6a). Runoff 316 

during the peak of the melt season in 𝑃𝐺𝑊$$%
&,( was nearly 1 std. dev. below what has been typical since the turn of the century 317 

(Fig 6a). The relative mass loss over high elevations evident in Fig 5b is driven by a reduction in snowfall throughout the cool 318 

season; however this impact on snow accumulation is most apparent in fall and early winter when the greatest change in 319 

background conditions have occurred (Fig. 2, 6b) (Serreze and Barry, 2011). In contrast with the rest of the year, there is a 320 

slight increase in summer snowfall in 𝑃𝐺𝑊$$%
&,( that coincides with a reduction in rainfall (Fig. 6c), consistent with the historical 321 

record which shows greater partitioning toward liquid precipitation as the atmosphere has warmed in recent decades (Box et 322 

al., 2023; van den Broeke et al., 2016).  323 

 324 

The differences between 𝑃𝐺𝑊$$% and the control show a similar pattern as observed for 𝑃𝐺𝑊$$%
&,(; however, they are 325 

comparatively minimal in both magnitude and scale (Fig 5c). The change in SSCs  reduces meltwater runoff resulting in higher 326 
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SMB (Fig 5c, Fig. S3d); however,this response is largely confined to grid cells along the periphery of the ice sheet. The isolated 327 

impact of SSCs on snowfall is most evident along the southeast margin of the ice sheet and above ~1000 m in northwest 328 

Greenland. Whereas runoff was diminished throughout the entire melt season	𝑃𝐺𝑊$$%
&,(, the impact of SSCs alone on surface 329 

melt emerges later (Fig. 6a), likely reflecting the stronger coupling between ocean and atmosphere as the thermal gradient 330 

between them increases into the fall (Screen, 2017).  331 
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Figure 6. Seasonal evolution of the SMB under contrasting thermodynamic background conditions. Panels depict the seasonal 332 
progression of three principal SEB components: (a) Surface runoff, (b) snowfall, (c) rainfall. Top portion of each panel shows 2000–2019 333 
long-term daily mean totals of each SMB component throughout the melt season for the control (gray), 𝑃𝐺𝑊$$%

&,( (blue dashed), and 𝑃𝐺𝑊$$%  334 
(green dashed) simulations. Time series represent the spatially integrated sum of a given variable over the entire ice mask. Gray shading 335 
shows the 1σ range about the mean for the control simulation. Bottom portion shows the difference between each PGW simulation (𝑃𝐺𝑊$$%

&,(, 336 
blue; 𝑃𝐺𝑊$$% , green) and the control (∆ = PGW − Control). The scale of the y-axis on the bottom portion is kept constant across all panels 337 
to facilitate comparison between SMB terms. 338 
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Figure 7. The SEB of the Greenland Ice Sheet during the melt season under contrasting thermodynamic background conditions. (a–340 
d) Top portion of each panel shows the 2000–2019 long-term daily mean values of each SEB component throughout the melt season for the 341 
control (gray), 𝑃𝐺𝑊$$%

&,( (blue dashed), and 𝑃𝐺𝑊$$%  (green dashed) simulations. Time series represent the spatial average taken over the 342 
entire ice mask for a given variable. Gray shading shows the 1σ range about the mean for the control simulation. Bottom portion shows the 343 
difference between each PGW simulation (𝑃𝐺𝑊$$%

&,(, blue; 𝑃𝐺𝑊$$% , green) and the control (∆ = PGW−Control). The scale of the y-axis on 344 
the bottom portion is kept constant across all panels to facilitate comparison between SEB terms. (e–f) Maps depicting the difference between 345 
the 2000–2019, Jun–Aug long-term mean of each SEB component between each PGW simulations (𝑃𝐺𝑊$$%

&,(, left; 𝑃𝐺𝑊$$% , right) and the 346 
control. SEB components are organized by row: (a, e) downward shortwave radiation (SWD); (b, f) downward longwave radiation (LWD); 347 
(c, g) sensible heat flux (SHF); (d, h) latent heat flux (LHF). Contour interval: 500 m. Range: 1000–3000 m. 348 
 349 

While a decrease in snowfall relative to the control in the PGW simulations partially compensates for the relative mass gains 350 

at lower elevations, the reduction in meltwater runoff is the primary determinant of the differences in cumulative SMB 351 

observed in Fig. 4. Recognizing this, the next section focuses on the extended melt season to better understand the mechanisms 352 

by which thermodynamic change has dictated surface runoff.  353 

3.2. Thermodynamic Drivers of Surface Runoff 354 

The preindustrial thermodynamic state of 𝑃𝐺𝑊$$%
&,( is associated with an increase in downward shortwave radiation (SWD) 355 

(Fig. 7a, e) and a decrease in downward longwave radiation (LWD) (Fig. 7b, f) throughout the melt season. The differences 356 

between the control and 𝑃𝐺𝑊$$%
&,( are greatest over the northern ice sheet, consistent with the thermodynamic signature in the 357 

free atmosphere where the differences in both temperature and specific humidity at 600 hPa are maximized over northern 358 

Greenland (Fig. S4). Turbulent fluxes are generally diminished in 𝑃𝐺𝑊$$%
&,( relative to the control (Fig 7c,d) and differences 359 

are focused along the outer margins of the ice sheet, where lower elevations display a decrease in both sensible (SHF) and 360 

latent heat flux (LHF) in 𝑃𝐺𝑊$$%
&,( that is mirrored by differences of the opposite sign over higher elevations (Fig. 7g, h).  361 

 362 

The juxtaposition in the response of the turbulent fluxes in 𝑃𝐺𝑊$$%
&,( appears to arise from opposing direct and indirect responses 363 

to the change in background conditions. Along the ice sheet margins, a decrease in both SHF and LHF is consistent with a 364 

direct reduction in the flux of heat and moisture to the surface of the ice sheet in a colder, drier preindustrial atmosphere. 365 

Conversely, above normal turbulent fluxes over higher elevations follow indirectly from changes in the near-surface wind 366 

field. Lower water vapor content in 𝑃𝐺𝑊$$%
&,( (Fig. 2) reduces the longwave emissivity of the atmosphere, which would act to 367 

lower surface temperatures, increase the near-surface potential temperature deficit, and thereby strengthen the katabatic winds 368 

over the upper portion of the steep margins of the ice sheet (Fig. 8b) (van den Broeke et al., 2009b; Gorter et al., 2014). Stronger 369 

katabatic winds then increase turbulent heat flux by mixing relatively warm air through the stable boundary layer to the surface 370 

(Fig. 7g, h). 371 

  372 

While the differences in the radiative terms considerably outweigh those of the turbulent fluxes in 𝑃𝐺𝑊$$%
&,(, this is not the case 373 

for 𝑃𝐺𝑊$$%. Although the minor differences in SWD and LWD are more widespread (Fig. 7e, f), the impact of SSCs on 374 
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turbulent heat flux is greater in some locations along the ice sheet margins, particularly as is evident in the reduction in SHF 375 

along the northern and central portions of the western ablation zone (Fig. 7g). This appears to be primarily a consequence of 376 

the indirect katabatic wind adjustment. The lower SST and higher SIC in 𝑃𝐺𝑊$$% reduces the horizontal temperature gradient 377 

between the ice sheet and surrounding seas which, as has been documented in previous work (Noël et al., 2014), causes a 378 

weakening of the katabatic wind along the ice sheet margins (Fig. 8c)—a change that would reduce turbulent mixing, and thus 379 

SHF, to the surface, while also causing a reduction in evaporation / sublimation and increasing LHF relative to the control.   380 

 381 
Figure 8: Melt season katabatic wind field under contrasting thermodynamic background conditions. (a) 2000–2019 long-term mean 382 
Jun–Aug 10 m wind speed (shading) and direction (vectors). (b) Difference in 10 m wind speed between 𝑃𝐺𝑊$$%

&,( and the control. (c) 383 
Difference in the 10 m wind speed between 𝑃𝐺𝑊$$%  and the control. ∆ = PGW − Control. Contour interval: 500 m. Range: 1000–3000 m. 384 
 385 

The consistent and widespread reduction in LWD in 𝑃𝐺𝑊$$%
&,( (Fig. 7b and f) is not surprising given the drier atmospheric 386 

conditions that prevailed during the preindustrial period. The spatial distribution of integrated water vapor (IWV) anomalies 387 

with respect to the control closely resemble that for LWD (c.f. Fig. 9e and 7f). Note that the LWD anomalies in Fig. 7b and f 388 

do not provide a complete picture of the impact on the SEB, as any resulting change in the temperature of the ice sheet’s 389 

surface would be offset to some degree by a change in emitted longwave radiation in accordance with the Planck feedback. 390 

This can be seen in Fig. S5, which depicts a weaker and less uniform response across the ice sheet when considering the 391 
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difference in net longwave radiation between 𝑃𝐺𝑊$$%
&,( and the control; however, it remains the case that the preindustrial 392 

setting of 𝑃𝐺𝑊$$%
&,( produces reductions in net longwave radiation that are most evident over northern Greenland.  393 

 394 

The consequence of this water vapor feedback can be seen in the ice-sheet-wide drop in surface temperature in 𝑃𝐺𝑊$$%
&,(. The 395 

difference between the daily maximum (Tmax) and minimum (Tmin) temperature between 𝑃𝐺𝑊$$%
&,(and the control both 396 

increase from spring into fall (Fig. 9b, c). This seasonal pattern is consistent with stronger Arctic amplification in the fall than 397 

in spring as pan-Arctic reductions in SIC in a warmer climate allow for increased heat flux from the ocean to the comparatively 398 

cool fall atmosphere (Chung et al., 2021). Additionally, there is a decline in downward shortwave radiation as the solar 399 

declination decreases into winter, which elevates the relative contribution of longwave radiative effects to the SEB (Lenaerts 400 

et al., 2019; Wang et al., 2018, 2019). There is a distinct north-south gradient in the Tmax response (Fig. 9f). The weaker 401 

Tmax differences over southern Greenland in 𝑃𝐺𝑊$$%
&,( are a consequence of both a higher sun angle at lower latitudes and the 402 

lower surface albedo of the southern ice sheet, both of which decrease the relative longwave contribution to the SEB. At night, 403 

LWD constitutes the sole radiative input to the SEB. Consequently, the Tmin response is notably greater than Tmax and it 404 

more closely resembles that of IWV (Fig. 9e) and LWD (Fig. 7f). 405 

 406 

𝑃𝐺𝑊$$%
&,( exhibits a band of higher surface albedo throughout the melt season that runs along the perimeter of the ice sheet (Fig. 407 

9d, h) and closely aligns with areas where IWV (Fig. 9e), Tmin, (Fig. 9g), SHF (Fig. 7g), and surface runoff (Fig. S3a) are 408 

reduced  relative to the control. Thus, the longwave radiative response to reduced water vapor content combined with 409 

diminished SHF in a cooler atmosphere appear to be critical factors contributing to lower surface runoff under the preindustrial 410 

background conditions of 𝑃𝐺𝑊$$%
&,(. The reduction in water vapor decreases LWD, which allows for lower Tmin. These changes 411 

would reduce runoff by increasing the portion of meltwater that is refrozen within the snowpack and by diminishing the ice-412 

albedo feedback. The interdependence between SEB components is effectively illustrated by the differences in net shortwave 413 

radiation between 𝑃𝐺𝑊$$%
&,( and the control (Fig. S5)—the magnitude of the differences in net shortwave radiation exceeds that 414 

for SWD along the perimeter of the ice sheet, emphasizing the importance of the ice albedo feedback. That the strongest signal 415 

is located over the northern Greenland and aligned with some of the largest increases in surface albedo supports previous work 416 

demonstrating the importance of this longwave radiative mechanism to runoff from northern Greenland (Noël et al., 2014).  417 
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 418 
Figure 9. Thermodynamic mechanisms of SMB change. (a–d) Top portion of each panel shows the 2000–2019 long-term daily mean 419 
values of each variable throughout the melt season for the control (gray), 𝑃𝐺𝑊$$%

&,( (blue dashed), and 𝑃𝐺𝑊$$%  (green dashed) simulations. 420 
Gray shading shows the 1σ range about the mean for the control simulation. Time series represent the spatial average taken over the entire 421 
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ice mask for a given variable. Bottom portion shows the difference between each PGW simulation (𝑃𝐺𝑊$$%
&,(, blue; 𝑃𝐺𝑊$$% , green) and 422 

the control (∆ = PGW −Control). (e–f) Maps depicting the difference between the 2000–2019, Jun–Aug long-term mean of each variable 423 
between the PGW simulations (𝑃𝐺𝑊$$%

&,(, left; 𝑃𝐺𝑊$$% , right) and the control. Variables are organized by row: (a, e) integrated water vapor 424 
(IWV); (b, f) daily maximum surface air temperature (Tmax); (c, g) daily minimum surface air temperature (Tmin); (d, h) surface albedo 425 
(ALB). Contour interval: 500 m. Range: 1000–3000 m. 426 
 427 

Focusing on 𝑃𝐺𝑊$$%, there is no clear pattern of influence on IWV or near surface air temperature (Fig. 9e–g), and an 428 

examination of temperature and humidity at 600 hPa shows no evidence of any appreciable influence on these variables in the 429 

free atmosphere (Fig. S4).  There is, however, an increase in surface albedo along the western and northern margins of the ice 430 

sheet in 𝑃𝐺𝑊$$% relative to the control that occurs late in the melt season (Fig. 9d, h) and appears to be the product of the 431 

collocated reduction in SHF (Fig. 7g).  432 

3.3. Thermodynamic Change and Melt Timing 433 

Consistent with previous studies (Hanna et al., 2009, 2014; Noël et al., 2014), the above results suggest that direct local marine 434 

influence on melt is limited to the outermost margins of the ice sheet. Furthermore, these results demonstrate that the influence 435 

of local sea-surface conditions is an order of magnitude less than what is observed for the full thermodynamic forcing of 436 

𝑃𝐺𝑊$$%
&,( (Fig. 4). To examine whether local SSC change may impact melt timing, Fig. 10 presents the results of a paired, 437 

signed-rank test comparing differences in median melt and freeze onset between the control and each of the PGW simulations. 438 

At lower elevations, melt onset during the 2000–2019 study period typically occurs between early-May and mid-June (Fig. 439 

10a) while freeze onset occurs from early-August through September (Fig. 10b). Later melt onset and earlier freeze onset is 440 

evident over higher elevations; however, melt in these regions is typically short-lived (Fig. 10c) and infrequent. Accordingly, 441 

the comparisons of melt timing are limited to lower elevation locations with a sufficient sample of years with melt.  442 

 443 

Relative to the control, the median date of melt onset in 𝑃𝐺𝑊$$%
&,( occurs, on average, ~2.5 days later, while grid cells with 444 

differences in the upper quartile showed delays in median melt onset of ≥4 days (Fig. 10d). Meanwhile, the median date of 445 

freeze onset advanced, by ~3.7 days on average and freeze onset in the upper quartile of grid cells shifted to ≥5.5 days earlier 446 

(Fig. 10e). Combined, these changes shortened the median melt season duration by an average of ~6.7 days, while melt duration 447 

in the upper quartile of grid cells shortened by ≥9 days. For all melt timing metrics, the differences between the 𝑃𝐺𝑊$$%
&,( and 448 

the control that were deemed statistically significant at the 95% confidence level are widespread (Fig. 10d-f). In contrast, 449 

differences between 𝑃𝐺𝑊$$% and the control exhibit a weak and inconsistent signal for all melt timing metrics and yielded 450 

only sporadic instances of statistically significant results.  451 
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 452 
Figure 10. The impact of thermodynamic change on melt timing. The observed median date of (a) melt onset, (b) freeze onset and (c) 453 
median melt season duration for the control simulation alongside (d–f) the difference between the PGW simulations (𝑃𝐺𝑊$$%

&,(, left; 454 
𝑃𝐺𝑊$$% , right) and the control (∆ = PGW − Control) for each metric as organized by row and labeled on the left. Stippling indicates 455 
differences that are statistically significant at the 95% confidence level. Contour interval: 500 m. Range: 1000–3000 m. 456 
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3.4. The Exceptional Melt Years of 2012 and 2019 457 

Embedded in the long-term SMB decline (Fig. 4), 2012 and 2019 stand out as exceptional years of surface mass loss. According 458 

to the control simulation, there was a cumulative SMB anomaly of -364 Gt during the 2011–2012 hydrological year (Fig. 11a). 459 

The melt season of 2012 was characterized by recurrent episodes of intense surface runoff (Fig. 11b). Pronounced atmospheric 460 

ridging over Greenland promoted southerly advection of warm, moist air to the western ice sheet (Hermann et al., 2020; Neff 461 

et al., 2014), generating strong turbulent heat fluxes that drove high-volume meltwater production over the western ablation 462 

zone (Cullather et al., 2020; Fausto et al., 2016b). Adiabatic cooling of remotely-sourced moist air that ascended the western 463 

slope of the ice sheet on July 12 prompted the formation of low-level, liquid clouds that supplied the requisite longwave 464 

radiative forcing for widespread melt over high elevations (Bennartz et al., 2013; Neff et al., 2014), generating a single day 465 

melt extent that covered over 98% of the ice sheet's surface (Nghiem et al., 2012).  466 

 467 

The cumulative SMB anomaly over the 2018–2019 hydrological year totaled -376 Gt (Fig. 11e). The melt season of 2019 was 468 

heavily influenced by a blocking anticyclone, with origins in the European heatwave of the same year (Cullather et al., 2020; 469 

Hanna et al., 2021), that produced tremendous surface runoff during a melt event centered around July 31 (Fig. 11f). The air 470 

mass, which was transported west from Europe, was warmer and drier in comparison with that which was responsible for the 471 

mid-July, 2012 melt event and, consequently, did not produce the same low-level cloud cover that was instrumental to melt of 472 

the accumulation zone in 2012 (Tedesco and Fettweis, 2020). Consequently, while the total surface mass loss in 2019 was 473 

comparable to that of 2012, observed melt was not as extensive in 2019, reaching a maximum coverage of ~73% of the ice 474 

sheet’s surface on July 31 (Tedesco and Fettweis, 2020). 475 

 476 

For both years, the portion of observed surface mass loss that is attributable to changes in the local background thermodynamic 477 

environment was less than the average for the study period: whereas the anomalous mass loss over the entire 2000–2019 study 478 

period was ~62% less in 𝑃𝐺𝑊$$%
&,( relative to the control, the reduction in mass loss was a relatively modest 30% and 25% in 479 

2012 and 2019, respectively (Fig. 11a, e). This suggests that the record melt observed during those two summers is more a 480 

consequence of exceptional atmospheric circulation patterns than it is a direct consequence of the long-term warming trend; 481 

however, these exceptional circulation patterns and the long-term temperature trend may not be independent, as some studies 482 

have suggested more persistent circulation regimes under global warming (Coumou et al., 2018; Overland et al., 2012; Preece 483 

et al., 2023b; Screen, 2013). This disparity is also evident over synoptic timescales—the periods of strong dynamical forcing, 484 

marked by the red, vertical bars in Fig. 11, correspond to local minima in the differences in daily-mean near-surface air 485 

temperature between 𝑃𝐺𝑊$$%
&,( and the control. The production of meltwater and consequent surface runoff during high-volume 486 

melt events is largely driven by turbulent heat fluxes (Box et al., 2022; Fausto et al., 2016b, a). It follows that the longwave 487 

radiative effects of the water vapor feedback that are dictated by changes in the thermodynamic environment assume a lesser 488 

role during these periods of intense melt. The minimal difference between 𝑃𝐺𝑊$$% and the control suggests no appreciable 489 
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direct thermodynamic contribution by the observed change in local SSCs to runoff production during these exceptional melt 490 

years.  491 

Figure 11. Thermodynamic contribution to surface mass loss during years of exceptional melt. Panels show (a, e) the cumulative SMB 492 
anomaly spanning the Sep–Aug hydrological year alongside (b, f) total daily meltwater runoff, (c, g) mean daily near-surface air temperature 493 
anomaly, and (d, h) mean daily integrated water vapor anomaly during the exceptional melt years of (a–d) 2012 and (e–h) 2019. In all panels, 494 
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time series are presented for the control (gray), 𝑃𝐺𝑊$$%
&,( (blue dashed), and 𝑃𝐺𝑊$$%  (green dashed) simulations. Bottom portion of b–d 495 

and f–h shows the difference between each PGW simulation (𝑃𝐺𝑊$$%
&,(, blue; 𝑃𝐺𝑊$$%, green) and the control (∆ = PGW − Control). Red 496 

vertical shading highlights periods of strong synoptic-scale forcing. Cumulative anomalies in (a, e) calculated with respect to the 1980–1989 497 
reference period. Anomalies in (b-d, f-h) calculated with respect to the entire 2000–2019 study period and represent the spatial average taken 498 
over the entire ice mask for a given variable.  499 
 500 

Meltwater runoff is primarily sourced from the ablation zone and is therefore controlled by processes, such as turbulent heat 501 

flux and downward solar radiation (due to the low albedo), that exert a strong influence along the margins. Melt in the 502 

accumulation zone (with high albedo) is more dependent on longwave radiative effects and presence of clouds. Given the 503 

consistent reduction in water vapor content in 𝑃𝐺𝑊$$%
&,( relative to the control (Fig. 11d,h), the influence of thermodynamic 504 

change during these years of extreme mass loss may be more visible in the frequency of melt over the accumulation zone than 505 

for total meltwater runoff. 506 

  507 

In the control, melt frequencies across the ice sheet were generally greater in 2012 than 2019 (Fig. S6a, c). This is evident over 508 

the southern portion of the ice sheet, where locations above 2500 m in elevation recorded over 40 days of melt in 2012 (Fig. 509 

S6a). Melt was also more frequent above ~1500 m over the northern ice sheet in 2012, but 2019 underwent more frequent melt 510 

at lower elevations of the most northern margin of the ice sheet due, in part, to early melt onset and below-normal snow 511 

accumulation which augmented melt through the melt-albedo feedback (Bailey and Hubbard, 2025; Tedesco and Fettweis, 512 

2020). The difference between 𝑃𝐺𝑊$$%
&,( and the control shows that the thermodynamic contribution to melt frequency was 513 

greater in 2019 than 2012 (Fig. S6b, d). Unlike 2019, intense water vapor transport accompanied the extensive melt events of 514 

2012 (Hermann et al., 2020; Neff et al., 2014; Tedesco and Fettweis, 2020). Thus, the longwave radiative forcing necessary 515 

for melt over the accumulation zone was supplied by the large-scale circulation, which likely resulted in less sensitivity to 516 

changes in local thermodynamic conditions. While the reduction in melt frequency of 1 to 5 days at elevations above ~2000 517 

m in northern and central Greenland is low compared to other regions of the ice sheet, it is comparable to the total observed 518 

number of melt days in the control (c.f. Fig. S6a, c and b, d), demonstrating that melt over much of the high accumulation zone 519 

would not have occurred if not for recent climate warming. The changes in the number of 𝑃𝐺𝑊$$% melt days relative to the 520 

control are minimal and generally do not exhibit a coherent spatial signal (Fig. S6b, d); however, there is some indication of a 521 

decline in 2019 melt frequency over the southwestern ice sheet that is opposed by an increase in melt frequency above 2000 522 

m (Fig. S6d). 523 

4. Discussion and Conclusions 524 

Much of the work examining the recent increase in Greenland Ice Sheet meltwater runoff has rightfully focused on the role of 525 

atmospheric dynamics (Bevis et al., 2019; Fettweis et al., 2013; Hanna et al., 2015, 2016, 2018b, 2022; Hofer et al., 2017). 526 

While some have presented evidence of a relationship between global climate change and the shift in summer atmospheric 527 
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circulation that has promoted melt of the ice sheet (Liu et al., 2016; Preece et al., 2023b; Screen, 2013), a conclusive link 528 

remains a subject of investigation. In contrast, the accelerated rate of warming in the Arctic represents a robust climate change 529 

signal that has undoubtedly contributed to recent SMB trends (Boers and Rypdal, 2021; Hanna et al., 2008). This work 530 

represents, to our knowledge, the first systematic attempt to quantify the contribution of the local change in background 531 

thermodynamic conditions to recent surface mass loss. 532 

 533 

Our results indicate that had the large-scale atmospheric circulation that was observed from 2000–2019 occurred under 534 

preindustrial thermodynamic background conditions, the cumulative SMB anomaly would have been reduced by over 62% 535 

(Fig. 4). The mechanisms by which local thermodynamic background conditions contribute to SMB change appear to be 536 

dominated by longwave radiative effects stemming from the water vapor feedback. The amplified rate of warming in the Arctic 537 

has augmented surface runoff by promoting an increase in atmospheric moisture and associated downward longwave radiation 538 

(Fig.9a, e and 7b, f), which disproportionately increases daily minimum temperatures (Fig. 9c, g). These results are consistent 539 

with Orsi et al. (2017), which identifies a positive trend in 1982–2011 surface air temperature reconstructed from borehole 540 

temperature measurements at the North Greenland Eemian Ice Drilling site in northwest Greenland. They point to an increase 541 

in downward longwave flux and associated feedbacks as the primary contributor to the warming trend. Likewise, Noël et al. 542 

(2019) show that an increase in downward longwave radiation has caused a disproportionate increase in surface runoff from 543 

the northern drainages by promoting melt and expanding the ablation zone in this region of high albedo, and by increasing 544 

daily minimum temperatures, which reduces meltwater refreeze within the firn layer. While the authors point to the advection 545 

of moisture-rich air to the northern ice sheet by anomalously anticyclonic summer circulation over Greenland, the results of 546 

this analysis suggest that the increase in background temperature constitutes an important contribution to this mechanism on 547 

its own. 548 

 549 

The ~62% reduction, which is conditional on the ERA5 2000–2019 circulation occurring under preindustrial thermodynamic 550 

conditions, does not imply that atmospheric circulation is only responsible for 38% of the observed impact on SMB, as the 551 

individual contributions of atmospheric dynamics and thermodynamics should sum to the total change in SMB relative to what 552 

it would have been if neither an increased frequency of Greenland blocking nor anthropogenic warming had occurred. Given 553 

that the ice sheet maintained a positive cumulative SMB anomaly through 2009 under the preindustrial thermodynamic 554 

background conditions imposed in 𝑃𝐺𝑊$$%
&,(, it is possible that the cumulative anomaly may have remained positive through 555 

the end of the study period if not for the increased frequency of anomalous anticyclones. Thus, relative to this hypothetical 556 

preindustrial climate with more typical atmospheric circulation, the total change in SMB would be greater than the magnitude 557 

of the negative anomalies presented in Fig. 4 and the contribution of atmospheric circulation to this total change would exceed 558 

38%. Indeed, using an earth system model to nudge the wind field toward observed conditions while maintaining constant 559 

external forcing, Topál et al. (2022) showed that changes in atmospheric circulation explained 56% of the increase in surface 560 

air temperature over Greenland from 1990 to 2012. Using historical data and a circulation analogue technique, Fettweis et al. 561 
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(2013) found that the shift in summer circulation explained ~70% of the 1993–2012 warming at 700 hPa over Greenland. 562 

Focusing on mass loss, Delhasse et al. (2018) compared output from MAR forced by perturbed reanalysis data from the recent 563 

period of increased Greenland blocking against simulations forced by output from GCMs which have collectively failed to 564 

capture this change in circulation (Delhasse et al., 2021; Hanna et al., 2018a). Their results suggest that if the recent anomalous 565 

circulation persists into the future, the ice sheet will undergo more than twice the surface mass loss that is currently projected 566 

by GCMs. Thus, understanding this circulation change and why it is not represented in climate models must be a top priority 567 

for accurate projections of Greenland Ice Sheet mass loss.  568 

 569 

The contribution of local thermodynamic background conditions to total surface mass loss during the exceptional melt years 570 

of 2012 and 2019 was less than half that which was observed for the entire 2000–2019 study period (c.f. Fig. 4 and 11a, e), 571 

suggesting that the relative thermodynamic contribution is reduced during strong large-scale atmospheric forcing. This is also 572 

evident over synoptic timescales, where the difference in surface air temperature between 𝑃𝐺𝑊$$%
&,( and the control is minimized 573 

on days of exceptional surface runoff; rather, the greatest differences in surface temperature emerge during periods 574 

encompassing temporal minima in air temperature (Fig. 11). This likely reflects the increased contribution of remotely sourced 575 

heat and moisture during periods of strong large-scale forcing, which would reduce the relative importance of the longwave 576 

radiative effects that typify the response to changes in the thermodynamic background state. In other words, recent local 577 

thermodynamic change around Greenland appears to have promoted surface runoff by raising the floor of the temperature 578 

distribution more so than by exacerbating warm extremes. This signal may be due in part to biases inherent to the PGW 579 

approach. The application of a monthly mean climate perturbation may underrepresent the true change in air temperature and 580 

water vapor concentration during extreme events such as the bocking episodes and attendant atmospheric rivers that have 581 

promoted melt of the ice sheet. While the thermodynamic fields are free to adjust in accordance with any relevant nonlinear 582 

processes within the MAR integration domain, it is likely that any biases at the model boundaries would be conveyed to the 583 

ice sheet to some extent. Despite these shortcomings, the PGW method of downscaling is recognized as an effective means of 584 

isolating the thermodynamic component of climate change (Gutmann et al., 2018; Lackmann, 2015; Mallard et al., 2013; 585 

Rasmussen et al., 2020)– an approach that has been advocated particularly in cases of extreme events for which the governing 586 

dynamics are not well represented in the models (Lloyd and Oreskes, 2018; Trenberth et al., 2015), which is true of both 587 

atmospheric rivers and atmospheric blocking (Delhasse et al., 2021; Hanna et al., 2018a; Wang et al., 2023; Woollings et al., 588 

2018).   589 

 590 

The same large-scale atmospheric conditions that typify our control period and have encouraged mass loss have also fostered 591 

below-normal sea ice in the region (Ballinger et al., 2018; Ogi and Wallace, 2007; Stroeve et al., 2017). Thus, the 1880–1899 592 

sea ice climatology that we prescribe here may often exceed the SIC that would have occurred if the recently observed 593 

atmospheric circulation had occurred under preindustrial conditions. Recognizing this potential bias, our results likely 594 

represent an aggressive estimate of the contribution of SSCs to recent surface mass loss. Even so, this analysis reveals minimal 595 
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direct thermodynamic contribution by local SSCs, supporting previous work showing low SMB sensitivity to adjacent SSCs 596 

due to the barrier to onshore advection from the marine layer presented by consistent katabatic outflow over the ice sheet 597 

(Hanna et al., 2009, 2014; Noël et al., 2014). 598 

 599 

Regarding the hypothesis of Stroeve et al. (2017) that declining SIC may promote earlier melt onset, thereby preconditioning 600 

the ice sheet for greater meltwater production later in the season, our results suggest limited direct thermodynamic impact of 601 

local SSCs on recent surface melt and no discernable impact on melt timing (Fig. 4 and 10). There are several plausible reasons 602 

for this apparent disparity. First, our interpretation assumes that SSCs and ocean-atmosphere coupling are accurately 603 

represented by the model. Gridded climate datasets, with their relatively coarse spatial resolution, are less accurate in areas 604 

that rely more heavily on spatial interpolation, such as along coastlines and near the sea ice front where in-situ observations 605 

are less frequent (Hanna et al., 2006; Hurrell et al., 2008; Yang et al., 2021). This could degrade model representation of ocean-606 

atmosphere coupling; however, the disparities among various gridded SST and SIC datasets are generally much smaller than 607 

the long-term trends (Yang et al., 2021) and, therefore, should exert minimal influence on the signal that we seek to quantify. 608 

Second, our experimental design did not examine the isolated contribution of changes in the atmospheric fields alone, and it 609 

is possible that nonlinear interactions between changes in SSCs and atmospheric thermodynamic fields caused the combined 610 

influence in 𝑃𝐺𝑊$$%
&,( to be greater than the sum of their individual contributions. Lastly, our analysis did not examine any 611 

indirect effects via alteration of the large-scale circulation by changes in SSCs. Both model- and observation-based studies 612 

have yielded evidence of a link between declining sea ice in Baffin Bay and the observed increase in summer Greenland 613 

blocking (Liu et al., 2016; Screen, 2013; Sellevold et al., 2022; Wu et al., 2013). Indeed, Stroeve et al. (2017) found that the 614 

statistical relationship between ice sheet melt and Baffin Bay SIC weakened considerably and, consistent with the 𝑃𝐺𝑊$$% 615 

response in Fig. 5c, became more confined to the periphery of the western ice sheet after correcting for the influence of 616 

Greenland blocking. Considered in conjunction with our results, this suggests that this indirect pathway of influence could 617 

help explain the statistical relationship between SSCs and early melt onset.  618 

 619 

Because MAR assumes a fixed ice sheet geometry, the results presented herein strictly describe the thermodynamic influence 620 

on the SMB of the ice sheet; however, surface runoff and solid ice dynamics are not independent. Strong pulses of meltwater 621 

can cause rapid drainage through moulins that overwhelms the subglacial drainage network (Chu, 2014; Schoof, 2010), causing 622 

a surge in ice velocity that increases glacial discharge and accelerates ice sheet thinning (Andersen et al., 2011; Chu, 2014; 623 

Schoof, 2010). Thus, it is likely that the thermodynamic influence on surface melt documented here has indirectly contributed 624 

further to sea-level rise via its impact on ice sheet dynamics. Regardless, these results demonstrate that while the shift in 625 

summer atmospheric circulation over Greenland has been key to the acceleration of runoff from the ice sheet, the change in 626 

the background thermodynamic state under Arctic amplification has markedly enhanced the observed surface mass loss beyond 627 

that which would have occurred if not for anthropogenic climate change. 628 
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