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Abstract: Intense surface melt and subsequent meltwater ponding are the key triggers for the 

disintegration of ice shelves in the Antarctic Peninsula (AP). Although a long-term decline in AP 

surface melt has been evident since the early 1990s, episodes of intense surface melt events have 

frequently been reported in recent years. Here, using 1979-2023 daily surface melt rates from 

regional climate models, we show that this declining trend has reversed, with November–February 

surface melt increasing significantly by 3% year-1 (p < 0.05) between 2009 and 2022. 

Decomposition of trends based on circulation classification indicates that changes in the frequency 

of atmospheric circulation patterns cannot account for this enhancement. Instead, the 

thermodynamics—linked to variations in the surface energy budget independent of atmospheric 

circulation contribute 80% of the positive trend in AP surface melt. Analysis of extreme surface 

melt events further supports the dominant thermodynamic contribution. 
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Introduction  

Surface melt plays a pivotal role in regulating the stability and mass balance of the glaciers 

in the Antarctic Peninsula (AP), particularly for the flat ice shelves which are sensitive to meltwater 

ponding1-3. In addition to ocean-waves impacts and basal melt4,5, intensive meltwater production 

potentially triggers ice shelf disintegration through hydrofracturing2,6-8, one mode of mass loss of 

the AP ice shelves8,9. Historical records reveal that most AP ice shelf hydrofracturing events were 

preceded by anomalously high surface melt7-9. Quantifying AP surface melt volume/rate is 

therefore critical for understanding the formation of melt ponds and the subsequent likelihood of 

hydrofracturing10.  

Most recent studies about AP surface melt focused on changes in melt extent and duration 

derived from remote sensing data11-13, whereas the analysis of longer-term (decadal) changes in 

surface melt rate remained scarce14-16. Few studies have combined climate models and snowpack 

models to quantify long-term AP ice shelf melt rates14,17, reporting a small but significant negative 

trend of AP surface melt rates between 1980 and 202117, possibly related to the AP warming hiatus 

post-199918. Yet, in recent years, frequent and intense surface melt events have been observed in 

the AP with high melt rates19-22. In this context, it remains unclear whether the AP surface melt has 

undergone a statistically significant increase and what the associated drivers are.  

Variations in AP surface melt rates arise from two primary factors: the changes in the 

occurrence frequency of surface melt and their intensity. Previous studies have highlighted the key 

role of changes in dynamic processes—specifically, changes in atmospheric circulation patterns—

in driving the occurrence and variability of surface melt over the AP. For instance, melt episodes 

have been linked to Rossby wave trains originating from tropical forcing23-27, as well as to the 

influence of atmospheric rivers and foehn winds that trigger surface melt and extreme warming 

events20,21,27-29. In addition to dynamic processes, thermodynamic processes—changes in the heat 

balance independent of atmospheric circulation—also play an important role in influencing the 

changes in surface melt rates and intensity. Key drivers include long-term near-surface warming 
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driven by global climate change, variations in longwave radiation associated with the 

concentration of greenhouse gases and clouds, and changes in sea-ice extent and sea-surface 

temperatures (SST)30-32. For example, analyses of AP extreme warm events show no significant 

difference in atmospheric circulation before and after 199020,21. Additionally, reductions in sea ice 

concentration in the Bellingshausen and Amundsen Seas from 1978 to 2020 have delayed the end 

of the melt season in West AP by enhancing turbulent heat fluxes31. This underscores the complex 

mechanisms driving changes in AP surface melt, as well as the potential importance of 

thermodynamics on surface melt variability.  

In this work, to confirm the potential recent increase in AP surface melt rates, here we employ 

output from the advanced polar regional climate model (RCM), RACMO version 2.3p233, 

statistically downscaled from 27 km to a 2 km × 2 km grid34. RACMO2.3p2 faithfully represents 

AP surface melt volume/rate, compared with melt estimates from surface energy balance (SEB) 

model35 in automatic weather stations (Rdaily
2 = 0.6, p < 0.01; RMSEdaily = 1.72 mm w.e. day-1 

between November and February). Firstly, in conjunction with another RCM (MAR v3.12), we 

quantify changes in AP surface melt rates. As a second step, we decompose total surface melt 

variability into two components: changes in melt frequency (related to dynamics) and melt 

intensity (related to thermodynamics), identified via a spatial clustering method, the self-

organizing map (SOM). Finally, we further decompose the melt trends into the dynamic and 

thermodynamic contributions by holding frequency and intensity constant, respectively30,36 (See 

Methods section). Our results demonstrate that AP surface melt rates have significantly increased 

during 2009–2022, primarily dictated by thermodynamics. 

Results 

Recent enhancement of the AP surface melt 

From 1979 to 2022, AP surface melt occurred primarily between November and February 

(NDJF), averaging 73 Gt year-1 (161 mm w.e. year -1, Supplementary Fig. 1b). NDJF accounts for 

97% of the AP annual melt on average. Spatially, ice shelves dominate the AP surface melt (67% 
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of NDJF totals), with Wilkins, George VI, and northern Larsen ice shelves exhibiting the highest 

melt rates (Fig. 1a). Substantial surface melt (exceeding 100 mm w.e. yr-1 on average) also occurs 

along 25% of the grounded ice sheet margins. 

Over the full NDJF period (1979-2022), surface melt rates show an overall but statistica l ly 

insignificant negative trend (–0.2 Gt year-2, Fig. 1b), while it exhibited a clear variability in 

different time-windows. Given the strong interannual variability, the 5-year low-pass Butterworth 

filtered time series highlights multi-year variability (red line in Fig. 1b) and long-term trends (Fig. 

1c). AP experiences two periods with significantly negative trends in NDJF melt: 1992–2004 and 

2003–2014 (Fig. 1c), when consistent significant negative trends were observed across all 

overlapping decadal windows. However, AP surface melt rates have shifted to a significant 

increase since 2009 (Fig. 1c), with a rate of 2.6 Gt year-2 (5.7 mm w.e. year-2, equivalent to 3% 

year-1 relative to the 1981-2010 mean, p<0.05). This recent significant intensification is primarily 

concentrated over the western AP ice shelves and low-elevation grounded ice (Fig. 1d). The 

changes in AP surface melt align with near surface air temperature and surface energy budget 

anomalies, specifically net longwave radiation (R2=0.53, p<0.05, Supplementary Fig. 2), which 

also shows significant increasing trends during 2009-2022 (0.3 W m-2 yr-1, p<0.05). Independent 

simulations from another RCM, MAR v3.12 (Supplementary Fig. 3), corroborate these findings, 

confirming a pronounced and statistically significant enhancement in AP surface melt after 2009.  

Circulation classification for AP surface melt 

Next, we link surface melt to different atmospheric circulation patterns over the AP. After 

SOM clustering (see “Methods”), daily 500 hPa geopotential height anomaly maps from ERA5 

reanalysis are classified into six patterns (Fig. 2). The six circulation patterns diverse high- and 

low-pressure configurations, reflecting the zonal variations of synoptic wave train and position of 

the Amundsen Sea low28,37-39. AP shows negative (positive) surface melt anomalies in SOM 1, 3 

and 5 (SOM 2, 4 and 6), with corresponding surface energy budget anomalies (Supplementary Fig. 

4 and 5). Specifically, when meridional winds are strong (SOM 2-5), consistent cloud cover 

anomalies across the entire AP modulate longwave radiation, which subsequently dominates 
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surface melt (Supplementary Fig. 4-6). In contrast, when zonal winds prevail, the response is 

dipole-like: opposing cloud and radiation patterns in the western and eastern AP lead to melt 

anomalies dominated by longwave and shortwave radiation, respectively.  

Here, we check the changes in circulation frequency and surface melt intensity (curve charts 

in Fig. 2), respectively. During 2009-2022—the period of significantly increasing melt—no 

significant trend is observed in the frequency of any individual circulation pattern. Instead, the 

average surface melt intensity shows a significant increase in five patterns, for instance 0.024 Gt 

d-1 year-1 (0.05 mm w.e. d-1 year-1) for SOM 6 (p<0.05, equivalent to 6% year-1 relative to the 1981-

2010 mean). This suggests that the recent enhancement in AP surface melt cannot be explained by 

shifts in atmospheric circulation frequency alone, highlighting the critical role of the intensifica t ion 

within-pattern which influences the surface melt intensity.   

Thermodynamics as the dictating factor in recent melt enhancement  

Surface melt trend decomposition (See Methods section) further demonstrates that 

thermodynamic processes—rather than large-scale circulation shifts—dominate, typically 

accounting for over 50% of the total trend across most periods characterized by significant AP 

surface melt trends (Supplementary Fig. 7). For the four typical periods with significant trends 

(Fig. 1c), while dynamics are responsible for 60% of the melt changes only during the 2003–2014 

period, thermodynamics have dominated the post-2009 intensification, contributing 80% of the 

trend in RACMO2.3p2 and ~85% in MAR v3.12 (Supplementary Fig. 8a). Meanwhile, 

thermodynamic dominance is evident across the entire AP in RACMO2.3p2 and MARv3.12 (Fig. 

3b and Supplementary Fig. 8d). This strong inter-model agreement underscores the robustness of 

the thermodynamic forcing in driving recent melt enhancement across the entire AP. 

Decomposition of individual SOM modes since 2009 further confirms this point (Fig. 3c). 

Thermodynamics have triggered significantly increasing trends in five patterns, such as SOM 2 

(0.43 Gt year-1/0.95 mm w.e. year-1, p<0.05, 86% of total mode melt trend). Overall, these results 

indicate that thermodynamics dictate the recent acceleration of AP surface melt.  

Surface energy budget anomalies for each circulation mode since 2009 identify the specific 
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thermodynamic drivers (Fig. 3d). Downward longwave radiation increases significantly across 

four patterns, notably SOM 2 (0.8 W m-2 year-1, p<0.05) and SOM 6 (0.9 W m-2 year-1, p<0.05). 

Turbulent heat fluxes also exhibit upward trends, reaching statistical significance only in SOM 1 

and SOM 2. In contrast, net shortwave radiation does not contribute to the surface energy balance 

increase, primarily due to a decline in downward shortwave (Supplementary Fig. 3b). These results 

suggest that thermodynamic intensification—modulating the increase in longwave radiation and 

turbulent heat flux over the AP— results in the recent enhancement of surface melt since 2009. 

This process is likely driven by atmospheric warming and cloud-radiative forcing, potentially 

amplified by positive feedback involving regional sea-ice loss and SST warming, which likely 

intensify turbulent heat fluxes (Supplementary Fig. 9). Together, our results demonstrate that 

thermodynamic-driven intensity changes, rather than circulation frequency, dictate the recent 

enhancement of NDJF surface melt on the AP. 

Changes in extreme surface melt 

Recent studies noted that more extreme climate events occurred over the Antarctic, impacting 

the Antarctic mass balance21,27,40. We estimate the changes in melt extremes over the AP (Fig. 4a) 

as the 90th percentile value of the 1979–2022 daily surface melt distribution in NDJF. Extreme 

surface melt accounts for an average of 23 Gt year-1 (51 mm w.e. year-1, 28% of total surface melt ) 

in NDJF. Compared with non-extreme surface melt, these events are primarily characterized by 

large positive anomalies in melt (>200%) over the north AP (Supplementary Fig. 10). The total 

extreme surface melt rates declined rapidly after the early 1990s but shifted to a significant increase 

from 2013 onwards (Fig. 4a, b). 

Trend decomposition analysis further demonstrates that recent changes in extreme melt since 

2013 are predominantly thermodynamically driven (Fig. 4c). Throughout the entire record, 92% 

of the time windows exhibiting significant trends in extreme melt show a dominant thermodynamic 

contribution over dynamic factors. Specifically, for the post-2013 significant increase (2.7 Gt year-

2/5.9 mm w.e. year-2), thermodynamics explain 86% of the observed trend. Historically, AP 
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extreme melt events have been linked to transient synoptic processes and atmospheric circulat ion 

anomalies, like foehn winds or atmospheric rivers—extreme poleward water vapor 

transportation21,27,41. Our results, however, indicate that the recent changes in AP extreme surface 

melt events are rather dictated by thermodynamics. Consistent with previous reports of AP extreme 

warming20,21, the amplification of AP heatwaves could be largely ascribed to long-term summer 

warming rather than atmospheric circulation trends.  

Discussion 

Since the satellite era, surface melt extent and volume over the Antarctic Peninsula have been 

reported to show a declining trend13,17,42-44. with most previous studies focusing on changes in melt 

extent and duration derived from satellite observations13,42. Consequently, the recent (since 2009) 

and statistically significant increase in AP surface melt rates and the reasons have not been 

previously reported. Using two independent polar RCMs, we demonstrate a clear reversal in AP 

surface melt trends since 2009, characterized by a significant NDJF increase of 3% year-1 (p<0.05) 

in RACMO2.3p2. Compared with the results of satellite observation, passive microwave data show 

that melt days remains consistent with our modeled melt rates (R2=0.62, p<0.05; Supplementary 

Fig. 11), with an increasing trend of 0.02 d yr-1 since 2009 (p<0.05). However, melt extent trends 

tend to underestimate the recent intensification. This discrepancy suggests that the severity of AP 

melting may be underestimated using satellite observations alone. Our result of quantifying melt 

rates is an effective supplement to the signals captured by satellite observation.  

Our analysis shows that this recent enhancement is primarily thermodynamically driven, 

rather than associated with changes in large-scale circulation. Our findings indicate that the 

thermodynamic signals are related to the recent increase in longwave radiation and turbulent heat 

flux. In addition, we also note that there is a surface melt peak in the early 1990s, similar highly 

positive longwave radiation and turbulent heat flux are also found along with early-peak of cloud 

cover anomalies. The dominant thermodynamic contribution likely reflects a combination of 

processes—largely independent of atmospheric circulation variability—including, for instance, 
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regional atmospheric warming, water vapor and cloud cover increasing, nearby ocean warming 

and sea ice extent decline30,32, which could impact the AP surface energy budget and melt intens ity. 

These low-frequency thermodynamic forcings may increasingly govern Antarctic climate 

variability, as evidenced by the recent shift in sea-ice variability from high-frequency to low-

frequency modes after 200745. Consistent with this, ERA5 reanalysis indicates persistent SST 

warming in both the Weddell and Bellingshausen Seas during 2009-2022 NDJF (Supplementary 

Fig. 9), which likely enhanced turbulent heat fluxes, potentially influencing the surface melt over 

the AP31. 

The dominance of thermodynamic forcing does not imply that circulation variability is 

unimportant. Our decomposition associates daily melt with concurrent atmospheric circulat ion 

states, yet thermodynamic anomalies can also arise as a lagged response to prior circulation events. 

For the occurrence of strong surface melt over the AP, atmospheric circulat ion plays a critical role. 

Recent findings support that atmospheric rivers, föhn winds and teleconnections trigger AP surface 

melt and climate20,27,46,47. Circulations influence cloud cover anomalies and radiation budget as 

well as cause horizontal and vertical heat anomalies, consequently triggering melt anomalies. 

However, these dynamics cannot explain the recent increase and melt trends in AP surface melt 

from 2009 to 2022 fully. Specifically, for example, average NDJF 850 hPa horizontal heat 

advection and vertical motion do not show obvious enhancements over the AP since 2009 

(Supplementary Fig. 12). However, thermodynamics like downward longwave radiation and 

turbulent flux contribute to the recent enhancement of surface melt through increasing melt 

intensity (Fig. 3 and Supplementary Fig. 2). Our results show the dynamics only dictate the 

significant decreasing trends during 2000s, when there is a decline in the occurrence frequency of 

circulation patterns related to negative surface melt anomalies (Fig. 2). Our discovery underscores 

the strong influence of thermodynamic drivers on surface melt across the AP, especially for the 

recent enhancement since 2009. A deeper investigation of these specific thermodynamic processes 

is essential for understanding AP surface melt and mass loss. 

Methods 
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Modeled surface melt 

We use daily surface melt rates of the polar (p) Regional Atmospheric Climate Model version 

2.3p2 (RACMO2.3p2)34 for the period 1979–2023. RACMO2.3p2 incorporates a 40-layer snow 

module that simulates surface melt, refreezing and retention in firn and subsequent runoff. The 

model is forced by ERA5 reanalysis data48, which also prescribes the sea ice extent and sea surface 

temperature. The model ability to simulate surface mass balance (SMB) changes and polar climate 

has been widely tested over the ice sheets of Greenland and Antarctica33,49-51. RACMO2.3p2 is run 

at 27 km spatial resolution, and further statistically downscaled to 2 km, yielding improved local 

melt patterns notably nearby the grounding line, which are underestimated in the origina l 

RACMO2.3p2 at 27 km34. A more detailed description of this regional climate model can be found 

in van Wessem et al.33 and Noël et al.34. Overall, RACMO2.3p2 can present Antarctic near surface 

climatology and SEB conditions well33,35,51. 

RACMO2.3p2 has a robust representation of Antarctic Peninsula (AP) surface melt at annual 

scales34. To further assess the performance of simulating surface melt over the AP, we used daily 

surface melt flux from a SEB model from Jakobs et al.35. Four automatic weather stations (AWSs, 

stars in Supplementary Fig. 1a) in the AP were used to run the SEB model to output surface melt 

flux: AWS18 at the grounding line of Larsen C ice shelf; AWS14、AWS15 and AWS17 installed 

on the ice shelf, all of which have surface melt records. The number of stations used for evaluation 

is so small because very few stations in Antarctica measure the radiation balance and hence are 

suitable to close the SEB, a prerequisite to quantify melt rate52. We applied the evaluation method 

of van den Broeke53 to assess RACMO2.3p2 by 10-day average surface melt values. Although 

differences remain, the comparison between RACMO and SEB results demonstrates the capacity 

of RACMO2.3p2 to capture AP daily and monthly surface melt patterns (Supplementary Fig. 1c 

and d).  

We also use the other polar regional climate model, Modèle Atmosphérique Régional (MAR 

v3.12)54 to estimate daily surface melt rates for the period 1980–2023 and confirm the results of 
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surface melt trends and subsequent contribution decomposition in RACMO2.3p2. MAR v3.12 is 

run at 35 km spatial resolution and forced by ERA5 to produce surface melt outputs during 1980–

2023. More detailed description of this regional climate model can be found in Gorodetskaya et 

al.21 and Dethinne et al.54. The model effectively represents near-surface climatology and surface 

melt rates, while sometimes overestimates the melt duration and extreme values54, compared to 

SEB outputs in Jakobs et al.35. 

Categorization of circulation patterns 

The self-organizing maps55,56 were used to classify atmospheric circulation patterns, which is 

a neural network method for unsupervised classification. SOM has been successfully utilized to 

identify circulation patterns in previous climatology research and has been thought to be more 

effective and objective compared with other classification methods like k-means30,57-59. The linear 

initialization was used in the SOM training process to make it easier to duplicate results and be 

more stable relative to random initialization58. Settings of the SOM approach used here are listed 

in Supplementary Tab. 1.  

In a SOM, the number of nodes determines how many distinct patterns the input data can be 

represented by55,56. Based on iteratively adjusting the similarity between each node's reference 

vector and the input data, the final classification is obtained. The number of nodes therefore defines 

the number of final classes. If the number of nodes is too small, different patterns may be merged 

and the diversity of the data cannot be fully captured; if it is too large, the resulting map becomes 

excessively detailed, making the classification difficult to present and interpret30,60. In this study, 

the number of the neural node was set to 2×3, corresponding to six circulation patterns. The input 

data were daily 500 hPa geopotential height anomalies obtained by subtracting the average annual 

cycle from ERA5 during 1979-2022 NDJF over the region 50°–85°W, 60°–75°S, and then 

multiplying the cosine of the latitude. We also tried other numbers of neural nodes from 2×2 to 

6×5 (not shown here). Smaller nodes overgeneralize the circulation patterns over the AP, while 

bigger nodes identify too many overly similar patterns (Supplementary Fig. 13 and 14). Therefore, 
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the map size of 2×3 was sufficient to capture various highly generalized circulation patterns, but 

sufficiently few to facilitate convenient presentation and prevent over-similarity among patterns. 

We obtained consistent circulation clustering results using the atmospheric reanalysis MERRA-2 

(Supplementary Fig. 15), highlighting that our approach is robust and not affected by the reanalys is 

forcing. 

Quantitative thermodynamic and dynamic contributions 

Cassano et al.36 and Horton et al.30 separated the factors contributing to the temporal change 

in a variable of interest into a component resulting from 1) the change in the occurrence frequency 

(days) of daily circulation patterns in a cluster, 2) a change in the cluster-mean physical variable, 

and 3) a combination of the two effects. To investigate the drivers of AP surface melt changes post-

1979, we isolate the contribution of thermodynamic and dynamic (circulation-driven) factors. Here, 

we defined the total surface melt anomaly as the sum of the product of the frequency of each 

pattern 𝑓𝑛,𝑡 and the corresponding temporal-average daily surface melt anomaly  𝑀𝑛,𝑡
̅̅ ̅̅ ̅̅ :  

𝑀𝑡 = ∑ 𝑀𝑛,𝑡
̅̅ ̅̅ ̅̅

𝑁

𝑛=1

𝑓𝑛,𝑡 (1) 

where 𝑛 is the cluster type of daily circulation maps, 𝑁 is the number of patterns and 𝑡 every 

year. To mitigate potential biases arising from the seasonal cycle, we utilized daily surface melt 

anomalies subtracting the climatological daily mean, instead of absolute values in the 

decomposition framework. The long-term trends and statistical significance of the surface melt 

anomalies are consistent with those of the raw surface melt (Fig. 1). We further decomposed 𝑀𝑛,𝑡
̅̅ ̅̅ ̅̅  

and 𝑓𝑛,𝑡 into time mean (𝑀𝑛
̅̅ ̅̅  𝑎𝑛𝑑 𝑓𝑛̅) and deviation (𝑀𝑛,𝑡

′  𝑎𝑛𝑑 𝑓𝑛,𝑡
′ ) from time mean components: 

𝑀𝑡 = ∑ (𝑀𝑛
̅̅ ̅̅ + 𝑀𝑛,𝑡

′ )(𝑓𝑛̅ + 𝑓𝑛,𝑡
′ ) 𝑁

𝑛=1 (2)  

Then, we differentiated the above equation with respect to time: 

d𝑀𝑡

d𝑡
= ∑ (𝑓𝑛̅

d𝑀𝑛,𝑡
′

d𝑡
+ 𝑀𝑛

̅̅ ̅̅ d𝑓𝑛,𝑡
′

d𝑡
+

d(𝑀𝑛,𝑡
′ 𝑓𝑛,𝑡

′ )

d𝑡
)𝑁

𝑛=1 (3)   

where, the components on the right-hand side from left to right mean the thermodynamic, dynamic 

and interaction contributions. For the thermodynamic contributions, here it refers to the fact that 
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the response of surface melt intensity to changes in the background field temperature and local 

SEB, independent of changes in atmospheric circulation patterns. For example, under a constant 

circulation frequency, these drivers include changes in cloud cover, longwave radiation, downward 

shortwave radiation, and turbulent heat flux due to background field warming and increased 

atmospheric water content caused by global warming; changes in net shortwave radiation due to 

changes in surface albedo, such as snow grain degradation or meltwater accumulation61; and 

changes in sensible heat flux and longwave radiation due to the reduction of surrounding sea ice 

and rising sea surface temperatures. 

For the dynamic (circulation-driven) contributions, it means the surface melt is associated 

with all individual atmospheric circulation patterns and influenced by the occurrence frequency of 

the circulation patterns, with the assumption of constant surface melt intensity. The third 

component represents a combination of thermodynamic and dynamic factors, reflecting the 

changes in pattern occurrences that result in changes in daily surface melt and acting on changes 

in the thermodynamic component. Generally, the value of this interaction component is smaller 

than the other two components. Note that the dynamic factors in this study refer to the dynamic 

changes driven by atmospheric circulation rather than glacier dynamics. We obtained similar 

results using MERRA-2 as forcing (Supplementary Fig. 16).  

 

Extreme surface melt 

We defined the AP extreme surface melt based on the statistical distribution of daily surface 

melt amounts integrated over the whole AP using the threshold of extreme melt. The extreme 

threshold is defined as the 90th percentile value of the daily surface melt distribution of 1979–

2023. The threshold of the 90th percentile is a common statistical method of extremes and has 

been applied in studies of extreme melt and surface mass balance62,63. We also further defined the 

intensity as average daily extreme melt anomalies, relative to the NDJF average daily melt 

spanning from 1979 to 2022. For the long-term changes in total extreme surface melt rates in NDJF, 

the contributions of thermodynamic and dynamic factors were also computed.  
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Cloud cover, radiation and temperature 

Monthly mean sea surface temperatures and large-scale turbulent heat fluxes, daily total cloud 

cover data came from ERA5. We also use daily shortwave and longwave radiation, sensible and 

latent heat fluxes and 2 m air temperature over the AP from RACMO2.3p2 (27 km×27 km) forced 

by ERA5 in 1979-2022 NDJF33. 

Anomalies and analysis of time series 

Daily surface melt anomaly corresponding to each SOM pattern was computed by subtracting 

the average daily melt during the NDJF period spanning from 1979 to 2022. For the temporal 

change in surface melt during our study period, we utilized the five-year low-pass filtering process 

to remove high-frequency signals based on a fourth-order Butterworth filter. All reanalysis and 

contribution computing were based on the filtered (low-pass) time series of surface melt. When 

computing the correlation coefficients, the time series has been detrended in advance. For linear 

trends, the Durbin-Watson test was used to examine the first-order autocorrelation of linear 

regression residuals. When the time series has significant auto-correlation, the trend was assessed 

using the Hamed-Rao modified Mann-Kendall test64. 

 

 

Data Availability  

The data supporting the findings and figure generation in this study have been deposited in 

the Figshare database under accession code 10.6084/m9.figshare.31901062 

[https://doi.org/10.6084/m9.figshare.31901062] (ref.65). The ERA5 reanalysis data used in this 

study are available in the Copernicus Climate Data Store (CDS) at 

[https://cds.climate.copernicus.eu/datasets]. The daily surface melt flux data from the surface 

energy balance used in this study are available in the PANGAEA database under accession code 

10.1594/PANGAEA.910473 [https://doi.pangaea.de/10.1594/PANGAEA.910473] (ref.35). The 

RACMO2.3p2 (2 km) data used in this study are available at [https://doi.org/10.1038/s41467-023-
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43584-6] (ref.34) or via the authors without conditions (contact: bnoel@uliege.be). The daily 

MARv3.12 model files used in this study are available at 

[http://ftp.climato.be/fettweis/MARv3.12/Antarctica/]. 

Code Availability  

Self-organizing maps code is available at http://www.cis.hut.fi/projects/somtoolbox/. Climate 

Data Toolbox for MATLAB is used in this study and is available at https://chadagreene.com/ 

(ref.66). All codes supporting the findings and drawing figures in this study will be made available 

on Figshare (https://doi.org/10.6084/m9.figshare.31908304) (ref.67).    
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Figure Legends/Captions 

 

Fig. 1 Changes in AP NDJF surface melt. a Spatial distribution of multi-year average surface 

melt from 1979-2022 November to February of the following year (NDJF). b Long-term NDJF 

surface melt change from 1979 to 2022. The solid red line represents the results after the five-year 

low-pass Butterworth filtering. The values in parentheses below the left y-axis tick labels represent 

the spatially averaged melt rates (mm w. e. yr-1). The changes are also shown as a percentage (right 

y-axis, relative to the 1981–2010 mean). c Trends of AP surface melt in NDJF during different 

periods. Linear trends were computed based on the time series of NDJF surface melt after the five-

year low-pass filtering. The start and end time-points of a tendency are defined as the period during 

which all overlapping 10-year windows exhibit a consistent, significant trend. d Spatial 

distribution of NDJF linear trends post-2009. The bold black line in (a, d) represents the extent of 

the AP. The grey dots in (c, d) represent passing the (Hamed-Rao modified) Mann-Kendall 

significance test of the confidence level of 95%.  

 

Fig. 2 Circulation patterns and corresponding daily surface melt anomaly. a-f Spatial maps 

and accompanying time series for each of the six identified circulation patterns: SOM 1 (a), SOM 

2 (b), SOM 3 (c), SOM 4 (d), SOM 5 (e), and SOM 6 (f). In the spatial maps, shading represents 

daily surface melt anomalies (%) relative to the average daily melt during the NDJF period 

spanning from 1979 to 2022. Contours (gpm) denote 500 hPa geopotential height anomalies 
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(positive in red and negative in blue), and vectors 500 hPa wind field anomalies. The black 

numbers (%) express the circulation patterns fractions explained by each SOM. In the curve graphs, 

low-pass filtered lines illustrate the frequency of occurrence for each SOM pattern, along with the 

corresponding average AP-integrated melt rate anomalies (Gt d-1). The values in parentheses below 

the right y-axis tick labels represent the spatially averaged melt rates (mm w. e. d-1). The red 

numbers in the upper left corner of each curve graph denote the average surface melt anomaly and 

the fraction of melt produced for each pattern relative to the total NDJF melt. The black numbers 

(% yr-1) and red numbers (Gt d-1 yr-1) in the upper right corner of each curve graph denote the 

linear trends in frequency and average surface melt anomalies during 2009-2022 respectively. Bold 

numbers represent passing the (Hamed-Rao modified) Mann-Kendall significance test of the 

confidence level of 95%.  

 

Fig. 3 Contribution of thermodynamic, dynamic and interaction processes to the surface melt 

trend. a Contributions of individual components to the surface melt trends during four typical 

periods. b Spatial thermodynamic contributions during 2009-2022. c Melt trends due to 

thermodynamics, dynamics and the interaction in each SOM node. d Trends in mean anomalies of 

net shortwave radiation (SWnet), downward longwave radiation (LWD) and turbulent heat flux 

(THF) in each mode during 2009-2022 NDJF. The values in parentheses below the y-axis tick 

labels in (c) represent the spatially averaged melt rates (mm w. e. yr-1). The stars in (c, d) represent 

passing the (Hamed-Rao modified) Mann-Kendall significance test of the confidence level of 95%. 

 

Fig. 4 Changes in extremes and contributions of the thermodynamics and dynamics. a Long-

term change in total extreme surface melt in NDJF and intensity of extremes. The intens ity 

represents average daily extreme melt anomalies, relative to average daily melt during the NDJF 

period spanning from 1979 to 2022. The solid lines represent the results after the five-year low-

pass filtering. b Trends of extreme surface melt in NDJF during different periods. c Contribution 

(%) of thermodynamic, dynamic and the interaction factors to trends of total extreme surface melt 

rates. The values in parentheses below the y-axis tick labels in (a) represent the spatially averaged 

melt rates (mm w. e.). 
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