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Abstract

:

Accurate monitoring of surface temperature and melting on the Greenland Ice Sheet (GrIS) is important for tracking the ice sheet’s mass balance as well as global and Arctic climate change. Using a moderate-resolution-imaging-spectroradiometer (MODIS)-derived land-surface-temperature (LST) data product with a resolution of 1 km from 2000 to 2020, the temporal and spatial variations of annual and seasonal ‘clear-sky’ surface temperature were evaluated. We also monitored summer surface melting and studied the relationship between the mass balance of the ice sheet and changes in surface temperature and melting. The results show that the mean annual LST during the study period is −24.86 ± 5.46 °C, with the highest of −22.48 ± 5.61 °C in 2010 and the lowest temperature of −26.49 ± 5.30 °C in 2015. With the change of season, the spatial variation of the ice-sheet surface temperature changes greatly. 2012 and 2019 experienced the warmest summers (−5.92 ± 4.01 °C and −6.51 ± 3.93 °C), with extreme cumulative melting detected on the ice-sheet surface (89.9% and 89.7%, respectively), and 2002 also experienced a greater extent of melting. But short period of melt in 2002 and 2019 (30.6% and 31.4%, respectively), accounted for a larger proportion, with neither the duration nor intensity of the melt reaching that of 2012. There is a strong correlation between the GrIS surface temperature and its mass balance. By fitting the relationship between surface temperature and mass balance, it was found that 93.83% (6.17%) of the ice-sheet response to surface-temperature change was via surface-mass balance (discharge and basal-mass balance).
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1. Introduction


Cryosphere refers to the negative-temperature layer with a certain thickness and continuous distribution on the earth surface, which is an important part of the climate system and is particularly sensitive to global warming [1]. With the climate warming, glaciers, permafrost and snow cover are shrinking and decreasing, which has significant impact on global climate change and sea-level rise. As an essential component of the cryosphere, the response of the polar ice sheet to climate change and its influence on sea level and ocean currents have been the focus of global-change research for a long time [2,3,4,5]. The GrIS (Greenland Ice Sheet) and the Antarctic ice sheet are the world’s largest ice sheets, accounting for 97% of the global glacier area, and total melting would raise sea levels by 7 m and 54 m [6,7], respectively, which would have serious impacts on coastal economies and societies, even with a small rise in sea level [8]. The GrIS is more sensitive to climate change than the Antarctic ice sheet, and the Arctic has warmed two to three times as fast as the global average over the past decade [9]. From the 1960s to the 1980s, the GrIS were relatively stable, with accumulation and loss relatively balanced [10,11]. However, with continuously increasing global temperatures, numerous studies have shown significant melting and mass loss of the GrIS since the 1990s [12,13,14,15,16,17], with particularly extreme melting events occurred on the surface of the GrIS during the summers of 2012 and 2019, both of which were detected at Summit station [18,19,20,21]. Melting on the surface and subsurface of the GrIS can be detected using microwave data, but subsurface melting tends to refreeze, so the surface melting of the GrIS may have accelerated its disintegration more directly [22,23], with surface melting accounting for nearly half of the mass loss. The GrIS mass loss have increased much this century than in the 1990s, due to increased surface melting and abnormal weather conditions [24,25,26].



Surface temperature determines the distribution of its surface thermal state and melting condition, which has important characterizing significance for the changes of the GrIS radiation budget and mass balance [27,28]. Recent studies show that the increase of the GrIS mass loss is mainly due to the increase of surface-melting runoff [29,30], and the increase in surface temperature indicates that the glacier’s surface is absorbing more energy, thus directly leading to an increase in surface melting [31,32]. Models predict that a 1 °C rise in the temperature of the GrIS will increase ice melt by 20–50%, and that rising summer temperatures will accelerate the rate of melting, leading to more mass loss [33,34,35]. Therefore, accurate monitoring of the surface temperature of the GrIS is of great significance to explain the melting and mass loss and to understand the changes and mechanisms of the ice sheet. However, the existing climate network of the GrIS tend to be limited by the low quality of unsupervised observations, resulting in data gaps, and the uneven distribution of weather stations on the GrIS, which do not represent the entire surface of the GrIS. The emergence of new technologies and methods, such as satellite remote sensing, an emerging new technology that can fill the gaps in time and space [17,36], is now widely used by researchers to obtain LST [37].



Accurate monitoring of temporal and spatial changes of the GrIS surface temperature and its response to mass balance can not only better understand the change and mechanism, but also have important scientific and practical significance for assessing regional and even global climate change. Although many studies have been conducted on the Greenland ice sheet, most of them focused on the last century, and cannot accurately measure the surface temperature of the ice sheet, and few have systematically studied the surface temperature, melting and mass balance of the ice sheet. Currently, the MODIS LST (moderate-resolution imaging spectroradiometer land-surface-temperature) product has been applied since 2000 have been applied to systematically study the temporal- and spatial-variation characteristics of the GrIS surface temperature, and to evaluate the melting extent of the GrIS, due to its high data quality and good temporal resolution. Therefore, based on MODIS-LST-product data, this study evaluated the temporal and spatial changes of the GrIS surface temperature from 2000 to 2020, and analyzed the summer surface melting in detail, as well as the effects of temperature change and melting on mass balance, so as to better understand the surface-process changes and mechanisms of the GrIS in the 21st century.




2. Materials and Methods


2.1. Data


2.1.1. MODIS LST


The Moderate Resolution Imaging Spectroradiometer (MODIS) is a polar-orbiting, 36-channel, and across-track scanning spectro-radiometer whose images cover the whole region of the planet every one to two days. MODIS is on board the Terra and Aqua satellites of the NASA Earth Observation System (EOS), with data dating back to 2000 and 2002, respectively. The 1-d L3 Global Land Surface Temperature and Emissivity product (MOD11A1, discussed in detail in Wan [38]) Version 6, considered a proxy for the intensity of summer melting, was used to monitor the spatial and temporal evolution of mean LST on the GrIS. The MODIS Reprojection Tool was used for data Mosaic and projection transformation. According to the processing method of Qie et al. [39], 2 K was set as the threshold, and data with an error less than 2 K was used as the data for analysis. Pixels with an error greater than 2 K were removed. Meanwhile, as the ice surface temperature is less than or equal to 0 °C, a few spurious pixels (>0 °C) were calculated as 0 °C when calculating the mean LST [28].




2.1.2. PROMICE Data


The Programme for Monitoring of the Greenland Ice Sheet (PROMICE) has been applied to measure climate and ice-sheet properties since 2007, making precise measurements of surface and near-surface climate conditions [40].



Based on data volume and site location, 12 PROMICE in situ data were used to evaluated the applicability of MODIS LST products. The location of the weather station is shown in Figure 1. In this study, PROMICE skin temperature was derived from measured incoming and outgoing longwave-radiation measurements, using the following equation,


  L S T =    (    L  R  o u t   −  (  1 − ε  )  × L  R  i n     ϵ × 5.67 ×   10   − 8      )    0.25   − 273.15  



(1)




where   L  R  o u t     (  L  R  i n    ) is outgoing (incoming) longwave radiation (in W m−2), and  ε  (surface emissivity) is set to 0.97 [41].




2.1.3. Mass Balance Data


To determine the effect of surface temperature changes on mass balance (MB), surface mass balance (SMB), discharge (D) and basal mass balance (BMB) of the GrIS, a fitting relationship between LST and mass balance, was established. We use the recently published mass-balance dataset of Mankoff [42], which is the first daily IO (input–output) product to include BMB, using an IO (MB = SMB-D-BMB) approach to assess the mass balance of the GrIS. SMB gains and losses come from a semi-empirical SMB model and three regional-climate models (RCMs, MAR, RACMO). D is solid-ice discharge. It includes both calving and submarine melting at marine-terminating glaciers. BMB comes from geothermal flux, frictional heating from ice velocity, and viscous heat dissipation. These products provided an annual estimate of the GrIS mass balance from 1840 through 1985, and a daily estimate at sector and regional scale from 1986 to the following week.




2.1.4. Other Relevant Data


In recent years, the climate of the GrIS has been affected by various atmospheric circulations [43,44]. Two indices, the North Atlantic Oscillation (NAO) and Greenland Blocking Index (GBI), were selected to analyze their effects on the surface temperature of the ice sheet. The GBI represents the mean 500-hPa geopotential height for the region 60°–80°N, 20°–80°W [45]. The NAO index represents the normalized sea-level-pressure (SLP) difference between Iceland and the Azores [46,47]. Monthly NAO data is available from (https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/nao.shtml. Accessed on: 23 November 2022) [48], the GBI monthly data comes from the U.S. National Oceanic and Atmospheric Administration Earth System Research Laboratory [20] (NOAA’s ESRL) (https://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/GBI_UL/. Accessed on: 23 November 2022) and Hanna [49].





2.2. Method


In this study, the mean annual and seasonal LST of the entire ice sheet and six basins were calculated [50] (Spring: MAM, Summer: JJA, Autumn: SON, Winter: DJF). The temporal and spatial interannual variation of the GrIS LST was fitted by linear least-squares regression. Since the data started from March 2000, only 20 years of data were used to calculate seasonal and annual LST trends of each grid.



Summer is the major melting period of the GrIS. This study mainly evaluated the melting of the ice-sheet surface during summer. I. Välisuo et al. [51] summarized 15 indicators of studies on the surface melting of the GrIS, mainly using the melting extent and days and duration to define the melting. Recent studies have shown that there may be a cold bias in the MODIS-derived surface temperature [23,52,53]. Discrimination of surface melting in summer, like Hall [27], in this paper, we used −1 °C as the threshold; that is, LST ≥ −1 °C is defined as melt, and the maximum extent of the GrIS LST ≥ −1 °C in summer is regarded as the maximum melt extent of the ice sheet in that year. It is worth noting that the melting percentage for each date is calculated based on the available pixels for that day, and cloud cover has an impact on determining the maximum melting. At the same time, we plotted the cumulative extent of summer surface melting and the regions where a short period of melting occurred. One–two days of melting was defined as a short period of melting, and the areas where summer melting occurred were defined as the cumulative extent of melting.




2.3. Accuracy Verification of MODIS LST


We evaluated the adaptability of the MODIS LST data using measured data from the PROMICE site. Since there are relatively few meteorological stations on the ice-sheet surface, we selected PROMICE 12 automatic meteorogical stations (AMS) to analyze the accuracy of the MODIS LST based on site locations and relative data volume. Meanwhile, three classical statistical indexes were used to estimate the performance of the MODIS product, including the bias, root-mean-square (RMSE), and correlation (R). It can be seen from Figure 2 that the MODIS LST agrees well with the AMS; with the R > 0.91, the EGP and KPC sites of AMS were 0.98 and 0.99, respectively. At the same time, we also obtained that the MODIS LST has a cold deviation of 2–4 °C, and the average RMSE was 4.12 °C, which was similar to the results obtained in previous studies. In short, the MODIS LST has a good applicability for assessing the surface temperature of the GrIS.





3. Results


3.1. Spatial Distribution and Trend of LST of the GrIS


The mean LST of the GrIS from 2000 to 2020 calculated by the MODIS LST product is shown in Table 1 and Figure 3. During the study period, the mean annual LST is −24.86 ± 5.46 °C, with the highest of −22.48 ± 5.61 °C in 2010 and the lowest temperature of −26.49 ± 5.30 °C in 2015. Apparently, the mean LST is similar in spring and annually, mainly between −20 °C and −35 °C, in summer between −5 °C and −15 °C, mainly between −30 °C and −50 °C in winter, and slightly lower in autumn, inland of the ice sheet, than in spring and annually. Meanwhile, the LST in the northern GrIS is much lower than that in the southern region; the SE and SW are the warmer basins, with 6.9 °C higher than other regions, and there was no significant difference in LST in the other basins.



Obviously, the spatial pattern of surface-temperature changes in the GrIS is different, as with the change of season, the GrIS LST-change trend has a great spatial difference. The LST increases mainly in spring and summer, and decreases in autumn and winter. The variation trend of LST in spring and autumn varies greatly from north to south, and from east to west in winter. Meanwhile, the NO is the region with the strongest warming, while SE and SW are the region with the highest temperature but which experienced the most common cooling, showing obvious cooling except in summer.




3.2. Changes in Summer LST and Its Indicative Melt Extent


3.2.1. Summer LST Anomaly


The GrIS summer-LST anomaly from 2000 to 2020 as shown in Figure 4. The mean summer LST of the GrIS during the study period is −7.72 ± 4.34 °C, varying from a low of −9.24 ± 4.91 °C in 2000, to a high of −5.92 ± 4.01 °C in 2012. All six regions showed high LST in the summers of 2012 and 2019. In 2012, except for the NO, the LST in other regions increased to the highest, especially in the SE and SW, where the surface temperatures reached −2.7 ± 3.39 °C and −1.72 ± 1.87 °C, respectively. In the summer of 2000, the NO, NE and NW of the GrIS recorded the lowest LST in the last 21 years, while the lowest LST in the rest of the basin ware recorded in 2018 (SW and CW) and 2020 (SE), respectively.




3.2.2. Summer Surface Ablation in Extreme Years


The summer surface temperature and melting extent of the GrIS have important effects on its mass balance; we have mapped the daily surface melting extent from 2000 to 2020, based on the MODIS daily LST (the ratio of the number of melt pixels multiplied by the total number of pixels over the GrIS. Percentage is calculated with respect to total number of pixels with LST observations for each date). In terms of daily melting, the summers of 2012 and 2019 experienced relatively intense melting with higher LST, while the cooler summers of 2000, 2001 and 2013 experienced less melting. As shown in Figure 5, 2012 was the most severe year for melting, with the maximum melting occurring between 12 July and 14 July. During these three days, an average of 74.9% of the ice sheet’s surface melted, compared with an average of 25.5% from 2000 to 2020. In 2019, the most severe melting occurred between 30 July and 2 August, the first time since 11 July 2012 that melting was detected at the highest point of the GrIS (Summit Station) [20]. For years with less melting, all dates showed less than the 2000–2020 average except for 4–14 August 2001. At the same time, the melting was stronger in July than in June and August, which was also due to the higher LST in July.



Cumulative melting, the maximum and short period of the melting extent, are shown in Figure 6 during 2000–2020 summer. Map of annual melting extent derived from MODIS LST record are shown in Figure 6. As shown in the figure, the cumulative melting extent of the GrIS experienced over 80% melting in the summer of 2002, 2012 and 2019, with 86.9%, 89.9% and 89.7%, of the area experiencing melting, respectively. From Figure 7, however, compared with 2012, the area of short period of melting in 2002 and 2019 is larger, accounting for 30.6% and 31.4%, of the cumulative melting extent respectively. In 2012, it is only 22.9%. The fact that a short period of melting was more common in 2002 and 2019 (especially one-day melts) than in 2012, and that the maximum melt extent in 2012 was much higher than in 2002 and 2019, suggests that the surface melting of the GrIS in the summer of 2012 was more sustained and severe than in 2002 and 2019. The unusual warmth and extreme melting in July 2012 was caused by a combination of reduced albedo and high Greenland blocking [53,54,55]; the atmospheric conditions of the anticyclone south of the ice sheet caused advection in a relatively warm southwest stream, to the western side of the GrIS, resulting in a warmer and drier ice sheet.



Apparently, in the summers of 2002, 2012 and 2019, the GrIS experienced the most severe melting of the ice sheet. We then compared the surface melting of the ice sheet over the three years in detail, as shown in Figure 8. Positive (negative) day anomaly indicates longer (shorter) melt times than the 2000–2020 mean. Apparently, 2012 was the year with the largest positively anomaly; the entire southern part of the ice sheet had at least 15 more days with melt, and in some areas by more than 20 days. Although the cumulative melting extent in the summer of 2002 was 86.9%, melting was below average in the SW and SE near the coast, with some areas by more than 10 days. In the interior of the ice sheet, there was no significant difference between the summer in 2002, 2012 and 2019, while there was significant difference in the southern region and the western region near the coast. The summer melt experienced in the southern region in 2012 was more than 20 days longer than in 2002 and 10 days longer than in 2019. In the Northwest of the ice sheet, summer melt was also 15 days longer in 2012 than in 2002, and 5–15 days shorter than in 2019. Thus, both 2012 and 2019 were more severe than 2002 in terms of duration and intensity of the melt. Likewise, 2019 as a whole did not reach the level of the melt in 2012.





3.3. Correlation between Changes in Summer LST and MB in the GrIS


Although there are many factors affecting the mass balance of the Greenland ice sheet, such as air temperature, precipitation, topographic conditions and surface moraines, climate factors (temperature and precipitation) are the key factors affecting the mass balance. The time series of mean LST, melting extent and MB of the GrIS from 2000 to 2020 are shown in Figure 9. The results show that the LST has a good consistency with the melting extent, but both of them show a roughly opposite trend to the MB, that is, the higher the LST, the greater the melting extent, and the greater the mass loss. Based on the summer LST from 2000 to 2020, the impact of surface-temperature changes on the mass balance of the GrIS is evaluated, as shown in Figure 10. The surface temperature of the GrIS is significantly correlated with MB, SMB and BMB, but has no relative significant correlation with D. This may be because the influence of surface temperature on the SMB and BMB is relatively rapid, while D is affected by sea-surface temperature. Meanwhile, the linear fit results show that a 1 °C increased in the GrIS surface temperature equates to a 106.2 Gt/yr decrease in MB, which for this temperature change consists of a 99.65 Gt/yr decrease in SMB, and a 1.99 Gt/yr increase in BMB. It can be concluded that 93.83% (6.17%) of the ice sheet’s response to changing surface temperature has been via SMB (D and BMB), excluding other conditions such as precipitation changes. We also made a comparison of the ablation range and MB, and Figure 11 showed that the ablation range calculated based on LST was also a good indicator of MB change. When the surface of the ice sheet melts, mass loss is initiated within a few days thereafter. When a relatively large surface melting occurs, it is usually accompanied by a large mass loss.





4. Discussion


4.1. Uncertainty in Analysis


With the increasingly mature development of satellite-remote-sensing technology, compared with traditional field observation, satellite remote sensing provides a more effective and convenient means for the study of polar ice-sheet change. In this paper, we study the spatiotemporal variation of surface temperature over the GrIS and construct the spatiotemporal distribution of surface ablation; and the impact of these changes on mass balance is discussed. These findings could improve measurements and modeling of SMB of the GrIS. However, due to the defects of remote-sensing-satellite data and the limitations of data-processing methods, there are still some areas to be improved. Several factors may be key to future research. Although this study is validated with data from the PROMICE site, the PROMICE site is mainly distributed in the ice-sheet-ablation area, and the performance of MODIS LST for the inland ice sheet is unknown, so that further evaluation is needed. Recent studies [56,57,58] have also shown that there is a significant difference between MODIS and PROMIC LST at lower temperatures, lower latent-heat fluxes and higher specific humidity. Meanwhile, the MODIS LST product averages data over a 1 by 1 km area, while the PROMICE in situ AMSs collect data from an area on the scale of a meter. This will also lead to a certain error between the MODIS LST and the PROMICE in situ skin temperature. Although these differences will lead to some inherent differences between PROMICE and MODIS LST, Zikan et al. [56] do not anticipate that this introduces systematic bias.



At the same time, the cloud blockage in the MODIS LST data set limits its application, as the existing MODIS cloud-detection algorithm cannot identify all types of clouds. The research shows that there was a large proportion of undetected cloud pollution in MODIS products (about 15%) [59]. When the ground object photographed by the satellite is blocked by the cloud, the temperature observed by the pixel does not represent the actual temperature of the surface object, but rather the temperature of the cloud top, which is usually smaller than the temperature of the actual surface [60]. In addition, it has been found that for the cloud-mask product of the MODIS product, the daytime cloud mask is more reliable than the night cloud mask [61], as the MODIS-night-LST product has significantly more undetected cloud grids than the daytime. We therefore selected daytime-MODIS-LST products that accurately reflect the ice-sheet surface temperature. For the MODIS LST product, Zhang et al. [62] found that high-quality data account for 50–70% of the total MODIS data, and that even with more stringent data-quality controls (for example, errors greater than 1 K are excluded), the MODIS LST product may still have errors introduced by cloud pollution. Nonetheless, data filtering is an indispensable step, which will make our analysis results closer to the real situation. Removing cloud pollution is still a big challenge for the application of MODIS data to the GrIS. In the next step, it is considered to use other remote-sensing data or regional-climate-model data to help improve the accuracy, such as using ERA skin-temperature data to supplement the missing values of MODIS LST data.




4.2. Relation between the GrIS LST and Atmospheric Circulation


The GBI and NAO reflect the state of the general atmospheric circulation over the GrIS, and have an important impact on its climate. In order to analyze the relationship between the GrIS’s LST and the atmospheric circulation, we calculated the GBI and NAO indices for each season from 2000 to 2020. The GrIS LST, GBI and NAO time series are shown in Figure 12. It can be clearly seen that LST has a significant correlation with NAO and GBI. In general, for all seasons the GrIS LST during 2000–2020 is positively correlated with GBI and negatively correlated with NAO, and correlations between seasonal series of the GrIS LST and GBI are all significant, and stronger than NAO correlations. At the same time, the correlation between GBI and LST is the strongest in winter and the weakest in autumn. On the contrary, the effect of NAO on LST is weakest in spring and strongest in summer. The unusually high summer temperatures of 2012 and 2019 also suggest that surface temperature in the GrIS has become more sensitive to variability in circulation in a background of a warming climate.





5. Conclusions


The GrIS surface temperature, especially in summer, largely determines the length and intensity of the melting season of the ice sheet, and affects its mass balance. Based on the MODIS LST, the temporal and spatial changes in annual and seasonal surface temperature from 2000 to 2020 are evaluated, the surface melting in summer is monitored, and the impact of these changes on mass balance is discussed. The results show that, during the study period, the mean annual LST is −24.86 ± 5.46 °C, with the highest, of −22.48 ± 5.61 °C, in 2010, and the lowest temperature of −26.49 ± 5.30 °C in 2015. With the change of seasons, the trend in ice-sheet surface temperature shows a great spatial difference. The warming is mainly in spring and summer, while the cooling is mainly in autumn and winter. Among the six regions, the NO showed the largest warming trend in different seasons, while the SW and SE showed an obvious decreasing trend. Both 2012 and 2019 experienced the warmest summers, with extreme melting on the surface of the ice sheet detected; although 2002 also experienced a more extensive year of melting, neither 2002 nor 2019 was as long or intense as 2012, and the maximum melt extent in the summer of 2012 was also far more than 2002 and 2019. There is a strong correlation between the GrIS surface temperature and its mass balance. By fitting the relationship between the surface temperature and mass balance, it is found that 93.83% (6.17%) of the ice sheet’s response to changing surface temperature has been via SMB (D and BMB), excluding other conditions such as precipitation changes. The linear-fit results show that a 1 °C increase in the GrIS surface temperature equates to a 106.2 Gt/yr decrease in MB, which for this temperature change consists of a 99.65 Gt/yr decrease in SMB, and a 1.99 Gt/yr increase in BMB. Meanwhile, LST has a significant correlation with NAO and GBI, is negatively correlated with NAO, and positively correlated with GBI. In the absence of in situ data, the MODIS LST provides an effective data source for us to understand the GrIS surface processes, although errors are unavoidable during data acquisition and processing.
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Figure 1. Map of the location of the GrIS, dividing the area according to Rignot et al. NO: North, NE: Northeast, SE: Southeast, SW: Southwest, CW: Central and West, NW: Northwest. Elevation contour lines are also represented (m). 
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Figure 2. MODIS and Observed monthly LST, Observed LST is from AMS. the red diagonal represents the 1:1 line. * and ** Indicates a confidence level of 0.05 and 0.01. 
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Figure 3. Seasonal LST and LST trend over the GrIS in Spring (a), Summer (b), Autumn (c) and Winter (d) and the mean Annual results (e) from March 2000 to December 2020. 
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Figure 4. Summer LST anomaly of the GrIS from 2000 to 2020. 
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Figure 5. The GrIS daily and mean melt extent for summer (here, 1 June–31 August). (Data for 2000 and 2001 are partly missing. Percentage is calculated with respect to total number of pixels with LST observations for each date. The mean melting extent is derived from the summer 2000–2020 daily melting extent). 
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Figure 6. The GrIS cumulative melting extent for summer from 2000 to 2020. 
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Figure 7. Percentage of the GrIS melting extent for summer from 2000 to 2020. (Extent of maximum melt as derived from the MODIS daily LST). 
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Figure 8. Melt-day anomaly for summer, 2002 (a), 2012 (b), and 2019 (c) compared to 2000–2020 summer mean. Difference in melt days between 2002, 2012 and 2019 ((d): 2012 minus 2002, (e): 2012 minus 2019). 
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Figure 9. Time series of summer surface temperature, melting extent and mass balance of the GrIS. 
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Figure 10. Modelled the GrIS annual (a) total mass balance, (b) surface mass balance, (c) Ice discharge and (d) Basal mass balance versus summer LST. All relations are built using 2000–2020 data. * and ** Indicates a confidence level of 0.05 and 0.01. 
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Figure 11. Daily melting extent and mass balance of the GrIS. * and ** Indicates a confidence level of 0.05 and 0.01. 
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Figure 12. The GrIS LST, NAO and GBI anomaly time series, (a) MAM; (b) JJA; (c) SON; (d) DJF; * and ** Indicates a confidence level of 0.05 and 0.01. 
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Table 1. Mean annual temperature and standard deviation of the GrIS, as a whole and for basins (°C).
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	NO
	NE
	SE
	SW
	CW
	NW
	Mean





	2001
	−27.79 ± 3.57
	−28.17 ± 4.84
	−20.07 ± 5.69
	−18.74 ± 3.81
	−25.38 ± 5.27
	−25.98 ± 5.03
	−25.67 ± 5.77



	2002
	−25.90 ± 3.12
	−26.55 ± 4.35
	−20.39 ± 5.41
	−18.87 ± 4.05
	−24.72 ± 5.11
	−24.66 ± 5.02
	−24.51 ± 5.16



	2003
	−26.04 ± 3.01
	−26.61 ± 4.42
	−19.48 ± 4.91
	−17.66 ± 3.54
	−24.25 ± 5.30
	−24.53 ± 5.12
	−24.29 ± 5.33



	2004
	−26.52 ± 3.42
	−27.06 ± 4.61
	−20.15 ± 5.22
	−19.46 ± 3.77
	−25.71 ± 5.05
	−25.83 ± 5.08
	−25.13 ± 5.33



	2005
	−25.73 ± 3.25
	−26.38 ± 4.79
	−19.48 ± 5.67
	−18.61 ± 3.89
	−25.34 ± 5.10
	−25.14 ± 5.13
	−24.45 ± 5.44



	2006
	−26.41 ± 3.51
	−27.10 ± 4.67
	−19.85 ± 5.52
	−19.12 ± 3.89
	−25.53 ± 5.16
	−25.68 ± 5.32
	−25.01 ± 5.50



	2007
	−26.99 ± 3.30
	−27.74 ± 4.78
	−20.64 ± 5.37
	−19.45 ± 3.75
	−25.75 ± 5.27
	−25.58 ± 4.96
	−25.46 ± 5.42



	2008
	−26.15 ± 3.31
	−27.48 ± 4.72
	−20.72 ± 5.52
	−19.75 ± 3.71
	−26.09 ± 5.17
	−25.64 ± 5.14
	−25.28 ± 5.34



	2009
	−26.37 ± 3.47
	−27.73 ± 4.88
	−20.64 ± 5.20
	−18.91 ± 4.07
	−25.08 ± 5.50
	−25.46 ± 5.53
	−25.19 ± 5.60



	2010
	−24.48 ± 3.31
	−25.20 ± 4.36
	−17.39 ± 4.92
	−14.56 ± 3.72
	−21.76 ± 5.35
	−22.92 ± 5.11
	−22.48 ± 5.61



	2011
	−27.18 ± 3.29
	−28.01 ± 4.87
	−21.42 ± 5.44
	−20.91 ± 4.34
	−26.94 ± 4.94
	−27.07 ± 5.38
	−26.17 ± 5.41



	2012
	−25.67 ± 3.35
	−26.50 ± 4.65
	−19.31 ± 5.01
	−19.36 ± 3.63
	−25.34 ± 4.41
	−25.40 ± 4.73
	−24.56 ± 5.15



	2013
	−27.25 ± 3.53
	−28.10 ± 4.72
	−20.79 ± 5.61
	−19.02 ± 3.99
	−25.99 ± 5.42
	−26.12 ± 5.29
	−25.73 ± 5.64



	2014
	−26.43 ± 3.49
	−27.16 ± 4.81
	−20.03 ± 5.10
	−19.87 ± 3.45
	−25.09 ± 5.11
	−25.43 ± 5.39
	−25.03 ± 5.38



	2015
	−27.42 ± 3.31
	−28.53 ± 4.92
	−21.62 ± 5.72
	−22.24 ± 3.82
	−27.48 ± 4.70
	−26.60 ± 5.04
	−26.49 ± 5.30



	2016
	−24.52 ± 3.15
	−25.56 ± 4.47
	−18.51 ± 4.94
	−18.05 ± 3.47
	−23.42 ± 4.95
	−23.64 ± 4.92
	−23.32 ± 5.11



	2017
	−26.45 ± 3.36
	−26.77 ± 4.62
	−20.02 ± 5.29
	−18.57 ± 3.64
	−24.89 ± 5.16
	−25.17 ± 5.07
	−24.74 ± 5.36



	2018
	−26.52 ± 3.49
	−27.43 ± 4.72
	−20.58 ± 5.46
	−19.79 ± 4.03
	−25.02 ± 5.24
	−25.68 ± 5.19
	−25.22 ± 5.41



	2019
	−24.87 ± 3.16
	−26.11 ± 4.42
	−20.14 ± 5.00
	−17.88 ± 3.84
	−23.88 ± 5.46
	−23.56 ± 5.03
	−23.78 ± 5.15



	2020
	−26.67 ± 3.52
	−28.12 ± 4.98
	−21.26 ± 5.81
	−19.11 ± 3.97
	−26.13 ± 5.82
	−26.20 ± 5.12
	−25.77 ± 5.60



	Mean
	−26.24 ± 3.39
	−27.09 ± 4.72
	−20.03 ± 5.42
	−19.01 ± 3.81
	−25.18 ± 5.18
	−25.28 ± 5.17
	−24.86 ± 5.46
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