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Abstract

:

As a major contributor to global mean sea-level rise, the Greenland ice sheet (GrIS) and the patterns of its mass change have attracted wide attention. Based on Gravity Recovery and Climate Experiment (GRACE)/GRACE Follow-On (GRACE-FO) gravimetry data, we computed monthly non-cumulative mass change time series of the GrIS, which agree with those from the mass budget method confirming the reliability of GRACE-FO-derived mass change. Over the GrIS, mass was mainly gained in winter, followed by spring. It primarily lost mass in summer, with the percentage of summer mass loss versus the corresponding annual mass loss ranging from 61% to 96%. We report that spring mass loss has become more frequent since 2015, and autumn mass gain occurred more frequently after 2014. By separating mass gain from mass loss at the annual timescale, we find that both the mass gain and mass loss showed a slightly increasing trend during 2003–2020, which might be a response to the ongoing Arctic warming. Summer mass variations highly correlated with the summer North Atlantic Oscillation index are dominated by temperature-associated precipitation and meltwater runoff. This study suggests that long-term observations would be necessary to better understand patterns of the GrIS mass variations in future.
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1. Introduction


The Greenland ice sheet (GrIS) covers an area of up to 1.7 million square kilometers, with an average ice thickness of about 1700 m [1,2]. It has been losing mass over the past two decades, and it is virtually certain that the GrIS will experience continued ice loss over the 21st century [3]. As one of the dominant contributors to global mean sea level rise at present, the GrIS’s continued ice loss could pose a threat to human daily life and ecological environment security in certain coastal areas. Suffering from varying degrees of mass loss including sustained acceleration and abrupt deceleration, the GrIS and its mass change patterns cause widespread concern. Consequently, accurately monitoring the GrIS mass variations and fully investigating the potential characteristics of its mass change would be of great significance in the context of Arctic warming.



Since March 2002, the gravity recovery and climate experiment (GRACE) mission provided the first direct measurement of polar ice mass change [4]. Using GRACE data during different time spans, the signal of ice mass loss was clearly revealed over the GrIS in previous studies [5,6]. Most studies were mainly focused on the linear or long-term mass trend of the GrIS, with monthly cumulative mass change derived from GRACE data [7,8,9,10,11,12]. Some studies analyzed GRACE-estimated cumulative mass loss of the GrIS at a regional scale, including investigating the main cause of mass loss [13,14,15]. There have also been a few studies focused on short-term changes or inter-annual mass variations of the GrIS using GRACE data [16,17,18,19]. The launch of GRACE Follow-On (GRACE-FO) satellites in May 2018 extended GRACE-based estimates of mass change on Earth [20]. As there was a data gap of 11 months between the two missions and the GRACE-FO satellites could rely on only one accelerometer, efforts had to be put into verifying data quality and the continuity of the GRACE and GRACE-FO missions [6]. Using independent data sources (the mass budget method, MBM), for instance, the combination of modeled surface mass balance (SMB) from regional climate models [21,22] and estimates of ice discharge [23,24], it was confirmed that GRACE and GRACE-FO missions showed data continuity in ice-sheet mass variations [25,26].



The increasing length of the GRACE/GRACE-FO time series enable us to statistically analyze the characteristics of the GrIS mass variations at different timescales, which could be useful for better understanding the status of the GrIS. Additionally, the MBM makes it possible for us to determine the main factors of mass change over the GrIS. In this study, to avoid the contamination from potential bias between GRACE and GRACE-FO missions, we separately computed and compared monthly non-cumulative mass change of the GrIS from GRACE/GRACE-FO gravimetry and the MBM. We statistically analyzed the characteristics of the GrIS mass variations during the observation period of GRACE/GRACE-FO satellites at monthly, seasonal, and annual timescales. With individual components from the MBM, the leading factors of mass change of the GrIS were analyzed together with the associated temperature change. The impact from each factor on the GrIS’s monthly mass change was further quantified. Finally, we explored the possible links between summer mass variations of the GrIS and the mean atmospheric pressure gradient measured by the North Atlantic Oscillation (NAO) index [27].




2. Data and Methods


2.1. GRACE and GRACE-FO Data


In this study, we utilized GRACE and GRACE-FO level 2 Release 06 monthly gravity field solutions provided by three data processing centers, namely the Center for Space Research (CSR) at the University of Texas in Austin [28], the Jet Propulsion Laboratory (JPL) [29], and the German Research Center for Geosciences (GFZ) [30]. All the solutions are provided as fully normalized spherical harmonic coefficients with degree and order up to 60. For GRACE data, all the solutions during the time span from April 2002 to June 2017 were analyzed. As to GRACE-FO data, we used these from the period from June 2018 to February 2021. Due to poor data quality or instrument anomalies, some gravity field solutions in certain months, i.e., June 2002, July 2002, and June 2003 and so on, were not available. This case existed for both GRACE and GRACE-FO missions. To fill in these missing gravity field solutions, a linear interpolation between adjacent solutions was used. In total, we added 22 monthly gravity fields, most of which were isolated or paired. We note that on the cryosphere, the data gap between GRACE and GRACE-FO missions could be filled by using the singular spectrum analysis gap-filling technique or applying gravity fields measured by Swarm satellites [31,32]. Considering our study was focused on the characteristics of the GrIS mass variations revealed by observations from GRACE/GRACE-FO gravimetry, we did not fill the 11-month gap between the two missions. As reported by previous studies [33,34,35], low degree terms, especially degree one terms and degree two zonal terms, have some impacts on GRACE-derived polar ice sheet mass variations. Here we added degree one terms from GRACE/GRACE-FO Technical Note 13 (TN-13) [36]. We replaced degree two zonal terms with those in Technical Note 14 (TN-14) from satellite laser ranging [33]. To avoid the potential bias between mass change separately derived from GRACE and GRACE-FO missions, we computed monthly non-cumulative mass change time series through the following steps: (1) selecting gravity field solutions in two successive months provided by CSR, i.e., those in December 2002 and January 2003; (2) subtracting the former from the latter solution (the solution in January 2003 minus that in December 2002); (3) computing mass change, which was defined as the non-cumulative mass in the latter month, based on the difference between solutions in two successive months in step 2; (4) moving forward one month at a time (the solutions in January and February 2003 next time), and repeating the previous steps until the end of GRACE/GRACE-FO data. Note, we removed the glacial isostatic adjustment (GIA) effect, using the GIA model provided by [37]. Considering the north–south strips on the maps of GRACE-derived mass change, Gaussian smoothing with a radius of 300 km was applied [38]. When Gaussian smoothing caused signals of mass change leaking into coastal ocean, a leakage reduction was then performed according to [39] to minimize the leakage error. Finally, monthly non-cumulative mass change time series were derived over the GrIS for the GRACE/GRACE-FO mission timespan.




2.2. SMB Model and Ice-Discharge Data


To enhance the confidence of GRACE/GRACE-FO-derived non-cumulative mass change time series over the GrIS, we also computed monthly mass variations of the GrIS using the MBM. As aforementioned, the MBM combines the individual components of ice sheet surface mass balance (SMB) and ice discharge. For SMB, we used monthly outputs with a 1 km grid interval from the Regional Atmospheric Climate Model (RACMO) 2.3p2 [22]. It was confirmed that monthly cumulative SMB combined with ice discharge agreed well with those from GRACE data [40]. As we did not need to form monthly cumulative SMB variations, we directly adopted the SMB data available. The timespan of SMB data was from January 2002 to December 2020. The monthly SMB values were obtained from the following equation:


  SMB =  P  t o t   − R U − S U −  E  d s    



(1)




where    P  t o t     is the total precipitation,   R U   indicates meltwater runoff,   S U   means sublimation, and    E  d s     is erosion/deposition due to drifting snow. Note, we also analyzed each component of SMB, aiming at figuring out the leading factors of the GrIS’s mass variations.



In order for results to be commensurate with GRACE/GRACE-FO data, i.e., the same spatial resolution, Gaussian smoothing with a radius of 300 km was separately applied to SMB data and its individual components. The signal leakage correction was also performed as was done for GRACE/GRACE-FO data. As to ice discharge, we adopted monthly GrIS discharge estimates provided by [41], which covered the period from January 2002 to November 2020.




2.3. Climate Data


In this study, we used the temperature of air at 2 m above the surface of the Earth at monthly intervals to analyze its potential relationship with the leading factors of the GrIS’s mass change. Two meter temperature data were provided by the ERA5 dataset, which is the fifth generation of the ECMWF reanalysis for global climate and weather [42]. To figure out the potential links between summer mass variations of the GrIS and the atmosphere conditions, the NAO index from NOAA standardized to the period 1981–2010 was used [27,43].





3. Results


3.1. Monthly Non-Cumulative Mass Variations of the GrIS


As mentioned in Section 2.1, we calculated GRACE/GRACE-FO-derived monthly non-cumulative mass change time series over the GrIS (blue line with asterisk in Figure 1) in order to avoid the potential bias between mass variations from both missions. To examine the reliability of GRACE/GRACE-FO-derived non-cumulative mass change time series and enhance our confidence on the data postprocessing, monthly non-cumulative mass variations of the GrIS were also computed from the MBM (red line in Figure 1) through the combination of SMB and ice discharge. It is apparent that both monthly non-cumulative mass change time series generally agreed with each other. Within each year, the monthly non-cumulative mass change exceeded −100   Gt   at least once or twice or even more, which suggests numerous mass loss incidents occurred over the GrIS in summer. The most negative monthly mass change (−328 Gt/month) was revealed by GRACE measurements in the record melt year 2012. GRACE-FO measurements detected a peak monthly mass change in August 2019 of −277 Gt/month, ranking second behind 2012 and being followed by −246 Gt/month in July 2020. We noticed that the most negative and the second most negative monthly mass changes were also reported by [25] but with relatively smaller values. The numerical difference of monthly mass change can be primarily attributed to the different data postprocessing techniques, e.g., the radius of Gaussian smoothing and the approach of leakage reduction, GRACE/GRACE-FO data and also the coverage of the GrIS [12].



To understand the pattern of non-cumulative mass change in the same month but in different years over the GrIS, we compared data month by month, as shown in Figure 2. It can be seen that monthly mass gain or loss occurred in every month except for July, in which only monthly mass loss occurred during 2002–2020. Obviously, monthly mass loss was more frequent in June, July, and August as well as September than that occurring in other months. It seems that monthly mass losses in July and August have increased in magnitude during the past two decades, if we neglect several values such as those in August 2013 and 2018. In March, monthly mass change was dominated by mass gain before 2012, and monthly mass loss became more frequent after that. High monthly mass gain can also be clearly observed in November 2016 and January 2017. Moderate monthly mass gain occurred in September 2020 and October 2019 and 2020. High monthly mass loss appeared in March 2020.




3.2. Seasonal Mass Variations of the GrIS


To understand the characteristics of the GrIS mass variations at seasonal timescale, we computed mass change in four seasons in the northern hemisphere, namely spring (March, April, and May), summer (June, July, and August), autumn (September, October, and November) and winter (December, January, and February). It should be noted that winter includes December in the current year, and January and February in the next year. As shown in Figure 3, summer mass loss dominated mass change over the GrIS, with the mean magnitude in absolute value exceeding by 5 times that in other seasons. Mass was mainly accumulated in winter, followed by spring. In spring, it is obvious that mass was mostly accumulated before 2015 but lost more frequently after that. In contrast, in autumn, mass was mainly lost before 2014 but gained more frequently after that. This could be associated with the seasonal weather patterns in Greenland; for instance, dry and warm/cold and snowy weather, the early or late beginning of melting season, the low or high degree of melting season, or the duration of the melting season and so on. According to the polar portal season report provided by the Danish Arctic research institution (http://polarportal.dk/en/home/, accessed on 19 February 2020), the melting season sometimes came earlier such as those in 2016 (12 May), 2017 (5 May), 2019 (30 April), compared to the melting seasons since 1981. Note, an early melting season does not necessarily mean high melting loss. For instance, the one in 2017 was quickly interrupted by cold weather and snow and the melting season in 2017 was relatively short. It is certain that more mass would be accumulated in spring if no melting season began in spring. In autumn, the record low temperature and high amount of rain and snow or a number of unusually severe storms may account for the more frequent mass gain occurring in the season in recent years. For instance, in October 2016, a very large amount of rain and snow hit the eastern part of the GrIS.



As seasonal mass change consists of monthly mass gain, or monthly mass loss or both, here we attempted to partition mass change in each season into mass gain and mass loss. As shown in Table 1, apparently, mass was primarily gained in spring, autumn, and winter. The corresponding mean value of mass gain in winter during 2003–2020 (excluding the years 2017 and 2018) was 92.75 Gt, compared to 59.80 Gt in spring and 61.22 Gt in autumn. Mass accumulation in winter played an important role in maintaining the GrIS, with the percentage of total mass accumulation in the corresponding year ranging from 19% to 67%. Occasionally, slight mass gains occurred in summer during the past two decades, such as in the summers in 2006, 2009, and 2013 as well as 2019. Mass loss mainly occurred in summer, with the percentage of total mass loss in the corresponding year ranging from 61% to 96%. That is, summer mass loss was the major cause of shrinkage of the GrIS. Indeed, we find that all summer mass losses in 2010, 2011, 2012, 2016, 2019, and 2020 exceeded 390 Gt, with those in 2012 (−490.59 Gt) and 2019 (−485.75 Gt) ranking in the top two in the past 20 years. Although the summer mass loss in 2013 was the lowest (−140.07 Gt), it made up 64% of the total mass loss in that year.



In addition, to understand the spatial characteristics of the GrIS’s seasonal mass variations, we calculated mass variations in the four seasons in 2012, 2013, 2019, and 2020, as depicted in Figure 4. Here we divide the GrIS into seven sections: South West (SW), West (W), North West (NW), North (N), North East (NE), East (N), and South East (SE) (Figure 4a). It is apparent that mass loss mainly occurred in summer, with severe mass loss concentrated on the marginal regions of the GrIS. Summer mass losses in 2012, 2019, and 2020 were much larger and more widespread than that in 2013. There was a slight mass gain in summer 2013 in NW and N areas of the GrIS, while severe mass loss can be seen over these in summer 2012, 2019, and 2020. Mass gain mainly appeared in the SW and SE of the GrIS in winter. Significant mass gain could also be seen in the NW and NE in winter 2019 and autumn 2020. Compared with mass variations in spring 2012 and 2013, more mass loss was found in the NW, N, and NE in spring 2019 and 2020. In autumn, less mass loss and more mass gain can be seen in 2019 and 2020 when compared to those in 2012 and 2013.




3.3. Annual Mass Variations of the GrIS


To analyze the characteristics of the GrIS’s annual mass variations for each year, we calculated its annual mass change by adding up monthly non-cumulative mass changes (from January to December), which are shown in Figure 1. In Figure 5a, GRACE and GRACE-FO-derived annual mass change are marked in blue bars. During the period from 2003 to 2016, the pattern of annual mass variations of the GrIS is quite similar to that shown by Figure 2a in [5], which also confirms the feasibility of our data postprocessing. From Figure 5a, much more negative annual mass change can be seen in 2010, 2011, and 2012 as well as in 2019, compared to that in other years. Annual mass change with a slightly positive value was only visible in 2013, which suggests a small amount of mass gain occurred over the GrIS if neglecting the corresponding uncertainty. When excluding annual mass change in 2010, 2011, 2012, and 2013 as well as 2019, the mean value of the GrIS’s annual mass change was −193.18 Gt. It rose to −240.05 Gt when including those years with a high degree of mass loss. Due to the data gap between GRACE and GRACE-FO measurements, annual mass change in 2017 and 2018 was not available using GRACE-like gravimetry. Considering the good agreement of monthly mass change time series derived separately from GRACE/GRACE-FO gravimetry and the MBM (Figure 1), here we attempt to fill in the annual mass change gap in 2017 and 2018 using the MBM. As shown in red bars in Figure 5a, over the GrIS, annual mass losses in 2017 and 2018 were relatively small (<−100 Gt), compared to those in other years excluding 2013. If considering mass losses measured in two consecutive years, the GrIS’s mass losses observed in 2017 and 2018 were the lowest of all mass losses in any other two-year period between 2003 and 2020. This is consistent with the result reported by [25]. According to the aforementioned polar portal season report, the melting season in 2017 was short over the GrIS. Large amount of snowfall hit the SE part of the GrIS. The temperatures proved to be more than a standard deviation below average in summer (June, July, and August). Then, the albedo was the third highest in the past 18 years, which means more sunlight was reflected and thereby less energy was taken up from the Sun. In 2018, the albedo was at a record high in May, June, and the beginning of August. The GrIS experienced a low degree of melting and major storms which dumped large amounts of snow on the ice sheet. To some extent, this explained that the lowest mass loss was in 2017 and 2018 according to the MBM.



Considering annual mass change consists of monthly mass gain or mass loss, we separately computed mass gain (accumulation) and mass loss at the annual timescale. Being limited by the temporal resolution of one month for GRACE/GRACE-FO gravity field solutions, here we defined mass accumulation/loss at annual timescale like this: arbitrarily select one year, i.e., 2003, then mass accumulation at annual timescale means the summation of all monthly mass changes with positive values in 2003 (Figure 1), and mass loss at annual timescale means the summation of all monthly mass changes with negative values. Using the MBM, the data gaps for mass accumulation and loss at annual timescale were separately filled up. As depicted by Figure 5b, in the past two decades, mass accumulation time series showed a positive trend (7.43 Gt/yr), while a negative trend of −7.03 Gt/yr can be found from mass loss time series. This means that both mass accumulation and mass loss at annual timescale were increasing over the GrIS in the past two decades. It should be noted that the magnitude of mass loss in absolute value was much larger than that of the corresponding mass accumulation (excluding year 2013), with the mean value of their ratios being two times higher. The total annual mass variations show a quite weak mass trend of 0.40 Gt/yr. To better understand the characteristics of annual mass variations of the GrIS, it would be necessary to carry out observations in a timespan as long as possible in future.



We also mapped the spatial distribution of annual mass change over the GrIS (years 2003–2020, excluding 2017 and 2018), as depicted in Figure 6. It is obvious that the spatial patterns of annual mass change of the GrIS were different from year to year. From 2004 to 2006, accelerated mass loss can be seen over the SE of the GrIS. Large amount of mass losses occurred in marginal regions in the SW, N, and NW in 2007, 2008, and 2009. During the period from 2010 to 2012, severe and widespread mass losses were mainly concentrated in the SW and SE part of the GrIS. In 2013, mass loss was significantly reduced, with a large amount of mass gain occurring in part of the SW and a moderate amount of mass gain appearing in the N. Mass losses mainly occurred in the western part of the GrIS in 2014 and 2016, and changed to the northern part in 2015. Note, the above spatial patterns of annual mass change of the GrIS were revealed by GRACE gravimetry. According to GRACE-FO’s measurements, widespread and severe mass loss occurred again over the GrIS in 2019, which was reported by [25,26]. Here, we find that annual mass loss of the GrIS was significantly reduced in 2020, with parts of the NW and SE showing a large amount of mass loss.




3.4. The Factors Dominating Mass Variations of the GrIS


In order to understand the factors that influence the GrIS’s mass change, we analyzed each component of SMB data from the RACMO2.3p2 [22] and also ice-discharge data [41]. As aforementioned, monthly SMB data consist of total precipitation (   P  t o t    ), meltwater runoff (  R U  ), sublimation (  S U  ), and erosion/deposition (   E  d s    ). We also considered the potential influence from surface temperature. We used the monthly mean temperature of 2 m provided by the ERA5. Figure 7 depicts monthly variations of each component from SMB data, ice discharge, and 2 m temperature. Note, only monthly temperature variations correspond to the vertical axis on the right. We find that the magnitude of   R U   achieved the peak in summer in each year, which was the largest of all the components from SMB data. It had a maximum (~273.40 Gt) in July 2012, followed by that (~259.80 Gt) in July 2019.    P  t o t     contributed a lot to mass accumulation over the GrIS, with amplitude ranging from ~40 Gt to 100 Gt from month to month. The magnitude of    P  t o t     was moderate, while those of   S U   and    E  d s     were quite small. Monthly ice discharge showed moderate magnitude (~41.03 Gt/month) with small change (~5.80 Gt). Monthly variations of 2 m temperature showed very similar phases with monthly meltwater runoff time series, with a correlation coefficient of 0.78. It was mentioned by [38] that the amount of melting and runoff induced by a temperature increase strongly depended on variables such as initial surface temperature, latitude, and elevation as well as time of year.



To quantify the impact of each component of SMB data and also ice-discharge data on monthly mass variations of the GrIS, we first computed the mean value of each component at each month during 2002–2020. For instance, in January, the mean value of    P  t o t     was computed. Similar calculations were done for   R U  ,   S U ,   and    E  d s     as well as for ice discharge in January. The sum of absolute value of these means were also computed in January, which we marked as    M  t o t    . The mean of    P  t o t     in absolute value in January divided by    M  t o t     was then defined as the quantity which indicates the contribution of    P  t o t     to mass change of the GrIS in January. Thus, the contribution of each component to the GrIS’s mass variations could be calculated at each month. As provided in Figure 8, if excluding June, July, and August,    P  t o t     almost accounted for more than 50% of the GrIS’s monthly mass change and ice discharge contributed more than 30%. Apparently, the contribution of   R U   increased from May, and achieved a maximum (exceeding 63%) in July. It slightly decreased in August and significantly reduced in September.    E  d s     and   S U   had relatively small contributions to monthly mass change of the GrIS.





4. Connection between Summer Mass Change of the GrIS and Summer NAO Index


Our analysis of the GrIS mass variations at different timescales demonstrates that summer mass change dominated mass loss of the GrIS in the corresponding year. It primarily depended on changes of total precipitation and meltwater runoff which are the main components of SMB. Previous studies [42,43,44] noted that there were potential links between summer mass loss of the GrIS observed by GRACE and the summer NAO index. The latter reflects the state of the general atmospheric circulation over the GrIS. With a negative phase of the summer NAO index, high pressure and clear-sky conditions prevail, which can enhance surface absorption of solar radiation and decrease snowy weather. All these changes further promote higher air temperature, a long duration of melting season, and a high degree of melting and runoff. In contrast, when the positive phase happens, less mass loss will prevail. Here, in order to analyze the relationship between the GrIS’s summer mass change observed by GRACE/GRACE-FO and the phase of the summer NAO index (the average of June–July–August), we applied the monthly tabulated NAO index from the National Oceanic and Atmospheric Administration (NOAA) that was standardized by the 1981–2010 climatology. As shown in Figure 9, a distinct positive correlation can be found between summer mass variations of the GrIS and the phase of the summer NAO index. If selecting the period from 2002 to 2016, their temporal correlation coefficient was 0.74. We also computed the summer SMB of the GrIS, as depicted by the black dotted line in Figure 9. It was also strongly correlated with the phase of the summer NAO index during the period from 2002 to 2020. Besides, it can be seen that the record mass loss in 2012 correlated with the increasing negative phase of the summer NAO index during six successive summers [42]. The summer NAO index turned positive in 2013, with significantly reduced runoff, increased precipitation, and decreased temperature (Figure 7) resulting in a shorter melting season and much smaller summer mass loss. When the summer NAO index again turned increasing negative in 2016, significant summer mass loss occurred again. In 2017 and 2018, the summer NAO indices again became positive, with largely reduced runoff leading to smaller mass loss. In 2019, the summer NAO index again turned strongly negative, with decreased precipitation, increased temperature and runoff again resulting in widespread mass loss. Even in 2020, the phase of the summer NAO index still remained negative, and a large amount of summer mass loss also widely occurred, as provided by Figure 4. Note, the annual mass loss of the GrIS in 2020 was much smaller than that in 2019, as heavy mass gain appeared in February, May, September, October, as well as December (Figure 2), which benefited the GrIS.




5. Conclusions


In this study, we computed monthly non-cumulative mass variations of the GrIS in order to avoid potential bias between GRACE and GRACE-FO-derived mass variations, aiming at analyzing the characteristics of the GrIS mass variations at monthly, seasonal, and annual timescales. To validate the measurements obtained from GRACE-FO, monthly non-cumulative mass variations of the GrIS were also computed using SMB from the RACMO2.3p2 and ice discharge data (the MBM). We find that monthly non-cumulative mass variations derived from GRACE/GRACE-FO and the MBM show good agreement with each other over the GrIS during the study period. The statistics of seasonal mass changes demonstrate that ice mass mainly lost at summer and autumn over the GrIS, and it primarily accumulated in winter, followed by spring. We report that mass mostly accumulated in spring before 2015 but was lost more frequently after that. In contrast, in autumn, mass was mainly lost before 2014 but gained more frequently after that. At annual timescale, ice mass changes were divided into mass accumulation (the sum of monthly non-cumulative mass change with magnitude larger than zero) and mass loss (the sum of monthly non-cumulative mass change with magnitude less than zero). We find that in the most recent two decades, mass accumulation time series show a positive trend (7.43 Gt/yr), while a negative trend of −7.03 Gt/yr can be found from mass loss time series. Additionally, based on all the components of SMB from the RACMO2.3p2 and ice discharge data, the factors dominating mass change of the GrIS were analyzed. If excluding June, July, and August,    P  t o t     and ice discharge separately accounted for more than 50% and 30% of the GrIS’s monthly mass change. A significantly increased contribution from   R U   can be seen in June, July, and August, with the maximum exceeding 63%. In addition, the link between summer mass change of the GrIS observed by GRACE/GRACE-FO and the phase of the summer NAO index was studied. When the summer NAO index turned strongly negative, the decreased precipitation, increased temperature and runoff led to widespread mass loss over the GrIS.
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Abbreviations




	Acronyms
	The full name



	GrIS
	Greenland ice sheet



	GRACE
	Gravity Recovery and Climate Experiment



	GRCAE-FO
	Gravity Recovery and Climate Experiment Follow-On



	SMB
	Surface mass balance



	D
	Ice discharge



	MBM
	Mass budget method



	RACMO
	Regional Atmospheric Climate Model



	CSR
	Center for Space Research



	JPL
	Jet Propulsion Laboratory



	GFZ
	German Research Center for Geoscience



	TN-13
	Technical Note 13



	TN-14
	Technical Note 14



	GIA
	Glacial isostatic adjustment



	    P  t o t     
	Precipitation



	   R U   
	Meltwater runoff



	   S U   
	Sublimation



	    E  d s     
	Erosion/deposition



	NAO
	North Atlantic Oscillation



	sNAO
	Summer North Atlantic Oscillation



	NOAA
	National Oceanic and Atmospheric Administration



	SW
	South west



	W
	West



	NW
	North west



	N
	North



	NE
	North east



	E
	East



	SE
	South east
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Figure 1. Monthly non-cumulative mass change time series of the GrIS derived separately from GRACE/GRACE-FO gravimetry and the MBM during 2002–2020. 
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Figure 2. GRACE/GRACE-FO-derived non-cumulative mass change of the GrIS in the same month but different years (2002–2020). Non-cumulative mass change of the GrIS from January–March (a), April–June (b), July–September (c), October–December (d). 
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Figure 3. Seasonal mass variations of the GrIS derived from GRACE/GRACE-FO data during 2002–2020. 
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Figure 4. Spatial distribution of seasonal mass variations over the GrIS in 2012 (a–d), 2013 (e–h), 2019 (i–l), and 2020 (m–p). Note, the following abbreviations are used: South West (SW), West (W), North West (NW), North (N), North East (NE), East (E), and South East (SE). 
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Figure 5. (a) Annual mass variations of the GrIS, with blue bars indicating those from GRACE/GRACE-FO and red bars those from the MBM. (b) Mass accumulation (blue dotted line), mass loss (red dotted line) at annual timescale and total annual mass change (black dotted line) of the GrIS. 
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Figure 6. Spatial distribution of annual mass variations of the GrIS during the period from 2003 to 2020 (excluding 2017 and 2018). The spatial distribution of annual mass variation over GrIS from 2003–2006 (a–d), 2007–2010 (e–h), 2011–2014 (i–l), 2015–2020 (m–p), excluding 2017 and 2018. 
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Figure 7. The factors impacting mass change of the GrIS. The following abbreviations are used: total precipitation (   P  t o t    , magenta with asterisk), meltwater runoff (  R U  , blue line with asterisk), sublimation (  S U  , green line with asterisk), and erosion/deposition (   E  d s    , black line with asterisk), discharge (yellow line with asterisk), and temperature (red line). 
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Figure 8. The contribution of factors including    P  t o t    ,   R U  ,   S U ,   and    E  d s     as well as ice discharge to monthly mass variations of the GrIS in each month during 2002–2020. The ratio was computed by absolute value of the mean of each factor at each month divided by the corresponding    M  t o t    . 
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Figure 9. Summer mass change (blue line with rhombus) observed by GRACE/GRACE-FO and summer SMB (black line with asterisk) of the GrIS and summer NAO (sNAO) index (red line with circle). 
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Table 1. Partitioning seasonal mass change into seasonal mass accumulation and seasonal mass loss in each year.
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Year

	
Seasonal Mass Accumulation [Gt]

	
Seasonal Mass Loss [Gt]




	
Spring

	
Summer

	
Autumn

	
Winter

	
Spring

	
Summer

	
Autumn

	
Winter






	
2003

	
123.63

	
0

	
42.50

	
39.05

	
0

	
−340.13

	
−34.28

	
−11.92




	
2004

	
81.30

	
0

	
43.83

	
71.82

	
−16.64

	
−223.72

	
−48.00

	
−7.81




	
2005

	
65.69

	
0

	
19.16

	
84.43

	
−2.79

	
−316.92

	
−83.89

	
0




	
2006

	
28.46

	
26.47

	
47.87

	
33.46

	
−14.87

	
−225.14

	
−64.10

	
−6.41




	
2007

	
55.92

	
0

	
25.15

	
105.4

	
−9.45

	
−349.18

	
−69.31

	
−0.87




	
2008

	
49.56

	
0

	
65.35

	
139.69

	
−41.47

	
−319.56

	
−43.15

	
−45.35




	
2009

	
25.38

	
6.02

	
26.93

	
109.25

	
−19.49

	
−292.59

	
−75.87

	
−24.33




	
2010

	
66.67

	
0

	
74.15

	
52.37

	
−27.77

	
−450.42

	
−93.07

	
0




	
2011

	
21.45

	
0

	
10.05

	
60.07

	
−2.02

	
−392.52

	
−70.32

	
−31.22




	
2012

	
88.21

	
0

	
62.50

	
75.33

	
−22.52

	
−490.59

	
−124.47

	
0




	
2013

	
57.67

	
38.42

	
0

	
71.06

	
−10.16

	
−140.07

	
−51.38

	
−16.11




	
2014

	
80.89

	
0

	
76.66

	
78.47

	
0

	
−363.42

	
−13.43

	
0




	
2015

	
8.76

	
0

	
45.56

	
111.66

	
−21.79

	
−310.17

	
−32.10

	
−70.45




	
2016

	
111.98

	
0

	
167.54

	
128.97

	
0

	
−437.95

	
−4.45

	
−62.85




	
2019

	
17.27

	
13.00

	
91.26

	
156.75

	
−57.15

	
−485.75

	
−82.94

	
0




	
2020

	
73.90

	
0

	
180.96

	
166.27

	
−160.49

	
−397.65

	
0

	
−98.75
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