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Abstract: Surface melt and subsequent runoff have been the main contributors to recent Greenland mass
loss. However, previous studies mainly focused on the extent and persistence of surface melt. The
variations in surface melt rates and extreme events have not been adequately known, especially the role
of extremes in the long-term surface melt changes. Here, using two high-resolution regional climate
models (RACMO2.3p2 and MARvV3.14), we analyzed the variations in Greenland surface melt in 1958—
2023. Both models (RACMO/MAR) show that annual surface melt is rapidly increasing post-1990 at a
rate of 8.6 £4.9/7.2 + 4.4 Gt per year. The northern regions show the strongest relative regional increase
rate (3.9% + 1.9%/3.4% + 1.6% per year), contributing more surface melt to the whole Greenland. Based
on the 90th percentile of the daily distribution, we found that extreme melt events from May to September
(M=S) have become more frequent post—1990 (0.7/0.8 = 0.5 d per year). Compared with 1958—-1990, M—
S melt from extreme events has increased by 134/105 Gt per year and dominates the increase in the total
surface melt. During extreme events, we found an increase in downward longwave radiation, net
shortwave radiation and sensible heat flux. The rise in surface melt and extreme events post-1990 is
linked to more frequent atmospheric blocking. This study improves our understanding of the role in ice

sheet mass balance played by long-term variations in ice sheet surface melt and extreme events.
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1. Introduction

Mass loss from the contiguous Greenland ice sheet (GrIS) and its peripheral glaciers and ice caps
(GICs) is a major component of sea level rise (Chen et al., 2017; Frederikse et al., 2020). From 2017 to
2020, 17.7% of the global sea level rise was driven by GrIS mass loss (Otosaka et al., 2023), which
resulted from increased ice discharge and decreased surface mass balance since the end of the 20th
century (van den Broeke et al., 2016; Meredith et al., 2019; Choi et al., 2021). This reduction of surface
mass balance dominated GrIS mass loss since 2000 and was related to amplified surface melt and
subsequent runoff (van den Broeke et al., 2016; Meredith et al., 2019; IMBIE Team, 2020). Meanwhile,
Greenland extreme surface melt events become more frequent (Nghiem et al., 2012; Tedesco and
Fettweis, 2020; Box et al., 2022; Bonsoms et al., 2024). Given the importance of surface melt, it is

essential to understand the changes in Greenland surface melt and events.

In-situ observations, satellite data and (regional) climate models are the most commonly used tools
for GrIS surface melt analysis (Mernild et al., 2011; Tedesco and Fettweis, 2020; Zheng et al., 2022; van
den Broeke et al., 2023). Analysis of variations in Greenland surface melt extent and duration has
benefited greatly from developments in remote sensing. However, satellite products cannot directly
observe surface melt rate, although recent studies used artificial intelligence to reconstruct the surface
melt from satellite data (Zheng et al., 2022). Therefore, the changes in surface melt rates in Greenland
have not been thoroughly investigated, especially the spatial differences. Surface energy balance models
and regional climate models (RCMs) can be used to analyze spatial and temporal variability in Greenland
surface melt rate (Noél et al., 2019; Wang et al., 2021; Bonsoms et al., 2024). They have the advantage
of full spatial and temporal coverage and have outputs of surface melt rates before the satellite era (No€l

et al., 2019; Fettweis et al., 2020; Bonsoms et al., 2024).

With global warming and Arctic amplification becoming ever more prominent (Serreze and Barry,
2011; Previdi et al., 2021), the Arctic experiences more frequent extreme climate events (Walsh et al.,
2020), such as an increasing occurrence of heat waves (Dobricic et al., 2020; Overland and Wang, 2021).
Greenland also experiences an increased frequency of extreme warming, rainfall and surface melt
(Nghiem et al., 2012; Tedesco and Fettweis, 2020; Box et al., 2022). For instance, extensive surface melt
over practically the entire sheet occurred in 2012 and 2019, and in 2021 rainfall was observed at Summit
station, the highest point of the GrIS (Nghiem et al., 2012; Tedesco and Fettweis, 2020; Box et al., 2022).
A recent study has projected that GrIS mass loss will rapidly increase with future extreme melt events
(Beckmann and Winkelmann, 2023). However, we have not adequately known the long-term changes in

extreme surface melt events and their role in the long-term increase in Greenland surface melt.
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Here we used two high-resolution polar regional climate models—the Regional Atmospheric
Climate Model (RACMO) version 2.3p2 and Mod¢le Atmosphérique Régional (MAR) version 3.14—to
show the variations in Greenland surface melt and extreme events from 1958 to 2023. We linked the
changes in surface melt and extreme melt events to the large-scale atmospheric circulation over
Greenland and present associated anomalies of surface energy fluxes. The results will help to improve

our understanding of the changes in ice sheet surface melt and extreme events and the mechanisms.

2. Material and methods
2.1 Regional climate models

We used the outputs of two high-resolution regional climate models: RACMO 2.3p2 (RACMO
hereafter) and MAR v3.14 (MAR hereafter), for 1958-2023. RACMO is developed by the Royal
Netherlands Meteorological Institute (KNMI) and adapted for polar glaciated regions at the Institute for
Marine and Atmospheric Research, Utrecht University (IMAU/UU), specifically to simulate the climate
and surface mass balance of the ice sheets of Greenland (Noél et al., 2015; Noél et al., 2018) and
Antarctica (van Wessem et al., 2018). RACMO is run at 5.5 km horizontal resolution forced by ERA-40
(1958-1978), ERA-Interim (1979-1989), and ERAS reanalysis (1990-2023). Vertically, RACMO has
40 vertical atmosphere model levels and 40 active snow layers used for simulating snow melt, water
percolation and retention, refreeze and runoff (Greuell and Konzelmann, 1994; Ettema et al., 2010). In
addition, RACMO also considers dry snow densification (Ligtenberg et al., 2018), and drifting snow
erosion and sublimation (Lenaerts et al., 2012). The daily surface melt from RACMO is available on a
horizontal resolution of 1 km, achieved by statistically downscaling the 5.5 km RACMO2.3p2 using
elevation dependence and bare ice albedo correction (Noél et al., 2016; 2017; 2019). The higher-
resolution grid better resolves the edge of the GrIS and GICs, especially over narrow glaciers and

confined ablation zones.

The version of the hydrostatic regional climate model MAR used here is run at 10 km horizontal
resolution. As a 3D atmosphere—snow model, MAR describes atmosphere dynamics (Greuell and
Konzelmann, 1994) and energy and mass exchange by combining with the 1D energy balance-based
snow model SISVAT (de Ridder and Gallée, 1998). MAR is coupled with the snow model CROCUS
(Gallée and Duynkerke, 1997; Gallée et al., 2001; Lefebre et al., 2003). MAR here is forced at the
boundaries using ERAS during 1958-2023. MAR has improved parametric schemes of cloud and bare
ice albedo and has improved dynamical stability compared to previous versions (Fettweis et al., 2020).

The MAR used here was the latest version v3.14.

Sea surface temperature, sea ice cover, and lateral and top boundaries in both RCMs are prescribed
from reanalysis data. Both RCMs have been extensively evaluated and proven to well represent

Greenland climatology and surface mass balance (Noél et al., 2016; Fettweis et al., 2017; Noél et al.,
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2019; Antwerpen et al., 2022). We also used modelled daily average surface albedo, longwave and
shortwave radiation, and turbulent heat fluxes for the period 1958-2023 from RACMO (5.5 km) and
MAR. Besides, there is a slight difference in the GrlS area in the two RCMs, and the areas of the GICs
in RACMO and MAR are 8.1 x 10* km? and 7.6 x 10* km?, respectively.

2.2 Performance of modeling surface melt rates

Previous studies have proven good performance of RACMO and MAR in simulating the
climatology and changes in surface mass balance and other mass components (Noél et al., 2016; Fettweis
etal., 2017; Noél et al., 2019). Here, we assessed the model performance in simulating daily surface melt
(Fig. A1), using surface melt fluxes (>0 mm w.e./d) from a surface energy balance (SEB) model (Huai
et al., 2020), applied in eight automatic weather stations (AWS) at K- and T-transects of west GrIS.
Average bias was 0.7 mm w.e./d and average RMSE was 5.1/5.4 mm w.e./d in RACMO/MAR. RCMs
have good performance in modelling the Greenland surface melt, and the correlation was significant
between RCMs and the SEB model (R? = 0.9, p < 0.05), giving us confidence to examine the long-term

changes in Greenland surface melt.

2.3 Capturing extreme events and atmospheric blocking

The 90th percentile of the daily surface melt amount is chosen as the threshold to define an extreme
value, which has been widely used (Leeson et al., 2018; Mattingly et al., 2020; Wang and Luo, 2022).
Each date in the calendar year has a separate threshold, based on the distribution of daily surface melt of
that calendar date of the 66-year time series, as used in McLeod and Mote (2016). This approach takes
into account the annual cycle of surface melt to avoid all extreme events being concentrated in similar

calendar periods every year.

There are many blocking indices applied to assess the impact of large-scale atmospheric circulation
on Greenland climate changes (Wachowicz et al., 2021). The original Greenland blocking index (GBI,
Hanna et al., 2016) represents the average 500 hPa geopotential height over a domain situated over
Greenland. Here we used an updated version, GBIz (Hanna et al., 2018), again based on the average 500
hPa geopotential height from the latest atmospheric reanalysis ERAS5, but removing the zonal average.
Then, we utilized the 90th percentile of the distribution of 1958-2023 daily GBI as the threshold to
identify blocking events.

2.4 Anomalies in extreme events

The average anomalies for extreme events were computed by subtracting the average for non-

extreme events. For the comparison of extreme events between different periods, we first compared the

variables to the average conditions of the corresponding period without extreme events and then

compared the anomalies between different periods.
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3. Results

3.1 Characteristics of Greenland surface melt

Fig. 1a shows the monthly relative fraction from April to October of Greenland surface melt rates.
Surface melt predominantly happens in summer (June to August), with a proportion of 85%/92% from
RACMO/MAR. However, satellite data have confirmed the earlier onset date of melting (Colosio et al.,
2021). Doyle et al. (2015) also reported that increased rainfall could induce the occurrence of surface
melt in September. With the air warming, there are more rainfall events over the GrlIS, especially in the
late summer and September (Huai et al., 2022). In August 2022, rainfall even occurred at the Summit
station (Box et al., 2022; Dou et al., 2023). Therefore, with Greenland air temperature rising and rainfall
events increasing, surface melt in May and September cannot be neglected even when in the current
climate their contribution proportion is relatively low. They will play a more important role and are

included in the analysis here.

Fig. 1b and c show the spatial distribution of long-term (1958-2023) average annual total surface
melt. The areas of high annual total melt are mainly concentrated in the ablation zone along the margins
of the GrIS and GICs. At the western and southern edge of the ice sheet, annual surface melt exceeds
2000 mm w.e. At the lower parts of the Qagssimiut lobe in the southern GrlIS (black square box in Fig.
1b and c), annual surface melt even exceeds 4000 mm w.e. The multi-year average Greenland annual
surface melt from 1958 to 2023 was 650/531 Gt in RACMO/MAR. MAR underestimated Greenland
surface melt relative to RACMO, which was also reported by Zheng et al. (2022). Here, 80% of the
difference in total surface melt integrated between the two RCMs results from the difference in the GrIS,
especially eastern regions where the topography is very complicated and high-resolution RACMO has

more areas with high surface melt, benefit from statistical downscaling, relative to the version of MAR

used here.
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Fig. 1 Characteristics of modeling surface melt in Greenland, (a) monthly fraction (April to October)
distribution of surface melt (1958-2023 mean), spatial distribution of multi-year averaged annual total

surface melt from (b) RACMO and (c) MAR (Black square boxes represent the Qagssimiut lobe).
3.2 Changes in annual surface melt

Fig. 2a shows the changesin Greenland annual surface melt relative anomalies relative to 1961—
1990. Although there is a difference in annual surface melt rates integrated, average anomalies are highly
consistent, with a 1958-2023 average value of 77/82 Gt per year (differ by 6%). To better describe the
changes in surface melt, we separated the whole GrIS and GICs into eight individual regions (Fig. 2a),
like Niwano et al. (2021). Many investigations of Greenland climate have reported rapid climatic and
mass change since the early to mid-1990s. Annual surface melt anomalies also follow this pattern (Fig.
2b), with post-1990 melt trends of 8.6 £ 4.9/7.2 + 4.4 Gt per year in RACMO/MAR, respectively.
Integrated over Greenland, persistent positive melt anomalies relative to 1961-1990 (+152/155 Gt per

year on average for RACMO/MAR) have become a major feature post-1990.

Due to the milder climate, SW, SE and SO combined contributed 57%/48% surface melt during
1958-2023 (Tab. A1), while representing only 23%/21% of the entire Greenland. However, the relative
surface melt increase in these three southern regions is below average. To reduce the influence of the
difference in surface melt magnitude in different individual regions, we presented the relative change (%)
in surface melt (Fig. 2c—j). RACMO/MAR reveals a rapid increase trend from 1.1% = 0.8%/0.6% + 0.5%
per year (SO) to 3.9% + 1.9%/3.4% + 1.6 % per year (NO) in south to north individual sectors. Although
the total melt in northern Greenland is small relative to the other regions, the relative increase is highly
significant. This south-north difference is consistent with changes in the near-surface air temperature

and runoff (Noél et al., 2019; Hanna et al., 2021; Zhang et al., 2022).
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Fig. 2 Changes in annual surface melt and individual sectors, (a) maps of individual sectors, (b) changes
in annual surface melt anomalies from RACMO and MAR integrated over the Greenland (GrIS and GICs)
during 1958-2023 (relative to 1961-1990), and (c—j) the relative change of annual melt integrated over
individual sectors, respectively (relative to 1961-1990; The uncertainty range of linear trends means two
standard deviations, i.e., a significance level of 0.05).

The spatial patterns of multi-year melt increase from RACMO and MAR show good agreement (Fig.
3a). The two models differ most in the CE where RACMO has higher annual total melt in CE compared
to MAR, possibly due to the steep topography in which the statistical downscaling leads to different
results (Noél et al., 2019). To further emphasize the north—south difference, Fig. 3b shows the changes
in the contribution of individual sectors to the Greenland total surface melt rates. The contribution of the
southern sectors decreased post-1990, while the contribution of the northern sectors increased, especially

NO, with its relative melt contributions increasing by 12.9%/19.9% in RACMO/MAR.
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(a) averaged annual surface melt from RACMO and MAR, respectively, and (b) regional contribution of
individual sectors to the whole Greenland (The numbers listed indicate the relative changes in regional
contributions compared to itself).

3.3 Extreme events

Fig. 4 shows that the post-1990 May to September (M—S) probability density distribution of daily
surface melt has shifted toward higher amounts (red and blue curves), with the averaged value increasing
by 1.0/0.9 Gt/d (+21%/24%). Furthermore, the 90th percentile increased by 2.3/2.2 Gt/d, i.e.,
approximately 2.3 times the increase in the mean. A more extended right tail suggests more frequent
extreme events. Further examination of decadal probability density distributions of daily surface melt
indicates that this increase in M—S melt and extreme melt is concentrated in the last two decades (i.e.,

2001-2010, 2011-2023) (Fig. A2).
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Fig. 5 explores the long-term change of the contribution of extreme events to total melt. Average
M-S total extremes rates and frequency during 1958-2023 were 125/114 Gt (Fig. 5a) and 16 d (Fig. 5b),
respectively. Extremes contributed 17%/20% of M-S total surface melt (Fig. 5c¢). Before 1990, no
significant trends are observed, but post—1990 totals by extremes and number of days have been
increasing by 8.3 +5.9/8.3 5.5 Gt per year and 0.7 + 0.5/0.8 + 0.5 d per year. With increasing frequency
of extreme events and melt amounts, extremes are contributing more to the M—S total surface melt (Fig.
5c¢), with a post—1990 trend of 0.9%/1.1% + 0.6% per year. Relative to 1958—1990, the fraction of extreme
melt has increased by 15%/13%, and now extremes contribute 25%/27% to total surface melt. In the last
decade of our study period (2014-2023), the contribution of extreme melt is up to 32% per year. In the
extreme melt years of 2012 and 2019 (Nghiem et al., 2012; Tedesco and Fettweis, 2020), extreme events
even contribute 78%/82% and 60%/55% of M-S total melt, respectively. Fig. 5d shows that 1991-2023
M-S total surface melt in RACMO/MAR has increased by 145/132 Gt per year relative to 1958—1990,
while M-S cumulative extreme surface melt has increased by 134/105 Gt per year, i.e., contributing
92%/80% to the total change. This means that increasing M—S extremes dominate the increase in the

total surface melt.
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uncertainty range of linear trends means two standard deviations i.e., a significance level of 0.05).
3.4 Relationship between surface melt and atmospheric circulation

The changes in Greenland climatology and surface mass balance were related with the large-scale
circulation, especially the Greenland Blocking (Fettweis et al., 2013; Hanna et al., 2024). Anomalies in
M-S surface melt and GBIz showed significant correlation (Fig. A3, » = 0.6, p < 0.01). Here we further
showed surface melt and circulation anomalies over Greenland during extreme events. Fig. 6a shows the
average surface melt anomalies during M—S extremes relative to non-extreme events. During extreme
events, the average daily surface melt in RACMO/MAR was 7.7/7.0 Gt/d, approximately 2.1/2.6 times
the value for non-extreme events, concentrated at the edge of the ice sheet. Positive surface melt
anomalies are principally related to atmospheric circulation (Fig. 6b), which shows a clear anticyclonic
pattern, with southerly winds advecting warm air to the GrIS along its western margin. During extreme
events, the atmospheric blocking index (GBIz) shows positive (+1.20). This change in circulation
increases cloud cover in the northwest, where the ice sheet topography acts as a barrier, but decreases
cloud cover in eastern Greenland, where the air descends. Cloud cover anomalies lead to positive
anomalies in downward longwave radiation (Fig. 6¢). Another important energy source is the increase in
net shortwave radiation (Fig. 6d), which mainly results from a decreasing surface albedo (Fig. A4).
Surface melt is further enhanced by positive feedbacks such as the snowmelt-albedo feedback as well as
the spatial extension of dark, bare-ice regions (Box et al., 2012; Tedesco et al., 2016; Ryan et al., 2019).

The advection of warmer air also increases the turbulent sensible heat flux (Fig. 7a). Fig. 7b shows that
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atmospheric river events, which increase turbulent fluxes over the melting ice surface, especially in the
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Fig. 7 Average (1958-2023) sensible heat flux anomalies during extremes relative to non-extreme events
(a), and specific energy flux statistics energy flux anomalies for regions with elevation below 2000 m
(b).

Increasing extreme surface melt events on the one hand were related with more frequent
atmospheric blocking in M—S post-1990 (= 0.8/0.7, p <0.01) (Fig. 8). Frequent blocking caused energy
fluxes anomalies shown in Fig. 6 and Fig. 7 and then intensified surface melt in Greenland. In fact, the
increase in extreme melt rates, on the other hand, results from the enhanced intensity of extremes. Fig. 9
shows how the nature of extreme events changed post-1990. Average extreme melt rates post—1990
increase by 11%/12% in RACMO/MAR, mainly in northern Greenland, compared with 1958-1990 (Fig.
9a). This north—south division is also reflected in the changes in 500 hPa geopotential height and cloud
cover (Fig. 9b). Compared with 1958-1990, anticyclonic conditions centred in the southeast have
weakened and the summer average 500 hPa geopotential has increased more in western areas (Noé€l et
al., 2019). The increase in cloud cover in the northern Greenland enhanced downward longwave radiation
(Fig. 9c), while descending air and the consequent adiabatic heating increased sensible heat flux (Fig.
9d). In the southern Greenland, the reduced cloud cover decreases downward longwave radiation and the
advection of colder air from the north reduces sensible heat flux which mostly offset the downward

shortwave radiation increase (Fig. AS) so that the strength of extreme events hardly changed there.
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Fig. 8 Changes in the occurrence frequency anomalies relative to the average of 1961-1990 of blocking

and melt extremes in May to September.
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surface melt during extreme melt events, (b) 500 hPa geopotential height, wind fields and cloud cover,
(c) downward longwave radiation, and (d) surface sensible heat flux.

4. Discussion

Because satellite data cannot directly observe surface melt rate, Greenland surface melt rate has not
been understood in the past. Based on two high-resolution regional climate models, here we showed the
variations in surface melt rate during 1958-2023. We found that Greenland surface melt rates have been
increasing post-1990, which is related with higher relative increase in northern regions and more frequent
extreme events. The dominant role of extreme events in the total increase in M—S surface melt. These
extreme events here were attributed to increasing downward longwave radiation, sensible heat flux and
the reduction of upward shortwave radiation. Many studies stressed the dominant contribution of net
shortwave radiation rather than longwave radiation in the increase in the summer surface melt and
extremes (Hofer et al., 2017; Bonsoms et al., 2024). Our results support this but also show that extremes
have remarkably higher downward longwave radiation and sensible heat flux. Increasing downward
longwave radiation and sensible heat flux have amplified surface melt in Greenland and made surface
melt events more extreme. Wang et al. (2021) found that for >30 melt events the day-to-day variability
of surface melt is dominated by sensible heat flux. Particularly, Ward et al. (2020) found that sensible
heat flux was more critical for increasing surface melt when the centre of blocking was situated in the

southeast. Fig. 10 further shows the surface energy balance anomalies in each region during M—S melt
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extremes relative to non-extreme events during 1958-2023. For the surface energy inputs, the increasing
downward longwave radiation was the largest contributor, followed by sensible heat flux in most regions.
In the NW regions, longwave radiation even dominated the increase in extreme surface melt rates rather
than net shortwave radiation. Our results showed that with the Greenland warming, the decline in albedo
had made surface melt naturally higher, while the increase in longwave radiation and sensible heat fluxes
resulting from circulation anomalies had amplified surface melt events and made them extreme. It will

improve our understanding of extreme surface melt events and the mechanisms.
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Our results contribute to enhancing the comprehension of long-term variations in Greenland surface
melt, particularly regarding spatial patterns and extreme events. However, our results also show some
limitations and uncertainties. For the annual surface melt rate, we noted that RACMO/MAR 1958-2023
annual mean integrated surface melt differs by 22%. The difference is related to spatial resolution in
models. The main source of difference originates from the CE region, where downscaled RACMO has
higher surface melt outputs (+59 Gt per year, Table. Al). Eighty-three percent of the difference in CE
comes from the bias over the GrIS, with more surface melt rates in RACMO relative to MAR (Table.
A2). Fig. 11 shows the CE elevation-area and elevation melt distribution. The total area in the two RCMs
is consistent while RACMO has more areas below 300 m and below 1300 m melt in RACMO is
approximately twice that in MAR. Statistical downscaling in RACMO (version of 1 km) greatly increases
surface melt in the CE sector (Noél et al., 2016). The difference between regional climate models has
limited further discussion about spatial variations, especially in the margins, and then results in some

uncertainties in surface melt. Because of this difference in integrated surface melt rates, we cannot more
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accurately estimate the refreezing and consequent runoft over the GrIS. This indicates the importance of
improving the performance of modelling surface melt in complex-topography areas and consistency

between climate models.
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Fig. 11 The distribution of (a) area (%) and (b) cumulative surface melt for different CE elevation zones

during 1958-2023 (The numbers in (a) represent the total area of CE regions).

These results suggest that if we want to more accurately project future sea level rise from Greenland
surface melting, more research into extreme events in relation to atmospheric circulation anomalies is
needed. Additionally, we need to further improve the simulation of extreme events in Greenland and the

performance of models in topographically rough regions like southeastern Greenland.
5. Conclusions

We used two high-resolution regional climate models (RACMO2.3p2 and MARv3.14) to analyze
the variations in Greenland surface melt from 1958 to 2023. RACMO and MAR show good consistency
in long-term variations in Greenland surface melt rates. We found that annual surface melt has
significantly increased post-1990 at a rate of 8.6 =4.9/7.2 + 4.4 Gt per year by RACMO/MAR. Compared
with southern regions, the northern regions showed a stronger regional relative increase rate post-1990

(3.9% =+ 1.9%/3.4% + 1.6% per year) and was contributing more surface melt to the whole Greenland.

The increase in total surface melt is relevant to frequent extreme surface melt events. Extreme melt
events from May to September (M—S) have become more frequent post-1990 (0.7/0.8 + 0.5 d per year),
with stronger intensity (+11%/12%). M-S melt from extreme events has increased by 134/105 Gt per
year post-1990 and dominates the increase in the total surface melt. The increase in downward longwave

radiation, net shortwave radiation and sensible heat flux caused the occurrence of extreme events.
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Meanwhile, the recent rise in surface melt and extreme events is linked to more frequent atmospheric

blocking in recent decades.
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