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ABSTRACT: The Greenland Ice Sheet (GrlS) meltwater runoff has increased considerably since the 1990s, leading to
implications for the ice sheet mass balance and ecosystem dynamics in ice-free areas. Extreme weather events will likely
continue to occur in the coming decades. Therefore, a more thorough understanding of the spatiotemporal patterns of ex-
treme melting events is of interest. This study aims to analyze the evolution of extreme melting events across the GrIS and
determine the climatic factors that drive them. Specifically, we have analyzed extreme melting events (90th percentile)
across the GrIS from 1950 to 2022 and examined their links to the surface energy balance (SEB) and large-scale atmo-
spheric circulation. Extreme melting days account for approximately 35%-40% of the total accumulated melting per sea-
son. We found that extreme melting frequency, intensity, and contribution to the total accumulated June-August
(summer) melting show a statistically significant upward trend at a 95% confidence level. The largest trends are detected
across the northern GrIS. The trends are independent of the extreme melting percentile rank (90th, 97th, or 99th) analyzed
and are consistent with average melting trends that exhibit an increase in similar magnitude and spatial configuration.
Radiation plays a dominant role in controlling the SEB during extreme melting days. The increase in extreme melting fre-
quency and intensity is driven by the increase in anticyclonic weather types during summer and more energy available for
melting. Our results help to enhance the understanding of extreme events in the Arctic.
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1. Introduction decay (Tedesco et al. 2011) and lake formation (How et al.
2021), affecting shoreline ecological and permafrost dynamics
(IPCC 2022). Further, GrIS meltwater runoff is one of the
largest projected sea level rise contributions (Hofer et al.
2017) and could alter global ecosystems by changing oceanic
circulation dynamics (Rahmstorf et al. 2015). Given that GrIS
meltwater runoff is responsible for approximately 50% of the
GrIS recent mass loss (van den Broeke et al. 2008), a better
understanding of their climate and environmental drivers and
recent trends is of major importance.

Prior studies have examined the prevailing synoptic conditions
in GrIS and its relation with melting (Mote 1998; Fettweis et al.
2011a; Mioduszewski et al. 2016) and mass balance at Summit
Station, Greenland (Gallagher et al. 2020). Additionally,
other research has analyzed the SEB partitioning during
melting (Mattingly et al. 2018; Hermann et al. 2020), atmo-
spheric rivers (Mattingly et al. 2020), and omega-blocking
events (Preece et al. 2023). The upward trends in temperature,
meltwater runoff, and ice flow detected in GrIS since the 1990s
from different data and method sources (Slater et al. 2021;
Mote 2007; Box 2013; Fettweis et al. 2013, 2017, 2011a; Hanna
et al. 2012; Wilton et al. 2017, Hanna et al. 2011) have been
mostly driven by atmospheric circulation weather type (CWT)
variability (Fettweis et al. 2011a). CWTs play a key role in con-
trolling clouds (Ward et al. 2020), moisture advection (Mattingly
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Arctic temperatures are increasing faster than the global
mean since the 1990s (Rantanen et al. 2022). Consequently,
Northern Hemisphere snow and ice mass are decreasing
(Mudryk et al. 2020; Pulliainen et al. 2020; TPCC 2022). The
Greenland Ice Sheet (GrIS) is largely affected by Arctic am-
plification (Serreze and Barry 2011) and is undergoing a fast
retreat since the 1990s (IPCC 2022; Mouginot et al. 2019).
Mid-to-end twenty-first-century high-emission climate projec-
tions for high latitudes indicate snowfall increases (Réisdnen
2008; Krasting et al. 2013; Brutel-Vuilmet et al. 2013), al-
though it will not counterbalance the anticipated GrIS sum-
mer melting (Vizcaino et al. 2014) and the associated increase
in runoff (Noél et al. 2019). High-emission CMIP6 scenarios
suggest that the surface mass balance from 1961 to 2100 will
contribute approximately 17.8 = 7.8 cm to global sea level
rise (Hofer et al. 2017). GrIS-increased melting trends have
relevant impacts on surrounding areas, such as enhancing
snow line migration (Ryan et al. 2019), leading to albedo
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runoff anomalies since the 1990s have been attributed to the in-
crease in anticyclonic events (Fettweis et al. 2011a; Rajewicz and
Marshall 2014) and anticyclonic omega-block-type evolution
(Preece et al. 2023), which are linked to the negative summer
phase of the North Atlantic Oscillation (NAO) (Hanna et al.
2013) and positive phases of Greenland blocking index (GBI)
(Hanna et al. 2018) and Atlantic multidecadal oscillation (AMO)
(McLeod and Mote 2016). Furthermore, the energy available for
melting has increased across GrIS regardless of the synoptic con-
figuration (Mioduszewski et al. 2016).

Extreme negative surface mass balance (SMB) events show
an increase for most GrIS areas during the two recent decades
(2001-19 period) (Wei et al. 2022). Future climate change
could promote more extreme weather events (Francis and
Vavrus 2012; IPCC 2022). These episodes promote extreme
melting events in GrlS, such as in July 2012, which was un-
precedented in satellite and instrumental records (Nghiem
et al. 2012) and extremely rare in long-term paleoclimate ob-
servations (Alley and Anandakrishnan 1995). Several studies
have analyzed SEB partitioning and melt during the extreme
melt event in 2012 (Fausto et al. 2016) and 2021 (Box et al.
2022), as well as the atmospheric circulation drivers of melt-
ing for extreme events in 2007 (Tedesco et al. 2008), 2012
(Tedesco et al. 2013), and 2019 (Tedesco and Fettweis 2020).
In the 2012 event, the cumulative low albedo recorded in
GrIS during the previous years enhanced extreme melting
(Hanna et al. 2012), along with snow and ice black carbon de-
position (Keegan et al. 2014), and radiative heat flux anoma-
lies induced by low-level clouds (Bennartz et al. 2013; Van
Tricht et al. 2016). Extreme melting largely reduces the al-
bedo (Tedesco et al. 2016) and promotes glacial retreat that
exposes ice-free environment exposure (Box et al. 2012). Ex-
treme melting leads to substantial impacts on firn refreezing
(de la Peiia et al. 2015) and on meltwater capacity retention
(MacFerrin et al. 2019), with major impacts on ice sheet sta-
bility and water infiltration in subsequent years (Culberg et al.
2021).

The focus of this study is to analyze the spatiotemporal pat-
terns of extreme melting in GrIS from 1950 to 2022 and its im-
pact on the total accumulated summer melting. We further
examine the link between CWTs and the SEB partitioning
during days of extreme melting, providing a comprehensive
overview of the thermodynamic and dynamic drivers influenc-
ing the recent long-term trends in extreme GrlS meltwater.
The following specific questions are addressed:

(i) What are the spatiotemporal patterns and trends of ex-
treme melting events, their frequency, and intensity in
GrIS?

(i) What is the SEB partitioning during extreme melting days?

(iii) Which CWTs are responsible for driving extreme melt-
ing episodes in GrIS?

2. Data and methods

This work focuses on melting, extreme melting, and the
SEB during these events. We analyzed the role of SEB varia-
bles related to melting, including net shortwave radiation
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(SWnet), net longwave radiation (LWnet), sensible heat flux
(SHF), and latent heat flux (LHF). SWnet is calculated by
multiplying downward shortwave radiation (SWD) by 1 mi-
nus albedo. LWnet is calculated as the difference between
downward longwave radiation (LWD) and upward longwave
radiation (LWU). The SEB contribution to extreme melting
is calculated at pixel scale by summing the positive energy
from the SEB components during extreme melting events, di-
viding this sum by the total positive energy, and multiplying
by 100. We also analyzed cloud-cover conditions for each syn-
optic situation, including cloud-cover anomalies at the down
level (CD) with pressures >680 hPa and at the up level (CU)
with pressures <440 hPa. The atmospheric and surface varia-
bles included were simulated with the mesoscale atmospheric
model Modéle Atmosphérique Régional version 3.13 (MAR
v3.13) run at a resolution of 10 km (Fettweis et al. 2020).
MAR v3.13 is a hydrostatic atmospheric model that solves the
prognostic meteorological equations, including cloud micro-
physical model (Gallée and Schayes 1994). MAR v3.13 is cou-
pled with the multilayer one-dimensional energy balance soil—
ice-snow-vegetation—atmosphere transfer (SISVAT) model
(De Ridder and Gallé 1998). MAR v3.13 melting is simulated
through the snow and ice SISVAT module based on the
CROCUS model. CROCUS is a one-dimensional multilayer
model that simulates the energy and mass balance of the
snowpack, including snow densification and metamorphism,
albedo decay, snow and ice discretization, and meltwater re-
freezing (Brun et al. 1992). MAR v3.13 was 6 hourly forced
by the ERAS reanalysis (Hersbach et al. 2020). ERAS has a
vertical resolution of 137 pressure levels and a spatial resolution
of 0.3° (ca. 15 km at GrIS). ERAS is based on a 4D-Var system
based on the Integrated Forecasting System, which assimilates
in situ records. MAR v3.13 has been extensively validated in
GrIS against in situ, passive microwave remote sensing data
and other regional climate models (i.e., Fettweis et al. 2011b,
2013, 2020). Delhasse et al. (2020) conducted a comprehen-
sive evaluation of near-surface climate variables in GrIS by
comparing independent (not data assimilated) Programme
for Monitoring of the Greenland Ice Sheet (PROMICE) net-
work observations, against the ERAS, ERA-Interim, Arctic
System Reanalysis, and the regional climate model MAR
forced with ERAS. The study reported the accurate perfor-
mance of MAR v3.13 forced with ERAS5 with reliable tem-
perature, wind, and radiative heat flux estimation. Finally,
with respect to the version 3.12 of MAR used in Antwerpen
et al. (2022) to simulate melt and albedo, in addition to the
usual small bug corrections and computer time improvements,
version 3.13 is only a rewriting of the FORTRAN MAR
code.

We focused our study on GrIS sectors defined by Rignot
and Mouginot (2012) and determined based on their geo-
graphical position and characteristics such as size, ice flow,
and runoff production.

a. Melting indicators

We have conducted an analysis of GrlS melting episodes
during summer (June-August, included) over a period spanning
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from 1950 to 2022 (both years included). Following Fausto et al.
(2016) and Franco et al. (2013), we determined a melting day
when produced meltwater was =1 mmWE day '. Extreme
melting was determined through a percentile approach at a grid
scale. We subtracted the 90th-percentile value of melting days
for the 20 years of reference period 1986 to 2005 (both years in-
cluded). The reference period is in accordance with previous ex-
treme GrIS SMB studies (Wei et al. 2022), which is consistent
with the IPCC-ARG6 reference period in polar regions (Consta-
ble et al. 2022). To better understand the spatial distribution of
extreme melting events across different sectors of GrIS, we com-
puted the average number of melting days for each GrIS sector.
The indicators that we have included in our study are as follows:

(1) Accumulated summer melting (ME)
(i) Number of melting days per season (dME)
(iii) Accumulated summer extreme melting (>90th percentile)
per season M
(iv) Number of summer extreme melting days per season
(dME90)
(v) Contribution of ME90 to ME (CE90)

We have also explored differences between extreme melting
days considering different percentile ranks, namely, for the
97th (dME97) and 99th (dME99) percentiles, as well as the
accumulated melting during summer for dME97 (ME97) and
dME99 (ME99) days. This approach allows us to investigate
the influence of percentile selection more comprehensively
on extreme melting events.

b. Trend analysis

To evaluate trends, we employed least squares regression,
the Mann-Kendall trend test (Kendall 1949), and Sen’s slope
(Sen 1968). The Mann-Kendall trend test and Sen’s slope
are widely used nonparametric methods for identifying tem-
poral trends. These methods are included in the manuscript
due to their low sensitivity to outliers and the absence of
assumptions regarding data distributions (Kendall 1949; Sen
1968).

c. Circulation weather type classification

We classified the prevailing CWTs during summer across
GrIS using an automated synoptic classification method de-
scribed by Esteban et al. (2005). This is an objective and stan-
dardized method for grouping similar synoptic configurations,
distinguishing between distinct groups. The method was com-
pared and validated in the European COST733 project (Philipp
et al. 2016). This classification method has been used previously
to analyze snowfall (Esteban et al. 2005), snow accumulation
(Bonsoms et al. 2021), and CWT characterization of snow abla-
tion events (Bonsoms et al. 2022), among other works. Atmo-
spheric circulation across Greenland was captured through the
application of a CWT based on daily 500-hPa geopotential
height (Z500) from 50°-90°N to 100°W-10°E. Data are ob-
tained from NCEP-NCARv1 (Kalnay et al. 2018) following
previous synoptic classification of melting over GrIS (Fettweis
et al. 2011a), extreme melting events (Tedesco and Fettweis
2020), and GBI analysis (Hanna et al. 2012, 2016). The CWT
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based on Z500 is preferred over sea level pressure for analyzing
surface melt in GrIS because of the ice sheet maximum eleva-
tion (3250 m) and because anticyclonic conditions are generally
more relevant than flow direction (Fettweis et al. 2011a). The
CWT classification was applied using the synoptReg R package
(Lemus-Canovas et al. 2019). The main steps of the CWT classi-
fication method are as follows: (i) A principal component analy-
sis (PCA) is performed over daily summer Z500 data to retain
most of the Z500 variability. The explained variance of each PC
can be found in Fig. S1 in the online supplemental material.
Subsequently, (ii) a K-means clustering method with S-mode
matrix and varimax rotation is performed over the retained
PCs. Each PC results in two CWTs, given that the CWTs are
determined by the minimum and maximum positive and nega-
tive correlation.

3. Results

We examined the dME90, ME90, and CE90 temporal
trends and spatial patterns in GrIS between 1950 and 2022.
Subsequently, we analyzed the SEB partitioning during
dMEY0 days and conducted a synoptic characterization of ex-
treme melting events in GrIS, by analyzing the CWTs prevail-
ing during these events.

a. Melting intensity

The temporal evolution of ME90 is shown in Figs. 1-3. A
general increase in MEY0 is simulated, which is consistent
with the upward ME trend (Fig. S2). There are no relevant
differences in the percentile rank (90th, 97th, and 99th) used
for the definition of extreme melting episodes, and most indi-
cators suggest similar temporal trends (Figs. S2-S4). In addi-
tion, trends derived from least squares regression values and
Mann-Kendall trend analysis exhibit consistency (Figs. 1-3).
The largest trends of ME90 are evident for the northern
sectors, specifically in northwest (NW) [tau Mann-Kendall
(MK) = 0.32; p value < 0.01], northeast (NE) (tau MK = 0.30;
p value < 0.01), and northern (N) GrIS (tau MK = 0.30;
p value < 0.01). During recent decades, CE90 has accounted
for approximately 40% of the total accumulated summer
melting and displays low variability across sectors (Fig. 1).
In detail, NW (tau MK = 0.30; p value < 0.01) and N (tau
MK = 0.30; p value < 0.01) show a remarkable increase in
CE90, which is higher than that simulated in other sectors.
The most important changes in ME occur in NE and southeast
(SE) (Figs. 2 and 3). These trends are statistically significant at
the 99% level across the near coastal areas of GrIS (Fig. 2) and
long-term periods (Fig. 3). However, some indicators show tem-
poral variability, with changing trends at short-term scales. For
instance, a nonstatistically significant downward trend in ME
and ME90 is simulated across the northern GrIS during the
most recent decades (Fig. 3), which contrasts with the evolution
simulated during the 19502022 period.

b. Melting frequency

The temporal evolution of dME90 and dME in Greenland
has undergone a general increase since the 1990s (Figs. 1
and 2), with only minor differences observed for periods
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FIG. 1. (a) Total accumulated extreme (>90th percentile) melting (ME90) for each sector and year during summer. (b) Average
percentage of the total accumulated extreme melting over the total melting (CE90) for each sector and year during summer. (c) Average
extreme melting frequency for each sector and year during summer (dME90). The solid line indicates the linear regression. The shaded
area indicates the confidence interval at 95%. The ME and dME time series for average melting days; 97th and 99th percentile ranks can

be consulted in the supplemental material (Figs. S2-S4).

longer than 20 years (Fig. 3). The largest and statistically sig-
nificant increases were detected in the near coastal areas,
consistent with trends in extreme melting intensity. Notably,
dMED90 exhibited a marked increase in accumulation sectors
during the 1990-2022 period (Fig. 2). Long-term dME90
trends were mostly statistically significant, with the highest incre-
ments detected across the NE (tau MK = 0.30; p value < 0.01)
and N (tau MK = 0.30; p value < 0.01) sectors. In contrast,
the SW and central-western (CW) sectors showed the lowest
dME90 trends (tau MK = 0.14 and 0.21, respectively). A
comparison between dME90 and dME trends revealed simi-
lar spatial patterns (Fig. 2), but higher magnitude trends for
the latter indicator (Fig. 1 and Fig. S1). For dME, the largest
increases in tau MK were found in N and NW, while lower
rates were detected in SW and CW (Fig. 3).

c¢. Surface energy balance partitioning

The SEB partitioning during extreme melting events is
shown in Fig. 4. The results indicate that the energy available

for extreme melting primarily comes from SWnet, constitut-
ing the entire energy available for extreme melting in the N
and NE regions (Fig. 5). Positive heat fluxes are offset by
negative LWnet, particularly in the N and NE sectors where
the largest LWnet during extreme events is simulated. LWnet
comes from LWD rather than LWU since the snow surface
temperature during melting events is limited to 0°C. Turbu-
lent heat fluxes exhibit a low contribution to the energy avail-
able for melting during extreme episodes (Fig. 5). The second
most relevant positive heat flux during extreme melting days
is SHF. The contribution of SHF to the energy available for
extreme melting across the GrIS ranges from 25% (SE) to
20% (NW) (Figs. 4 and 5). Turbulent heat fluxes increase to-
ward the lower-elevation zones of GrIS, where SHF accounts
for approximately 40% of the SEB (Fig. 5a). Finally, LHF has
the lowest SEB contribution to extreme melting, accounting
for about 1% of the SEB across all sectors. The SEB trends
are presented in Figs. 5b and S5c. More energy available for
melting is received due to increases in SWnet and SHF
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FI1G. 2. Trend analysis across the GrIS (1950-2022). Maps show the tau MK and p values from the tau MK analysis
for (a) accumulated summer melting (ME); (b) accumulated summer extreme melting (>90th percentile) per season
(ME90); (c) number of melting days per season (AME); and (d) number of summer extreme melting days per season

(dME90).

(tau MK = 0.15), which exhibit similar spatial trend distribu-
tions across most of the GrIS. LWnet shows the largest down-
ward trend during melting days (tau MK = 0.30). Trends are
statistically nonsignificant at the 95% level for most areas.
The SEB trends shown here are consistent with warming
across the entire ice sheet (Fig. S5).

d. Atmospheric circulation patterns

The atmospheric circulation in Greenland during summer
is clustered into 20 CWTs (Fig. 6). Substantial differences in
melting and SEB are found during similar synoptic configura-
tions due to the origin of air masses, flow direction, and topo-
graphical barrier effects imposed by the relief configuration.

The relative frequency of CWTs is presented in Fig. S6.
Most of the days in June are categorized as CWT 2, accounting
for 11% of the total days. In July, CWT 18 and CWT 19 are
dominant, each representing 9% of the total days. In August,
CWT 6 prevails, comprising 8% of the total days. CWT 1-CWT
13 are characterized by lower-than-average Z500 across the
GrIS and have a low contribution to extreme melting events.
CWT 1-CWT 5 rarely cause extreme melting across the GrIS
(<5% dME90) (Figs. 7-9). Specifically, CWT 1 is characterized
by a cyclone near the Denmark Strait, which leads to wet
eastern flow and the lowest extreme melting rates across all
GrIS sectors. CWT 2 presents a low barometric gradient over
the GrIS, while CWT 3 brings precipitation instead of melt-
ing. The northward migration of CWT 3 results in CWT 6

and can bring some melting across the southern areas of the
GrIS. CWT 4 represents a cyclonic system over the SW GrIS.
Similarly, CWT 5 is characterized by a low pressure system
located near the NW GrIS, leading to westerly flow over the
northern GrIS and lower-than-average energy available for
melting (Figs. S7-S11).

CWT 3, CWT 6, CWT 11, and CWT 12 are linked with low
pressure systems in (CWT 3), above (CWT 6), and near
(CWT 11 and CWT 12) the Baffin Bay. During CWT 11 and
CWT 12, however, the westerly flow brings moisture to west-
ern Greenland, and foehn effects prevail across the eastern
area. The cloudless conditions (Figs. S12 and S13) enhance so-
lar radiation there (Fig. S7), leading to extreme melting epi-
sodes in NE (CWT 11) and over summit zones (CWT 12)
(Fig. 7). CWT 8 and CWT 9 are characterized by the lack of
clearly defined centers of action, leading to lower-than-average
SEB and melting. Only during CWT 8 is extreme melting
slightly higher in N (dAME90 = 6% for both sectors) due to
cloud radiative effects (Figs. S12 and S13). Finally, CWT 10
represents a low pressure system displaced toward the north-
ernmost GrIS with a zonal flow and a low barometric gradient
across the central and southern GrIS.

CWT 14-CWT 20 bring positive Z500 anomalies and are
key synoptic configurations in extreme melting events. CWT 15—
CWT 19 control extreme melting across the northern GrlS, while
CWT 14, CWT 16, and CWT 20 are responsible for extreme
events across the southern GrIS. The southern position of the
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FIG. 3. Trend analysis by temporal period (y axis) and GrIS sector (x axis). (upper) The tau MK values for
(a) intensity (ME and ME90) and (b) frequency (AME and dME90) indicators. (bottom) Sen’s slope values for
(c) intensity (ME and ME90) and (d) frequency (dAME and dME90) indicators. Black asterisks inside the boxes

indicate a p value lower than 0.05.

anticyclone center of action determines the spatial distribu-
tion of extreme melting and SEB partitioning. During CWT 14,
a high pressure system is over the Labrador Sea. Cloudy condi-
tions prevail across most GrIS (Figs. S12 and S13), which leads
to positive LWD anomalies and dME90 events concentrated in
SW (11%) and CW (6%). Meanwhile, the eastern area is ex-
posed to high solar radiation and sensible heat fluxes, leading to
dMEO90 events across the SE (8%). CWT 15 features an anticy-
clonic system over the Baffin Bay, producing stable conditions
across the western and central GrIS. However, upslope winds cre-
ate cloudy conditions (Figs. S12 and S13) and positive LWD

anomalies in NE and N (Fig. S9), while SWD drives dME90
events in NW (13%). CWT 16 is an omega-blocking pattern
that brings extremely warm and moist subtropical air masses to-
ward GrlS. Positive SWnet and SWD heat fluxes prevail over
most of the ice sheet and SHF in the ice sheet margins. Never-
theless, higher-than-average cloud-cover conditions in the
northern sectors lead to intense LWD heat fluxes there. CWT
16 is associated with the majority of ME90 across the NW sec-
tor (Fig. 8), presents the highest air temperature in GrIS of the
CWT catalog (Fig. S14), and is responsible for the most extreme
melting episodes in GrIS. CWT 17 features a high pressure
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FIG. 4. Average SEB per sector during extreme melting events.
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available for melting during extreme melting events. The SEB
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tive energy from the SEB components during extreme melting
events, dividing this sum by the total positive energy, and multi-
plying by 100. Spatial trend analysis of SEB, including (b) tau MK
and (c) p values during melting days.

system in the Greenland Sea and a low-pressure area in south-
ern—eastern Greenland, leading to positive SWnet and SWD
heat fluxes across the northern and western GrIS. CWT 17 is re-
sponsible for AME90 events in NE and N (10% and 12%, re-
spectively). CWT 18 is distinguished by a high pressure system
over the central Arctic Ocean, which leads to stable weather
conditions and cloud-free conditions over most GrIS, leading to
melting due to enhanced shortwave radiation. On the contrary,
cloud cover increases LWD in northern GrIS and results in
large dME90 days (23%). CWT 19 involves a high pressure cen-
ter of action near Iceland and southerly flow, leading to dME90
over SE (11%) and NE (10%). High—cloud cover prevails in
NW, CW, SW, and SE GrIS (Figs. S12 and S13), which en-
hance melting due to positive LWD anomalies (Fig. S9),
whereas in NE GrlS, positive SWD, SWnet, and SHF heat
fluxes control melting (Figs. S7-S10). CWT 13 presents a sim-
ilar configuration to CWT 20. However, the high pressure
system is displaced toward the south for CWT 13, resulting in
a low contribution to extreme melting. CWT 20 presents a
high pressure center over the SE GrlIS strip, with the south-
westerly warm and moist flow, resulting in a contrasted west—
east (W-E) SEB pattern like CWT 14. Melting is controlled
by longwave radiation and turbulent heat fluxes across the
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western area, while topographical barrier effects reduce cloud
cover (Figs. S12 and S13) across the eastern GrlS, where short-
wave radiation drives melting. CWT 20 rules most ME90
and dME90 events in SW (21%), CW (14%), and SE
(14% days).

The occurrence and intensity of extreme melting events in
GrIS are greatly influenced by anticyclonic weather types
from CWT 14 to CWT 20, which exhibit a nonstatistically sig-
nificant upward trend. On the other hand, cyclonic types show
a downward trend. Small differences were observed between
the 1950-2022 and 1990-2022 periods for most synoptic con-
figurations (Fig. 10). Among the CWTs, CWT 16, which is as-
sociated with the most extreme melting events across the NW
(Fig. 9), has exhibited the largest increase (p value = 0.06;
Fig. 10). CWT 20, which results in the most extreme melting
events across the SW and SE, shows an increase for the recent
1990-2022 period (Fig. 10). Moreover, CWT 8 and CWT 18,
which are characterized by low barometric gradient over GrIS
and melting across the northern GrIS, have also shown an up-
ward trend, although this trend is not statistically significant.
In contrast, CWT 1-CWT 13, which mostly do not lead to ex-
treme melting events, have shown a negative trend, with sta-
tistically significant trends observed only for CWT 1 and
CWT 13. The remaining CWTs have displayed small, nonstat-
istically significant changes (Fig. 10 and Fig. S15).

4. Discussion
a. Extreme melting trends and its related impacts

The spatiotemporal evolution of extreme summer melting
in GrIS reveals robust increases across all percentile ranks an-
alyzed, including the 90th, 97th, and 99th percentiles. ME90
increased across most of the northern GrIS, and long-term
trends from 1950 to 2022 are statistically significant at the
99% level over most lower-elevation areas. These areas are
closer to the 0°C isothermal conditions in average during the
entire summer and exposed to higher energy available for
melting during extreme events as well as atmospheric flow
originating from ocean areas. Similarly, ME90 and dME90
showed an upward trend across GrlS, with the largest values
detected across the NW and NE sectors. These trends are
consistent with previous studies that suggest that extreme
melting episodes in recent decades have been rarely observed
in paleoclimate records, and only a similar extreme melting
event to that in 2012 was previously detected in 1889 and
around once every 250 years between 1000 and 4000 cal year
BP according to paleoclimate reconstructions based on ice
core proxies (Alley and Anandakrishnan 1995; Nghiem et al.
2012). The reported melting trends are in accordance with air
temperature evolution for the same temporal period (Fig. S5)
and are consistent with long-term warming and SMB evolu-
tion (Fettweis et al. 2017). Extreme melting trends in NW are
consistent with the statistically significant upward trend in sum-
mer ice-surface temperatures (ca. 1.35°C, +0.47°C decade™")
reported for the NW edge of GrIS from 2002 to 2012 (Hall
et al. 2013). Melting has also enhanced the upward displace-
ment of the equilibrium line altitude (ELA) by 44 m a™"
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from 1996 to 2011 in West GrIS (McGrath et al. 2013), con-
tributing to the expansion of the ablation zone and the up-
ward migration of the dry snow zones across the GrIS (Noél
et al. 2019).

CE90 evolution shows a statistically significant upward
trend for all sectors. CE90 typically contributes to 40% of the
melting of GrIS, but only four days of extreme melting in July
2012 contributed to 20% of the total accumulated summer
melting (Fausto et al. 2016). Except in NW, NE, and N, the
reported increase in extreme melting is slightly lower than the
ME and dME trends suggesting that the total accumulated
summer melting is equally driven by average (nonextreme)
melting days. Higher-than-average melting seasons, rather
than extreme events, can enhance extreme melting events in
subsequent years since extreme episodes are preconditioned
by climate and melting anomalies from previous years. For in-
stance, the extreme melting event of 2012 was amplified by
unprecedented anticyclonic conditions from 2007 to 2010,
which were the most intense since the NCEP-NCAR records
(1948) (Hanna et al. 2012).

The depletion of snow over the ice sheet also causes surface
darkening and accelerates melting in the following days (Box
et al. 2012). Positive melt anomalies in previous years (e.g.,
2002, 2005, 2007, 2010, and 2011) reduce the albedo to low
levels, leading to bare ice exposure (Tedesco and Fettweis
2020). The exceptional warm conditions during extreme
events facilitate the migration of the snow line to higher

elevations (Ryan et al. 2019). Melting events can cause water
infiltration and snowpack refreezing over the ice layer (Harper
et al. 2012). However, during extreme melt events, such as in
July 2012, the infiltration capacity was exceeded for some GrlIS
sectors, such as in Kangerlussuaq (western GrIS), which led to
an extreme proglacial discharge event amplified by the ice sheet
hypsometry (Mikkelsen et al. 2016). Melting events can result in
the expansion of the melt area, leading to faster thinning and
steepening of the ice sheet (Colgan et al. 2011). This can trigger
the expansion of crevasses and moulins (Chandler and Hubbard
2023), causing the transport of meltwater by the englacial and
subglacial systems (Poinar et al. 2015). These extreme events can
also bring about structural changes in the ice sheet by creating
surface melt layers that increase water infiltration in subsequent
years (Culberg et al. 2021). The formation of new moulins and
crevasses across the accumulation zone (Colgan et al. 2011), in
combination with the development of supraglacial lakes (e.g.,
Howat et al. 2013; How et al. 2021), snow grain growth, and de-
position of light-absorbing impurities (Dumont et al. 2014), can
further amplify albedo decay and melting (Williamson et al.
2020).

b. Thermodynamic drivers of extreme melting

Warming and moisture advection play a relevant role in ex-
treme melting events by increasing sensible and enhancing
cloud radiative effects through longwave radiative fluxes, as
shown in Figs. S9-S11. During anticyclonic weather types,
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extreme melting across the northern area is often associated
with positive downward longwave heat flux anomalies. This
sector shows higher-than-average cloud cover, which forms
along the coastline due to upslope winds and condensation, as
examined in previous studies (Hahn et al. 2018; Delhasse et al.
2018; Mattingly et al. 2018; Ward et al. 2020). CWT 16, which
controls ME90 across the NW through positive downward
longwave heat flux anomalies, exhibits the largest upward
trend in frequency for the 1950-2022 period and explains the
highest extreme melting trends detected in this sector. These
findings are consistent with previous studies that reported
thin low-level liquid clouds during the 2012 extreme melting
episode, allowing downwelling shortwave radiation fluxes to
warm the near-surface region while preventing escaping
downward infrared fluxes (Bennartz et al. 2013). The increase
in extreme melting (Figs. 2 and 3) is in line with the observed
increase in runoff since the 1990s in northern GrlS; these
higher-than-average trends have been attributed to a decrease
in albedo and an increase in cloud cover, leading to positive
net radiation anomalies (Van Tricht et al. 2016; Cullather and
Nowicki 2018; Vilisuo et al. 2018; Noél et al. 2019) and warm-
ing trends (1982-2011; 2.7° * 0.33°C) in North Greenland

(Orsi et al. 2017). While summer cloud cover has increased in
northern GrIS during recent decades, the opposite trend has
been observed in southern GrIS, leading to faster albedo de-
cay and increased SWnet (Lim et al. 2016; Hofer et al. 2017;
Niwano et al. 2019).

The contribution of absorbed shortwave radiation to the
surface energy balance during extreme events across the SW
and CW zones is lower than average due to their exposure to
warm, wet westerlies and subtropical southwesterly flow that
enhances cloudy conditions, reduces SWD, and increases tur-
bulent heat fluxes and emissivity. These findings are consis-
tent with previous characterizations of the western SEB
ablation areas (Ward et al. 2020; Box et al. 2023) and observa-
tions during the extreme melting episode of July 2012, when
nonradiative heat fluxes accounted for one-third of the SEB
partitioning across the ablation zone of the southern-western
Greenland (Fausto et al. 2016).

Across the southern and central-eastern sectors of the
GrlS, the extreme melting is primarily caused by shortwave
radiation driven by CWT 14, CWT 15, CWT 16, CWT 18, and
CWT 20 episodes, as the topographical barriers reduce west-
erly exposure. Moreover, strong foehn effects prevail across
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the eastern GrlS, caused by Baffin Bay cyclonic weather types
(CWT 11 and CWT 12). Previous studies have also linked
melting in this sector to onshore winds that flow downslope
the GrIS coastline (Mote 1998; Fettweis et al. 2011; Noél et al.
2019; McLeod and Mote 2016; Cullather and Nowicki 2018;
Vilisuo et al. 2018; Mattingly et al. 2020; Preece et al. 2023;
Mattingly et al. 2023). The eastern katabatic winds are strong
enough to reduce the local ocean airflow advection (Miodus-
zewski et al. 2016), and large yearly positive melting anoma-
lies have been previously detected in coastal areas due to
subsidence heating and zonal winds (Vilisuo et al. 2018).

c¢. Large-scale circulation

The results of this study indicate that specific anticyclonic
weather types are responsible for driving extreme melting
events (Fig. 9). The increase in extreme melting observed in
our work is attributed to the upward (downward) frequency
trends of anticyclonic (cyclonic) weather types (Fig. 10) com-
bined with an increase in energy available for melting (Fig. 5b).
The center and flow of high pressure systems are crucial in deter-
mining the GrlS sector where extreme melting occurs. In north-
ern GrlS, extreme melting is driven by the increase in CWT
from 15 to 18. The highest frequency and intensity of extreme
melting detected across the NW is mostly due to the higher fre-
quency of CWT 16. Variability in southern extreme melting is
primarily controlled by CWT 14, CWT 16, and CWT 20. Thus,
the ME90 trends across the SW and SE sectors are influenced by

the small change observed for CWT 20 during the period from
1950 to 2022.

The results indicate that the observed increase in extreme
melting over GrIS can be attributed to the increase in anticy-
clonic weather types (Fig. 10) which is linked with the nega-
tive summer NAO, positive GBI, and AMO trends (Hanna
et al. 2012; McLeod and Mote 2016) and the increase in en-
ergy available for melting during extreme melting episodes
(Figs. 4b,c). The long-term increase in meltwater and runoff
over GrlS is consistent with these factors and is mostly (70%)
explained by the increase in high pressure systems from 1993
to 2012 (Fettweis et al. 2013). Other works also suggest that
atmospheric circulation variability is responsible for a consid-
erable (40%) proportion of GrIS melting from 1948 to 2013
(Rajewicz and Marshall 2014). Vilisuo et al. (2018) analyzed
melting episodes during summer in GrIS for the 2000-14 pe-
riod and found that differences between high (e.g., 2012) and
low (e.g., 2013) melting years have been explained by the
higher frequency of southern airmass advection. Hakkinen
et al. (2014) reported that the frequent occurrence of blocking
and warm subtropical airmass advections led to most of the
melting for the 2000-12 period. These findings are consistent
with the statistically significant increase in the omega-blocking
pattern (CWT 16) and the long-term frequency of blocking
over GrIS (Hanna et al. 2013; Preece et al. 2023).

It is expected that the frequency and intensity of GrIS melt-
ing will continue to increase in the future (IPCC 2022), and
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FIG. 9. Contribution of each CWT to the total accumulated ME90 by GrIS sector.

the upward trends in extreme melting reported in this study
are likely to continue. While this study focused on the recent
past, future research should examine the evolution of extreme
melting frequency and intensity. Climate projections indicate
snowfall increases at high latitudes, including GrIS (Réisdnen
2008; Brutel-Vuilmet et al. 2013; Bintanja and Andry 2017;
Krasting et al. 2013), but even the relatively small increases
in precipitation toward the end of the midcentury (2100)
and under high-emission scenarios (RCP8.5) will not be suf-
ficient to counterbalance the anticipated large increase in
surface summer meltwater and runoff (Vizcaino et al. 2014).
Future CMIP6 projections suggest that GrIS meltwater will
be even larger than previous CMIPS projections due to
feedback strengths of clouds and sea ice cover (Hofer et al.
2017), potentially leading to more extreme melting events
across GrIS.

5. Conclusions

The GrIS meltwater and its associated runoff substantially
contribute to global sea level rise. With climate heating under-
way, it is imperative to enhance our comprehension of ex-
treme GrIS melting events and their atmospheric drivers.
Here, we evaluated the frequency and intensity of extreme

GrlS melting trends in GrIS (1950-2022) and its surface en-
ergy balance and atmospheric circulation drivers.

Our findings suggest that extreme melting events have dem-
onstrated a general positive trend across most GrlS sectors,
indicators, and percentile ranks considered. However, the
trend in extreme melting events is slightly lower than that of
the average melting trend. Statistically significant trends were
most evident across the coastline areas due to the proximity
of 0°C isothermal conditions and warm and humid oceanic
airflows. CE90 exhibited a statistically significant upward
trend at a 99% confidence level for all sectors. Consistent
with previous studies, the highest trends were detected across
the northern GrIS, specifically NW.

The evolution of extreme melting is largely influenced by
large-scale circulation variability. The location of the anticy-
clone center of action and flow determines the GrIS sector in
which extreme melting events occur. As we analyze higher
percentile ranks, the contribution of blocking events to melt-
ing increases. The upward frequency of anticyclonic weather
types during the analyzed period, combined with the increase
in energy available for melting during extreme melting epi-
sodes, explains the rise in extreme melting events detected in
most GrIS sectors. The greatest trends in extreme melting are
observed across the northern GrIS, mainly due to the upward
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frequency trends of CWT 15-CWT 19, which controls extreme
melting in this sector. An omega-blocking pattern (CWT 16)
leads to large radiation anomalies in most of the GrIS and
extreme melting across the NW, explaining the highest trends
simulated for this sector. Across the southern and central re-
gions of GrIS, the intensity and frequency of extreme melting
are influenced by CWT 20, causing large positive anomalies
in SHF and LWD across the western GrIS and SWD across
the eastern GrIS. The smaller trends reported in these sectors
can be explained by the small trends observed for CWT 20
from 1950 to 2022. However, the higher frequency in CWT 20
since the 1990s likely explains the higher-than-average ex-
treme melting trend observed in these sectors during recent
decades.

This study has provided insights into the spatiotemporal
evolution of extreme melting events across the GrIS and the
climate drivers that influence them. The results are consistent
with previous research and confirm the negative NAO and
positive GBI evolution during the summer period analyzed.
Future research should investigate the impact of these long-
term extreme melting trends on the GrIS ecosystem and as-
sess whether similar trends will persist in the future.
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