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Abstract
The Arctic is warming at nearly three times the global average, driving profound shifts in its
hydrological cycle. Yet, the impacts of this rapid warming on extreme runoff events—key to ice
mass balance, ecosystem dynamics, and global climate feedbacks—remain poorly quantified. Here,
we analyze the spatiotemporal evolution of summer extreme runoff across the permanent land ice
Arctic area from 1980 to 2020 based on high-resolution regional climate model simulations
(MARv3.11). Extreme runoff is defined as summer runoff exceeding the 90th, 95th, or 99th
percentile of modeled runoff distributions, consistent with established climate extreme thresholds.
We then identify regional hotspots and quantify changes in the fraction of extreme runoff relative
to total summer runoff, as well as shifts in its magnitude and drivers. Greenland contributes to
most of the land ice Arctic extreme runoff area, accounting for 63% of the total, followed by Baffin
(14%) and Ellesmere (8%). Our results reveal a marked intensification of extreme runoff, most
notably in the Western Arctic. The fraction of extreme runoff has significantly increased,
particularly in Greenland (+46%), Ellesmere (+38%), and Devon (+31%) (1980–2020 vs
2000–2020). In Ellesmere, the spatial extent of extreme runoff has expanded nearly 400%. Overall,
the contribution of extreme runoff to total runoff increased by 20%–30% (1980–2020 vs
2000–2020) across the Arctic, with the largest increases in Ellesmere and Devon. A clear West-East
gradient is evident, with statistically significant trends in the Western Arctic and more moderate
changes in the East. For example, Iceland and Franz Josef Land show only modest increases in the
fraction of extreme runoff (+11% and+2%, respectively). These patterns are consistent across
multiple thresholds for extreme runoff (90th, 95th, and 99th percentiles) and remain robust after
detrending. This intensification of extreme runoff is linked to increases in anticyclonic circulation
in the Western Arctic. The results have far-reaching implications, including increased freshwater
discharge into the Arctic Ocean and the potential disruption of the Atlantic Meridional
Overturning Circulation.

1. Introduction

The Arctic is experiencing rapid cryosphere changes,
characterized by a summer decrease in snow and
ice cover and an associated increased in runoff
(Callaghan et al 2011, Liston and Hiemstra 2011,
Pulliainen et al 2020, IPCC 2022, Rantanen et al
2022). These changes contribute to a positive energy

balance feedback, which further amplifies Arctic
warming (IPCC 2022).

While the impacts of gradual Arctic warming
are well-documented, extreme weather events—such
as prolonged heatwaves, intense melt episodes, and
extreme runoff events—are increasingly recognized
for their profound impacts on Arctic ecosystems
and human communities (Walsh et al 2020). The
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magnitude and frequency of these events are often
driven by complex interactions between atmospheric
circulation patterns and surface-feedback processes
(Bonsoms et al 2024). Persistent high-pressure sys-
tems have been linked to prolonged melt seasons and
intensified surfacemelt across the region (Hanna et al
2014, Tedesco and Fettweis 2020, Sasgen et al 2024).
Concurrently, reductions in sea ice have enhanced
ocean-atmosphere heat exchange, further amplify-
ing surface warming and accelerating melt pro-
cesses (Chung et al 2021). This accelerated Arctic
warming has resulted in record-breaking temperature
extremes, such as the 2015–2016 Alaskan heatwave,
which was attributed to a combination of low-albedo
surface states and persistent high-pressure systems
(Walsh et al 2017). A particularly striking example
occurred from 28–30 July 2000, when an intense melt
event at John Evans Glacier, Ellesmere Island accoun-
ted for approximately 30% of the glacier’s total sum-
mer melt (Boon et al 2003). Similarly, in Canada’s
Queen Elizabeth Islands, 30%–48% of the total mass
loss from fourmonitored glaciers since 1963 occurred
after 2005, during years marked by extreme melt
linked to anomalous summer atmospheric circula-
tion and enhanced advection of warm air from the
Northwest Atlantic (Sharp et al 2011). These events
highlight the increasing role of extreme events in
shaping the Arctic’s cryosphere under rapid warming.

Projections indicate that Arctic temperatures
and the frequency of extremes will continue to
rise (Landrum and Holland 2020), with important
implications for permafrost stability, infrastructure
resilience, ecosystem health, and Arctic communities
(Hansen et al 2014, Hjort et al 2018, Ford et al 2021,
IPCC 2022, Miner et al 2022). Moreover, intensified
glacier and snowmelt in the Arctic is expected to trig-
ger far-reaching impacts on global systems, includ-
ing rising sea levels and cascading effects on mid-
latitude weather patterns (Cohen et al 2014, Tang
et al 2014, Francis and Skific 2015, Hanna et al 2017,
Coumou et al 2018). Critically, it may also accelerate
the approach to major climate tipping points, such
as potential disruptions to the Atlantic Meridional
Overturning Circulation (AMOC, Lenton et al 2008,
Boers 2021).

Previous research on extreme Arctic melt events
has largely concentrated on the Greenland Ice Sheet
(GrIS) melting (Bonsoms et al 2024) or specific
regions such as Canada’s Arctic ice caps (Sharp
et al 2011). While several pan-Arctic long-term
(>20 years) studies have investigated temperature-
related extremes—including marine heatwaves (Gou
et al 2025), shifts in surface air temperature over land
and ocean (Giesse et al 2024), warm and cold air out-
breaks (Matthes et al 2016), and terrestrial heatwaves
(Dobricic et al 2020)—temperature alone remains an
indirect proxy for glacier and snow melt. In contrast,

runoff represents a direct and physically meaningful
metric, capturing the integrated effects of the surface
energy balance and internal snow and firn processes,
including refreezing. As such, it serves as a more
accurate indicator of freshwater discharge and its con-
sequences, including oceanographic fluxes, ecosys-
tem impacts, and global climate (Fichot et al 2013,
Nummelin et al 2016). Despite the increasing fre-
quency and intensity of extreme climate events in
the Arctic, no study has systematically quantified
the spatial and temporal variability of extreme run-
off across Arctic permanent land ice regions. This
study addresses that gap by identifying Arctic sum-
mer extreme runoff hotspot regions and analyzing
changes in their probability, magnitude, and spatial
extent from 1980 to 2020. Using high-resolution data
from a regional climate model (RCM), we present a
comprehensive assessment of extreme runoff trends
across the permanent land ice area of the Arctic.

The data sources and methodology used in this
study are detailed in section 2. The results, with a
focus on the probability, magnitude, and spatial dis-
tribution of extreme melt and runoff events across
the Arctic are detailed in section 3. In section 4, we
provide a discussion of the drivers behind regional
variability and explore the broader implications of
our findings for Arctic and global systems. Finally,
section 5 offers key conclusions.

2. Data andmethods

2.1. Data
Data from the RCMModèle Atmosphérique Régional
version 3.11 (MARv3.11) are used to analyze run-
off across the Arctic region. The analysis focuses on
the summer season, encompassing the months of
June through August, for each year from 1980 to
2020. The analysis of data from 1979 onwards min-
imized biases associated with sparse observational
data in earlier decades. MARv3.11 was run at a
6 km horizontal resolution over Arctic permanent
land ice areas and was forced every 6 h using ERA5
reanalysis data. ERA5 assimilates in situ and satel-
lite observations through a 4D-Var system with 137
vertical pressure levels (Hersbach et al 2020). The
model configuration has been validated in Greenland
(Delhasse et al 2020). The MARv3.11 permanent
land ice Arctic dataset is provided at monthly tem-
poral resolution by Maure et al (2023). MARv3.11
incorporates a hydrostatic atmospheric framework
and includes a cloud microphysical scheme (Gallé
and Schayes 1994). It is coupled with the soil ice
snow vegetation atmosphere transfer module, which
simulates runoff using the CROCUS model, a one-
dimensional, multi-layer energy and mass balance
model that includes for snow, firn and ice processes
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(snow metamorphism, refreezing, liquid water per-
colation, and saturation, etc) (Brun et al 1992). MAR
has been extensively validated against in situ meas-
urements, passive microwave remote sensing data,
and other RCMs for simulating climate and cryo-
sphere processes in the Antarctic and GrIS (Fettweis
et al 2020, Delhasse et al 2020, Maure et al 2023,
and references therein). The MARv3.11 data used
here was validated against satellite-derived records to
simulate surface mass balance (SMB) for the period
2000–2020 (Hugonnet et al 2021) and against stake
observations in GrIS (Machguth et al 2016). The
model data were also validated against daily met-
eorological observations, demonstrating strong cor-
relations (>0.8) for 2.m daily air temperature and
wind speed biases within ±1.5 m s−1. In addition,
MARv3.11 showed good agreement with SMB obser-
vational datasets across the Arctic, with correlations
exceeding 0.93 (Maure et al 2023). These validations
confirm the reliability of MARv3.11 in capturing the
spatial and temporal variability of runoff across the
Arctic.

To better understand extreme runoff trends and
their link with atmospheric circulation, geopoten-
tial height at 500 hPa (Z500) from ERA5 reanalysis
data (Hersbach et al 2020) is analyzed from 1980
to 2020, covering the region between 50◦–85◦N and
110◦W–100◦E.

2.2. Extreme runoff indicators and atmospheric
circulation analysis
Extreme runoff events are analyzed during the sum-
mer months from 1980 to 2020, with a particu-
lar focus on changes between the 20 year peri-
ods: 1980–2000 and 2000–2020. Extreme runoff was
defined using percentile-based thresholds, consist-
ent with established methods for analyzing extreme
temperature events in the Arctic (Matthes et al
2016, Dobricic et al 2020). Specifically, we adop-
ted the 90th, 95th, and 99th percentiles to clas-
sify extreme runoff months, following the frame-
work developed by the Expert Team on Climate
Change Detection and Indices for identifying cli-
mate extremes. Main results are presented for the
90th percentile threshold, while sensitivity analysis
using the 95th, and 99th percentiles are provided at
supplementary materials and in figure 2. To capture
the spatial and temporal variability of extreme run-
off, we employed three key indicators, each reflect-
ing distinct aspects of runoff intensity and distribu-
tion. (1) Fraction of extreme runoff: The number
of months with extreme runoff during each summer
season, expressed as a percentage of the total sum-
mer months (i.e. June, July and August). This metric
represents the seasonal probability of extreme runoff
events and is consistent with prior studies examin-
ing changes in the global probability of monthly tem-
perature extremes (van der Wiel and Bintanja 2021).

(2) Quantity: The total accumulated runoff during
months classified as extreme. This indicator reflects
themagnitude of freshwater discharge associatedwith
extreme runoff events. (3) Spatial extent: The geo-
graphic area experiencing extreme runoff. This met-
ric captures the spread or expansion of extreme run-
off conditions across the permanent land ice Arctic
domain.

Trends were assessed using the Mann–Kendall
(MK) test, a non-parametric method that evaluates
the presence of monotonic trends and is robust to
outliers and distributional assumptions (Mann 1945,
Kendall 1975). The MK test statistic, Kendall’s tau
(τ ), measures the strength and direction of trends,
and associated p-values indicate statistical signific-
ance. Regional trends were further classified as high or
low based on whether τ values exceeded or fell below
the mean (table S1). To estimate the magnitude of
trends, we used the Sen’s slope estimator (Sen 1968),
which calculates the median of all pairwise slopes
between data points, providing a robust measure of
trend magnitude.

To address potential serial correlation, which can
bias trend detection in hydrological time series, we
validated MK and Sen’s slope results using the trend-
free prewhitening (TFPW) approach (Yue et al 2003).
TFPW prewhitens the autocorrelation from the ori-
ginal series and then reintroduces the trend, reducing
the risk of spurious significance.

Additionally, trend analyses were conducted on
both detrended and non-detrended datasets to dis-
tinguish secular trends driven by long-term increases
from those influenced by short-term variability or
extreme runoff months. Detrending was performed
by removing the linear summer runoff trend using
least-squares regression. A detailed comparison of
the trends obtained from the different methods and
detrended analysis can be found in figures S1, S2, and
table S1.

Spatial changes are analyzed and presented at the
grid scale (figures 1 and 2), while aggregated trends
are examined at the regional scale. At the regional
scale, the total extreme runoff analysis is assessed by
aggregating data for each region and subsequently
subtracting extreme classifications and trends. The
regionalization adopted in this study includes the
Russian High Arctic Islands, Novaya Zemlya, Franz
Josef Land, Svalbard, and Iceland, which collectively
comprise the East Arctic. The West Arctic encom-
passes Greenland, Baffin Island, Devon Island, and
Ellesmere Island. Note that Axel Heiberg Island is
considered as part of the Ellesmere region. This delin-
eation is consistent with previous studies on Arctic
runoff and cryospheric processes (Maure et al 2023).
Given that Greenland accounts for the majority of
extreme runoff, an additional analysis was conducted
to evaluate its elevation dependence. This involved
assessing changes in the fraction of extreme runoff
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across different elevation ranges. Furthermore, frac-
tion of extreme runoff changes was aggregated by
Greenland’s sectors (Rignot and Mouginot 2012),
with these sector boundaries extended linearly toward
the ablation zone.

Summer Z500 (1980–2020) trend analysis was
conducted using the same statistical method as
for runoff, based on the Mann–Kendall trend test.
Anomalies relative to the 1980–2000 period were cal-
culated by subtracting the values of each year since
2000 from the 1980–2000 average. Weighted averages
of ERA5 data were calculated using cosine latitude
weighting to account for the Earth’s spherical geo-
metry, ensuring proper scaling of polar grid cells.

3. Results

3.1. Fraction of extreme runoff
The Arctic has experienced a marked intensification
of extreme runoff events, with notable increases in the
fraction, quantity and spatial extent of these events
(figures 1–4). When comparing the periods 1980–
2000 and 2000–2020, the fraction of extreme runoff
has risen significantly across most regions. The most
pronounced increases were observed in Greenland
(+46%), Ellesmere Island (+38%), andDevon Island
(+31%). In contrast, regions in the Eastern Arctic
exhibited smaller anomalies, with Franz Josef Land
(+2%) and Iceland (+11%) showing the lowest
changes (figures 1 and 2(b)).

The statistical analysis of the temporal evolu-
tion in the fraction of extreme runoff, based on the
Mann–Kendall trend test applied across multiple per-
centile thresholds (90th, 95th, and 99th) is shown
in figure 2(c). Analyses were conducted using both
raw (−R) and detrended (−D) data to differenti-
ate between trends driven by long-term increases in
runoff and those arising from intensified extreme
runoff fraction. Western Arctic regions exhibit con-
sistent and statistically significant trends in extreme
runoff (τ ⩾ 4, p ⩽ 0.05) at the 95th percentile
in non-detrended data. Among these, Baffin and
Ellesmere show the strongest trends (τ ⩾ 5, p< 0.05),
both for the 90th and 95th percentiles. When using
detrended data, only Ellesmere continues to exhibit a
statistically significant increase at the 95th percentile
(τ = 6.1, p< 0.05), suggesting a robust intensification
of extreme runoff independent of long-term trends.
Trend results were consistent across different analysis
methods (figures S1 and S2; table S1).

In contrast to the Western Arctic, the Eastern
Arctic sector displays generally weaker trends in
extreme runoff. Only Novaya Zemlya and Svalbard
exhibit statistically significant trends at the 95th per-
centile in the raw data (τ = 7.1, p < 0.05). Svalbard
also shows a statistically significant trend at the 99th
percentile (τ = 6.6, p < 0.05), while Franz Josef

Land presents a non-statistically significant increase
at the 99th percentile in raw data (τ = 6.2, p> 0.05).
Overall, trends in the Eastern Arctic are weaker than
in the Western Arctic, with some regions even exhib-
iting declines. For instance, Novaya Zemlya shows
a slight, non-statistically significant decrease at the
90th percentile in the detrended data (τ = −0.54,
p = 0.82). Iceland presents the weakest trends, with
no statistically significant changes. Some indicators
show weak or non-significant positive trends (e.g.
99th−D, τ = 3.3, p = 1.0), while others suggest
minimal or slightly negative trends (e.g. 95th−R,
τ =−0.6, p= 1.0).

3.2. Extreme quantity
The percentage contribution of total accumulated
summer extreme runoff from each Arctic region is
shown in figure 2(b). Greenland accounts for the
majority of extreme runoff (63%), followed by Baffin
(14%), Ellesmere (8%), and Devon (7%). All remain-
ing regions contribute less than 3% individually. The
intensification of extreme runoff is also evident in
the total quantity of extreme runoff (figures 2(a) and
(d)). The distribution of accumulated runoff during
extreme events has shifted toward higher values in
the 2000–2020 period, particularly across theWestern
Arctic, indicating a rise in the mean and frequency
of high runoff years (figure 2(d)). The spatial expan-
sion of areas affected by extreme runoff is further
illustrated in figure 3. The largest modeled increases
in extreme runoff quantity between the 1980–2000
and 2000–2020 periods are observed in Ellesmere
(+33%), Devon (+32%), and Greenland (+27%).
These changes reflect a shift in high-probability
extreme runoff zones toward regions that were pre-
viously less affected, especially in the Western Arctic.
Notably, the spatial extent of extreme runoff areas has
increased dramatically in Ellesmere (+400%), fol-
lowed by Baffin and Greenland (+320%) and Devon
(+289%) over the same period (figure 2(a)). In
contrast, the Eastern Arctic exhibits more moder-
ate increases, with the smallest change observed in
Iceland (+79%).

An elevation-based analysis of changes in the frac-
tion of extreme runoff within Greenland between the
1980–2000 and 2000–2020 periods reveal a consist-
ent upward trend across all elevations and subre-
gions (figure 4). The mean fraction of extreme run-
off increased from 8% in 1980–2000 to 30% in 2000–
2020 across all Greenland sectors. An increase of
the fraction of extreme runoff towards higher elev-
ation areas suggests that new areas previously less
affected have become increasingly prone to extreme
melt events in recent decades. However, the mag-
nitude of these changes varies across subregions. The
North-West (NW) area experienced the most pro-
nounced increase, particularly at higher elevations. At
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Figure 1. The maps display anomalies in the frequency of extreme runoff events, showing the percentage increase in the fraction
of extreme runoff from the period 1980–2000 compared to 2000–2020. The spatial domains are grouped as follows: (a) Western
Arctic, including Ellesmere, Devon, Baffin, Greenland, and Iceland; (b) Franz Josef Land, Novaya Zemlya, and the Russian High
Arctic Islands; and (c) Svalbard. Warmer colors indicate greater increases in the frequency of extreme runoff events. The column
plots illustrate the temporal evolution of summer-accumulated runoff (mm w.e.) during extreme runoff months, grouped by
region.

1750m, the fraction of extreme runoff rose by 40.5%,
the highest recorded change across all subregions and
elevation bands. Similarly, the North (NO) subre-
gion also showed substantial increases, especially in
mid-to-high elevations (600–1200 m), where aver-
age changes exceeded 30%. The South-West (SW)
and Central-West (CW) subregions displayed inter-
mediate increases, generally ranging from 20% to
30%. In contrast, the Central-East (CE) and especially
the South-East (SE) subregions exhibited the smal-
lest increases. Some elevations in these areas showed
relatively modest increases in the fraction of extreme
runoff, with shifts of around 15%.

To assess regional trends in mid-tropospheric cir-
culation that could explain these changes, Z500 sum-
mer evolution is analyzed over the Arctic. Results
indicate a pronounced increase in Z500 across the
West Arctic (figures 5(a) and (b)). Particularly, statist-
ically significant upward trends (p < 0.05) are found
across much of the West Arctic domain. In contrast,
no statistically significant trends are observed over the
East Arctic. Anomalies with respect to the 1980–2000
period confirm a higher increase in the West Arctic
than in the East (figure 5(c)), with peaks in years such
as 2012 and 2019 coinciding with extreme melt sum-
mers in GrIS (Bonsoms et al 2024).

4. Discussion

The fraction of extreme runoff, total quantity and
spatial extent have all increased across the Arctic.
However, distinct regional trends are evident. These
variations can be attributed to differences in topo-
graphy, the extent of melt-prone areas, and the influ-
ence of atmospheric circulation patterns and trends.

4.1. Spatial variability of extreme runoff trends in
permanent land ice areas
Arctic amplification is a fundamental driver behind
the observed increase in extreme runoff events, with
rising temperatures and feedback mechanisms accel-
erating melt processes across the region (Cohen
et al 2014, Chung et al 2021, You et al 2021).
One of the most key findings of this analysis is
the clear regional differentiation in extreme runoff
trends. The Western Arctic—including Greenland,
Baffin, and Ellesmere—shows the most pronounced
increases in both the fraction of extreme runoff and
total runoff volume. The Mann–Kendall test con-
firms statistically significant trends at the 95th and
99th percentiles, indicating a long-term shift toward
higher runoff volumes and more persistent extreme
events. This amplification is particularly evident in
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Figure 2.Multidimensional assessment of extreme runoff trends across Arctic regions. (a) Relationship between anomalies in the
fraction of extreme runoff (y-axis), quantity of extreme runoff (x-axis), and spatial extent (indicated by point size). Anomalies are
expressed as percentage changes between the 1980–1999 and 2000–2020 periods.(b) Regional distribution of the percentage of
extreme runoff occurrence across Arctic regions during the 2000–2020 period. (c) Sensitivity analysis of the fraction of extreme
runoff based on different percentile thresholds (90th, 95th, 99th), comparing non-detrended (−R) and detrended (−D) data.
Statistically significant trends (p< 0.05) are indicated by stars. (d) Probability density functions (PDFs) of accumulated runoff
for the 1980–2000 (gray) and 2000–2020 (red) periods, shown separately for Eastern and Western Arctic regions.

Western Arctic regions, where Greenland, Ellesmere,
and Devon exhibit the largest increases in the frac-
tion of extreme runoff (+46%, +38%, and +31%,
respectively), accompanied by substantial expansions
in the affected area (figures 2 and 3). The consistent
trends across methods and detrended/non-detrended
datasets indicate that alternative temporal group-
ings, rather than the 20 year periods analyzed here,
would not substantially alter the conclusions presen-
ted. Although SIC is not directly analyzed here but
clearly driven by the atmospheric circulation evolu-
tion presented in this work (figure 5). These trends
align with recent studies showing that Arctic amp-
lification and associated warming rates vary across
the region, with faster increases in melting and a
negative correlation between summer meltwater and
Arctic sea ice in the West Arctic, but no significant

relationship in the East Arctic (Maure et al 2023)
A critical consequence of Arctic amplification is the
extension of extreme melt conditions beyond the
traditional peak summer season. Observational and
model-based studies indicate that the onset and ter-
mination of the melt season are shifting, with earlier
melt onset and delayed freeze-up contributing to pro-
longed periods of high air temperature (Giesse et al
2024). The results support this trend, as the number
of extreme runoff months has increased significantly,
particularly in Greenland, Devon, and Ellesmere.

A key factor in understanding future changes in
the Arctic SMB is the complex relationship between
snowfall and runoff trends. Although snowfall has
increased in some regions—such as Franz Josef
Land and Novaya Zemlya (+28% from 1995 to
2020) (Maure et al 2023)—this increase has not
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Figure 3. Spatial distribution and temporal evolution of extreme runoff occurrence across the Arctic region. (a) Western Arctic,
including Ellesmere, Devon, Baffin, Greenland and Iceland. (b) Russian Arctic sector, including Franz Josef Land, Novaya Zemlya,
and the Russian High Arctic Islands and (c) Svalbard. (a) For each panel, the map displays the percentage of extreme runoff
occurrence during the 2000–2020 period, with Arctic subregions outlined. Darker colors indicate higher frequencies of extreme
runoff. Accompanying bar plots illustrate the temporal evolution of the fraction of extreme runoff events (black bars) and
non-extreme events (gray bars) for each region over the full 1980–2020 period.

Figure 4. Fraction of extreme runoff in Greenland across elevation bands and time periods. The x-axis represents the fraction of
extreme runoff (%), while the y-axis shows elevation ranges. Colored bars indicate values for two distinct time periods:
1980–2000 and 2000–2020.
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Figure 5. (a) Spatial distribution of the Mann–Kendall Tau trend (Tau MK) in Z500 (m) over the Northern Hemisphere during
summer (1980–2020). (b) Corresponding p-values for the trend analysis shown in (a). (c) Time series of Z500 anomalies relative
to the 1980–2000 average for the Western and Eastern Arctic regions, with the solid red line representing the linear regression.

been sufficient to counterbalance the acceleration
of runoff, leading to negative SMB (Maure et al
2023).). Moreover, recent analyses show no signi-
ficant trend in snowfall across Greenland between
1991 and 2021 (Box et al 2023). Shifts in atmo-
spheric circulation patterns, including changes in the
Greenland Blocking Index and the North-Atlantic
Oscillation (NAO), have increased the persistence
of high-pressure systems over Greenland, leading
to prolonged warm periods and intensified surface
melt (Wachowicz et al 2021, Preece et al 2023,

Hanna et al 2014, 2024). Our results go in line with
these findings and suggest a westward intensifica-
tion of high-pressure systems in the Arctic, linked
to atmospheric dynamics (figure 5). These circula-
tion anomalies favor the advection of warm south-
ern air along the west coast of Greenland, enhan-
cing melt across the Canadian Arctic and west-
ern Greenland. Conversely, northern cold-air advec-
tion dominates along Greenland’s eastern side, help-
ing explain the observed contrast between Western
and Eastern Arctic melting patterns. This west–east
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asymmetry is particularly evident in the interannual
variability of melt across the GrIS and Svalbard (Lang
et al 2015). The trend is especially pronounced in
NW Greenland, and Ellesmere, where extreme run-
off areas have expanded by nearly 400% (figure 4),
further increased by the expansion of the ablation
zone (Noël et al 2019). This combination of enhanced
atmospheric circulation patterns and ablation zone
expansion has increased radiation absorption and
sublimation rates, further accelerating melt, partic-
ularly in northern GrIS (Bonsoms et al 2024). In
contrast, the Eastern Arctic shows more variable and
less pronounced trends. Some regions, such as Franz
Josef Land (+2%) and Iceland (+11%), show mod-
est increases in the fraction of extreme runoff, while
others, including Svalbard and Novaya Zemlya, dis-
play statistically significant trends only at higher per-
centiles Larger extreme runoff changes in NW, CW
and SW Greenland are driving accelerated runoff
trends, whereas SE and CE Greenland show moder-
ate responses. In these eastern regions, steep topo-
graphy limitsmelt, and prevailing northern air advec-
tion during summer mitigates temperature increases.
The SE and CE sectors of Greenland, along with
Iceland, are influenced by anticyclonic patterns asso-
ciated with the NAO dipole, which enhances melt-
ing in western Greenlandwhile reducing atmospheric
pressure over eastern regions and promoting cooler
conditions in the East (Bjørk et al 2018). The rel-
ative stability of melting in Iceland is partly attrib-
uted to the ‘Blue Blob’—a cold anomaly in the North
Atlantic caused by a weakening of ocean currents
that transport warm tropical waters northward—
though this pattern is expected to reverse in com-
ing decades (Noël et al 2022). Finally, for parts of
the Russian Arctic, such as Franz Josef Land, where
specific atmospheric circulation trends are less well-
documented, changes in extreme runoff are likely
influenced by localized oceanic feedback that buffer
warming (Maure et al 2023).

Since the largest and most statistically significant
increaseswere found in the raw (non-detrended) run-
off data, our results suggest that extreme runoff has
intensified alongside long-term increases in runoff.
Future research should aim to compare runoff trends
directly with global warming levels. While previous
studies have shown that temperature extremes tend
to increase approximately linearly with global mean
warming (IPCC 2022), the frequency of extreme
temperature events in the Arctic has been found to
follow an exponential trend (Giesse et al 2024). A
similar analysis focused on future runoff extremes
would be valuable to determine whether they exhibit
comparable nonlinear behavior in response to
warming.

4.2. Implications of rising extreme runoff trends
The long-term implications of these changes remain
uncertain, but they highlight the need for continued

monitoring and the development of improved phys-
ically basedmodels to better assess the evolving Arctic
hydrological cycle. In addition to altering ocean strat-
ification and circulation, increased extreme runoff
can accelerate terrestrial erosion and sediment trans-
port, reshaping Arctic drainage basins and delivering
nutrients and fine particulates to the Arctic Ocean
(Zhang et al 2022, Chartrand et al 2023). These pro-
cesses may also enhance localized permafrost thaw
and carbon release from periglacial sediments, intro-
ducing additional positive feedbacks to Arctic warm-
ing and increasing the vulnerability of Arctic infra-
structure that crosses rivers and floodplains (Moon
et al 2019). The rising fraction of extreme runoff
events could also lead to more frequent flooding and
coastal erosion (Landrum and Holland 2020), par-
ticularly in Greenland and northern Canada, where
communities are increasingly vulnerable due to their
reliance on stable ice conditions for transportation
and resource extraction (Ford et al 2021). Reduced
sea ice cover and increased runoff are fundamentally
altering ocean–atmosphere heat exchange processes
in the Arctic (Huang et al 2021). Modeled increases
in extreme runoff are also contributing to changes in
surface ocean stratification, intensifying oceanwarm-
ing and the occurrence of marine heatwaves (Gou
et al 2025). The intensification of extreme runoff has
profound implications for Arctic hydrology, ecosys-
tems, and global climate systems. Increased fresh-
water input into the Arctic Ocean is altering salin-
ity gradients, with cascading effects on nutrient cyc-
ling, primary productivity, and the broader Arctic
foodweb (Nummelin et al 2016). These changes affect
the distribution and abundance of key marine spe-
cies and can shift oceanographic circulation patterns.
Moreover, as extreme runoff events becomemore fre-
quent and persistent, they contribute significantly to
the freshwater flux into the Arctic Ocean and to global
sea-level rise (Box et al 2018). The acceleration of
extreme runoff from Greenland and the Canadian
Arctic Archipelago also poses a potential threat to
the AMOC, a critical component of global climate
regulation, and North Atlantic storm track behavior
(Swingedouw et al 2022, Van Westen et al 2024).

5. Conclusions

Extreme runoff events in the permanent land ice areas
of the Arctic have intensified over the past four dec-
ades, with clear increases in frequency, magnitude,
and spatial extent. The Western Arctic shows the
strongest increases across all extreme runoff indicat-
ors, with an expansion into new melt-prone areas,
influenced largely by changes in atmospheric circu-
lation that favor southern warm air advection into
the region during summer. Regional differences are
particularly pronounced, highlighting the complex
interplay between climate dynamics, topography, and
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hydrological responses across the Arctic. The main
findings of this study are summarized as follows:

1. Substantial increases in extreme runoff:
Greenland (+46%), Ellesmere (+38%), and
Devon (+31%) exhibit the strongest increases in
the fraction of extreme runoff when comparing
1980–2000–2000–2020, with the spatial extent
of affected areas expanding by up to 400% in
Ellesmere.

2. MarkedWest–East contrast: The greatest increases
in extreme runoff quantity occurred in Ellesmere
(+33%), Devon (+32%), andGreenland (+27%)
between 1980–2000 and 2000–2020, consistent
with stronger warming and more persistent high-
pressure anomalies in the Western Arctic. In con-
trast, the Eastern Arctic showed more moderate
changes, with Iceland (+11%) and Franz Josef
Land (+2%) showing the smallest increases.

3. Expansion into new melt-prone areas: Greenland
accounts for 63% of the total extreme run-
off across Arctic regions. The mean fraction of
extreme runoff across Greenland’s subregions
increased from 8% (1980–2000) to 30% (2000–
2020), with values exceeding 40% (2000–2020)
modeled in specific elevation bands of NW
Greenland.

These findings enhance our understanding of
extreme climate trends in the Arctic and underscore
their far-reaching impacts on regional hydrology,
ecosystems, oceanographic dynamics, and global cli-
mate feedback mechanisms.
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