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Abstract

Greenland surface mass balance (SMB) is undergoing dramatic change due to

the amplified Arctic warming, with more frequent record-breaking melt

events. To comprehensively understand the behaviour of the Greenland ice

sheet, we develop a suite of indices to examine the spatiotemporal variations

of extreme events in SMB over Greenland during 1958–2019 based on the

RACMO2.3p2 model outputs. We illustrate that the climatological distribu-

tions of extreme ablation-dominated events (i.e., extremes with SMB < 0)

share large similarity with the mean SMB in terms of intensity and frequency,

showing a coastal-to-inland decreasing pattern. This pattern holds for the

intensity of the extreme accumulation-dominated events (i.e., extremes with

SMB > 0), but not for the frequency which increases from the coastal to inland

Greenland. Regarding the temporal evolution, the intensity and frequency of

extreme ablation-dominated events show a decreasing trend over Greenland

during 1958–1978, whereas the trend increases afterwards, especially during

the last two decades (2001–2019). However, these trends fluctuate regionally

across the GrIS both in terms of magnitude and sign, with the most pro-

nounced variations occurring in southwest Greenland. In contrast, extreme

accumulation-dominated events show, on average, a long-term increasing

trend from 1958 to 2019 in terms of intensity and frequency. However, obvious

spatial fluctuations exist across the GrIS during 1958–2019, especially between

the southwest and northeast Greenland where an opposite trend is observed.

Additionally, the variations of SMB extremes in boreal summer are linked with

the changes in regional temperature and precipitation and the associated

atmospheric circulations, and the dominating factor varies with different

extreme indices and time intervals. Our results may advance our understand-

ing on SMB variability over Greenland and contribute to the design of future

Greenland observational networks.
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1 | INTRODUCTION

The Arctic is warming three times faster than the global
average from 1971 to 2019 (AMAP, 2021). The warmer
Arctic strongly impacts its environment and could
induce global climatic influences via teleconnection
(Thompson and Wallace, 1998; Serreze and Barry, 2011;
Cohen et al., 2014). One of the most pronounced envi-
ronmental manifestations of Arctic warming is the
accelerated melting of the Greenland ice sheet (GrIS;
Noël et al., 2019). Over the last 27 years (1992–2018),
mass loss from the GrIS raised global mean sea level by
10.8 ± 0.9 mm (The IMBIE Team, 2020), contributing
~20% to the observed global sea-level rise (Frederikse et
al., 2020). Variation of surface mass balance (SMB),
defined as snowfall accumulation and ablation from
meltwater runoff and sublimation, primarily contributes
to ongoing GrIS mass loss (Van den Broeke et al., 2017;
Mouginot et al., 2019). According to the estimated SMB
from three regional climate models, a decrease in SMB
leads to ~2,000 Gt of ice loss between 1992 and 2018,
contributing over half (50.3%) of total GrIS mass loss
(The IMBIE Team, 2020). The reduced SMB in recent
decades results largely from increased meltwater runoff
and is tied to warmer atmospheric conditions. Notably,
the contribution of SMB to GrIS mass loss varies largely
with time, for example, accounting for 70% of all mass
losses from 2007 to 2012 (The IMBIE Team, 2020).
Moreover, the decreased SMB could amplify the surface
warming and foster further melting via the positive sur-
face melt–albedo and SMB–elevation feedbacks (Box
et al., 2012; Edwards et al., 2014; Ryan et al., 2019).

On top of a continuous SMB decline, a succession of
extreme surface melt events has been observed over
Greenland during the past decades. A record-breaking
melt event was observed in July 2012, with surface melt
extending over nearly the entire GrIS. This extreme melt
event is linked with the anomalous blocking high pres-
sure and negative North Atlantic Oscillation that favours
southerly warm air advection (Nghiem et al., 2012;
Hanna et al., 2014). During the warm summer of 2019,
the GrIS experienced an exceptional mass loss of 600 Gt,
resulting in the largest annual ice loss on record since
1948 (Tedesco and Fettweis, 2020). Besides, there is an
increase in extreme climate/weather events over the Arc-
tic in terms of frequency and magnitude during recent
decades (Graham et al., 2017), which are potentially
favourable for surface melting (Niwano et al., 2021). For
example, an extreme rainfall event occurred at the sum-
mit of the Greenland during 2021 summer, which has
not been reported before and is associated with wide-
spread surface melting (https://nsidc.org/greenland-
today/2021/08/rain-at-the-summit-of-greenland/).

As Earth's climate continues to warm, extreme melt
events may become more pronounced and frequent over
Greenland. The occurrence of extreme melt events could
not only accelerate the mass loss of the GrIS but also has
significant global climatic influences owing to the associ-
ated meltwater inputs, for example, leading to substantial
slowing of the Atlantic overturning circulation (Liu
et al., 2018; Golledge et al., 2019). Thus, a better under-
standing of current changes in SMB-related extreme
events may advance our knowledge of the behaviour of
the GrIS. However, a systematic assessment of extreme
SMB events during the recent decades has not yet been
addressed. This comes about due to the lack of (a) a high-
quality continuous daily dataset covering the entire GrIS
that is essential for extreme events analysis and
(b) definitions for extreme SMB events that could be eas-
ily applied and compared to other extreme climate indi-
ces. Alternatively, it is important to utilize model
simulations to provide a scenario on the spatiotemporal
variations of SMB extremes. Recently, the Arctic climate
simulations by Regional Atmospheric Climate Model
(RACMO2.3p2), a state-of-the-art regional climate model
that is specifically adapted to simulate polar climates,
provide reliable results for the GrIS SMB compared with
in situ observations (Noël et al., 2018; Van Dalum
et al., 2021).

In this study, we attempt to develop a series of met-
rics for SMB extremes in the hope that they could be
easily calculated and applied for both observations and
model results. Then we provide the first evaluation of
the extreme events in SMB over Greenland based on
the RACMO2.3p2 simulations. The estimates of SMB
extremes over Greenland may contribute to identify
extreme events for other Arctic glaciers, to decipher
recent changes in SMB, and to better project the future
evolution of the GrIS.

2 | DATA AND METHODS

2.1 | Datasets

The daily SMB over Greenland is obtained from the
regional climate model RACMO2.3p2, which is specifi-
cally developed for use over glaciated regions. It is
suggested that the RACMO2.3p2 has the most accurate
representation of SMB over the GrIS accumulation and
ablation zones compared with available observations
(Fettweis et al., 2020). The model is run at a horizontal
resolution of 5.5 × 5.5 km and is forced by a combination
of reanalysis datasets from the ERA40 (1958–1978), ERA-
Interim (1979–1989), and the ERA5 (1990–2019) (Noël
et al., 2019). Additionally, we use the ERA5 atmospheric
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reanalysis at 0.25� × 0.25� resolution to investigate large-
scale atmospheric circulation patterns associated with
changes in extreme SMB events.

2.2 | Extreme indices

A total of six extreme indices (Table 1) are proposed here
for the first time to estimate the intensity and frequency of
extreme SMB events over Greenland based on daily model
outputs. We divide extreme SMB events into two categories:
extreme negative events (SMB < 0; hereafter referred to
ablation-dominated events) and extreme positive events
(SMB > 0; hereafter referred to accumulation-dominated
events). Specifically, we use the number of days with the
amount of negative/positive SMB above the 95th percentile
(BD95n/AD95n) to measure the frequency of extreme daily
ablation/accumulation-dominated events. The minimum
value of negative daily SMB (BX) is adopted as indicator for
the intensity of ablation-dominated events, and the maxi-
mum value of positive daily SMB (AX) is used for
accumulation-dominated events. Additionally, we employ
the ratio of SMB amount during BD95n/AD95n days to the
total SMB amount (AD95p/BD95p) to represent the inten-
sity of ablation/accumulation-dominated events. BD95p/
AD95p and BX/AX are relative and absolute indicators for
extreme SMB events, respectively. These indicators (BX vs.
BD95p and AX vs. AD95p) depicts different aspects of the
SMB intensity and hence provide more comprehensive

information for understanding extreme events over Green-
land. In addition, the annual ablation/accumulation
(BA/AA), defined as the annual mean of negative/positive
daily SMB, indicates the mean state of daily ablation/accu-
mulation-dominated SMB over the GrIS.

3 | RESULTS

We first briefly examine the variation of annual mean SMB
over Greenland for the period of 1958–2019, which provides
a general background for extreme events. Annual mean
SMB averaged over GrIS exhibits obvious interannual and
interdecadal fluctuations during 1958–2019. A clear inter-
decadal shift in the linear trend of SMB is observed around
the late-1970s, with an increasing trend before late-1970s
and a declining trend afterwards (Figure 1a). Moreover,
there is a significant interdecadal shift in annual mean SMB
around 2000 according to the Mann–Kendall test
(Figure 1b), indicating a recent phase of relatively lower
and more rapid loss of the GrIS SMB than that before 2000.
Therefore, we divide the entire period (1958–2019) into
three subperiods, with the first interval covering the period
of 1958–1978 (P1), the second one from 1979 to 2000 (P2),
and the third interval between 2001 and 2019 (P3). Note
that the selection of the three subperiods may be influenced
by the nonhomogeneity of climatic forcings, which are
derived from ERA40 over 1958–1978, ERA-Interim over
1979–1989 and ERA5 over 1990–2019. But the modelled

TABLE 1 Indices for extreme events in SMB

Index Description Formula Interpretation

BX The strongest ablation-
dominated daily events

The minimum value of negative daily SMB SMB amount (unit:
mm�w.e.�day−1)

AX The strongest
accumulation-
dominated daily events

The maximum value of positive daily SMB

BD95n Extreme ablation-
dominated days

The number of days with SMB < B95 in 1 year.
B95 is the 95th percentile of SMB for negative
SMB days (on basis of 1986–2005, consistent
with the reference period in IPCC-AR6)

Day count; percentile
threshold (unit: days)

AD95n Extreme accumulation-
dominated days

The number of days with SMB > A95 in 1 year.
A95 is the 95th percentile of SMB for positive
SMB days (on basis of 1986–2005)

BD95p Fraction due to BD95n The ratio of SMB during BD95n days to total
amount of negative

SMB: BD95p=
P

SMB where SMB<B95P
SMB where SMB<0

:

Fraction; percentile
threshold (unit: %)

AD95p Fraction due to AD95n The ratio of SMB during AD95n days to
total amount of positive

SMB: AD95p=
P

SMB where SMB>A95P
SMB where SMB>0

8010 WEI ET AL.
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mean SMB from the RACMO2.3p2 simulations used here
has been validated by observational data in previous studies
(e.g., Fettweis et al., 2020; Slater et al., 2021; van Dalum
et al., 2021).

Notably, there are obvious differences in the spatial
pattern of SMB trend across the GrIS during the three
subperiods (Figure 1c–e). SMB shows a significant
increasing trend over the majority of the GrIS before
1978, especially over the western marginal regions,
though an insignificant decreasing trend is broadly seen
along the eastern coasts of Greenland. In contrast, the
trend of the regionally averaged SMB turns to be negative
during 1979–2000, with the largest contribution from the
southeast GrIS. After 2000, the western and northern
GrIS experiences remarkable reduction in SMB, resulting

in an overall decreasing trend over the GrIS, while SMB
broadly shows an insignificant increasing trend over the
low-lying eastern GrIS. The spatial pattern of SMB trend
during the P3 period is generally opposite to that during
the P1 period. Next, we investigate the spatiotemporal
variations of extreme events in SMB in the following
subsections.

3.1 | Extreme ablation-dominated events

3.1.1 | Intensity

Figure 2a shows the climatological distribution for
annual BX over the GrIS during 1958–2019. The absolute
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FIGURE 1 (a) The time series of the GrIS SMB averaged over the GrIS (Gt�year−1; black line) and its 10-year running trend (Gt�year−2;
colour bars). (b) Mann–Kendall test for the SMB averaged over the GrIS. In the Mann–Kendall abrupt test, UF (UB) is a sequence of

statistics calculated according to (in reverse order of) the time series of SMB, which is shown in blue (red) line. The blue/red line refers to

the curve of UF/UB. The dashed lines refer to the critical lines that indicate statistical significance at the 95% level. When UF and UB curves

intersect and the intersection is between the critical line, the time of intersection point is the beginning of abrupt change. (c–e) The
distribution of the trend in annual mean SMB (unit: mm�w.e.�year−2) during the (c) P1, (d) P2, and (e) P3 periods [Colour figure can be

viewed at wileyonlinelibrary.com]
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value of annual BX shows a decreasing pattern from the
coastal to inland areas and reduces to almost zero above
~1,500 m (which also represents the average equilibrium
line altitude where SMB = 0) over Greenland. The rela-
tively stronger ablation-dominated events (<−30 mm�w.
e.�day−1) is mainly observed over the southwest GrIS,
where most glaciers are land terminating and the mean
ablation is the largest (van den Broeke et al., 2009). The
coastal-to-inland decreasing pattern also holds for the
BD95p (another metric for the intensity of extreme
ablation-dominated events), which spans from ~25% to
45% for elevations below ~1,500 m and is below 15% in
the interior of the GrIS (Figure 2b). Regarding the tempo-
ral evolution, during the past six decades, the intensity of
extreme ablation-dominated events, as measured by BX
(itself is negative), on average experiences a remarkable

weakening trend before 1978 but a strengthening trend
afterwards, especially after 2000 (Figure 2d). This tempo-
ral pattern is generally confirmed by the variation of the
BD95p. The evolution of annual mean ablation (i.e., BA)
and BD95p shares large similarity with BX in terms of
interannual variation and long-term trend, but with dif-
ferent changing rates (e.g., Figure 3).

Furthermore, we investigate the spatial patterns of
the trends in BX across the GrIS during the three subpe-
riods (Figure 3). The annual BX shows an upward trend
over the GrIS from 1958 to 1978, especially over the north
and southwest GrIS where the trend reaches 0.08 and
0.15 mm�w.e.�day−1�year−1 (passing the 90% level of sig-
nificance test), respectively. This indicates a significantly
reduced intensity of extreme ablation-dominated events
over the two regions during 1958–1978, as BX itself is

(a) BX                                            (b) BD95p                                      (c) BD95n

mm .w.e day-1 % days

(d)

              (b) BD95p                                   

%

BX BD95p BD95n BA

FIGURE 2 Climatological distributions of (a) BX, (b) BD95p, and (c) BD95n over the GrIS during 1958–2019. (d) The standardized time

series of BX, BD95p, BD95n and BA averaged over the GrIS (solid lines) from 1958 to 2019 and its 9-year running mean (dotted lines). Note

that BX and BA themselves are negative [Colour figure can be viewed at wileyonlinelibrary.com]
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negative. However, an insignificant downward trend in
BX is seen over the central-east and southeast GrIS at
that time. During 1979–2000, the intensity of extreme
ablation-dominated events becomes stronger almost
over the entire Greenland, manifested by a descending
trend in BX. However, the declining trend passes the
statistical significance test only over the southwest
GrIS (−0.24 mm�w.e.�day−1�year−1). The intensity of
extreme ablation-dominated events is further intensi-
fied over the entire GrIS after 2000, though with an
insignificant decreasing trend. Although BX and BA
have similar trends across individual regions of the
GrIS during the three subperiods, the magnitude of the
trend in BX is generally larger than that in BA. For

example, BA shares the similar significant upward
trend with BX over the north and southwest GrIS
where the trend is 0.016 and 0.026 mm�w.e.�
day−1�year−1 from 1958 to 1978.

The spatiotemporal evolution of BD95p shares large
similarity with the BX (Figure 4). Specifically, the BD95p
tends to decrease over the GrIS during 1958–1978, espe-
cially over the western (from −0.42 to −0.45%�year−1) and
northern (−0.49%�year−1) parts of the GrIS, suggesting
reduced intensity of extreme ablation-dominated events
over these regions. In contrast, the BD95p shows an increas-
ing trend during the P2 and P3 periods over the majority of
the GrIS (0.36–0.45%�year−1), with more profound changes
over the central-west and southern parts of Greenland.

  (a) 1958-1978                              (b) 1979-2000                              (c) 2001-2019
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FIGURE 3 (a–c) The distribution of annual BX trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
The GrIS is divided into seven regions based on Mouginot et al. (2019): (i) southwest (SW), (ii) central west (CW), (iii) northwest (NW),

(iv) north (NO), (v) northeast (NE), (vi) central east (CE), and (vii) southeast (SE) GrIS. Regionally averaged trend in (d) BX and (e) BA

during the three subperiods. The trend that is statistically significant at 90% level is marked with green dots and stars [Colour figure can be

viewed at wileyonlinelibrary.com]
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Overall, the two indices measuring the intensity of extreme
ablation-dominated events show similar trend in terms of
temporal evolution and spatial pattern, highlighting a
robust change in the ablation-dominated extreme events.

3.1.2 | Frequency

According to the BD95n, the frequency of extreme
ablation-dominated events shows a decreasing pattern
from the coastal to inland areas in terms of climatologi-
cal distribution (Figure 2c). The BD95n averaged over
the low-lying regions is approximately 8 days, with
the maximum value of >12 days. This decreases to
0–2 days over the interior of the GrIS. For the temporal
evolution, there is a decreasing trend with large inter-
annual fluctuations in BD95n averaged over the GrIS
during 1958–1978, indicating decreased frequency of
extreme ablation-dominated events. This is followed by
a long-term increasing trend afterwards, that is, more

frequent extreme ablation-dominated events during
1979–2019 (Figure 2d).

Regarding the spatial pattern in temporal trend,
annual BD95n shows a significant decreasing trend
(−0.1 days�year−1) from 1958 to 1978. The decreasing
trend is observed over the entire GrIS, with more
profound changes (−0.11 to −0.14 days�year−1) over
the western parts. During the period 1979–2000, there
is a significant increasing trend in the extreme
ablation-dominated days over the central-east and
southeast GrIS, where the trend is 0.12 and
0.18 days�year−1, respectively. In the meantime,
BD95n tends to vary in an opposite fashion between
the southwest and the northwest GrIS, though with
an insignificant trend. From 2001 to 2019, the
extreme ablation-dominated events occur more fre-
quently almost over the entire Greenland compared
with the earlier period. The most significant change
in BD95n is found in central-west GrIS, with an
increasing trend of 0.22 days�year−1 (Figure 5)

  (d) Regional trend of BD95p 1958-1978       1979-2000      2001-2019

    GrIS          NO          NE            CE             SE           SW           CW         NW

%
 y

r-1

  (d) Regiional trend of BD95p 1958-19iona 1979-2000 2001-2019

%
yr

-1

978

  (a) 1958-1978                              (b) 1979-2000                              (c) 2001-2019
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SE
SW

CW

NW

FIGURE 4 (a–c) The distribution of annual BD95p trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
(d) Regionally averaged trend in BD95p during the three subperiods. The trend that is statistically significant at 90% level is marked with

green dots and stars [Colour figure can be viewed at wileyonlinelibrary.com]
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3.2 | Extreme accumulation-dominated
events

3.2.1 | Intensity

Figure 6a shows the climatological distribution of the
maximum daily SMB (i.e., AX) over the GrIS during
1958–2019. The pattern of annual AX is broadly consis-
tent with the distribution of precipitation, with rela-
tively larger value along the coasts (~15.4 mm�w.e.�
day−1 over the regions below 1,500 m) and smaller
value in the interior (~4 mm�w.e.�day−1 over the
regions above 3,000 m). The maximum daily SMB
(>30 mm�w.e.�day−1) is mainly observed over the
southeast GrIS, where the greatest snowfall occurs
(Ettema et al., 2009; Huai et al., 2021). For the intensity
of extreme accumulation-dominated events measured
by the AD95p, it shows a different climatological

distribution compared with the AX. Annual AD95p is
higher in the northern part and is smaller in the south-
ern part of the GrIS (Figure 6b). This is partially attrib-
uted to the fact that AD95p reflects the relative
proportion. The relative colder climate over northern
Greenland contributes to higher probability of accumu-
lation extremes. In the temporal domain, both AX,
AD95p and AA averaged over Greenland show a
sustained rising trend from 1958 to 2019 (Figure 6d),
but with large interannual variability. This implies an
increased intensity of extreme accumulation-
dominated events during 1958–2019

Next, we investigate the spatial pattern of the AX trend
across the GrIS during the three subperiods (Figure 7). A
significant increasing trend of AX (i.e., enhanced intensity
of extreme accumulation-dominated events) is observed
over Greenland from 1958 to 1978, especially over the
southwest GrIS where the trend reaches ~0.37 mm�w.e.�

  (a) 1958-1978                              (b) 1979-2000                              (c) 2001-2019
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FIGURE 5 (a–c) The distribution of annual BD95n trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
(d) Regionally averaged trend in BD95n during the three subperiods. The trend that is statistically significant at 90% level is marked with

green dots and stars. [Colour figure can be viewed at wileyonlinelibrary.com]
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day−1�year−1. In contrast, the increasing trend of region-
ally averaged AX gets much weaker and insignificant
during 1979–2000, and then turns to an opposite direc-
tion during 2001–2019, indicating a weakened intensity
of extreme accumulation-dominated events. However,
the trends of AX over subregions of the GrIS generally
do not pass the 90% level of significance test, owing to
the large spatial variability. Despite an overall similar-
ity, the trends of AX and AA differ to some extent at
regional scale in terms of sign, magnitude, and statisti-
cal significance. As shown in Figure 7, AA shows a
weakening trend over southeast GrIS from 1958 to

2000 while an enhancing trend after 2000. This is the
opposite to the trend in AX over there. In addition, the
trend of AA over the NW and CW is also opposite to
that of AX from 2000 to 2019, but the trend is not sta-
tistically significant.

The AD95p, the other indicator for the intensity of
extreme accumulation-dominated events, shares some
similarity with the variation of the AX, though spatial dif-
ferences exist (Figure 8). Briefly, the AD95p tends to
increase over the southwestern parts of Greenland (0.3%�
year−1) while it decreases over the northeast part during
1958–1978. This meridional dipole pattern is also seen in

(d)

(a) AX                                            (b) AD95p                                        (c) AD95n

mm .w.e day-1 % days

AX AD95p AD95n AA

FIGURE 6 Climatological distributions of (a) AX, (b) AD95p, and (c) AD95n over the GrIS during 1958–2019. (d) The standardized time

series of AX, AD95p, AD95n and AA averaged over the GrIS (solid lines) from 1958 to 2019 and its 9-year running mean (dotted lines)

[Colour figure can be viewed at wileyonlinelibrary.com]
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the variation of the AX. A similar pattern broadly holds
during the period of 1979–2000, though with weaker
magnitude and spatial differences. In contrast, the
AD95p exhibits a significant increasing trend during
2001–2019 in the northeast GrIS (0.59%�year−1), while
a decreasing trend is mainly observed over the south-
ern GrIS. The accumulation zone is the region where
annual snow accumulation exceeds the ablation that is
largely driven by summer temperature. Annual precipi-
tation tends to increase (decrease) over the western
GrIS while decrease (increase) over the east part during
1958–1978 (2001–2019), but with no clear regional dif-
ference in summer temperature (Figure 11). Thus, the
meridional dipole pattern of extreme accumulation-
dominated events may be largely tied to the change in
precipitation.

3.2.2 | Frequency

The frequency of extreme accumulation-dominated
events shows an increasing pattern from the coastal to
inland areas in terms of climatological distribution based
on the AD95n (Figure 6c). This distribution is broadly
opposite to the distribution of extreme ablation-
dominated days (i.e., BD95n), showing a coast-to-inland
increasing pattern. The annual AD95n is approximately
6–8 days averaged over the marginal areas, and increases
to ~16–18 days for elevations >3,000 m.

With respect to the temporal evolution, annual AD95n
shows an increasing trend during 1958–1978, but with obvi-
ous spatial differences (Figure 9). A significant increasing
trend is mainly observed over the southwest
(0.27 days�year−1) and northwest (0.21 days�year−1) GrIS,
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FIGURE 7 (a–c) The distribution of annual AX trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
Regionally averaged trend in (d) AX and (e) AA during the three subperiods. The trend that is statistically significant at 90% level is marked

with green dots and stars. [Colour figure can be viewed at wileyonlinelibrary.com]
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highlighting more frequent extreme accumulation-
dominated events over the two regions. However, the
AD95n shows an insignificant decreasing trend over the
northeast GrIS from 1958 to 1978. During the period of
1979–2000, the AD95n also shows an increasing trend but
only passing the significance test over the northwest GrIS
(0.22 days�year−1). From 2001 to 2019, there is no signifi-
cant change in extreme accumulation-dominated days aver-
aged over the GrIS. This is largely attributed to the offsets
between the decreasing trend (−0.2 days�year−1) over the
southwest GrIS and the increasing trend (0.32 days�year−1)
over the northeast GrIS.

3.3 | Large-scale climatic background for
the variations of SMB extremes

SMB represents the difference between mass gain mainly
from snowfall and mass loss mainly from meltwater runoff,

which is hence strongly tied to regional temperature and
precipitation changes. Therefore, we first attempt to exam-
ine the linkage between change in mean SMB and temper-
ature/precipitation. Figure 10 shows the evolution of SMB,
precipitation and temperature averaged over Greenland in
boreal summer from 1958 to 2019. Before 1978, summer
precipitation averaged over Greenland showed a significant
increasing trend (0.026 mm�day−1�year−1, passing the 99%
level of significance test), while there was no significant
change in summer temperature. Therefore, the increase of
precipitation seems to play a major role in the increasing
summer SMB during 1958–1978, though the variations of
precipitation and temperature may be interconnected.
After 1978, Greenland's summer temperature warmed rap-
idly (0.036�C�year−1), accompanied by a decline in precipi-
tation (−0.007 mm�day−1�year−1), contributing to the
continuous decline in summer SMB.

Next, we further study spatial patterns of tempera-
ture/precipitation trend and the associated atmospheric

  (a) 1958-1978                              (b) 1979-2000                              (c) 2001-2019

  (d) Regional trend of AD95p 1958-1978       1979-2000      2001-2019

    GrIS          NO          NE            CE             SE           SW           CW         NW
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FIGURE 8 (a–c) The distribution of annual AD95p trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
(d) Regionally averaged trend in AD95p during the three subperiods. The trend that is statistically significant at 90% level is marked with

green dots and stars [Colour figure can be viewed at wileyonlinelibrary.com]
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circulations to explore their influences on the variations
of SMB extremes. As shown in Figure 11, atmospheric
circulations experience significant changes around the

late-1970s and early-2000s. During 1958–1978, a
decreasing trend of summer geopotential height at
500 hPa (Z500) over Greenland indicates a reduced
Greenland blocking (Figure 11a), which is a climato-
logical high-pressure blocking across the entire Green-
land and has been proven to be correlated with the
GrIS melting events (Fettweis et al., 2013; McLeod and
Mote, 2015; Hanna et al., 2021). The weakened block-
ing flow tends to enhance the circumpolar westerlies
that transport warm, moist air from the North Atlantic
Ocean into Greenland, leading to more precipitation
over the southern and western Greenland (Figure 11d)
that favours accumulation. Meanwhile, the southwest-
ern low-lying region experiences a remarkable summer
cooling that hampers ablation, although central Green-
land experiences a warming (Figure 11g). Therefore,
the wetter condition in tandem with regional cooling
contributes to the increase/decrease in summer
extreme accumulation/ablation-dominated events over

1958-1978       1979-2000      2001-2019  (d) Regional trend of AD95n

    GrIS          NO          NE           CE            SE          SW           CW          NW

  (a) 1958-1978                              (b) 1979-2000                              (c) 2001-2019  (a) 1958-1978                     (b) 1979-2000                              (c) 2001-2019       
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FIGURE 9 (a–c) The distribution of annual AD95n trend during (a) P1 (1958–1978), (b) P2 (1979–2000), and (c) P3 (2001–2019) periods.
(d) Regionally averaged trend in AD95n during the three subperiods. The trend that is statistically significant at 90% level is marked with

green dots and stars [Colour figure can be viewed at wileyonlinelibrary.com]

SMB-T  -0.51
SMB-P  0.86

SMB-T  -0.90
SMB-P   0.74

FIGURE 10 The standard time series of summer temperature,

precipitation and SMB averaged over the GrIS (solid lines) and

their correlation coefficients [Colour figure can be viewed at

wileyonlinelibrary.com]
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the southwestern Greenland, where the most signifi-
cant changes in extreme events are observed
(e.g., Figures 3a and 6a).

Moreover, an obvious transition from the P1 to P2
period is observed, with a reverse of the trend in atmo-
spheric circulations (Figure 11b). The southern

(a)                                            (b)                                             (c)

(d)                                                   (e)                                                (f)

(g)                                                   (h)                                                (i)

FIGURE 11 The linear trend of (a–c) geopotential height at 500 hPa (Z500), (d–f) air temperature and (g–i) precipitation during the

period of 1958–1978, 1979–2000 and 2001–2019. The trend that is statistically significant at 90% level is marked with dotted area. The

geopotential height and wind vector datasets in the figure come from ERA5. Temperature and precipitation data come from the simulation

of RACMO2.3p2 [Colour figure can be viewed at wileyonlinelibrary.com]
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Greenland is controlled by the dry northeasterly winds
during 1979–2000, leading to decreased precipitation
(Figure 11e) and hence contributing to the decreasing
extreme accumulation-dominated events over there.
Meanwhile, Greenland experiences a remarkable
warming in the southern part but cooling in the north-
ern part (Figure 11h). The regional warming is
favourable for the occurrence of extreme ablation-
dominated events over the southern Greenland
(e.g., Figures 3b and 4b).

The climatic conditions during the period 2001–2019
show a similar pattern in trend relative to the period
1979–2000, but with larger amplitude. It has been
suggested that the GrIS on average has experienced an
accelerated warming since 2000s that triggers the signifi-
cant decrease in SMB (e.g., Fettweis et al., 2013; Noël
et al., 2019). However, the warming is not uniform across
Greenland during 2001–2019 (Figure 11i). Summer tem-
perature in the northern and southern Greenland shows a
warming trend, while it is slightly cooling over the interior
(>2,500 m). The warming provides a favourable back-
ground for the increase/decrease in extreme ablation/accu-
mulation-dominated events over the southern Greenland.
Meanwhile, the persistent high-pressure anomaly over
Greenland (Figure 11c) results in reduced cloudiness,
which induces increased runoff in the southwest GrIS
through enhanced absorption of solar radiation (Noël
et al., 2019), contributing to the increased extreme
ablation-dominated events in the southwest Greenland
(e.g., Figure 5c). Moreover, the high-pressure anomaly
indicates an intensified blocking, which enhances south-
easterly winds and leads to decreased precipitation in the
southern Greenland (Figure 11f) (Pfahl and Wernli, 2012;
Schaller et al., 2018). The decreased precipitation contrib-
utes to the increase/decrease in extreme ablation/accumu-
lation-dominated events in that region (e.g., Figures 5c
and 11c). Notably, the dominating factor of circulations
may vary with different extreme indices and time inter-
vals. Therefore, the evolution of SMB extremes and the
underlying mechanisms require further investigation.

4 | CONCLUSIONS

In this study, we develop a suite of indices for SMB
extremes over Greenland and investigate their spatiotempo-
ral variations during 1958–2019 based on RACMO2.3p2
model. In terms of climatological distribution, the intensity
(BX and BD95p) and frequency (BD95n) of extreme
ablation-dominated events broadly decrease from coastal to
inland Greenland, consistent with the distribution of mean
SMB. The intensity of extreme accumulation-dominated
events measured by AX also show a coastal-to-inland

decreasing pattern, but the intensity as indicated by AD95p
shows a northern-to-southern decreasing pattern. In con-
trast, a reverse pattern (i.e., increasing from the coast to
inland) is observed in frequency of the extreme
accumulation-dominated events (AD95n).

Regarding the temporal trend, there is a decreasing
trend over the GrIS during 1958–1978 for the intensity and
frequency of extreme ablation-dominated events. The
declining trend is more profound over the southwest and
north GrIS, where the trend reaches −0.42 to −0.49%�year−1
for the intensity and −0.11 to −0.14 days�year−1 for the fre-
quency. During 1979–2000, the intensity of extreme
ablation-dominated events shows an increasing trend over
the majority of the GrIS, especially over the central-west
and southern parts of Greenland (0.36–0.45%�year−1).
Meanwhile, the frequency of extreme ablation-dominated
events increases significantly over the central-east and
southeast GrIS (0.12–0.18 days�year−1). From 2001 to 2019,
the extreme ablation-dominated events tend to be stronger
and more frequent over GrIS relative to the previous period,
especially in the central-west part, where the trend reaches
0.42%�year−1 for the intensity and 0.22 days�year−1 for the
frequency.

In contrast, the extreme accumulation-dominated events
experience, on average, a long-term increasing trend from
1958 to 2019 in terms of both intensity and frequency. How-
ever, obvious spatial discrepancies exist across the GrIS,
especially between the southwest and northeast GrIS where
an opposite trend is obviously observed during 1958–1978
and 2001–2019. During 1958–1978, enhanced (0.3%�year−1)
and more frequent (0.27 mm�w.e.�day−1�year−1) extreme
accumulation-dominated events are found over the south-
west GrIS, but with an insignificant decrease in intensity
and frequency over the northeast GrIS. A similar pattern
broadly holds between 1979 and 2000, though with a weaker
magnitude. From 2001 to 2019, an opposite pattern is
observed that the extreme accumulation-dominated events
exhibit a significant increasing trend in the northeast GrIS
(0.32 days�year−1 for the frequency) but a decreasing trend
in the southwest GrIS (−0.2 days�year−1 for the frequency).

The variations of SMB extremes are linked with the
changes in regional temperature/precipitation and the
associated atmospheric circulations. Regarding the south-
west GrIS where the most significant change is observed,
the increasing precipitation due to the intensified circum-
polar westerlies as well as regional cooling contribute
to the decrease (increase) of extreme ablation (accu-
mulation)-dominated events during the period of 1958–
1979. Afterwards, especially in the recent two decades
(2001–2019), opposite anomalous circulation pattern
results in reduced cloudiness and precipitation, in tan-
dem with remarkable regional warming. These condi-
tions lead to the increase (decrease) of extreme ablation
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(accumulation)-dominated events over the southern GrIS.
Notably, the relationship between SMB extremes and
large-scale circulations is more complex than the mean
SMB, and the dominating factor may vary with different
extreme indices and time intervals. Therefore, the evolu-
tion of SMB extremes and the underlying mechanisms
require further investigation. Given the scarce of long-
time observations for daily SMB, it is difficult to constrain
the model results directly. The quantitative results
reported here may be dependent to some extent on the
global climatic forcing and the regional climate model
used. However, the qualitative results (e.g., accelerated
increase in BX during 2001–2019) should be largely
unchanged, as summer temperature and precipitation
over Greenland shows a similar trend among different
reanalysis datasets. Although it is out of the scope of the
current study, the sensitivity of the modelled extreme
SMB events to numerical model and external forcings is
worth of further investigation in future.

In this study, we for the first time develop a series
of extreme indices to measure the intensity and fre-
quency of extreme events in SMB over the GrIS, and
present their spatiotemporal evolution from 1958 to
2019 based on RACMO2.3p2 model. Our results may
advance our understanding of the GrIS SMB variability
and help to comprehensively assess the effect of cli-
mate change on the Greenland cryosphere and ecosys-
tems. Additionally, the features of these SMB extremes
may contribute to the design of future Greenland
observational networks.
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