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Abstract

The melt onset dates (MOD) over Arctic sea ice plays an important role in the seasonal cycle of sea ice surface
properties, which impacts Arctic surface solar radiation absorbed by the ice-ocean system. Monitoring
interannual variations in MOD is valuable for understanding climate change. In this study, we investigated the
spatio-temporal variability of MOD over Arctic sea ice and 14 Arctic sub-regions in the period of 1979 to 2017 from
passive microwave satellite data. A set of mathematical and statistical methods, including the Sen’s slope and
Mann-Kendall mutation tests, were used to comprehensively assess the variation trend and abrupt points of MOD
during the past 39 years for different Arctic sub-regions. Additionally, the correlation between Arctic Oscillation
(AO) and MOD was analyzed. The results indicate that: (1) all Arctic sub-regions show a trend toward earlier MOD
except the Bering Sea and St. Lawrence Gulf. The East Siberian Sea exhibits a significantly earlier trend, with the
highest rate of -9.45 d/decade; (2) the temporal variability and statistical significance of MOD trend exhibit large
interannual differences with different time windows for most regions in the Arctic; (3) during the past 39 years, the
MOD changed abruptly in different years for different sub-regions; (4) the seasonal AO has more influence on
MOD than monthly AO. The findings in this study can improve our knowledge of MOD changes and are beneficial

for further Arctic climate change study.
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1 Introduction

The global temperature has continued to rise since the 1970s,
which has a profound impact on the Arctic region, leading to a
gradual warming of the Arctic (Cohen et al., 2014; Pachauri et al.,
2014). Sea ice, as an integral component of the Arctic climate sys-
tem (Aagaard and Carmack, 1989; Barry et al., 1993; Box et al.,
2019; Wang et al., 2019), has undergone rapid changes in recent
decades (Bi et al., 2016; Lemke et al., 2007; Stroeve and Notz,
2018). The melt onset dates (MOD) over Arctic sea ice can be
used to depict the capability of the absorption of solar energy by
the sea ice surface (Perovich et al., 2007), which significantly in-
fluences the Arctic surface radiation energy balance between sea
ice and atmosphere (Belchansky et al., 2004a; Bliss et al., 2019;
Perovich et al., 2007). During the melt season, the sea ice surface
meltwater triggers a decrease in surface albedo, resulting in more
solar energy absorbed by the sea ice surface and accelerating the
reduction of sea ice volume (Curry et al., 1995; Stroeve et al.,
2014). Consequently, an improved understanding of the spatio-
temporal characteristics of the MOD variations at multiple time

scales would contribute to assess the responses of Arctic sea ice
to climate change in the future and predict the trend of Arctic sea
ice MOD.

Due to the limited in situ observations, passive microwave re-
mote sensing has become one of the most viable methods for
monitoring MOD, which provides observation with all-time and
all-weather coverage, especially in polar areas with the complex
geographical environment and extreme climatic conditions
(Markus et al., 2009; Smith, 1998). When liquid water appears in
sea ice, the microwave emission measured by microwave sensors
will change rapidly, and thus detects the earliest initiation of melt
(Anderson, 1987). Although data from active microwave sensors
can yield MOD with a reasonably high spatial resolution (100 m-
5 km) (Kwok et al., 2003; Winebrenner et al., 1994), it is more
common to estimate MOD from passive microwave brightness
temperature (Belchansky et al., 2004b; Drobot and Anderson,
2001a; Smith, 1998), which can provide a consistent long-term
observation record over the entire Arctic from 1979 onwards.
Several MOD estimation algorithms have been developed based
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on passive microwave observations, including the advanced ho-
rizontal range algorithm (AHRA) (Drobot and Anderson, 2001b),
the passive microwave method (Markus et al., 2009), and the
combination of active and passive microwave data (Belchansky
et al., 2004a), which have been successfully applied in the study
of MOD over Arctic sea ice (Bliss et al., 2017). Some studies have
reported different discoveries of MOD by using passive mi-
crowave products. Mortin et al. (2016) found the sea ice in the
Arctic is experiencing an earlier melt onset over the past few dec-
ades. Moreover, the magnitude and trend of MOD vary with loca-
tion and periods. Anderson and Drobot (2001) reported the MOD
in the western central Arctic exhibited a significant earlier trend
(8.9 d/decade, p<0.05), and the Beaufort Sea and Canadian Ar-
chipelago regions significantly advanced by 5.1 d/decade and 6.7
d/decade during 1979-1998, respectively. Stroeve et al. (2006) in-
dicated the MOD displayed a significant earlier trend at a rate of
4.7 d/decade in the Beaufort Sea, 7.3 d/decade in the Kara, and
8.8 d/decade in the Barents from 1979 to 2005. Bliss and Ander-
son (2014a) identified the interannual mean of MOD from 1979
to 1987 was generally later than that during 1979-2012. Several
studies pointed out that the interannual variations of MOD are
likely related to many factors, such as atmospheric circulation
(Drobot and Anderson, 2001b), surface downwelling longwave
radiation (Barber and Thomas, 1998; Maksimovich and Vihma,
2012), and atmospheric moisture anomalies (Mortin et al., 2016).
The abovementioned studies only focused on the interannual
variations of MOD, while few studies have reported the results
concerning the mutation monitoring of MOD variations over the
Arctic so far. Additionally, some studies have preliminarily indic-
ated the Arctic Oscillation (AO) has effects on MOD variation
(Belchansky et al., 2004b; Drobot and Anderson, 2001a); however
the correlation analysis between AO and MOD for different Arc-
tic sub-regions is limited and is worthy of further investigation.
Therefore, in this study, more comprehensive statistical ana-
lysis, such as mutation detection and trend analysis of MOD vari-
ations, was conducted. The spatio-temporal variation character-
istics of MOD for Arctic sea ice over a 39 years period (1979-2017)
during the melt seasons were analyzed by using long-term pass-
ive microwave observations. The time-series approach (Sen’s
slope estimator) was used to analyze the spatio-temporal vari-
able patterns and trends for the Arctic and its 14 sub-regions
from 1979 to 2017. A multi-time scales analysis of the trend vari-
ations of MOD was performed. Additionally, the Mann-Kendall
(M-K) mutation test was adopted to investigate the transition
point for different Arctic sub-regions. Finally, the correlation
between monthly and seasonal AO and MOD was investigated.
The paper is organized as follows. The MOD dataset and study
region are briefly introduced in Section 2. Section 3 describes the
analysis method used in the study, including the Sen’s slope es-
timator, the M-K method, and the correlation analysis. In Sec-
tion 4, the spatial and temporal variation characteristics, differ-
ent period variations, and transition point of MOD, and the cor-
relation between MOD and AO for the Arctic and its sub-regions
are analyzed. Finally, the conclusions are summarized in Section 5.

2 Data and study area

2.1 MOD dataset

The MOD data used in the study are the “Snow Melt Onset
Over Arctic Sea Ice from SMMR and SSM/I-SSMIS Brightness
Temperatures, Version 4”, which are available from the National
Snow and Ice Data Center (NSIDC) (https://nsidc.org/data/
nsidc-0105) (Anderson et al., 2019). The data are provided in a

polar stereographic grid with a spatial resolution of 25 km. In this
study, the annual MOD in the period of 1979 to 2017 was used.
The operational MOD algorithm for this data is the AHRA de-
veloped by Drobot and Anderson (2001b). No other change is
made to the AHRA method since the publication by Bliss and An-
derson (2014b) and thus, the V3 (Meier et al., 2017) and V4 data
have almost no difference at all in most sea ice areas. The MOD
in the new version is reprocessed by using a new version of the
sea ice extent masks. In the dataset, the brightness temperatures
from several passive microwave sensors are collected, including
the scanning multichannel microwave radiometer (SMMR) dur-
ing 1979 to 1987, the special sensor microwave imagers (SSM/I)
and the special sensor microwave imager and sounder (SSMIS)
during 1988 to 2017 to estimate the MOD over Arctic sea ice. To
ensure consistent input data record, prior to determining the
MOD over sea ice, the brightness temperature data from differ-
ent platforms are calibrated using the DMSP F08 SSM/I as the
baseline sensor through linear regression coefficients during
overlap periods following previous studies (Abdalati et al., 1995;
Jezek et al., 1991; Stroeve et al., 1998).

The earliest MOD can be identified by a change in the bright-
ness temperature. Briefly, the theoretical basis of the AHRA
method depends on the day-to-day variability in the increase of
brightness temperature (Drobot and Anderson, 2001a). Further-
more, horizontal channels are more strongly related to snow con-
ditions during melt than vertical channels. Moreover, different
frequencies have different responses to melt onset. The change of
brightness temperature at 19 GHz (18 GHz for SMMR data) is
more dramatic than that at 37 GHz when the liquid water occur-
ring in the snowpack. Therefore, the melt criterion of the AHRA
method to detect MOD is the daily difference between horizont-
ally polarized brightness temperature at 19 GHz (18 GHz for
SMMR data) and 37 GHz channels (Drobot and Anderson,
2001a). For more details of the AHRA method, readers are re-
ferred to Drobot and Anderson (2001a). The MOD data set re-
leased by NSIDC has been used in many previous studies (Bliss
and Anderson, 2014b, 2018; Singh et al., 2020). Some studies have
confirmed and explained the accuracy of the MOD data (Bliss
and Anderson, 2018; Drobot and Anderson, 2001a).

2.2 Study area

To better understand the temporal variability of the MOD in
different regions, the Arctic region was divided into 14 sub-re-
gions (i.e., Sea of Okhotsk, Bering Sea, Hudson Bay, St. Lawrence
Gulf, Baffin Bay, Greenland Sea, Barents Sea, Kara Sea, Laptev
Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea, Canadian Ar-
chipelago, and central Arctic) following the criterion used in Bliss
and Anderson (2018). The Arctic region defined here is relatively
broad, spanning the Arctic Circle and the middle and low latit-
udes, which is identical to the region definitions used by Meier et
al. (2017). Figure 1 shows the Arctic and its sub-regions analyzed
in the study. The version of the Arctic section mask file used in
the study also first appeared in Meier et al. (2017). The original
section mask file is an array formatted to NSIDC'’s 25 km North-
ern Hemisphere Polar Stereographic Grid, and we classified
MOD into 14 sub-regions according to the mask file.

3 Methods

3.1 Trend test method

In this study, the Sen’s slope estimator (Sen, 1968) and the M-
K trend test (Kendall, 1948) were used to investigate the tempor-
al trends of MOD and its significance over the Arctic from 1979 to
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Fig. 1. Arctic and its sub-regions analyzed in the study. Different
colors indicate different Arctic sub-regions and land is in gray.

2017 at the pixel level. The Sen’s slope estimator can not only re-
duce the interference of abnormal values in a time series but also
diminish the influence of missing time series observations and
non-normally distributed data (Liuzzo et al., 2016). Therefore,
Sen’s slope estimator is widely used to analyze long-term se-
quence datasets. It is often used in the trend analysis of long-
term series data to detect the magnitude of the trend:
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where x; and x, are the data values at times j and k (j>k), respect-
ively. A positive sen value indicates an increasing trend, and a
negative sen value indicates a decreasing trend.

The M-K trend test is a nonparametric test method, which has
no requirement on data type and is often applied to determine
the significance. The standard normal statistic of the M-K test (Z)
can be calculated by
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where x; and x; indicate the pixels values at times i and j, respect-
ively; sgn(x;-x;) represents the sign function; n and m are the
number of data points and tied groups, respectively; #; denotes

the number of ties of extent i.

3.2 Mutation test method

The M-K method was also employed to detect the mutation
points of MOD over the Arctic region and its sub-regions. The M-
Kmethod is considered to be an effective method for detecting
the transition point from a relatively stable state to another state
(Da Silva et al., 2015; Fu et al., 2013).

For a time series X; = (X1, %p, - - -
calculated as follow:
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Assuming that the time series x; is random and independent,
the statistic is defined as
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where S, is the cumulative number of cases X>X; (1<sj<i), nis
the number of samples, UF,; follows a standard normal distribu-
tion, and UF,=0. If UF, value is greater than 0, it denotes an up-
ward trend; otherwise, it denotes a downward trend. If UF,value
exceeds the significance level, it indicates that there is a signific-
ant trend in the time series.

Moreover, this method also calculates the statistic UB,, for the
inverse series (x,, x,,_;, -+, X;) following the same procedures as
shown in Eqs (6)-(10), and UB,=0. The intersection of the UF,
and UB,, curves in confidence interval is determined as the muta-
tion point.

3.3 Correlation analysis

The AO is a large scale mode of climate variability, also re-
ferred to as the Northern Hemisphere annular mode. It is not
only an important parameter predicting El Nifio (Chen et al.,
2014), but also naturally has a great influence on the general Arc-
tic climate (Moritz et al., 2002; Jevrejeva et al., 2003). Previous
studies have explored the impact of AO on the MOD over the Arc-
tic sea ice (Belchansky et al., 2004b; Drobot and Anderson,
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2001a), sea ice motion (Rigor et al., 2002), and surface air temper-
ature (Rigor et al., 2000). To further investigate the effect of AO on
MOD changes in Arctic sub-regions, we calculated Pearson cor-
relation coefficient between monthly and seasonal MOD and AO.
The AO index is from NOAA National Centers for Environmental
Information, which is obtained by projecting the AO loading pat-
tern to the daily anomaly 1 000 hPa height field over 20°-90°N lat-
itude. Besides, winter, spring, and summer here are defined as
January-March, April-June, and July-September, respectively.
The monthly mean AO index from 1979 to 2017 was used in this
study and the seasonal AO index was calculated from the
monthly mean AO index. More information of the AO index data
can be seen at http://ncdc.noaa.gov/teleconnections/ao/.

4 Results and discussion

4.1 Spatial pattern of MOD

The spatial patterns of MOD from 1979 to 2017 are shown in
Fig. 2, which is described by mean values, standard deviation,
trend, and significance. The processing method of data is the
same as Bliss and Anderson (2014b). All statistics were calcu-
lated on a per-pixel basis where the MOD exists in all 39 years of
the data record. A pole hole area (>84.5°N) is observed in Fig. 2
since data were not collected by the SMMR sensor within this re-
gion, and those pixels have been discarded from the subsequent
statistical analysis. During the past 39 years, the mean MOD on
Arctic sea ice has noticeable regional differences. The MOD oc-
curs earlier at low latitude (<70°N), and the MOD gradually in-
creases with increasing latitude spatially. In addition, the MOD
mostly ranges from 90 to 170 day of year (DOY), accounting for
87.9% of the study area. The earlier MOD is found in the peri-
pheral sea ice (Sea of Okhotsk, Bering Sea, Hudson Bay and St.
Lawrence Gulf) and the southernmost regions, with occurrence
before 100 DOY (April 9). However, a small area in the Canadian
Archipelago and northwestern coast of Greenland shows later
MOD around late May. By contrast, the regions with later MOD,
occurring in above 150 DOY (May 30), are mainly located in the
central Arctic and a part of the Canadian Archipelago.

Overall, most regions (81.7% of the study area) have consider-
able inter-annual variability as reflected by the high standard de-
viation (more than 15 days). Specifically, the regions with the
largest standard deviation (more than 40 days) are located in the
ice edge of the Laptev Sea and Kara Sea, indicating that the MOD
in these regions fluctuates more significantly during the past 39
years. However, a part of study area (about 2.3%), mainly distrib-
uted in the western parts of the central Arctic, the Canadian Ar-
chipelago, the edge of Sea of Okhotsk and parts of Laptev Sea, ex-
hibits a smaller variability within 10 days. The spatial pattern of
MOD is consistent with that in Bliss and Anderson (2014b),
though there is a slight difference in study period.

The spatial pattern of the change trends of MOD is displayed
in Fig. 2c. Over the past 39 years (from 1979 to 2017), there are
noticeably larger areas experiencing advanced MOD than those
with delayed trends. Specifically, 85.9% of the study area shows
an earlier trend (58.2% are statistically significant), while 14.1% of
those exhibits a delaying trend (1.2% are statistically significant).
Concurrently, 60% of study areas with advanced MOD (>8 d/dec-
ade) at the statistically significant level of p<0.05 mainly occur in
higher latitude (above 70°N) and the northern part of Hudson
Bay, whereas more than 1.2% of delayed MOD (>8 d/decade) at
the significance level of p<0.05 occur in the northeast of Hudson
Bay and eastern coast of Greenland Sea.

149

4.2 Variations of MOD in different Arctic sub-regions

The temporal variations in the MOD were analyzed with Sen’s
slope estimator based on the mean annual MOD trends, and the
trend significance was determined by using the p-value from the
two-tailed student’s t-test after testing for normal distribution
and auto-correlation. Additionally, the coefficient of determina-
tion (R?) between MOD and year was estimated for each region.

Figure 3 presents the mean annual MOD for each Arctic sub-
region. The average MOD statistics for the 14 Arctic sub-regions
in the period of 1979 to 2017 are summarized in each subgraph.
Over the past 39 years, the MOD exhibits an earlier trend in most
Arctic sub-regions. The largest trend is in the East Siberian Sea,
with a significant earlier trend of 9.45 d/decade. Anderson and
Drobot (2001) also found the East Siberian Sea displayed the
earlier MOD from 1979 to 1998 and indicated that it may be
caused by different climate regimes due to land or ice-locked
area. The regions with earlier trends exceed 7 d/decade, are
mainly located in the Barents Sea, Kara Sea, Laptev Sea, Chukchi
Sea, and Beaufort Sea, which may due to the large-scale weather
patterns (such as a cyclonic activity) (Anderson and Drobot,
2001). In addition, the MOD has a significant trend of -6.97
d/decade in the central Arctic located in the highest latitudes,
with a relatively high R? value of 0.7. These MOD trends are gen-
erally consistent with the findings of Bliss et al. (2019). For the
peripheral sea ice regions including the Sea of Okhotsk (Fig. 3a),
Hudson Bay (Fig. 3c) and Baffin Bay (Fig. 3e), St. Lawrence Gulf
(Fig. 3d), Bering Sea (Fig. 3b) and Greenland Sea (Fig. 3f), the
trends are generally smaller, and the R? values are relatively low
compared to central Arctic (Fig. 3n). Statistically significant
trends mainly occur in the Baffin Bay (Fig. 3e) at the significant
level of p<0.05 with a low R? value of 0.14. In addition, it is inter-
esting to find that the MOD presents delayed trends in the Bering
Sea (Fig. 3b) and St. Lawrence Gulf (Fig. 3d) regions typically be-
ing statistically different from other regions in the Arctic, with the
weaker positive trend of 1.62 d/decade and 0.46 d/decade (in red
mark in panels of Fig. 3), respectively. The anomalous results of
the Bering Sea are similar to the previous study (Bliss and Ander-
son, 2014b) and the reasons need to be further investigated.

Compared with the results of Bliss and Anderson, it is found
the variation trends of MOD are generally in agreement for the
majority of Arctic regions, though the magnitude of change is
slightly different. This may be due to the difference in the study
period, i.e., 39 years in this study and 34 years in Bliss and Ander-
son (2014b). The different regional variability is most likely due to
the variations of geographical environment and atmospheric
conditions for different regions of the Arctic during melting (Bliss
and Anderson, 2014a). Figure 4 displays the Pearson correlations
between MOD for different Arctic sub-regions, which implies
that peripheral seas are nearly independent of each other, where-
as the regions in the middle and high latitudes (Barents Sea, Kara
Sea, Laptev Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea,
Canadian Archipelago, and central Arctic) dominate the vari-
ation of MOD in the Arctic.

4.3 Trend variations of MOD during different periods

From the above analysis results, the MOD variations not only
show pronounced spatial distribution differences but also
present distinct temporal heterogeneity. Decadal trends may
conceal the strong short-term fluctuations in the MOD. In this
section, we analyzed MOD trends with various window sizes (i.e.,
the length of the study period) ranging from 5 years to 35 years
(from 1979 to 2013), across all start-year and window-size com-
binations, averaged over the Arctic sea ice and its sub-regions,
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Fig. 2. Spatial distribution of the mean (a) and standard deviation (b) of melt onset dates (MOD) over Arctic sea ice during 1979-2017;

c and d represent the trend of MOD and its p-values, respectively.

shown in Fig. 5.

The mean annual MOD universally displays earlier trends
(i.e., earlier sea ice melt date) for the whole Arctic sea ice, where-
as some short-term (5-10 years) changes in MOD demonstrate
later trends since the mid-1990s. Meanwhile, the whole Arctic sea
ice exhibits larger short-term earlier trends during two periods

(1982-1987 and 1999-2001) from Fig. 50. For Arctic sea ice re-
gions, the change trends of MOD show complex variation charac-
teristics in different study periods, and the trend variations of
MOD display noticeable differences in different regions. The
trend variations of MOD in peripheral sea ice regions, e.g., Sea of
Okhotsk (Fig. 5a), Bering Sea (Fig. 5b), and St. Lawrence Gulf
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Fig. 3. The trends of the mean annual melt onset dates (MOD) for each Arctic sub-region during the past 39 years (1979-2017). The
dots connected by the blue dotted line represent the annual MOD values. The dashed red lines represent the trend lines of the MOD
changes. The shaded areas represent the 95% confidence interval of the estimated slope. * indicates statistically significant trends at a

95% confidence level.

(Fig. 5d), are insignificant for different study periods, while the
trend of MOD for other sub-regions are significantly positive at
time frames of 15-39 years when the study period is before 1985.
In addition, we can find the short-term (9-15 years) trend of
MOD is significantly negative with a larger change rate (>2 d/a)
for Kara Sea (1980-1985) (Fig. 5h), Laptev Sea (1982-1985)
(Fig. 5i), East Siberian Sea (1979-1985 and 1997-2000) (Fig. 5j),
Chukchi Sea (1983-1986) (Fig. 5k), and Beaufort Sea (1983-1986)
(Fig. 51).

From the multi-time scale analysis of MOD trend, it indicates
that the fluctuation of the MOD trend varies with time periods.
This also explains the slight difference in the MOD trends in Sec-
tion 4.2 with those of (Bliss and Anderson, 2014b). As can be seen
in Fig. 5, temporal variability and statistical significance of MOD
trend exhibit large interannual differences with different time

windows for most regions in the Arctic. Thus, when analyzing the
long-term changes of MOD, different time scales may get dis-
tinctly different results.

4.4 Mutation analysis of the MOD

The M-K mutation analysis method was adopted to investig-
ate the abrupt change of MOD. Figure 6 presents the curves of the
UF and UB obtained from the M-K mutation test method for the
Arctic and its sub-regions from 1979 to 2017, and the 0.05 confid-
ence level was used. If the intersection of the UF and UB curves is
between the confidence interval, the time of the intersection cor-
responds to the time of mutation. It should be noted that the
mutation points detected by the M-K method do not mean the
minimum or maximum value of a time series data. They repres-
ent the trends of the time series data before and after the muta-
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Fig. 4. Pearson correlations between melt onset dates for different Arctic sub-regions. * indicates statistically significant correlation at

a95% confidence level.

tion point are significantly different (Mann, 1945; Kendall, 1948).

First, we analyzed the regional changes in MOD for Arctic
sub-regions, see Figs 6a-n. For the Arctic sub-regions, the re-
gions with more than one intersection between UF and UB
curves are mainly located in the Bering Sea, Baffin Bay and St.
Lawrence Gulf, implying these regions are more prone to abnor-
mal change. Drobot and Anderson (2001a) also found that ab-
normally late (early) snowmelt onset occurs near the Baffin Bay
using principal component analysis. As shown in Fig. 6a, the
MOD in the Sea of Okhotsk exhibits a short period of increasing
trend (during 1979-1980) and a relatively long period of decreas-
ing trend (after 1981). An abrupt change of MOD in the Sea of Ok-
hotsk is detected in 1982 (significant at the 0.05 level). The MOD
in the UF and UB statistic curves has an intersection in 1982 with-
in the confidence interval. The MOD over the Sea of Okhotsk can
be separated into two periods. The UF curve of MOD shows an
increase before 1982, and then a decrease with fluctuations dur-
ing 1982-2017, while these trends do not exceed the 95% confid-
ence level. For other peripheral sea ice regions, there are a few
intersections of UF and UB curves within the two confidence
lines, which indicates that extreme MOD occurs more frequently.
The abrupt changes in the Bering Sea occur in 1983, 1986 and
2015 (Fig. 6b). The mutations of the Hudson Bay occur in 1997
and 2013 (Fig. 6¢), and those of the Baffin Bay take place in 1988
and 1993, see Fig. 6e. Based on the M-K mutation analysis and
change trend analysis, it can be drawn that there is no significant
mean annual MOD variation in the St. Lawrence Gulf and Green-
land Sea, see Figs 6d and f, respectively. The more mutation
points that occur in the St. Lawrence Gulf may be related to the
air temperature. The air temperatures are generally warmer in
these southerly locations than in other regions (Bliss and Ander-
son, 2014a). The onset of melting is a sensitive indicator of the
near-surface atmospheric conditions, particularly the air temper-
ature.

In contrast to the peripheral sea ice regions, there is only one
intersection of UF and UB in 2005 for the Barents Sea (Fig. 6g),
1994 for Chukchi Sea (Fig. 6k), 1993 for Beaufort Sea (Fig. 61), and
1984 for Canadian Archipelago (Fig. 6m). Additionally, there is a
crossing point between the UF and UB curves in 2002 for Kara
Sea (Fig. 6h), and 1992 for central Arctic (Fig. 6n). However, both
Kara Sea and central Arctic do not have abrupt changes during

the study period, because these crossing points do not pass the
reliability test of significant level a=0.05.

Overall, as seen in the UF curve, the value of UF statistic is less
than 0 for all the study periods except in 1984 (see Fig. 60), indic-
ating the MOD increases slightly from 1983 to 1984. From the mid
1980s, the MOD displays an earlier trend, and a significant earli-
er tendency starts at the end of the 1980s. The results of M-K tests
show the value of UF exceeds the critical value of —1.96 since
1989, implying that the MOD experiences a significant earlier
trend. Further analysis reveals that there is an intersection of UF
and UB curves in 1993 in the whole Arctic. However, since the
crossing point does not pass the reliability test of significant level
a=0.05, it indicates that there are no abrupt changes for MOD
over the Arctic sea ice.

As discussed above, the MOD at different Arctic sub-regions
displays different mutation points. An extreme MOD variation
year in a region may not appear to be an abnormal year of other
regions. For example, the mutations of the Sea of the Okhotsk,
Bering Sea, Hudson Bay, Baffin Bay, Barents Sea, Chukchi Sea,
and Canadian Archipelago do not affect the mutation of the
whole Arctic. Therefore, the regional mutation analysis of MOD
may be indicative of the close association between MOD vari-
ation and the local atmospheric activity (such as cyclone) during
the Arctic spring, rather than interaction between regions (Bi et
al., 2019; Markus et al., 2009). Bliss and Anderson (2014a) ana-
lyzed the effect of cyclonic activity on the MOD and indicated
that these small-scale events need to be further investigated to
determine how it contributes to ongoing changes in sea ice. Be-
sides, for the entire Arctic, there are no mutation points of MOD
occur in the years of obvious sea ice extent minimum such as
2007 and 2012, and thus, the MOD may have no direct contribu-
tion toward the retreat of sea ice, which is also mentioned in
Markus et al. (2009).

4.5 Correlation analysis between MOD and AO

The Pearson correlations between the MOD of Arctic sub-re-
gions and monthly AO can be seen in Fig. 7, which reveals the in-
fluence of monthly AO on the MOD of Arctic sub-regions is not
significant and shows a weak correlation. The weak correlations
between monthly AO and MOD suggest that the MOD over Arc-
tic sea ice is not affected by the short-term effects of AO. Table 1
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95% confidence level.

illustrates the correlations of seasonal AO and MOD, which in-
dicates that the winter AO has a more significant impact on MOD
in portions of Arctic sub-regions. However, snowmelt usually oc-
curs from March to June in the Arctic, implying the lag effect of
AO. Baffin Bay and Greenland Sea show positive correlations,
whereas other regions (e.g., Sea of Okhotsk, Laptev Sea, East
Siberian Sea, and Chukchi Sea) exhibit negative correlations in-
dicating the stronger AO and the earlier MOD. Besides, Drobot
and Anderson (2001a) found Baffin Bay and East Siberian Sea
have the opposite relationship with AO, which is in good agree-
ment with our results. Some studies pointed out positive (negat-
ive) phases of the AO are associated with abnormally warm (cool)
surface air temperatures along the Siberian coast (Thompson
and Wallace, 1998), which may be the reasons for the positive
correlation between AO and MOD. The warmer air temperature

contributes to the earlier snowmelt. However, Thompson and
Wallace (1998) also indicated abnormally cool (warm) surface air
temperatures near Baffin Bay. This may be the reason why Baffin
and Greenland exhibit positive correlations, and the cooler air
temperature lead to the later MOD over the Arctic sea ice. The weak
correlation indicates MOD is not only affected by AO, but may be
also associated with other factors, such as air temperature, ocean
heat flux, wind fields and clouds.

5 Conclusions

A good knowledge of the spatio-temporal variation of MOD
over Arctic sea ice is of keen interest and significance for Arctic
climate research. This study systematically investigated the spa-
tio-temporal variation characteristics of annual MOD over the
Arctic sea ice from 1979 to 2017, by using a set of mathematical
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Table 1. Correlation coefficients between the Arctic Oscillation
(AO) index (winter: January-March, spring: April-June, and sum-
mer: July-September) with respect to melt onset dates (MOD)
during 1979-2017 for the Arctic and its sub-regions

Region Jan.-Mar. Apr.-Jun. Jul.-Sept.
AO&MOD AO&MOD AO&MOD
Sea of Okhotsk -0.43* -0.08 -0.06
Bering Sea -0.11 -0.01 0.01
Hudson Bay 0.11 0.03 0.12
St. Lawrence Gulf -0.14 -0.14 -0.38*

Baffin Bay 0.44* 0.14 -0.01
Greenland Sea 0.45* 0.17 0.00
Barents Sea -0.28 -0.13 -0.01
Kara Sea -0.31 -0.06 0.03
Laptev Sea —0.34* —-0.25 0.17
East Siberian Sea -0.39* -0.21 0.09
Chukchi Sea -0.36* -0.05 -0.03
Beaufort Sea -0.15 0.04 -0.02
Canadian Archipelago -0.13 0.06 -0.07
Central Arctic -0.29 -0.17 0.01
Arctic -0.24 -0.10 0.05

Note: * indicates statistically significant correlation at a 95% con-
fidence level.

and statistical methods (i.e., Sen’s slope estimator, M-K muta-
tion test, and correlation analysis). The main conclusions are
summarized as follows:

(1) The spatial patterns of mean annual MOD have notice-
able regional differences over the Arctic, as well as interannual
trend variations. The mean annual MOD over Arctic sea ice is re-
lated to the latitude, and earlier MOD is generally located in the
peripheral and southern regions of sea ice. Moreover, the MOD is
trending universally earlier for the majority of Arctic sea ice from
1979 to 2017, while the magnitude of trend varies from region to
region. In addition, the regions in the middle and high latitudes
(Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, Chukchi
Sea, Beaufort Sea, Canadian Archipelago, and central Arctic)
dominate the variation of MOD in the Arctic.

(2) The mutations in temporal trends of annual MOD exhibit
a complex and dynamic behavior during the past 39 years. Al-
though some significant mutations have occurred in different
sub-regions, there is no direct connection between them. There-
fore, it is inferred that the regional extreme variation of MOD is
likely related to their local atmospheric conditions and activities.
Besides, the mutation in sub-regions does not have a significant
impact on the overall Arctic mutation.

(3) The response of MOD to AO varies greatly in different re-
gions. The seasonal AO has more influence on MOD than
monthly AO. The MOD has a negative correlation with winter AO
in most Arctic sub-regions except for Baffin Bay and Greenland
Sea. The MOD may be affected by many factors (e.g., air temper-
ature, and ocean heat flux) leading to the weak correlation
between MOD and AO, which is worthy of further investigation in
the future.

Our results show that the effects of the mutations and vari-
ation on the temporal trends of MOD over Arctic sea ice are com-
plex and dynamic during the past 39 years. In summary, while
these preliminary results look promising, this study does not fully
explore the physical mechanism that affects MOD variation from
the aspect of large-scale atmospheric circulation. Further analys-
is of the MOD patterns in each region and their relationship to
the atmospheric conditions is necessary to thoroughly explain

the causes of the variability in MOD at a large scale. In the future,
the effect of atmospheric circulation changes on the MOD and
the length of the melt season will be further investigated
(Ballinger et al., 2019; Huang et al., 2019; Stroeve et al., 2014),
which will help us to get a better and more complete understand-
ing of the physical processes controlling the evolution of sea ice
melt and break-up patterns, and in turn improve the accuracy of
global climate model predictions.
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