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Abstract Near-surface air temperatures close to 0°C were observed in situ over sea ice in the central
Arctic during the last three winter seasons. Here we use in situ winter (December—March) temperature
observations, such as those from Soviet North Pole drifting stations and ocean buoys, to determine how
common Arctic winter warming events are. Observations of winter warming events exist over most of the
Arctic Basin. Temperatures exceeding —5°C were observed during >30% of winters from 1954 to 2010 by
North Pole drifting stations or ocean buoys. Using the ERA-Interim record (1979-2016), we show that the
North Pole (NP) region typically experiences 10 warming events (T2m > —10°C) per winter, compared

with only five in the Pacific Central Arctic (PCA). There is a positive trend in the overall duration of winter
warming events for both the NP region (4.25 days/decade) and PCA (1.16 days/decade), due to an increased
number of events of longer duration.

Plain Language Summary During the last three winter seasons, extreme warming events were
observed over sea ice in the central Arctic Ocean. Each of these warming events were associated with
temperatures close to or above 0°C, which lasted for between 1 and 3 days. Typically temperatures in the
Arctic at this time of year are below —30°C. Here we study past temperature observations in the Arctic

to investigate how common winter warming events are. We use time temperature observations from
expeditions such as Fram (1893-1896) and manned Soviet North Pole drifting ice stations from 1937 to 1991.
These historic temperature records show that winter warming events have been observed over most of the
Arctic Ocean. Despite a thin network of observation sites, winter time temperatures above —5°C were directly
observed approximately once every 3 years in the central Arctic Ocean between 1954 and 2010. Winter
warming events are associated with storm systems originating in either the Atlantic or Pacific Oceans. Twice
as many warming events originate from the Atlantic Ocean compared with the Pacific. These storms often
penetrate across the North Pole. While observations of winter warming events date back to 1896, we find an
increasing number of winter warming events in recent years.

1. Introduction

Temperatures in the Arctic are increasing twice as fast as the global average [Serreze and Francis, 2006;
Graversen et al., 2008; Serreze and Barry, 2011]. The most rapid Arctic warming has been recorded during
the winter months [Graversen et al., 2008; Bekryaev et al., 2010; Boisvert and Stroeve, 2015], and 2015-2016
was the warmest winter since records began in 1950 [Cullather et al., 2016b; Overland and Wang, 2016].
Winter 2015-2016 featured an Arctic wide (north of 66°N) winter temperature anomaly of approximately
5°C, which was 2°C warmer than the previous record [Overland and Wang, 2016]. The winter maximum sea
ice extent in March 2017 was the lowest in the 38 year satellite record (http://nsidc.org/arcticseaicenews/).
March 2016 and March 2015 were the joint lowest, prior to 2017 [Perovich et al., 2016].

In late December 2015, there was widespread media attention following observations that near-surface air
temperatures close the North Pole increased to approximately 0°C during midwinter [Boisvert et al., 2016;
Moore, 2016]. These extreme temperatures were observed in situ by several Snow Buoys [Grosfeld et al.,
2016]. Data from these buoys were transmitted in near real time via the Global Telecommunication System
(GTS), for assimilation into weather forecast models, and the anomalous temperatures were rapidly reported
by the press. During this event, temperatures exceeded —10°C for between 1 and 2 days (Figure 1a). This type
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Figure 1. Time series of mean six-hourly near-surface air temperature from (a) Snow Buoy 2015516 and (b) NP26 compared with ERA-I, nearest grid point mean six-
hourly 2 m temperature. (c) Location of in situ winter time (December—March) surface air temperature observations in the Arctic (see supporting information and
Table S1 for further details of data included). (d) Location of in situ observations of Arctic winter warming events. Yellow dots indicate warming events with a
maximum temperature greater than —10°C. Red dots indicate temperatures greater than —5°C. Black dots indicate temperatures greater than —2°C. Pink triangles
indicate temperatures greater than —1°C. Temperature thresholds are also indicated in Figures 1a and 1b using same colors. Mean ice edge (0.15 concentration) for
December 2006-2015 from ERA-I is indicated by a thin black line. December ice edge is shown as this is the smallest ice extent for winter months, and the most
recent 10 year period is chosen to reflect the recent ice retreat.

of event is estimated to occur between once and twice per decade [Moore, 2016]. However, this estimate is
based on analyses that are limited to the month of December and for the North Pole region, rather than the
wider Arctic Basin and full winter season [Moore, 2016]. Similar events with positive temperatures north of
85°N were observed in situ by Snow Buoys again during December 2016 and February 2017 (Figure S1 in
the supporting information).

Recent studies have used a combination of satellite data, atmospheric reanalyses, and buoy data to investi-
gate the synoptic conditions leading up to the 2015-2016 winter warming event(s) [Boisvert et al., 2016;
Cullather et al., 2016b; Moore, 2016; Overland and Wang, 2016; Kim et al., 2017]. The record warmth during
winter 2015-2016, as a whole, has been attributed to a split tropospheric vortex [Overland and Wang, 2016].
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This drove persistent southerly flow from the Atlantic Ocean toward the North Pole, bringing multiple storm
systems and strong warm and moist air advection [Boisvert et al., 2016; Cullather et al., 2016b; Moore, 2016;
Overland and Wang, 2016].

Similar to the 2015-2016 and 2016-2017 winter warming events, temperatures close to 0°C were observed
on multiple occasions in an area of pack-ice north of Svalbard, from January to March 2015, during the
Norwegian young sea-ice campaign (N-ICE2015) [Graham et al., 2017]. N-ICE2015 is one of few intensive field
campaigns to span the winter season in the Arctic [Granskog et al., 2016], and it is the first to provide compre-
hensive in situ measurements of the coupled atmosphere-snow-ice-ocean system during multiple “extreme”
winter warming events [Graham et al., 2017; Kayser et al., 2017; Meyer et al., 2017; Provost et al., 2017; Walden
et al,, 2017]. During these events, temperatures greater than —10°C typically lasted between 1 and 3 days,
and the maximum temperatures observed were up to 30°C warmer than those before and after the event
(Figure S2). Each of the warming events observed during N-ICE2015, and the following winters, were asso-
ciated with major storms entering the Arctic [Moore, 2016; Cohen et al., 2017].

One of the most valuable meteorological data sets for the Arctic Ocean is derived from observations made by
manned Soviet North Pole drifting stations, led by the Arctic and Antarctic Research Institute in St Petersburg.
These data are highly valuable due to the spatial and temporal coverage. The data set extends back to 1937,
and at least one station was in operation every year from 1954 to 1991. These near-surface air temperature
and mean sea level pressure data are also valuable for their accuracy and have been used as a benchmark
for the growing number of autonomous buoys that have been deployed as part of the International Arctic
Buoy Program (IABP) from 1979 onward [Rigor et al., 2000]. Together, the drifting station and IABP observa-
tions have the best spatial and temporal coverage of any in situ meteorological data sets from the Arctic
Ocean and importantly include data from the winter season [Rigor et al., 2000]. These data have been used
to produce regional climatologies for the Arctic and to study seasonal trends and variability in near-surface
air temperatures [Rigor et al., 2000; Polyakov et al., 2003].

A small number of intensive field campaigns have spanned a single winter season in the Arctic, collecting
more comprehensive measurements compared with ocean buoys, such as cloud properties and radiative
fluxes. Examples are the N-ICE2015 [Granskog et al., 2016], the Surface Heat Budget of the Arctic Ocean
(SHEBA) campaign in the Beaufort Sea during the winter of 1997-1998 [Perovich et al, 1999], and the
2007-2008 International Polar Year—Circumpolar Flaw Lead study in the Canadian Archipelago [Barber
et al., 2010]. Atmospheric measurements from these three campaigns have revealed two distinct Arctic win-
ter states: the cold radiatively clear state and the warmer opaquely cloudy state [Stramler et al., 2011; Raddatz
et al., 2015; Graham et al., 2017; Persson et al., 2016]. Opaquely cloudy conditions are triggered by synoptic
events entering the Arctic, which cause an inward flux of heat and moisture and the development of mixed
phase clouds [Morrison et al., 2011; Stramler et al., 2011; Pithan et al., 2014; Graham et al., 2017; Persson et al.,
2016]. These conditions typically last on the order of a few days. Each winter warming event observed during
N-ICE2015 was associated with opaquely cloudy conditions [Graham et al., 2017]. As a consequence of the
two winter states, the Arctic has a bimodal surface temperature distribution for the winter months. This
means that at most times and locations within the Arctic during winter, the surface air temperature will either
be significantly (approximately 10°C) above or below the seasonal mean temperature.

In this study, we will place the recent “extreme” Arctic winter warming events from 2015, 2016, and 2017 into
a historical context. In particular, we analyze in situ winter time near-surface air temperature observations and
the ERA-Interim reanalysis (ERA-I) to explore both where and how frequently winter warming events occur
across the central Arctic. We further investigate trends in the maximum temperatures recorded during warm-
ing events, as well as the frequency and duration of these events, over the ERA-| record (1979-2016).

2. Data

For this study, we use in situ winter time (December-March (DJFM)) near-surface air temperature observa-
tions from ice covered regions of the Arctic Ocean. These in situ data span more than a century (Table S1).
Some of the campaign data we utilize span several years, and continue over the summer months from
spring till fall. However, we only consider the winter data. The stations’ locations all follow the drift of the
sea ice (Figure 1c). Therefore most locations are only sampled at one point in time. During some winters
no in situ data are available, while in other years several ice stations or buoys have been in operation
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simultaneously, and thus recorded the same winter warming event at more than one location (Figure 1,
Table S1). These important factors must be taken into consideration when interpreting the data.

One of the main data sets we use in this study is the Arctic Meteorology and Climate Atlas [Arctic Climatology
Project, Environmental Working Group, 2000]. This includes three- to six-hourly mean near-surface air tempera-
tures from Soviet North Pole manned drifting ice-stations NPO1-NP31, which were in operation from 1937-
1991 (Figure 1, Table S1). Other data included in the Atlas are temperature measurements from the Fram
expedition (1893-1896), the Arctic Ice Dynamics Joint Experiment (AIDJEX, 1975-1976), and the T-3 ice
station that was in operation between 1952 and 1971. We further include data from SHEBA [Perovich et al.,
1999; Persson, 2011], N-ICE2015 [Hudson et al., 2015; Cohen et al., 2017], as well as eight Snow Buoys that
observed the 2015-2016 winter warming event close to the North Pole, which were deployed by the
Polarstern on the expedition PS94 in September 2015 [Grosfeld et al., 2016; Table S1].

The second major data set we use is mean three-hourly near-surface air temperature observations from the
IABP, covering the period 1979-2010 [Rigor et al., 2000]. Approximately 25 autonomous buoys were in opera-
tion at any given time over this period (Figure 1c). These data are considered somewhat less reliable than
those listed above, as the unmanned instruments are susceptible to issues such as frosting, snow build up
and blowing over. Data cleaning methods are described in the supplementary material.

The height above the surface of the temperature observations used in this study varies between 1T m and
2.5 m for the different data sources, and is dependent on snow accumulation. Similarly, the temporal resolu-
tion of the data varies from 1 to 6 h. Some of the older observations may be instantaneous temperature read-
ings, but most are temporal averages. See Supplementary Information and Table S1 for further information
about the different data used.

We further utilize the ERA-I atmospheric reanalysis [Dee et al., 2011]. Specifically, we use DJFM six-hourly
mean 2 m temperature fields from 1979-2016. Many meteorological observations, and satellite data, around
the globe are assimilated into ERA-I [Dee et al., 2011]. However, there are relatively few consistent meteoro-
logical observations in the central Arctic compared with land areas and lower latitudes, particularly during
winter months and earlier years of ERA-I [Cullather et al., 2016a]. This somewhat reduces confidence in the
state estimates produced by reanalyses for the Arctic. It is important to note that the ERA-I record does not
coincide with the same time interval that the in situ data span. Of the in situ observations used from the
Arctic Meteorology and Climate Atlas, 70% were made prior to 1979 and thus predate ERA-I.

3. Results

3.1. In Situ Observations of Winter Warming Events

We define Arctic winter warming events here as any time period when the near-surface (1-2.5 m) air
temperature rises above —10°C, over sea ice covered regions in the Arctic Ocean during winter months
(DJFM). This threshold value represents a departure of approximately 15°C from the regional mean Arctic win-
ter temperature (1979-2016), based on ERA-I. We further study the occurrence of more “extreme” winter
warming events that cross the threshold temperatures of —5°C, —2°C, and —1°C (Figures 1a and 1b). The
choice of these thresholds is somewhat arbitrary but does not significantly alter any of the conclusions drawn
from this study.

Arctic winter warming events have been observed in situ at locations over most of the Arctic Basin for more
than a century (Figure 1). For example, a temperature of —3.7°C was observed at 84°N in March 1896, during
the Fram expedition (Table S1). The Atlantic sector of the Arctic Ocean has the highest clustering of observed
winter warming events (Figure 1d). Many of these observations are located north of 85°N, and there are sev-
eral events where observed near-surface temperatures were greater than —1°C. For example, in February
1956 NPO5 recorded a temperature of —0.4°C at 86°N (Table S1). There are also widespread observations
of winter warmings greater than —5°C in the Pacific sector of the Arctic Ocean up to 80°N (Figure 1d). For
example, in December 1983 NP26 observed a near-surface temperature of —1.3°C, just north of 80°N at
180°E (Figures 1b and S3a). There are relatively few in situ observations of winter warming events between
80°N and 85°N in the Pacific sector of the Arctic (Figure 1d).

Temperatures greater than —5°C were observed by a North Pole drifting station in more than 30% of all win-
ters where these stations were in operation, covering the time period from 1951 to 1991 (Table S1). This
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figure increases to 60% for temperatures greater than —10°C. Similarly, winter warming events with tempera-
tures greater than —5°C were observed by IABP buoys in just over 30% of the winters from 1979 to 2010 (not
shown). With the exception of the 2015-2017 Snow Buoys, none of the in situ platforms analyzed here have
recorded positive temperatures during winter (Figures 1, S1, and S2, Table S1).

The most frequent observations of “extreme” winter warming events (temperatures close to 0°C) are in the
Atlantic sector of the Arctic Ocean, including the latitude band of 85°N around the North Pole (Figure 1d).
However, these spatial patterns may partly be the result of sampling biases (i.e., this is where most in situ
observations are available). In the north of Greenland and the Canadian Archipelago, there are comparatively
fewer observations of winter warming events, and the majority of these events do not exceed temperatures
of —5°C (Figure 1). However, there are also fewer in situ observations from these regions. There are too few
observations over the Siberian Shelf to draw conclusions about this region (Figure 1).

From these analyses, we conclude that recent observations of winter temperatures near 0°C in the central
Arctic are not without precedent [Boisvert et al., 2016; Cullather et al., 2016b; Graham et al., 2017; Moore, 2016].

3.2. Winter Warming Events in ERA-Interim

The in situ temperature observations analyzed in section 3.1 show that winter warming events have been
observed over most ice-covered regions of the Arctic Ocean (Figure 1). However, the spatial and temporal
discontinuities with these in situ observations preclude a complete picture of the frequency and distribution
of winter warming events across the Arctic. To achieve this, we utilize ERA-I. To assess whether ERA-l is a sui-
table product for this purpose, we compare in situ observations of extreme winter warming events (T > —5°C)
that occurred from 1979 to 2016 with ERA-I (Figures 1a, 1b, and S2, Table S1). Data from the later NP drifting
stations, SHEBA, N-ICE2015, and the ocean buoys are included in the GTS data archive for assimilation into
ERA-I. Overall, ERA-I performs well. The temperature time series of ERA-I and the in situ observations have
an average correlation of R = 0.92 (range 0.89-0.97) and a root mean square error between 2.3°C and 5.1°C
(Figures 1a, 1b, and S2). There is a known warm bias in ERA-I for the Arctic [Jakobson et al., 2012; Wesslén et al.,
2014]. Interestingly, this warm bias is not apparent when comparing ERA-l with data from the Snow Buoys
(Figure 1). The warm bias in ERA-l is clearly confined to cold and stable periods and not warming events
[Figures 1b and S2; Graham et al., 2017]. Overall for the data considered here, ERA-I has a warm bias of
approximately 3°C. However, if we consider only periods where the observed temperature is greater than
—10°C, ERA-Il has a cold bias of —0.9°C. Importantly, ERA-l accurately captures the timing and duration of
warming events (Figures 1 and S2). This is perhaps unsurprising as warming events occur under strong
synoptic forcing, which ERA-l is known to simulate well [Graham et al., 2017]. Thus, we conclude that ERA-|
is a suitable product to use for this study.

We first investigate the maximum recorded six-hourly winter time 2 m temperature for each grid cell in ERA-I,
over the period 1979-2016 (Figure 2a). Winter temperatures above 0°C have been recorded in ERA-I over
large areas of the Arctic Ocean. Most of the in situ observations are below the maximum recorded tempera-
ture in ERA-I (Figure 2a), which indicates that the in situ observations and ERA-| are in agreement. However,
within the region north of 85°N, the warmest temperatures observed by some IABP buoys and NP06, which
predates the ERA-I period, exceed the maximum temperature recorded in ERA-lI by approximately 1°C
(Figure 2a). The in situ observations analyzed here document a single point in time and the different locations
correspond to different times that span more than a century. It is thus considered unlikely that any of the in
situ measurements capture the maximum temperature experienced at any given location over the ERA-I
time period.

To provide a better idea of a “typical” Arctic winter warming event, we calculate the average maximum winter
temperature across the Arctic from ERA-I. Specifically, we calculate the 1980-2016 mean of the maximum six-
hourly 2 m temperature recorded each winter at every grid cell (Figure 2b). We further calculate the percen-
tage of years in ERA-I where the maximum winter six-hourly temperature exceeds —10°C, at every grid cell
(Figure 2¢; see supporting information Figure S4 for —5°C, —2°C, and 0°C). The most frequent occurrences
of winter warming events are in the Atlantic sector of the Arctic and in the Pacific sector around the
Chukchi Sea (Figure 2c). The warmest average maximum winter temperatures are also found in these regions
(Figure 2b). These two pathways of winter warming events, from the Atlantic and Pacific Oceans, effectively
form a bridge across the North Pole along the 0°E and 180°W meridians (Figure 2). The maximum
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a. Maximum recorded winter temp (1979-2016) b. Average maximum winter temp (1980-2016) C. Probability of temperature exceeding -10°C during winter

Temperature ("C)

-10 - 40 60
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Figure 2. (a) The maximum six-hourly mean winter (December—March) 2 m temperature in ERA-Interim from 1979 to 2016. (b) The 1980-2016 average of the warm-
est winter six-hourly mean temperature at each grid cell. Colored contours show the 0°C isotherm (pink), —2°C isotherm (black), —5°C isotherm (red), and —10°C
isotherm (yellow). (c) The percentage chance of the six-hourly 2 m temperature exceeding —10°C during a given winter. Colored dots correspond to the in situ
observations of winter warming events shown in Figure 1b. Yellow: T2m > —10°C. Red: T2m > —5°C. Black: T2m > —2°C. Pink: T2m > —1°C.

temperature exceeds —10°C in more than 75% of winters at the North Pole and —5°C in 25% of winters
(Figures 2c and S4a). Winter warming events originating in the Pacific sector of the Arctic typically do not
penetrate to as high latitudes as those from the Atlantic, although they still penetrate great distances into
the Arctic (Figures 2 and S3). For example, in the Atlantic sector, the average maximum winter
temperature is —4°C at 85°N (Figure 2b). In contrast, the average maximum winter temperature in the
Pacific sector at 85°N is —11°C. At 180°W, only 33% of winters experience temperatures greater than
—10°C between 80°N and 85°N (Figure 2c). The reason for this asymmetry is thought to be partly due to
the larger distance to open water in the Pacific sector compared with the Atlantic [Moore, 2016] but also
the more active storm track originating from the Atlantic Ocean [Zhang et al., 2004]. The closer presence of
open water to the Atlantic sector results in strong temperature gradients in this region and more
baroclinicity. The lowest average maximum winter temperatures are found just north of Ellesmere Island
(—15°C) and on the Siberian Shelf at the boundary between the Laptev and East Siberian Sea (—12°C). In
these areas, temperatures exceed —10°C in less than 10% of winters (Figures 2b and 2c).

Spatial and temporal disparities between the in situ observations and ERA-I preclude a more rigorous com-
parison of spatial patterns of winter warming events for the two data sets. However, there is good agreement
between the regional patterns evident in ERA-I and the in situ observations (Figure 2). For example, in the
regions where ERA-l shows fewer occurrences of winter warming events with temperatures above —10°C,
there are fewer in situ observations of winter warming events (Figure 2c). Similarly, ERA-I shows more fre-
quent winter warming events and higher maximum temperatures occurring in the Atlantic sector of the
Arctic Ocean, where there are more in situ temperature observations exceeding —1°C (Figure 2).

3.3. Frequency of Arctic Winter Warming Events and Trends in ERA-I

We further examine the net duration of warming events for each winter in ERA-I. We do this by plotting time
series of the total time each winter where the mean six-hourly temperature exceeds a given threshold any-
where in two specified domains, such that 1 day corresponds to 4 x (not necessarily consecutive) 6 h time
steps. These thresholds are taken to be —10°C, —5°C, —2°C, and 0°C. We chose two domain areas for these
analyses: north of 85°N and the region between 75°N-80°N and 150°E-138°W (Figure 3a). Both domains
are of broadly equal area, and we shall refer to these as the North Pole (NP) and Pacific Central Arctic
(PCA) domains, respectively. These two domains have been chosen as they are primarily influenced by
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Figure 3. (a) Location of North Pole (NP) and Pacific Central Arctic (PCA) domains. (b) Timing of winter warming events with a 2 m temperature greater than —5°C for
the NP (red) and PCA (blue) domains, from 1980 to 2016 in ERA-I. Note that December always corresponds to the preceding year, such that December 1979 is
considered winter 1980, etc. Total time each winter where the maximum 2 m temperature anywhere within the (c) NP and (d) PCA domains exceeds the stated
threshold (see legend). Maximum (red) and mean (black) winter 2 m temperature for the (e) NP and (f) PCA domains. Dashed lines indicate linear trends.

winter warming events originating from the Atlantic and Pacific sectors, respectively (Figures 2 and 3a). We
further plot the times each winter when the temperature exceeded the —5°C threshold at any grid point in
our NP and PCA domains (Figure 3b). This provides information regarding both the number and duration of
individual warming events for each domain as well as which months are associated with the largest number
of events.

There is large inter-annual variability in the net duration of winter warming events, both for the NP and PCA
domains (Figures 3b-3d). In some winters there is less than 24 h where the temperature is above —10°C,
while in other years they total more than 40 days (out of 120). Overall, there are approximately twice as many
distinct winter warming events in the NP domain (10 events) compared with the PCA (five events), and events
in the NP domain typically have a longer average duration (Figure S5). As a result, there are approximately
three times as many days in the NP domain where the temperature exceeds —10°C, compared with the
PCA (Figures 3b-3d). Likewise, there are more days with temperatures greater than 0°C in the NP Domain
(Figures 3c-3f). There were less days with temperatures greater than —5°C in both domains from 1991 to
1999, compared with the 1980s and after 2000 (Figures 3c and 3d).

Winter warming events in the NP and PCA domains rarely coincide nor do they occur in quick succession
(Figure 3b). This demonstrates that winter warming events are usually regional, rather than pan-Arctic
(Figures 2 and S3). Nonetheless, in December 2007, a large winter warming event brought extreme tempera-
tures to our PCA and NP Domains, simultaneously (Figures 3b and S3c). This event originated in the Pacific
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sector, following a record low September sea ice extent and was associated with an unusually large area of
open water North of Alaska for December (Figure S3c).

We further investigate inter-annual variability in the maximum temperature each winter for both the NP and
PCA Domains. Maximum winter temperatures range from —9°C to +2°C in the PCA Domain and from —8°C to
+2°C in the NP Domain (Figures 3e and 3f). These maximum temperatures are consistent with observations
made by Snow Buoys from 2015 to 2017 (Figures 1 and S1, Table S1). The maximum winter temperature
recorded in both domains is typically more than 20°C higher than the mean winter temperature. There is a
positive trend in the mean winter temperature for both the NP (+1.27°C/decade) and PCA (+0.88°C/decade)
domains (Figures 3e and 3f). The trend in the maximum winter temperature is smaller compared with the
mean winter trend for both domains, at +0.70°C/decade for the NP and +0.37°C/decade for the PCA domain
(Figures 3e and 3f), but brings the maximum winter temperature closer toward 0°C (Figures 3e and 3f). The
presence of sea ice typically limits near-surface temperatures to approximately 0°C.

Using the JRA55 reanalysis, Moore [2016] found that the positive trend in the maximum (99th percentile)
December 2 m air temperature for the North Pole region was twice as strong as the mean 2 m air temperature
trend. With ERA-I, we find a much larger positive trend for the maximum temperature in the month of
December (+1.80°C/decade), compared with the overall winter trend for the maximum winter temperature
(+0.70°C/decade), in our NP domain. In contrast, there is a small negative trend for the month of March.
These results suggest that it is becoming more common to have at least one “extreme” winter warming
occurring during the month of December in the NP domain. We do not find evidence of a large increase in
the maximum temperature of winter warming events. For our PCA domain, the largest trend in ERA-I for
the maximum temperature realized in a single month is January (+1.19°C/decade), and the smallest is
February (—0.01°C/decade).

We find a positive trend in the net duration of winter warming events for both the NP and PCA domains
(Figures 3c and 3d). For winter warming events greater than —10°C, this trend amounts to 4.25 days/decade
for the NP domain and 1.16 days/decade for the PCA domain. These trends are due to an increase in the num-
ber of distinct winter warming events (1.7 events/decade for NP and 0.6 events/decade for the PCA domain),
as well as an increase in the average duration of an individual event (+5 h/decade NP and +4 h/decade PCA;
Figure S5). The positive trend in the maximum duration of a single winter warming event (+24 h/decade NP,
and +12 h/decade PCA, Figure S5) is much larger than that of the average duration. Nonetheless, there is
large variability in the length of winter warming events within a single season, as well as interannual variabil-
ity in the number and average length of events (Figures 3 and S5).

4. Summary

We have analyzed in situ Arctic near-surface air temperature observations from winter (December-March) to
find evidence of past Arctic winter warming events. In situ observations of Arctic winter warming events date
back to the Fram expedition in 1896 and have since been recorded across much of the Arctic Basin. Winter
temperatures greater than —1°C have been observed in situ north of 85°N as early as 1956. Despite a sparse
observation network, temperatures greater than —5°C were observed during more than 30% of all winters
from 1954-2010 by either North Pole drifting stations or IABP buoys. These results suggest that in situ
observations of temperatures near 0°C in the central Arctic during the last three winter seasons are
not unprecedented.

When compared with in situ observations, the ERA-I reanalysis is found to reproduce the timing and duration
of winter warming events well. We use ERA-I to investigate the spatial occurrences of Arctic winter warming
events, and the frequency of these events. The patterns revealed by ERA-I and the in situ observations are in
good agreement. The highest occurrences of winter warmings are found in the Atlantic sector of the Arctic
Ocean. Winter warming events originating from the Atlantic sector frequently penetrate across the North
Pole within the latitude circle of 85°N. Arctic winter warming events also originate from the Pacific sector,
namely through the Chukchi Sea. Warming events in the Pacific sector typically do not penetrate to as high
latitudes as events originating from the Atlantic, but large winter warming events with positive temperatures
do still occur in the Pacific sector. The lowest occurrences of winter warming events are north of Greenland,
the Canadian Archipelago, and on the Siberian Shelf.

GRAHAM ET AL.

ARCTIC WINTER WARMING EVENTS 6981



@AG U Geophysical Research Letters

10.1002/2017GL073395

Acknowledgments

This work has been funded through
the Norwegian Polar Institute’s Centre
for Ice, Climate and Ecosystems (ICE)
through the N-ICE project. This work
has been further supported by the
German Academic Exchange Service
(DAAD) and PPP Norway. The Arktis
2030 program of the Ministries of
Foreign Affairs and Climate and
Environment of Norway, through the
project ID Arctic, supported L.C. L.B.
and A.P. are funded through NASA’s
Operation IceBridge Project Science
Office. A.R. acknowledges support of
the project SFB/TR172 “Arctic
Amplification: Climate Relevant
Atmospheric and Surface Processes,
and Feedback Mechanisms (AC)>"
funded by the Deutsche
Forschungsgemeinschaft (DFG) and
the Helmholtz Climate Initiative
REKLIM. The Arctic Meteorology and
Climate Atlas is available from https:/
nsidc.org/data/g01938. N-ICE2015 data
are available through https://data.npo-
lar.no/dataset/7f7e56d0-9e70-4363-
b37d-17915e09a935. SHEBA data are
available at https://data.eol.ucar.edu/
dataset/list?project=73. IABP data are
available from http://iabp.apl.washing-
ton.edu/data.html. Snow Buoy data are
available from http://www.meereispor-
tal.de (grant REKLIM-2013-04). ERA-I is
available from http://www.ecmwf.int/
en/research/climate-reanalysis/era-
interim. The authors also thank an
anonymous reviewer and Julienne
Stroeve for their helpful suggestions.

There is large interannual variability in the number and duration of Arctic winter warming events
(T2m > —10°C) originating from both the Atlantic and Pacific sectors. Overall, there are approximately 10 dis-
tinct warming events each winter in our North Pole domain and five in the Pacific Central Arctic. Winter
warming events in the North Pole domain typically have a longer average duration compared with the
Pacific Central Arctic. There is a positive trend from 1980 to 2016 in the maximum winter 2 m air temperature
(0.70°C/decade) at the North Pole, but this is smaller than the mean winter trend (1.27°C/decade). We do not
find evidence of a rapid increase in the maximum temperature of winter warming events. This is because the
maximum near-surface temperature is limited to approximately 0°C while sea ice is present, and winter
warming events already frequently approach this limit.

Together with the positive trend in the maximum temperature of winter warming events, we find a positive
trend in the net duration of winter warming events in both of our domains. This trend totals 4.25 days/decade
for the North Pole domain and 1.16 days/decade in the Pacific Central Arctic domain, for ERA-I. These trends
are due to an increased number of distinct winter warming events and an increase in the average length of a
single event. These patterns are consistent with recent studies that have indicated part of the rapid rise in
Arctic winter temperatures may be linked to the increased occurrence of winter storm events or moisture
intrusions, which transport warm and moist air into the Arctic from the midlatitudes [Park et al., 2015;
Boisvert et al., 2016; Graham et al., 2017; Woods and Caballero, 2016].
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