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Abstract The winter Arctic atmosphere is under the influence of two very different circulation systems:
extratropical cyclones travel along the primary North Atlantic storm track from Iceland toward the
eastern Arctic, while the western Arctic is characterized by a quasi-stationary region of high pressure known
as the Beaufort High. The winter (January through March) of 2017 featured an anomalous reversal of the
normally anticyclonic surface winds and sea ice motion in the western Arctic. This reversal can be traced to
a collapse of the Beaufort High as the result of the intrusion of low-pressure systems from the North
Atlantic, along the East Siberian Coast, into the Arctic Basin. Thin sea ice as the result of an extremely warm
autumn (October through December) of 2016 contributed to the formation of an anomalous thermal low
over the Barents Sea that, along with a northward shift of the tropospheric polar vortex, permitted this
intrusion. The collapse of the Beaufort High during the winter of 2017 was associated with simultaneous
2-sigma sea level pressure, surface wind, and sea ice circulation anomalies in the western Arctic. As the
Arctic sea ice continues to thin, such reversals may become more common and impact ocean circulation,
sea ice, and biology.

Plain Language Summary The warming that the Arctic is currently experiencing has garnered
attention in both the popular and scientific press. Indeed, the retreat and thinning of the region’s sea
ice is one of the most significant and irrefutable indicators of human influence on the climate. In addition
to these long-term trends, the past several years have seen record warmth and extreme events in the
region, such as above-freezing winter temperatures at the North Pole, which may be harbingers of even
more dramatic changes in the future. In this paper, we document a recent and previously unknown
consequence of this warming: the collapse of the winter Beaufort High that occurred as a result of the
intrusion of North Atlantic cyclones into the western Arctic. This phenomenon occurred, for the first time,
during the winter of 2017 and resulted in a reversal in surface winds and sea ice motion across the entire
western Arctic. We argue that the extreme warmth during the autumn of 2016 resulted in reduced sea ice
extent and thickness in the eastern Arctic that persisted into the winter of 2017 allowing extratropical
cyclones from the North Atlantic to intrude into the western Arctic.

1. Introduction

The winter Arctic atmosphere is under the influence of two very different circulation systems. The eastern
Arctic is impacted by extratropical cyclones that travel from Iceland toward the Barents Sea along the primary
North Atlantic storm track (Hoskins & Hodges, 2002; Serreze et al., 1997). A signature of this storm track is the
trough in sea level pressure (SLP) that extends northeastward from the Icelandic Low (Moore et al., 2012).
Often, this trough has a closed secondary circulation center over the Norwegian Sea that is referred to as
the Lofoten Low (Jahnke-Bornemann & Brummer, 2009). In contrast, the circulation in the western Arctic is
characterized by a quasi-stationary region of high pressure known as the Beaufort High (Walsh, 1978).
Although it is usually connected to the Siberian High through a ridge of high pressure, the Beaufort High
is normally a closed anticyclone during the winter (Serreze & Barrett, 2010).

The gradient in the winter surface air temperature (SAT) between the eastern and western Arctic (Moore,
2016; Serreze & Barry, 2014) is also indicative of the differences in these two circulation systems. The eastern
Arctic tends to be warmer as a result of the poleward advection of heat by the cyclones that travel along the
primary North Atlantic storm track (Serreze & Barry, 2005). Local oceanic heat loss that occurs during cold air
outbreaks over the Nordic Seas (Brummer, 1999) has been argued to be an important contributor to this
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transport (Tsukernik et al., 2007). In contrast, the combination of the Siberian and Beaufort Highs tends to
advect cold and dry continental air from Eurasia into the western Arctic (Serreze & Barrett, 2010).

The Beaufort High forces the oceanic Beaufort Gyre (McPhee, 2012; Proshutinsky et al., 2009) and anticyclonic
sea ice motion that plays a role in the sea ice mass balance of the Arctic Ocean (Rigor et al., 2002). Over the
last two decades, the Beaufort Gyre has accumulated significant amounts of fresh water as a result of this
anticyclonic forcing (Haine et al., 2015). In addition, a recent amplification of sea ice motion in the Beaufort
Sea has been noted that was proposed to be the result of enhanced wind forcing and thinner and more
mobile ice pack (Petty et al., 2016).

Arctic sea ice has been declining since 1979 (Stroeve et al., 2012). This loss of sea ice is most pronounced dur-
ing the summer (Cohen et al., 2014; Parkinson & Cavalieri, 2008), leading to enhanced warming of the ocean
surface (Steele et al., 2008). There has also been a winter loss of sea ice cover focusedmainly in the Greenland,
Iceland, and Barents Seas (Arthun et al., 2012; Moore et al., 2015) and an overall thinning of sea ice with
reduced ice volume and increased ice mobility and lead opening (Lindsay & Zhang, 2005; Zhang et al., 2012).

During December 2015, the SAT at the North Pole rose above freezing, generating much discussion (Batty,
2015; Boisvert et al., 2016; Moore, 2016). This transient warming event was associated with a deep extratro-
pical cyclone that traveled northward from the Greenland Sea, transporting heat andmoisture into the North
Pole region (Moore, 2016). This unusual warmth continued through winter of 2016, with a split polar vortex
that led to anomalous northward transport into the western Arctic and over central Eurasia (Cullather et al.,
2016; Overland & Wang, 2016).

Our focus here is on the winter of 2017. This season was also warm in the Arctic, but not as warm of 2016.
However, what distinguished it was a complete reversal of the normally anticyclonic sea ice motion in the
western Arctic. We will show that this reversal of sea ice motion can be traced to a collapse of the Beaufort
High as a result of the intrusion of low-pressure systems from the North Atlantic, along the East Siberian
Coast, far into the Arctic Basin. We argue that extreme warmth during the autumn of 2016 contributed to this
reversal through reduction in sea ice thickness that persisted into the following season as did anomalous
upper tropospheric forcing and reduced lower tropospheric stratification.

2. Data and Methods

We analyze surface and upper air fields from the ERA-I Reanalysis (Dee et al., 2011). The data are available at a
~75 km horizontal and 6-hourly temporal resolution (Dee et al., 2011). Numerous studies have confirmed the
ability of the ERA-I Reanalysis to represent the spatial and temporal variability of the Arctic surface and upper
atmospheric circulation (Bromwich et al., 2016; Lindsay et al., 2014; Moore, 2016). To track the passage of
cyclones and their influence, we employ an Eulerian diagnostic based on a 2–6 day band-pass filter of the
variance in the SLP field (Blackmon et al., 1977). Regions with elevated values of this field provide an indicator
of enhanced storm track activity (Chang, 2009). Please refer to the supporting information for additional
information on this diagnostic.

For a longer-term perspective on Arctic SAT variability, we will use the NASA GISS Surface Temperature
Analysis (GISTEMP) (Hansen et al., 2010). To address the scarcity of Arctic observations during the early part
of the instrumental record, the GISTEMP data set uses spatial interpolation that acts to reduce the uncertainty
in the regional SATs (Chylek et al., 2010; Hansen et al., 1999). As an additional check, the HADCRUT4 SAT data
set (Morice et al., 2012), which does not do any spatial interpolation, was also used.

Analysis of sea ice conditions is based on NASA Team data set, for sea ice concentration (Cavalieri et al., 1999),
and the Pan-Arctic Ice Ocean Modeling and Assimilation System (PIOMAS) for sea ice thickness and motion
(Zhang & Rothrock, 2003). PIOMAS assimilates satellite sea ice concentration and sea surface temperature
and is calibrated and validated with a variety of sea ice thickness observations (Schweiger et al., 2011;
Zhang & Rothrock, 2003). Sea ice motion in PIOMAS is calibrated and validated by the International Arctic
Buoy Program (IABP (Rigor et al., 2002)) sea ice drift data (Schweiger & Zhang, 2015; Zhang et al., 2012).
PIOMAS is forced by the NCEP/NCAR Reanalysis atmospheric data.

Details on Arctic Ocean sea surface temperatures (SST) are provided by NOAA’s Optimum Interpolation
Sea Surface Temperature (OISST) data set, a global, daily mean product with 0.25° spatial resolution
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(Banzon et al., 2016). We use the version derived from a blend of in situ observations and Advanced Very High
Resolution Radiometer (AVHRR) infrared sensors, which provides a consistent multiyear time series over the
years 1982 to present. Please refer to the supporting information for additional information on this data set.

We will focus on the time period from 1979 onward, with analysis extending back to 1900 providing a longer-
term context. We define as autumn as the months of October through December (OND) and winter as the
months of January through March (JFM).

3. Results

Figure S1 shows Arctic regional mean SAT time series during both the autumn and the winter over the period
1979–2017. Also shown is the low-frequency behavior using Singular Spectrum Analysis technique (Ghil et al.,
2002) and a measure of interannual variability that takes this behavior into account. This figure shows the
accelerated warming that has occurred in the Arctic since the 1990s (Serreze et al., 2009) and the recent
extreme warmth. Indeed, the autumn of 2016 was the warmest since 1979, exceeding a two standard devia-
tion threshold. We find similar results with the GISTEMP SAT data set over a longer time period (Figure S2),
with the warming at high northern latitudes generally enhanced relative to global and Northern
Hemisphere mean temperatures. Similar results were obtained with the HADCRUT4 SAT data set (not shown)
that reflects the high degree of correlation, r ~ 0.9, between the GISTEMP and HADCRUT4 Arctic SAT over the
period 1900–2017.

The autumn of 2015 sea surface temperature (SST) anomalies (Figure S3a) were generally small. On the other
hand, the autumn of 2016 SST anomalies (Figure S3b) and also in Petty et al. (2017) were large and extensive
throughout the Barents Sea. September 2016 SST anomalies (not shown) were generally small, indicating that
autumn 2016 SST anomalies likely arose not from enhanced oceanic transport into the region but rather from
suppression of ocean-to-atmosphere heat loss, probably owing to anomalously warm SAT that occurred dur-
ing the season.

Despite its lack of record warmth, the winter of 2017 was nevertheless remarkable for an atmospheric circu-
lation anomaly that developed in the western Arctic. Figure 1 shows tracks of IABP buoys (Rigor et al., 2002)
during the winters of 2016 and 2017, as well as the corresponding SLP field from the ERA-I Reanalysis. Winter
ice drift in 2016 was representative of climatological conditions (Rigor et al., 2002), with a well-defined
Beaufort High associated with an anticyclonic sea ice gyre (i.e., eastward flow to the north of the high and
westward flow to its south along the Alaskan coast). However, the winter of 2017 was very different, with
eastward (i.e., cyclonic) sea ice motion throughout the region associated with a trough of low SLP extending
into region from the eastern Arctic.

Figure 2 compares and contrasts the PIOMAS climatological sea ice motion and thickness with conditions
during the winter of 2017. The climatological ice motion and that during 2017 are consistent with IABP buoy
motion (Figure 1). Sea ice thickness was reduced during the winter of 2017, notably along the Siberian and
Canadian Arctic Archipelago coasts, with dipoles occurring across the New Siberian and Wrangel Islands.
These sea ice thickness changes are consistent with the observed reversal of sea ice motion in 2017; that
is, sea ice was advected away from the Siberian coast and against Banks Island in the Beaufort Sea. The winter
2017 sea ice thickness anomaly relative to long-term climatology also includes the impacts of the long-term
trend toward thinner sea ice (Schweiger et al., 2011), but similar results hold for a comparison between 2016
and 2017 as well (not shown).

The ERA-I Reanalysis (Figure 3a) shows climatological mean winter atmospheric conditions, with anticyclonic
surface winds across the western Arctic, associated with the Beaufort High, and in the eastern Arctic, the
Icelandic Low with its trailing trough extending northeastward toward the Barents Sea. As discussed above,
this trough assists in the advection of warm midlatitude air up into the eastern Arctic and helps establish the
observed SAT gradient between the eastern and western Arctic seen in Figure 3a. During the winter of 2017
(Figure 3b), in addition to the Icelandic Low, a separate low-pressure center developed over the Barents Sea,
with a central pressure approximately 8 mb deeper than climatological SLP in this region. Anomalously large
surface heating in the region of reduced ice cover (Figure S4) contributed to the formation of this thermal
low. Please refer to the supporting information for additional information on the characterization of the
surface heating. There was a trailing trough extending into the central Arctic associated with this
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secondary low that resulted in anomalous sea ice drift across the western Arctic during the winter of 2017
(Figures 1b and 2b).

This Arctic trough ultimately resulted in the collapse of the Beaufort High and the southward retreat of the
Siberian High. To support this connection, we consider the 2–6 day band-pass filtered SLP field that is an
Eulerian diagnostic for storm track activity (Blackmon et al., 1977). During a typical winter (Figure 3c), the
main North Atlantic storm track (Hoskins & Hodges, 2002) is seen as a region of high variance extending
northeastward from Iceland to the Barents Sea, but no farther. Remarkably, a second distinct area of high var-
iance in the Barents Sea developed during the winter of 2017 (Figure 3d), collocated with the thermal low-
pressure center noted above, and extending westward along the Siberian coast and into the western Arctic.
It is the signature of the anomalous intrusion of cyclones from the North Atlantic that occurred during the
winter of 2017 and that resulted in the collapse of the Beaufort High. In the climatology, the Siberian coast is
a region of low variance, associated with the quasi-stationary high pressures of the Beaufort and Siberian Highs.

Figure 4 shows time series of the SLP in the vicinity of the climatological center of the winter Beaufort High,
the zonal component of the surface wind along the coast of the Beaufort and Chukchi Seas, both from the
ERA-I Reanalysis and the curl of sea ice motion in the central Beaufort Sea from the PIOMAS Reanalysis.
Positive/negative values of the latter parameter reflect cyclonic/anticyclonic sea ice motion. The domains

Figure 1. Buoy tracks in the western Arctic from the IABP during the winter (JFM) of (a) 2016 and (b) 2017. Eastward tracks
are in red, and westward tracks are in blue with the “+” indicating the start of the track and the “*” the end of the track. Also
shown is the corresponding SLP field (mb) from the ERA-I Reanalysis.
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used to define these indices are indicated in Figures 2 and 3. While some winters can be characterized by
anomalous values of one or two of these indices, the winter of 2017 is exceptional in that all three indices
are in excess of two standard deviations above or below their respective long-term means.

The changes described above were also impacted by an unusual upper level atmospheric circulation pattern.
During a typical winter, cyclonic flow in the upper troposphere is centered over the Canadian Arctic
Archipelago (Cavallo & Hakim, 2010) with high values of potential vorticity on the 300 mb pressure surface
in this region (Figure 5a). During the winter of 2017, this so-called tropospheric polar vortex shifted north-
ward and intensified relative to climatology (Figure 5b). The interaction between the tropospheric polar vor-
tex and the surface circulation feature is enhanced in regions of low tropospheric static stability, that is,
regions with reduced vertical temperature gradients that can occur due to surface heating, since this
increases the penetration depth of upper level circulation anomalies (Moore et al., 1996). Figure 5 also

Figure 2. Sea ice conditions in the Arctic during the winter (JFM) from the PIOMAS Reanalysis 1979–2017. Thickness of
the sea ice (contours and shading, m) and sea ice motion (vectors, cm/s) at selected grid points for (a) the climatological
winter mean, (b) the 2017 winter mean, and (c) the difference between the winter of 2017 and the climatological winter
mean. The domain over which the curl of the sea ice motion is averaged to generate the time series shown in Figure 4 is
indicated in (a).
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shows that tropospheric static stability throughout the Arctic was reduced during the winter of 2017 as
compared to climatology. This reduction would have contributed to the coupling with the upper level
circulation anomaly. The westward tilt with height of the surface and upper tropospheric circulation
anomalies is also indicative of baroclinic processes contributing to cyclogenesis (Hoskinset al., 1985).

4. Discussion

The Arctic atmospheric circulation during the winter is typically characterized by high SLP in the western
Arctic associated with the Beaufort and Siberian Highs (Serreze & Barrett, 2010) and low SLP in the eastern

Figure 3. Surface environmental conditions in the Arctic during the winter (JFM) from the ERAI-Reanalysis 1979–2017. Sea
level pressure (contours, mb), 2 m air temperature (shading, °C), and 10 m wind (vectors, m/s) at selected grid points for
(a) the climatological winter mean and (b) the 2017 winter mean. The 2–6 day band-pass filtered variance of the sea level
pressure (shading and contours, mb) for (c) the climatological winter mean and (d) the 2017 winter mean. In all panels, the
white contour represents the 50% seasonal mean sea ice isocontour. In (a), the location of the climatological Beaufort
High is indicated by the “H.” In (b), the location of the anomalous thermal low is indicated by the “L.” The domains over
which the sea level pressure (yellow polygon) and the zonal component of the 10 m wind (red polygon) are averaged to
generate the time series shown in Figure 4 are indicated in (a).
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Arctic that is the result of extratropical cyclones traveling along the primary North Atlantic storm toward the
Barents Sea (Jahnke-Bornemann & Brummer, 2009; Moore et al., 2012). Both of these circulation systems play
important roles in the climate system. For example, the surface wind associated with the winter Beaufort High
drives the oceanic Beaufort Gyre and anticyclonic sea ice motion over the Beaufort Sea (Proshutinsky et al.,
2009; Rigor et al., 2002). The cyclones that track from Iceland toward the Barents Sea contribute to the pole-
ward heat transport into the eastern Arctic (Serreze & Barry, 2014).

Recent winters have been notable for the warmth driven by Arctic Amplification (Serreze et al., 2009) with
2016 holding the current record. The winter of 2017 was also warm but was particularly noteworthy for
the reversal of the surface winds and sea ice motion in the western Arctic from their normally anticyclonic
direction (Figures 1–3). This reversal was characterized by SLP, zonal wind, and sea ice circulation anomalies
that all exceeded the 2-sigma threshold (Figure 4). Transient reversals have been noted previously
(Asplin et al., 2009), but Figure 4 indicates that such a reversal has not previously occurred during an
entire winter.

We propose that the reversal was caused by a collapse of the Beaufort High and a southward retreat of the
Siberian High (Figure 3). We argue that warm SATs across the Arctic during the autumn of 2016 (Figures S1
and S2) resulted in reduced sea ice thickness that persisted into the subsequent winter (Figure 2). The result-
ing enhanced transfer of heat from the ocean to the atmosphere in the eastern Arctic provided an additional
energy source for extratropical cyclones entering the region and contributed to the development of a
thermal low over the Barents Sea (Figures 3b and S4). This circulation center may represent an extreme north-
ward displacement of the Lofoten Low (Jahnke-Bornemann & Brummer, 2009).

This surface forcing in concert with the anomalous upper level circulation (Figure 5) created conditions
permitting the intrusion of North Atlantic cyclones deep into the central Arctic (Figure 3d). This series of
cyclones led to a reduction in SLP over the Beaufort Sea and the highly anomalous sea ice circulation over
the western Arctic Ocean. Our analysis of the upper level circulation, lower tropospheric stability, and sea
ice conditions suggests this as the primary mechanism leading to the reversal of the winds and sea ice
motion in the western Arctic.

Model studies have examined the response of the Arctic atmosphere to the thinning and loss of sea ice
(Deseret al., 2007; Semmleret al., 2016). These studies indicate that there is a transient response in which
there is a reduction in SLP, most likely in response to the enhanced surface heating, which lasts for at most
a few weeks. After this, a larger amplitude quasi-steady equilibrium state is reached that is characterized by a

Figure 4. Time series of the winter mean (JFM): (a) SLP (mb) in the vicinity of the climatological center of the winter
Beaufort High from the ERA-I Reanalysis 1979–2017, (b) the zonal wind (m/s) along the coast of the Chukchi and
Beaufort Seas from the ERA-I Reanalysis 1979–2017, and (c) the curl of the sea ice motion (month�1) in the central Beaufort
Sea from the PIOMAS Reanalysis 1979–2017. The means are indicated by the red lines with one and two standard devia-
tions above/below the mean indicated by the dashed and dotted lines.
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barotropic anticyclonic circulation that extends throughout the troposphere. Other studies show a reduction
in Arctic cyclones during the winter in response to sea ice loss (Dayet al., 2017).

The conditions during the winter of 2017 were substantially different from these model results, with
cyclonic flow at both the surface and at upper levels. Such model results typically focus on the mean
response to changing sea ice conditions. This may mask the unique interactions between the upper level
flow and the surface that lead to enhanced cyclogenesis, intrusion of cyclones into the central Arctic during
winter, and the unprecedented winter reversal in sea ice motion. In addition, climate models do not yet
accurately characterize the winter time storm tracks reaching from the North Atlantic into the Arctic (Day
et al., 2017).

As Arctic sea ice continues to thin, more frequent pan-Arctic intrusions of North Atlantic cyclones are likely
with concomitant implications for the Beaufort High and the climate of the region. For example, a

Figure 5. Tropospheric environmental conditions in the Arctic during the winter (JFM) from the ERAI-Reanalysis
1979–2017. The 300 mb potential vorticity (contours and shading, PVU) for (a) the climatological winter mean and
(b) the 2017winter mean. The 1000–700mb Brunt-Väisälä frequency (s�1) for (c) the climatological winter mean and (d) the
2017 winter mean. In panels (c) and (d), the thick black contour represents the 50% seasonal mean sea ice isocontour.
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modeling study indicates that a weakening of this anticyclonic forcing (Manucharyan & Spall, 2016) can lead
to a release of fresh water with potential impacts downstream on the salinity budget of the subpolar North
Atlantic (Haine et al., 2015). In addition, given the role that the Beaufort High plays in sea ice transport (Rigor
et al., 2002), its collapse would have significant implications on this transport.
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