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ABSTRACT: The Beaufort high (BH) and its accompanying anticyclonic winds drive the Arctic Ocean’s Beaufort Gyre,
the major freshwater reservoir of the Arctic Ocean. The Beaufort Gyre circulation and its capacity to accumulate or release
freshwater rely on the BH intensity. The migration of Nordic seas cyclones into the Arctic has been hypothesized to
moderate the strength of the BH. We explore this hypothesis by analyzing reanalysis sea level pressure fields to characterize
the BH and identity and track cyclones north of 60°N during 1948-2019. A cluster analysis of Nordic seas cyclone trajec-
tories reveals a western pathway (through the Arctic interior) associated with a relatively weak BH and an eastern pathway
(along the Arctic periphery) associated with a relatively strong BH. Furthermore, we construct cyclone activity indices
(CAIs) in the Arctic and Nordic seas that take into account multiple cyclone parameters (number, strength, and duration).
There are significant correlations between the BH and the CAls in the Arctic and Nordic seas during 1948-2019, with
anomalously strong cyclone activity related to an anomalously weak BH, and vice versa. We show how the Arctic and
Nordic seas CAls experienced a regime shift toward increased cyclone activity between the first four decades analyzed
(1948-88) and the most recent three decades (1989-2019). Over the same two time periods, the BH exhibits a weakening.
Increased cyclone activity and an accompanying weakening of the BH may be consistent with expectations in a warming
Arctic and have implications for Beaufort Gyre dynamics and freshwater.
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1. Introduction Some general hypotheses for the relationship between the
confluence of cyclone activity that characterizes the Icelandic
low and the BH have been suggested. For example, an ideal-
ized decadal climate oscillation scenario was put forward by
Proshutinsky et al. (2015): When the BH wind forcing is
anomalously strong (i.e., favorable for freshwater conver-
gence), the freshwater flux from the Arctic to the Nordic seas
declines, the Nordic seas are preconditioned for deep con-
vective mixing, and the ocean-to-atmosphere heat flux in-
creases, favoring cyclone intensification and/or cyclogenesis.
These cyclones, in turn, are hypothesized to propagate into the
Arctic and weaken the BH, allowing for the release of fresh-
water from the Beaufort Gyre, and the cycle repeats.
Examination of whether such a scenario plays out first requires
understanding the field of Nordic seas cyclone activity in
context with the interannual to decadal variability of the at-
mospheric BH, and that is the focus of this paper.

Arctic cyclone activity has been examined in a number of
studies (e.g., Bell and Bosart 1989; Serreze and Barry 1988;
Serreze et al. 1993; Serreze 1995; Gulev et al. 2001; McCabe
et al. 2001; Zhang et al. 2004; Sorteberg and Walsh 2008; Sepp
and Jaagus 2011). Zhang et al. (2004) quantified Arctic and
midlatitude cyclone activity during 1948-2002, considering
both the number of cyclone centers and the mean cyclone in-
tensity, which together contribute to a cyclone activity index
(CALI, see section 2). Their analysis indicates significant inter-
annual to multidecadal variability of the CAI during the study
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The Arctic sea level pressure (SLP) field may be approxi-
mately characterized by a large-scale high pressure system in
the west [the anticyclonic Beaufort high (BH)] and a low
pressure system in the east extending from the Icelandic low
(Serreze and Barrett 2011). The anticyclonic winds associated
with the BH drive the convergence of relatively fresh waters in
the oceanic Beaufort Gyre, the Arctic Ocean’s major fresh-
water reservoir (e.g., Proshutinsky et al. 2009; Haine et al.
2015). The strength and variability of the BH therefore influ-
ence sea ice cover and regulate freshwater fluxes between
the Arctic and North Atlantic. The Icelandic low is a locus of
intense cyclone activity in the vicinity of the Nordic seas,
reflecting the passage of storms along the principal North
Atlantic storm track (Serreze et al. 1997; Sorteberg and Walsh
2008). Cyclones flux vorticity and moisture to the Arctic from
lower latitudes, and Icelandic low cyclones have an outsized
role in the transport (Sorteberg and Walsh 2008; Villamil-
Otero et al. 2018). Cyclone activity is believed to play an
important role in the variability of the BH, although the rela-
tionship is not well understood. In this study, we characterize
Arctic cyclone activity for the 1948-2018 period and explore its
statistical relationship with the BH.
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the same time, linear trends suggested that deep cyclones
(central pressure less than 1000 hPa) were becoming more
frequent, and shallow cyclones less frequent. Sorteberg and
Walsh (2008) detected significant positive linear trends (about
3% per decade) in cyclone activity, as defined by the positive
vorticity accumulated in the Arctic, in all seasons but winter
during 1948-2002. These findings are consistent with a north-
ward shift of zones of maximum baroclinicity and storm tracks
in a warming climate, as have been found in certain climate
model simulations (Yin 2005); we note, however, that more
recent climate model ensembles suggest varying and somewhat
inconsistent projections for the Northern Hemisphere storm
track (Chang and Yau 2016; Harvey et al. 2020). Nordic seas
cyclones accounted for ~30% of the positive vorticity accu-
mulated in the Arctic by incident cyclones (i.e., across 70°N)
during the 1948-2002 period (Sorteberg and Walsh 2008). The
number of Nordic seas cyclones (within 20°W-20°E) entering
the Arctic was increasing during that period, although the trend
did not reach statistical significance (Sepp and Jaagus 2011).

A few studies have considered the relationship between the
BH and cyclone activity. For example, Hori et al. (2015) con-
sidered summer-only and attributed the interannual variability
of the summer BH to the influx of cyclonic storms. However,
the BH is weakly defined or absent in summer relative to
winter (Serreze and Barrett 2011). A case study linked the
weakening of the BH in the winter of 2017 to the influx of
cyclones along the North Atlantic storm track (Moore et al.
2018), suggesting a linkage that may hold in general. Here
we investigate whether such connections may be generalized
by exploring the relationship between annual-mean cyclone
activity (with a focus on the Nordic seas) and the BH over an
approximately 70-yr period (1948-2019).

The paper is outlined as follows. In the next section, we
outline the methodology for characterizing SLP centers of
action, identifying and tracking cyclones in the Arctic and
subarctic north of 60°N, and constructing CAls. In section 3, we
show how the BH strength is inversely correlated with the
strength and extent of the Icelandic low in the Arctic.
Specifically, we use a cluster analysis on Icelandic low cyclone
trajectories to investigate how storm activity relates to the
Arctic SLP field. In section 4, we quantify the covariability of
the BH and Nordic seas cyclone activity as characterized by
CAls. Furthermore, we show that cyclone activity and the
Beaufort high have undergone a coherent multidecadal regime
shift. Our results have important implications for the future
and fate of Arctic freshwater, as discussed in section 5.

2. Characterizing the Beaufort high and cyclone activity

The BH is characterized using the NCEP-NCAR Reanalysis
ISLP field (2.5° X 2.5° horizontal resolution; Kalnay et al. 1996)
as a spatial mean SLP over the region 135°W-180°, 72.5°-80°N
based on the definition of Serreze and Barrett (2011) (Fig. 1a,
dash-outlined box).

Cyclones are identified and tracked during 1948-2019
through the application of an algorithm (described next) to the
6-hourly NCEP-NCAR Reanalysis I SLP fields; this reanalysis
product has been used in numerous studies to identify and
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track cyclones in the Arctic region (e.g., Gulev et al. 2001;
Zhang et al. 2004; Sorteberg and Walsh 2008; Rudeva and
Gulev 2011; Villamil-Otero et al. 2018). Although the NCEP-
NCAR reanalysis data have been used extensively for this
purpose, notably, cyclone statistics differ among reanalysis
products (Simmonds et al. 2008; Chang and Yau 2016). The
various other reanalyses, however, do not cover the same pe-
riod of record as the NCEP-NCAR data.

Cyclone identification and tracking

There are several cyclone identification/tracking algorithms
in the literature (e.g., Serreze et al. 1997; Sorteberg et al. 2005;
Rudeva and Gulev 2011), but we have chosen the following
general criteria for consistency with Zhang et al. (2004) and
Villamil-Otero et al. (2018). We have made minor modifica-
tions to these criteria (e.g., by explicitly requiring a positive
relative vorticity at cyclone centers).

1) The SLP at a cyclone center must be a local spatial
minimum.

2) The minimum SLP gradient between the cyclone center and
the eight surrounding grid points must be at least 0.15 hPa
per 100 km. The SLP field at the surrounding grid points is
smoothed using a local nine-point smoother (NCAR 2019).

3) The mean of the zonal and meridional SLP gradients
between the four points in the cardinal directions surround-
ing the cyclone center and their outside adjacent points in the
same cardinal directions must be negative inward. This
criterion is designed to eliminate open low pressure systems.

4) Cyclone centers located within 1200 km of each other at the
same 6-hourly time step are considered redundant. Redundant
cyclone centers are iteratively removed in descending order
of SLP (i.e., with a preference for retaining the strongest
storm systems).

5) Cyclone centers must have a negative SLP anomaly (de-
fined as the difference between the SLP at the cyclone
center and the long-term mean monthly climatology at the
cyclone center grid point) and positive relative vorticity at
850 hPa. Relative vorticity is estimated from the 6-hourly,
850-hPa wind fields.

Cyclone tracking is performed by assigning unique IDs to
cyclone centers at cyclogenesis and propagating them forward
in time. Specifically, if a cyclone center at a 6-hourly time step
is within 600 km of a cyclone center at the previous 6-hourly
time step, it is considered to be part of the same cyclone tra-
jectory; otherwise, a new trajectory is generated.

The trajectories of Nordic seas cyclones that enter the Arctic
are grouped using a cluster analysis algorithm for streamlines
(Garyfallidis et al. 2012). Briefly, each cyclone trajectory is
assigned to a cluster if a distance metric between that trajectory
and an existing cluster centroid is less than a specified thresh-
old; otherwise, the method instantiates a new cluster. Here the
distance metric represents the mean distance between cyclone
centers at successive 6-hourly time steps during the initial six
days after the cyclones enter the Arctic Ocean. The persistence
criterion was empirically chosen to remove relatively short
cyclone tracks that do not form well-defined, separated clusters
over the cyclone lifetime. The distance threshold was also
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FIG. 1. (a) Composite SLP over years in which the BH was greater than 0.5 standard deviations of its mean during 1948-2019 [red bars in
(c)]. The dash-outlined box indicates the center of action of the BH. (b) Asin (a), but for years in which the BH was less than —0.5 standard
deviations of its mean [blue bars in (c)]. (c¢) BH SLP anomaly relative to the 1948-2019 mean.

empirically chosen to be 1400km, but a sensitivity analysis
suggests that the centroids are relatively robust to perturbations
of this value. Furthermore, our clusters are broadly consistent
with those of prior studies that used different identification and
clustering algorithms (Sorteberg and Walsh 2008).

Last, we construct SLP-based CAIs (CAlgy p) for the Arctic
(defined as the region north of 70°N) and the Nordic seas (60°-
77.5°N, 27.5°W-30°E), which reflect the number, strength,
and duration of cyclones (Zhang et al. 2004). Specifically, a
monthly CAI is constructed by summing the cyclone center
SLP anomaly (i.e., the SLP minus the long-term mean monthly
climatology at the cyclone center grid point) over all cyclone
centers in the 6-hourly data during each month. The negative
of the SLP anomaly is defined as the cyclone intensity, and the
sign of the CAI is reversed such that a positive CAI anomaly
represents an enhancement of cyclone activity. For a given
region and time period, the cyclone count is the number of
cyclone centers identified in the 6-hourly SLP fields. Therefore,
cyclone count depends upon both the number and duration of
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cyclones. Since the CAI directly depends upon the ambient
SLP, complicating its comparison with the BH, we also construct a
vorticity-based CAI (CAL) as the sum of the 850-hPa relative
vorticity at all identified cyclone centers in a given period and
area; CAI; depends upon the Laplacian of SLP rather than the
SLP itself (see Sorteberg and Walsh 2008).

Since the cyclone identification and tracking algorithm is
sensitive to choices of parameters and thresholds, a sensitivity
analysis to the smoothing parameters in the SLP gradient cal-
culation is performed. Specifically, the analysis is rerun after
performing ““light” rather than “heavy’” smoothing; see details
of the nine-point smoothing algorithm in NCAR (2019). Using
light smoothing tends to result in shorter cyclone tracks; we
analyze the cyclone tracks that result from the heavy smooth-
ing, which are similar to those identified in prior studies
(Sorteberg and Walsh 2008). The number of cyclone centers
and trajectories is somewhat sensitive to the choice of
smoothing parameters, but the normalized CAI is quite in-
sensitive. Furthermore, visual inspection reveals a close
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correspondence between our index and the CAI of Zhang et al.
(2004) over 60°-90°N, 60°-70°N, and 70°-90°N during the
overlapping period of 1948-2002.

3. Cyclone trajectories

The strength of the BH is related to the strength and spatial
extent of the Icelandic low, as suggested by a composite anal-
ysis of the annual mean SLP field (Fig. 1). The BH is anoma-
lously strong (red bars in Fig. 1c) when the Icelandic low is
confined to south of ~70°N, and weak (blue bars in Fig. 1c)
when the Icelandic low intrudes northward into the Arctic in-
terior. Our characterization of cyclone trajectories will illus-
trate how these spatial patterns of SLP relate to cyclone
propagation.

Typical cyclone activity during 1948-2019 can be summa-
rized as follows. About 450 unique cyclones are found in the
Arctic (north of 70°N) in an average year (excluding short-
lived cyclones with lifetimes less than 12h). Approximately
28% of those originate south of 70°N, while the remainder
result from local cyclogenesis. The mean Arctic cyclone life-
time is about 2 days, and the 10th and 90th percentiles are 12 h
and 4 days, respectively. The Nordic seas region accounts for
an outsized share of the vorticity of incident cyclones accu-
mulated in the Arctic (Fig. 2a). A mean of about 30 cyclones
per year enter the Arctic from the Nordic seas, with a lifetime
of around 3 days (from the first point of detection north of 60°N
to cyclolysis); the 10th and 90th percentiles of lifetime are 1 and
5.5 days, respectively.

Our cluster analysis considers 62 Nordic seas cyclones with
lifetimes of at least six days in the Arctic during 1948-2019. Of
these, the majority (94%) belonged to an ‘““‘east” or a “west”
cluster (black trajectories and white trajectory centroids in
Fig. 2a), with the remainder belonging to a small number of
additional clusters that will be omitted from further analysis
[see also the similar division of cyclone tracks in Sorteberg and
Walsh (2008) during 1948-2002]. Cyclones having an eastern
trajectory (i.e., propagating eastward along the Arctic pe-
riphery; 66%) were more prevalent than those characterized
by a western trajectory (penetrating into the Arctic interior;
34%). The number of western cyclone trajectories did not
have a strong seasonal dependence, while the number of
eastern cyclone trajectories was nearly 3 times as great in fall as
in spring (see Fig. 2b). This may relate to seasonal shifts in the
configuration of isobars that set cyclone steering, although
sample sizes are too small to draw broad conclusions.

Composite SLP patterns corresponding to the cyclone tracks
in each cluster (Figs. 2c,d) demonstrate that when cyclones
penetrate the Arctic interior, the Icelandic low extends over
the pole and the BH is relatively weak (Fig. 2c). On the other
hand, when cyclones track eastward over the Barents Sea, the
Icelandic low has a more zonal orientation and the BH is rel-
atively strong (Fig. 2d). Upper-level (500 hPa) geopotential
height contours are indicative of how cyclones are steered by
the mean winds. In general, we see that these contours are
more zonal for cyclones that comprise the east cluster, and
more meridional for the west cluster (Figs. 2c,d); that is,
the pattern of geopotential height contours favors cyclone
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propagation either along eastern or western pathways. We
note, however, that the cluster centroids deviate from parallel
with 500-hPa height contours, and this is both because there
can be significant short-term (subweekly) variability in these
planetary-scale signatures and because there is considerable
spread in the individual cyclone trajectories that comprise a
cluster. Therefore, the spatial patterns of SLP and geopotential
height in Fig. 1 reflect different distributions of cyclone activ-
ity; this is further illustrated from a statistical perspective in the
next section.

4. Relationship between the Beaufort high and cyclone
activity

The correlation coefficient between the BH and the Arctic
CAlIs during 1948-2019 is r = —0.71 for Arctic CAlg;p and
r = —0.44 for Arctic CAI,, which are statistically significant (at
the p < 0.05 level; Fig. 3). Note that the Arctic Oscillation
(AO) index (Thompson and Wallace 1998) is a reasonable
proxy for Arctic cyclone activity [e.g., over 1950-2018, the
Arctic CAI-SLP is statistically significantly correlated with the
AO index taken from NOAA’s monthly mean values (NOAA
2020) with correlation coefficient of r = 0.85]; see also Zhang
et al. (2003).

The Icelandic low represents the dominant locus of cyclone
activity north of 60°N (Fig. 4a), and this activity is intensified
(diminished) during years in which the BH is weak (strong)
(Fig. 4b). During 1948-2019, the BH and Nordic seas CAls are
(significantly) correlated, with r = —0.41 for the Nordic seas
CAlgrp and r = —0.32 for the Nordic seas CAl;. The corre-
lation is weaker than might be expected given the distinct
correspondence between cyclones tracking from the Nordic
seas and the strength of the BH; the Nordic seas CAI charac-
terizes cyclone activity in a fixed location, regardless of cyclone
lifetime or cyclolysis region, while Nordic seas cyclones must
propagate into the Arctic in order to influence the BH. Similar
correlations hold if winter (January-March) and summer
(July-September) are considered separately, with the excep-
tion being that there is no statistically significant relationship
between the BH and Nordic seas cyclone activity in summer.
This suggests that local cyclogenesis and/or the migration of
cyclones from other regions play a larger role in summer BH
variability than Nordic seas cyclones. For example, the rela-
tively low SLP that predominates in the central Arctic in
summer (see also Zhang et al. 2004; Serreze and Barrett 2008)
reflects local cyclogenesis and an influx of storms (primarily
from the Eurasian continent broadly), due to the enhancement
of baroclinicity that results from the differential heating of the
ocean and seasonally snow-free land.

The CAI indices suggest that the Arctic as a whole and the
Nordic seas in particular experienced intensified cyclone ac-
tivity between 1948-88 and 1989-2019, attributable to an in-
crease in both the cyclone center count and intensity (see black
solid and dashed lines in Figs. 3a,c). Specifically, the Nordic
seas CAl; increased by over one standard deviation between
these periods (and similar for the Arctic CAly; see Figs. 3b,d).
Between the periods 1948-88 and 1989-2019, the mean num-
ber of Nordic seas cyclones entering the Arctic each year, and
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FIG. 2. (a) Percentage of mean (1948-2019) accumulated positive vorticity (850 hPa) for cyclones crossing into the Arctic (i.e., 70°N) in each 30°
longitude sector (color shades). Very short-lived cyclones (i.e., with a lifetime less than 12 h) are removed. Also shown are trajectories of cyclones
entering the Arctic from the Nordic seas sectors (27.5°W-30°E) belonging to two major clusters (solid black lines, smoothed) and the cluster centroids
(solid white lines). (b) Cyclones per cluster by season. Composite SLP over 6-hourly time steps of all cyclones in the (c) west and (d) east clusters. Black
lines represent the composite 500-hPa isobars in 50-hPa increments. (¢) Numbers of cyclone trajectories in the east and west clusters by year.
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there is a reduction of cyclone activity (i.e., positive vorticity) over much of the Arctic, particularly the Nordic seas region. The Beaufort

high and Nordic seas are defined by the black-outlined boxes.

the duration of each cyclone, remained nearly constant.
However, the mean vorticity of Nordic seas cyclones when they
cross into the Arctic increased by about ~10%. Furthermore,
there was a relatively higher proportion of cyclones in the west
cluster (compared to the east) in the 1989-2019 period,
whereas cyclones in the east cluster dominated the 1948-88
period (Fig. 2¢). In concert with this increase in cyclone ac-
tivity, the BH decreased by about 0.5 standard deviations
(~1hPa) between these two periods (Fig. 3e).

5. Summary and discussion

Anticyclonic winds associated with the BH are a driver of
the Beaufort Gyre circulation, which has considerable implica-
tions for the Arctic—subarctic freshwater budget. Extratropical
cyclones play a role in the Arctic SLP field including the BH.
Our identification and tracking of cyclones north of 60°N during
1948-2019 shows that the strength of the BH is associated with
the intrusion into the Arctic interior of cyclones comprising the
Icelandic low. This westward pathway is one of two principal
pathways of Nordic seas cyclones; cyclones following an east-
ward trajectory remain confined to the Arctic periphery.

Using CAls that reflect multiple properties of cyclone ac-
tivity, we demonstrate a significant anticorrelation between
Nordic seas cyclone activity and the BH during 1948-2019. In a
sign of changing atmospheric forcing, Arctic and Nordic seas
cyclone activity has exhibited a regime shift, from weaker ac-
tivity during 1948-88 to stronger activity during 1989-2019;
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there is also some suggestion, albeit not statistically robust, that
the frequency of cyclones propagating along the westward
pathway has increased between these two time periods. Also,
between these two time periods and consistent with the rela-
tionships inferred here, the BH transitioned to a weaker state.
Notably, the BH has been weaker than average during every
year since 2015.

Understanding the fate of Beaufort Gyre freshwater under
continued Arctic change is an essential element of viable cli-
mate projections. Ocean dynamics and change will depend on
changes in the intensities and interactions of the main atmo-
spheric centers of action, the BH and the Icelandic low. Sea ice
has a role to play in these dynamics. For example, Moore et al.
(2018) suggested that BH weakening in winter 2017 was related
to anomalously low sea ice in the Barents Sea in fall and winter
2016. They argued that the reduced sea ice extent led to in-
tensified air—sea heat fluxes that favored cyclone activity. A
thermal low over the Barents Sea along with anomalous upper-
level circulation favored the penetration of North Atlantic
cyclones into the Arctic interior. An additional complicated
interrelationship that cannot be discounted is between changing
sea ice in the Beaufort Gyre region and the changing strength of
the BH. Coupled model results indicate that relatively low sea
ice extents in fall may result in a relatively weaker BH, a con-
sequence of unstable atmospheric boundary layers that form
cyclonic circulations (Urrego-Blanco et al. 2019).

Under a scenario in which Arctic cyclone activity continues
to increase in a warming climate, the BH would be expected to
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experience less frequent positive anomalies, leading to a re-
duction of the anticyclonic upper-ocean circulation and of the
Beaufort Gyre’s freshwater reservoir. However, since 2015, the
BH has been weak while the Beaufort Gyre has continued to
accumulate freshwater (Proshutinsky et al. 2019). This suggests
that other processes (e.g., the ongoing loss of sea ice and
changes in freshwater availability) may be counteracting the
reduction in anticyclonic atmospheric forcing, and these fac-
tors and their interactions need to be considered in assessing
future Arctic Ocean dynamics and freshwater change.
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