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Abstract

Here we show that Atlantic windstorms of extreme category in northern winter tend to follow a well-defined route toward the
Atlantic sector of Arctic, and that heat and moisture transported by these extreme storms significantly warm the Arctic. A positive
North Atlantic Oscillation (NAO) condition and the associated intensified upper-level Atlantic jet provide favorable conditions
for those extreme storm developments through enhanced vertical wind shear. These extreme windstorms lead to two discernible
impacts on the Arctic: 1) enhanced poleward energy transport by moisture intrusion to the Arctic, which accompanies increased
longwave downward radiation and 2) the occurrence of blocking-like patterns after the storm break-up. During these periods,
significant Arctic warming was observed of a 10-fold increase versus normal and weak storms. The poleward deflections of
extreme storms, and the Arctic warming driven by such storms, are well simulated in numerical experiments with ocean-

atmosphere coupled models.
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1 Introduction

Since the 1950s, the Arctic surface and even lower tropo-
spheric temperature has increased, at a rate almost twice the
global mean (approximately 0.12 °C per decade), a
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phenomenon known as Arctic amplification (IPCC 2007a,
2013). Arctic warming is most pronounced during winter
(IPCC 2007b) resulting from a combination of several sig-
nificant factors, including increased greenhouse gas con-
centrations (Gillett et al. 2008; Stroeve et al. 2012) and
positive feedbacks related to snow and sea ice (Winton
2006; Screen et al. 2012), aerosol and black carbon
(Shindell and Faluvegi 2009), cloud cover and water vapor
(Francis and Hunter 2006; Graversen and Wang 2009), sur-
face thermal inversion (Bintanja et al. 2011), and atmo-
spheric lapse rates (Pithan and Mauritsen 2014). In addition
to these local sources, Arctic warming is also strongly
linked with wave-induced poleward energy transport at
both the planetary scale and synoptic scale (Graversen
et al. 2008; Lee 2014; Park et al. 2015b; Woods and
Caballero 2016; Baggett and Lee 2017; Luo et al. 2017).
The importance of poleward atmospheric energy trans-
port in explaining polar or Arctic amplification has been
suggested as mentioned above, even in a system without
snow- or ice-albedo feedback (Flannery 1984; Alexeev
et al. 2005; Alexeev and Jackson 2013). Atmospheric heat
from the lower latitudes is transported to the high Arctic by
either large-scale circulation or synoptic-scale cyclones. In
the literature, a number of studies focused on the storm
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Fig. 1 Atlantic windstorm tracks classified according to maximum
intensity (i.e., minimum central pressure) of each windstorm. In total,
there are 591 Atlantic windstorms detected in the winters of 1981—
2016, and each extreme (top 10% and bottom 10%) storm case includes
59 of these storms. The gray, red, blue, and black lines, respectively,

generated inside the Arctic basin and found that the number
of Arctic cyclones are increasing and they play important
role in Arctic warming (Zhang et al. 2004; Orsolini and
Sorteberg 2009; Simmonds and Rudeva 2014; Rinke et al.
2017). However, the role of mid-latitude synoptic-scale
storms in Arctic warming is still unclear. In this circum-
stance, recent Atlantic winter storm intrusion event that sig-
nificantly contributed to the unprecedented Arctic warming
of 2016 provides us an invaluable opportunity to examine
the relationship (Kim et al. 2017). A recent study showed
that the transient eddies, considerably associated with syn-
optic storms, are responsible for about 90% of all moisture
transport into the Arctic (Dufour et al. 2016).

On the other hand, Arctic warming exhibits a systematic
development pattern — a low over the Arctic Basin and a
high over northern Eurasia — helping to generate a favorable
pathway for moisture intrusion into the Arctic (Overland
and Wang 2010; Zhang et al. 2013; Messori et al. 2018).
Intense moisture intrusions across 70°N latitude exerts con-
siderable control over polar temperatures, and their trajec-
tories are concentrated in the Atlantic sector (Woods et al.
2013; Woods and Caballero 2016).

Although several previous studies have suggested the
critical role of extreme heat and moisture intrusion into the
Arctic for recent Arctic amplification, still no studies explic-
itly point out the specific physical mechanism on how at-
mospheric waves carry the pack of large energy into the
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indicate the tracks of total, a strong, b weak storms, and their mean
paths. The black dots in sequence from left to right are the mean
locations of cyclogenesis, the maximum intensity step, and cyclolysis,
respectively. The numbers in parentheses above each figure are the
averaged minimum central pressures

Arctic from outside. Here, we specifically focused on the
role of extratropical cyclones and chased every single storm
that occurred Atlantic Ocean during winter over a 36-year
period (December—January-February 1981/82-2016/17) by
storm detection and tracking techniques. For this, we clas-
sify North Atlantic windstorms according to their storm in-
tensities (i.e., minimum central pressures) and explore their
relationship to Arctic temperature and atmospheric circula-
tion changes, particularly in the Atlantic side of the Arctic
Ocean.

2 Data and Methods

We used the Japanese 55-year reanalysis data (Kobayashi
et al. 2015) over 36 winter seasons (December to February)
for the period 1981-2017. The data have a 6-hly temporal
resolution and a 1.25° horizontal resolution. Anomalies are
calculated based on the 30-yr climatological mean for the

Fig. 2 Atmospheric states at the initial stage of the strong storms. Daily P>
composites of anomalous (a) sea level pressure, (b) 300-hPa zonal wind,
(c) Eady growth rate between 200 and 850 hPa, and (d) surface air tem-
perature on the cyclogenesis dates of the top 10% of storms. The black
dots are mean cyclogenesis locations for the top 10% strong storms. Only
values exceeding the 10% significance level of a ¢ test are hatched
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period 1981-2010. The significance of the observed and  test, and the confidence intervals are detailed in the figure
modeled data is evaluated based on a two-tailed Student’s ¢  captions. The Eady growth rate between 200 and 850 hPa is
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Fig. 3 Relative NAO frequency (in % of days) of each storm intensity at
the storm genesis date. A daily NAO index (NAOI) provided by the
National Oceanic Atmospheric Administration Climate Prediction
Center (ftp://ftp.cpc.ncep.noaa.gov/cwlinks/). The index is constructed
by projecting daily 500-hPa geopotential height anomalies onto the
NAO loading pattern (Barnston and Livezey 1987) obtained for analyz-
ing NAO variability. The NAO phases are divided into three subsets: (1)
NAO+ (NAOI > +0.5); (2) Neutral (0.5 < NAOI < +0.5); and (3) NAO-

used as an indicator of baroclinic instability; a detailed de-
scription can be found in Kim et al. (2017). To analyze water
vapor transport, the vertically integrated moisture flux was
estimated as follows:

1Py,

Q:_g Py qV dp

where g is the gravitational constant, ¢ is specific humid-
ity, V is the horizontal wind vector, dp is the change in
pressure, Py is the surface pressure, and P, is the pres-
sure at the top of the atmosphere. In this study, 300 hPa is
regarded as the top of the atmosphere because the amount
of water vapor above 300 hPa is considered negligible
(Kobayashi et al. 2015).

In order to investigate the impacts of extreme Atlantic
windstorms on Arctic warming, we conducted two distinct
fully-coupled ocean-atmosphere climate model experi-
ments using present-day aerosol emissions forcing and ini-
tial conditions. One model used in this study was the
Climate Model version 2.1 (CM2.1) developed by the
Geophysical Fluid Dynamical Laboratory (Delworth et al.
2000), integrated over 100 years with 2° latitude x 2.5°
longitude horizontal resolution and 24 vertical levels. The
other is the Community Earth System Model (CESM) ver-
sion 1.2.2 of the National Center for Atmospheric Research,
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(NAOI £—-0.5). The colored dots indicate statistical significant at the 5%
significance level of a Monte Carlo test that generated bootstrapped sam-
ples of composite patterns from 10,000 random samples. Each sample
composite was calculated with N randomly selected daily anomalies,
where N is the number of matching days for a particular storm case
(N=59 for the top 10% to 80-90% case and 60 for the bottom 10%
(90-100%))

integrated over 100 years with 1.9° latitude x 2.5° longitude
horizontal resolution and 26 vertical levels, and using
Community Atmospheric Model version 4 physics.

The storm detection and tracking method used in this
study is a modified version of Vitart et al. (1997). The
criteria specifically applied to tropical storm detection
were disabled so that the method can best capture the
Northern Hemisphere extratropical storms. Thus, our de-
tection of extratropical storms was based on the relative
vorticity at 850 hPa and the mean sea level pressure. This
method comprises the procedures of detecting storm cen-
ter candidates and of tracking the moving center of a
given storm over time.

First, the detection procedure of storm center candidates
follows these steps:

1) A local maximum of the 850-hPa relative vorticity larger
than 2.0 x 10> s ! is found in each 11 x 11 grid window.
The closest local minimum of the mean sea level pressure
is found within a 400 km radius of the local vorticity
maximum.

The mean sea level pressure should increase by at least
15 Pa in all directions within a 500 km distance from the
local pressure minimum.

The equatorward limit of detection is set at 30°N for
Northern Hemisphere extratropical storms.

2)

3)

4)


ftp://ftp.cpc.ncep.noaa.gov/cwlinks/
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Fig. 4 Initial geopotential state of the strongest storms. Daily composites
of anomalous geopotential height at (a) 1000 hPa, (b) 850 hPa, (c)
500 hPa, (d) 300 hPa, (e) 200 hPa, and (f) 100 hPa on the cyclogenesis

Next, the tracking procedure was applied to connect
the detected 6-hourly storm center candidates and gener-
ate the full life-cycle for each storm. Given the 6-hourly
data, the tracking procedure was comprised of technical
steps to effectively detect the most probable next position
six hours later. The tracking procedure is summarized as
follows:

1) For a given storm, a circular tracking boundary with a
750 km radius is set at each 6-hourly time step, and the
location of the storm at that time step is set as the center of
the circle. Then, the storm centers at the next time step are
examined within the boundary.

2) If one storm center is found within the boundary, it is
determined as the next storm position. In case of multiple
storm centers, priority is given to the closest storm center

dates of strong storms. Only values exceeding the 10% significance level
of a ¢ test are hatched

located in the front half of the circle, towards the direction
of the storm’s movement. If there is no such storm center
at the front half of the circle, the closest one is selected as
the next position. If no storm appears within the bound-
ary, the tracking of that given storm stops.

3) Finally, only storms with lifetimes equal to or greater than
1.5 days are considered.

For investigation how atmospheric variables influence
the Arctic warming, the lead—lag relationships are con-
structed by calculating composites of the various projection
time series where the lag-0 days are defined as those days
when the strong storms terminated. The time evolution can
be examined effectively using a daily projection time series
(Feldstein 2002) that measures how closely the atmospheric
variable anomalies, at any given day, resemble the each
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Fig. 5 5-day running-mean lag-day composites of SAT (black), surface
downward longwave radiation (LW, red), SAT tendency (blue), moisture
(dark green), and moisture convergence (orange) projection time series.

variable trend pattern. A detailed projection description can
be found in Park et al. (2015a).

3 Results

To investigate the existence of a systematic difference in
windstorm tracks depending on storm intensity (defined as
minimum central pressure), we conducted a percentile analy-
sis. Each Atlantic windstorm is binned into 10 consecutive
percentiles. Figure 1 shows all storm trajectories in the top
10% (A; red curves) and bottom 10% (B; blue curves) during
the 36 winter seasons.

As clearly shown in Fig. 1a, the storms in the top 10%
category exhibit similar trajectories to one another as com-
pared to the bottom 10% category, directing more poleward
toward the Atlantic Arctic sector. In the top 10% of storms,
trajectories tend to be confined to the Greenland Sea before
their extinction. In contrast, in the bottom 10% category, the
storms are mostly spread over lower latitudes (30°N—60°N),
and the average path passes zonally throughout Western
Europe. Individual paths also differ greatly from one anoth-
er. The strongest 10% of storms tend to originate over the
western North Atlantic Ocean just to the east of North
America coast, where there is a strong oceanic front pro-
duced by the poleward Gulf Stream warm water and the
equatorward Labrador cold water current. On the contrary,
the weakest 10% of storms depicted in Fig. 1b originate in
the middle of the Atlantic Ocean. A close examination in-
dicates that the averaged locations of strong storm centers at
the maximum intensity and cyclolysis stages, the processes
by which cyclones weaken and terminate, (the middle and
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Filled dots indicate statistical significance at the 10% significance level,
evaluated with a Monte Carlo method where the composite values were
compared against 10,000 randomly selected samples

right-most black dots in Fig. 1a and b) of the strongest
(weakest) are located more northward (eastward) towards
the Arctic (Western Europe). Complete information on the
10th percentile trajectories is provided in Supplementary
Information (Fig. S1), confirming that the stronger
(weaker) the intensity, the more poleward (eastward) the
storm tracks tend to be aligned.

The composites of atmospheric variables for the top
10% strong storms on their initial (cyclogenesis) dates
defined as the first dates of each storm detection are
shown in Fig. 2. The anomalous sea level pressure (Fig.
2a) over Iceland/southern Greenland (negative) and east-
ern North America (positive) indicates a deepening of the
Icelandic Low and a strengthening of the Azores High,
respectively. This pattern shows a strong projection on
to positive North Atlantic Oscillation (NAO). Further
analysis suggests that strong storms generally occur with
positive phase NAO (Fig. 3). The NAO-like patterns at
the initial stage of the strong storm development exhibits
a barotropical structure (Fig. 4). This pattern increases the
meridional pressure gradient between the Icelandic Low
and Azores High regions. Thus, an accelerated 300-hPa
zonal wind (Fig. 2b) with a maximum of approximately
14 m s~ occurs over the North Atlantic, especially in the
cyclogenesis region. In association with these anomalous
pressure and zonal wind patterns, positive Eady growth
rates (Fig. 2c) that represent intensified baroclinic insta-
bility are centered in the regions of the enhanced westerly
jets. The composite also shows greatest surface air tem-
perature (SAT) gradients over the northwestern Atlantic
(Fig. 2d). Therefore, both the surface thermal condition
and the large-scale circulation settings are highly
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Fig. 6 Atmospheric states at peak and dissipation stages of the strong
storms. The same as Fig. 2, but for (a) vertically integrated horizontal
moisture flux (arrows) and its convergence (shading) on the peak dates of
strong storms; b surface air temperature, ¢ surface downward longwave

favorable for cyclogenesis over the northwestern North
Atlantic (Chang et al. 2002).

Figure 5 shows that surface downward longwave radiation
fluctuations are almost coincide with the vertically integrated
moisture into the Arctic until strong storms are terminated.
After the strong storm terminations, moisture influx is follow-
ed shortly by an increase in surface downward longwave ra-
diation (Park et al. 2015a). The SAT variances are preceded by

-3.5-2.5-1.5-0.5 0.5 1.5 25 3.5

radiation, and (d) 500-hPa geopotential height on cyclolysis dates of
strong storms; and (e) temperature difference (tendency) between
cyclolysis and cyclogenesis dates. The black dots are average locations
of cyclolysis

an increase in surface downward longwave radiation and tro-
pospheric moisture and its flux convergence.

The influx of moisture from the Atlantic sector is an im-
portant source for winter Arctic amplification (Woods et al.
2013; Park et al. 2015b; Woods and Caballero 2016; Kim et al.
2017). The strengthened vertically integrated moisture flux
(arrows in Fig. 6a) enters intensely from the North Atlantic
to the Arctic and curves cyclonically, while an anti-cyclonic

The change in surface air temperature. The temperature is averaged over the Barents-Kara Seas (75°-90°N, 0°-90°E) between cyclolysis and

cyclogenesis dates (ASAT) at each storm intensity level. An asterisk denotes statistical significance at the 1% significance level of a # test

Table 1
Top (%) 10 10-20 20-30 30-40
Mean (°C) 2.02% 0.21 0.22 0.18

40-50
—0.53

50-60 60-70
—0.68 0.04

70-80
—0.70

80-90
—0.89

90-100
—0.42
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Fig. 7 Same as Fig. 6, but for weak storms

circulation appears over the western North Atlantic on the
peak dates of strong storms. Consistent with this anomalous
fluxes, the moisture convergence (shading in Fig. 6a) is pos-
itive (negative) in Northern Europe along 0°E (North Atlantic
along 330°E). These strong moisture injections to the Arctic
by strong storms contribute to Arctic warming of up to 3 °C,
particularly in the Barents-Kara seas on the cyclolysis date
(Fig. 6b). This weakens the surface temperature inversion over
the Arctic Ocean and promotes thermodynamic instability by
changes in the lapse rate (Woods and Caballero 2016; Kim
etal. 2017). Surface downward longwave radiation is positive
in the region where the surface warming is increased by mois-
ture and clouds (Fig. 6¢). The spatial structure of the radiation
anomaly is considerably similar to that of the SAT anomaly,
with a pattern correlation of 0.90. Corresponding to the anom-
alous moisture convergence, there is positive (negative)
anomalies of 500 hPa geopotential height (Fig. 6d) over
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Northern Europe and the Barents-Kara seas. The positive pat-
tern indicates the occurrence of European blocking after the
dissipation of strong storms (Michel et al. 2012; Luo et al.
2014; Kimetal. 2017). The change in SAT between cyclolysis
and cyclogenesis dates (ASAT) clearly increases over
Northern Europe and the Barents-Kara seas (Fig. 6¢). The
analysis here therefore suggest that strong storms induce a
moisture convergence and, in turn, an increase in surface
downward longwave radiation, contributing to Arctic
warming. The area-averaged ASAT over the Barents-Kara seas
is about 2.0 °C, statistically significant at the 1% significance
level (Table 1).

Different from the strong storms, the moisture anomaly
decrease over the Atlantic sector of the Arctic and in-
crease over the northwestern Atlantic when the weakest
storms are active (Fig. 7a). On the termination dates of the
weakest storms, increase in SAT (Fig. 7b) over the
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(a)

CM2.1

CESM

Fig. 8 Simulated characteristics of the top 10% of Atlantic windstorms.
The same as in Fig. 1a, but for (a) CM2.1 and (d) CESM. The detected
number of Atlantic windstorms for 100 winters of CM2.1 and CESM is
911 and 922, respectively. The averaged minimum central pressures of

Barents-Kara Seas is likely relevant to blocking (positive
anomaly, Fig. 7d) rather than driven by storms. However,
this increase is not significant and ASAT has nothing dis-
tinctive over the Barents-Kara Seas (Fig. 7e). Compare to
the strong storms, weak storms rarely help the Arctic
warming according to weak moisture intrusion.

The characteristics of the top 10% of storms and their
contribution to Arctic warming were also investigated
using model outputs from two different coupled climate
models, all of which were forced with present-day aerosol
emissions forcing and initial conditions. The number of
the top 10% strong storms for 100 winters in the CM2.1
(Fig. 8a) and CESM (Fig. 8d) simulations are 91 and 92,
respectively. Their mean central pressures have approxi-
mately the same value as the observed storms. The storms
traversing 60°N in CM2.1 are more widely spread than
those in CESM, but the Atlantic storm trajectories clearly
tilt northeastward toward the Arctic in both model results.

-1 1 3
(kg)

-3.5 -2.5 -1.5 0.5 0.5 1.5 25 3.5
c)

the top of 10% storms of CM2.1 and CESM are 944.4 hPa and 939.7 hPa,
respectively. The same as in Fig. 6a, but for (b) CM2.1 and (e) CESM.
The same as in Fig. 6e, but for (¢) CM2.1 and (f) CESM

The observational analysis suggests that moisture intru-
sion is an important driver of warming in the Barents-
Kara seas. On the peak dates of the top 10% strong
storms, the influx of warm moist air from the North
Atlantic is obvious between Greenland and Svalbard
(arrows in Fig. 8b and e) where the moisture convergence
reaches its maximum (shading in Fig. 8b and e). This is
consistent with the observation shown in Fig. 6a. In
agreement with the increased moisture convergence, pos-
itive ASAT occurs in the simulations over the Atlantic
sector of the Arctic and the Barents-Kara seas (Fig. 8c
and f). This is the same as that in the observational anal-
ysis. A quantitative analysis indicates that the warming
induced by the top 10% of storms in CM2.1 (CESM) is
2.5 °C (1.3 °C), significant at the 1% (5%) significance
level. Therefore, the model results reinforce the observa-
tional analysis results with a greatly increased sample size
of strong storms, suggesting the importance of moist air
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Fig. 9 Time series of the total (gray), strong (red), and weak (blue) num-
ber of Atlantic windstorms for 36 winters. The total number of storms is
591, and N =59 for both the strong and weak windstorm categories. The

transport by extreme Atlantic windstorms for extreme
warming over the Barents-Kara seas in boreal winters.

4 Summary and Discussion

In this study, the statistical relationship between warming
events in the Arctic and extreme Atlantic windstorms was
investigated in detail using a 36-winter record of six-hourly
extratropical windstorm statistics computed for the
Northern Hemisphere. Windstorm locations and
characteristics were obtained by applying the modified
Vitart et al. (1997) algorithm to 850-hPa relative vorticity
and sea level pressure at 6-hour intervals.

When examining trajectories of storms for every 10th
percentile of storm intensity, we found that the stronger
Atlantic windstorms tend to move northeastward to the
Atlantic sector of Arctic Ocean, while weaker storms tend
to move eastward towards Western Europe. This tendency is
much more robust for extreme Atlantic windstorms, i.e., the
highest 10th percentile, providing a sufficient motivation
for detailed examination on the role of extreme Atlantic
windstorms on the Arctic warming events. The dynamic
mechanisms for the poleward deflection of stronger storms
have been found to be similar to those for cyclone develop-
ment in general, such as the potential vorticity (PV) inter-
action between the upper- and low-levels and the diabatic
heating by latent heat release (Tamarin and Kaspi 2016).
The higher PV at the upper-level trough, which is located
to the west of the low-level cyclone, induces poleward me-
ridional velocity of the low-level cyclone primarily by the
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numerals in the figure, respectively, are the number of occurrences of the
total, strong, and weak storms in December, January, February, and their
summation

nonlinear advection. The diabatic heating by poleward-
moving and ascending warm and moist air at the northeast-
ern side of the cyclone also exerts influence on the poleward
movement of the low-level cyclone. Therefore, in accor-
dance with the previous study, we suggest that higher
baroclinic environment depicted at the initial stage of the
extreme Atlantic windstorms (Fig. 2d) is conducive precon-
dition for the poleward movement of the extreme Atlantic
windstorms.

Composite analyses show that the top 10% of storms
develop under a positive NAO pattern, associated with an
enhanced jet stream and baroclinicity, and an increased me-
ridional temperature gradient over the North Atlantic,
supporting previous findings (Luo et al. 2017; Donat et al.
2010; Pinto and Raible 2012; Gémara et al. 2014). In accor-
dance with previous studies, we found that anomalous
moisture transport into the Arctic during a storm’s lifetime
is important for Arctic warming, particularly for the
Barents-Kara seas. After the break-up of top 10% storms,
an increase in surface downward longwave radiation is ob-
served over the Atlantic sector of the Arctic and Barents-
Kara seas. After an abrupt increase in Arctic temperatures
by storm intrusion, an intensification of middle tropospheric
geopotential height anomaly over Europe and near the Ural
Mountains is observed, reflecting the occurrence of
blocking induced by strong storms. These mechanisms con-
tribute to the longer maintenance of warming over the
Arctic, especially the Barents-Kara seas.

Through fully-coupled model simulations of current cli-
mate condition using CM2.1 and CESM, we successfully
reproduced characteristics similar to the top 10% of storm
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trajectories, and composite patterns similar to those ob-
served. This finding suggests that the temperature increase
of the Arctic driven by poleward energy transport of ex-
treme Atlantic windstorms is a result of pure internal pro-
cess ecasily simulated by contemporary current climate
models. Modulation of this internal process by increase of
CO, forcing and subsequent changes in the degree of Arctic
warming can be an important issue that we are currently
preparing as a future work.

Since Arctic warming has been much more pronounced
over the last two decades (Serreze et al. 2009) and storm
tracks shift more poleward under global warming (Tamarin
and Kaspi 2017a, b), a natural question arises: Has the num-
ber of Atlantic windstorms been increasing in recent de-
cades, supporting more pronounced Arctic warming
events? In our analysis here, we found that, interestingly,
there is no significant trend of the number of Atlantic wind-
storms in recent decades (Fig. 9). Rinke et al. (2017) showed
that the trends in extreme windstorms developed at high-
latitude increase in November—December and decrease in
January. However, it should be noted that they only exam-
ined storms generated within the Arctic Circle. Therefore,
the findings of Rinke et al. (2017) give some hints. The
changed Arctic climate condition such as weakened polar
jet and vertical stratification provide easier Rossby wave
breaking. This condition could be a reason for the amplify-
ing role of Atlantic storm in the Arctic warming events. We
are currently under investigation on this possibility.
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