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Abstract Arctic cyclone activity is analyzed in 11 year (2000–2010), 3-hourly output from the Arctic System
Reanalysis (ASR) interim version. Compared to the global modern era reanalyses (European Centre for
Medium-Range Weather Forecasts Reanalysis (ERA)-Interim, Modern Era Retrospective Analysis for Research
and Applications, and National Centers for Environmental Prediction-Climate Forecast System Reanalysis),
ASR shows a considerably higher number of cyclones over the Arctic with the largest differences over the
high-latitude continental areas (up to 40% in summer and 30% in winter). Over the Arctic Ocean during both
seasons ASR captures well the cyclone maximum in the Eastern Arctic which has 30% less cyclones in summer
and is hardly detectable in winter in ERA-Interim. High resolution of the ASR model coupled with more
comprehensive data assimilation allows for more accurate (compared to the global reanalyses) description of
the life cycle of the most intense Arctic cyclones, for which ASR shows lower central pressure (4 hPa on average),
faster deepening, and stronger winds on average.

1. Introduction
Arctic cyclone activity is of great interest due to its potential association with the large magnitude of Arctic
warming and particularly unprecedented Arctic sea ice decline over the last decade [Zhang et al., 2004;
Stroeve et al., 2007; Deser et al., 2010; Screen et al., 2011]. Some studies report a direct inﬂuence of very intense
cyclones on the sea ice cover at synoptic time scales [Simmonds and Rudeva, 2012; Zhang et al., 2013;
Parkinson and Comiso, 2013]. Cyclone dynamics largely reﬂects atmospheric circulation changes potentially
resulting from the ampliﬁcation of the Arctic warming and possibly inﬂuencing midlatitude climate extremes
such as droughts, extreme rainfall and ﬂooding, cold spells, and heat waves over Eurasia and North America
[Francis and Vavrus, 2012], although the role of different factors is quite controversial [Barnes, 2013; Screen and
Simmonds, 2013]. Arctic cyclones also play an important role in high-latitude atmospheric heat and moisture
transports. Importantly, this role may increase in the future climate due to the changing environmental
conditions [Screen et al., 2013].
Arctic cyclone activity is characterized by considerably different cyclone life cycle characteristics compared to
midlatitude transients. High-latitude cyclones are typically smaller in size, shorter living, and more frequently
experience rapid deepening [Serreze, 1995; Gulev et al., 2001; Rudeva and Gulev, 2007; Zhang et al., 2004]. With
increased spatial resolution, existing modern era global reanalyses quite accurately and consistently with
each other quantify midlatitude cyclone activity [Hodges et al., 2011; Tilinina et al., 2013], although some
differences among them do exist due to different resolution and model formulations. However, the limited
amount of assimilated data in high latitudes and suboptimal physics parameterizations in numerical weather
prediction models used in global reanalyses lead to the uncertainties in capturing important regional
mechanisms driving cyclone activity in the Arctic, ﬁrst of all those, associated with boundary layer processes.
Recently, Shkolnik and Eﬁmov [2013] demonstrated high skill of a regional climate model (without data
assimilation) in representing Arctic cyclone activity. In this respect the recently developed Arctic System
Reanalysis (ASR) [Bromwich et al., 2010] based on higher spatial resolution and assimilating considerably
larger amounts of data compared to the global products (roughly 3 times more than European Centre for
Medium-Range Weather Forecasts Reanalysis (ERA)-Interim over Arctic land) opens a new avenue in
documenting Arctic cyclone activity. Here we present high-latitude cyclone activity as revealed by this new
product and compare cyclone track density and characteristics of the cyclone life cycle in ASR with those in
the global reanalyses. This will help to quantify whether the advances in ASR numerics (model setting) and
data assimilation input resulted in signiﬁcantly different characteristics of Arctic cyclone activity.
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Table 1. Mean Seasonal (JASO, JFMA) Numbers of Cyclones (Count Per Season) Which Were Identiﬁed North of 55°N and Over the Arctic Ocean Area in the Four
Reanalyses During the Period 2000–2010 and Basic Characteristics of the Reanalysis Data Sets Used in This Study
Season

JFMA

Depth (hPa)
ASR (30 km, nonspectral L71, 3-hourly)
ERA-Interim (0.75° × 0.75°, T255L60, 6-hourly)
MERRA (1/2° × 2/3°, nonspectral L72, 6-hourly)
NCEP-CFSR (0.5° × 0.5°, T382L64, 1-hourly)

JASO

< 980 hPa

980–1000

> 1000 hPa

< 980 hPa

980–1000

> 1000 hPa

31
169
25
139
26
149
27
147

53
340
50
270
52
272
52
283

20
150
19
100
18
92
18
101

24
123
20
100
22
110
23
105

75
417
65
318
64
320
65
329

26
225
19
122
18
114
20
120

Arctic Ocean
55°N
Arctic Ocean
55°N
Arctic Ocean
55°N
Arctic Ocean
55°N

2. Data and Methods
ASR was performed with the high-resolution version of the nonhydrostatic Polar Weather Research and
Forecast model (Polar Weather Research and Forecasting (WRF) V3.3.1) [Bromwich et al., 2009; Hines et al.,
2011; Hines and Bromwich 2008; Wilson et al., 2012] using ERA-Interim reanalysis [Dee et al., 2011] data as
lateral boundary conditions. ASR was produced using the WRF-data assimilation and high-resolution land
data assimilation systems that have been optimized for the Arctic and assimilated much more data compared
to standard assimilation input, particularly surface weather observations, and more accurate lower boundary
condition descriptions over land and ocean that are frequently updated. In this study we used 3-hourly sea
level pressure (SLP) from the ASR interim version (30 km spatial resolution, 360 × 360 points) for the 11 year
period from 2000 to 2010. For comparison of the characteristics of cyclone activity we employed several
modern era reanalyses, namely, National Centers for Environmental Prediction-Climate Forecast System
Reanalysis (NCEP-CFSR) [Saha et al., 2010], ERA-Interim [Dee et al., 2011], and MERRA [Rienecker et al., 2011] for
the same time period (Table 1).
Cyclone tracking was performed with a numerical algorithm developed at P.P. Shirshov Institute of
Oceanology, Russian Academy of Sciences [Zolina and Gulev, 2002; Rudeva and Gulev, 2007; Tilinina et al.,
2013], based on sea level pressure and comprehensively evaluated under the Intercomparison of MidLatitude Storm Diagnostics (IMILAST) project [Neu et al., 2013]. This scheme, originally designed for the polar
orthographic grid, ﬁts the arrangement of ASR output, so the tracking was performed directly on the ASR
native grid. In order to eliminate small-scale noise in the ASR SLP ﬁelds primarily associated with orographic
features, we applied a 2-D spatial Lanczos ﬁltering [Duchon, 1979] with wave number cutoff equivalent to
100 km. In other respects the scheme was identical to that used earlier in numerous applications [Neu et al.,
2013; Tilinina et al., 2013]. Prior to analysis we eliminated from the tracking output all transients with lifetime
less than 12 h. Then we considered different thresholds on lifetime and migration (up to 3 days and 1500 km)
and their impact on the results (section 3). We also ﬁltered out all cyclones reaching minimum central
pressure over elevated orography (higher than 1500 m) and cyclones generated in the areas higher than
1000 m over Greenland. This preprocessing is typically applied in most tracking algorithms while the
thresholds may differ [Neu et al., 2013]. Most numerical schemes experience high uncertainties with
identiﬁcation of short-lived cyclones and cyclones over the complex terrain where the errors in the
adjustment of pressure to sea level are large in most NWP products.
Tracking of the limited area domain (ASR) implies also the so-called entry-exit uncertainties resulting in the
presence of cyclones generated or decaying outside the domain. To avoid the impact of these cyclones on
the results, we considered only cyclone tracks entering 55°N latitude circle. Given that ASR domain covers the
Northern Hemisphere at least north of 50°N going to 30°N in the southmost domain locations, this
guarantees in most cases consideration of only cyclones with a complete life cycle and ﬁts well to our focus
on Arctic cyclone activity. Recently, Shkolnik and Eﬁmov [2013] working with data assimilation free model
embedded an inner grid into the outer domain of the global model solution for resolving entry-exit problem
for limited area tracking. In our case this approach is not applicable because of the very different data
assimilation approaches in ERA-Interim and ASR. To achieve the consistency in comparisons, a similar
procedure has been applied to the tracking output from global reanalyses. To map spatial patterns of cyclone

TILININA ET AL.

©2014. American Geophysical Union. All Rights Reserved.

1767

Geophysical Research Letters

1500

a) Arctic

10.1002/2013GL058924

b) ocean

c) land
1500

migration distance, km

1400
1300

1000

1200
600

1100
1000

400

900

250

800
150

700
600

50

500
12

24

36

48

cyclone lifetime, hours

60 12

24

36

48

cyclone lifetime, hours

60 12

24

36

48

60

cyclone lifetime, hours

Figure 1. Annual differences in number of cyclones between ASR and ERA-Interim after applying different thresholds on
cyclone lifetime and migration for (a) Arctic Ocean, (b) oceans, and (c) continents north from 55°N. Blue lines show the
number of cyclones in ASR. Red diamonds mark the threshold used for all subsequent ﬁgures.

numbers, we applied a technique suggested by Tilinina et al. [2013], using a circular grid with circular cell area
of 155,000 km2 and a linear interpolation of tracks onto 10 min steps for minimization of the random and
systematic biases in the results [Zolina and Gulev, 2002]. The results are presented for the two so-called “Arctic
seasons” (January, February, March, and April (JFMA) and July, August, September, and October (JASO)),
chosen for the periods of maximum and minimum Arctic sea ice cover, respectively.

3. Results
The annual number of cyclones identiﬁed by ASR is higher than in the modern era global reanalyses.
However, the magnitude of differences depends on the thresholds used to eliminate short-lived transients.
Relative difference between the total annual cyclone counts in ASR and ERA-Interim increases from 30 to 50%
with the decrease of thresholds on lifetime and migration from 60 to 12 h and from 1500 to 500 km,
respectively (Figure 1). This corresponds to the increase of absolute differences by a factor of 10 with the
largest differences in the high-latitude continental areas and the smallest being for the so-called Arctic Ocean
region (deﬁned here as the ocean north of 65°N). Importantly, for all regions these differences are always

Figure 2. Time series of the annual number of (a and d) deep (central pressure smaller than 980 hPa), (b and e) moderate
(central pressure is 980–1000 hPa), and (c and f) weak (central pressure is higher than 1000 hPa) cyclones for JFMA
(Figures 2a, 2b, and 2c) and JASO (Figures 2d, 2e, and 2f) seasons in different reanalyses. Bold lines correspond to the
number of cyclones within 55°N circle; dotted lines are for the cyclones over the Arctic Ocean area (see text for deﬁnition).
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positive (ASR reports larger number of
cyclones than ERA-Interim does) even
for very strict thresholds. Here the
results are presented for cutoffs at 24 h
and 1000 km.

In both seasons ASR shows more
cyclones than the three modern era
reanalyses with the differences being
about 28% in winter and almost 40% in
summer (Figure 2 and Table 1). These
c) ASR - ERA I, JFMA d) ASR - ERA I, JASO
differences are formed mostly by
14
moderately deep and shallow cyclones
(central pressure higher than 980 hPa),
10
while the number of deep cyclones is
6
more consistent among different data
3
sets with ASR showing 17% higher
counts in winter and summer.
1
Differences between the total number
-1
of cyclones in ASR and in the three
-4
global reanalyses for both seasons are
statistically signiﬁcant at 99% level for
Figure 3. Seasonal climatologies (2000–2010) of cyclone numbers in
the whole ASR domain, while across
(a and b) ASR and (c and d) differences in cyclone counts between ASR
MERRA, CFSR, and ERA-Interim, the
and ERA-Interim for (a and c) summer and (b and d) winter. Units are
differences are statistically signiﬁcant at
2
tracks per year per 155,000 km .
the 90% level. For the Arctic Ocean
region, the differences between ASR cyclone counts and the other reanalyses decrease to 9% being larger for
deep cyclones in winter (24%) and for shallow cyclones in summer (35%). For this area overall differences in
cyclone numbers between ASR and the other data sets are just slightly higher compared to those between
the three global reanalyses (5–10%).
Thus, during the decade of 2000s, the major differences between ASR and the other reanalyses are
formed due to the cyclones over continental Arctic and over the GIN (Greenland, Irminger, and
Norwegian) Sea. This is clearly seen in
seasonal climatologies of cyclone
numbers (Figure 3) in ASR along with
the differences between ASR and ERAInterim cyclone counts. ASR reproduces
the major storm tracks over the
northern North Atlantic and the GIN
Sea and also continental storm tracks
identiﬁed in Tilinina et al. [2013] in ﬁve
global reanalyses (Figures 3a and 3b).
Regional differences between ASR and
ERA-Interim cyclone counts (Figures 3c
and 3d) are the largest over the
continental storm tracks (30 and 45% in
winter and summer, respectively) and
amount to 30% in both winter and
summer over the oceanic storm track
aligning from the subpolar North
Atlantic over the GIN Sea to the Barents
and Kara Seas. Importantly, ASR clearly
Figure 4. Climatological occurrence histograms of the minimum cyclone
identiﬁes a regional maximum (more
central pressure for the (a and c) Arctic Ocean area and (b and d) highevident in summer) of cyclone activity
latitude continental areas for (a and b) summer and (c and d) winter.
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Figure 5. (a) Climatology of the number of cyclones (tracks per year per 155,000 km ) for the 40 deepest summer cyclones
during the period 2000–2010 from ASR reanalysis. (b) Evolution of the cyclone central pressure averaged over the 40
deepest cyclones. Vertical bars stand for the 95% conﬁdence interval, and the green dotted line denotes the numbers of
paired cyclone life cycle steps. (c and d) Evolution of the cyclone central pressure for the two case studies (17/10/2004
(Figure 5c) and 23/10/2008 (Figure 5d)). Grey bars show the difference in the maximum wind speed over the cyclone area
between ASR and ERA-Interim.

in the Eastern Arctic (approximately between 120°E and 150°E), described by Serreze and Barrett [2008]
and Simmonds et al. [2008]. In ERA-Interim this pattern is characterized by 30–40% smaller number of
cyclones (8–11 cyclones per season) than in ASR (up to 18 cyclones) in summer. In winter this maximum
is also less pronounced in ERA-Interim (8 cyclones per season) compared to ASR (up to 11 cyclones per
season, Figures 3c and 3d). Over the Arctic Ocean winter differences between ASR and ERA-Interim are
minor (2–4 cyclones per year, 25%), and they increase in summer up to 5–8 cyclones per year (30%).
Analysis of cyclone life cycle characteristics shows that on average ERA-Interim cyclones are slightly deeper
compared to ASR. The lower central pressure in ERA-Interim results primarily from the larger population of
shallow and moderately deep cyclones over the continents captured by ASR compared to ERA-Interim
(Figure 4). Thus, over the high-latitude continents the fraction of intense events (< 980 hPa) in ASR is around
10% (both summer and winter) that is smaller compared to ERA-Interim (14% and 22% in winter and summer,
respectively). However, if we consider the Arctic Ocean, probability distributions of cyclone central pressure
in the two reanalyses become much closer (Figures 4a and 4c) especially in winter. These distributions are
indistinguishable at the 90% level according to the k-s test. The fraction of intense cyclones (<980 hPa) over
the Arctic Ocean in winter exceeds 20% in both ASR and ERA-Interim.
It is interesting whether the characteristics of very deep cyclones inﬂuencing dynamics of sea ice in summer
[Simmonds and Rudeva, 2012; Zhang et al., 2013] are different in ASR compared to ERA-Interim. We analyzed
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separately the 40 most intense events over the Arctic Ocean selected from the ASR and corresponding tracks
from ERA-Interim tracking outputs for the 2000–2010 decade. Most of these cyclones (36) entered the Arctic
Ocean from the North Atlantic, four originated in the North Paciﬁc (Figure 5a). Most intense cyclones primarily
propagated over the GIN Sea and the Eastern Arctic. Central pressure in these cyclones is lower in ASR than in
ERA-Interim with the average difference at the moment of maximum cyclone development being 4 hPa
(Figure 5b). This implies that the deepening rate of intense cyclones in ASR is stronger compared to
ERA-Interim. Note here that we found climatological SLP over the Arctic in ASR is ~0.5 hPa lower
compared to ERA-Interim. Of the 40 cyclones 25 can be classiﬁed as rapidly intensifying (deepening rate
is higher than 6 hPa per 6 h) [Sanders and Gyakum 1980] in both ASR and ERA-Interim. However, the averaged
maximum deepening rate is nearly 1 hPa per 6 h higher in ASR cyclones compared to their ERA-Interim
counterparts (7.6 and 6.7 hPa per 6 h for ASR and ERA-Interim, respectively). Most of intense events in ASR have
a longer lifetime compared to ERA-Interim implying that ASR allows for earlier identiﬁcation of cyclones and
potentially for tracking the events for a longer time during the decay stage.
Analysis of the two case studies (Figures 5c and 5d) demonstrates that ASR cyclones are deeper compared to
ERA-Interim with the largest central pressure difference being 5.2 and 4.8 hPa. Intense cyclones in ASR are
also characterized by stronger pressure gradients and stronger 10 m winds through the whole life cycle
(Figures 5c and 5d). Estimates of the maximum wind speed over the cyclone area for the two case studies
show that winds are 3.8 (Figure 5c) to 2.6 m/s (Figure 5d) stronger in ASR compared to ERA-Interim with the
differences in maximum wind speed at the moment of maximum cyclone intensity being 6.5 and 2.5 m/s.

4. Summary and Conclusions
ASR provides a new vision of the cyclone activity in high latitudes, showing that the Arctic is more densely
populated with cyclones, especially in summer, than suggested by the modern era global reanalyses. ASR
reveals 35% more cyclones mostly due to capturing shallow and moderately deep cyclones over the highlatitude continental areas. Over the Arctic Ocean ASR reports slightly higher cyclone counts compared to the
global reanalyses with the largest differences being identiﬁed in summer (up to 18%). This is in line also with
results by Shkolnik and Eﬁmov [2013] who compared cyclone activity in a high-resolution regional climate
model with a global model. ASR captures summer maximum of cyclone activity described by Serreze and
Barrett [2008] and Simmonds et al. [2008] with the cyclone count being up to 23 cyclones per year; in ERAInterim this maximum is 30% weaker in summer. Importantly, this maximum over the same area (120–150°E)
also exists in winter in ASR (up to 12 cyclones per year), while in ERA-Interim it is hardly detectable. The most
intense cyclones captured by ASR are deeper compared to their counterparts in ERA-Interim, showing also
stronger deepening and higher maximum wind speeds. In most cases, ASR provides earlier identiﬁcation of
an extreme cyclone and also captures the cyclone decay at the later stage. The major advances of ASR
compared to the global reanalyses are somewhat higher resolution, nonhydrostatic model formulation, and a
much larger amount of assimilated data. However, the current resolution of the ASR model (~30 km) is only
somewhat higher compared to global reanalyses (will be considerably higher in the next ASR release), and
the advances of nonhydrostatic formulation has a minor effect at this resolution. Jung et al. [2006] and Tilinina
et al. [2013] demonstrated strong dependence of cyclone counts on the resolution for the spectral range of
reanalyses of the ﬁrst generation, rather than for the resolutions of modern era products. Thus, we conclude
that the much richer data assimilation input is primarily what provides higher accuracy of the description of
cyclone activity and cyclone life cycle in ASR.
Deﬁnitely, ASR provides a very good perspective on analyzing extreme cyclones, largely affecting regional sea ice
cover [Simmonds and Rudeva, 2012; Zhang et al., 2013]. In this study we did not consider the ability of ASR to
capture mesoscale high-latitude cyclones known as polar lows [Emanuel and Rotunno, 1989; Rasmussen and
Turner, 2003]. Intuitively, high-resolution ASR with optimal physics should be more skillful in reproducing these
mesoscale phenomena; however, to effectively identify and track them, the tracking algorithm has to be adjusted
signiﬁcantly to target short-lived and rapidly developing vortices as has been done in some pilot studies [Zahn
and von Storch, 2008; Xia et al., 2012]. The algorithm development along with appearance of the next higherresolution ASR releases (with 15–km version to be issued in early 2014) will open a new avenue in studies of polar
lows. Another line in the future may include the analysis of interactions between high-latitude cyclones and sea
ice in order to understand both cyclone effect on the sea ice conditions and the mechanisms of the Arctic Ocean
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impact on cyclone activity, involving changes in diabatic heating over increasing (with declining ice cover) icefree water area. With ASR time series getting longer compared to the present 11 years, these feedbacks can be
considered in the context of interannual variability in characteristics of cyclone activity and sea ice cover.
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