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Abstract

Although explosive cyclones (ECs) have long been a focus of research, there

remains a lack of knowledge of the statistical characteristics of their associated

maximum surface winds and vertical extents. This study fills this gap by con-

ducting a targeted statistical analysis of ECs in the Northern Hemisphere using

the ERA-I reanalysis data during a 40-year period. Some new findings are

obtained: (a) The average location of formation of ECs undergoes a notable

westward and equatorward shift from September to April in the next year

which is consistent with the location variations of sea surface temperature's

strong gradients in subtropical regions. (b) Extreme ECs with a deepening rate

more than 2.0 Bergeron or with a longer lifespan more than 10 days tend to

have a larger occurrence number over the Northern Atlantic Ocean than over

the Northern Pacific. (c) The maximum surface wind associated with an EC

tends to appear between the EC reaching its maximum deepening rate and

reaching its minimum central pressure. (d) The northeastern quadrant of ECs

accounts for the highest proportion of maximum surface wind and strongest

wind speed, as the baroclinic energy conversion is generally strongest in this

quadrant. (e) Over 60% of ECs belong to a type of vertically deep cyclone (ECs'

top levels show close relationship to ascending motions within their central

regions), and they tend to reach their maximum vertical extent around the

time when they reach their minimum central pressures. (f ) The highest top

levels of ECs exhibit an overall upward extending trend as their minimum cen-

tral pressure decreases or their maximum deepening rate increases.
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1 | INTRODUCTION

Over the oceans in middle and high latitudes, a special
type of cyclone often appears, called an “explosive cyclone
(EC)” because it exhibits a large deepening rate. Sanders
and Gyakum (1980) developed a quantitative standard for
defining this type of cyclone: over a 24-hr period, if the
deepening rate of the central sea level pressure (SLP) of a
cyclone exceeds 1 hPa h−1 (relative to the equivalent lati-
tude of 60�N), the cyclone is an EC. During its stage of
rapid development, an EC can induce cold waves, billows
and blizzards, all of which have tremendous destructive
power. Consequently, this type of cyclone has long been a
research focus for meteorologists (e.g., Sanders and
Gyakum, 1980; Bosart, 1981; Uccellini et al., 1985;
Sanders, 1987; Jia and Zhao, 1994; Davis et al., 1996;
Browning, 2004; Yoshida and Asuma, 2004; Lagouvardos
et al., 2007; Kuwano-Yoshida and Asuma, 2008;
Kouroutzoglou et al., 2011a, 2011b; Yamamoto, 2012; Fu
et al., 2014; Hirata et al., 2015; Fu et al., 2018; Schultz
et al., 2018; Brâncuş et al., 2019; Fu et al., 2020). Strong
winds are another important type of disastrous weather
that are caused by ECs. Based on case studies, Brow-
ning (2004) and Brâncuş et al. (2019) found that strong
winds could appear equatorward of the cyclone's centre.
However, whether the regions equatorward of ECs' centres
possess the largest proportion of strong winds still needs a
further investigation. Warm conveyer belts were often
found to be accompanied with ECs (Binder et al., 2016).
They play an unneglectable role in the development of
ECs, particularly for its precipitation (Catto et al., 2015)
and severe winds (Martínez-Alvarado et al., 2014; Binder
et al., 2016; Brâncuş et al., 2019).

The climatological and statistical characteristics of ECs
are a key area of research. In early studies, synoptic charts
were used to analyse the climatological characteristics. It
was found that most ECs formed over the western coasts of
the Pacific and Atlantic Oceans during the wintertime
(Sanders and Gyakum, 1980; Murty et al., 1983;
Roebber, 1984; Chen et al., 1992; Ding et al., 1998). Benefit-
ing from the development of observation technology,
numerical models, and data assimilation systems, the per-
formance of various types of reanalysis datasets has been
greatly improved. This has made reanalysis of data an
effective method for climatological/statistical and related
studies of ECs. Correspondingly, many new results on this
type of cyclone have been obtained. For example, Yoshida
and Asuma (2004) applied a five-cold-season statistical
analysis to ECs over the northwestern Pacific using the
global objectively analysed dataset (GANAL). They found
that favourable atmospheric conditions for intensification
of ECs were closely related to the presence and extension
of cold air masses over the Asian continent. Iwao

et al. (2012) showed that there was an increasing trend in
the numbers of ECs over the northwest Pacific from 1979
to 2010 based on a manually verified objective tracking
algorithm using the 6-hourly and 1.25� × 1.25� JRA-25
reanalysis data. Zhang et al. (2017) used NCEP–FNL data
to analyse ECs over the North Atlantic during a 15-cold-
season period, and showed that ECs' occurrence frequency
was highly correlated with the intensity of lower-level
baroclinity. On the basis of a 34-extended-winter statistical
analysis (from 1979 to 2012) using ERA-I reanalysis data,
Hart et al. (2017) found that ECs were a main cause of
cyclone-related strong wind events over the British Isles.

A cyclone is a three-dimensional system (Kouroutzoglou
et al., 2012; Jiang et al., 2020), and thus it has a vertical
extent, within which each level has a remarkable closed
cyclone centre belonged to the same cyclone (Li et al.,
2019). The vertical extent of a cyclone is closely related
to its evolution. As mentioned above, previous climato-
logical/statistical studies of ECs have shown many key
characteristics of this type of cyclone. However, the fun-
damental features related to ECs' vertical extent still
remain poorly understood. Although a few previous
studies (e.g., Rossa et al., 2000; Novak et al., 2010; Cam-
pins et al., 2011; Čampa and Wernli, 2012; Binder
et al., 2016; Pang and Fu, 2017) have discussed cyclones'
vertical structures, they did not directly focus on the
closed cyclone centres at different vertical levels,
instead, they used positive PV and/or cyclonic vorticity
as an alternative. This would introduce errors into the
analysis, as positive PV and/or cyclonic vorticity centres
are not equivalent to real cyclones (Flocas et al., 2010;
Fu et al., 2016, 2020), which would result in a notable
false alarm rate (Colle et al., 2013). Moreover, in many
situations, the closed cyclone centre shows a notable
distance to the centres of PV and cyclonic vorticity
(Fu et al., 2015). Therefore, one primary purpose of this
study is to fill the research gap by focusing on features
related to the vertical extent of ECs in the Northern
Hemisphere. In addition, although severe winds associ-
ated with ECs are among the most important disastrous
weather phenomena (Browning, 2004; Parton
et al., 2010; Hewson and Neu, 2015; Hart et al., 2017;
Brâncuş et al., 2019), the key statistical features of these
winds still remain vague. Therefore, this study also con-
ducts a statistical analysis on the maximum surface
winds associated with ECs.

The remainder of the paper is organised as follows:
the data, methods, and cyclone parameters used in this
study are described in Section 2, classical features of ECs
are presented in Section 3, new findings on the EC-
associated maximum surface winds and on their vertical
extent are provided in Section 4, and finally a conclusion
and discussion are presented in Section 5.
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2 | DATA, METHODS, AND
CYCLONE PARAMETERS

2.1 | Data

A comparison on the climatology of ECs using NCEP,
JRA25, ERA40, and ERA-I reanalysis datasets indicates
that a higher-resolution reanalysis dataset has more
advantages in investigating ECs than those of lower-
resolution (Allen et al., 2010; Kouroutzoglou et al., 2011b,
2013) since the former has a better performance in the
identification of smaller scale and/or transitioning sys-
tems. This study uses the 6-hourly 0.75� × 0.75� ERA-I
reanalysis data (https://doi.org/10.5065/D6CR5RD9)
from the European Centre for Medium-Range Weather
Forecasts (ECMWF, 2009) for detecting ECs during the
period of 1979–2018 and the associated analyses. This
dataset is of higher horizontal resolution than most
datasets used in previous statistical studies. ERA-I has
good performance in representing ECs and other synoptic
scale systems (Tilinina et al., 2013; Rudeva and
Simmonds, 2015; Hart et al., 2017; Fu et al., 2020; Pepler
and Dowdy, 2020). It should be noted that although more
advanced data sets such as ERA5 are available recently,
ERA-I is sufficient to describe the synoptic scale
(or larger scale) features of ECs. The Sea level pressure
(SLP) and geopotential height at the pressure levels from
1,000 to 200 hPa are used to identify ECs. Similar to the
region used in Ding et al. (1998), Allen et al. (2010), and
Zhang et al. (2017), we focus only on the ECs that form
in the Northern Hemisphere within the range of 25�–
80�N, 0�–360�. In order to exclude tropical cyclones, all
ECs identified in this study were confirmed to form north
of 25�N (i.e., they are not generated in tropical regions)
and have intense lower-level temperature gradients
(i.e., their baroclinity was strong).

2.2 | Detection methods and cyclone
parameters

2.2.1 | Cyclone detection

Identifying cyclones correctly is important to this study. We
use the eight-section slope-detecting method (ESSD
method) developed by Jiang et al. (2020) in this study. The
ESSD method uses a restrictive criteria that gradient in all
eight directions should be higher than a certain threshold,
which has been proven to be effective and accurate
(according to their random test, this method can render a
mean detection accurate rate of ~85%, better than the mean
detection accurate of ~80% of traditional local minimum

pressure method) in detecting extratropical cyclones by
using reanalysis data of relatively high resolution.
The parameters used in this method are presented in
Table 1. In the pressure coordinate, within a cyclone's verti-
cal extent, the level of maximum/minimum pressure is
defined as its bottom/top level. For the bottom level of a
cyclone, the detection is conducted using SLP
(Sinclair, 1994; Grigoriev et al., 2000; Allen et al., 2010;
Ulbrich et al., 2013; Zhang et al., 2017). For the levels above
the bottom, geopotential height is used to determine the
closed cyclone centre (Lim and Simmonds, 2007; Fu and
Sun, 2012; Li et al., 2019). All detected cyclones in this study
are verified manually to guarantee that they are real
extratropical cyclones.

2.2.2 | Determination of vertical extent

After a cyclone has been detected using SLP, geopotential
height is used to determine its vertical extent, that is, the
vertical distance between its bottom (in this study, we use
SLP) and top levels. Usually, the height of a same pressure
level is lower at the higher latitudes than that in the lower
latitudes. Therefore, at different latitudes, lower top-level
pressure does not always mean higher height. The proce-
dure consists mainly of two steps: (a) detecting all closed
cyclone centres (by using the ESSD method) at different
vertical levels using the geopotential-height data within a
circle centreed at the centre of the surface EC and of radius
2,300 km. This radius has been tested to show the best per-
formance for our tracking algorithm, as it is big enough to
consider a tracked EC's vertical tilting and meanwhile small
enough to exclude the ECs (as many as possible) other than
the tracked one. (b) determining which closed cyclone cen-
tres belong to the same cyclone (that is first determined
using SLP). For the first step, we again use the eight-section
slope-detecting method to detect cyclones (the parameters
are shown in Table 1). For the second step, two criteria are
used to ensure that the closed cyclone centres at two neigh-
bouring levels belong to the same cyclone: (a) the detected
cyclones at these two neighbouring levels must have a simi-
larity exceeding 60%. The similarity is determined by calcu-
lating the correlation coefficient between the geopotential
height fields at two levels (i.e., field correlation). The calcu-
lation is conducted within two circles of the same radius of
500 km (which is tested to show a good performance for
representing the central region of an EC). These two circles
are at neighbouring vertical levels with their centres
centreed at the ECs' centre at their respective levels. (b) The
horizontal distance between the two closed cyclone centres
(the interval between vertical levels is 25 hPa in this study)
must be less than 250 km.
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2.2.3 | Tracking algorithm

This study tracks a cyclone using only its bottom level,
which is based on SLP. The main procedures are as fol-
lows. The ERA-I data are linearly interpolated from a
temporal resolution of 6-hourly to 3-hourly. The
cyclone centres are detected 3 hr after the current time,
and the nearest cyclone centre to the current cyclone
centre is found. (a) If the distance between the two
cyclone centres is less than 700 km and (b) the two
cyclones are similar to each other (i.e., their field-
correlation exceeds 60%), then the two cyclones are
regarded as the same cyclone (the calculation is con-
ducted within two circles of the same radius of 500 km.
These two circles are at neighbouring time steps with
their centres centreed at the ECs' centre at their respec-
tive levels. Otherwise, if condition (a) is not satisfied,
the tracking is terminated. If only condition (b) is not
met, we use the second-nearest cyclone centre and
judge whether this cyclone can satisfy both conditions
(a) and (b). This loop goes on until the cyclone has
been found 3 hr after the current time or the tracking
is terminated. All cyclones detected using the auto-
matic algorithm are checked manually since merging
and splitting may introduce errors in the detection
result. We use the following method to validate the
tracking results: (a) when merging of several cyclones
occurs, the merged cyclone is considered to be the con-
tinuation of the previous largest cyclone; (b) when a
cyclone splits into several cyclones, the largest cyclone
after splitting is considered to be the continuation of
the original cyclone. ECs' average track is calculated
using the trajectory clustering method developed by
Lee et al. (2007).

2.2.4 | Cyclone parameters

Sanders and Gyakum (1980) first defined the deepening
rate of an EC as the change in its central SLP during a
24-hr period at an equivalent latitude of 60�N. Simmonds
and Wu (1993) used the relative central SLP
(i.e., cyclone's central SLP minus the relevant monthly
mean SLP) to calculate the deepening rate. Yoshida and
Asuma (2004) developed a similar definition to that of
Sanders and Gyakum (1980), but used a 12-hr period for
calculation. This definition has a higher temporal resolu-
tion than that of Sanders and Gyakum (1980), and it
therefore gives a calculated deepening rate which is
much closer to the real situation. In this study, we have
adopted Yoshida and Asuma's definition to calculate the
deepening rate as follows:

DR= p t−6ð Þ−p t+6ð Þ
12

h i
sin60 ∘

sin ϕ t−6ð Þ+ϕ t+6ð Þ
2

� �
, where t is time (hr), p is

the cyclone's central SLP (hPa), and ϕ is the latitude of
the cyclone centre.

In this study, a detected extratropical cyclone will be
regarded as an EC if it satisfies all of the following three
criteria: (a) it must last for at least 24 hr (short-lived
cyclones are not considered in this study); (b) its minimum
central pressure must be less than 1,000 hPa (relatively
weak cyclones are not considered); (c) its maximum deep-
ening rate must be ≥1 Bergeron (Yoshida and
Asuma, 2004). Seven typical stages of an EC are defined:
(a) cyclone formation time (CFT), (b) first explosive-
development time (FET), (c) maximum deepening time
(MDT), (d) highest top-level time (HTT), (e) maximum
surface (at the height of 10 m) wind speed time (MST), (f)
minimum pressure time (MPT), and (g) last detection time

TABLE 1 Procedures and objectives during cyclone detection

Procedures Objectives

A 13 × 13 point smoothing is conducted on both SLP and
geopotential height

To remove noise (Sinclair, 1994) and to increase the
accuracy and stability of the detection method

The threshold value of the relative slope of SLP is 0.3 To ensure accuracy of the ESSD method in detecting
cyclones using SLP

The total box size for detecting cyclones by using SLP is
9� × 9�

The same as above

In the SLP field, ≥1/3 of the grid points covered by a cyclone
must have an altitude below 500 m

To remove the uncertainty in detecting cyclones using
SLP that is caused by high terrain

The threshold value of the relative slope of geopotential
height is 0.03

To ensure accuracy of the ESSD method in detecting
cyclones using geopotential height

The sliding box size for detecting cyclones by using
geopotential height is 12� × 12�

The same as above

4 JIANG ET AL.



(LDT). The above seven typical stages correspond respec-
tively to (a) the time when an EC's centre is first detected,
(b) the time when the EC first reaches the explosive devel-
opment criterion (i.e., a deepening rate ≥ 1 Bergeron),
(c) the time when the EC's deepening rate reaches its max-
imum, (d) the time when the EC reaches its highest top
level (it is also the time when an EC reaches its largest ver-
tical extent), (e) the time when the EC gains its maximum
surface wind speed, (f) the time when the EC's central
SLP reaches its minimum, and (g) the time when the EC
is detected for the last time. Similar to Messmer and
Simmonds (2021), the maximum surface wind speed asso-
ciated with an EC is the maximum surface wind speed
that appears during its whole lifespan within a range that
is centred on the EC's centre and has a radius of 2000 km
(usually, an EC can affect such an area, and the results are
insensitive to ±10% changes to this radius).

The baroclinic energy conversion (BEC; BEC = −αω,
where α is specific volume, and ω is vertical velocity in
pressure coordinate), which indicates the conversion
between available potential energy (APE) and kinetic
energy (KE) (Lorenz, 1955; Murakami, 2011) is calculated
to explain the features of maximum surface winds associ-
ated with ECs.

2.2.5 | Significance test and Lagrange
composite

In this study, the “t test” (Devore, 2004) is used to test the
significance level of (a) the proportion differences
between two types of ECs, and (b) the linear correlation.
The Whitney “U test” (Mann and Whitney, 1947;
Pepler and Dowdy, 2020) is used to test the significance
levels of the differences between the mean values
(e.g., frequencies, lifespans, deepening rates, winds) of
different types of ECs. If the significance test can pass the
level of 0.1 (i.e., p < 0.1, where p is the probability of
obtaining test results at least as extreme as the results
actually observed, under the assumption that the null
hypothesis is correct.) or a smaller value (e.g., 0.05, 0.01),
we consider it is statistically significant, otherwise it is
not statistically significant. Lagrange composite of ECs
are conducted in this study: (a) the coordinate origin is
the centres of ECs, and (b) the range for composite is a
box centred in the coordinate origin which has an area of
30 latitudes ×30 longitudes. This range is big enough to
include ECs' main body.

3 | CLASSICAL STATISTICAL
CHARACTERISTICS

After manual verification, a total of 2078 ECs are identi-
fied in the Northern Hemisphere during the 40-year

study period (Table 2). Of these, apart from ~0.43% that
occur in the Mediterranean and western Siberia, most
ECs appear over the Pacific, Atlantic, and Arctic Oceans
(Figures 1 and 2). According to this, ECs in the Northern
Hemisphere are divided into two main categories,
namely, the northern Pacific Ocean–Arctic Ocean type
(PAT), which form within (25�–80�N, 100�E–120�W),
and the northern Atlantic Ocean–Arctic Ocean type
(AAT), which form within (25�–80�N, 120�W–30�E).

3.1 | Tracks and key features at typical
stages

After formation, PAT and AAT ECs tend to move north-
eastward (Figure 1), and get more concentrated in spa-
tial range with time (Figure 2). In general, most PAT
ECs tend to form around the Japan Sea (Figure 2a),
begin explosive development and reach their most rapid
deepening over the sea east of Japan (Figure 2b,c), gain
minimum pressure around the middle northern Pacific
Ocean (Figure 2d), and dissipate in regions west of
Alaska (Figure 2e). Most AAT ECs tend to form around
the junction of the Sargasso Sea and the North Ameri-
can continent (Figure 2a), enter their explosive develop-
ment stage and reach their maximum deepening rate
around Newfoundland (Figure 2b,c), reach their mini-
mum pressure in regions southeast of Greenland
(Figure 2d), and dissipate over the Greenland Sea
(Figure 2e). On average, after formation, it takes ~22 hr
for PAT ECs to enter their explosive development stage,
~29 hr to reach their maximum deepening rate, ~63 hr
to reach their minimum pressure, and ~ 118 hr to dissi-
pate (Table 3). For AAT ECs, it lasts for less time than
the PAT ECs (p < 0.01). Compared to PAT, AAT needs
less time to enter their FET (~21 hr), MDT (~26 hr),
MPT (~59 hr), and LDT (~108 hr), and its mean deepen-
ing rate is larger. This means that AAT generally
develop more rapidly than PAT. A Lagrange composite
of the gradients of sea surface temperature (SST)
(Figure 3), and a Lagrange composite of maximum Eady
growth rate (EGR) (Figure 4) show that, overall, at dif-
ferent stages, the SST gradients and maximum EGR are
stronger for AAT. This means that baroclinity is more
intense for AAT, which contributes to its rapider
development.

3.2 | Annual and monthly occurrence
frequencies

ECs occur every year in the Northern Hemisphere,
with the lowest occurrence frequency of 34 in 1979 and
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the highest frequency of 69 in 2000 (Figure 5a). On
average, ~52 ECs occur each year during the 40-year
study period, which is ~7 larger than that found by Lim

and Simmonds (2002). The PAT ECs exhibit different
features from the AAT ECs: the maximum and mini-
mum annual occurrence numbers of AAT ECs are
34 (in 2007) and 11 (in 1979), respectively (Figure 5a),
whereas for PAT ECs, these numbers are 45 (in 2000) and
17 (in 1989), respectively. Overall, ~28 PAT and ~24 AAT
ECs occur every year. There are no significance linear
trends for annual frequency series of PAT, AAT and
their both.

A notable single-peak wave pattern is found in the
monthly occurrence numbers of PAT, AAT, and their
both (Table 2). Their peak values all occur in January
(for PAT, another peak appears in December), and
their minimum values all occur in July, when no ECs
are detected. The average formation longitudes of all
ECs and PAT tend to move westward from September
to April in the next year (p < 0.01) (Figure 5b). The
average latitudes of PAT (p < 0.1), AAT (p < 0.05) and
their both (p < 0.01) tend to move equatorward
during the same period (Figure 5c). The location varia-
tions of ECs' formation are consistent with the location
variations of SST's strong gradients in subtropical
regions over the North Pacific Ocean and the North
Atlantic Ocean (not shown), both of which are closely
related to annual cycle of the subtropical gyre. Sea-
sonal variation is notable for ECs. Overall, ~54.2% of
ECs form in winter (DJF), when their mean deepening
rate reaches its maximum of ~1.3 Bergeron and their
mean minimum central pressure reaches its lowest
value of ~971 hPa.

30°W

60°W

90°W

120°W

150°W

180°W

150°E

0 1,000 3,000 5,000 7,000

120°E

90°E

60°E

30°E

0

FIGURE 1 Explosive cyclone tracks over the period 1979–2018.
The shaded area denotes the terrain height (unit: m). The red lines are

the average paths of PATs and AATs, with the stars and circles

indicating the average starting and ending locations, respectively

[Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Monthly occurrence frequency and percentage of different types of ECs

Month

All PAT AAT

Frequency Percentage Frequency Percentage Frequency Percentage

Jan 405 19.5% 195 17.6% 209 21.7%

Feb 350 16.8% 171 15.4% 179 18.6%

Mar 270 13.0% 165 14.9% 103 10.7%

Apr 118 5.7% 71 6.4% 45 4.7%

May 35 1.7% 26 2.3% 9 0.9%

Jun 6 0.3% 3 0.3% 3 0.3%

Jul 0 0.0% 0 0.0% 0 0.0%

Aug 2 0.1% 0 0.0% 2 0.2%

Sep 63 3.0% 30 2.7% 33 3.4%

Oct 173 8.3% 96 8.7% 76 7.9%

Nov 284 13.7% 156 14.1% 127 13.2%

Dec 372 17.9% 195 17.6% 175 18.2%

Total 2078 100.0% 1,108 100.0% 961 100.0%

Note: Values (in the fifth and seventh columns) in bold-italic, italic and bold mean that the differences between PAT and AAT pass the significance tests of
levels 0.01, 0.05, and 0.1, respectively; whereas values in normal mean that the differences between PAT and AAT are not statistically significant.
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3.3 | Relationships between EC
occurrence and lifespan

In the Northern Hemisphere, the occurrence frequency of
ECs first increases as their lifespans lengthen, and then
decreases with further increases in lifespan (Table 4). The
ECs that mainly last for a lifespan of 48–168 hr (each EC
group accounts for a percentage ≥ 10%) contributes to an
accumulated proportion of ~76%. These ECs mainly form
in the western and middle sections of the Northern Pacific
Ocean and the western section of Northern Atlantic Ocean
(Figure 6b–f), with two high-frequency centres (>0.7) appe-
aring around Japan and the junction of the Sargasso Sea
and the North American continent. The EC groups with
lifespans 72–96 hr and 96–120 hr account for the highest

proportion of ~36.8% (Table 4), whereas, the groups with
lifespans 264–288 hr and ≥288 hr account for the lowest
proportion (<2%). These long-lived ECs tend to form
around Japan and the eastern section of the North Ameri-
can continent (not shown).

The ECs over the two oceans show obvious differ-
ences: (a) Overall, PAT ECs have a larger occurrence
number than AAT ECs (~1.2 times) (Table 4). This is true
for the EC groups with lifetime 72–240 hr, whereas for
other EC groups, AAT ECs have a larger occurrence
number (~1.4 times that of PAT ECs). (b) In general, the
mean lifespan of PAT ECs is longer than that of AAT
ECs (Table 3); however, for extremely long-lived ECs that
last for more than 10 days, the occurrence number of
AAT ECs is ~1.7 times of that of PAT ECs (Table 4).

FIGURE 2 Spatial distribution of ECs (the shading represents their occurrence frequency) at five typical stages: (a) CFT; (b) FET;

(c) MDT; (d) MPT; (e) LDT. The red text refers to the position of maximum-occurrence-frequency [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 3 All-event averaged time for different types of ECs to enter their different typical stages

Time (hr) FET-CFT MDT-CFT MST-CFT MPT-CFT HTT-CFT LDT-CFT

ALL 21.8 27.6 49.2 60.6 60.2 113.4

PAT 22.1 28.6 49.3 62.5 64.4 118.1

AAT 21.4 26.4 49.1 58.6 55.7 108.3

Note: For example, “FET-CFT” means from CFT to FET. Values (in the third and fourth lines) in bold-italic, italic and bold mean that the differences between
PAT and AAT pass the significance tests of levels 0.01, 0.05, and 0.1, respectively.
Abbreviations: CFT, cyclone formation time; FET, first explosive-development time; MDT, maximum deepening time; MST, maximum surface wind speed
time; MPT, minimum pressure time; HTT, highest top-level time; LDT, last detection time.
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3.4 | Relationships between EC
occurrence and maximum deepening rate

For PAT, AAT and their both, the occurrence frequencies
mainly decrease as their deepening rates increase
(Table 5). For weak ECs (i.e., those with a deepening rate
of 1.0–1.3 Bergeron), their contribution is ~64%; for mod-
erate ECs (1.3–1.7 Bergeron), they account for ~29.3%,

and for strong and super ECs (above 1.7 Bergeron), their
proportion is ~6.7%. Weak PAT ECs have two maximum-
occurrence-frequency centres (one located around the
south of Japan and the other in the middle Northern
Pacific Ocean), and weak AAT ECs have three
maximum-occurrence-frequency centres (regions south
of the Great Lakes of North America, south of Newfound-
land, and southeast of Greenland) (Figure 7a). Moderate

FIGURE 3 Composite (based on the Lagrange viewpoint) sea surface temperature gradient (shading, unit: 0.1 K [100 km]−1) of PAT

and AAT at typical stages, where the big white dot shows ECs' centres, and the white dash lines mark the four quadrants: Q I, Q II, Q III,

and Q IV [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 4 Composite (based on the Lagrange viewpoint) 900-hPa maximum Eady growth rate (shading, unit: day−1) of PAT and AAT

at typical stages, where the big white dot shows ECs' centres, and the white dash lines mark the four quadrants: Q I, Q II, Q III, and Q IV

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Annual occurrence frequencies of AAT, PAT, and both types of ECs in the Northern Hemisphere (a). The average formation

longitudes for PAT, AAT, and their both, respectively (b), where shading marks those pass the significance test, with the red values showing

the significance level. Panel (c) is the same as (b), but for average formation latitudes [Colour figure can be viewed at

wileyonlinelibrary.com]

TABLE 4 Occurrence frequency and percentage of different types of ECs relative to their lifespans

Lifespan (hr)

All PAT AAT

Frequency Percentage Frequency Percentage Frequency Percentage

24–48 176 8.5% 69 6.2% 106 11.0%

48–72 282 13.6% 125 11.3% 155 16.1%

72–96 392 18.9% 197 17.8% 192 20.0%

96–120 372 17.9% 206 18.6% 165 17.2%

120–144 321 15.4% 188 17.0% 133 13.8%

144–168 213 10.3% 136 12.3% 76 7.9%

168–192 143 6.9% 95 8.6% 47 4.9%

192–216 81 3.9% 49 4.4% 32 3.3%

216–240 46 2.2% 24 2.2% 22 2.3%

240–264 25 1.2% 9 0.8% 16 1.7%

264–288 15 0.7% 5 0.5% 10 1.0%

≥288 12 0.6% 5 0.5% 7 0.7%

Total 2078 100.0% 1,108 100.0% 961 100.0%

Note: Values (in the fifth and seventh columns) in bold-italic, italic and bold mean that the differences between PAT and AAT pass the significance tests of

levels 0.01, 0.05, and 0.1, respectively; whereas values in normal mean that the differences between PAT and AAT are not statistically significant.
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FIGURE 6 Distribution of the locations of formation of different types of ECs. (a) Distribution of ECs with lifespans of 24–48 hr (the

black + marks the location where the maximum frequency appears). (b)–(h) As for (a), but for lifespans of 48–72 hr, 72–96 hr, 96–120 hr,

120–144 hr, 144–168 hr, 168–192 hr, and ≥192 hr, respectively [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Occurrence frequency and percentage of different types of ECs relative to their maximum deepening rates

Maximum
deepening rate
(Bergeron)

All PAT AAT

Frequency Percentage Frequency Percentage Frequency Percentage

1.0–1.1 574 27.6% 298 26.9% 270 28.1%

1.1–1.2 432 20.8% 230 20.8% 201 20.9%

1.2–1.3 324 15.6% 189 17.1% 133 13.8%

1.3–1.4 240 11.5% 122 11.0% 118 12.3%

1.4–1.5 162 7.8% 90 8.1% 72 7.5%

1.5–1.6 122 5.9% 63 5.7% 59 6.1%

1.6–1.7 85 4.1% 40 3.6% 45 4.7%

1.7–1.8 42 2.0% 26 2.3% 16 1.7%

1.8–1.9 42 2.0% 25 2.3% 17 1.8%

1.9–2.0 22 1.1% 12 1.1% 10 1.0%

2.0–2.1 14 0.7% 7 0.6% 7 0.7%

2.1–2.2 10 0.5% 3 0.3% 7 0.7%

2.2–2.3 4 0.2% 1 0.1% 3 0.3%

2.3–2.4 3 0.1% 1 0.1% 2 0.2%

≥2.4 2 0.1% 1 0.1% 1 0.1%

Total 2078 100.0% 1,108 100.0% 961 100.0%

Note: Values (in the fifth and seventh columns) in bold-italic, italic and bold mean that the differences between PAT and AAT pass the significance tests of
levels 0.01, 0.05, and 0.1, respectively; whereas values in normal mean that the differences between PAT and AAT are not statistically significant.
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ECs have two maximum-occurrence-frequency centres:
one situated around the south of Japan and the other
around the eastern coast of Canada (Figure 7b). For
strong and super ECs, two maximum-occurrence-
frequency centres are found to locate in the area of
Kuroshio current and Gulf stream, similar to the situa-
tion of the moderate ECs (cf. Figure 7b,c).

A comparison of PAT with AAT ECs (Table 5) shows
that the former have a larger number of ECs with a deepen-
ing rate of 1.0–1.6 Bergeron and 1.7–2.0 Bergeron (accumu-
lated proportions are 95.3%/93.2% for PAT/AAT); a same
number to the latter for the category of 2.0–2.1 Bergeron;
whereas a less number for the categories of 1.6–1.7
Bergeron and ≥2.1 Bergeron. Overall, there are more PAT
than AAT ECs in the groups with a deepening rate of 1.0–
2.0 Bergeron (~1.2 times), whereas for the EC groups with a
deepening rate more than 2.0 Bergeron, AAT ECs have an
occurrence number that is ~1.5 times of that of PAT ECs.
This is consistent with the comparison of the extremely
long-lived ECs over the two oceans.

4 | FEATURES RELATED TO
SURFACE WIND AND VERTICAL
EXTENT

4.1 | Surface-wind-related features

In order to investigate the surface wind features, for each
EC, the maximum surface wind speed and its position
during the whole EC's lifecycle were investigated. From a
comparison of the largest surface winds during each typi-
cal stage (Figure 8), it is found that, generally, the lowest
wind speed occurs when an EC has just formed (i.e., at
CFT) and the second lowest wind speed when it is about

to dissipate (i.e., at LDT). From the time when an EC first
reaches a deepening rate of 1 Bergeron (i.e., at FET)
through the time when it has the highest deepening rate
(i.e., at MDT) to the time when it reaches its lowest pres-
sure (i.e., at MPT), the largest EC-associated surface wind
becomes stronger. This corresponds well with the results

FIGURE 7 Locations of formation of (a) weak ECs (1–1.3 Bergeron), (b) moderate ECs (1.3–1.7 Bergeron), and (c) strong and super ECs

(≥1.7 Bergeron). Shading represents the occurrence frequency. The red text refers to the position of maximum-occurrence-frequency [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Zonal band (every 5� in latitude) averaged largest

surface wind speeds (unit: m�s−1) associated with (a) PAT and

(b) AAT ECs during each typical stage. Zonal bands where there

are fewer than five ECs are not considered [Colour figure can be

viewed at wileyonlinelibrary.com]
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documented by Simmonds (2000), who found that
extratropical cyclones' size and intensity both increased,
and their thickness became thicker as they entered their
mature stage. As Table 3 shows, the maximum surface
wind (during the whole EC lifespan) associated with an
EC (i.e., at MST) tends to appear ~49 hr after EC forma-
tion. This stage is between the time when the EC reaches
its maximum deepening rate and the time when it
reaches its minimum pressure, which means that from
MDT to MST, the largest EC-associated surface wind
speed tends to increase, whereas from MST to MPT, it
tends to decrease.

As the top histograms in Figure 9a and b show, for
both PAT and AAT ECs, more than 50% of the maximum
EC-associated surface wind appears in winter; spring and

autumn share similar proportions; and the lowest propor-
tion is found in summer. This is consistent with their
occurrence frequencies in each season (Table 2). Notable
differences are found between the two types of ECs. For
PAT ECs, the meridional distribution of occurrence of
the maximum EC-associated surface wind has the form
of a single-peak wave (right histogram in Figure 9a), with
~92% of the maximum wind occurring at 35�–60�N. The
highest proportion of ~32.7% appears at 45�–50�N, with a
mean wind speed of ~30 m�s−1 (Figure 8a). For AAT ECs,
the meridional distribution of occurrence of the maxi-
mum surface wind has the form of a double-peak wave
during the period from December to March in the next
year (right histogram in Figure 9b). One peak is at
60�–65�N (within the northern section of 45�–70�N),
which represents a proportion of ~23.1%, and the other is
at 35�–40�N, which accounts for ~9.8%. The mean maxi-
mum surface wind speed is ~31 m�s−1 for the former peak
(Figure 8a) and ~27 m�s−1 for the latter (Figure 8b). As
Figure 10 shows, the double peaks of AAT's maximum
surface winds show consistent distributions to those of
the BEC. The southern peak (35�–40�N) is separated from
the northern section (45�–70�N) by a negative BEC
(KE is converted into APE, which reduce wind speed)
band within 40�–45�N. This means that, the BEC which
converts APE to KE is a key factor for the wind enhance-
ment associated with ECs. Similar results have been
found by Lim and Simmonds (2002), who also confirmed
the key role of baroclinicity in ECs’ development. Over-
all, for PAT ECs, the meridional variation of the zonal
band-averaged maximum surface wind speed shows no
obvious trend with increasing latitude (Figure 8a), whereas
for AAT ECs, it mainly shows an increasing trend at
30�–65�N and a decreasing trend at 65�–80�N (Figure 8b).
The meridional distribution of AAT-associated maximum
surface wind speed is consistent with the meridional distri-
bution of positive BEC (which means APE is converted into
KE, which enhances wind) which also mainly increases at
30�–65�N and decreases at 65�–80�N (not shown). For PAT
ECs, surface winds above 30 m�s−1 mainly appear from
October to March in the next year, within the zonal band
40�–65�N (Figure 9a). The maximum mean wind speed of
31.8 m�s−1 occurs within 60�–65�N, in February; however,
it should be noted that some PAT ECs at lower latitudes
(25�–35�N) can reach maximum surface wind speeds of
34 m�s−1 or more. For AAT ECs, surface winds above
30 m�s−1 mainly appear from September to March in the
next year (a wider timespan than that of PAT ECs)
(Figure 9b), within the zonal band 55�–70�N (much
narrower than that of PAT ECs). Of these, 70% occur in the
zonal band 60�–65�N, and the maximum mean wind speed
of 32.7 m�s−1 also appears in this band. Unlike PAT ECs, at
lower latitudes (25�–35�N), the maximum surface wind
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FIGURE 9 Monthly zonal band (every 5� in latitude) average

maximum surface wind speeds (shaded blocks, unit: m�s−1) of
(a) PAT and (b) AAT ECs, where grey blocks indicate that the

values are calculated with fewer than five cyclones, the above

histograms show the total numbers of maximum surface winds in

the corresponding months, and the right histograms show the total

numbers of maximum surface winds in specific zonal band [Colour

figure can be viewed at wileyonlinelibrary.com]
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speed is generally below 29 m�s−1, this shows that at lower
latitudes, the maximum surface wind speed of PAT ECs is
higher than that for AAT ECs.

For PAT ECs, their quadrant I (northeastern section)
accounts for the largest proportion of maximum surface
wind during the whole EC's lifecycle (~45.8%)
(Figure 11a), and the mean wind speed within this quad-
rant is also strongest (~30.5 m�s−1). More than 75% of
these maximum surface winds appear within 700 km
of the EC centres (Figure 11c). Quadrants IV (southeast-
ern section), II (northwestern section), and III (south-
western section) share similar proportions (with
maximum difference < 2%) and their mean wind speeds
are also similar (with maximum difference < 1 m�s−1)
(Figure 11a). In quadrants II and III, most (>75%) maxi-
mum surface winds occur within 600 km of the ECs' cen-
tres (Figure 11c), whereas the corresponding distance for
quadrant IV is 1,000 km. Overall, the PAT ECs in the
eastern section (quadrants I and IV) have larger propor-
tions (~2 times) and stronger wind speeds than those in
the western section (quadrants II and III). For AAT ECs,
quadrant I also has the largest proportion of maximum
surface wind (~34.3%) (Figure 11b) and the strongest

mean wind speed (~30.4 m�s−1). Similar to the situation
with PAT ECs, most of the maximum surface winds
occur within 700 km of the ECs' centres (Figure 11c).
Quadrant III ranks in second place in terms of proportion
(~25.0%), whereas quadrants II and IV share similar pro-
portions. Compared with PAT ECs, in quadrant III, AAT
ECs have similar distances that are between the locations
of the maximum surface wind and the EC centre
(Figure 11c), whereas in quadrants II and IV, the maxi-
mum surface winds tend to appear ~100 km farther and
~100 km closer to the ECs' centres, respectively. In terms
of mean maximum surface wind speed, quadrant II is the
second strongest (~29.3 m�s−1) (Figure 11b), whereas
quadrants III and IV have similar wind speeds of
~27 m�s−1.

The northeastern quadrant of both PAT and AAT has
the largest proportion and strongest intensity of maxi-
mum surface winds (Figure 11a,b). As Figure 12 shows,
the strongest positive BEC appears within quadrant I for
both types of ECs. This means that the conversion from
APE to KE is most intense within quadrant I, which is
consistent with the distribution features of maximum
surface wind (Figure 11a,b). Our findings are consistent

FIGURE 10 Monthly mean 900-hPa BEC (shading, unit: W�kg−1), where the green arcs outline the northern section of 45�–70�N
(shown in the right histogram of figure 9b), the red arcs outline the southern peak of 35�–40�N, and the black dots mark the locations of

EC-associated maximum surface winds [Colour figure can be viewed at wileyonlinelibrary.com]
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with the EC cases documented in Hart et al. (2017) and
Baker (2009), whereas it is different from the EC case
reported by Browning et al. (1998), associated with which
the maximum surface wind appeared in quadrant
IV. Overall, the western section of AAT ECs has a smaller
proportion of maximum surface winds than that of the
eastern section (Figure 11b), and a comparable wind
speed. Compared with PAT ECs, a larger proportion of
maximum surface winds appear in AAT ECs' western
section, with their mean wind speeds comparable to those
of the western section of PAT ECs (cf. Figure 11a,b). From
Figure 12 it is clear that, compared to that of PAT ECs, the
western section of AAT ECs has a larger positive BEC and
a smaller (i.e., absolute value) negative BEC. This means
that compared to that of PAT ECs, more energy is
converted from APE to KE for AAT ECs within their west-
ern sections. This is a possible reason for the larger

proportion of maximum surface winds that appear in AAT
ECs' western section.

4.2 | Vertical-extent-related features

From cyclone formation (i.e., at CFT) to the time when
an EC reaches its minimum central pressure (i.e., at
MPT), its top level mainly extends upward with time
(Figures 13a–d and 14), and, after reaching its highest
top level (i.e., at HTT), its vertical extent shrinks with
time (Figures 13d,e and 14). This is consistent with the
evolutionary features of extratropical cyclones' vertical
extents documented in Fu et al. (2015) and Li
et al. (2019). Most ECs have their smallest vertical
extent just after formation, although a small proportion
of PAT ECs (at 60�–80�N) are found to reach their low-
est top levels just before dissipation (Figure 14). At
CFT, FET, and MDT, the vertical extents of both PAT
and AAT ECs generally become thicker with increasing
latitude (p < 0.05) (Figures 13a–c and 14).

On average, PAT ECs tend to reach their highest
top levels ~2 hr after they reach their minimum cen-
tral pressure (i.e., at MPT) (Table 3), whereas the
corresponding time for AAT ECs is ~3 hr before
their MPT. This means that the highest top level of
an EC usually appears around the MPT. More than
60% of ECs have a highest top level above 300 hPa
(Table 6), which means that most ECs are deep
cyclones. This is consistent with the findings in Fu
et al. (2018) and Pepler and Dowdy (2020). By con-
trast, it is rare for an EC (<3.5%) to extend only to
the lower troposphere (below 700 hPa). The propor-
tion of ECs that have their highest top levels around
500 hPa (600–400 hPa) is ~12% (Table 6). Over 85%
of PAT ECs reach their highest top level in the zonal
band of 40�–60�N (right histogram in Figure 15a),
with the largest proportion (30.9%) appearing at 50�–
55�N. Over 73% of AAT ECs reach their highest top
level (also reach the maximum vertical extent) in the
zonal band 45�–65�N, with the largest proportion
(23.5%) appearing at 60�–65�N (right histogram in
Figure 15b). Overall, PAT ECs tend to reach their
highest top levels within regions at lower latitudes
than those of AAT ECs (cf. the shaded blocks in
Figure 15a,b), and their maximum vertical extents are
greater than those of AAT ECs (cf. the black solid lines
in Figure 14a,b). As Figure 16 shows, ascending motions
are stronger for PAT than those of AAT, which provides
more favourable conditions for their upward extending.
This is an important reason for why PAT's top level is
generally higher than that of AAT. In terms of seasonal
distribution, more than half of ECs reach their highest

FIGURE 11 Proportions of occurrence of maximum surface

winds in quadrants I–IV (Q I–Q IV), and the corresponding

quadrant-averaged maximum surface winds (m�s−1) for (a) PAT
and (b) AAT ECs. (c) Boxplot of the distance between the location

of the maximum surface wind and the centre of the EC (unit: km),

where the red and black plots are for AAT and PAT ECs,

respectively, the solid lines within boxes show the median values,

and the crosses show the average values. The extent of the boxes

corresponding to 25% (first quartile), 75% (third quartile), and

whiskers corresponds to (third quartile) − 1.5 * (interquartile

range) and (first quartile) + 1.5 * (interquartile range). The outliers

are removed [Colour figure can be viewed at

wileyonlinelibrary.com]
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top levels in winter (top histograms in Figure 15a,b), the
proportion in spring and autumn are similar to each
other, and the lowest proportion appears in summer.

This is consistent with the seasonal occurrence frequency
of ECs (Table 2). On average, for both types of ECs, top
levels higher than 250 hPa mainly appear in September,

FIGURE 12 Composite (based on the Lagrange viewpoint) vertical averaged (from surface to 500 hPa) baroclinic energy conversion

(shading, unit: W�kg−1) of PATs and AATs at typical stages, where the big white dot shows ECs' centres, and the white dash lines mark the

four quadrants: Q I, Q II, Q III, and Q IV [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 13 Spatial distribution of top levels of ECs at different stages: (a) CFT; (b) FET; (c) MDT; (d) MPT; (e) LDT. The points

indicate the surface centres of the ECs, and the colours of the points indicate their top levels (unit: hPa) [Colour figure can be viewed at

wileyonlinelibrary.com]
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October, April, and May (Figure 15), whereas in other
months, the highest top levels mainly range from 400 to
250 hPa. This is consistent with the fact that
EC-associated ascending motions are stronger in
September, October, April, and May (not shown).

The mean highest top levels of PAT and AAT ECs
generally become higher as their minimum central pres-
sure decreases (Figure 17a,b). Around 73% of PAT ECs
have a minimum central pressure in the range 965–
985 hPa, and their mean highest top levels are between

FIGURE 14 Zonal band (every 5� in latitude) average top

levels (unit: hPa) of (a) PAT and (b) AAT ECs during each typical

stage. Zonal bands where there are fewer than five ECs are not

considered [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 6 Frequency and percentage of different vertical extents of ECs

Top level (hPa)

All PAT AAT

Frequency Percentage Frequency Percentage Frequency Percentage

1,000–900 5 0.2% 2 0.2% 3 0.3%

900–800 17 0.8% 2 0.2% 15 1.6%

800–700 19 0.9% 7 0.6% 12 1.2%

700–600 81 3.9% 26 2.3% 54 5.6%

600–500 119 5.7% 60 5.4% 59 6.1%

500–400 129 6.2% 63 5.7% 65 6.8%

400–300 389 18.7% 214 19.3% 175 18.2%

300–200 1,319 63.5% 734 66.2% 578 60.1%

Total 2078 100.0% 1,108 100.0% 961 100.0%

Note: Values (in the fifth and seventh columns) in bold-italic, italic and bold mean that the differences between PAT and AAT pass the significance tests of
levels 0.01, 0.05, and 0.1, respectively; whereas values in normal mean that the differences between PAT and AAT are not statistically significant.
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ECs. Grey blocks indicate that the values are calculated with fewer than

five cyclones, and the histograms show the total numbers of highest top

levels in the corresponding months (above) and specific zonal band

(right) [Colour figure can be viewed at wileyonlinelibrary.com]
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325 and 250 hPa (Figure 17a). For AAT ECs, ~74.6% of
their minimum central pressure is in the range 965–
985 hPa, and the mean highest top levels of these ECs are
between 350 and 250 hPa (Figure 17b). As Figure 17c,d
shows, the mean highest top levels of PAT and AAT ECs
show an overall upward extending trend as their deepen-
ing rate increases. The highest top levels of weak PAT
and AAT ECs are between 300 and 275 hPa and between
325 and 300 hPa, respectively. These levels are both lower
than those of strong and super ECs (between 275 and
225 hPa for PAT, and between 325 and 225 hPa for
AAT). The mean highest top levels of PAT ECs show
no obvious trends of variation with their maximum
surface winds (Figure 17e). This is also true for those
AAT ECs that have maximum surface wind speeds
above 32 m�s−1 (Figure 17f). However, for those AAT
ECs that have maximum surface wind speeds below
32 m�s−1, the mean highest top levels show an obvious
upward extending trend as their maximum surface
wind speed increases.

Due to strong vertical wind shear, the vertical
extents of ECs show notable vertical tilting. Two fac-
tors are defined to describe the tilting, the first is the
distance between an EC's top-level centre and its sur-
face centre (DTS), which indicates the tilting

magnitude; the second is the azimuth of an EC's top-
level centre relative to its surface centre (ATS), which
denotes the tilting direction. Overall, for DTS, PAT and
AAT showed similar features (Figure 18a). The rapidest
increase and decrease of DTS appear in the periods of
CFT-FET (i.e., from CFT to FET) and MDT-MPT,
respectively. The former corresponds to the rapid
enhancement in baroclinity, whereas, the latter is con-
sistent with the quick weakening of baroclinity. The
periods of FET-MDT and MPT-LDT feature slow varia-
tions of DTS, respectively, implying that baroclinity
during these periods change slowly. The largest DTSs
tend to appear at MDT (Figure 18a), when ECs' vertical
extent grow rapidly. After the ECs reach their highest
top-levels (i.e., MPT; Table 3), their DTSs decrease
notably, as baroclinity associated with them weaken.
The BEC from APE (APE is an effective indicator for
baroclinity) to KE is an important reason for ECs'
development and reduction in baroclinity.

For ATS, PAT and AAT show similar features
(Figure 18b). Around CFT, when the ECs are weak and
develop slowly, they show tilting in all directions.
From FET to MDT, as the ECs develop rapidly, their
ATS keeps concentrated, which is mainly located
within 225�–355�. This indicates that the ECs mainly

FIGURE 16 Composite (based on the Lagrange viewpoint) vertical averaged (from surface to 200 hPa) vertical velocity (shading, unit:

Pa�s−1) of PAT and AAT at typical stages, where the big white dot shows ECs' centres, and the white dash lines mark the four quadrants:

Q I, Q II, Q III, and Q IV [Colour figure can be viewed at wileyonlinelibrary.com]
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tilt to the west or northwest with height. After the ECs
reach their highest top-levels (around MPT), over a
half of them show westward tilting, and a small pro-
portion of them begin to tilt southward. As ECs enter
the LDT, eastward and northeast tilting appear again,

but less than that of CFT. Overall, ATS does not show a
consistent variation feature with that of DTS or ECs'
vertical extent (Figure 18). The value range of ATS
(larger value range means more tilting directions) is
large at CFT and LDT (Figure 18b), when the

FIGURE 17 Highest top levels of (a) PAT and (b) AAT ECs (unit: hPa) relative to their respective minimum pressures (unit: hPa).

Highest top levels of (c) PAT and (d) AAT ECs (unit: hPa) relative to their respective maximum deepening rates (unit: Bergeron). Highest

top levels of (e) PAT and (f) AAT ECs (unit: hPa) relative to their respective maximum surface wind speeds (unit: m�s−1) [Colour figure can
be viewed at wileyonlinelibrary.com]
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deepening rate is small; whereas, at FET and MDT,
when the deepening rate is large, the value range is
small.

5 | CONCLUSION AND
DISCUSSION

In this study, based on 6-hourly 0.75� × 0.75� ERA-I
reanalysis data from 1979 to 2018, a statistical analysis has
been conducted on ECs in the Northern Hemisphere. The
ESSD method has been used to identify ECs during the
40-year period. After manual verification, a total of 2078
ECs have been determined, which means that ~52 ECs
appear in the Northern Hemisphere every year. This figure
is obviously more than that found by Black and
Pezza (2013) (~18 ECs per year) and Allen et al. (2010)
(~36 ECs per year), but is about a half of the result found
by Fu et al. (2020) (~103 ECs per year) (All of these three
results are based on the ERA-Interim dataset). This is com-
parable to the 46 diagnosed by Lim and Simmonds (2002)
which are based on the NCEP-DOE II dataset. Differences
in EC definitions and detection methods are the main rea-
sons for these differences. The Northern Pacific and

Northern Atlantic Oceans are found to be the two most
important source regions for ECs in the Northern Hemi-
sphere. The mean deepening rates of PAT and AAT are
1.27 and 1.28 Bergeron, respectively, which are ~15%
smaller than those found by Fu et al. (2020). ECs tend to
move northeastward after formation, and winter is the
most active season for their formation. This is consistent
with the results found by most previous EC statistical stud-
ies (Yoshida and Asuma, 2004; Sanders and Gyakum,
1980; Allen et al., 2010; Fu et al., 2020). Their occurrence
frequency tends to (a) decrease as their deepening rate
grows larger (similar to those found by Fu et al. (2020)),
with ~64% of them being weak ECs (≤1.3 Bergeron), and
(b) first increase as their lifespans lengthen, and then
decrease, with ~76% of them lasting for 48–168 hr. Overall,
PAT ECs have a larger occurrence number and a longer
mean lifespan (p < 0.01). These are similar to the findings
of previous studies (e.g., Yoshida and Asuma, 2004; Allen
et al., 2010; Zhang et al., 2017; Fu et al., 2020). Further-
more, we find that (a) the average location of formation of
ECs undergoes an obvious westward and equatorward shift
from September to April in the next year, (b) overall, PAT
ECs tend to form in regions at lower latitudes than AAT
ECs, (c) among the extreme ECs that have a deepening rate

FIGURE 18 Panel (a) is the

boxplot of the distance between ECs'

top centres and their surface centres

(DTS; unit: km). Panel (b) is the

boxplot of the azimuth of an EC's

top-level centre relative to its surface

centre (ATS; units degree).

NT = northward tilting (from

bottom up), NWT = northwestward

tilting, NET = northeastward tilting,

WT = westward tilting,

SWT = southwestward tilting,

SET = southeastward tilting,

ST = southward tilting, and

ET = eastward tilting, which are

shown by the green circle with

purple centre (denotes the cyclone's

surface centre). The solid line within

a box marks the median value, the

open circles show the values within

the whiskers, the extent of the boxes

corresponding to 25% (first quartile),

75% (third quartile), and whiskers

corresponds to (third quartile)

− 1.5 * (interquartile range) and

(first quartile) + 1.5 * (interquartile

range) [Colour figure can be viewed

at wileyonlinelibrary.com]
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more than 2.0 Bergeron or with a longer lifespan more
than 10 days, AAT ECs tend to have a larger occurrence
number than PAT ECs.

There have been a number of new findings about the
surface winds and vertical extent of ECs: (a) The maxi-
mum surface wind associated with an EC tends to appear
between the time when the EC reaches its maximum
deepening rate and the time when it reaches its mini-
mum central pressure. (b) For PAT ECs, ~32.7% of their
associated maximum surface wind occurs at 45�–50�N,
with a mean speed of ~30 m�s−1; for AAT ECs, ~23.1% of
their maximum surface wind occurs at 60�–65�N, with a
mean speed of ~31 m�s−1. (c) More damaging winds tend
to occur in the eastern section of ECs, of which the north-
eastern quadrant has the largest proportion of maximum
surface winds and strongest wind speeds (mainly within
700 km from the EC centres). (d) Over 60% of ECs belong
to a type of vertically deep cyclone (with top levels above
300 hPa), and they tend to reach their highest top level
around the time when they gain their minimum central
pressure. (e) PAT ECs tend to reach their highest top
levels within regions at lower latitudes than those of
AAT ECs, and their maximum vertical extents are greater
than those of AAT ECs. (f) The highest top levels of ECs
exhibit an overall upward extending trend as their mini-
mum central pressure decreases or their deepening rate
increases, whereas for the maximum EC-associated sur-
face wind, an upward extending trend with increasing
maximum surface wind is obvious for AAT ECs only
when the wind speed is below 32 m�s−1.
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