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ABSTRACT

Explosive cyclones (ECs) over two basins in the Northern Hemisphere (20°−90°N) from January 1979 to December
2016 are investigated using ERA-Interim and Optimum Interpolation Sea Surface Temperature (OISST) data. The classical
definition of an EC is modified considering not only the rapid drop of the central sea level pressure of the cyclone, but also
the  strong  wind  speed  at  the  height  of  10  m  in  which  maximum  wind  speeds  greater  than  17.2  m  s−1 are  included.
According to the locations of the northern Atlantic and northern Pacific, the whole Northern Hemisphere is divided into the
“A  region ”  (20°−90°N,  90°W−90°E)  and  “P  region ”  (20°−90°N,  90°E−90°W).  Over  both  the  A  and  P  regions,  the
climatological  features  of  ECs,  such  as  their  spatial  distribution,  intensity,  seasonal  variation,  interannual  variation,  and
moving tracks, are documented.
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Article Highlights:

•  The definition of an explosive cyclone is modified considering both the rapid drop of central sea level pressure and the
strong wind speed.
•  The entire  Northern  Hemisphere  is  divided  into  the  “A region”  (20°−90°N,  90°W−90°E)  and  “P region”  (20°−90°N,
90°E−90°W).
•  Over  both  the  A  and  P  regions,  the  climatology  of  ECs,  such  as  their  spatial  distribution,  intensity,  and  seasonal  and
interannual variations, are documented.

 
 

1.    Introduction

An explosive cyclone (EC) is a type of rapid-pressure-
drop cyclone that often occurs over the middle- or high-latit-
ude  oceans  and  is  accompanied  by  severe  weather  such  as
strong  winds,  heavy  rainfall/snow,  floods,  and  so  on. Rice
(1979) referred to ECs as meteorological “bombs” for caus-
ing the tragic loss of life during the 1979 Fastnet yacht race.
The study of ECs is of extreme significance both in terms of

synoptic meteorology research and operational weather fore-
casting,  because  the  associated  strong  winds  and  huge
waves impose serious threats to the safety of shipping, fish-
ing,  maritime  operations,  and  other  activities  in  coastal  re-
gions.

The term “rapid cyclogenesis” was first coined by Berger-
on (1954),  and refers  to  the  rapid  drop of  central  sea  level
pressure  (SLP)  of  severe  storms  that  deepen  by  at  least
24  hPa  within  24  hours.  Thus,  the  unit  for  the  deepening
rate  of  the  central  SLP  of  a  cyclone  is  termed  “Bergeron”
(1 Bergeron = 1 hPa h−1). The first quantified EC definition
was given by Sanders and Gyakum (1980), and referred to a
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surface  weather  low-pressure  system  whose  central  SLP
falls at least 1 Bergeron within 24 hours, adjusted geostrophic-
ally  to  60°N.  Later,  according  to  the  latitude  of  maximum
EC  occurrence  over  the  Northern  Hemisphere,  the  latitude
in  the  EC  definition  was  modified  by  several  researchers.
For  example, Roebber  (1984) adjusted  60°N  to  42.5°N,
while Gyakum et al.  (1989) and Zhang et al.  (2017) adjus-
ted  60°N to  45°N.  Additionally,  with  improvements  in  the
temporal resolution of data, Yoshida and Asuma (2004) and
Zhang et al. (2017) modified the EC definition by using 12-
hourly  pressure  change  instead  of  24-hourly pressure
change.

Previous studies have indicated that ECs are predomin-
antly  cold-season  weather  systems  (Sanders  and  Gyakum,
1980; Roebber, 1984; Chen et al., 1992; Wang and Rogers,
2001; Yoshida and Asuma, 2004), as their occurrence peaks
in the winter season (Sanders and Gyakum, 1980; Yoshida
and  Asuma,  2004; Allen  et  al.,  2010; Zhang  et  al.,  2017).
Sanders  and  Gyakum  (1980) showed  that  the  number  of
ECs over the Northern Hemisphere is at a maximum in Janu-
ary, followed by February and December. In addition, many
ECs  occur  in  November. Chen  et  al.  (1992) also  docu-
mented  that  the  number  of  ECs  decreases  successively  in
January,  December,  March  and  February. Yoshida  and
Asuma (2004) indicated that ECs over the northwestern Pa-
cific  can  be  classified  into  three  types:  the  Okhotsk−Japan
Sea  type  (O−J  type),  the  Pacific  Ocean−Land  type  (PO-L
type), and the Pacific Ocean–Ocean type (PO−O type). The
number  of  O-J-type  cyclones  is  at  a  maximum  in  Novem-
ber, whereas PO-L-type cyclones peak in December and Feb-
ruary,  and  PO-O-type  cyclones  are  most  frequent  in  Janu-
ary.  The  number  of  ECs  over  the  northwestern  Pacific  is
also the most in the winter season. The statistical results of
Allen  et  al.  (2010) showed  that  most  ECs  occur  over  the
Northern Hemisphere in the winter season. By using Nation-
al Centers for Environmental Prediction (NCEP) Final Analys-
is data during the cold season (October−April) from 2000 to

2015, Zhang et  al.  (2017) investigated ECs over the north-
ern Pacific. According to the spatial distribution of their max-
imum deepening rate  locations,  ECs over  the Northern Pa-
cific were further classified into five regions: the Japan−Ok-
hotsk  Sea,  the  northwestern  Pacific,  the  West-Central  Pa-
cific, the East-Central Pacific, and the northeastern Pacific.
Additionally, these ECs had four intensity categories: weak,
moderate, strong, and super.

Due to the differences of employed data, the spatial distri-
butions  of  ECs  have  differed  slightly  from  study  to  study.
For ECs over the northern Pacific, several studies (Sanders
and  Gyakum,  1980; Wang  and  Rogers,  2001; Allen  et  al.,
2010)  have  indicated  that  their  spatial  distribution  extends
eastward from the east of Japan, spanning the whole north-
ern Pacific. Sanders and Gyakum (1980, their Fig.3) found
that  ECs mainly  occur  over  the  ocean during the  cold  sea-
son, using three cold-season (September 1976 to May 1979)
datasets. They pointed out that there are four most-frequent
occurrence areas of ECs over the northern Pacific: the area
from  the  east  of  Japan  to  165°E;  the  area  from  170°E  to
180°; the area from 175°W to 160°W; and the northeastern
Pacific  (from  150°W  to  140°W). Chen  et  al.  (1992,  their
Fig.4) investigated the climatology of explosive cyclogenes-
is off the East Asian coast, using 30 years (1958−87) of sur-
face  station  data.  They  indicated  that  there  are  two  favor-
able  areas  for  explosive  cyclone  deepening:  one  over  the
east  of the Japan Sea; and the other over the north Pacific,
which is close to the warm Kuroshio Current. Wang and Ro-
gers (2001, their Fig.1) also found that there are two signific-
ant EC frequent-occurrence areas—over the northwestern Pa-
cific  (from  125°E  to  180°)  and  over  the  northeastern  Pa-
cific (around 145°W)—using the twice-daily, 2.5° × 2.5° grid-
ded  analysis  data  from  the  European  Centre  for  Medium-
Range Weather Forecasts (ECMWF) from January 1985 to
March 1996. However, the number of ECs over the northeast-
ern Pacific was found to be less than that over the northwest-
ern Pacific. By using 2.5°×2.5° NCEP2 reanalysis data from

 

 

Fig. 1.  Geographic map of the study domain over the Northern Hemisphere.
The left-hand domain represents the A region and the framed area represents
the  northern  Atlantic  region.  The right-hand domain represents  the  P  region
and the framed area represents the northern Pacific region.

144 EXPLOSIVE CYCLONES OVER THE NORTHERN HEMISPHERE VOLUME 37

 

  



1979 to 2008, Allen et al.  (2010, their Fig. 6a) pointed out
that the distribution of ECs over the North Pacific can be clas-
sified  into  three  frequent-occurrence  areas:  the  east  of  Ja-
pan  (from  140°E  to  155°E);  the  area  from  170°E  to  180°;
and the area from 155°W to 135°W.

For ECs over the northern Atlantic, their spatial distribu-
tion  extends  northeastward  along  the  east  coast  of  North
America  (Sanders  and  Gyakum,  1980; Wang  and  Rogers,
2001; Allen  et  al.,  2010).  There  are  three  frequent-occur-
rence areas of ECs: the area along the coast of North Amer-
ica  (from  70°W  to  55°W);  the  area  from  50°W  to  40°W;
and the area from 30°W to 25°W (Wang and Rogers, 2001).
The EC distribution revealed by Allen et al. (2010) over the
northern  Atlantic  was  different  to  that  revealed  by Wang
and Rogers (2001), showing only two distinct frequent-occur-
rence areas of ECs over the northern Atlantic—from 75°W
to 50°W and from 50°W to 30°W.

Several  observational  or  modeling  studies  have  re-
vealed that the large-scale environmental backgrounds, such
as  the  atmospheric  and  oceanic  circulations,  have  signific-
ant influences on the spatial distribution of ECs (Konrad II
and  Colucci,  1988; Kelly  et  al.,  1994; Lackmann  et  al.,
1996; Yoshida  and  Asuma,  2004; Black  and  Pezza,  2013;
Zhang et al., 2017). Several factors are thought to be respons-
ible for the genesis and development of ECs, including baro-
clinic instability (Sanders and Gyakum, 1980; Bosart, 1981;
Anthes  et  al.,  1983; Roebber,  1984; Reed  and  Albright,
1986; Nuss  and  Anthes,  1987; Rogers  and  Bosart,  1991;
Iwao  et  al.,  2012),  thermal  forcing  (Anthes  and  Keyser,
1979; Chen et al., 1983; Gyakum, 1983a,b; Chen and Dell’
osso, 1987; Liou and Elsberry, 1987; Kuo et al., 1991; Dal
Piva et al., 2011; Fink et al., 2012; Hirata et al., 2015), advec-
tion  of  vorticity  and  temperature  (Petterssen  and  Smebye,
1971; Bosart  and  Lin,  1984; Sanders,  1986; Lupo  et  al.,
1992; Rausch  and  Smith,  1996; Strahl  and  Smith,  2001;
Yoshida  and  Asuma,  2004),  potential  vorticity  and  tropo-
pause folding (Bosart and Lin, 1984; Uccellini et al., 1985;
Whitaker  et  al.,  1988; Zehnder  and  Keyser,  1991; Brown-
ing  and  Golding,  1995; Cordeira  and  Bosart,  2011; Binder
et al., 2016), upper-level jet streams (Uccellini and Johnson,
1979; Uccellini  et  al.,  1984; Ruscher  and  Condo,  1996;
Yoshida and Asuma, 2004; Rivière et al., 2010), and the com-
bination of multiple factors (Bullock and Gyakum, 1993; Nes-
terov,  2010).  Furthermore,  there  are  also  other  factors  that
may affect ECs, such as topographic effects (Kristjánsson et
al.,  2009),  the  northern  Atlantic  Oscillation  (NAO, Nester-
ov, 2010), and the horizontal resolution of data (Kouroutzo-
glou et al., 2011).

Although the climatological features of ECs over the Pa-
cific  and Atlantic  have been investigated in several  studies
(Sanders  and  Gyakum,  1980; Roebber,  1984; Sanders,
1986; Gyakum, et al. 1989; Chen et al., 1992; Wang and Ro-
gers,  2001; Zhang  et  al.,  2017),  to  the  best  of  our  know-
ledge  there  have  been  no  EC  studies  that  have  examined
two basins in the Northern Hemisphere using single detec-
tion  criteria.  In  this  paper,  the  characteristics  of  ECs  over
the  Northern  Hemisphere  from January  1979  to  December

2016  are  investigated.  The  classical  definition  of  an  EC is
modified considering not only the rapid drop of the central
SLP  of  the  cyclone,  but  also  the  strong  wind  speed  at  the
height of 10 m in which the maximum wind speeds greater
than  17.2  m  s−1 are  included.  The  overall  aim  is  to  reveal
the  climatological  features  of  ECs  over  two  basins  in  the
Northern Hemisphere.

The rest of the paper is structured as follows: Section 2
introduces  the  data  and  methods.  The  modification  of  the
EC  definition  is  discussed  in  section  3.  Section  4  presents
the climatological features of ECs, such as their spatial distri-
bution,  intensity,  seasonal  variation,  interannual  variation,
and moving tracks. Finally, concluding remarks are given in
section 5.

2.    Data and methods

2.1.    Data

The data utilized in the present study are as follows:
(1)  ERA-Interim  data  (http://apps.ecmwf.int/datasets/

data/interim-full-daily/levtype=sfc/)  from  January  1979  to
December  2016,  with  a  six-hourly  temporal  resolution
(0000, 0600, 1200 and 1800 UTC) and 1°×1° spatial resolu-
tion.

(2)  OISST  data  (https://www.esrl.noaa.gov/psd/data/
gridded/data.noaa.oisst.v2.html).  Low-resolution  data  (1°×
1°  horizontal  resolution;  monthly  mean)  from  December
1981 to December 2016 are used.

2.2.    Methods

A revised cyclone detection and tracking algorithm, ini-
tially developed by Hart (2003), is used to identify and track
the  extratropical  cyclones  over  the  Northern  Hemisphere
from January 1979 to December 2016. Some additional re-
striction conditions are added in order to eliminate tropical
cyclones, as well as extratropical cyclones whose life cycles
are shorter  than 24 hours.  The specific  methods are as  fol-
lows:  (1)  the  minimum  SLP  within  any  5°×5°  domain
should be smaller than 1020 hPa, and the location of the min-
imum SLP should not be at the border of this 5°×5° domain;
(2)  the  life  cycle  of  the  extratropical  cyclone  should  be
longer than 24 hours; (3) the change of SLP within a 5°×5°
domain should be equal to or less than 2 hPa; and (4) the topo-
graphic elevation should be below 1500 m in order to elimin-
ate  the  interference  of  plateau  thermal  low-pressure  sys-
tems.

For the tracking algorithm of cyclone, the method put for-
ward  by Hart  (2003) is  also  used.  Assuming that  there  ex-
ists one cyclone (A) at t−δt and one cyclone (B) at t, where
the  distance  between  A  and  B  is δd,  the  restriction  condi-
tions  for  tracking  the  cyclone  are  as  follows:  (1) δt should
be shorter than 24 hours; (2) cyclone B at t is the closest one
to cyclone A at t−δt; (3) the moving speed of cyclone A to
cyclone B (δd/δt) should be less than 45 m s−1; (4) δd<δdmax
[where δdmax is the maximum moving distance within the peri-
od δt, and δdmax = max (500 km, 3×δt×Vprev), in which Vprev
is  the  moving  speed  of  cyclone  A  during  the  period  from
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t−2δt to t−δt]; and (5) the change in cyclone moving direc-
tion from period t−2δt to t−δt to the period t to t−δt should
be limited within a certain range.

3.    Revised  EC  definition  and  other  specific
terms

3.1.    Modification of EC definition

The original definition of an EC initially quantified by
Sanders  and Gyakum (1980) emphasized the rapid central-
pressure-drop  of  the  cyclone.  However,  the  factor  of  wind
speed  has  not  yet  been  considered  in  the  definition  of  an
EC. In this subsection, we discuss the significance of wind
speed in defining an EC.

In  order  to  understand  the  definition  of  an  EC  deeply
and clearly,  it  is  useful  to  review famous ECs,  such as  the
QE-II cyclone  of  10−11  September  1978  (Gyakum,
1983a,b; Uccellini,  1986; Gyakum,  1991)  and  the  Presid-
ents’ Day  cyclone  of  18−19  February  1979  (Bosart,  1981;
Bosart  and  Lin,  1984; Uccellini  et  al.,  1984, 1985; Whi-
taker  et  al.,  1988).  The QE-II cyclone  experienced  an  ex-
traordinarily  rapid  24-hour  central  pressure  fall  of  nearly
60  hPa.  Based  upon  extensive  investigations  of  these  cyc-
lones, it can be summarized that common and widely accep-
ted features of ECs are: (1) a rapid drop of central pressure;
(2) fast cyclogenesis; (3) strong winds; and (4) heavy rain-
/snowfall. Usually, these features are integrated, and cannot
be isolated. Among these four features, strong wind associ-
ated  with  explosive  deepening  is  the  most  dominant  factor
that may cause severe damage, just like a tropical cyclone.

For  tropical  cyclones,  the  Typhoon  Committee  of  the
World  Meteorological  Organization  (WMO)  (https://www.
wmo.int/pages/prog/www/tcp/documents/TCP-23EDI-
TION2008.pdf; accessed: 30 April 2019) usually use the Saf-
fir−Simpson  hurricane  wind  scale  (http://glossary.ametsoc.
org/wiki/Saffir-simpson_hurricane_scale;  accessed:  9  Au-
gust 2019), which is based on the estimated maximum sus-
tained wind speeds over a one-minute period to classify the
intensity of a tropical cyclone. In the western Pacific, the ES-
CAP/WMO Typhoon Committee also uses the estimated max-
imum sustained wind speeds over a 10-minute period as the
four separate classifications of a tropical cyclone. In the pre-
sent study, the wind speeds associated with extratropical cyc-
lones should also be considered as a significant factor in the
EC definition, similar to the definition of a tropical cyclone.

Yoshida  and  Asuma  (2004) calculated  the  deepening
rate of cyclone SLP(RSLP) in the following way: 

RSLP =

( pt−6− pt+6

12

) sin60◦

sin
φt−6+φt+6

2

 , (1)

φ
where p is  the  SLP of  the  cyclone  center, t is  the  analysis
time in hours, and  is the latitude of the cyclone center. If
the deepening rate of a cyclone is greater than 1 Bergeron,
this extratropical cyclone is a candidate for being identified
as an EC.

Applying ERA-Interim data into Eq. (1), all extratropic-
al cyclones whose deepening rates are greater than or equal
to  1  Bergeron are  selected.  It  is  found that,  over  the  entire
Northern Hemisphere (20°−90°N), there are a total of 6392
ECs from January 1979 to December 2016.

In order  to examine the wind speeds in the EC defini-
tion, the ERA-Interim wind speeds associated with extratrop-
ical cyclones at the height of 10 m are analyzed carefully. It
is found that, for some extratropical cyclones, although their
deepening rates of central SLP are greater than 1 Bergeron,
their  winds  are  sometimes  very  weak,  and  their  maximum
wind  speeds  can  even  be  near  to  8.2  m  s−1.  As  the  major
threat of ECs over oceans to shipping safety is due to strong
winds, and the WMO suggests that gales over oceans great-
er than Force 8 on the Beaufort scale (17.2 m s−1) should con-
stitute a gale warning, it is thus reasonable and acceptable to
choose a wind speed of 17.2 m s−1 as the threshold value in
the modified definition of an EC. In total, 1112 extratropical
cyclones whose maximum wind speeds are less than 17.2 m s−1

are eliminated.
Figure  1 shows  the  geographic  map  of  the  Northern

Hemisphere. According to the geographic locations of the At-
lantic  and  the  Pacific,  the  Northern  Hemisphere  is  separ-
ated into two regions—the “A region” (20°−90°N, 90°W−
90°E)  and  “P  region ”  (20°−90°N,  90°E−90°W)—with  the
same spatial size (see Fig. 1). With this division, the entire
Northern  Hemisphere  is  completely  covered  by  these  two
regions. In addition, the northern Atlantic region (20°−80°N,
90°W−20°E)  and  northern  Pacific  region  (20°−80°N,
100°E−100°W) are also defined.

In  previous  studies  (Roebber,1984; Gyakum  et  al.,
1989; Zhang et al., 2017), the latitude of 60°N in the EC defin-
ition has been modified by the mean latitude of most EC loca-
tions. Roebber (1984) adjusted 60°N to 42.5°N—the approx-
imate latitude of  maximum EC occurrence over  the North-
ern Hemisphere. Similarly, Gyakum et al. (1989) and Zhang
et  al.  (2017) adjusted  60°N  to  45°N—a  region  slightly  to
the  north  where  most  ECs  occurred  over  the  northern  Pa-
cific.  In  the  present  study,  the  mean  latitudes  of  ECs  over
the A region and P region are 49.53°N and 43.21°N, respect-
ively. For convenience, the mean latitudes in the EC defini-
tion are adjusted geostrophically to 50°N over the A region
and 45°N over the P region. Subsequently, there are a total
of 3916 ECs over the Northern Hemisphere.

Thus, in the present study, an EC is newly defined as a
surface low-pressure system whose deepening rate of cent-
ral  SLP falls  at  least  1  Bergeron within 12 hours  and lives
longer  than  24  hours  with  a  maximum  wind  speed  at  the
height of 10 m greater than 17.2 m s−1. The deepening rate
of an EC is calculated as follows: 

RSLP =

( pt−6− pt+6

12

)  sinφs

sin
(
φt−6+φt+6

2

)
 , (2)

φwhere s is the mean latitude of 50°N over the A region, or
45°N over the P region.
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3.2.    Some specific terms related to ECs

In  order  to  elucidate  concisely,  nine  specific  terms  re-
lated to ECs are listed in Table 1. Moreover, the baroclinic in-
dex (BI) at 850 hPa used by Iwao et al. (2012) is employed
to denote the lower-level atmospheric baroclinicity. The for-
mula is as follows: 

BI =
f
σ

∣∣∣∣∣∂V∂p

∣∣∣∣∣ , (3)

V
T T

where f  is the Coriolis parameter, =(u, v) denotes the hori-
zontal wind vector, p is the pressure, σ=R /(Cpp)−∂ /∂p is
the stability parameter at 850 hPa, R is the gas constant, Cp

is the specific heat at a constant pressure of dry air, and T is
the  air  temperature  at  850  hPa.  Bars  denote  the  low-fre-
quency  basic  field  (low-pass  filter  with  a  cut-off  period  of
10 days). In the following, we use the 850-hPa BI to repres-
ent the lower-level atmospheric baroclinicity.

4.    Characteristics of ECs

4.1.    Annual climatology of ECs

4.1.1.    Features of spatial distribution

Figure 2 shows the spatial distribution of ECs over the

A region and P region from 1979 to 2016. According to previ-
ous  studies,  ECs  tend  to  occur  over  regions  with  a  larger
SST gradient or stronger lower-level atmospheric baroclini-
city. Over the western boundaries of the Atlantic and the Pa-
cific,  influenced  by  warm and  cold  oceanic  currents,  there
are  large  SST  gradients  and  strong  atmospheric  baroclini-
city, which are beneficial to EC occurrence. Most ECs are loc-
ated near the east coast of the A region, and the east of Ja-
pan  in  the  P  region.  Over  the  northeast  of  the  ocean,  the
SST  gradient/atmospheric  baroclinicity  is  smaller/weaker
than that over the southwest of the ocean, but there are also
many  ECs.  Previous  studies  indicate  that  upper-level  for-
cing  is  more  dominant  over  that  area.  The  spatial  distribu-
tions of ECs over these two regions are in a northeast−southw-
est  direction,  but the distribution of ECs over the A region
tends to extend northward. In addition, the spatial  distribu-
tions of OAC (see Table 1 for definition) over these two re-
gions (Figs. 2b and d) are located southwestward compared
with RAC (see Table 1 for definition) (Figs. 2a and c). Mean-
while,  different  from  previous  statistics  on  the  distribution
of  ECs  over  the  Northern  Hemisphere,  we  find  that  ECs
may occur over the Arctic region, land, and some intercontin-
ental seas as well.

Figure 3 shows the mean atmospheric circulation of the
Northern Hemisphere from 1979 to 2016. It is found that, at

 

 

Fig. 2. Geographic distributions of the number of ECs within 5°×5° bins over two basins in the Northern Hemisphere
from 1979 to 2016. RAC distributions of ECs over the A region and P region are shown in (a) and (c), respectively.
OAC distributions of ECs over the A region and P region are shown in (b) and (d), respectively. Contours in (a) and
(c) represent the BI at 850 hPa, calculated by Eq. (3) (units: 1×10−7 m K−1 s−2). Contours in (b) and (d) represent the
SST gradient (units:1×10−5 K m−1).
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500 hPa (Fig.  3a),  the spatial  distributions of ECs over the
A and P regions are in the east of troughs. The amplitude of
the North America trough is larger than that of the East Asia
trough, and thus the northward distribution of ECs over the

A  region  is  more  obvious  than  that  over  the  P  region.  At
200  hPa  (Fig.  3b),  the  effect  of  upper-level  jet  streams
(≥30  m  s−1)  over  the  P  region  is  more  obvious  than  that
over the A region.

4.1.2.    Features of EC intensity

The numbers of ECs along with their maximum deepen-
ing rates of central SLP over the A and P regions are shown
in Fig. 4a. It is seen that, starting from 1.1 Bergeron, the num-
ber  of  ECs  decreases  rapidly  as  the  deepening  rate  in-
creases. The mean latitudes in the definition of ECs over the
A region (50°N) and P region (45°N) are different. In order
to  compare  the  deepening  rates  of  ECs  over  these  two  re-
gions, the mean latitude in the definition of ECs over the P re-
gion is  adjusted  geostrophically  to  50°N.  The results  show
that,  over  the  A  region  and  P  region,  the  mean  deepening
rate  of  ECs  is  1.46  and  1.53  Bergeron,  respectively  (see
Table 2). In addition, the maximum value over these two re-
gions  is  3.47  and  3.63  Bergeron,  respectively,  suggesting
that  ECs over the P region may deepen slightly faster  than
ECs over the A region on average.

Figure  4b shows  the  numbers  of  ECs  along  with  their
minimum central  SLP over  the  two regions.  Over  both  the
A  region  and  P  region,  the  number  of  ECs  within  965.1−
975.0 hPa is the maximum, followed by the number of ECs
within 955.1−965.0 hPa, 975.1−985.0 hPa, 945.1−955.0 hPa,
985.1−995.0  hPa,  935.1−945.0  hPa,  >995.0  hPa,
925.1−935.0  hPa,  and  finally  <925.0  hPa.  Over  the  A  re-
gion,  the  number  of  ECs  within  955.1−985.0  hPa  is  less
than that  over the P region.  In other ranges,  the number of
ECs over the P region is more. Over the P region, there are
fewer extreme ECs (strong or weak). In contrast, over the A
region, there are more extreme ECs (strong or weak). Over
the  A  region,  the  mean  SLP  and  the  minimum  SLP  are
966.5 hPa and 913.1 hPa, respectively. Similarly, over the P
region, the mean SLP and the minimum SLP are 967.8 hPa
and  925.4  hPa,  respectively.  Over  the  A  region,  the  mean
SLP and the minimum SLP are smaller, suggesting that the
mean  intensity  of  ECs  over  the  A  region  is  stronger  than

Table 1.   Nine specific terms related to ECs.

No. Abbreviation Definition Detailed description

1 IDM Initial explosive-deepening moment The first moment when the deepening rate of an EC is greater than or
equal to 1 Bergeron.

2 MDM Maximum deepening-rate moment The moment when the deepening rate of an EC reaches its maximum
value.

3 LDM Last explosive-deepening moment The last moment when the deepening rate of an EC is greater than or
equal to 1 Bergeron.

4 DTD Duration time of explosive-deepening The duration time of an EC from IDM to LDM, or the period of an EC
whose deepening rate of central SLP is greater than or equal to 1
Bergeron.

5 RAC Rapid-deepening area of an EC The area where ECs are concentrated at MDM.
6 OAC Origin area of initial explosive-

deepening of cyclone The area where ECs are concentrated at IDM.

7 PRET Pre-explosive-developing track The track of an EC from generation to IDM.
8 EXT Explosive-developing track The track of an EC from IDM to LDM.
9 POET Post-explosive-developing track The track of an EC from LDM to its death.

 

Fig.  3.  Mean  atmospheric  circulation  in  the  Northern
Hemisphere  from  1979  to  2016:  (a)  500-hPa  geopotential
height  (solid  lines;  interval:  40  gpm)  and  air  temperature
(dashed  lines;  interval:  4°C);  (b)  200-hPa  geopotential  height
(solid  lines;  interval:  80  gpm)  and  isotach  (dashed  lines;
interval 3 m s−1).
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that over the P region.
Over  the  A  and  P  regions,  the  numbers  of  ECs  with

their DTDs (see Table 1 for definition) are shown in Fig. 4c.
For ECs over these two basins in the Northern Hemisphere,
the DTD of cyclones is no longer than 2.00 days, and the num-
ber of ECs decreases with the increase in DTD. Except for

ECs with DTDs of 2.00 days, the number of ECs over the A
region with other DTDs is less than that over the P region.
In addition,  within the range of 0.50−2.00 days,  the differ-
ence  in  the  number  of  ECs  between  the  A  and  P  regions
gradually decreases. The mean DTD of ECs over the A re-
gion  (0.567  days)  is  shorter  than  that  over  the  P  region

 

 

Fig.  4.  Histogram of  numbers  of  ECs  over  the  A region  and  P  region  from
1979 to  2016:  (a)  ECs with  their  maximum-deepening-rates  of  central  SLP;
(b) ECs with their minimum central SLP; (c) ECs with their DTDs.
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(0.574  days).  For  ECs  with  DTDs  of  2.00  days,  there  are
only  five  ECs  from1979  to  2016,  and  four  of  them  occur
over  the  A  region.  This  suggests  that,  although  the  mean
DTD of ECs over the A region is shorter than that over the
P region, there are more extreme ECs (DTD of 2.00 days).

4.2.    Seasonal climatology of ECs

Figure  5 shows  the  monthly  frequency  distribution  of
ECs  over  the  A  and  P  regions.  The  numbers  of  ECs  over
these two regions peak in January, and for both their minim-
um appears  in  July.  Over  the  A region,  however,  there  are
more  ECs  in  February  and  December.  Over  the  P  region,
there are more ECs in March and November.

Due to  the obvious difference in  the monthly frequen-
cies of ECs between the A and P regions, the seasonal clima-
tology of ECs is investigated. It is shown that the number of
ECs over the two regions is at a maximum in the winter sea-
son  (from  December  to  February),  followed  by  autumn
(from  September  to  November),  spring  (from  March  to
May) and summer (from June to August).

4.2.1.    Winter season

In  the  winter  season,  the  difference  in  the  number  of
ECs  between  the  A and  P  regions  is  at  a  minimum.  There
are 927 ECs over the A region and 939 ECs over the P re-
gion. The spatial distribution (Fig. 6) of ECs over the two re-
gions  is  southwestward−northeastward.  Over  the  A  region
(Figs.  6a and b),  more  ECs  are  concentrated  near  the  east
coast of North America and Newfoundland. Different from
the spatial distribution of ECs from 1979 to 2016, there is a
new  frequent-occurrence  center  of  RAC  over  the  eastern
coast,  and the frequent-occurrence center  of  OAC over  the
east coast is the most prominent. Over the P region (Figs. 6c
and d), more ECs occur over the ocean to the east of Japan.
Compared with the spatial distribution of ECs from 1979 to
2016,  there  are  no  obvious  frequent-occurrence  centers  of
ECs at both MDMs and IDMs (see Table 1 for definitions)
over  the  northeastern  Pacific.  Meanwhile,  most  ECs  over
the Korean Peninsula and Japan Sea occur in winter. In the
winter  season,  over  the  northwestern  Atlantic,  the  lower-
level atmospheric BI reaches 6×10−7 m K−1 s−2 and the SST
gradient reaches 4.5×10−5 K m−1. Similarly, over the north-
western  Pacific,  the  BI  and  SST  gradient  reach  5.5×10−7

m K−1 s−2 and 2.5×10−5 K m−1, respectively. Over the A re-
gion,  both the BI and SST gradient  are stronger and larger
than those over the P region. This is perhaps the reason lead-

ing the increase in the number of ECs over the A region in
the winter season.

During the winter season, the large-scale atmospheric cir-
culation  changes.  At  500  hPa  (Fig.  7a),  the  amplitudes  of
troughs increase obviously, which may provide a favorable
background  for  the  development  of  ECs.  Meanwhile,  the
wind  speed  at  200  hPa  also  increases  (Fig.  7b).  The  obvi-
ous upper-level jet streams over the A and P regions are favor-
able factors for EC development.

4.2.2.    Spring season

Spring  is  the  season  with  the  maximum  difference  in
the number of ECs between the A and P regions. There are
358 ECs over the A region and 518 ECs over the P region.
In  terms of  spatial  distribution  (Fig.  8),  over  the  A region,
the  frequent-occurrence  centers  of  RAC  over  the  ocean  in
the  east  and the  north  of  Newfoundland are  more  obvious.
However,  the  distribution  of  OAC  is  different,  with  most
ECs occurring over the land along the east coast. Except for
the frequent-occurrence centers of the ocean in the east of Ja-
pan, many ECs also occur over the central and northeastern
Pacific.  Compared with the winter  season,  both the BI and
SST gradient over the A and P regions are weaker and smal-
ler. This is one of the important factors why the number of
ECs in the spring season is less than that in the winter sea-
son.  During  the  spring  season,  the  BI  over  the  P  region
(3.5×10−7 m K−1s−2) is slightly stronger than that over the A
region (3×10−7 m K−1s−2), which is perhaps one of the reas-
ons why there are more ECs over the P region.

Table  2.   Comparison  of  ECs  over  the  A  region  and  P  region  in  the  four  seasons.  Bold  numbers  within  brackets  are  the  maximum
deepening rate of central SLP over the P region when the mean latitude of 50°N is used in the definition of an EC.

Season

Maximum deepening rate (Bergeron) Minimum central SLP (hPa) DTD (days)

A region P region A region P region A region P region

Winter 1.52 1.45(1.57) 964.1 966.6 0.60 0.59
Spring 1.37 1.40(1.51) 971.3 970.2 0.51 0.59

Summer 1.26 1.25(1.35) 976.3 972.7 0.44 0.4
Autumn 1.39 1.39(1.50) 966.6 967.3 0.54 0.55

Total 1.46 1.42(1.53) 966.5 967.8 0.567 0.574

 

Fig.  5.  Monthly  occurrence  frequencies  of  ECs  over  the  A
region and P region from 1979 to 2016.
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Different  from  the  winter  season,  the  amplitudes  of
troughs at  500 hPa decrease in the spring season (Fig.  9a).
At  200  hPa  (Fig.  9b),  the  wind  speeds  drop  sharply,  and
only the upper-level jet stream over the P region is obvious.
The  aforementioned  changes  of  atmospheric  circulation
maybe a crucial reason why the number of ECs in the spring
season is less than that in the winter season, especially over
the A region.

4.2.3.    Summer season

Summer is the season when the number of ECs is at a
minimum. There are only 53 ECs over the A region and 30
over  the  P  region.  The  spatial  distribution  of  ECs  is  more
scattered. Over the A region (Figs. 10a and b), the spatial dis-
tributions of RAC and OAC are concentrated over the area
(40°−60°N, 75°−20°W). However, over the P region (Figs.
10c and d),  the  spatial  distribution  of  ECs  bounded  by
175°E can be divided into two parts. Lower-level atmospher-
ic baroclinicity in summer is the weakest in all four seasons,
and  the  SST  gradient  is  the  smallest.  In  addition,  for  the
mean circulations at 500 hPa and 200 hPa (Fig. 11), the amp-
litudes  of  troughs  or  ridges  are  small  and  the  wind  speeds
are weak. All of the above changes in atmospheric and ocean-
ic  environments  are  not  conducive  to  the  development  of
ECs.  Therefore,  there  are  few  ECs  over  the  two  basins  in
the Northern Hemisphere in the summer season.

4.2.4.    Autumn season

During the autumn season, there are 461 ECs over the

 

 

Fig. 6. As in Fig. 2 but for the winter season from 1979/80 to 2015/16.

 

Fig. 7. As in Fig. 3 but for the winter season from 1979/80
to 2015/16.
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A region and 577 ECs over the P region. Over the A region
(Figs. 12a and b), the spatial distributions of RAC and OAC
show  similar  patterns  to  those  in  the  spring  season.  Most
ECs at their MDMs are located over the ocean in the east of
Newfoundland and the land in the north of Newfoundland.
At  IDMs,  there  are  two  obvious  frequent-occurrence  cen-
ters:  one is  over  land along the east  coast,  and the other  is
over  the  ocean  to  the  east  of  Newfoundland.  However,  in
terms of the spatial distributions of RAC and OAC over the
P  region  (Figs.  12c and d),  their  distributions  are  signific-
antly different from those in spring season. To the north of
45°N,  there  are  three  frequent-occurrence  centers  over  the
northwestern Pacific. Besides, the frequent-occurrence cen-
ter of ECs over the northeastern Pacific is the most signific-
ant in all four seasons. Over the western part of oceans, the
SST gradient is not much different, but the BI over the P re-
gion (4×10−7 m K−1 s−2) is stronger than that over the A re-
gion (3×10−7 m K−1 s−2).

Regarding the  mean upper-level  circulations  (Fig.  13),
the spatial distribution over the A region in autumn is simil-
ar to that in the spring season. Most ECs are concentrated in
the east of the North America trough at 500 hPa, and the up-
per-level jet stream at 200 hPa is not obvious. Over the P re-
gion, however, there is a marked change in atmospheric circu-
lation in the autumn season. Perhaps affected by the south-
ward extension of the subtropical high, a new trough forms
to the east  of  the East  Asia trough.  This  maybe an import-
ant reason why the EC distribution over the P region in the
autumn season (Figs. 12c and d) is different from that in oth-

 

 

Fig. 8. As in Fig. 2 but for the spring season from 1979 to 2016.

 

Fig. 9. As in Fig. 3 but for the spring season from 1979 to
2016.
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er  seasons.  At  200  hPa,  there  is  an  upper-level  jet  stream
over the P region, but the jet stream axis in the autumn sea-
son is located farther north than that in the spring season.

Table 2 lists the characteristics of ECs over the A and P
regions in the four seasons (note: the deepening rate of ECs
over the P region is adjusted geostrophically to 50°N). It is
found that, on average, ECs over the P region usually deep-
en  faster  than  those  over  the  A region  in  the  four  seasons.
The  minimum  central  SLP  of  ECs  over  the  A  region  in
winter  is  964.1  hPa,  and  in  autumn  it  is  966.6  hPa.  In
spring, however, it is 970.2 hPa, and in summer it is 972.7
hPa.  Over  the A region,  the DTD of  ECs in winter  is  0.60
days,  and  in  summer  it  is  0.44  days.  Over  the  P  region,
however, the DTD of ECs in spring is 0.59 days, and in au-
tumn it is 0.55 days.

4.3.    Features of interannual variation

Figure 14a shows the time series of the annual number
of ECs over the A and P regions. The mean annual number
of ECs over the A region and P region is 48.00 and 55.05, re-
spectively.  Except  for  1985,  1989,  1995,  2002,  2013  and
2015, the number of ECs over the P region is more than that
over the A region. In terms of standard deviation, the value
over the P region (5.85) is smaller than that over the A re-
gion (6.78), suggesting that the interannual variation of ECs
over the P region is smoother. Figure 14b−e shows the interan-
nual variations of the number of ECs in the four seasons. In
the winter season (Fig. 14b), there are 14 years in which the

 

 

Fig. 10. As in Fig. 2 but for the summer season from 1979 to 2016.
 

Fig. 11. As in Fig. 3 but for the summer season from 1979
to 2016.
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number of ECs over the A region is more than that over the
P region, whereas there are 17 years in which the number of
ECs over the P region is more. In addition, there are 6 years
in which number of ECs over the two regions are the same.
For  the  mean  annual  number  of  ECs,  there  are  25.05  ECs
over the A region and 25.38 ECs over the P region per year.
The standard deviation of the number of ECs over the A re-
gion and P region is  3.73 and 4.41,  respectively.  This sug-
gests  that,  different  from  the  entire  period,  the  interannual
variation of ECs over the A region is smoother in winter.

During  the  spring  season  (Fig.  14c),  there  are  only  5
years (1985, 1989, 2007, 2015 and 2016) in which the num-
ber of ECs over the A region is more than that over the P re-
gion. The difference in EC annual numbers over the A and
P regions is large. The mean annual number of ECs over the
A and P regions  is  9.42 and 13.63,  respectively.  However,
the  difference  in  the  standard  deviation  of  the  number  of
ECs over two regions is small, and their values over the A re-
gion and P region are 2.98 and 2.68, suggesting that the inter-
annual variations of ECs over the two regions are similar.

During  the  summer  season  (Fig.  14d),  over  the  A  re-
gion, there are 8 years in which there is no EC occurrence,
and the year with the most ECs (five) is 2010, followed by
2012 (four). For the number of ECs over the A region, the av-
erage is 1.39 and the standard deviation is 1.14. Over the P re-
gion, there are 15 years in which there is no EC occurrence,
and the annual number of ECs is no more than two. The aver-
age and standard deviation of the number of ECs over the P
region are 0.79 and 0.73, respectively.

 

 

Fig. 12. As in Fig. 2 but for the autumn season from 1979 to 2016.
 

Fig. 13. As in Fig. 3 but for the autumn season from 1979 to
2016.

154 EXPLOSIVE CYCLONES OVER THE NORTHERN HEMISPHERE VOLUME 37

 

  



In  the  autumn  season  (Fig.  14e),  the  numbers  of  ECs
over the A region in 1984, 1987, 1989, 1993 and 2008 are
more than those over the P region. Meanwhile, the numbers
of ECs over the A and P regions in 1982, 1986 and 2002 are
the same.  In  the remaining years,  there  are  more ECs over
the P region. The annual number of ECs over the A region
and  P  region  is  12.13  and  15.18,  respectively.  In  addition,
the standard deviation of the number of ECs over the A re-
gion and P region is 2.70 and 2.78, respectively. The differ-
ence in the standard deviation over the A and P regions is at
a minimum, suggesting that the interannual variation of ECs
during autumn is similar in the four seasons.

4.4.    Features of moving tracks

Regarding the moving tracks of ECs over the Northern
Hemisphere, we investigate those ECs with maximum deepen-
ing rates greater than or equal to 2 Bergeron. According to
the spatial distribution of EC moving tracks over the north-
ern Atlantic (Fig. 15a), ECs can be classified into two types
(Fig. 16): those moving north-northeastward near the main-
land (named A-NNE-type ECs), and those moving northeast-
ward from the east  coast  (named A-NE-type ECs).  The A-
NE-type ECs are especially dominant over the A region. Sim-
ilarly, ECs over the northern Pacific (Fig. 15b) can be classi-

 

 

Fig. 14. Interannual variations of ECs over the A region (solid lines) and P region (dashed lines) from 1979 to 2016: (a) the whole time
series; (b) winter; (c) spring; (d) summer; (e) autumn.
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fied into three types (Fig. 16): those moving northeastward
from offshore East Asia (named P-NE-type ECs); those mov-
ing  east-northeastward  from the  ocean to  the  east  of  Japan
(named P-ENE-type ECs); and those moving north-northeast-
ward  over  the  northeastern  Pacific  (named  P-NNE-type
ECs). P-ENE-type ECs are dominant over the P region.

From May to September,  the general  characteristics of
EC moving  tracks  are  as  follows:  the  number  of  ECs  with
poleward  tracks  is  reduced  with  the  decrease  in  ECs.

However,  from  October  to  April,  as  the  number  of  ECs
firstly increases and then decreases, the number of ECs with
poleward tracks grows. It is worth noting that there are ECs
with poleward tracks in every month over the northeastern Pa-
cific. Over the A region, in order to compare the years with
more ECs (1980, 1985, 1986, 1989, 1993, 2002, 2007, 2015
and 2016) and the years with fewer ECs (1979, 1981, 1983,
1988,  1994,  1999,  2001,  2006  and  2012),  we  take  1989
(more ECs, Fig. 17b) and 1983 (fewer ECs, Fig. 17a) as ex-
amples. It is found that the number of ECs in the year with
fewer  A-NNE-type  ECs  is  relatively  less.  Similarly,  over
the P region, in order to compare the years with more ECs
(1979,  1986,  1987,  1991,  1993,  1994,  1996,  1998,  2000,
2001,  2005 and 2016) and the year  with fewer ECs (1983,
1985, 1988, 1989, 1995, 2004, 2008, 2011, 2013 and 2015),
we  take  2016  (more  ECs, Fig.  17c),  1983  (fewer  ECs,
Fig.17a) and 1989 (fewer ECs, Fig. 17b) as examples. It  is
found that  the number of  ECs in the year  with more P-NE
or P-NNE type ECs is relatively high. Except for 2015 (not
shown), the number of P-NE type or P-NNE type ECs is relat-
ively lower during the year with few ECs.

5.    Concluding remarks

The  climatological  features  of  ECs  over  two  basins  in
the  Northern  Hemisphere  from January  1979  to  December
2016  are  investigated  using  ERA-Interim and  OISST data.
The  definition  of  an  EC  given  by Yoshida  and  Asuma
(2004) is  modified  considering  not  only  the  rapid  drop  of
the  central  SLP  of  the  cyclone,  but  also  the  strong  wind
speed  at  the  height  of  10  m  in  which  the  maximum  wind
speeds larger than 17.2 m s−1 are included. Meanwhile, ac-
cording to the latitude of maximum EC occurrence over the
two basins, the mean latitude in the definition of an EC over
the  A  region  and  P  region  is  adjusted  geostrophically  to
50°N  and  45°N,  respectively.  The  characteristics  of  ECs
over the two regions, such as their spatial distribution, intens-
ity,  seasonal  variation,  interannual  variation,  and  moving
tracks, are documented.

It  should  be  pointed  out  that  various  researchers  have
used  different  EC  definitions.  For  example, Sanders  and
Gyakum (1980), when studying ECs in the Northern Hemi-
sphere, used 60°N as the adjusting latitude in the definition
of an EC. Wang and Rogers (2001) and Yoshida and Asuma
(2004) used 60°N as the adjusting latitude when examining
ECs over different sectors of the northern Atlantic and North-
west Pacific, respectively. Zhang et al. (2017) modified the
definition  of  an  EC given  by Sanders  and  Gyakum (1980)
as a cyclone whose central SLP decline normalized at 45°N
is  greater  than  12  hPa  within  12  hours.  However,  in  the
present study, we consider the difference in the mean latit-
ude of most EC occurrence locations over the Atlantic basin
(50°N) and Pacific basin (45°N), which suggests that the cur-
rent EC definition in each basin may reflect their specific loc-
al nature.

The OAC and RAC over the northern Atlantic and north-
ern Pacific are a focus. Both are in southwest−northeast direc-

 

Fig. 15. Moving tracks of ECs with their maximum deepening
rates  greater  than  or  equal  to  2  Bergeron from 1979 to  2016:
(a)  over  the  northern  Atlantic;  (b)  over  the  northern  Pacific.
Black lines, red lines and blue lines represent PRET, EXT and
POET (see Table 1 for definitions), respectively.

 

Fig. 16. Schematic diagram of moving tracks of ECs over two
basins in the Northern Hemisphere.
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tions, but the distribution of ECs tends to extend northward
over the A region.

Over the A region,  the deepening rate of  ECs is  smal-
ler than that over the P region. Also, the DTD of ECs is short-
er,  but their  intensity is  stronger.  During the winter,  spring
and  autumn  seasons,  there  is  an  obvious  frequent-occur-
rence  area  of  ECs  over  the  east  coast.  A  stronger  lower-
level atmospheric baroclinicity and North America trough at
500 hPa provide favorable backgrounds for ECs. The effect
of 200-hPa jet streams is more prominent in the winter sea-
son.

Over the P region, the deepening rate of ECs is greater,

and the DTD of ECs is longer, but their intensity is weaker.
The region to the east of Japan is an obvious frequent-occur-
rence  area  of  ECs.  During  the  spring  and  autumn seasons,
more ECs occur over the northeastern Pacific.  Lower-level
atmospheric baroclinicity provides a favorable environment
for  ECs.  Except  in  the  summer  season,  the  distribution  of
the upper-level jet stream is a favorable background condi-
tion for ECs.

According  to  the  geographic  distribution  of  EC  mov-
ing tracks over the A region, ECs can be classified into two
types: A-NNE-and A-NE-type ECs. Over the P region, ECs
can  be  classified  into  three  types:  P-NE-,  P-ENE-  and  P-
NNE-type ECs. Basically, all moving tracks are in southw-
est−northeast directions, but NNE-type ECs over the A and
P regions tend to move northward.

The number  of  ECs exhibits  an  obvious  periodic  vari-
ation, but the reason is unclear. Nesterov (2010) pointed out
that  ECs are affected by the NAO. Taking the A region as
an example, we analyzed the relationship between the num-
ber of ECs and the NAO (not shown).It  was found that,  in
some  years,  EC  occurrence  bears  a  good  correspondence
with the NAO, but there is no statistically significant (95%
confidence level) relationship in other years. It seems that a
complicated relationship exists between the number of ECs
and the NAO, which needs to be further explored.

Acknowledgements.      All  authors express their  thanks to the
National  Natural  Science  Foundation  of  China  for  financial  sup-
port (Grant Nos. 41775042 and 41275049). Special thanks are giv-
en  to  the  ECMWF  for  providing  the  ERA-Interim  data,  and  to
NOAA for providing the OISST data. Yawen SUN expressed her
thanks  to  Dr.  Linhao  ZHONG,  Dr.  Shuqin  ZHANG,  Mr.  Lijia
CHEN, and Mr. Kan XU for their kind help.

REFERENCES
 

Allen, J. T., A. B. Pezza, and M. T. Black, 2010: Explosive cyclo-
genesis:  A  global  climatology  comparing  multiple  reanaly-
ses. J.  Climate, 23,  6468−6484, https://doi.org/10.1175/201
0JCLI3437.1. 

Anthes, R. A., and D. Keyser, 1979: Tests of a fine-mesh model
over  Europe  and  the  United  States. Mon.  Wea.  Rev., 107,
963−984, https://doi.org/10.1175/1520-0493(1979)107<096
3:TOAFMM>2.0.CO;2. 

Anthes, R. A., Y. H. Kuo, and J. R. Gyakum, 1983: Numerical sim-
ulations  of  a  case  of  explosive  marine  cyclogenesis. Mon.
Wea.  Rev., 111,  1174−1188, https://doi.org/10.1175/1520-
0493(1983)111<1174:NSOACO>2.0.CO;2. 

Bergeron, T., 1954: Review of modern meteorology-12: The prob-
lem of tropical hurricanes. Quart. J. Roy. Meteorol. Soc., 80,
131−164, https://doi.org/10.1002/qj.49708034402. 

Binder, H., M. Boettcher, H. Joos, and H. Wernli, 2016: The role
of warm conveyor belts for the intensification of extratropic-
al  cyclones in Northern Hemisphere Winter. J.  Atmos.  Sci.,
73, 3997−4020, https://doi.org/10.1175/JAS-D-15-0302.1. 

Black, M. T., and A. B. Pezza, 2013: A universal, broad-environ-
ment energy conversion signature of explosive cyclones. Geo-
phys.  Res.  Lett., 40,  452−457, https://doi.org/10.1002/grl.
50114. 

 

Fig.  17.  Moving  tracks  of  ECs  over  two  basins  in  Northern
Hemisphere: (a) in 1983, (b) in 1989, (c) in 2016. .

FEBRUARY 2020 FU ET AL. 157

 

  

https://doi.org/10.1175/2010JCLI3437.1
https://doi.org/10.1175/2010JCLI3437.1
https://doi.org/10.1175/1520-0493(1979)107%3C0963:TOAFMM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0963:TOAFMM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1174:NSOACO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1174:NSOACO%3E2.0.CO;2
https://doi.org/10.1002/qj.49708034402
https://doi.org/10.1175/JAS-D-15-0302.1
https://doi.org/10.1002/grl.50114
https://doi.org/10.1002/grl.50114
https://doi.org/10.1175/2010JCLI3437.1
https://doi.org/10.1175/2010JCLI3437.1
https://doi.org/10.1175/1520-0493(1979)107%3C0963:TOAFMM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0963:TOAFMM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1174:NSOACO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1174:NSOACO%3E2.0.CO;2
https://doi.org/10.1002/qj.49708034402
https://doi.org/10.1175/JAS-D-15-0302.1
https://doi.org/10.1002/grl.50114
https://doi.org/10.1002/grl.50114


Bosart, L. F., 1981: The presidents’ day snowstorm of 18-19 Febru-
ary 1979: A subsynoptic-scale event. Mon. Wea. Rev., 109,
1542−1566, https://doi.org/10.1175/1520-0493(1981)109<1
542:TPDSOF>2.0.CO;2. 

Bosart, L. F., and S. C. Lin, 1984: A diagnostic analysis of the Pres-
idents'  Day  storm of  February  1979. Mon.  Wea.  Rev., 112,
2148−2177, https://doi.org/10.1175/1520-0493(1984)112<2
148:ADAOTP>2.0.CO;2. 

Browning, K. A., and B. W. Golding, 1995: Mesoscale aspects of
a dry intrusion within a vigorous cyclone. Quart. J. Roy. Met-
eorol.  Soc., 121,  463−493, https://doi.org/10.1002/qj.4971
2152302. 

Bullock, T. A., and J. R. Gyakum, 1993: A diagnostic study of cyc-
logenesis  in  the  Western  North  Pacific  Ocean. Mon.  Wea.
Rev., 121,  65−75, https://doi.org/10.1175/1520-0493(1993)
121<0065:ADSOCI>2.0.CO;2. 

Chen,  S.  J.,  and  L.  Dell’osso,  1987:  A  numerical  case  study  of
East  Asian  coastal  cyclogenesis. Mon.  Wea.  Rev., 115,
477−487, https://doi.org/10.1175/1520-0493(1987)115<047
7:ANCSOE>2.0.CO;2. 

Chen, S. J., Y. H. Kuo, P. Z. Zhang, and Q. F. Bai, 1992: Climato-
logy  of  explosive  cyclones  off  the  East  Asian  coast. Mon.
Wea.  Rev., 120,  3029−3035, https://doi.org/10.1175/1520-
0493(1992)120<3029:COECOT>2.0.CO;2. 

Chen, T., C. B. Chang, and D. J. Perkey, 1983: Numerical study
of  an  AMTEX'75  oceanic  cyclone. Mon.  Wea.  Rev., 111,
1818−1829, https://doi.org/10.1175/1520-0493(1983)111<1
818:NSOAAO>2.0.CO;2. 

Cordeira, J. M., and L. F. Bosart, 2011: Cyclone interactions and
evolutions during the “Perfect Storms” of Late October and
Early November 1991. Mon. Wea. Rev., 139, 1683−1707, ht-
tps://doi.org/10.1175/2010MWR3537.1. 

Dal Piva, E., M. A. Gan, and M. C. de Lima Moscati, 2011: The
role of latent and sensible heat fluxes in an explosive cyclogen-
esis over the South American East Coast. J. Meteorol. Soc. Ja-
pan, 89, 637−663, https://doi.org/10.2151/jmsj.2011-604. 

Fink, A. H., S. Pohle, J. G. Pinto, and P. Knippertz, 2012: Diagnos-
ing the influence of diabatic processes on the explosive deep-
ening  of  extratropical  cyclones. Geophys.  Res.  Lett., 39,
L07803, https://doi.org/10.1029/2012GL051025. 

Gyakum, J. R., 1983a: On the evolution of the QE-II storm. I: Syno-
ptic aspects. Mon. Wea. Rev., 111, 1137−1155, https://doi.org/
10.1175/1520-0493(1983)111<1137:OTEOTI>2.0.CO;2. 

Gyakum, J. R., 1983b: On the evolution of the QE-II storm. II: Dy-
namic  and  thermodynamic  structure. Mon.  Wea.  Rev., 111,
1156−1173, https://doi.org/10.1175/1520-0493(1983)111<1
156:OTEOTI>2.0.CO;2. 

Gyakum, J. R., 1991: Meteorological precursors to the explosive
intensification  of  the QE  II storm. Mon.  Wea.  Rev., 119,
1105−1131, https://doi.org/10.1175/1520-0493(1991)119<1
105:MPTTEI>2.0.CO;2. 

Gyakum, J. R., J. R. Anderson, R. H. Grumm, and E. L. Gruner,
1989:  North  Pacific  cold-season  surface  cyclone  activity:
1975−1983. Mon. Wea. Rev., 117, 1141−1155, https://doi.org/
10.1175/1520-0493(1989)117<1141:NPCSSC>2.0.CO;2. 

Hart,  R.  E.,  2003:  Acyclone  phase  space  derived  from  thermal
wind  and  thermal  asymmetry. Mon.  Wea.  Rev., 131,
585−616, https://doi.org/10.1175/1520-0493(2003)131<05
85:ACPSDF>2.0.CO;2. 

Hirata, H., R. Kawamura, M. Kato, and T. Shinoda, 2015: Influen-
tial role of moisture supply from the Kuroshio/Kuroshio exten-
sion  in  the  rapid  development  of  an  extratropical  cyclone.

Mon.  Wea.  Rev., 143,  4126−4144, https://doi.org/10.1175/
MWR-D-15-0016.1. 

Iwao, K., M. Inatsu, and M. Kimoto, 2012: Recent changes in ex-
plosively  developing  extratropical  cyclones  over  the  winter
northwestern  Pacific. J.  Climate, 25,  7282−7296,
https://doi.org/10.1175/JCLI-D-11-00373.1. 

Kelly, R. W. P.,  J.  R. Gyakum, D. L. Zhang, and P. J.  Roebber,
1994: A diagnostic study of the early phases of sixteen west-
ern  North-Pacific  Cyclones. J.  Meteorol.  Soc.  Japan, 72,
515−530, https://doi.org/10.2151/jmsj1965.72.4_515. 

Konrad II, C. E., and S. J. Colucci, 1988: Synoptic climatology of
500  mb  circulation  changes  during  explosive  cyclogenesis.
Mon. Wea. Rev., 116, 1431−1443, https://doi.org/10.1175/152
0-0493(1988)116<1431:SCOMCC>2.0.CO;2. 

Kouroutzoglou, J.,  H. A. Flocas, I.  Simmonds, K. Keay, and M.
Hatzaki, 2011: Assessing characteristics of Mediterranean ex-
plosive cyclones for different data resolution. Theor. Appl. Cli-
matol., 105,  263−275, https://doi.org/10.1007/s00704-010-
0390-8. 

Kristjánsson,  J.  E.,  S.  Thorsteinsson,  and  B.  Røsting,  2009:
Phase-locking of a rapidly developing extratropical cyclone
by  Greenland's  orography. Quart.  J.  Roy.  Meteorol.  Soc.,
135, 1986−1998, https://doi.org/10.1002/qj.497. 

Kuo,  Y.  H.,  S.  Low-Nam, and R.  J.  Reed,  1991:  Effects  of  sur-
face energy fluxes during the early development and rapid in-
tensification stages of seven explosive cyclones in the west-
ern Atlantic. Mon. Wea. Rev., 119, 457−476, https://doi.org/
10.1175/1520-0493(1991)119<0457:EOSEFD>2.0.CO;2. 

Lackmann, G. M., L. F. Bosart, and D. Keyser, 1996: Planetary-
and synoptic-scale characteristics of explosive wintertime cyc-
logenesis over the western North Atlantic Ocean. Mon. Wea.
Rev., 124, 2672−2702, https://doi.org/10.1175/1520-0493(19
96)124<2672:PASSCO>2.0.CO;2. 

Liou,  C.  S.,  and R.  L.  Elsberry,  1987:  Heat  budgets  of  analyses
and forecasts of an explosively deepening maritime cyclone.
Mon.  Wea.  Rev., 115,  1809−1824, https://doi.org/10.1175/
1520-0493(1987)115<1809:HBOAAF>2.0.CO;2. 

Lupo, A. R., P. J. Smith, and P. Zwack, 1992: A diagnosis of the
explosive  development  of  two  extratropical  cyclones. Mon.
Wea.  Rev., 120,  1490−1523, https://doi.org/10.1175/1520-
0493(1992)120<1490:ADOTED>2.0.CO;2. 

Nesterov, E. S., 2010: Explosive cyclogenesis in the northeastern
Part of the Atlantic Ocean. Russian Meteorology and Hydro-
logy, 35,  680−686, https://doi.org/10.3103/S1068373910
100055. 

Nuss, W. A., and R. A. Anthes, 1987: A numerical investigation
of  low-level  processes  in  Rapid  cyclogenesis. Mon.  Wea.
Rev., 115, 2728−2743, https://doi.org/10.1175/1520-0493(19
87)115<2728:ANIOLL>2.0.CO;2. 

Petterssen, S., and S. J. Smebye, 1971: On the development of ex-
tratropical  cyclones. Quart.  J.  Roy.  Meteorol.  Soc., 97,
457−482, https://doi.org/10.1002/qj.49709741407. 

Rausch, R. L. M., and P. J. Smith, 1996: A diagnosis of a model-
simulated  explosively  developing  extratropical  cyclone.
Mon. Wea. Rev., 124, 875−904, https://doi.org/10.1175/1520-
0493(1996)124<0875:ADOAMS>2.0.CO;2. 

Reed, R. J., and M. D. Albright, 1986: A case study of explosive
cyclogenesis  in  the  Eastern  Pacific. Mon.  Wea.  Rev., 114,
2297−2319, https://doi.org/10.1175/1520-0493(1986)114<2
297:ACSOEC>2.0.CO;2. 

Rice, R. B., 1979: Tracking a killer storm. Sail, 10, 106−107. 

Rivière, G., P. Arbogast, K. Maynard, and A. Joly, 2010: The essen-

158 EXPLOSIVE CYCLONES OVER THE NORTHERN HEMISPHERE VOLUME 37

 

  

https://doi.org/10.1175/1520-0493(1981)109%3C1542:TPDSOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C1542:TPDSOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C2148:ADAOTP%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C2148:ADAOTP%3E2.0.CO;2
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1175/1520-0493(1993)121%3C0065:ADSOCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1993)121%3C0065:ADSOCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C0477:ANCSOE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C0477:ANCSOE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C3029:COECOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C3029:COECOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1818:NSOAAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1818:NSOAAO%3E2.0.CO;2
https://doi.org/10.1175/2010MWR3537.1
https://doi.org/10.1175/2010MWR3537.1
https://doi.org/10.2151/jmsj.2011-604
https://doi.org/10.1029/2012GL051025
https://doi.org/10.1175/1520-0493(1983)111%3C1137:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1137:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1156:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1156:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C1105:MPTTEI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C1105:MPTTEI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1989)117%3C1141:NPCSSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1989)117%3C1141:NPCSSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3C0585:ACPSDF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3C0585:ACPSDF%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-15-0016.1
https://doi.org/10.1175/MWR-D-15-0016.1
https://doi.org/10.1175/JCLI-D-11-00373.1
https://doi.org/10.2151/jmsj1965.72.4_515
https://doi.org/10.1175/1520-0493(1988)116%3C1431:SCOMCC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C1431:SCOMCC%3E2.0.CO;2
https://doi.org/10.1007/s00704-010-0390-8
https://doi.org/10.1007/s00704-010-0390-8
https://doi.org/10.1002/qj.497
https://doi.org/10.1175/1520-0493(1991)119%3C0457:EOSEFD%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0457:EOSEFD%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C2672:PASSCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C2672:PASSCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C1809:HBOAAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C1809:HBOAAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C1490:ADOTED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C1490:ADOTED%3E2.0.CO;2
https://doi.org/10.3103/S1068373910100055
https://doi.org/10.3103/S1068373910100055
https://doi.org/10.1175/1520-0493(1987)115%3C2728:ANIOLL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C2728:ANIOLL%3E2.0.CO;2
https://doi.org/10.1002/qj.49709741407
https://doi.org/10.1175/1520-0493(1996)124%3C0875:ADOAMS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C0875:ADOAMS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C2297:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C2297:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C1542:TPDSOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1981)109%3C1542:TPDSOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C2148:ADAOTP%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C2148:ADAOTP%3E2.0.CO;2
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1002/qj.49712152302
https://doi.org/10.1175/1520-0493(1993)121%3C0065:ADSOCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1993)121%3C0065:ADSOCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C0477:ANCSOE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C0477:ANCSOE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C3029:COECOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C3029:COECOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1818:NSOAAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1818:NSOAAO%3E2.0.CO;2
https://doi.org/10.1175/2010MWR3537.1
https://doi.org/10.1175/2010MWR3537.1
https://doi.org/10.2151/jmsj.2011-604
https://doi.org/10.1029/2012GL051025
https://doi.org/10.1175/1520-0493(1983)111%3C1137:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1137:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1156:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1983)111%3C1156:OTEOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C1105:MPTTEI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C1105:MPTTEI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1989)117%3C1141:NPCSSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1989)117%3C1141:NPCSSC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3C0585:ACPSDF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3C0585:ACPSDF%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-15-0016.1
https://doi.org/10.1175/MWR-D-15-0016.1
https://doi.org/10.1175/JCLI-D-11-00373.1
https://doi.org/10.2151/jmsj1965.72.4_515
https://doi.org/10.1175/1520-0493(1988)116%3C1431:SCOMCC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C1431:SCOMCC%3E2.0.CO;2
https://doi.org/10.1007/s00704-010-0390-8
https://doi.org/10.1007/s00704-010-0390-8
https://doi.org/10.1002/qj.497
https://doi.org/10.1175/1520-0493(1991)119%3C0457:EOSEFD%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0457:EOSEFD%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C2672:PASSCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C2672:PASSCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C1809:HBOAAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C1809:HBOAAF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C1490:ADOTED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120%3C1490:ADOTED%3E2.0.CO;2
https://doi.org/10.3103/S1068373910100055
https://doi.org/10.3103/S1068373910100055
https://doi.org/10.1175/1520-0493(1987)115%3C2728:ANIOLL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1987)115%3C2728:ANIOLL%3E2.0.CO;2
https://doi.org/10.1002/qj.49709741407
https://doi.org/10.1175/1520-0493(1996)124%3C0875:ADOAMS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C0875:ADOAMS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C2297:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C2297:ACSOEC%3E2.0.CO;2


tial ingredients leading to the explosive growth stage of the
European  wind  storm Lothar of  Christmas  1999. Quart.  J.
Roy.  Meteorol.  Soc., 136,  638−652, https://doi.org/10.1002/
qj.585. 

Roebber,  P.  J.,  1984:  Statistical  analysis  and  updated  climato-
logy  of  explosive  cyclones. Mon.  Wea.  Rev., 112,
1577−1589, https://doi.org/10.1175/1520-0493(1984)112<1
577:SAAUCO>2.0.CO;2. 

Rogers, E., and L. F. Bosart, 1991: A diagnostic study of two in-
tense oceanic cyclones. Mon. Wea. Rev., 119,  965−996, ht-
tps://doi.org/10.1175/1520-0493(1991)119<0965:ADSO
TI>2.0.CO;2. 

Ruscher, P. H., and T. P. Condo, 1996: Development of a rapidly
deepening extratropical  cyclone over land. Part  I:  Kinemat-
ic aspects. Mon. Wea. Rev., 124, 1609−1632, https://doi.org/
10.1175/1520-0493(1996)124<1609:DOARDE>2.0.CO;2. 

Sanders, F., and J. R. Gyakum, 1980: Synoptic-dynamic climato-
logy of the “Bomb”. Mon. Wea. Rev., 108,  1589−1606, ht-
tps://doi.org/10.1175/1520-0493(1980)108<1589:SDCOT>
2.0.CO;2. 

Sanders,  F.,  1986:  Explosive  cyclogenesis  in  the  West-Central
North Atlantic Ocean, 1981−84. Part I: Composite structure
and  mean  behavior. Mon.  Wea.  Rev., 114,  1781−1794,
https://doi.org/10.1175/1520-0493(1986)114<1781:ECIT-
WC>2.0.CO;2. 

Strahl, J. L., and P. J. Smith, 2001: A diagnostic study of an explos-
ively  developing  extratropical  cyclone  and  an  associated
500-hPa trough merger. Mon. Wea. Rev., 129, 2310−2328, ht-
tps://doi.org/10.1175/1520-0493(2001)129<2310:AD-
SOAE>2.0.CO;2. 

Uccellini,  L.  W.,  1986:  The  possible  influence  of  upstream  up-
per-level baroclinic processes on the development of the QE
II storm. Mon. Wea. Rev., 114, 1019−1027, https://doi.org/10.
1175/1520-0493(1986)114<1019:TPIOUU>2.0.CO;2. 

Uccellini,  L.  W.,  and D. R.  Johnson,  1979:  The coupling of  up-
per  and  lower  tropospheric  jet  streaks  and  implications  for
the  development  of  severe  convective  storms. Mon.  Wea.

Rev., 107, 682−703, https://doi.org/10.1175/1520-0493(1979)
107<0682:TCOUAL>2.0.CO;2. 

Uccellini, L. W., P. J. Kocin, R. A. Petersen, C. H. Wash, and K.
F. Brill, 1984: The Presidents' Day cyclone of 18−19 Febru-
ary 1979: Synoptic overview and analysis of the subtropical
jet  streak  influencing  the  pre-cyclogenetic  period. Mon.
Wea.  Rev., 112,  31−55, https://doi.org/10.1175/1520-0493
(1984)112<0031:TPDCOF>2.0.CO;2. 

Uccellini,  L.  W.,  D. Keyser,  K. F.  Brill,  and C. H. Wash,  1985:
The Presidents' Day cyclone of 18−19 February 1979: Influ-
ence of upstream trough amplification and associated tropo-
pause  folding  on  rapid  cyclogenesis. Mon.  Wea.  Rev., 113,
962−988, https://doi.org/10.1175/1520-0493(1985)113<09
62:TPDCOF>2.0.CO;2. 

Wang, C. C., and J. C. Rogers, 2001: A composite study of explos-
ive  cyclogenesis  in  different  sectors  of  the  North  Atlantic.
Part  I:  Cyclone  structure  and  evolution. Mon.  Wea.  Rev.,
129, 1481−1499, https://doi.org/10.1175/1520-0493(2001)12
9<1481:ACSOEC>2.0.CO;2. 

Whitaker, J. S., L. W. Uccellini, and K. F. Brill, 1988: A model-
based  diagnostic  study  of  the  rapid  development  phase  of
the  Presidents's  Day  cyclone. Mon.  Wea.  Rev., 116,
2337−2365, https://doi.org/10.1175/1520-0493(1988)116<2
337:AMBDSO>2.0.CO;2. 

Yoshida, A., and Y. Asuma, 2004: Structures and environment of
explosively  developing extratropical  cyclones  in  the  North-
western pacific region. Mon. Wea. Rev., 132, 1121−1142, ht-
tps://doi.org/10.1175/1520-0493(2004)132<1121:SAEOED>
2.0.CO;2. 

Zehnder,  J.  A.,  and  D.  Keyser,  1991:  The  influence  of  interior
gradients of potential vorticity on rapid cyclogenesis. Tellus
A: Dynamic Meteorology and Oceanography, 43,  198−212,
https://doi.org/10.3402/tellusa.v43i3.11927. 

Zhang, S. Q., G. Fu, C. G. Lu, and J. W. Liu, 2017: Characterist-
ics of explosive cyclones over the Northern Pacific. J. Appl.
Meteorol. Climatol., 56, 3187−3210, https://doi.org/10.1175/
JAMC-D-16-0330.1.

FEBRUARY 2020 FU ET AL. 159

 

  

https://doi.org/10.1002/qj.585
https://doi.org/10.1002/qj.585
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.3402/tellusa.v43i3.11927
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1002/qj.585
https://doi.org/10.1002/qj.585
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.3402/tellusa.v43i3.11927
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1002/qj.585
https://doi.org/10.1002/qj.585
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.3402/tellusa.v43i3.11927
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1002/qj.585
https://doi.org/10.1002/qj.585
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C1577:SAAUCO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1991)119%3C0965:ADSOTI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1996)124%3C1609:DOARDE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1980)108%3C1589:SDCOT%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1781:ECITWC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C2310:ADSOAE%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1986)114%3C1019:TPIOUU%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1979)107%3C0682:TCOUAL%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1984)112%3C0031:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1985)113%3C0962:TPDCOF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129%3C1481:ACSOEC%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1988)116%3C2337:AMBDSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1121:SAEOED%3E2.0.CO;2
https://doi.org/10.3402/tellusa.v43i3.11927
https://doi.org/10.1175/JAMC-D-16-0330.1
https://doi.org/10.1175/JAMC-D-16-0330.1

