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ABSTRACT

Bomb  cyclones  are  rapidly  deepening  extratropical  cyclones  predominantly  found  in  midlatitude  regions.  These
extreme events are particularly frequent over the North Pacific (NP),  posing significant  societal  and environmental  risks.
Currently,  our  understanding  of  the  variability  of  bomb  cyclones  over  the  NP  remains  limited.  This  study  analyzes  the
variations in multiple NP bomb cyclone characteristics from 1980 onward using four major reanalysis datasets. The results
show a weakening trend of  bomb cyclones since the beginning of  the 21st  century,  which is  characterized by significant
reductions  in  maximum near-surface  wind speeds,  increases  in  minimum sea  level  pressure,  and slower  deepening rates.
Further analysis reveals that the observed weakening trend of bomb cyclones is closely linked to a reduction in maximum
850  hPa  Eady  growth  rate,  driven  primarily  by  reduced  vertical  wind  shear  within  the  30°–45°N  latitudinal  band.
Furthermore, our findings indicate that the Aleutian Low acts to modulate the meridional air temperature gradient over the
midlatitude NP, which is corroborated by climate model outputs. This modulation provides a pathway for the Aleutian Low
to affect low-level baroclinicity and thus bomb cyclone characteristics. These results have important implications for future
projections of  bomb cyclone activity  over  the NP,  aiding in  risk assessment  and mitigating the impacts  of  these extreme
events.

Key words: bomb  cyclones, maximum  near-surface  wind, Eady  growth  rate, meridional  air  temperature  gradient, North
Pacific
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Article Highlights:
•   Bomb  cyclones  over  the  North  Pacific  weaken  from  2001,  featuring  reduced  maximum  wind  speeds  and  slower
deepening rates.

•  Annual variations in bomb cyclone characteristics are positively correlated with variations in the low-level Eady growth
rate.

•   Modulation of  meridional  air  temperature  gradients  by the  Aleutian  Low affects  the  Eady growth rate  and thus  bomb
cyclones.

 

  
 

1.    Introduction

Bomb cyclones, also known as explosive cyclones, are
intense  extratropical  storms  characterized  by  a  rapid
decrease  in  their  central  pressure.  Typically,  a  bomb
cyclone is defined as an extratropical cyclone with a central
pressure  drop  of  at  least  24  hPa  within  a  24-hour  period
(Sanders  and  Gyakum,  1980).  This  rapid  intensification

results  in  severe  weather  conditions,  including high winds,
heavy  precipitation,  and  coastal  flooding,  making  bomb
cyclones highly significant in both meteorological and soci-
etal terms (Hewson and Neu, 2015; Fu et al.,  2023). Bomb
cyclones usually occur in midlatitudes during the cold season
and have historically caused significant  damage to life  and
property  in  regions such as  East  Asia,  North America,  and
Europe  (Liberato  et al.,  2011; Booth  et al.,  2015; Brâncuş
et al.,  2019; Fu  et al.,  2024).  Therefore,  understanding  the
characteristics of bomb cyclones and how they are evolving
under current climate is crucial for mitigating their impacts
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on both the environment and human society.
The  North  Pacific  (NP)  is  one  of  the  most  active

regions of bomb cyclone activity in the Northern Hemisphere
(Kuwano-Yoshida and Minobe, 2017; Fu et al.,  2023). The
climatology of NP bomb cyclones has been well documented
in  previous  studies  (e.g., Allen  et al.,  2010; Zhang  et al.,
2017). These storms generally originate from both the Asian
continent  and  the  Pacific  Ocean  (Yoshida  and  Asuma,
2004). Fu et al. (2020) demonstrated that NP bomb cyclones
frequently  occur  to  the  east  of  Japan  and  travel  across  the
Pacific Ocean in southwest–northeast directions, potentially
impacting coastal regions in East Asia and North America.
The  annual  frequency  of  these  events  is  highest  during
boreal winter, decreases slightly in spring and autumn, and
is nearly zero in summer (Fu et al., 2020). Based on the Euro-
pean  Centre  for  Medium-Range  Weather  Forecasts
(ECMWF)  interim  reanalysis  (ERA-Interim)  from  1979  to
2018, Jiang et al. (2022)  conducted  a  statistical  analysis  of
the  maximum  surface  winds  associated  with  NP  bomb
cyclones. They found that the maximum wind speeds, typi-
cally  around  30  m  s−1,  generally  occur  after  an  event
reaches its peak deepening during its lifecycle.

In  addition,  NP  bomb  cyclones  exhibit  interannual  to
interdecadal  variabilities,  which  is  essential  to  understand.
An early study by Graham and Diaz (2001) reported a signifi-
cant increase in the frequency of extreme cyclones over the
NP from 1948/49 to 1997/98 using sea level pressure (SLP)
reanalysis.  More  recently, Iwao  et al.  (2012)  indicated  a
notable  rise  in  explosive  cyclone  frequency  east  of  Japan
from  1979/1980  to  2010/11  using  the  Japanese  25-year
Reanalysis and Japan Meteorological Agency (JMA) Climate
Data  Assimilation  System  dataset  (JRA-25/JCDAS; Onogi
et al.,  2007).  Consistently,  Kuwano-Yoshida  et al.  (2022)
noted a rapid increase in bomb cyclone activity over the mid-
winter  NP from the late  1980s,  using the Japanese 55-year
reanalysis assimilating only conventional observations (JRA-
55C, Kobayashi  et al.,  2014).  In  contrast,  Tilinina  et al.
(2013) found that the number of deep cyclones over the NP
increased  from  the  late  1980s,  peaked  around  2000,  and
then decreased in the 21st century, resulting in an insignificant
linear trend from 1979 to 2010 across the examined reanalysis
datasets.  It  is  worth  noting  that  most  previous  studies
focused  on  cyclone  activity  (i.e.,  the  number  of  events)
rather than major characteristics of these events, such as the
maximum  near-surface  wind  speeds  or  minimum  SLP.
Although Graham and Diaz (2001) noted an intensification
of  cyclone  extreme  surface  winds,  this  early  work  cannot
help inform the variability of bomb cyclones in the 21st cen-
tury.

Moreover, there remains considerable uncertainty regard-
ing  the  drivers  of  NP  bomb  cyclone  variability,  especially
with respect to the relative influence of global warming versus
natural  variability  (Zhang  et al.,  1998). Iwao  et al.  (2012)
argued  that  the  identified  increase  in  NP  bomb  cyclones
agrees  with  the  enhancement  of  storm  tracks  under  global
warming  (Inatsu  and  Kimoto,  2005).  A  more  recent  study

by Karwat  et al. (2022)  also  found  increased  storminess
over  the  NP  in  response  to  global  warming.  In  contrast,
Kuwano-Yoshida et al. (2022) attributed the recent changes
in NP bomb cyclone activity to interdecadal environmental
variability in this region. Furthermore, climate model projec-
tions  from  the  Coupled  Model  Intercomparison  Project,
phase  5  (Taylor  et al.,  2012)  and  phase  6  (Eyring  et al.,
2016), both indicate that NP bomb cyclone activity tends to
shift  poleward  under  global  warming  (Seiler  and  Zwiers,
2016; Gao  et al.,  2024).  This  poleward  movement  would
result in reduced bomb cyclone activity east of Japan, which
is  not  quite  consistent  with  the  increases  reported  by
Kuwano-Yoshida et al. (2022) and Karwat et al. (2022). Con-
sequently,  it  remains  unclear  whether  global  warming  has
caused detectable changes in NP bomb cyclone behavior in
the  21st  century,  which  calls  for  further  investigation  into
the factors driving their variability.

In this study, we aim to systematically examine the vari-
ability of bomb cyclone characteristics over the NP and its
drivers  from  1980  onward.  We  track  and  identify  bomb
cyclones  in  several  reanalysis  datasets,  then  assess  the
trends  in  multiple  bomb  cyclone  characteristics.  Further-
more,  using both reanalysis and climate model outputs,  we
hope to clarify the environmental factors affecting variations
in NP bomb cyclones and contribute to broader debates on
how  climate  change  is  affecting  these  events.  The  rest  of
this paper is organized as follows. Section 2 details the data
and  methods.  The  trends  in  bomb  cyclone  characteristics
and related analyses of environmental factors are presented
in section 3. In section 4, we describe our major conclusions
and discuss further implications of our findings. 

2.    Data and methods
 

2.1.    Datasets

In this study, we use four reanalysis datasets to examine
the variability of bomb cyclones: the fifth major global reanal-
ysis  produced  by  ECMWF (ERA5; Hersbach  et al.,  2020);
ERA-Interim (Dee et al., 2011); NASA’s Modern-Era Retro-
spective Analysis for Research and Applications, version 2
(MERRA2; Gelaro et al., 2017); and the JRA-55 reanalysis
(Kobayashi et al., 2015). These datasets are well recognized
for their  overall  good data quality and broad application in
atmospheric research. Table 1 presents the spatial and tempo-
ral  resolutions,  along  with  the  temporal  coverage,  of  the
four  datasets  used  in  this  study.  In  addition,  ERA5  is
adopted  to  investigate  the  environmental  factors  affecting
bomb cyclone  variability.  ERA5 is  widely  regarded  for  its
high temporal and spatial resolutions, as well as its incorpora-
tion of  a  vast  amount  of  observational  data  from satellites,
weather stations, and buoys. The high quality of ERA5 and
its  superior  spatial  resolution  make  it  particularly  suitable
for  mechanism  analysis,  as  compared  to  other  reanalysis
datasets examined here.

To  strengthen  confidence  in  the  reanalysis  results,  we
also analyze four climate models participating in the High-res-
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olution  Model  Intercomparison  Project  (HighResMIP;
Haarsma  et al.,  2016):  MPI-ESM1-2-HR  (Gutjahr  et al.,
2019),  EC-Earth3P  (Haarsma  et al.,  2020),  CMCC-CM2-
HR4  (Cherchi  et al.,  2019),  and  HadGEM3-GC31-MM
(Roberts  et al.,  2019).  HighResMIP is  one  of  the  endorsed
projects of CMIP6. We use coupled historical simulations per-
formed by these models, covering the period 1950 to 2014.
The external forcings for these simulations generally follow
the  standard  CMIP6  historical  simulations  (Eyring  et al.,
2016) with fixed land use. The spatial and temporal resolu-
tions of the analyzed models are also presented in Table 1.
Additional details on model configurations and experimental
designs  can  be  found  in Gao  et al. (2024)  and  references
therein.  For  this  study,  we  analyze  one  ensemble  member
from each model.

Moreover,  we  examine  three  key  climate  indices—the
Pacific Decadal Oscillation (PDO) index (Mantua and Hare,
2002),  the  Tripole  Index  (TPI)  for  the  Interdecadal  Pacific
Oscillation (IPO; Henley et al., 2015), and the North Pacific
Index (NPI; Trenberth and Hurrell, 1994)—to explore the rela-
tion between bomb cyclones and large-scale climate variabil-
ity in the NP (Zhang and Levitus, 1997; Zhang et al., 1999;
Di  Lorenzo  et al.,  2023).  The  PDO index  is  obtained  from
the JMA. It captures the dominant mode of decadal SST vari-
ability in the NP. The TPI (IPO) index measures the phase
of  the  IPO,  a  long-term  Pacific  climate  variability  pattern
that influences the frequency and intensity of weather systems
over  the  Pacific  basin.  Here,  we  use  the  unfiltered  version
of the TPI (IPO) index calculated from NOAA’s ERSST.v5
(Henley et al., 2015). The NPI is obtained from the Climate
Data  Guide,  which  reflects  the  strength  of  the  Aleutian
Low,  a  semi-permanent  low-pressure  system  over  the  NP.
In this  study,  we use monthly values of  these indices from
1980 onward. 

2.2.    Analysis methods

We perform cyclone tracking for the reanalysis datasets
and  climate  models  using  the  TRACK  algorithm  (Hodges,
1999; Hodges et al., 2011). The tracking is conducted on 6-
hourly 850 hPa relative vorticity (RV) fields with T42 resolu-
tion smoothing, a configuration that has been widely validated
in previous studies (e.g., Sinclair et al.,  2020; Priestley and

Catto, 2022). The 6-hour interval balances computational effi-
ciency  with  the  temporal  resolution  necessary  to  capture
cyclone  evolution.  The  850  hPa  RV  is  a  well-established
parameter for identifying cyclone centers. The T42 smoothing
ensures  comparable  tracking results  across  different  spatial
resolutions.  The  TRACK  algorithm  identifies  cyclones
based on local  RV maxima exceeding a  threshold value of
1 × 10−5 s−1, which are then linked in time to create continuous
cyclone  tracks.  The  algorithm  also  calculates  multiple
cyclone  properties  at  each  time  step,  including  the  storm’s
maximum near-surface wind speed, minimum SLP, and the
associated  geographic  locations,  which  are  important  for
our further  investigation into bomb cyclone characteristics.
To  exclude  transient  events,  only  extratropical  cyclones
with a lifetime longer than 2 days are retained for subsequent
bomb cyclone identification.

Bomb  cyclone  events  are  identified  from  extratropical
cyclone  tracks  by  examining  the  24-hour  deepening  rate
(DPR)  of  the  central  pressure  minimum  at  each  time  step
(except  for  the  first  and  last  two  time  steps).  The  24-hour
DPR is calculated as follows: 

DPR =
pt−12h− pt+12h

24
×

∣∣∣∣∣∣∣∣∣
sin60◦

sin
φt−12h+φt+12h

2

∣∣∣∣∣∣∣∣∣ , (1)

φ

φ

where t represents the analyzed time step, and p and  repre-
sent the SLP value (units: hPa) and latitude (units: °) of the
pressure minimum, respectively. Equation (1) calculates the
24-hour pressure drop of a cyclone’s central pressure mini-
mum normalized at 60° as in Sanders and Gyakum (1980).
The unit of measurement for DPR is bergerons, with one berg-
eron  equal  to  a  pressure  drop  of  24  hPa  in  24  hours.  To
avoid  the  inclusion  of  tropical  cyclones,  we  discard  time
steps when  is equatorward of 30°N. If a cyclone has a 24-
hour  DPR larger  than  one  bergeron  during  its  lifetime,  the
event is categorized as a bomb cyclone.

We  then  examine  the  major  characteristics  of  bomb
cyclones using four different metrics: maximum near-surface
wind speeds, minimum SLP, maximum RV, and maximum
24-hour  DPR  (the  fastest  rate  of  deepening  for  an  event).
While the maximum RV is directly derived from the measure-

 

Table 1. Reanalysis datasets and climate models examined in this study.

Source Name Spatial resolution Temporal resolution Temporal coverage

Reanalysis ERA5 0.25° × 0.25° 6-hourly, daily, monthly 1980–2017
ERA-Interim 0.75° × 0.75° 6-hourly 1980–2015

JRA-55 0.56° × 0.56° 6-hourly 1980–2013
MERRA2 0.5° × 0.625° 6-hourly 1981–2014

Climate model MPI-ESM1-2-HR ~0.93° (atmosphere)
0.4° (ocean)

6-hourly, monthly 1950–2014

EC-Earth3P ~1° (atmosphere)
1° (ocean)

6-hourly, monthly 1950–2014

CMCC-CM2-HR4 1° (atmosphere)
0.25° (ocean)

6-hourly, monthly 1950–2014

HadGEM3-GC31-MM 0.83° × 0.56° (atmosphere)
0.25° (ocean)

6-hourly, monthly 1950–2014
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ment of  the cyclone center  RV, we would like to note that
the  maximum  near-surface  wind  speeds  and  the  minimum
SLP are not directly measured at the cyclone center but identi-
fied within a 5° geodesic radius of the center by the tracking
algorithm  (Bengtsson  et al.,  2009; Hodges  et al.,  2011).
This  method  ensures  that  the  relevant  metrics  capture  the
most extreme values associated with each bomb cyclone. As
a  result,  the  magnitudes  of  these  metrics  are  larger  than
those directly derived from the RV center. However, the 5°
radius  is  sufficiently  small  to  accurately  represent  the  core
characteristics of the tracked cyclones, minimizing any poten-
tial  impacts  of  this  approach  on  our  results.  We  evaluate
these  metrics  for  each  bomb  cyclone  and  then  take  the
annual average across all events over the NP.

To explore environmental factors affecting the variability
of  bomb  cyclone  characteristics,  we  specifically  calculate
the maximum Eady growth rate (EGR; Lindzen and Farrell,
1980)  at  850  hPa.  The  maximum  EGR  is  calculated  using
daily ERA5 data (derived from 6-hourly data) with the follow-
ing equation: 

EGR = 0.31 | f |
∣∣∣∣∣∂u∂z

∣∣∣∣∣N−1 . (2)

∂u/∂zIn Eq. (2), f is the Coriolis frequency;  is the vertical
shear  of  the  zonal  wind  speed u,  in  which z represents  the
geopotential  height;  and N is  the  Brunt–Väisälä  frequency,
calculated as 

N =
(

g
θ

∂θ

∂z

) 1
2

. (3)

∂u/∂z ∂θ/∂z
Here, g and θ are the gravitational acceleration and the poten-
tial temperature, respectively. Both  and  are cal-
culated between 925 and 700 hPa.
 

3.    Results
 

3.1.    Recent changes in bomb cyclone characteristics

Figure  1 presents  the  tracks  of  bomb  cyclones  from
2001 to 2017 based on the ERA5 reanalysis. A total of 1155
events  are  identified,  with  an  average  of  around  68  events
per  year.  These  bomb  cyclones  generally  originate  in  East
Asia  or  the  NP,  with  their  maximum  near-surface  wind
speeds observed over the ocean. Therefore, we focus our anal-
ysis  of  bomb  cyclone  characteristics  on  events  occurring
within  (30°–60°N,  120°E–120°W)  (indicated  by  the  green
dashed lines in Fig. 1).

The  annual  variations  in  bomb  cyclone  characteristics
since the 1980s are shown in Fig. 2. It is worth noting that
steady trends can be observed for the examined metrics, espe-
cially during the 21st century. Therefore, we further quantify
the trends in these annual  statistics  for  three different  peri-
ods:  the  whole  reanalysis  periods,  the  period  before  2000
(from 1980 to  1999,  except  for  MERRA2,  whose statistics
are  available  from  1981)  and  after  2000  (from  2001
onward). The resultant trends for different periods are summa-
rized in Table 2, and their statistical significance is examined
using a t-test.  For  the  maximum near-surface  wind speeds,
three  of  the  four  examined  reanalysis  datasets  display  a
decreasing  trend  since  2001,  with  ERA-Interim  being  the
exception.  It  is  worth  noting  that  ERA5 has  relatively  low
wind  speeds  compared  to  other  datasets,  which  is  possibly
due  to  high  drag  coefficients  used  in  the  numerical  model
under extreme conditions (Bidlot et al., 2020). For the mini-
mum SLP and maximum DPR, results from ERA5, JRA-55
and MERRA2 again show consistent trends since the begin-
ning of the 21st century (the trend in the maximum DPR for
ERA5 is significant at a 90% confidence level). For the maxi-

 

 

Fig. 1. Bomb cyclone tracks (black solid lines) over the NP in ERA5 during 2001–17. Red dots indicate the
locations where the bomb cyclones exhibit maximum near-surface wind speeds. Green dashed lines indicate
the region of (30°–60°N, 120°E–120°W).
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mum RV, all four datasets show a decreasing trend, though
only the MERRA2 result is significant at a 95% confidence
level.  Overall,  despite  some  differences  between  datasets
and  metrics,  our  results  consistently  suggest  that  bomb
cyclones over the NP have weakened in the early 21st cen-
tury.

In  addition,  we  analyze  the  annual  variations  in  the

same metrics for non-bomb cyclones over the NP in Fig. 3
and Table 2. For the maximum near-surface wind speeds, a
significant  decreasing  trend  since  2001  is  observed  in  the
JRA-55 and MERRA2 results,  but  the magnitudes of these
trends are smaller than those for bomb cyclones. Regarding
the minimum SLP, only JRA-55 shows a significant increas-
ing  trend.  The  trends  in  the  maximum DPR for  non-bomb

 

 

Fig.  2. Annual  variations  in  bomb cyclone  characteristics  in  four  reanalysis  datasets  from 1980  onward.  Regression  lines  are
plotted for significant (p < 0.05) trends from 2001 onward.

 

Table  2. Trends  in  bomb  cyclone  and  non-bomb  cyclone  characteristics  during  different  time  periods  for  four  reanalysis  datasets.
Significant (p < 0.05) increasing and decreasing trends are shown in red and blue fonts, respectively.

Metric Reanalysis

Bomb cyclone trends Non-bomb cyclone trends

Whole period Before 2000 After 2000 Whole period Before 2000 After 2000

Maximum near-surface wind
speed

(m s−1 yr−1)

ERA5 0.009 0.028 −0.044 0.001 0.006 −0.012
ERA-Interim 0.019 −0.022 −0.007 0.003 −0.003 0.007

JRA-55 −0.036 −0.039 −0.090 −0.033 −0.024 −0.046
MERRA2 0.004 0.054 −0.107 −0.007 −0.002 −0.035

Minimum sea-level pressure
(hPa yr−1)

ERA5 −0.005 −0.008 0.192 0.036 0.032 0.046
ERA-Interim 2 × 10−4 0.082 0.115 0.028 0.004 0.050

JRA-55 −0.006 0.031 0.223 0.029 −0.003 0.223
MERRA2 −0.002 −0.003 0.358 0.033 −0.019 0.091

Maximum deepening rate
(bergeron yr−1)

ERA5 2 × 10−4 3 × 10−4 −0.004 −2 × 10−4 8 × 10−4 −4 × 10−4

ERA-Interim 2 × 10−4 6 × 10−4 −0.001 −1 × 10−4 0.001 −5 × 10−4

JRA-55 2 × 10−4 −0.001 −0.007 −6 × 10−4 5 × 10−4 −0.002
MERRA2 3 × 10−4 0.001 −0.004 0 0.001 −0.001

Maximum relative vorticity
(×10−5 s−1 yr−1)

ERA5 0.005 0.022 −0.014 −0.004 0.001 −0.016
ERA-Interim 0.003 0.014 −0.001 −0.003 0.007 −0.016

JRA-55 0.002 0.006 −0.018 −0.001 0.005 −0.021
MERRA2 1 × 10−4 0.024 −0.030 −0.005 0.010 −0.022
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cyclones  after  2000  are  insignificant  across  all  examined
datasets.  In  contrast,  all  four  datasets  display  a  significant
decreasing  trend  in  the  maximum  RV  of  non-bomb
cyclones, indicating the RV trends are more pronounced for
non-bomb cyclones than for bomb cyclones. This is probably
because the cyclones are tracked based on RV, while bomb
cyclones  are  identified by the  DPR of  SLP.  Except  for  the
maximum RV, the trends are generally larger in magnitude
and  more  significant  for  bomb  cyclones  compared  to  non-
bomb  cyclones.  These  results  suggest  that  NP  bomb
cyclones undergo more substantial  changes than non-bomb
cyclones in recent years, which highlights the importance of
focusing on these extreme extratropical storms.

Given the observed weakening trend in bomb cyclones
in the 21st century, we further compare the epoch-mean of
bomb cyclone characteristics  before  and after  2000 in Fig.  4.
The epoch-mean values are computed by directly averaging
the  relevant  metrics  of  all  bomb  cyclone  events  occurring
within the respective time periods. For the maximum near-sur-
face  wind  speeds,  while  JRA-55  indicates  that  the  events
after  2000  are  generally  weaker  than  those  before  2000,
ERA-Interim  shows  an  opposite  result,  indicating  an
increase in the wind speeds after 2000. The epoch differences
for ERA5 and MERRA2 in Fig. 4a are insignificant, despite
the significant decreasing trends seen in Fig. 2a. For the mini-
mum SLP, maximum RV and maximum DPR, the epoch dif-
ferences are also insignificant across all datasets. Similarly,
for non-bomb cyclones, systematic differences cannot be iden-
tified  between the  epoch-means  before  and after  2000 [see
Fig.  S1  in  the  electronic  supplementary  material  (ESM)].

While the weakening of bomb cyclones in the 21st century
does  not  necessarily  lead  to  significant  epoch  differences
before and after 2000, the lack of notable differences suggests
that  the  observed trends  are  unlikely  to  have  been induced
by a monotonic forcing dating back to the 1980s. Given the
steady  rise  in  global  mean  temperature  since  the  1950s
(IPCC,  2021),  the  absence  of  a  steady  trend  in  bomb
cyclone  characteristics  for  the  whole  analysis  period
(Table  2 and Fig.  4)  implies  that  the  recent  weakening
trends are more likely a result of natural climate variability,
rather  than  anthropogenic  influences.  In  the  following  sec-
tions, we seek to further investigate this hypothesis by analyz-
ing environmental factors related to the observed trends.
 

3.2.    Analyses of local environmental factors

To  investigate  the  underlying  mechanisms  behind  the
variability of bomb cyclones, we conduct a correlation analy-
sis between bomb cyclone characteristics and environmental
variables  over  the  NP using  ERA5 (note  that  the  pressure-
level data used in the following analysis are not affected by
the bias caused by drag coefficients). Previously, Seiler and
Zwiers (2016)  and Gao  et al. (2024)  both  noted  that  bomb
cyclone changes are closely associated with low-level EGR.
Therefore,  we  first  correlate  the  annual  variations  in  NP
bomb cyclone characteristics  (as  shown in Fig.  2)  with the
annual mean maximum 850 hPa EGR (derived from daily val-
ues) at each grid point during the same period (1980–2017).
The  correlation  map  for  the  maximum  near-surface  wind
speeds is shown in Fig. 5a, while the results for other metrics
can be found in Figs. S2a, S3a, and S4a in the ESM. Signifi-

 

 

Fig. 3. Same as Fig. 2 but for non-bomb cyclones.
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cant positive correlations are observed in the 30°–45°N latitu-
dinal band of the NP (Fig. 5a), with significant negative corre-
lations generally outside the midlatitude NP. Similar correla-
tion patterns with the maximum EGR are evident for other
metrics as well (Figs. S2a, S3a, and S4a in the ESM). Given
that the influence of low-level baroclinity on bomb cyclones
is  primarily  localized,  the  significant  correlations  outside
the  midlatitude  NP  are  likely  caused  by  co-variability  of
large-scale EGR patterns rather than direct dynamical interac-
tions. It is thus suggested that the annual variations in low-
level baroclinity within 30°–45°N of the NP plays a dominant
role in the observed weakening of bomb cyclones.

The  maximum  EGR  is  influenced  by  two  terms  as
shown in Eq. (1): the static stability (i.e., the Brunt–Väisälä
frequency) and the vertical zonal wind shear. To further inves-
tigate the contribution of each term to bomb cyclone variabil-
ity, we calculate the correlation maps between the annual vari-
ations  in  these  terms  and  the  maximum  near-surface  wind
speeds (for  other  metrics,  see Figs.  S2–S4 in the ESM),  as
shown in Figs. 5b and c. The spatial correlation pattern for
the  vertical  zonal  wind shear  (Fig.  5b)  is  similar  to  that  of
the maximum EGR, featuring significant positive correlations
within the 30°–45°N latitudinal band. In contrast, the correla-
tion  results  for  static  stability  are  generally  negative  over
the whole NP, with significant correlations largely found out-
side the analysis region (Fig. 5c). Consequently, the consis-
tent positive correlations observed in Figs. 5a and b highlight
the dominant role of vertical zonal wind shear in driving the
association between bomb cyclone variability and maximum

EGR.
As the vertical zonal wind shear is closely linked to the

spatial distribution of low-level temperature through the ther-
mal wind relationship, we incorporate the meridional air tem-
perature gradient  at  1000 hPa into our correlation analysis.
The  correlation  maps  for  the  maximum  near-surface  wind
speeds are presented in Fig. 5d (for other metrics, see Figs.
S2–S4 in the ESM). Notably, the correlation results closely
resemble those in Figs. 5a and b, with significant positive cor-
relations concentrated within the 30°–45°N latitudinal band,
albeit  with  slightly  noisier  patterns.  This  similarity  under-
scores the role of the low-level meridional temperature gradi-
ent in modulating the vertical wind shear and subsequently
the  maximum EGR.  Therefore,  the  observed weakening of
bomb cyclones can be attributed to the changes in the low-
level meridional temperature gradient over the NP. To further
validate this association, we calculate the annual mean merid-
ional  air  temperature  gradient  at  1000  hPa  averaged  over
(30°–45°N, 120°E–120°W) and correlate it with the annual
mean maximum near-surface wind speeds of bomb cyclones
from 1980 to 2017 in Fig.  6.  The significant  correlation in
Fig. 6 confirms the important role of the meridional tempera-
ture  gradient  in  driving  interannual  variations  in  NP bomb
cyclone characteristics. 

3.3.    Linkage with large-scale variability

Given the close relation between the bomb cyclone char-
acteristics and meridional air temperature gradient, it is desir-
able to further explore whether this relationship can be under-

 

 

Fig. 4. Box plots for epoch mean bomb cyclone characteristic. In each panel, for the same dataset, the left-hand (right-hand) box
is derived from the relevant metrics of all bomb cyclone events occurring before (after) the year 2000. The dashed lines represent
the mean values for respective time periods.
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stood in the context of large-scale climate variability in the
NP.  Therefore,  we  calculate  the  annual  averages  of  the
PDO, IPO, and NPI indices using their monthly values. We
then perform a min–max normalization on the annual climate
indices,  the  annual  mean  maximum  near-surface  wind
speeds, and meridional air temperature gradient (the two vari-
ables shown in Fig. 6). The normalized results for 2001–17
are shown in Fig. 7a to provide a quick examination of the

variations in these variables during the 21st century. It is indi-
cated  that  the  normalized  maximum  near-surface  wind
speeds and temperature gradient correspond well throughout
the  analysis  period,  which  agrees  with  our  above  analysis.
Although all  three climate indices exhibit  negative correla-
tions  with  the  maximum  wind  speeds,  we  note  the  NPI
shows relatively good correspondence with the temperature
gradient. To further explore their relationship, monthly NPI
values are plotted against the monthly 1000 hPa meridional
air  temperature  gradient  averaged  over  (30°–45°N,
120°E–120°W) from 1980 to 2017 in Fig. 7b. A significant
negative correlation is observed between the two variables,
confirming their linkage. It is worth noting that, while the lin-
ear  regression  yields  a p-value  <  0.05,  the  relationship  in
Fig. 7b appears to be nonlinear. This suggests that the interac-
tion between the NPI and the low-level temperature gradient
cannot  be  fully  captured by linear  regression,  but  a  further
investigation is beyond the scope of the current analysis. Simi-
lar  correlation  analysis  using  monthly  values  for  the  PDO
and  IPO  indices  are  also  conducted,  and  the  results  are
insignificant (not shown).

Consequently, Fig. 7 suggests the NPI plays an important
role  in  modulating  the  meridional  air  temperature  gradient
over  the  lower  midlatitudes  of  the  NP.  Specifically,  a  high
(low) NPI corresponds to a weakened (enhanced) low-level
meridional air temperature gradient in this region. Changes
in  the  meridional  temperature  gradient  in  turn  affect  the
local vertical zonal wind shear through the thermal wind rela-
tionship,  thereby  modulating  the  low-level  baroclinity.

 

 

Fig. 5. Correlation maps between the annual variations in the maximum near-surface wind speeds of bomb cyclones over the
NP and four environmental variables from 1980 to 2017. Shading indicates significant correlations with p < 0.05.

 

Fig.  6. Scatter  plot  between  the  annual  variations  in  the
maximum near-surface wind speeds of bomb cyclones over the
NP  and  the  1000  hPa  meridional  air  temperature  gradient
averaged over (30°–45°N, 120°E–120°W) from 1980 to 2017.
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These processes provide a dynamic pathway through which
large-scale atmospheric variability in the NP, as represented
by  the  NPI,  impacts  bomb  cyclones  in  this  region.  More-
over, these results suggest that the variability of large-scale
atmospheric  circulation,  rather  than  large-scale  SST  pat-
terns,  is  primarily  responsible  for  the  recent  weakening  of
bomb cyclones over the NP.
 

3.4.    Climate model results

While we have identified a close association among the
annual  variations  in  NP  bomb  cyclone  characteristics,  the
meridional air temperature gradient, and the NPI, it is desir-
able  to  further  validate  these  relationships  with  climate
model outputs given the relatively short  temporal  coverage
of the ERA5 data. We thus calculate the annual variations in
bomb cyclone  characteristics,  as  well  as  the  meridional  air
temperature  gradient  at  1000  hPa  [averaged  over  (30°–
45°N,  120°E–120°W)]  and  the  NPI,  for  the  period
1950–2014,  for  the  four  HighResMIP  models  in Table  1.
The annual NPI and temperature gradient for the models are
derived  from  monthly  mean  model  outputs.  Correlations
between  these  variables  are  presented  in Table  3,  with  the
maximum near-surface wind speeds of bomb cyclones serv-
ing  as  the  representative  metric  for  the  examined  bomb
cyclone characteristics, as in section 3.3.

Table  3 shows  that  all  examined  models  successfully
reproduce  the  observed  close  association  between  the  NPI
and  the  temperature  gradient  in  the  lower  midlatitude  NP.
Notably,  for  the  CMCC-CM2-HR4  model,  this  correlation
becomes significant only when the NPI leads the temperature
gradient by one year, suggesting a lagged impact of the NPI
on the NP environment in this specific model.  Despite this
hysteresis,  the models  effectively capture the co-variability
between the Aleutian Low and the low-level temperature gra-
dient over the NP. Actually, the scatter plots between these
two variables using monthly mean values for the models are
nearly identical to Fig. 7b (not shown), indicating that the non-
linear correlation observed in reanalysis data is also well cap-
tured by coupled simulations.

However,  only  one  model  (MPI-ESM1-2-HR)  among
the  four  examined  shows  a  significant  correlation  between
the  maximum  near-surface  wind  speeds  of  bomb  cyclones
and the meridional  temperature gradient.  It  is  worth noting
that the MPI-ESM1-2-HR model also exhibits a close connec-
tion between the NPI and the maximum wind speeds.  This
means that the dynamical pathway discussed in section 3.3
is  well  simulated in this  model.  In contrast,  the other three
models generally have difficulty in reproducing the influence
of the low-level temperature gradient on NP bomb cyclones.
This  discrepancy  may  stem  from  differences  in  model
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: maximum wind  
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Fig.  7. (a)  Time  series  of  the  min–max  normalized  annual  variations  in  the  maximum  near-surface  wind  speeds  of  bomb
cyclones  over  the  North  Pacific  (blue),  the  1000  hPa  meridional  air  temperature  gradient  averaged  over  (30°–45°N,
120°E–120°W) (brown), the PDO index (purple), the NPI (pink), and the IPO index (green), from 2001 to 2017. (b) Scatter plot
between  the  monthly  North  Pacific  Index  and  1000  hPa  meridional  air  temperature  gradient  averaged  over  (30°–45°N,
120°E–120°W) from 1980 to 2017, with the linear regression result.

 

Table 3. Correlation coefficients between the annual mean variations in the maximum near-surface wind speeds of bomb cyclones and
environmental factors during 1950 to 2014 for the HighResMIP models. Bold font indicates that the correlation is significant at p < 0.05.
An asterisk (*) indicates the correlation result when the NPI leads by one year).

HighResMIP model

Correlation coefficients between annual mean variables

NPI & meridional temp gradient NPI & maximum wind Meridional temp gradient & maximum wind

MPI-ESM1-2-HR −0.37 −0.31 0.25
EC-Earth3P −0.26 −0.20 0.11

CMCC-CM2-HR4 −0.21
(−0.40*)

−0.23 0.16

HadGEM3-GC31-MM −0.27 −0.04 0.16
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physics  and  parameterizations,  which  significantly  impact
how extreme weather events are represented in coupled cli-
mate models. Moreover, it is possible that interannual variabil-
ity  in  bomb  cyclone  characteristics  within  these  models  is
driven  by  other  factors,  such  as  upper-level  jet  streams,
though  a  more  in-depth  analysis  of  the  underlying  mecha-
nisms is not the objective of this study.
 

4.    Discussion and conclusions

In this study, we have systematically examined the varia-
tions in NP bomb cyclone characteristics from 1980 onward
using four reanalysis datasets. Our results reveal a clear weak-
ening trend in NP bomb cyclones since the beginning of the
21st  century.  Specifically,  we  find  consistent  reductions  in
the maximum near-surface wind speeds, increases in the mini-
mum SLP, and declines in the maximum DPR for NP bomb
cyclones.  These  trends  are  particularly  evident  in  ERA5,
JRA-55, and MERRA2, whereas ERA-Interim shows some
inconsistencies.  In  addition,  we  contrast  the  variability  of
these  metrics  between  bomb  cyclones  and  non-bomb
cyclones. Although non-bomb cyclones show a clear weaken-
ing  trend  in  their  maximum  RV,  the  trends  in  wind,  SLP
and DPR are less pronounced than those for bomb cyclones.
Overall,  our  findings  highlight  that  NP  bomb cyclones  are
becoming less intense as measured by multiple metrics, mark-
ing a significant shift in their behavior in the early 21st cen-
tury.

In our analysis,  ERA-Interim usually stands out  as  the
only  dataset  that  is  inconsistent  with  the  others.  Notably,
ERA-Interim  has  the  coarsest  horizontal  resolution  among
the  examined  reanalysis  datasets.  Previously,  Gao  et al.
(2020) highlighted the sensitivity of bomb cyclone characteris-
tics to horizontal resolution, indicating that the frequency of
small-scale  events  and  their  associated  wind  speeds  might
be inadequately represented in lower-resolution datasets like
ERA-Interim. This limitation likely contributes to the insig-

nificant  trends  (Fig.  2)  and  distinct  epoch-mean  values
(Fig. 4a) observed in ERA-Interim. In addition, differences
in data assimilation methodologies and model physics may
further  contribute  to  the  discrepancies  found  in  ERA-
Interim results. However, a detailed investigation of these fac-
tors is beyond the scope of this study. Despite these issues,
the general agreement across the other datasets with varying
resolutions  suggests  that  factors  such  as  spatial  resolution
do not significantly undermine the validity of our main con-
clusion regarding the weakening trend of bomb cyclones.

We have  also  investigated  the  underlying  mechanisms
behind the observed weakening of bomb cyclones. Our analy-
sis  focuses on the relationship between bomb cyclone cha-
racteristics  and  low-level  baroclinity,  assessed  using  the
850 hPa maximum EGR. The results indicate that the weaken-
ing of bomb cyclones is closely associated with a reduction
in  the  maximum  EGR  within  the  30°N–45°N  latitudinal
band, which is mainly caused by the influence of the merid-
ional air temperature gradient on vertical zonal wind shear.
Consistent with the localized influence of low-level baroclin-
ity  on  cyclone  development,  our  analysis  of  bomb cyclone
characteristics  within  the  30°–45°N  and  45°–60°N  bands
(Figs.  S5  and  S6  in  the  ESM)  reveals  that  the  weakening
trend is actually predominantly attributable to lower-latitude
events.

Furthermore, we seek to explain the variability of bomb
cyclone characteristics in the context of large-scale climate
variability.  It  is  demonstrated  that  the  NPI,  which  reflects
the strength of the Aleutian Low, is a key factor behind the
recent weakening of bomb cyclones. In Fig. 8, we provide a
schematic showing how the Aleutian Low influences bomb
cyclones over the NP. Specifically, the variability of the Aleu-
tian Low causes temperature anomalies over the NP by alter-
ing  wind  patterns  and  heat  fluxes  (Wang  et al.,  2012; Di
Lorenzo  et al.,  2023).  As  shown  in Fig.  8,  when  the  NPI
exceeds  its  90th  percentile  during  1980–2017,  the  western
and  central  NP  exhibits  positive  temperature  anomalies,

 

 

Fig.  8. A  schematic  illustrating  the  processes  by  which  the  Aleutian  Low  influences  bomb  cyclone
characteristics. Colors represent the 1000 hPa air temperature anomalies averaged over months when the NPI
exceeds its 90th percentile during 1980–2017.
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with negative anomalies in other areas.  This spatial  pattern
indicates a reduction in the temperature differences between
the northern and southern NP,  thereby weakening the low-
level  meridional  air  temperature  gradient  in  the  midlati-
tudes. Consistently, Zheng et al. (2024) pointed out that the
variations in the strength of the spring Aleutian Low lead to
meridional  SST  gradient  anomalies  in  the  midlatitude  NP.
Moreover, our model validation results confirm the connec-
tion between the NPI and large-scale NP environment, sup-
porting  our  explanation  of  how  the  NPI  modulates  bomb
cyclone  characteristics.  Notably,  one  model  successfully
reproduces the impact of the low-level temperature gradient
on bomb cyclone characteristics, which helps to validate the
dynamical pathway identified in the reanalysis results. How-
ever,  large  uncertainty  remains  in  the  representation  of
bomb cyclone behavior in coupled simulations, highlighting
the necessity for further investigation.

The  central  role  of  the  NPI  suggests  that  the  recent
changes in bomb cyclone characteristics over the NP are pri-
marily  driven  by  natural  atmospheric  variability  instead  of
anthropogenic influences. This result has important implica-
tions  for  the  projection  and  attribution  of  future  bomb
cyclone changes. A key question on this topic is the extent
to which the projected changes in bomb cyclones are influ-
enced by natural variability versus the long-term impacts of
global warming. Our analysis provides a better understanding
of the connection between NP bomb cyclone behavior and nat-
ural  variability,  allowing  for  more  confident  attribution  of
future changes in cyclone behavior to intrinsic climate fluctua-
tions and external drivers such as global warming.

There  are,  however,  several  caveats  to  this  analysis.
While we use multiple reanalysis datasets to ensure robust-
ness, uncertainty remains regarding the observed weakening
of bomb cyclones. Specifically, the fact that we only use a sin-
gle cyclone tracking algorithm (based on RV) limits the poten-
tial for comparing our results with those derived from other
tracking  methods.  For  example, Graham  and  Diaz (2001)
found  a  steady  intensification  trend  in  extreme  cyclones
from 1948/49 to 1997/98 in the central NP by tracking SLP
reanalysis data, while our analysis of the period 1980–2000
fails to identify any significant trends across the four reanaly-
sis  datasets.  Even  within  our  analysis,  we  note  that  the
trends in the maximum RV are much more pronounced for
non-bomb cyclones than bomb cyclones, further suggesting
that  trends  in  certain  metrics  are  sensitive  to  the  specific
cyclone  filtering  criteria  used.  Furthermore,  the  relatively
short  period  covered  by  the  reanalysis  datasets  (mostly
since 1980) also constrains our ability to capture long-term
trends in bomb cyclone behavior dating back to the pre-indus-
trial era. As a result, we cannot fully rule out the possibility
that  global warming has already caused detectable changes
in bomb cyclone characteristics. Future research should aim
to further explore the interplays among natural climate vari-
ability, anthropogenic influences, and bomb cyclone activity
by  incorporating  new  observational  datasets,  additional
cyclone tracking algorithms, and climate model simulations.
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