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ABSTRACT
The tropical storm day (TSD) is a combined measure of genesis and lifespan. It reflects tropical cyclone (TC) overall

activity,  yet  its  variability  has  rarely  been  studied,  especially  globally.  Here  we  show that  the  global  total  TSDs  exhibit
pronounced interannual (3−6 years) and decadal (10 years) variations over the past five-to-six decades without a significant
trend. The leading modes of the interannual and decadal variability of global TSD feature similar patterns in the western
Pacific  and  Atlantic,  but  different  patterns  in  the  Eastern  Pacific  and  the  Southern  Indian  Ocean.  The  interannual  and
decadal  leading  modes  are  primarily  linked  to  El  Niño-Southern  Oscillation  (ENSO)  and  Pacific  Decadal  Oscillation
(PDO),  respectively.  The TSDs-ENSO relationship  has  been steady during the  entire  55-year  period,  but  the  TSDs-PDO
relationship  has  experienced  a  breakdown  in  the  1980s.  We  find  that  the  decadal  variation  of  TSD  in  the  Pacific  is
associated with the PDO sea surface temperature (SST) anomalies in the tropical eastern Pacific (PDO-E), while that in the
Atlantic and the Indian Ocean is associated with the PDO SST anomalies in the western Pacific (PDO-W). However, the
PDO-E  and  PDO-W  SST  anomalies  are  poorly  coupled  in  the  1980s,  and  this  “destructive  PDO ”  pattern  results  in  a
breakdown  of  the  TSDs-PDO  relationship.  The  results  here  have  an  important  implication  for  seasonal  to  decadal
predictions of global TSD.
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Article Highlights:
•  The  TSDs  has  a  steady  relationship  with  ENSO  from  1965  to  2018,  while  the  TSDs-PDO  relationship  shows  a

breakdown in the 1980s.
•  TSD decadal variations in the Pacific and Atlantic-Indian Oceans are, respectively, associated with the PDO-E and PDO-

W.
•  The  TSDs-PDO  relationship  breakdown  in  the  1980s  is  due  to  the  decoupling  of  SST  anomalies  associated  with  the

PDO-E and PDO-W. 

  
 

1.    Introduction

Tropical  cyclones  (TCs)  threaten  one-to-two  billion

people’s daily lives worldwide each year and cause billions
of dollars’ economic loss (Webster  et  al.,  2005; Peduzzi  et
al., 2012; Zhang et al., 2019). For example, Hurricane Kat-
rina  (2005)  resulted  in  a  death  toll  of  1833  and  economic
losses  of  more  than  $125  billion  in  the  Gulf  Coast  region
(Adeola and Picou, 2014). Even weaker storms like tropical
depressions can cause human life losses in vulnerable societ-
ies  (ECLAC,  2009).  Improving TC prediction  and mitigat-
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ing TCs’ societal and environmental impacts demands a bet-
ter understanding of global TC variations in recent decades
and their underlying causes.

Extensive  research  has  been  carried  out  to  study  the
observed  variations  of  TC  activities  on  seasonal  to  multi-
decadal  timescales (e.g., Wang and Chan,  2002; Wu et  al.,
2005; Chen  et  al.,  2006; Frank  and  Young,  2007; Liu  and
Chan, 2008; Huang et al., 2011; Zhan et al., 2011; Vecchi et
al.,  2014; He et  al.,  2015).  Numerous  studies  have pointed
out  that  natural  oscillations  such  as  Indian  Ocean  dipole
(IOD),  Madden-Julian  Oscillation  (MJO),  El  Niño-South-
ern Oscillation (ENSO), Pacific Decadal Oscillation (PDO),
and  Atlantic  Multidecadal  Oscillation  (AMO)  have  pro-
nounced  impacts  on  observed  variations  of  TC  activities
(Singh, 2008; Klotzbach, 2014; Patricola et al., 2014; Caron
et  al.,  2015; Girishkumar  et  al.,  2015; Wang  et  al.,  2019).
Meanwhile, numerical models suggest that anthropogenic for-
cing  exerts  pronounced  impacts  on  TC  genesis  worldwide
but with large uncertainty among various models (Yu et al.,
2010; Sugi et al., 2012; Balaguru et al., 2016; Murakami et
al., 2020). A global study of observed TC activity is neces-
sary to further understand the TC climate variability.

Tropical storm days (TSD) is a combined measure of gen-
esis  and  lifespan,  reflecting  the  TC  population  during  the
entire  life  cycle. Wang  et  al.  (2010) analyzed  the  relation-
ship between global TSD and sea surface temperature (SST)
based on singular value decomposition (SVD) analysis. The
first SVD mode revealed a connection between TSD and nat-
ural  oscillations  (PDO and  ENSO),  while  the  second  SVD
mode exhibited a connection between TSD and global warm-
ing. Murakami et  al.  (2020) further  analyzed the impact  of
global  warming  on  the  global  TSD  based  on  the  SVD
method. PDO, ENSO, and global warming operate at differ-
ent timescales; however, Wang et al. (2010) had not further
discussed how these factors affect the global TC system by
separating different timescales. Also, previous studies sugges-
ted  that  the  impacts  of  large-scale  natural  oscillations  on
regional  TC  activities  are  interactive.  For  example,  the
ENSO’s effect  on TC genesis  in  the  western North Pacific
(WNP) and the North Indian Ocean (NI) changes with differ-
ent PDO phases (Girishkumar et al., 2015; Zhao and Wang,
2016, 2019), and the ENSO events can regulate the relation-
ship between MJO and TC activity in the south Pacific (SP)
and  the  North  Atlantic  (NA)  (Chand  and  Walsh,  2010;
Klotzbach  and  Oliver,  2015).  However,  we  know  little
about  whether  there  is  any  such  interaction  among  the
global TC activity’s fundamental drivers.

The  present  work  aims  to  address  what  drives  the
global TSD changes during the recent half-century and how
these  fundamental  drivers  affect  global  TSD  on  different
timescales.  Section  2  describes  the  data  and  methodology
used in this study. Section 3 documents variations of global
TSD in interannual and decadal time scales and explores the
plausible  large-scale  environmental  control  of  the  world-
wide TSD variability. In section 3, we are trying to address
two specific questions: 1) How does global TSD change on

different  timescales?  2)  What  controls  the  variations  of
global  TSD on  different  timescales?  Summary  and  discus-
sions are presented in section 4. 

2.    Data and Method
 

2.1.    Data

The  observational  TC  record  used  in  this  study  is
derived  from the  International  Best  Track  Archive  for  Cli-
mate  Stewardship,  version  4  (IBTrACS  v4; Knapp  et  al.,
2010, 2018), for the period May 1965 to April 2019. The com-
bined observational  TC data  is  flagged as  “USA agencies”
in the IBTrACS v4, which includes the Joint Typhoon Warn-
ing  Center  (JTWC),  Central  Pacific  Hurricane  Center
(CPHC), National Hurricane Center (NHC), and two World
Meteorological  Organization  (WMO) Regional  Specialized
Meteorological  Centers  at  Miami  and  Honolulu.  The
IBTrACS v4 dataset  and its  detailed information are avail-
able  on  the  website: https://www.ncdc.noaa.gov/ibtracs/
index.php?name=ib-v4-access;  last  access:  23  September
2020. Following Wang et al. (2010), we chose the data start-
ing  from  1965  when  satellite  monitoring  of  TC  events
became available to diminish the undesirable effect of miss-
ing cyclones.

Monthly mean sea surface temperature (SST) is derived
from  the  National  Oceanic  and  Atmospheric  Administra-
tion  (NOAA)  Extended  Reconstructed  SST  version  5
(ERSST  v5, Huang  et  al.,  2017).  Pacific  Decadal  Oscilla-
tion  (PDO)  index  (Mantua  et  al.,  1997; Newman  et  al.,
2016)  and  Niño-3.4  index  used  in  this  study  are  obtained
from  the  NOAA  Earth  System  Research  Laboratory  web-
site: https://psl.noaa.gov/data/climateindices/list/;  last
access:  23  September  2020.  Both  PDO  and  Niño-3.4
indexes are diagnosed from ERSST v5 SST. 

2.2.    Methodology

The TSD defines the frequency of occurrence (days) of
all  tropical  cyclones  reaching  and  exceeding  the  tropical
storm  (TS)  intensity,  i.e.  the  one-minute  sustained  surface
wind  reaches  34  knots  or  greater.  Compared  with  the  cri-
teria of surface wind speed (≥ 20 knots) used in Wang et al.
(2010), the observation record for TS (≥ 34 knots) is more
reliable. Because we only use TC positions reported every 6
hours (4 times a day), each record represents 0.25 days. To
analyze  the  spatial-temporal  variation  of  TSD,  we  trans-
formed the raw data into a 2.5° × 2.5° grid by counting TSD
at each grid. A 9-point weighted smoother is then applied to
improve spatial continuity, while the weights are calculated
based on the inverse distance interpolation algorithm of Lu
and Wong (2008).

The 4-year running mean is used in this study to separ-
ate  the  interannual  and  decadal  component  of  the  global
TSD. The 4-year running mean is a widely used convention
to identify decadal variability in previous studies (e.g., Van
Oldenborgh et al., 2012; Wang et al., 2018). The 4-year run-
ning mean time series represent the decadal variation compon-
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ent, and the interannual variation component is obtained by
subtracting the 4-year running mean time series from the ori-
ginal time series. The half-point of the response function for
the 4-year running mean filter is  around eight years;  there-
fore, the interannual signal is largely removed (Wang et al.,
2013).  For  the  4-year  running mean time series,  the  yearly
mark represents the second year of the 4-year mean period.

Empirical  orthogonal  function  (EOF)  analysis  decom-
poses  the  temporal-spatial  variation  into  a  series  of  tem-
poral-spatial  orthogonal  modes  according  to  the  eigenval-
ues  and  eigenvectors  of  the  covariance  matrix  computed
from the original dataset (Lorenz, 1956). Each leading EOF
mode  is  described  by  a  spatial  pattern  and  a  time-varying
sequence (also known as the principal component, PC). The
eigenvectors rank the EOF modes and the first leading EOF
mode accounts for the largest covariance of the original data-
set.  This  study  applies  the  EOF  method  to  normalized  3-
dimensional fields of the global TSD and its decadal and inter-
annual  variation  components.  The  North’s  test  is  used  to
examine the separability of each leading EOF mode (North
et  al.,  1982).  The  statistical  significance  of  linear  correla-
tion coefficients is determined by the effective degrees of free-
dom,  which  consider  autocorrelation  sequences  with  a
lagged window (Bretherton et al., 1999; Xiao and Li, 2007). 

3.    Results
 

3.1.    Climatology and variability of the global TSD

TSD is a useful metric to represent the overall TS activit-
ies. We computed the correlation coefficients among differ-
ent  TC  indices  [Table  S1  in  the  electronic  supplementary
material  (ESM)],  including  TSD,  TS  genesis  number
(TSG), power dissipation index (PDI; Emanuel, 2005), accu-
mulated cyclone energy (ACE; Bell et al., 2000), and the aver-
age TS lifespan (LS). The TSD is highly or well correlated
with other  indices (r > 0.69),  which is  the best  measure of
TC activities among all the listed indices.

On average, a total of 408 TSDs is observed each year
globally,  which means  that,  on  average,  TS are  seen every
day over the global oceans. Seasonally, the total global num-
ber of TSD shows a maximum in September (78) and a min-

imum in May (18) (Fig. 1a), which results from an alternate
occurrence  of  the  TC  seasons  in  the  Northern  Hemisphere
(NH) and Southern Hemisphere (SH). To facilitate the study
of  the  year-to-year  variability  of  global  TSD, Wang  et  al.
(2010) define a “tropical storm year” as the yearlong period
starting  from  1  May  to  the  following  30  April,  which
includes the NH TS season from 1 May to 31 November fol-
lowed by the SH TS season from 1 December to the next 30
April.  Hereafter, the year mentioned in this work is the TS
year, not the calendar year.

Climatological mean distribution of TSD is primarily con-
fined to  the  zonal  belts  of  10°−30°N and 10°−30°S except
in  the  WNP  and  the  NA  regions  where  TSD  occurrence
extends  north  of  45°N (Fig.  1b).  The  highest  frequency  of
TS exceeding one day per year is seen off the west coast of
Mexico near  (15°N, 110°W).  A second center  with TSD >
0.8 days per year is found over the Philippine Sea centered
at (15°N, 130°E). The Pacific Ocean hosts 62% of the total
global TSDs, including 34.2% in the WNP, 17.8% in the east-
ern north Pacific (ENP), and 10.0% in the SP. About 15.7%
and 18.6% of the total global TSDs occur in the NA and the
SI regions, respectively, and only 3.7% occurs in the NI.

The global total of TSD shows large amplitude year-to-
year  variations  (Fig.  2a)  with  the  maximum  of  603  TSDs
observed  in  the  TS year  of  1996  and  the  minimum of  287
TSDs in the TS year of 1977. However, no significant long-
term trend is detected in the year-to-year variation of global
TSD  during  the  entire  54-year  period  (1965−2018),
although the  global  mean surface  air  temperature  has  risen
by about 0.96 degrees (Fig. 2a1). Further exanimation of the
long-term trend of total TSDs in each ocean basin indicates
that only the TSD in the NA region has a significantly increas-
ing trend, which is 9.7 days (or 15%) per decade. The res-
ults  here  corroborate  that  of Murakami  et  al.  (2020),  in
which the increasing trend is  attributed to  global  warming.
However, previous studies also pointed out that TC activity
in  the  NA  region  is  associated  with  the  Atlantic  multi-
decadal  variability  (AMV)  (Delworth  and  Mann,  2000;
Klotzbach and Gray, 2008). In this study, the number of NA
TSD is  also  highly  correlated  with  the  AMV (r =  0.85  on
the  decadal  timescale).  Therefore,  whether  the  AMV  or
global warming causes the NA TSD change remains uncer-

 

 

Fig.  1.  TSD  climatology.  (a)  Seasonal  variation  of  TSD  (days)  averaged  over  the  globe  (black  curve),  Northern
Hemisphere  (NH,  blue  curve),  and  Southern  Hemisphere  (SH,  red  curve).  (b)  The  spatial  distribution  of
climatologically annual mean TSD (1965−2018).
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tain due to the limited length of available TC data.
The time series of the total global TSD is comprised of

both  interannual  and  decadal  signals.  To  better  understand
what  drives  the  TSD  variations  on  the  interannual  and
decadal  timescales,  separately,  we  followed  the  conven-
tional  method  applying  a  4-year  running  mean  to  get  the
decadal variability (DV) component and the interannual vari-
ability (IAV) components (the original TSD subtracted from
the 4-year running mean). The IAV and DV components of
global TSD are shown in Fig. 2. The IAV has significant 3-
year and 6-year peaks, while the DV shows a significant 10-
year  peak  with  an  insignificant  25-year  signal  [Fig.  S1  in
the  electronic  supplementary  material  (ESM)].  The  ranges
(maximum minus  minimum) of  the  DV and IAV compon-
ents  are comparable,  which are 171 and 194 days,  respect-
ively. Obviously, the highest TSD year (1996) and the low-
est TSD year (1977) appear to be closely related to the max-
imum and minimum DV of the TSD.

The  first  leading  modes  of  the  IAV  and  DV  compon-
ents of the global TSD, denoted by IAV1 and DV1, both fea-
ture  a  large-scale  contrast  between  the  Pacific  and  the  NA
regions, i.e., positive TSD change in the Pacific and negat-
ive TSD change in the Atlantic (Fig. 2). Note, however, that
the  positive  TSD  anomalies  in  the  eastern  Pacific  in  DV1
are  stronger  and closer  to  the  Mexican  coast,  while  that  in
IAV1  is  significantly  weaker  and  more  toward  the  central

Pacific. In the Indian Ocean, the DV1 is dominated by posit-
ive  TSD  anomalies,  while  IAV1  is  dominated  by  negative
TSD  anomalies,  although  the  patterns  in  the  Indian  Ocean
are  not  uniform.  The  first  leading  EOF  mode  of  the  total
TSD (Fig. 2a1) shows a combined structure of DV and IAV
that is similar to Wang et al. (2010). The PC is significantly
correlated with the total global TSDs (P < 0.01) at multiple
timescales (r = 0.64 for original data, r = 0.69 for DV1, and
r = 0.48 for IAV1). Although the spatial pattern of the first
leading EOF mode is not uniform, the PC1, to some extent,
can  represent  the  global  TSD  change,  especially  on  the
decadal  timescale.  The  second  leading  EOF  mode  of  the
IAV component of  global  TSDs does not  pass North’s test
(North  et  al.,  1982).  Therefore,  the  EOF  modes  following
the  leading  EOF  modes  are  not  further  discussed  in  this
study. 

3.2.    What  drives  the  variations  of  the  global  TSD  over
the past 55 years?

We noticed that the decadal PC1 is significantly related
to the PDO index with a correlation coefficient of 0.64 (P <
0.01;  the  effective  degrees  of  freedom is  19; Bretherton  et
al. 1999), while the interannual PC1 is more significantly cor-
related  with  the  Niño-3.4  index  with  a  correlation  coeffi-
cient of 0.78 (P < 0.01). The Niño-3.4 index has significant
peaks  every  3−5  years  (Fig.  S2a).  The  PDO  index  has  a

 

 

Fig. 2. Leading EOF modes of annual TSD variation. Left panels are the spatial distributions of the first EOF mode of TSD
variation:  (a1)  Annual  total  TSD,  (b1)  decadal  component  (4-year  running  mean),  and  (c1)  interannual  component  (total
minus  4-year  running  mean)  of  the  annual  TSD.  These  modes  are  significantly  separated  from the  rest  of  the  EOFs.  The
corresponding  percentage  variance  is  shown on  the  top-right  of  each  panel  (a1,  b1,  and  c1).  The  bar  charts  in  the  middle
panels (a2, b2, and c2) represent the corresponding PCs of the EOF modes. The black curves in panel b2 and c2 represent the
decadal component of the PDO index and the interannual component of the Niño-3.4 index, respectively. The Right panels
show the time series of global TSD from the TS year of 1965 to 2018. (a3) Original TSD, (b3) Decadal component, and (c3)
Interannual component. The red lines in a3, b3, and c3 represent corresponding mean values.
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decadal  oscillation  of  about  ten  years  (Fig.  S2b  in  the
ESM), which corresponds fairly well to that of global TSD
(Fig. S1 in the ESM).

The IAV1-ENSO relationship  and the  DV1-PDO rela-
tionship  can  be  confirmed  by  the  sea  surface  temperature
(SST)  anomaly  patterns  associated  with  the  two  leading
modes.  The  regressed  SST  with  reference  to  the  decadal
PC1 (Fig.  S3b  in  the  ESM) corresponds  fairly  well  to  that
from  the  PDO  index  (r =  0.93).  On  the  interannual  times-
cale, the regressed SST on the interannual PC1 (Fig. S3c) is
in  good  agreement  with  that  associated  with  the  Niño-3.4
index (r = 0.97).

Previous studies pointed out that PDO warm phase and
El  Niño  events  can  modulate  the  atmospheric  circulations
(e.g., vertical wind shear, relative vorticity, and vertical velo-
city),  causing  an  increase  of  TS  genesis  in  the  central
Pacific  and  a  reduction  of  TS  genesis  in  the  NA  (Chen  et
al.,  1998; Wang and Chan, 2002; Li and Zhou, 2012).  The
increased  TSs  in  the  southeast  WNP  move  northwestward
and  experience  long  recurving  tracks  and  lifespans  (Chan
1985; Wang  and  Chan,  2002, Camargo  et  al.,  2007a, b).
Therefore, over the western Pacific, the TSD shows signific-
ant  correlations with PDO and ENSO despite  that  the total
TS genesis number does not (Fig. S4 in the ESM).

Are  the  global  TSDs-ENSO  and  TSDs-PDO  relation-
ships stable during the whole period from 1965 to 2018 TS
year?  On  the  interannual  timescale,  the  leading  mode  is
strongly related to the Niño-3.4 index with positive correla-
tion coefficients significant at the 99% confidence level dur-
ing the entire period (Fig. 3a). Interestingly, on the decadal
timescale,  the  significant  correlation  between  PDO  and
DV1 broke down during the 1980s (Fig. 3a). 

3.3.    Why did the TSDs-PDO relationship break down in
the 1980s?

It  is  interesting  to  note  that  both  the  warm  phases  of
ENSO  and  decadal  PDO  are  correlated  with  positive  SST
anomalies  over  the  Pacific  cold  tongue  (CT)  region
(5°S−5°N, 90°W−180°). Hereafter we refer to this region as
the cold tongue (CT) following Zhang et al. (1997). The CT
SST is highly correlated with the Niño-3.4 index with a correl-
ation coefficient of 0.98. Also, Zhang et al.  (2018) pointed
out that the tropical SST contributes to part of PDO variabil-
ity. The decadal variation of the CT SST acts as a “bridge”
to link the ENSO and PDO. The decadal variation of the CT
SST has the same magnitude as the PDO, but only one-third
of the magnitude of ENSO variation.

To  explore  how  PDO  influences  the  decadal  variation
of global TSD, we decomposed the PDO signal into two com-
ponents.  The  first  PDO  component  is  measured  by  the  4-
year running mean of CT SST anomalies, which primarily rep-
resents the PDO positive SST anomalies in the tropical east-
ern  Pacific  triangle  region  (Wang  et  al.,  2013).  For  this
reason,  it  is  named  PDO-E  (Fig.  4a).  The  PDO-E  reflects
the part of PDO that is linked to ENSO. On the decadal times-
cale,  the  PDO-E accounts  for  39% of  the  total  variance  of
PDO. The second PDO component is defined by the remain-

ing SST anomalies obtained after the SST anomalies associ-
ated with the PDO-E are removed by using the partial correla-
tion method. The second PDO component primarily repres-
ents  the  negative  SST anomalies  in  the  western  Pacific  K-
shape  region  (Wang  et  al.,  2013);  so,  it  is  named  PDO-W
(Fig.  4b).  To  represent  the  PDO-W  SST  anomalies  more
straightforwardly,  we  defined  a  new  PDO-W  index  by  the
negative  SST  anomalies  averaged  over  the  WNP
(30°−40°N,  160°E−160°W).  The  correlation  map  between
this PDO-W index and global SST is highly consistent with
the  partial  correlation  map shown in Fig.  4b,  with  the  pat-
tern correlation coefficients being 0.98.

To  identify  the  roles  that  PDO-E  and  PDO-W  might
play in the TSDs-PDO relationship, we further analyzed the
correlation maps of  TSD with reference to  the  PDO-E and
PDO-W on the decadal timescale, respectively (Fig. 4c, and
d). The PDO-E explains reasonably well the DV1 mode’s spa-
tial  distribution  in  the  increased  TSD  in  the  west-central
North  Pacific.  In  general,  the  PDO-E  explains  more  than

 

Fig.  3.  Time  series  of  21-year  sliding  correlation  coefficients
among  PDO,  Niño-3.4,  and  TSD.  (a)  The  black  curve  with
triangles  represents  the  correlation  between  the  decadal
variation of PDO and DV1 PC, whereas the black curve with
circles  represents  the  correlation  between  the  interannual
variation of Niño-3.4 index and IAV1 PC. (b) The blue curve
represents  the  correlation  between  the  decadal  variation  of
PDO-W and DV1 PC; the red curve represents the correlation
between  the  decadal  variation  of  PDO-E  and  DV1  PC;  the
green  curve  represents  the  correlation  between  the  decadal
variation  of  PDO-W  and  PDO-E.  The  effective  degrees  of
freedom  is  19  on  the  interannual  timescale,  but  is  10  on  the
decadal  timescale  according  to Bretherton  et  al.  (1999).  The
blue  dashed  line  indicates  that  the  correlation  coefficients  on
the interannual timescale are statistically significant at the 90%
confidence  level,  and  the  red  dashed  line  indicates  that  the
correlation  coefficients  on  the  decadal  timescale  are
statistically significant at the 90% confidence level.
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two-thirds  of  the  TSD change  of  the  DV1  mode,  and  thus
the temporal variation of PDO-E shows a good relationship
with DV1 (Fig. 3b). On the other hand, the PDO-W primar-
ily contributed to decreased TSD in NA and increased TSD
in  Southern  Oceans,  although  it  also  contributes  to
increased TSD in the WNP.

Previous  studies  suggested  that  El  Niño  events  and
PDO warm phases can weaken and shift the Walker Circula-
tion  eastward,  resulting  in  reduced  TC  activity  in  the  NA
and increased TC activity in the central Pacific (Chan, 1985;
Klotzbach,  2011; Boudreault  et  al.,  2017).  The  anomalous
Walker Circulation regressed with reference to DV1 PC fea-
tures  ascending  motion  in  the  central  Pacific  and  subsid-
ence in the NA and the Maritime Continent regions (Fig. 5a1).
This picture can be regarded as the circulation pattern associ-
ated  with  the  DV1  mode,  suggesting  the  same  mechanism
may operate as that discussed in previous studies. The PDO
regressed fields  (Figs.  5a2 and 5b2)  correspond fairly  well
to the DV1 mode associated patterns. It explains how PDO
affects  the  DV1  mode  by  modulating  atmospheric  circula-
tion. Furthermore, the enhanced ascending motion in the cent-
ral  Pacific and subsidence near the Maritime Continent are
related to the PDO-E but not the PDO-W. In contrast, the sub-
sidence  in  the  NA  is  related  to  the  PDO-W  but  not  the
PDO-E (Figs. 5a3 and 5a4). The regressed vertical velocity
shows the same features as the Walker Circulation (Figs. 5b2,
5b3,  and 5b4).  The  circulation  variabilities  associated  with
the PDO-W and PDO-E suggest that the TSDs-PDO relation-
ship results from the joint influence of PDO-E and PDO-W
SST anomalies.

We  now  address  why  the  TSDs-PDO  relationship
broke  down  in  the  1980s  in  terms  of  PDO-E  and  PDO-W
and  their  connection. Figure  3b shows  that  the  PDO-E  is

well  correlated  with  DV1  during  the  entire  period  (red
curve), suggesting that the PDO-E SST anomalies always pos-
itively  contributes  to  the  TSDs-PDO  relationship.  On  the
other hand, the PDO-W and DV1 show a significant negat-
ive correlation during the 1980s (blue curve). The negative
correlation  period  coincides  with  the  period  of  TSDs-PDO
relationship  breakdown.  The  correlation  between  PDO-W
and DV1 suggests  that  the PDO-W SST anomalies did not
have a positive contribution during the 1980s, and that they
may have played a destructive role in the TSDs-PDO relation-
ship.

On  the  decadal  timescale,  the  correlation  between
PDO-W and PDO is (0.87) higher than that between PDO-E
and PDO (0.36), implying that the PDO-W primarily repres-
ents the PDO variation. Therefore, when the PDO-W has a
poor  relationship  with  PDO-E  as  it  did  during  the  1980s
(green  curve  in Fig.  3b),  the  PDO  signal  would  primarily
show the PDO-W features rather than PDO-E. A poor rela-
tionship between the two components of PDO is named the
“destructive PDO pattern” shown in Fig. S5c. The “destruct-
ive  PDO  pattern ”  happened  during  the  PDO  warm  phase.
Figure 5 shows the differences of Walker Circulation and ver-
tical  velocity  between  the  PDO  warm  phase  (destructive
PDO period removed)  and PDO cold  phase  (Figs.  5a4 and
5b4)  and  between  the  “destructive  period ”  and  remained
PDO warm phase (destructive period removed). The compos-
ite  differences  of  the  warm  minus  cold  phase  exhibit  sim-
ilar spatial patterns to the regressed fields by PDO and DV1
PC,  while  the  differences  of  the  destructive  period  minus
warm phase exhibit the features of PDO-W that weaken the
impact of PDO warm phase on the Pacific but strength the
impact on the NA. Consequently, the “destructive PDO pat-
tern ”  cannot  fully  explain  the  DV1  mode  in  the  Pacific,

 

 

Fig. 4. SST anomaly patterns associated with the two components of the PDO. (a) the correlation map between the
PDO-E index and SSTA on decadal timescale, and (b) same as in (a) but between PDO index and the SSTA with the
influence  of  PDO-E  removed  on  decadal  timescale.  The  bottom  two  panels  are  the  correlation  map  between  (c)
global TSD and PDO-E and (d) PDO-W, respectively. Dots indicate that the correlation coefficients are statistically
significant  at  the 95% confidence level.  The effective degree of freedom on the decadal  timescale is  19 calculated
based on the method in Bretherton et al. (1999).
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Fig. 5. The regressed Walker Circulation (a1−a4) and vertical velocity at 500 hPa (b1−b4, Pa s–1) with DV1
(a1,  b1),  decadal  variation  of  PDO  (a2,  b2),  PDO-E  (a3,  b3),  and  PDO-W  (a4,  b4).  The  composite
differences of Walker Circulation (a5, a6) and vertical velocity at 500 hPa (b5, b6) by the PDO warm phase
(with the destructive period from 1983 to 1989 removed) minus PDO cold phase (a5, b5) and by destructive
period  minus  PDO  warm  phase  (with  the  destructive  period  removed)  (a6,  b6).  The  Walker  circulation  is
composed of zonal wind (m s–1) and vertical velocity (Pa s–1), while the vertical velocity is multiplied by a
scale  factor  that  calculated  as  mean  zonal  wind  speed  divided  by  mean  vertical  velocity.  Only  significant
circulation is shown in a1−a6.
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where about two-thirds of the global TSD occurs, and thus res-
ults in a poor relationship between the PDO index and DV1
of TSD during the 1980s. 

4.    Summary and discussion

TSD  is  a  combination  of  genesis  and  lifespan.  Com-
pared with the TS genesis, TSD contains more information
about  TS  activity  and  shows  better  correlations  with  other
TS indices (Table S1 in the ESM). However, most TC stud-
ies  have  focused  on  the  genesis,  intensity,  and  track
changes.  Only a few studies have dealt  with tropical  storm
day variability.

On  average,  a  total  of  408  TSDs  were  observed  each
year, which primarily occurs in the zonal belts of 10°−30°N
and 10°−30°S. While the total global TS genesis number fluc-
tuated  moderately  from  year  to  year,  the  global  TSDs
showed relatively  larger-amplitude  variations  ranging from
287 to 603 TSDs, suggesting that the TC life span has more
significant variability than does the TCG number. However,
no significant long-term trend in the total global TSDs was
found  during  1965−2020.  Instead,  pronounced  interannual
(3−6 years) and decadal (10 years) variations were detected
(Fig. S1 in the ESM). The interannual and decadal variabilit-
ies  showed  similar  amplitudes;  both  are  critical  to  account
for the total TSD variation.

The  first  leading  EOF  modes  of  the  interannual  and
decadal  variability  of  global  TSD featured  similar  patterns
in the western Pacific and Atlantic, but different patterns in
the Eastern Pacific and Southern Indian Ocean (Fig. 2). The
leading interannual and decadal modes are primarily driven
by  ENSO  and  PDO,  with  significant  correlations  between
the  corresponding  PCs  and  Niño-3.4  (r=0.78)  and  PDO
indices  (r=0.64)  (Fig.  2).  The  significant  relationship
between  the  Niño-3.4  index  and  the  TSD leading  mode  of
interannual variation was robust during the entire period. In
contrast,  the  TSDs-PDO relationship on the  decadal  times-
cale experienced a breakdown during the 1980s (Fig. 3a).

To  understand  how  PDO  affects  global  TSD  change,
we  decomposed  the  overall  PDO  SST  anomalies  into  two
components, PDO-E and PDO-W. The PDO-E measured by
the  cold  tongue  (CT)  SST  anomalies  reflects  the  part  of
PDO linked  to  ENSO.  The  PDO-W is  the  remaining  PDO
anomalies after the PDO-E is removed, reflecting the oppos-
ite-sign SST anomalies in the western Pacific  (Figs 4a and
4b). The PDO-W can be measured by the negative value of
SST  anomalies  over  the  WNP  (30°−40°N,  160°−160°W).
The  PDO-W  was  primarily  responsible  for  the  decreasing
TSD in  the  NA,  while  the  PDO-E  contributed  most  to  the
increasing TSD in the North Pacific (Figs. 4c and 4d). Dur-
ing  the  1980s,  a  poor  relationship  between  PDO-E  and
PDO-W, i.e., the “destructive PDO pattern”, caused a break-
down of the TSDs-PDO relationship.

Previous studies found that ENSO and PDO can affect
basin-scale  TS  activities  by  altering  large-scale  atmo-
spheric  conditions  (Zhao  et  al.,  2010; Zhan  et  al.,  2011;

Xiang  and  Wang,  2013).  This  study  further  identified  the
ENSO  and  PDO’s  fundamental  roles  in  the  global  TSD
change  in  multiple  timescales.  So  far,  it  has  been  determ-
ined  that  the  large-scale  natural  oscillations  (ENSO  and
PDO),  rather  than  global  warming,  primarily  modulate  the
observed  global  TSD  change.  Also,  the  DV1  and  IAV1
explained fractional variances are relatively low, indicating
that TC activities contain considerable sub-basin-scale variab-
ilities.  Therefore,  regional-scale  studies  are  necessary  for
TSD change.

Previous  studies  pointed  out  that  different  PDO  or
AMO  phases  could  affect  the  relationship  between  ENSO
and  TS  activities  in  some  regions  via  modulating  climate
regimes  (Klotzbach,  2011; Girishkumar  et  al.,  2015; Zhao
and  Wang,  2019).  However,  after  distinguishing  interan-
nual  and  decadal  signals,  we  found  that  different  PDO
phases have a negligible impact on the TSDs-ENSO relation-
ship  on  the  global  scale.  The  findings  here  are  helpful  for
understanding  how  TSD  changed  worldwide  during  the
recent  half-century,  which has  a  significant  implication for
seasonal to decadal predictions of global TSD.
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