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maintains the cyclonic wind anomaly in the west tropical 
Pacific, which favors the typhoon genesis in WNP. In the 
South Pacific, the CSSTApr supports the typhoon forma-
tion over the WNP by (a) strengthening the cross-equato-
rial flows and enhancing the Inter-tropical Convergence 
Zone; (b) weakening southeast and northeast trade wind, 
and keeping continuous warming in the center of tropical 
Pacific. The influence of both NPTApr and CSSTApr can 
persistently affect the zonal wind in the tropical Pacific and 
induce conditions favorable for the typhoon genesis in the 
typhoon season. A Poisson regression model using NPTApr

and CSSTApris developed to predict the TGF and a promis-
ing skill is achieved.

Keywords Typhoon genesis frequency · Western North 
Pacific · Prediction · Poisson regression

1 Introduction

The Western North Pacific (WNP) is the most active basin 
with about 30 TCs (tropical cyclones), including average 
16 typhoons per year in the period from 1965 to 2015. The 
summer-autumn months (JASO, July to October) is the 
dominant season with 70% typhoons occurring in WNP. It 
is well-known that WNP typhoons can cause catastrophic 
destructions to the coastal regions and surrounding areas. 
For example, Typhoon Megi in 2010 killed 31 people and 
caused $255.1 million in damage over Luzon, in the Phil-
ippines. It also caused $42.2 million in damage and killed 
38 people in Yilan, Taiwan, and $411.7 million in damage 
over Fujian, China. Therefore, it is important to understand 
the physical processes and build skills of forecasting the 
typhoon frequency in order to mitigate the impact of the 
typhoon.

Abstract This study investigates the typhoon genesis 
frequency (TGF) in the dominant season (July to Octo-
ber) in Western North Pacific (WNP) using observed data 
in 1965–2015. Of particular interest is the predictability 
of the TGF and associated preseason sea surface tempera-
ture (SST) in the Pacific. It is found that, the TGF is posi-
tively related to a tri-polar pattern of April SST anomalies 
in North Pacific (NPTApr), while it is negatively related to 
SST anomalies over the Coral Sea (CSSTApr) off east coast 
of Australia. The NPTApr leads to large anomalous cyclonic 
circulation over North Pacific. The anomalous southwest-
erly weakens the northeast trade wind, decreases evapo-
ration, and induces warm water in central tropical North 
Pacific. As such, the warming effect amplifies the tempera-
ture gradient in central tropical North Pacific, which in turn 
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It is known that TC activities depend on thermodynamic 
factors (e.g., sea surface temperature (SST), mid-tropo-
spheric moisture, and atmospheric instability) and dynami-
cal factors (e.g., the low-level vorticity, vertical wind shear, 
and upper-tropospheric momentum flux convergence) 
(Gray 1968, 1979). These factors were widely used in asso-
ciation with the TC genesis research (Chand and Walsh 
2010; Li and Zhou 2012). Over the WNP basin prone to 
frequent TCs, the thermodynamic factors for the TC for-
mation are most favored because the averaged SST is gen-
erally above 29 °C in the typhoon season (e.g., Wang and 
Chan 2002), which maintains high temperature and mois-
ture for the generation of TCs. On the other hand, recent 
studies (e.g., Wang and Chan 2002; Chand and Walsh 
2010) demonstrated that local SST anomaly has no obvi-
ous relationship with the typhoon activity in WNP. These 
results suggest that large-scale thermodynamic and dynam-
ical conditions may carry a key responsibility driving the 
typhoon activity.

The influence of El Niño Southern Oscillation (ENSO) 
on the TC activity has been investigated in previous stud-
ies (e.g., Chan 1985, 1995; Chan et al. 1998, 2001; Chen 
et  al. 1998; Graham and Barnett 1987; Gray 1984; Wang 
and Chan 2002; Li et  al. 2012). It has been demonstrated 
that the frequency of TC formations over WNP is less than 
normal in El Niño years, while it tends to be more in La 
Niña years (Chan 1985, 2000; Dong 1988). Furthermore, 
Wang and Chan (2002) noticeably forecasted the number of 
tropical storm formations in southeast and northwest quad-
rants of the typhoon genesis region during July–December 
by using preceding winter-spring Niño3.4 SST anomaly. 
However, as pointed out by many authors (e.g., Chan 1985; 
Lander and Holland 1993; Ramage and Hori 1981; Wang 
and Chan 2002), there is no evident relationship between 
the total number of annual TCs in WNP and ENSO indices. 
That is, one cannot simply use ENSO indices to predict the 
frequency of TC formations in the WNP. It remains chal-
lenge to found predictors to forecast the frequency of TC 
(including typhoon) formations in WNP.

Various efforts have been made to understand the pre-
dictability of the TC frequency (Li and Zhou 2013a, b, 
2014, 2015). Chen et  al. (2015) found that boreal spring 
North Pacific Oscillation (NPO) has a strong correlation 
(r = 0.62) with the annual typhoon number over WNP dur-
ing the period from 1968 to 2010. They demonstrated that, 
during a positive phase of spring NPO, the tropical circu-
lation associated with SST anomalies (SSTA) in the North 
Pacific might result in unfavorable dynamical and thermal 
conditions for the typhoon genesis over WNP between June 
and September. As a result, spring NPO may serve as a 
potential predictor for the frequency of TC formations over 
WNP. The forcing of the NPO variability is also linked to 
the boreal spring sea ice in the North Pacific (Fan 2007). 

In addition, Zhan et al. (2013) suggested that boreal spring 
SST gradient (SSTG) between the Southwest Pacific Ocean 
(40°–20°S, 160°E–170°W) and Western Pacific warm pool 
(0–16°N, 125°–165°E) might control the interannual vari-
ability of the TC frequency over the WNP. They showed 
that the SSTG could explain 53% of the total variance of 
the WNP TC frequency during the typhoon season in the 
period from 1981 to 2011. They further suggested the rela-
tionship between the SSTG and WNP TC was an atmos-
pheric response to the SSTG anomalies in boreal spring. 
Specifically, the positive SSTG anomaly in spring leads to 
a cross-equatorial pressure gradient, resulting in anoma-
lous southward cross-equatorial flow and tropical easterlies 
over WNP. The anomalous easterlies further produce the 
local equatorial upwelling and seasonal cooling in the cen-
tral Pacific, which in turn maintains the easterly anomalies 
throughout the typhoon season. As such, the positive SSTG 
may induce the dynamical/thermodynamical effects (e.g., 
reduced low-level cyclonic shear, increased vertical wind 
shear and weakened monsoon trough) that suppress the TC 
genesis over WNP (Zhan et al. 2013). Zhou and Cui (2011) 
demonstrated that spring SST off east coast of Australia has 
a good relationship with the TC frequency in June–October 
over WNP, which can be considered as a potential predic-
tor of the TC Frequency. Recently, Zhan and Wang (2016) 
have developed a hybrid dynamical-statistic model to pre-
dict the accumulated cyclone energy (ACE) over WNP 
with four predictors including the above-mentioned factors 
of April SSTG and SST in southwestern Pacific.

The above researches provide a background that spring 
SSTA in both Northern and Southern Pacific may act as 
predictors for forecasting the WNP typhoon frequency in 
summer and autumn. This motivates us to further investi-
gate the predictors and their associated dynamics for driv-
ing the typhoon genesis frequency in the WNP during the 
typhoon season. Section 2 describes the data and method-
ology. The climatology of frequency and origins of WNP 
typhoons are presented in Sect.  3. Results concerning the 
relationship between spring SST in the Pacific and WNP 
typhoon frequency are shown in Sect. 4, and the associated 
mechanisms are discussed in Sect.  5. Section  6 builds a 
Poisson regression model for forecasting the WNP typhoon 
genesis frequency (TGF) based on the identified SST pre-
dictors. Summary and discussion are given in Sect. 7.

2  Data and methodology

Monthly WNP TGF and typhoon genesis position data 
were extracted from the typhoon datasets courtesy of Joint 
Typhoon Warning Center (JTWC) Best Track Data from 
the website http://weather.unisys.com/hurricane/w_pacific/
index.php for the period from 1965 to 2011, and http://

http://weather.unisys.com/hurricane/w_pacific/index.php
http://weather.unisys.com/hurricane/w_pacific/index.php
http://weather.unisys.com/hurricane/index.php
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weather.unisys.com/hurricane/index.php for the period 
from 2012 to 2015. A typhoon is defined as a TC with wind 
speed of 119.1 km/h (74 mi/h) or higher according to the 
Saffir-Simpson scale standard (Simpson 1974). A typhoon 
genesis position which is defined as the initial position of 
the first TC with maximum sustained surface wind equal or 
greater than 18 m/s.

Monthly wind datasets in the 1965–2015 period were 
taken from the National Centers for Environmental Pre-
diction-National Center for Atmospheric Research (NCEP-
NCAR) reanalysis (Kalnay et  al. 1996). The NOAA 
monthly 2°  ×  2° extended reconstructed sea surface tem-
perature (ERSST) V3b dataset (Smith and Reynolds 2004) 
is used to reveal the relationship between TGF and SST 
(http://www.ncdc.noaa.gov/ersst/). The Niño-3.4 index was 
downloaded from the Climate Prediction Center website 
http://www.cpc.ncep.noaa.gov/products/analysis_monitor-
ing/ensostuff/detrend.nino34.ascii.txt.

Statistical methods including correlation analysis, prin-
cipal component analysis (e.g., Li and Smith 2009), partial 
correlation analysis (e.g., Li et  al. 2013; Wu et  al. 2015), 
and Poisson regression (e.g., Cameron and Trivedi 1998), 
are applied in the paper.

3  Climatology of the TGF

Figure  1a shows the climatological mean of monthly 
TGF over WNP during the 51-year period from 1965 to 
2015. There were 840 typhoons occurring during this 
period (about 16.5 per year). It is evident that there is a 
strong seasonal variability in the TGF. In another word, 
WNP typhoons occur frequently between July and Octo-
ber, accounting for about 72% of the climatological 
mean annual number of typhoons (11.9 out of 16.5) in 
1965–2015. These statistical results are consistent with pre-
vious studies (Lander 1994; Yumoto and Matsuura 2001; 
Chia and Ropelewski 2002). Accordingly, in this study, we 
focus on investigating the typhoon frequency in the domi-
nant season (JASO).

Figure  1b suggests that the mean positions of typhoon 
genesis for individual months in JASO are located around 
the Philippine Sea region centered at (141°E, 16°N). The 
monthly mean typhoon genesis positions in peak season are 
within the 29 °C isotherm of JASO SST, which reaches its 
northernmost position, near 17.7°N in August. It is simi-
lar to the results of TCs by Chia and Ropelewski (2002), 
but the typhoon genesis position is at higher latitude and 
more westward than that of TCs. Because deep convection 
depends on SST over the threshold of 28 °C (Graham and 
Barnett 1987) and because SST fluctuation in the tropi-
cal WNP rarely reaches a strength that brings down the 
total SST below 28 °C in summer (Wang and Chan 2002), 

Fig. 1b shows that the thermodynamic condition is always 
satisfied. Thus, the dynamical conditions play a fundamen-
tal role in determining the formation of TCs with different 
intensity. The local SST may influence the TCs intensity. 
Indeed, as shown in Fig. 1c, the distribution of total num-
ber of typhoon formations over WNP in typhoon season 
during 1965–2015 displays a large spatial variation over 
much of the 29 °C isotherm of JASO SST region. Major-
ity of typhoons occur within the region of (5°–25°N, 
110°–180°E), with the largest TGF located at (10°–15°N, 
130°–150°E) which is also the center of the area sur-
rounded by 29 °C isotherm.

Figure  2a shows the time series of standardized TGF 
over WNP in JASO during the period from 1965 to 2015. 
The maximum standardized TGF is 1.77 (equivalent 
to 17 typhoons), which occurred in 1971, 1994, 1996, 
1996, respectively, and the minimum is −2.50 (only six 
typhoons), happening in 2008. The 8-year smoothed 
series shows that the frequency is above normal during 
1965–1973 and 1989–1997, when the typhoon activity is 
relatively active; and the frequency is below normal dur-
ing the periods of 1974–1988 and 1998–2015, when the 

(a)

(b)

(c)

Fig. 1  a The climatological mean of monthly number of WNP 
typhoons during the period from 1965 to 2015; b Individual mean 
locations of typhoon genesis positions in months July (7), August 
(8), September (9) and October (10) in the period between 1965 and 
2015. The red point is the average location of all typhoon genesis 
positions, and the red contour line is the 29 °C isotherm of SST in the 
typhoon season (JASO), 1965–2015. c Spatial distribution of the TGF 
in typhoon season from 1965 to 2015

http://weather.unisys.com/hurricane/index.php
http://www.ncdc.noaa.gov/ersst/
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/detrend.nino34.ascii.txt
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typhoon activity is relatively inactive. It is evident that 
the TGF has both inter-annual and inter-decadal variabil-
ity, but no significant trend in this period.

Table 1 lists the active/inactive TGF years defined as 
the standardized TGF index greater than 0.5/less than 
−0.5 standard deviation, and cold/warm events defined 
as Nino-3.4 index below/above 0.5 °C. It is evident that 
there are 15 active TGF years including 2 cold event and 
5 warm events, 16 inactive TGF years with 6 cold events 
and 2 warm events, and 20 normal TGF years with 6 cold 
events and 4 warm events. As a result, there is no corre-
sponding relationships between TGF active/inactive years 
and cold/warm events, which is consistent with previous 
studies (Chan 1985; Lander and Holland 1993; Ramage 
and Hori 1981; Wang and Chan 2002). This result also 
indicates that ENSO is not a major contributor to the var-
iation of the TGF, though ENSO is the strongest inter-
annual variability signal in tropical Pacific. However, 
this does not exclude that ENSO has no relation with the 
TGF. Indeed, there are significant correlations between 
the TGF and SST in central Pacific (Fig.  2b), with cor-
relation above 0.28 (significant at the 0.05 level) between 
time series of the Nino-3.4 and JASO TGF indices. Since 
ENSO is not a major contributor to the variation of TGF, 

next we explore the linkage between the TGF and SSTA 
in the whole Pacific.

4  Linking the TGF to spring SST predictors

As mentioned in the introduction, spring NPO may serve 
as a potential predictor for the frequency of TC formations 
over WNP (Chen et  al. 2015; Fan 2007). Previous stud-
ies have suggested that the boreal wintertime NPO forces 
tropical Pacific SSTA in the following winter via the “sea-
sonal footprinting mechanism (SFM)” (e.g., Vimont et  al. 
2001, 2003a, 2003b, 2009; Alexander et al. 2010). In addi-
tion, Zhan et  al. (2013) suggested that boreal spring SST 
gradient (SSTG) between the Southwest Pacific and the 
Western Pacific warm pool might control the interannual 
variability of the TC frequency over the WNP. They found 
that the SSTG can explain 53% of the total WPN TC gen-
esis frequency during the typhoon season for the period 
1980–2011. However, we found that the Western Pacific 
Warm pool was not obviously correlated with the TGF, 
and the correlation between SSTG and TGF is only −0.46 
in the 1980–2011 period, and −0.36 in the 1965–2016 
period. Thus the index of SSTG might be related to the data 

Fig. 2  a Standardized time 
series of the TGF in the 
typhoon season (JASO), 
1965–2015. Warm events (red 
solid circle) and cold events 
(blue solid circle) are defined 
by JASO Niño-3.4 index below 
/above 0.5 °C. Solid line is 
8-year smoothed; b Correlation 
between the JASO TGF and 
SST/850 hPa wind during the 
period 1965–2015. Significant 
positive/negative correlations 
between the TGF and SST at 
the 0.05 level are marked as 
warm/cold colors. The vector 
wind is overplayed only when 
the correlation between the TFG 
and 850 hPa wind is significant 
at the 0.05 level

(a)

(b)

Table 1  Active, normal and inactive year based on the SD of the frequency of typhoon genesis. Cold events indicated with italic, and warm 
events with bold

Cold events indicated with italic, and warm events with bold

Active (>0.5 SD) 1965, 1966, 1967, 1971, 1972, 1987, 1991, 1992, 1993, 1994, 1995, 1996, 1997, 2001, 2013
Normal (−0.5 to 0.5 SD) 1968, 1973, 1974, 1975, 1978, 1980, 1982, 1984, 1985, 1986, 1989, 1990, 2000, 2003, 2004, 

2005, 2007, 2009, 2012, 2015
Inactive (<0.5 SD) 1969, 1970, 1976, 1977, 1979, 1981, 1983, 1988, 1998, 1999, 2002, 2006, 2008, 2010, 2011, 2014
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period and TC intensity. In addition, the anomalous SST in 
Tropical Pacific may be influenced by the North and South 
Pacific. Hence, it is hypothesized that the WNP TGF in 
JASO may be under the combined impact of the spring SST 
in North, Tropical and Southwest Pacific.

To investigate the influence of SST in the Pacific on 
the TGF, we first examine the correlations between the 
JASO TGF index and SSTA in preceding 7  months from 
Dec(−1), January to June and the JASO season, where 
Dec(−1) denote the December in the previous year (Fig. 3).

In the North Pacific, the distribution of the correlations 
mainly shows a prominent tri-polar pattern: two positive 

correlation areas stretching to northwest (north branch) and 
southwest (south branch) of 30°N along the west coast of 
North America, and one zonal negative correlation area 
located from the tropical western Pacific to the central 
North Pacific.

This tri-polar pattern changes with seasons. In preceding 
7 months (Dec(−1), Fig. 3a), the SST tri-polar correlation 
pattern is distinct, with larger values in the north branch 
between 40°–50°N of the North Pacific than in the south 
branch. In preceding 6 months (Jan, Fig. 3b), the tri-polar 
correlation pattern weakens. The SST in the south branch 
has almost no significant correlation with the TGF, while 

(a)

(b) (f)

(c) (g)

(d) (h)

(e)

Fig. 3  Correlation between the JASO TGF index and SSTA in pre-
ceding December (Dec(−1)) (a), January (b), February (c), March 
(d), April (e), May (f), June (g) and JASO (h) in the 1965–2015 

period. Shading regions are the correlation significant at the 0.05 
level or below. The black rectangular box in g marked the approxi-
mate scope of significant region in JASO
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SST in north branch is still stronger than the south branch. 
From February (Fig. 3c), SST in the south branch plays an 
increasing role to typhoon frequency. The tri-poplar cor-
relation pattern is well developed in March (Fig. 3d), and 
reaches the strongest in April (Fig. 3e). Two positive areas 
are connected near the west coast of North America, form-
ing a semicircle and enveloping the zonal negative corre-
lation region. The south branch of the semicircle stretches 
southwest across the dateline, and the centre of equato-
rial Pacific. From May to June, the tri-polar pattern in the 
North Pacific shifts: the north branch of 30°N tends to 
weaken and even disappear, the negative centre around the 
30°N also weakens, while the strength and scope of the 
south branch keep increasing (Fig. 3f, g). In typhoon sea-
son (JASO), the significant positive correlations between 
the typhoon frequency and SST are concentrated in boxed 
region of (180°–130°W, 5°–25°N) (Fig.  3h), implying 
that warming SST in the centre of tropical North Pacific is 
favorable to the typhoon formation. Since the central tropi-
cal North Pacific covers the south branch of the tri-polar 
pattern, it is expected that the persistent increasing influ-
ence of SST in south branch (Fig. 3d–g) may to extend its 
influence into the typhoon season (JASO).

In addition to the tri-polar pattern in the North Pacific, it 
is noticed that there are significantly negative correlations 
between the JASO TGF and SST near the east coast of 
Australia in the South Pacific, and become most significant 
in April. Putting together, it is found that the TGF may be 

linked to changes of a tri-polar pattern in North Pacific and 
a negatively correlated SSTA centered near the east coast 
of Australia. These significant correlation patterns are most 
pronounced in April. Thus, in this study, spring (April) 
SSTA in the Pacific are selected as potential predictor to 
forecast the WNP TGF in JASO.

For the ease of the discussion, we choose four boxed 
areas where the JASO TGF is significantly correlated with 
SSTA: A1 (156°–142°W, 8°–16°N), A2 (178°–150°W, 
44°–52°N), B1(162°E–164°W, 22°–34°N) and B2 
(154°–170°E, 18°–30°S) (Fig.  4). The SST averaged over 
each boxed area was denoted as  SSTA1,  SSTA2,  SSTB1 and 
 SSTB2. Accordingly, the North Pacific tri-polar (NPT) 
index was defined as NPT = SSTA1 + SSTA2 − SSTB1, and 
the index of Coral Sea off the east coast of Australia as 
CSST = SSTB2.

Figure  5a, b show correlations between the JASO 
TGF and preceding monthly indices of NPT and −CSST, 
respectively. The maximum correlation happens in April 
with value of 0.56 and 0.57, both significantly at the 0.005 
level. These results further support that NPT and CSST 
in April have strong links to the variation of frequency 
of typhoon genesis in the following typhoon season. As 
shown in Fig.  5c, d, both NPT and CSST in April have 
inter-decadal and inter-annual variability during the period 
of 1965–2015, consistent with the time series of the TGF 
(Fig.  2a). In addition, the April NPT has a decreasing 
trend with slope 0.0120 °C/year, significant at the 0.1 level, 

Fig. 4  Same as Fig. 3e, the rectangular boxes indicate the areas used to define April NPT and CSST index



Seasonal prediction of the typhoon genesis frequency over the Western North Pacific with a Poisson…

1 3

while the April CSST has an increasing trend with slope 
0.0103 °C/year, significant at the 0.05 level.

5  Possible mechanism of the identified spring SST 
predictors

We have demonstrated in Sect. 4 that correlations between 
the JASO TGF and April SSTA manifest as a tri-polar pat-
tern (NPTApr) in the North Pacific and a large negative 
patch (CSSTApr) off the east coast of Australia (Fig.  4). 
Therefore, NPTApr and CSSTApr represent the SST varia-
tions that are better associated with the JASO TGF. But it 
is not clear how the influence of April NPT and CSST can 
last 3  months to the typhoon season (JASO). To address 
these questions, we first examine the seasonal evolu-
tion of NPT/CSST patterns and low-level wind anomalies 
from winter (D(−1)JFM) to the following typhoon season 
(JASO) by using partial correlations between NPT/CSST 
index and SSTA/850  hPa wind in the Pacific after linear 
removal of the ENSO effect (Figs. 6, 7). In previous win-
ter and early spring (D(−1)JFM, Fig. 6a), a tri-polar SSTA 
pattern has formed in the North Pacific, which include a 
couple of positive SSTA branches and a negative band. The 
positive regions extend from the west coast of North Amer-
ica to Aleutian Islands and to the central tropical North 
Pacific, respectively. The negative region stretches from the 
subtropical Western Pacific to the central North Pacific. In 
the tropical Eastern Pacific, the SSTA is negative. Corre-
sponding to the tri-polar SSTA pattern, anomalous cyclonic 
circulation almost controls the whole North Pacific, with 
the center over the east of Hawaiian Islands. On the south 
side of the cyclonic circulation, the anomalous southwest-
erly dominates the central tropical North Pacific, and along 
with west wind anomalies in tropical Western Pacific and 
east wind anomalies in tropical Eastern Pacific related to 
cold SSTA. In JFMA (Fig. 6b), the tri-polar SSTA of North 

Pacific enhances obviously with the two positive SSTA 
bands joining together to a semicircle.

In response to the enhanced tri-polar SSTA, the cyclonic 
circulation near the Hawaiian Islands strengthens and 
expands in the North Pacific. In FMAM (Fig. 6c), this pat-
tern gets the strongest. The anomalous southwesterly blows 
from east of Indonesia to the southern California coast. As 
a result, the northeasterly trade wind over the central tropi-
cal North Pacific weakens, leading to decreased evapora-
tion and warming SST. We notice that the positive SSTA 
almost dominates the key region associated with TGF in 
typhoon season (indicated with black rectangular box), 
which increases the SST gradient between the both sides. 
The increased the SST gradient between western and cen-
tral tropical North Pacific amplifies the westerly anomalies 
over the tropical North Pacific and makes its way to join the 
south side of cyclonic circulation.

Therefore, the abnormal westerly has two main effects: 
one is the warm pool preferring to expand eastward driven 
by westerly wind stress, the other is enhancing the abnor-
mal westerly on the south side of cyclonic circulation, and 
weakening the evaporation of sea surface in the central 
tropical North Pacific. The two aspects sustain the warming 
of SST in the central tropical North Pacific, and act as posi-
tive feedback of air-sea interaction.

In the next few months (Fig. 6d), there are similar tri-
polar patterns with intensity gradually weakened. With 
summer coming (AMJJ, Fig.  6e, f), the positive SSTA 
near the Aleutian becomes contracted, associated with 
easterly disappearance, and negative anomaly signals 
in tropical western Pacific weakens and even vanishes. 
Compared to Fig. 6a–d, the scope of the abnormal north-
erly over tropical western Pacific shrinks apparently 
for the establishment of southwest summer monsoon in 
Southeast Asia. The anomalous cyclonic circulation over 
the North Pacific is no longer complete, especially that 
north of 30°N weakens and even disappears. Thus, the 

Fig. 5  Monthly preceding 
correlation of NPT (a) and −
CSST (b) with the frequency 
of typhoon in JASO over the 
Western North Pacific. Time 
series of April NPT (c) and 
CSST (d) index. The dotted line 
is trend line

(a) (b)

(c) (d)
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tri-polar pattern of winter and spring has shifted. From 
summer to typhoon season (Fig. 6g, h), the south branch 
warming signals constantly control the central tropical 
North Pacific, and the SST gradient maintains between 
western and central tropical North Pacific. Therefore, the 
anomalous cyclonic curvature maintains over the west of 
dateline.

The above analysis suggests that the tri-polar patterns 
of SSTA signal over the North Pacific can last from previ-
ous winter to typhoon season, accompanying with abnor-
mal cyclonic circulation, though their strength and scope 
change with the season. Especially, the abnormal warm-
ing signal (the south branch of tri-polar patterns) can last 
to typhoon season in the key region (Fig.  3h, noted by 

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 6  Partial correlation between NPT index and SSTa /850  hPa 
wind of every 4 months during the period 1965–2015 after removal 
of the ENSO effect in, a D(−1)JFM, b JFMA, c FMAM, d MAMJ, 
e AMJJ, f MJJA, g JJAS, h JASO. The red and blue shaded areas 
are positive and negative SSTA, respectively, and arrows denote the 

wind, with correlation significant at the 0.05 level or below in all pic-
ture. The black rectangular box indicate the significant correlation 
area with typhoon frequency in typhoon season (same as Fig. 3h), and 
D(−1) means December of the previous year of the current year
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the black rectangular box), which is associated with the 
typhoon genesis frequency.

The low-level vorticity and the vertical zonal wind shear 
between upper and lower levels are the crucial environmen-
tal conditions for TC genesis and development (Gray 1968). 
The similar partial correlations (after removal of ENSO) 
between  NPTApr index and relative vorticity at 850 hPa in 
JASO and between  NPTApr index and vertical zonal wind 
shear between 200–850 hPa in JASO effect are displayed in 
Fig. 8. It’s obvious that abnormal cyclonic vorticity almost 

controls the west of dateline region (Fig. 8a), which is the 
major region for typhoon genesis.  NPTApr has negative 
relationship with the vertical zonal wind shear of typhoon 
season over most of the tropical western and central Pacific 
region (Fig. 8b), that is, positive  NPTApr is likely to weaken 
the vertical zonal wind shear. Previous studies showed that 
the situation with low vertical zonal wind shear was favora-
ble for TC genesis and development, and vice verse (Zhou 
and Cui 2011; Liu and Chan 2013). Therefore, we conclude 
that positive  NPTApr favors typhoon genesis.

(a) (e)

(b) (f)

(c) (g)

(d) (h)

Fig. 7  Same as Fig. 6 but for –CSST
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These results further confirm that the tri-polar pattern 
of SST in April induces anomalous low-level cyclonic 
circulation over the WNP, and this linkage has strong sea-
sonal persistence and can last to the following JASO. Cor-
respondingly, the vertical zonal wind shear weakens and 
positive low-level vorticity persists in the main region of 
typhoon genesis in JASO. The above conditions are favora-
ble for the increase of TGF.

Similar analysis is done with April CSST index 
(Fig.  7). Considering that there is obvious inverse cor-
relation between CSST and the frequency of typhoon, it 
would be convenient to use −CSST rather than CSST. In 
previous winter to spring (D(−1)JFM-FMAM, Fig. 7a–c), 
the significant correlation area is concentrated between 
30° poleward of the equator. The tri-polar pattern in the 
North Pacific is obviously weakened comparing with 
that of the NPT. Correspondingly, there is no complete 
cyclonic circulation over the North Pacific but consistent 
southwest wind prevailing from the west of Papua New 
Guinea (west of 150°E) to the south coast of California 
(northward to 30°N). Negative SSTA signals of east and 
north coast of Austria are significant and tend to main-
tain the temperature gradient between the central tropical 
North Pacific and west of dateline in south hemisphere. 
These also contribute to the development of the cross-
equatorial Southern South westerly (SSW) anomalies 
over the west of data line. The negative SST anomalies 
in subtropical west Pacific and tropical eastern Pacific 

shrink westward and eastward, respectively (Fig.  7d–f), 
and positive SST anomalies in the key region (noted by 
box in Fig. 7) associated with frequency of typhoon also 
continues to shrink and confine in 160°–140°W during 
the following MAMJ-MJJA. By contrast, the negative 
SSTAs along the east and north coast of Australia are still 
evident. The corresponding cross-equatorial SSW winds 
blows northeastward from north of Australia, across 
the equator, and to about 40°N. This pattern sustains 
through summer with weak intensity to typhoon season 
(Fig.  7f–h). It effectively reduces the northeast trade 
wind, and helps to keep warming in the centre of tropi-
cal North Pacific. The impact of westerly wind anomalies 
over 10°–20°N in the western Pacific on typhoon genesis 
is significant, providing favorable condition with cyclonic 
shear. Meanwhile, abnormal cyclonic vorticity and weak-
ened vertical zonal wind shear occur in the following 
JASO over WNP (Fig. 8c, d). After typhoon season, the 
positive SSTA an abnormal westerly winds disappear 
(not shown).

The above results show that, the cyclonic wind anomaly 
in the tropical western Pacific and the SST in the tropical 
central North Pacific associated with NPTApr and CSSTApr 
are successive from previous winter to the typhoon season, 
forming favorite conditions for the typhoon formation over 
WNP.

In order to further examine these results, we classify 
the standardized NPTApr and CSSTApr indices into three 

(a) (c)

(c) (d)

Fig. 8  Partial correlation a between  NPTApr index and relative vorti-
city at 850 hPa in JASO, b between  NPTApr index and vertical zonal 
wind shear of 200–850 hPa in JASO, c between −CSSTApr index and 
relative vorticity at 850 hPa in JASO, d between −CSSTApr index and 

vertical zonal wind shear of 200–850 hPa in JASO during the period 
1965–2015 after removal of the ENSO effect, The light and dark 
shaded area are positive and negative correlation significant at the 
0.05 level or below in all picture
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categories: strong (≥0.5 SD), neutrality (−0.5 to 0.5 SD) 
and weak (≤−0.5 SD), and then combine them into nine 
categories. The years of each category are listed in Table 2.

The largest number of years among nine catego-
ries occurred in the combination of the strong NPT and 
weak CSST indices, 13  year in the period of 51  year 
(1965–2015), or around 25% of the total number of 
years. Among the 13 year, there are 11 years with active 
typhoon, namely, the probability of 85%. So, the most 
appropriate combination for typhoon genesis is strong 
NPT and weak CSST. The second most number is 8 year 
in the situation of weak NPT and neutral CSST indices, 
and the third is 7 year in the combination of weak NPT 
and strong CSST. They both exhibit an opposite situa-
tion to that of active typhoon years. The former has only 
1 year active typhoon among the total number of 8 year, 
with the probability of 12.5%. The later also does not 
favor the typhoon genesis (2  year out of 7  year). Thus, 
when NPT is weak, companying with reversal sign or 

small CSST index, the typhoon genesis is suppressed. 
There are no obvious differences in other 6 categories.

The composite circulation anomalies of the top 3 cat-
egories (Fig. 9) show that, in the situation of strong NPT 
and weak CSST, the positive anomaly of relative vorticity 
at 850 hPa, the negative anomaly of vertical wind shear 
between 200 and 850  hPa, and the positive anomaly of 
divergence at 200  hPa occur in the dominating region 
of typhoon genesis, which provide favorable and crucial 
environmental conditions for typhoon genesis. The oppo-
site situation happen in the combinations of weak NPT 
and strong CSST, weak NPT and neutral CSST, which 
are adverse to typhoon genesis over the WNP.

In summary, our results illustrate that the variation of 
typhoon frequency over entire Western North Pacific is 
linked closely with the tri-polar pattern of SSTA distribu-
tion in North Pacific and negative SSTA in the coral sea 
of Australia in April.

Table 2  The list of the year with anomaly frequency of typhoon formation based on the nine combinations of the SD of April NPT and CSST 
index (the active typhoon years denoted by italics)

NTP CSST

Strong (≥0.5) Neutrality (−0.5 to 0.5) Weak (≤−0.5)

Strong (≥0.5) 1983, 1995, 1996, 2005, 2014, 2015 1968, 1990 1965, 1966, 1967, 1972, 1979, 1980, 
1982, 1986, 1991, 1992, 1993, 
1994, 1997

Neutrality (−0.5 to 0.5) 2002, 2003, 2004, 2009, 2010 1974,1977, 1978, 1981, 1985, 2013 1987, 1989
Weak (≤−0.5) 1973, 1975, 1998, 1999, 2001, 2006, 

2011
1969, 1970, 1976, 1984, 1988, 

2007, 2008, 2012
1971, 2000

NPT-strong / CSST-weak NPT-weak / CSST-strong NPT-weak / CSST-neutral

Relative 
vorticity 
(850hPa)

Vertical wind 
shear

Divergence 
(200hPa)

Fig. 9  The composite circulation anomalies in JASO of top three categories based on Table 2. Regions above the 95% significance level are 
shaded
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6  Forecasting the TGF by Poisson regression

In this section, we aim to build a statistical model to forecast 
the TGF based on the identified two spring SST predictors 
(NPTApr and CSSTApr). As the TGF is a count variable for the 
typhoon (rare) events, it is natural to use Poisson regression. 
Poisson regression assumes the response variable has a Pois-
son distribution, and assumes the logarithm of its expected 
value can be modeled by a linear combination of unknown 
predictors. To proceed, we need demonstrate that the distri-
bution of the response variable Y (i.e., the JASO TGF) taken 
integer values y = 0, 1, 2,… follows a Poisson distribution 
with parameter � with probability

(1)P{Y = y} =
e−��k

y!
.

As shown in Fig.  10, the JASO TFG follows a fitted 
Poisson with parameter � = 11.86. Thus, Poisson regres-
sion approach could be used to model the relationship 
between the TGF and two identified predictors NPTApr 
and CSSTApr by allowing the parameter � depending on 
predictors.

Mathematically, given input predicators X1t and X2t 
(i.e., NPTApr and CSSTApr) and their observed values 
(x1t, x2t) for t = 1, 2,… , n, we notice that Poisson parameter 
� = �(x1t, x2t) is the mean response Y , and yield,

To estimate parameters (�, �1, �2), we applied a general-
ized linear model (GLM) framework in the Poisson model. 
By doing so, the statistical significance of predictor effect 
on Poisson parameter � = �(X1t,X2t) can be evaluated 
based on the likelihood ratio test based on the observed 
data (x1t, x2t) for t = 1, 2,… , n. Table  3 contains param-
eter estimates along with standard errors and p-values of 
the likelihood tests, which indicate significant predictors 
if smaller than a certain value, usually 5% for three Pois-
son models with predictors X1t, X2t and both fitted to the 
parameter �. As indicated in the table, X1t and X2t (i.e., 
NPTApr and CSSTApr) are highly significant in the associ-
ated Poisson models PM-I to PM-III, respectively. In par-
ticular, PM-III with both NPTApr and CSSTApr as predictors 
has the smallest AIC value 245.67, implying that the PM-
III is most appropriate to be selected as a predictive model 
for the JASO TGF, compared to other two single predic-
tor Poisson models PM-I and PM-II. This predictive model 
based on NPTApr and CSSTApr can capture 45% variance of 
the JASO TGF during the 1965–2015 period.

In order to further demonstrate that the forecasting skill 
of Poisson regression approach based on two predictors 
NPTApr and CSSTApr, a separate model was derived using 
the observed data over the training period 1965–1998. The 
predictive values after 1998 therefore indicate the true skill 
of this approach. Specifically, by applying the training data 

(2)
� = �(x1t, x2t) = E(Y|X1 = x1t,X2 = x2t) = exp(� + �1x1t + �2x1t).

Fig. 10  Histogram and estimated Poisson probability function (with 
parameter � = 11.86) for JASO TGF in 1965–2015

Table 3  Parameter estimates (± SE) and p-values (bold values indi-
cate significance at the 0.05 level) of the likelihood ratio test for the 
Poisson models, with and without predictors X1t and X2t in PM-I and 
PM-II (in the first and second rows), where t = 1, 2,… , n denotes the 

year in the record period; p value 0.029(0.03) in the third raw is of 
likelihood ratio test for the Poisson model PM-III versus PM-I and 
PM-II, respectively

Poisson models Mean TGF�(X1t,X2t) AIC p value R
2

PM-I
NPTApr(X1t)

exp(1.10 + 0.13X1t)

± 0.41 ± 0.04

248.36 0.0006 0.32

PM-II
CSSTApr(X2t)

exp(11.22 − 0.34X2t)

± 2.55 ± 0.10

248.44 0.00058 0.33

PM-III
(X1t and X2t)

exp(7.61 + 0.09X1t − 0.24X2t)

± 3.03 ± 0.04 ± 0.11

245.67 0.029 (0.03) 0.45
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in the 1965–1998 period (n = 34), we have the fitted Pois-
son regression model

Note that the model in Eq.  (3) based on the 
training data in 1965–1998 is slightly differ-
ent from PM-III in Table  3 using the whole data in 
1965–2015. Thus, the JASO TGF can be estimated by 
exp(6.7 + 0.10NPTAPR − 0.21CSSTAPR).

Figure 11 demonstrates this skill by showing the associ-
ated correlation coefficients and the root mean square error 
(RMSE) in both training and testing periods. In general, the 
performance of model (3) evident in the training period is 
maintaining during the subsequent testing period. The cor-
relation coefficient between the predicted and observed val-
ues of the TGF is 0.65 for the training period 1965–1998 
(noted by  Cor0), and the corresponding RMSE is 2.21 
(noted by  RMSE0). The correlation coefficient between 
the predicted and observed numbers of typhoon formation 
over WNP is 0.52 for period of 1996–2015 (noted by  Cor1), 
and the corresponding RMSE is 2.0544 (noted by  RMSE1). 
These results suggest that the skill observed in the training 
period also maintains in the testing period. In particular, the 
performance of forecasting skill in last 4 years (2012–2015) 
is notable with close forecasted TGF values to observed 

(3)�̂�(X1t,X2t) = exp(6.7 + 0.10X1t − 0.21X2t).

ones, except overestimating TGF in 2014 when the season’s 
peak months August and September saw a very low to no 
activity of tropical cyclones caused by an unusually strong 
and a persistent suppressing phase of the Madden-Julian 
Oscillation (MJO) (Lea and Saunders 2015). Therefore, the 
spring (April) NPT and CSST indices may provide a rea-
sonably well skill to forecast the frequency of typhoon gen-
esis through the Poisson regression approach.

7  Conclusion and discussion

In this work, the predictability of the JASO TGF and asso-
ciated boreal spring (April) SST in the Pacific has been 
investigated. It is found that, the JASO TGF is positively 
related to a tri-polar pattern of SSTA in April of North 
Pacific (NPTApr), while it negatively related to SSTA over 
the Coral Sea (CSSTApr) off east Australia coast. The pos-
sible physical mechanism is also discussed without con-
sidering the impact of ENSO. During previous winter and 
spring, the NPT pattern is characterized by the SST positive 
anomalies along the west coast of North America stretch-
ing to northwest Pacific and to tropical central-Pacific, 
north of the equator, respectively. It forms a semi-circle to 
envelop the negative anomalies of the central North Pacific. 
Companying with NPT pattern, a strong and large cyclonic 
anomaly circulation dominates over the North Pacific, and 
wide abnormal westerly from its bottom blows from west-
ern to the central tropical north Pacific. Abnormal westerly 
weakens the prevailing northeasterly trade wind, leading to 
deceased evaporation and warming SST in the central trop-
ical north Pacific. Abnormal westerly wind stress in west-
ern Pacific may stimulate the water of warm pool to expand 
to the central Pacific and result in warming in the central 
Pacific. However, the warming effect occurs only in the 
ocean to the north of the equator, because of the cold SSTA 
on the Coral Sea (CSST) off the east coast of Australia. The 
meridional circulation is enhanced for increasing tempera-
ture gradient between the central tropical north Pacific and 
east-north coast of Australia. The abnormal Southern south 
westerly cross-equatorial flow blows from the southern 
hemisphere (near Australia) across through equator to the 
central tropical north Pacific. This flow plays an essential 
role in two aspects, one strengthening zonal westerly anom-
aly for the cross-equatorial flows get to equator then turn 
eastward to join the westerly in tropical western Pacific 
and the other to weaken the prevailing easterly trade wind, 
reduce evaporation, and result in continuous warming in 
the centre of tropical north Pacific and preventing abnor-
mal warm region from expanding to southern hemisphere. 
From early summer to typhoon season, SST abnormal sig-
nal becomes weak for “reemergence mechanism” (Alexan-
der et al. 1999), and the corresponding abnormal cyclonic 

Fig. 11  Passion regression model results for forecasting the JASO 
TGF based on April NPT and CSST indices. The solid line with filled 
circle is the observed time series of the JASO TGF. Blue dashed line 
with blue circles are the model forecast of JASO TGF in the training 
period 1965–1998 and red dashed line and circles are the model fore-
casted valued of JASO TGF in the testing period 1999–2015. Cor0 
and RMSE0 are the correlation and root mean square error between 
observed and forecasted values in the training period and Cor1 and 
RMSE1 are the results for the testing period
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circulation over WNP also gets weak, but warming SST 
signal maintain in the centre of tropical north Pacific with 
southwest wind anomalies, which increases the horizontal 
temperature gradients between the west and the centre of 
tropical north Pacific, maintains abnormal cyclonic wind 
over ocean to the west of dateline, leads to cyclonic conver-
gence over the major region of typhoon genesis, and forms 
favorite condition for typhoon genesis.

Observing that previous studies (Zhan et al. 2013; Zhou 
and Cui 2011) have studied the impact of the SST anom-
alies over the Coral Sea off east Australia coast (EASST) 
on TC genesis, to justify our findings on the relationship 
between the JASO TGF and NPTApr and CSSTApr, we need 
discuss (1) the difference between the SSTG (Zhan et  al. 
2013) and EASST (Zhou and Cui 2011) and the spring 
NPT and CSST in this study; (2) the influence of SSTG 
and EASST on the relationship between the JASO TGF and 
NPTApr and CSSTApr, respectively. To this end, we have 
calculated SSTG and EASST indices for the 1965–2015 
period following Zhan et  al. (2013) and Zhou and Cui 
(2011). As shown in Table 4, the correlation between the 
TGF and SSTG indices is −0.36, which much lower than 
that of NPT (Cor = 0.56) and CSST (Cor = −0.57). On 
other hand, Zhan et  al. (2013) suggested that the SSTG 
could explain 53% variance (i.e., Correlation = −0.73) of 
TC during the 1980–2011 period, yet we find that the corre-
lation between SSTG and TGF is only −0.46 in this period. 
As a result, our results indicate that NPTApr and CSSTApr 
are superior to the SSTG for capturing the variance of the 
typhoon genesis. Furthermore, since there is no significant 
correlation between spring NPT and SSTG, partial correla-
tion between the TGF and NPT remains almost unchanged 
by comparing the original correlation (0.56) to the partial 
correlation (0.54) after removing the effect of the SSTG, 
implying that the TGF-NPT relation is independent of the 
influence of SSTG (Table 4). In contrast, the EASST dose 
have influence on the TGF-NPT relation as showing that 
the partial correlation is decreased from the original 0.56 to 
0.48 after removing the effect of the EASST. For the influ-
ence of the SSTG/EASST on the TGF-CSST relation, since 
the SSTG and EASST are highly correlated to the CSST 

with correlations 0.65 and 0.80 due to these indices were 
calculated using spring SST over some areas (e.g., the 
Coral Sea off east Australia coast) in the Southwest Pacific 
Ocean. However, the TGF-CSST relationship is largely 
independent of the influence of SSTG and EASST because 
the partial correlations (−0.48 and −0.36) between the TGF 
and CSST remains statistically significant at the 0.05 level 
by removing the effect of SSTG and EASST, respectively. 
The results indicate that NPTApr and CSSTApr have stronger 
relations to the TGF, compared to the SSTG and EASST 
which are linked to the TC genesis frequency. Therefore, 
NPTApr and CSSTApr may be used to forecast the TGF. 
In this study, we have demonstrated a Poisson regression 
model using NPTApr and CSSTApr can be devolved to pre-
dict the TGF and a promising skill is achieved. Finally, we 
give a discussion on the ENSO influence on the TGF. We 
have found that there are no corresponding relationships 
between TGF active/inactive years and cold/warm events 
(Table 1), which is consistent with previous studies (Chan 
1985; Lander and Holland 1993; Ramage and Hori 1981; 
Wang and Chan 2002). However, the impact of ENSO on 
the TGF over WNP is rather complicated. Many studies 
showed that the relationship between ENSO and TGF exist-
ent, to a great extent, on the ENSO warming pattern. Zhang 
et  al. (2015) pointed out that intense typhoon occurred 
more frequently over the WNP in the autumns of the CP El 
Niño than that of EP El Niño. Chen and Tam (2010) men-
tioned that TC occurrence was enhanced in most domains 
of the WNP during El Niño Modoki years. As the Niño-3.4 
index was used in this study, it may include both CP and 
EP warmings, and so the partial correlation analysis with 
the Niño-3.4 index may not distinguish the respective influ-
ences of two types of ENSO. In the future studies, the dif-
ferent effects from the two type of ENSO should be taken 
into account in TGF prediction.
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