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Abstract
Maintenance of the anomalous anticyclone (cyclone) over the Philippine Sea following strong peak El Niño (La Niña) leads 
to a negative correlation between the pre-winter (October–December) El Niño-Southern Oscillation (ENSO) index and the 
tropical cyclone (TC) genesis frequency in the ensuing early TC season (January–June). This negative lead-lag correlation 
has established the predictability of the western North Pacific (WNP) TC genesis frequency in the early season. However, 
little is known about whether this relationship remains steady to date, especially in the context of evolving features of ENSO 
in recent decades. Here we show that the negative relationship experiences an abrupt breakdown around the early 2000s 
(1999–2006), which primarily occurs in the southeastern quadrant of the WNP. During the breakdown period, the anomalous 
anti-cyclone shifts westward to the South China Sea and an anomalous cyclonic circulation occupies the southeastern quad-
rant of the WNP, causing enhanced TC formation. We further reveal that the westward displacement of the WNP anticyclonic 
anomaly during 1999–2006 is induced by the westward shift of sea surface temperature (SST) and associated precipitation 
anomalies during the decaying phase of ENSO, which increases cyclonic circulation and ascending motion while reduces 
vertical wind shear, and thereby enhances TC formation over the southeastern WNP. The results suggest that the frequent 
occurrence of decaying ENSO events with SST anomaly center over the central Pacific (CP) accounts for the abrupt break-
down of predictability, and the impacts of ENSO on TC formation in the early TC season are sensitive to the location of the 
maximum SST anomaly. Distinguishing eastern Pacific (EP) and CP types of ENSO and/or strong and weak ENSO events 
may help to improve the early season TC genesis forecast over the WNP. The results also have important implications for 
understanding the future projection of TC changes under global warming scenarios.

1 Introduction

As the busiest basin of tropical cyclone (TC) activity, the 
western North Pacific (WNP) experiences about 26 TCs per 
year (e.g., Gray 1968; Chan 2005). The TC-induced gale 
winds, heavy precipitation, storm surges and landslides can 
cause enormous socio-economic disasters to billions of peo-
ple in the Pacific Islands and Asian coastal countries (Zhang 

et al. 2009). Therefore, seasonal forecasting of TC activity 
is key to minimizing the losses brought by TC-induced dis-
asters (Camargo et al. 2007; Zhan et al. 2012).

El Niño-Southern Oscillation (ENSO) is a primary pre-
dictability source of the inter-annual variability of TC activ-
ity (e.g., Chan et al. 1998, 2001; Wang and Chan 2002; Zhan 
et al. 2012). A number of studies suggested that the inter-
annual variability of TC activity over the WNP is closely 
related to ENSO (e.g., Chan 1985, 2000; Lander 1994; Wang 
and Chan 2002; Camargo and Sobel 2005; Zhao et al. 2011; 
Wang et al. 2013a, b, 2018c; Wang and Wu 2016). There is 
a general consensus that El Niño shifts TC formation loca-
tions southeastward during its developing phase (e.g., Chen 
et al. 1998; Chan 2000; Chia and Ropelewski 2002; Wang 
and Chan 2002) by extending the low-level monsoon trough 
and shifting the tropical upper-tropospheric trough eastward 
(e.g., Chia and Ropelewski 2002; Wang and Chan 2002; Wu 
et al. 2015; Wang and Wu 2016, 2018a, b). As a result of 
the southeastward displacement of TC formation, TCs tend 

 * Bin Wang 
 wangbin@hawaii.edu

1 Key Laboratory of Meteorological Disaster of Ministry 
of Education, Joint International Research Laboratory 
of Climate and Environment Change, Collaborative 
Innovation Center on Forecast and Evaluation 
of Meteorological Disasters, Nanjing University 
of Information Science and Technology, Nanjing, China

2 Department of Atmospheric Sciences and International 
Pacific Research Center, University of Hawaii at Manoa, 
2525 Correa Rd., Honolulu, HI 96822, USA

http://orcid.org/0000-0003-1589-1240
http://crossmark.crossref.org/dialog/?doi=10.1007/s00382-018-4350-9&domain=pdf


3810 C. Wang et al.

1 3

to have stronger intensity due to the prolonged stay over the 
tropical warm ocean (e.g., Wang and Chan 2002; Camargo 
and Sobel 2005; Zhao et al. 2011).

During the decaying phase, El Niño conveys its impact to 
Asian climate through the anomalous Philippine Sea anticy-
clone (PSAC), which is maintained by a local positive feed-
back between atmospheric Rossby waves and ocean mixed-
layer thermodynamics (e.g., Wang et al. 2000, 2003, 2013a). 
The anomalous PSAC can affect the large-scale conditions 
which are important to TC formation, and thus suppress TC 
formation over the WNP. As a result, TC counts tend to 
decrease in the early TC season following strong El Niño 
events. In contrast, during the La Niña decaying phase, an 
anomalous cyclonic circulation over the WNP can prompt 
TC formation in the early season (Wang and Chan 2002). 
Based on this well-known physical understanding, Wang and 
Chan (2002) established an empirical scheme to predict the 
TC counts in the following early season (January–June) by 
using the pre-winter (OND) Niño 3.4 index which shows 
considerable prediction skill.

However, the data they used to establish the predictability 
is from 1965 to 1999. Now 17 years have already passed, 
and it is unknown whether the relationship between the peak 
ENSO and the TC genesis frequency in the ensuing early TC 
season remains valid. This motivates us to examine possible 
changes in the predictability of early season TC frequency, 
and we find that an abrupt breakdown of this predictability 
occurred in the early 2000s. In this study, we first document 
this abrupt change and then explain the underlying mecha-
nism that causes the breakdown. The understanding gained 
from this analysis will provide further guidance for improv-
ing seasonal prediction.

The remainder of this paper is organized as follows. Sec-
tion 2 describes the data adopted in this study, while the 
abrupt breakdown in the predictability in the early 2000s is 
presented in Sect. 3. Section 4 compares the ENSO-related 
large-scale conditions between 1965–1998 and 1999–2006. 
The underlying mechanism related to the abrupt breakdown 
in predictability is discussed in Sect. 5. Section 6 presents 
a summary.

2  Data and method

Best track datasets from the Joint Typhoon Warning Center 
(JTWC) and the Regional Specialized Meteorological Centre 
(RSMC) Tokyo-Typhoon Center of Japan Meteorological 
Agency (JMA) are used to obtain TC information. TCs are 
defined as those in the dataset whose maximum wind speed 
reaching tropical storm intensity (17.2 ms− 1). The monthly 
wind, humidity and precipitation from NCEP–NCAR Rea-
nalysis dataset (Kalnay et al. 1996) are adopted to derive the 
large-scale environments. Monthly sea surface temperature 

(SST) from version 4 of the National Oceanic and Atmos-
pheric Administration Extended Reconstructed SST 
(ERSST) dataset (Huang et al. 2015) is used to demonstrate 
SST evolutions associated with ENSO.

The analysis period in this study is from 1965 to 2016. 
The year 1965 is selected as the starting year because routine 
satellite coverage began around this year (e.g., Chan 2006; 
Wang and Wu 2012). In this study, we focus on the relation-
ship between the preceding pre-winter ENSO represented by 
the October, November and December (OND) mean Niño 
3.4 index and the subsequent early season (January-June) 
TC genesis number. The definition of the TC activity sea-
son is consistent with the previous studies (e.g.,Wang and 
Chan 2002; Hsu et al. 2014; Wang and Wu 2015). Correla-
tion, regression, and Empirical Orthogonal Function (EOF) 
analyses are employed to present the results and a statistical 
significance level is assessed using the two-tailed Student’s 
t test (Wilks 2011).

3  Abrupt breakdown of the peak 
ENSO‑early TC genesis relationship 
in the early 2000s

The WNP TC frequency in the early TC season experiences 
considerable inter-annual variability (Fig. 1). For instance, 
11 TCs are formed in 1965, 1971 and 2004, while none come 
into existence in 1973, 1998 and 2016. One may note that 
these extremums are generally related to the ENSO events 
except in 2004. Actually, the TC frequency in the early TC 
season has a significant negative correlation with the OND 
Niño 3.4 index during 1965–2016 (correlation coefficient 
r = − 0.48, p < 0.01). Compared to the results in Wang and 
Chan (2002), however, the correlation coefficient reduces 

Fig. 1  Time series of OND(0) Niño 3.4 index (blue solid line) and 
TC counts in the following early season [January(1)-June(1), green 
dash line] over 1965–2016. Correlation is shown in the top left of the 
panel. Numerals in the parentheses denote years relative to El Niño: 0 
for its developing year and 1 for decaying year
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significantly. Adding the new records from 2000 to 2016 
causes the decreasing negative correlation.

Figure 2a shows a 21-year running mean correlation coef-
ficient between the OND Niño 3.4 index and the TC genesis 
number in the ensuing early TC season from two best track 
datasets. It looks like that the relationship suddenly changes 
in the mid-1990 s from statistically significant to insignifi-
cant at the 95% confidence level, which seems to suggest 
an interdecadal change of the relationship. However, this is 
not the case.

Carefully inspecting the time series in Fig. 1, we find 
that the negative correlation breaks down only in an 8-year 
period from 1999 to 2006 (the shaded period in Fig. 2). In 
fact, the correlation for 1965–1998 is − 0.6, but it turns to 
a positive value (r = 0.39) during 1999–2006. However, the 
negative correlation recovers to − 0.6 during the period of 
2007–2016, suggesting that the ENSO-related predictability 
only breaks down in the early 2000s (Fig. 2b). Therefore, 
one should be cautious about detection of decadal change 
using long-period running means as it may lead to a decep-
tive conclusion.

To understand the cause of the abrupt breakdown, in the 
following analyses we compare the ENSO-related TC statis-
tics and large-scale conditions during 1999–2006 to those of 
1965–1998. We also compared the ENSO-related TC statis-
tics and large-scale conditions during 1999–2006 to those of 
2007–2016, it is found that the results are generally similar. 
Actually, the abrupt breakdown is mainly attributed to the 
TC formation during April-June (AMJ, Figure not shown), 
so we focus on AMJ in the following analyses to pinpoint the 
prominent features of TC formation and large-scale condi-
tions related to this abrupt breakdown.

Climatologically, AMJ TC genesis mostly occurs to the 
south of 20°N, and is distributed along a northeast–south-
west tilted zone extending from the South China Sea to the 
tropical eastern WNP with a maximum at 10°N, 130°E 
(Fig. 3). The distribution coincides with that of favorable 
large-scale circulations in this region (e.g., Briegel and Frank 
1997; Ritchie and Holland 1999). One should note that the 
TC formation over the eastern WNP is suppressed due to 
the westward migration of the tropical upper-tropospheric 
trough during 1999–2006 (Wu et al. 2015). In the first epoch 
(1965–1998), the composite difference in TC genesis fre-
quency between positive and negative OND Nino3.4 years 
displays negative anomalies east of 120°E (Fig. 3a), which 
is in accordance with suppressed TC formation following 
El Niño events (Wang and Chan 2002). In contrast, for the 
period of 1999–2006, the composite TC frequency differ-
ence shows prominent positive anomalies in the southeastern 
WNP (Fig. 3b). It is clear that the abrupt breakdown dur-
ing 1999–2006 is primarily attributed to the abnormal TC 
formation over the southeast quadrant of the WNP (east of 
135°E and south of 20°N) illustrated in Fig. 3a, b. As the 
results derived from the JTWC and JMA data are generally 
similar, only the findings based on the JTWC best track data 
are presented in the following analyses.

4  Contrast of ENSO‑related large‑scale 
conditions in the two epochs

Thermodynamic and dynamic large-scale conditions, 
such as vertical wind shear, low-level vorticity, mid-level 
humidity, vertical motion and so on, play an essential role 
in TC formation (e.g., Gray 1968; Emanuel and Nolan 
2004; Murakami and Wang 2010). Thus, examination of 
large-scale conditions helps to gain insight into the cause 
of the distinct features of ENSO-related TC formation over 
the southeast WNP in the two epochs (Figs. 4, 5). In the 
first epoch (1965–1998), the ENSO-related 850 hPa rela-
tive vorticity is generally negative to the south of 20°N, 
suppressing TC formation. Additionally, the anomalous 
descending motion south of 20°N is also unfavorable for 
TC formation (Fig. 4a). In terms of zonal vertical shear 

Fig. 2  The running correlations between the OND Niño 3.4 index 
and TC genesis number in the following early season from JTWC 
(red curves) and JMA (blue curves) best track datasets with a 21-year 
and b 11-year running windows. The horizontal solid lines denote the 
90 and 95% significant levels. The gray bars highlight the breakdown 
period
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and 700 hPa relative humidity, the enhanced vertical shear 
and decreased mid-level humidity serve to suppress TC 
formation as well (Fig. 5a). These unfavorable large-scale 
condition anomalies related to ENSO are in accordance 
with suppressed TC formation during 1965–1998, as 
illustrated in Fig. 3a. In the second epoch, the large-scale 
conditions during an ENSO decaying phase are remark-
ably different from those in the first epoch (Figs. 4b, 5b). 
The most prominent difference is located in the south-
east quadrant of the WNP. All the large-scale conditions 
in the southeast quadrant of the WNP, including positive 
vorticity anomalies, anomalous rising motion, moisten-
ing of the mid-troposphere and decreased vertical shear, 
promote TC formation (Figs. 4b, 5b). The favorable large-
scale conditions well match enhanced TC formation in 
the southeast WNP during 1999–2006, as illustrated in 
Fig. 3b. The coherence between the anomalous TC for-
mation and large-scale conditions indicates that changes 

in the large-scale environments are contributed to the 
reversed ENSO-TC relationship in the two epochs.

5  Possible mechanism for the reversed 
ENSO‑TC relationship

To understand the causes of the contrasting large-scale circu-
lation conditions during the two epochs, we turn attention to 
the lower boundary SST anomalies. Normally, after a strong 
El Nino matures during the northern winter, a low-level anti-
cyclonic anomaly dominates the Philippine Sea (Wang et al. 
2000), which produces descending motion and low-level 
anticyclonic vorticity and dries the lower troposphere, thus 
suppressing TC genesis and leading to a negative ENSO-
TC relationship. This Philippine anticyclone emerges in the 
autumn (SON) of the El Nino developing year and reaches 
a peak and persists in the ensuing winter and spring (Wang 

Fig. 3  Spatial distribution of 
AMJ TC formation clima-
tology (contours, number 
 decade− 1) and composite TC 
genesis frequency difference 
between positive and negative 
OND Nino3.4 years (shadings, 
number  decade− 1) at each 5° 
latitude × 5° longitude box for a 
1965–1998, and b 1999–2006. 
Shadings represent the values 
above the 90% confidence level
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and Zhang 2002). This evolution process is what we see in 
Fig. 6a–c for the first epoch.

Figure 6 compares the evolutions of ENSO-related circu-
lations and underlying SST anomalies for the two epochs. 
The ENSO-regressed SST in OND (0) exhibits a typical El 
Niño pattern over the Pacific in both epochs. Namely, prom-
inent warming anomalies occur in the equatorial central-
eastern Pacific and cooling anomalies occupy the western 
equatorial and subtropical Pacific (Fig. 6a, d). In response 
to the SST anomalies, the ENSO-regressed precipitation and 
upper-level velocity potential display a dipole pattern over 
the Pacific due to the weakening Walker circulation. That is 
to say, enhanced ascending motion and precipitation occur 
in the central-eastern Pacific, while suppressed ascending 
motion and precipitation appear over the Maritime Conti-
nent (Fig. 7a, d). As a direct Rossby wave response to the 

positive heating anomalies over the central-eastern Pacific, 
a cyclonic pair symmetric about the equator extends to the 
eastern Pacific (EP). The northern part of the cyclonic pair 
shifts TC formation southeastward over the WNP (Wang 
and Chan 2002). Meanwhile, the anomalous anticyclone (i.e. 
PSAC) occurs west of 120°E as a Rossby wave response 
to the negative heating over the Maritime Continent. Note 
that in the first epoch, when the cyclonic circulation east 
of 140°E weakens and shifts to the EP due to the decaying 
warming, the anomalous PSAC extends eastward in JFM(1) 
and maintains to AMJ(1) by a positive local thermodynamic 
air–sea feedback (Fig. 7a–c, e.g., Wang et al. 2000, 2003). 
The anomalous PSAC and negative precipitation anomalies 
tend to suppress TC formation, which is consistent with the 
negative correlation in Wang and Chan (2002). During the 
later epoch, however, the anticyclonic anomaly does not 

Fig. 4  Regressed AMJ 850 hPa 
relative vorticity (shadings, 
 10− 7 s− 1) and 500 hPa omega 
(contours,  10− 2 Pascal  s− 1) 
anomalies with respect to OND 
Niño 3.4 index for a 1965–
1998, and b 1999–2006. The 
stippling and magenta contours 
denote areas that are significant 
at the 90% confidence level



3814 C. Wang et al.

1 3

move eastward but remains in the South China Sea from 
OND(0) to AMJ(1). Meanwhile, an anomalous cyclonic 
circulation, as a direct Rossby wave response to the anoma-
lous convective heating over the central equatorial Pacific, 
persists from OND(0) to AMJ(1) over the Philippine Sea 
(Fig. 7d–f). Persistence of this anomalous cyclonic circula-
tion into AMJ(1) contributes to enhanced TC formation in 
the southeastern WNP in the later epoch.

The question is why in the first epoch the AC anomaly 
moves from the South China Sea to the Philippine Sea, 
whereas in the second epoch it does not. Comparing the 
SST anomaly evolution in the two epochs (Fig. 6), we find 
that this difference is related to the different El Nino decay 
processes in the two periods. Although the SST warming 
patterns during OND(0) are similar in the two epochs, in 
JFM (1), the El Nino anomalies in the first epoch retreat 

eastward with a maximum warming center located at 140°W, 
while the SST anomalies in the second one are centered at 
165°W, about 25° longitudes to the west. During AMJ(1), 
SST anomalies of both epochs weaken but the warming 
center is located at 140°W in the first epoch while near the 
dateline at the central Pacific (CP) in the second epoch. This 
indicates that in the first epoch El Nino evolves into an EP 
type of El Nino, whereas in the latter it evolves into a CP 
type of warming.

The difference in the SST distribution can be clearly 
seen from Fig. 8a, which shows the zonal structures of the 
regressed AMJ(1) SST anomalies averaged over the equa-
torial band (5°S–5°N) in the two epochs. Evidently, SST 
anomalies of decaying El Niño exhibit a westward shift 
during the later epoch. The westward displacement of 
SST anomalies further “pushes” the precipitation heating 

Fig. 5  Regressed AMJ 700 hPa 
relative humidity (shadings, %) 
and zonal wind shear (m  s− 1) 
anomalies with respect to OND 
Niño 3.4 index for a 1965–
1998, and b 1999–2006. The 
stippling and magenta contours 
denote areas that are significant 
at the 90% confidence level
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anomalies (Fig. 8b) and the corresponding 200 hPa veloc-
ity potential (upper-level divergence) anomalies (Fig. 8c) 
westward. In particular, the westward shift of SST warming 
stimulates a cyclonic circulation anomaly over the southeast-
ern WNP as a direct Rossby wave response, which leads to 
the reversed ENSO-TC relationship in the later epoch.

The westward shift of ENSO-related heating and circula-
tions is thought to be related to the frequent occurrence of 
the CP-type El Niño in the early 2000s (e.g., Larkin and Har-
rison 2005; Ashok et al. 2007; Kao and Yu 2009; Kug et al. 
2009; Yeh et al. 2009; Xiang et al. 2013). Additionally, SST 
warming in the CP has a relatively longer developing period 
and more persistence than that in the EP (e.g., McGregor 
et al. 2012; Xiang et al. 2013).

Figure 9a, b shows that the leading mode of the tropi-
cal Pacific SST anomaly has changed in the early 2000s 
with its maximum center shifting westward. The westward 
shift of the anomalous zonal wind stress and precipita-
tion can also be found in the regressed pattern against the 

principal component of the first leading mode in the sec-
ond epoch (Fig. 9c, d). Actually, the events of 2001–2002, 
2002–2003 and 2004–2005 are categorized as the CP-type 
El Niño events (Yeh et al. 2009). Although the definition of 
CP-type of El Niño is described with large diversity, SST 
maximum centers can be found in the CP in these events. 
Even in the 2003–2004 event, there is an SST extremum in 
the CP although it usually identified as an EP El Niño due 
to the greater SST warming magnitude over the EP (fig-
ure not shown). The SST anomalies during 1999–2000 and 
2000–2001 also show negative SST anomaly centers over 
the central equatorial Pacific (Wang et al. 2013b). These 
results reflect the fact that the frequent occurrence of ENSO 
events with SST anomaly centers over the CP accounts for 
the abrupt breakdown of predictability in the early 2000s.

Due to the short duration of the second epoch, one may 
wonder whether the findings are robust. To confirm the 
robustness of the results, we take more cases into account 
by using historical records. It should be noted that the 

Fig. 6  Seasonal evolutions from OND (0) to AMJ (1) of regressed 
SST (shading) and 850 hPa wind anomalies for 1965–1998 (a–c) and 
1999–2006 (d–f) with respect to OND Niño 3.4 index. The numer-

als in parentheses denote the ENSO developing (0) and decaying (1) 
years. The grey lines denote 140°E. A denotes the anti-cyclonic circu-
lation and C denotes the cyclonic circulation
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relationship between the OND Niño 3.4 index and TC counts 
in the following early season displays considerable inter-
annual variability (Fig. 10). More specifically, in some years 
TC formation over the WNP is above (below) normal follow-
ing El Niño (La Niña) event, as illustrated in the first (third) 
quadrant of Fig. 10.

Examining the reversed relationship in individual years 
helps to gain insight into the mechanism governing TC 
formation in the early season. Figure 11 shows the evolu-
tion of regressed SST and 850 hPa wind anomalies in years 
with negative and positive correlation respectively. For 
negatively correlated years (Fig. 11a–c), cyclonic circula-
tion anomalies over the WNP in OND(0) change to anticy-
clonic circulation anomalies during JFM(1) and AMJ(1), 
which results in the negative relation between the Niño 3.4 
index and early season TC frequency. In contrast, for posi-
tive correlation years (Fig. 11d–f), the anomalous cyclonic 
circulation over the WNP in OND(0) can persist to the 
decaying phase, leading to enhanced TC formation in the 
early season. The evolutions of SST and 850 hPa winds in 
the two groups are basically consistent with those shown 
in Figs. 7 and 8. In the negative correlation cases, the 

maximum center of El Niño SST warming is located at the 
eastern equatorial Pacific, and the anomalous cyclonic cir-
culation changes to an anomalous anticyclonic circulation 
over the WNP due to the local air-sea interaction as the EP 
SST warming dissipates (e.g., Wang et al. 2000, 2003). In 
a similar way, anomalous anti-cyclonic circulation changes 
to an anomalous cyclonic circulation over the WNP in 
the early season following La Niña events. However, the 
SST warming (cooling) of El Niño (La Niña) shifts west-
ward and persists to AMJ (1) in the positive correlation 
group. As a result, the cyclonic (anti-cyclonic) circulation 
over the WNP, as a Rossby wave response to enhanced 
(suppressed) convective heating in the CP region, persists 
from OND (0) to AMJ (1) and further leads to enhanced 
(suppressed) TC formation. Previous studies found that 
the El Niño and La Niña are not a simple mirror image 
(Meinen and McPhaden 2000; Okumura and Deser 2010). 
Therefore, the asymmetry in El Niño and La Niña should 
be considered when interpreting the results for a specific 
ENSO event. In view of these results, we consider the 
westward shift in SST and precipitation anomalies as the 
main cause of the abrupt breakdown of predictability in 
the early 2000s.

Fig. 7  Same as Fig. 6 but for surface precipitation (shadings, mm  day− 1) and 200 hPa velocity potential (contours,  105  m2  s− 1)
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6  Summary

6.1  Conclusion

After a strong El Niño matures during the northern winter, a 
low-level anticyclonic anomaly dominates the Philippine Sea 
(Wang et al. 2000), which produces descending motion and 
low-level anticyclonic vorticity and dries the lower tropo-
sphere, thus suppressing TC genesis over the WNP(Wang 
and Chan 2002). This Philippine anticyclone emerges in the 
autumn (September–November) of the El Nino developing 
year and reaches a peak and persists in the ensuing winter 
and spring (Wang and Zhang 2002; Lau and Nath 2003; Lau 
et al. 2004)The opposite is true for strong La Niña events. 
The anomalous anti-cyclone (cyclone) over the Philippine 
Sea following strong El Niño (La Niña) event, which is 
maintained by the air-sea interaction, leads to the negative 

relationship between the peak ENSO index and the TC gen-
esis frequency in the ensuing early TC season (January-June) 
(Wang and Chan 2002). The negative lead-lag correlation 
between OND (October-December) Niño 3.4 index and TC 
genesis frequency in the ensuing early TC season (January-
June) has established the seasonal predictability of the WNP 
TC frequency in the early season.

However, we find that the negative ENSO-early TC rela-
tionship experiences an abrupt breakdown at the turn of the 
twenty-first century, as revealed by analyses of the historical 
best track datasets from JTWC and JMA. More specifically, 
the correlation for 1965–1998 is − 0.6, but it turns to posi-
tive (r = 0.39) during 1999–2006 and then returns to − 0.6 
during 2007–2016. This abrupt breakdown of the negative 
correlation in the early 2000s mainly occurs in the southeast-
ern quadrant of the WNP, which is in accordance with the 
anomalous large-scale conditions in this region during the 

Fig. 8  The 5°S–5°N averaged 
zonal structures for regressed 
AMJ anomalies of a SST (K), b 
precipitation (mm  day− 1) and c 
200 hPa velocity potential  (105 
 m2  s− 1) during 1999–2006 (blue 
solid lines) and 1965–1998 
(black solid lines) with respect 
to OND Niño 3.4 index. The 
difference between 1999–2006 
and 1965–1998 is shown by red 
solid lines
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ENSO decaying phase. The westward shift of SST anomalies 
in the decaying phase of ENSO and the associated west-
ward displacement of convective heating anomalies during 
1999–2006 are found to be responsible for creating these 
favorable anomalous large-scale conditions for TC genesis, 
including the low-level vorticity, 500 hPa vertical motion 
and vertical wind shear.

During 1965–1998, the maximum center of ENSO-
decaying SST and precipitation is generally located in the 
eastern equatorial Pacific (140°W), and these anomalies 
gradually dissipate in the following early season. Mean-
while, an anticyclonic anomaly, which is established in 
the fall of the El Niño developing year, extends eastward 
from the South China Sea to the Philippine Sea and is 
then maintained until early summer by the local thermo-
dynamic air–sea feedback (e.g., Wang et al. 2000, 2003). 
The opposite is true for La Niña events. The anticyclonic 

(cyclonic) circulation over the WNP following El Niño (La 
Niña) events leads to a negative relationship between the 
OND Niño 3.4 and TC frequency in the following early 
season.

In contrast, during 1999–2006, the ENSO-related SST 
and precipitation anomalies shift westward to the CP dur-
ing the ENSO decaying phase and persist into the follow-
ing early TC season. After an El Niño matures, positive CP 
heating anomalies directly excite an anomalous cyclonic 
circulation over the WNP, which persists from OND(0) 
to AMJ(1) and further induces enhanced TC formation in 
the WNP. The circulations are opposite during La Niña 
events, leading to suppressed early season TC formation 
in the WNP. It is discovered that the frequent occurrence 
of ENSO events with SST anomaly center over the CP 
mainly accounts for the abrupt breakdown of predictability 
in the early 2000s.

Fig. 9  The leading EOF mode of monthly mean SST anomalies over 
the tropical Pacific during a 1965–1998 and b 1999–2006. The frac-
tional variance that can be explained by the EOF-1 mode is 58.6 and 
60.3%, respectively. The corresponding principal components are 

shown in e and f. Regressed precipitation anomaly (contours, mm 
 day− 1) and surface zonal wind stress anomaly (shadings, dyn  cm− 2) 
with respect to the corresponding principal component of leading 
EOF during c 1965–1998 and d 1999–2006



3819Abrupt breakdown of the predictability of early season typhoon frequency at the beginning of…

1 3

6.2  Discussion

Results of this study suggest that the impacts of ENSO on 
TC formation in the following early season are sensitive to 
the location and persistence of the maximum SST anomaly 
and the associated precipitation anomaly, because the differ-
ent location of heating source may produce reversed circula-
tions as well as large-scale conditions over the southeastern 
WNP.

Some recent studies introduced a new type of El Niño 
whose maximum warming is located at the equatorial CP 
(e.g., Larkin and Harrison 2005; Weng et al. 2007; Kao 
and Yu 2009; Kug et al. 2009; Yeh et al. 2009; Xiang et al. 
2013). It is different from the canonical El Niño, as the lat-
ter’s maximum warming is in the EP. Compared with the 
EP El Niño, the CP-type El Niño exerts different impacts 

on global climate (e.g., Ashok et al. 2007; Weng et al. 2007, 
2009) as well as TC activity (Kim et al. 2009, 2011; Chen 
and Tam 2010; Hong et al. 2011; Wang et al. 2013a, b). For 
instance, Chen and Tam (2010) revealed that the CP El Niño 
index is significantly correlated with the TC frequency dur-
ing the ENSO developing summer over the WNP, while no 
significant correlation is found if one uses the EP El Niño 
index. Kim et al. (2011) found that TC activity over the 
WNP is sensitive to the location of ENSO-induced heating. 
These studies pay attention to the different impacts of the 
two types of El Niño on TC activity in the ENSO developing 
phase. Our study shows the impacts of the CP El Niño on 
TC genesis in the El Niño decaying phase, which can cause 
the breakdown of the negative OND ENSO-early TC genesis 
relationship. This finding is consistent with the recent analy-
sis results of Wang et al. (2017), who noticed, by analyzing 
records of 1957–2016, that the WNP anticyclone occurs 
after a peak El Niño only for strong El Niño events rather 
than for the weak events. Due to the absence of the WNP 
anticyclonic anomalies in the weak or CP El Niño events, 
the negative OND ENSO-early TC genesis relationship can 
no longer sustain.

The results here have important implications for the TC 
seasonal forecast over the WNP. Distinguishing EP and CP 
ENSO and/or strong and weak ENSO events during the 
OND season may help to improve the early season TC gen-
esis prediction. In addition, the anthropogenic forcing may 
shift the ENSO SST signals to the CP by enhancing the 
thermocline feedback in the CP (Yeh et al. 2009), which 
implies that the negative correlation may be further weak-
ened under global warming scenarios. It should be noted that 
only the impacts of external forcing on ENSO behaviors can 
be inferred in the multi-model ensemble mean as the phase 
of internal-variability in projections is randomly distributed 
(Hawkins and Sutton 2009; Meehl et al. 2009). Therefore, 
the recovery of negative correlation after 2006 and the pos-
sible weakening correlation in global warming scenarios are 
not contradictory due to the absence of internal-variability 
in the constructed projection in warming scenarios. More 
investigation is required to explore this possibility by using 
the outputs of the current state-of-the-art models of the 
Earth’s climate system.

Fig. 10  Scatter plot of the early season TC genesis frequency and 
OND Niño 3.4 index over 1965–2016. The numbers denote the calen-
dar year. Red (green) dots indicate the years with positive (negative) 
correlation between the early season TC frequency and OND Niño 
3.4 index
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