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Abstract 

 The number of tropical cyclones (TCs) over the western North Pacific (WNP) 

during spring (March-May) has a significant inverse correlation with concurrent El 

Niño-Southern Oscillation (ENSO) conditions during the period from 1979-2018. 

This relationship is different from the previously-documented weak relationship 

between TC frequency and ENSO during the climatologically most active portion of 

the TC season. In general, TCs seldom occur in El Niño years during March-May, 

whereas they frequently form over the western part of the WNP, particularly to the 

southeast of the Philippines, in La Niña years. This difference can be largely 

explained by ENSO-driven differences in the genesis potential index as derived from 

environmental variables. In La Niña years, the abnormally moist mid-troposphere, 

which relates to the strengthened vertical transport of water vapor induced by the 

enhanced Walker Circulation, primarily favors TC development, while increased sea 

surface temperatures and positive low-level relative vorticity anomalies appear to play 

a lesser role in impacting TC formation. 
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1 Introduction 

 Tropical cyclones (TCs) are among the most devastating natural disasters on 

Earth, posing a significant threat to various coastal regions. Increasing attention has 

been paid to the temporal variability in TC activity for all TC basins in recent years, 

especially as concerns about climate change’s impacts escalate (Walsh et al., 2016). 

The western North Pacific (WNP) is the most active basin for TC formation across the 

world on an annually-averaged basis, with around one-third of global TCs occurring 

in the WNP basin, on average (Lee et al., 2012). The active season for WNP TCs is 

usually defined to extend from June to November (Neumann, 1993), which 

approximately refers to the 5th to 95th percentile of climatological TC genesis dates 

(Kim et al., 2017). Therefore a large number of previous publications have 

investigated changes in TC activity over the WNP during boreal summer and autumn 

(e.g. Chen et al., 1998; Camargo and Sobel, 2005). Furthermore, the WNP is the only 

basin with at least one TC occurring in every calendar month, with TCs forming fairly 

often even during off-season months (Ramsay, 2017). For instance, Typhoon Mitag, 

which developed near the Federal States of Micronesia in 2002, was the first instance 

of a TC reaching super typhoon strength in March (Ramsay, 2017). However, the 

features related to variations in WNP TC activity are seldom investigated during the 

climatologically inactive seasons, e.g., the boreal winter or spring. 

 Tu et al. (2011) reported a sudden increase in the number of intense WNP 

typhoons in May after 2000, which primarily resulted from increased tropospheric 

water vapor. Xu and Wang (2014) further noted that there was a sharp increase in the 

power dissipation index (PDI) of WNP TCs during May from 1979-1999 to 2000-

2011. Larger PDI in May after 2000 was induced by both greater TC frequency, 

consistent with a significant increase in the genesis potential index and higher TC 

intensity that was linked to both increased maximum potential intensity and reduced 
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vertical wind shear (Xu and Wang, 2014). In addition, Huangfu et al. (2017) ascribed 

the abrupt increase in WNP TC frequency during May to an earlier onset of the South 

China Sea (SCS) summer monsoon in 1999-2013 than in 1979-1998. This was a result 

of the monsoon trough, which is known to facilitate TC development, moving into the 

WNP earlier. Despite the aforementioned interdecadal increase in TC frequency 

during May, the characteristics of interannual variation in TC activity over the WNP 

during the boreal spring are not well known. 

 It is now well accepted that El Niño-Southern Oscillation (ENSO) modulates the 

interannual variability of TC activity over the WNP (e.g. Chan, 1985; Lander, 1994; 

Chan 2000; Saunders et al., 2000; Wang and Chan, 2002; Wu et al., 2004; Zhao et al., 

2010; Kim et al., 2011; Li and Zhou, 2012; Patricola et al., 2018; Zhao and Wang, 

2019). These studies have generally found only a weak correlation between ENSO 

and total TC count over the entire WNP, while the migration of the average location of 

TC formation is significantly influenced by ENSO. The mean TC genesis location 

shifts farther eastward and equatorward during El Niño years relative to La Niña 

years, due to anomalously warm sea surface temperatures (SSTs), higher relative 

humidity, lower vertical wind shear (VWS) and weaker trade winds in the 

southeastern quadrant of the WNP. This displacement implies longer tracks for TCs 

developing over the warm waters of the tropical WNP, allowing these TCs to achieve 

a greater lifetime maximum intensity (LMI) during El Niño years than during La Niña 

years. Consequently, this increases not only the number of intense TCs but also the 

accumulated cyclone energy (ACE) generated by TCs during El Niño years relative to 

La Niña years (Patricola et al. 2018). Nonetheless, the general consensus is 

predominantly established based on the influence of ENSO on TC activity during the 

climatologically active TC season, or over the entire year which includes the majority 

of TCs which occur in summer and autumn. It is still unclear whether ENSO has an 
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impact on WNP TC activity when only the spring is considered, or whether the 

mechanisms of large-scale environmental variables influencing summertime WNP TC 

activity work in a similar fashion in the spring. 

 The primary objectives of this study are to investigate the potential relationship 

between spring TC frequency over the WNP and concurrent ENSO conditions. The 

remainder of this paper is organized as follows. The data and methodology are briefly 

described in Section 2. The differences in the features of spring WNP TC formation 

during different ENSO phases are provided in Section 3. A possible mechanism for 

the influence of ENSO on spring WNP TC genesis is explained in Section 4. A 

summary of this work is given in the last section. 

 

2 Data and methodology 

 TC best track data used in this study are from the Joint Typhoon Warning Center 

(JTWC), including TC center location and intensity at a 6-h interval, which are 

compiled in the International Best Track Archive for Climate Stewardship (IBTrACS) 

v04r00 (Knapp et al., 2010). Because of the relatively low quality of the best track 

data prior to the late 1970s (Chu et al., 2002), TC data between 1979 and 2018 are 

investigated here. To reduce the uncertainty in detecting weak TCs such as tropical 

depressions (Klotzbach and Landsea, 2015), we only consider TCs with LMIs of at 

least 34 kt (e.g., named storms). TC genesis is defined as the first record when a TC 

was listed in the JTWC dataset, while spring TCs refer to TCs forming in March, 

April and May. 

 Monthly mean SST data over a 2°×2° grid are provided by the National Oceanic 

and Atmospheric Administration (NOAA) Extended Reconstructed SST v5 (Huang et 

al., 2017). Monthly mean atmospheric data are obtained from the Fifth generation of 

the European Centre for Medium-Range Weather Forecasts (ECMWF) atmospheric 
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reanalyses (ERA5; C3S, 2017). The original atmospheric fields with a resolution of 

0.25°×0.25° are converted to a 2°×2° grid for calculating the genesis potential index 

(GPI; Emanuel and Nolan, 2004). Monthly interpolated outgoing longwave radiation 

(OLR) data at a 2.5°×2.5° grid (Liebmann and Smith, 1996) are from NOAA’s 

Climate Diagnostics Center. The temporal variation in ENSO is measured by the 

monthly Multivariate ENSO Index (MEI) v2 (Zhang et al., 2019), which considers 

five different ENSO-related variables (sea level pressure, SST, zonal and meridional 

surface winds, and OLR) over the tropical Pacific. During the period from 1979-2018, 

El Niño and La Niña years refer to the seven March-May (e.g., spring) periods with 

the highest and lowest MEI values, respectively. 

 The significance levels (p) of the correlation coefficients are estimated based on a 

two-tailed Student’s t-test. The significance levels for differences in the averages of 

the two samples are based on a two-tailed paired sample t-test. 

 

3 Relationship between spring WNP TC Frequency and ENSO 

 Figure 1a shows the annual variation of spring TC frequency over the WNP from 

1979 to 2018. Around 2.4 WNP TCs occur, on average, during the spring each year, 

accounting for 9% of all WNP TCs. There are five years without spring TC formation, 

with four of them corresponding to El Niño years. Figure 1a further displays an 

inverse relationship between WNP TC frequency and the MEI during the spring (r=-

0.38; p=0.02), implying that El Niño suppresses and La Niña favors spring TC genesis 

over the WNP. Note that this relationship is different from that experienced during the 

TC-active portion of the season (e.g. Zhang and Wang, 2019). On average, the annual 

numbers of spring TCs are 0.6 and 2.9 in El Niño and La Niña years, respectively 

(Table 1). This difference of 2.3 TCs is significant (p<0.01). Figure 1b-d further 

represents the annual WNP TC frequencies during the individual months of March, 
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April and May, which account for 20%, 27% and 53% of spring TCs, respectively. 

During March and April, there are small and insignificant correlations of -0.02 

(p=0.92) and -0.13 (p=0.42), respectively between TC number and the MEI, 

indicating a minor impact of ENSO on TC formation. In contrast, there is a significant 

relationship between TC frequency and the MEI during May (r=-0.34; p=0.03). This 

significant correlation in May is primarily responsible for the significant correlation 

obtained during the spring between TC frequency and the MEI, given that May TCs 

comprise more than half of all spring TCs. 

 In addition to TC frequency, there are also substantial differences in the genesis 

location for spring TCs based on ENSO phase (Figure 2a). In El Niño years since 

1979, only four TCs have formed during the spring. All of these TCs developed in the 

southeastern corner of the WNP (0°~10°N, 150°E~180°), which is farther southeast 

than the region favorable for TC formation during the climatologically most active 

portion of the TC season (e.g. 0°~15°N, 140°E~180°; Li and Zhou, 2012). In La Niña 

years, a large number of spring TCs occur west of 150°E over the tropical WNP, with 

the most frequent region for spring TC formation being southeast of the Philippines 

(5°~10°N, 130°~140°E). The distribution of TC genesis locations is captured to a 

great extent by the pattern of the GPI difference between different ENSO years 

(Figure 2b), indicating that the differences in the spatial distribution of spring TC 

formation primarily result from different large‐scale environments in El Niño and La 

Niña years. There are positive GPI differences west of 150°E over the WNP, with the 

largest differences corresponding well with the region where TCs occur more 

frequently in La Niña years. This region is bounded by the green dashed line in Figure 

1c and is referred to as the main development region (MDR) hereafter. In comparison, 

the negative GPI difference is shifted slightly eastward compared with the region 

where TC formation occurs in El Niño years. 
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 During all three months of the spring, WNP TCs generally occur more westward 

in La Niña years than in El Niño years, despite no March TCs forming westward of 

140°E (Figure 2c, e, g). Although the annual TC frequency is not significantly 

correlated with the MEI during March and April, the spatial pattern of TC formation 

in El Niño and La Niña years exhibits similar features to the genesis distribution of 

May TCs. Moreover, the spatial distributions of the GPI differences in individual 

months are consistent with that for the entire spring, showing a large-scale 

environment enhancing TC occurrences west of 150°E and suppressing TC 

occurrences east of 150°E in La Niña years (Figure 2d, f, h). The positive GPI 

difference southeast of the Philippines is the largest in May, roughly corresponding to 

where the greatest number of TCs form in May during La Niña years. There are no 

large discrepancies between the distribution of TC occurrence and large-scale 

environmental variables relevant to TC development in March, April or May. 

 

4 Mechanism for ENSO’s modulation of spring WNP TC formation 

 Since the number of spring TCs in El Niño years (Table 1) is not significantly 

different from zero (p=0.10), we will primarily explain why there are more spring TCs 

forming over the MDR in La Niña years than in El Niño years. Figure 3 displays the 

differences in the variables constituting the GPI between different ENSO phases. In 

La Niña years, there are significantly higher SSTs extending from the tropical central 

WNP to the subtropical central Pacific, while there are significantly lower SSTs over 

the tropical central Pacific (Figure 3a). Warmer SSTs are favorable for spring TC 

genesis over the eastern part of the MDR (east of 130°E). In comparison, there are 

significant differences in 600-hPa relative humidity (RH600) over the entire MDR, 

with RH600 in La Niña years at least 10% larger than in El Niño years over a large 

portion of the WNP (Figure 3b). TCs are more likely to develop with a moister mid-
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troposphere over the MDR in La Niña years. 

 In addition to the thermodynamic variables, there are also some differences in 

dynamic parameters between El Niño and La Niña years. Figure 3c displays 

significant cyclonic anomalies in 850-hPa relative vorticity (VOR850) over the 

western part of the WNP, with the two regions where the largest differences occur 

over the SCS and the southern Philippines. Anomalous low-level cyclonic vorticity is 

beneficial for spring TC formation over the western part of the MDR (west of 130°E) 

in La Niña years. In addition, there are generally positive and negative differences in 

850-200-hPa vertical wind shear (VWS) south and north of 10°N, respectively (Figure 

3d). Although VWS in La Niña years is lower than in El Niño years over almost all of 

the entire MDR, significant decreases in VWS only exist over the northwestern and 

northeastern corners of the MDR. Consequently, it appears that VWS changes are 

only a minor contributor to ENSO’s modulation of spring WNP TC formation. 

 To summarize, spring WNP TC genesis is primarily modulated by differences in 

mid-level moisture between different ENSO phases, with other large-scale variables 

having only minor impacts on changes in spring WNP TC formation. Figure 4 

illustrates how the spring phase of ENSO modulates WNP TC genesis. As found in 

prior research (e.g. Wallace et al., 1998; Wang et al., 2000), there are cooler SSTs over 

the central and eastern Pacific and warmer SSTs in the western Pacific in La Niña 

years relative to El Niño years, accompanied by anomalous easterlies over the central 

Pacific (Figure 4a). Associated with these SST anomalies is a strengthened Walker 

Circulation in La Niña years, with enhanced upward motion over the Philippine Sea 

and anomalous westerlies over southeast Asia, favoring vertical transport of water 

vapor from the underlying sea and horizontal transport of moisture from the Indian 

Ocean, which both lead to an increase in mid-level moisture (Figure 4b). As shown by 

the anomalously low OLR east of the Philippines (Figure 4c), the stronger updrafts 
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associated with the moister atmosphere result in enhanced convection in La Niña 

years, increasing the probability for TC formation. Moreover, the enhanced 

convective heating east of the Philippines also generates a cyclonic low-level 

circulation that is favorable for TC development (Figure 4a). 

 

5 Summary 

 The modulation of ENSO on the formation of spring (March-May) WNP TCs is 

investigated in this study. There is a significant inverse relationship between the 

variation in spring TC frequency (as well as May individually) and the concurrent 

MEI during 1979-2018, indicating that El Niño generally suppresses and La Niña 

favors WNP TC development during the spring. During the full spring and each of its 

component months (e.g., March, April and May), WNP TCs predominantly form over 

the southeastern corner of the WNP in El Niño years, whereas they primarily generate 

over the western part of the WNP in La Niña years. The most frequent formation 

region for spring TCs in La Niña years is southeast of the Philippines in the MDR. 

Note that the preferential genesis locations for spring WNP TCs between different 

ENSO phases is well separated (Figure 2). 

 The spatial difference in spring WNP TC genesis between El Niño and La Niña 

years, which is well captured by the distribution of the GPI difference, is linked to the 

differences in large-scale environmental variables. The distributions of the GPI 

differences share similar patterns in each of the three spring months. During the 

springs of La Niña years, there is increased SST and VOR850 over the eastern and 

western halves of the MDR, respectively, while the mid-troposphere is significantly 

moister over the entire MDR relative to El Niño years. Lastly, we propose that during 

the spring, the enhanced Walker Circulation in La Niña years increases upward 

motion over the MDR as well as westerlies over southeast Asia, thereby strengthening 
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the vertical transport of water vapor from the underlying sea and eastward transport of 

moisture for the Indian Ocean, which both subsequently enhance convection that is 

favorable for TC development. Although previous studies have reported that mid-level 

relative humidity and low-level vorticity are both important for changes in 

summertime TC genesis related to ENSO over the WNP (e.g. Camargo et al., 2007), 

our results show that differences in mid-level relative humidity are the primary factor 

causing ENSO-driven changes in TC formation during the spring. 
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Figure captions 

Figure 1. Time series of WNP TC number and the MEI during 1979-2018 for (a) 

spring (March, April and May), (b) March, (c) April and (d) May. In (a), red squares 

and blue triangles refer to the seven highest and lowest MEI years (El Niño and La 

Niña years), respectively. 

Figure 2. TC genesis locations during the two ENSO phases and GPI differences 

between El Niño and La Niña years for (a, b) spring, (c, d) March, (e, f) April and (g, 

h) May, respectively. In (a, c, e and g), red squares and blue triangles denote El Niño 

and La Niña seasons, respectively. In (b, d, f and h), black crosses refer to differences 

significant at the 0.05 level based on a Student’s t-test. Green dashed lines in (a) 

indicate the total occurrence number over a 5°×5° grid in La Niña years, while the 

green dashed lines in other panels denote the area with at least three TCs forming in 

La Niña years. This area is referred to as the main development region (MDR) 

throughout the remainder of the text. 

Figure 3. La Niña minus El Niño differences in environmental variables during 

March-May over the western North Pacific. (a) Sea surface temperature (°C), (b) 600-

hPa relative humidity (%), (c) 850-hPa relative vorticity (×10-6 s-1) and (d) 850-200-

hPa vertical wind shear (m s-1). Differences significant at the 0.05 level are 

represented with black crosses. 

Figure 4. La Niña minus El Niño differences in the large-scale environment during 

March-May over the Indian/Pacific Oceans. (a) Sea surface temperature (shaded; °C) 

and 850-hPa wind streamlines. (b) 500-hPa vertical velocity (shaded; 10-2 Pa s-1) and 

600-hPa specific humidity (contours; g kg-1) and (c) outgoing longwave radiation 

(shaded; W m-2) and 200-hPa wind streamlines. 
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Table 1. List of El Niño and La Niña years during the boreal spring from 1979-2018, 

as well as the corresponding WNP March-May TC frequency. 

El Niño La Niña 

Year TCs Year TCs 

1983 

1987 

1992 

1993 

1998 

2010 

2016 

0 

1 

0 

2 

0 

1 

0 

1985 

1989 

1999 

2000 

2008 

2011 

2018 

1 

3 

4 

3 

5 

2 

2 

Mean 0.6 Mean 2.9 
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