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Abstract 23 

Major hurricanes (MHs) in the eastern North Pacific (ENP) in 1970-2018 were clustered into 3 24 

categories with different quantity, intensity, lifetime, translation speed, track and large-scale 25 

environmental fields. MHs in all three clusters are more active in the Pacific Decadal Oscillation 26 

(PDO) warm phase than cold phase period. There are two clusters that their relationship with El Niño 27 

Southern Oscillation (ENSO) were modulated by PDO. The first cluster generates and develops in the 28 

open ocean and has an increasing trend of annual frequency, which is more active during El Niño years 29 

than during La Niña years in the PDO cold phase, but equally active in the PDO warm phase. The 30 

second cluster generates in the nearshore and translate rapidly into the ocean, which is more active 31 

during La Niña years than during El Niño years in the PDO warm phase, but equally active in the PDO 32 

cold phase. The PDO modulation mainly result from that MHs are obviously active during La Niña 33 

years in the PDO warm phase, which can be explained by local warming sea surface temperature, lower 34 

vertical wind shear, increasing vorticity and weakening sinking branch of circulation like Hadley cell. 35 

Therefore, PDO modulation cannot be ignored when predict the activity of tropical cyclone in ENP, 36 

especially for MHs that enters the open ocean and threat the islands such as the Hawaiian Islands. 37 
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1 Introduction 44 

The eastern North Pacific (ENP) is one of the most active regions of tropical cyclones (TCs) in the 45 

world, just following the western North Pacific (WNP) in terms of the number of TCs (NTC) and 46 

accumulated cyclone energy (ACE). At the same time, genesis of TCs of per unit area and unit time in 47 

ENP is the most active in globe (Molinari et al. 2000a and 2000b) which often is related to easterly 48 

waves from Africa (Avila 1991; Avila and Pasch 1992) and Madden-Julian Oscillation (MJO, Molinari 49 

et al. 1997; Maloney and Hartmann 2000). TCs in the ENP can bring huge rain, wind and storm surge 50 

to west coast of Mexico and American, leading to a great threat for human’s lives and property. Thus, 51 

study, understanding and prediction of TCs activity such as genesis, intensity, track and landfall in ENP 52 

can be necessary. 53 

TCs activity in ENP is significantly connected with ENSO (Landsea 2000; Chu 2004). Firstly, 54 

ENSO can influence TC’s frequency (Whitney and Hobgood 1997). The vertical wind shear (VWS) 55 

and TC’s potential intensity (a measure of the instability of the ocean-atmosphere system; Bister and 56 

Emanuel 1998) become more contributive to TC generation in El Niño years (Camargo et al. 2007a). 57 

Secondly, there are more intense TCs in El Niño years (Gray and Sheaffer 1991; Raga et al. 2013), dues 58 

to the effect of dynamic and thermodynamic factors by single or synergy (Chan 2009). Such as sea 59 

surface temperature (SST) is more above-normal value and larger range, which can lead more 60 

convection and support more energy for TCs activity. Moreover, Balaguru et al. (2013) and Jin et al. 61 

(2014) also demonstrated that heat content in the upper-layer ocean is more connective to TCs than 62 

SST. Besides, winter El Niño can affect ENP TCs activity in several months later, which mainly is 63 

caused by the heat discharge of Equator ocean during the subsequent months. On the other hand, ENSO 64 

can also influence TCs activity location. During El Niño years the genesis location shift westward and 65 
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southward (Irwin and Davis 1999; Collins 2007; Collins et al. 2016; Lupo et al. 2008). Collins (2007) 66 

find that NTC or ACE in western part of ENP (west of 116°W) is related to ENSO (Camargo et al. 67 

2008), which affected by atmosphere thermodynamic processes (relative humidity (RH), SST, vertical 68 

motions). However, eastern part of ENP (east of 116°W) is the most active region for TC genesis, with 69 

a weak relationship with ENSO but not significant. It may be due to environmental conditions (e.g., 70 

SST, RH) reach a threshold value, which may make local variables effect become less important. 71 

Although NTC in the central Pacific is small, including local generation and those which generate in 72 

ENP and then move to central Pacific, ENSO can also influence the frequency of TCs in the central 73 

Pacific due to the westward extend of monsoon trough, horizontal shear and vorticity of cyclone (Chu 74 

and Wang 1997). 75 

TCs in ENP are also associated with longer time scales variabilities like Pacific Decadal 76 

Oscillation (PDO) (Martinez-Sanchez and Cavazos 2014; Lupo et al. 2008). Using bayesian multiple 77 

change point analysis, Zhao and Chu (2006) find decadal variation with change points in around 1982 78 

and 1998, showing active periods in 1982-1998 and inactive eras in 1972-1981 or 1999-2003. There are 79 

more active TC years and more storms in PDO warm phase, especially for weaker storms. The effect of 80 

PDO on TC activities was single or synergistic through oceanic and atmospheric variables (Lupo 2011), 81 

which was similar to ENSO to some extent. Boucharel et al. (2016) analyzed 1980-2012 seasonal ACE 82 

by empirical orthogonal functions analysis (EOF), indicating that the first two EOF modes are related 83 

to not only eastern and central Pacific ENSO, but also PDO. Both PDO signal and PDO-ENSO 84 

superposed signal affect interannual variation of TC frequency in ENP (Lupo et al. 2008). When 85 

discussing ENSO effects under different phases of PDO, there are much more TCs during El Niño 86 

years than during La Niña years in the warm phase of PDO, but less (fuzzy) difference in the cold 87 
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phase of PDO (Lupo 2011). However, previous studies have not separately discussed major hurricanes 88 

(MHs, categories 3-5 in the Saffir–Simpson scale) (Saffir 1977; Simpson and Riehl 1981). When we 89 

calculate the ACE of TCs in ENP in different categories (Table 1), we find that the ACE of MHs is 90 

close to 70 percentage of all TCs. And ENSO and PDO are related with MHs significantly, but little 91 

relation for weaker hurricanes. These results indicates that MHs may be the most important part to 92 

discuss TCs activity in ENP. Thus, in this paper we focus on MHs and their relation with ENSO (PDO), 93 

rather than weaker hurricanes. 94 

In addition, Lupo (2011) divided ENP basin into four parts sub-basin by 20°N and 125°W 95 

according to the SST status with a bit of subjective. They found that the two southern parts sub-basin 96 

have significantly more hurricanes than northern sub-basins, and have more hurricanes in El Niño 97 

years. Collins (2007) and Camargo et al. (2008) made a more reasonable partition by cluster analysis, 98 

but they just carried out a comprehensive analysis between NTC (ACE or track) of hurricanes and 99 

ENSO, without discussing the PDO modulation to this relationship. Therefore, this paper intends to 100 

explore the interannual variation of MHs in different sub-basins in ENP by cluster analysis, especially 101 

in different ENSO years combined with the PDO phase.  102 

The rest of this paper is organized as follows. The data and method are introduced in section 2. The 103 

activity of MHs in ENP in different ENSO-PDO phases is investigated by the cluster analysis in section 104 

3. Interannual and decadal variability of MHs associated with ENSO and PDO is explored by EOF 105 

analysis by ACE in section 4. The discussion and conclusion are given in section 5. 106 

 107 



6 

2 Data and methods 108 

2.1 Data 109 

The hurricanes data in ENP in 1970-2018 is HURDAT2, which comes from National Hurricanes 110 

Center (NHC) (Landsea and Franklin 2013). The data quality prior to 1970s is considered to be poorer 111 

because of the lack of satellite coverage and all hurricanes before that date were classified as a category 112 

one (e.g., Schultz 2007; Lupo 2011). Some of the weaker storms may be missing especially for the 113 

storms over the open ocean. 223 major hurricanes (MHs, in categories 3-5 hurricane) in 1970-2018 is 114 

selected in our work according to the Saffir–Simpson scale (Saffir 1977; Simpson and Riehl 1981). 115 

The large-scale atmospheric environment variables are taken from the U.S. National Centers for 116 

Environmental Predication-National Center for Atmospheric Research (NCEP–NCAR) with a spatial 117 

resolution of 2.5°latitude×2.5°longitude and a time resolution of daily (Kalnay et al. 1996) from 1970 118 

to 2018. Anomalies are defined relative to the climatology of the period in 1970-2018. Before analysis, 119 

we perform 3-day running means to obtain the data that remove the data’s higher frequency 120 

information. 121 

The monthly mean SST data comes from the Extended Reconstruction Sea Surface Temperature 122 

(ERSST) v5 (Huang et al. 2017) during the same period of 1970-2018, which comes from the National 123 

Climatic Data Center (NCDC), National Oceanic and Atmospheric Administration (NOAA). Anomaly 124 

are defined relative to the climatology of the period in 1970-2018. The Niño3.4 index is the average of 125 

SST anomaly calculated from the Niño3.4 area (5°S–5°N; 170°–120°W; Barnston et al. 1997). Same as 126 

Goddard and Dilley (2005) and Camargo et al. (2008), we define ENSO years according to the Niño3.4 127 

index. First, we gain the annual Niño3.4 index by averaging over July to September (JAS), which are 128 

the peak months of the hurricane season in ENP. Then the 13 years (approximately 25% of the 49-year 129 
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period) with the largest or smallest values of annual Niño3.4 index in the period of 1970-2018 are 130 

defined as El Niño and La Niña years, respectively; the remaining 23 years are classified as neutral 131 

years. This percentile method corresponds to the Northern Hemisphere summers before the peaks of the 132 

ENSO events, and correspond well to the ENSO events obtained using more traditional definitions. 133 

The PDO index is used to identify the PDO phases (warm or cold), which is defined as the leading 134 

principal component of monthly SST anomalies in the North Pacific Ocean poleward of 20°N (Mantua 135 

et al. 1997). We obtain PDO index from Physical Sciences Division (PSD) of Earth System Research 136 

Laboratory (ESRL) in NOAA (https://psl.noaa.gov/data/correlation/pdo.data). After performing a 10-137 

year Gaussian filter, we obtain the multi-decadal variability of PDO, two cold phase periods with low 138 

PDO values: 1970-1976 and 1998-2013, and two warm phases period with high PDO values: 1977-139 

1997 and 2014-2018, which basically consistent with previous studies (Zhang et al. 1997; Wang et al. 140 

2009; Wang and Liu 2016). 141 

The indices of North Atlantic Oscillation (NAO), Atlantic Meridional Mode (AMM) and Atlantic 142 

Multidecadal Oscillation (AMO) are downloaded from PSD in ERSL 143 

(https://psl.noaa.gov/data/climateindices/list/). Same as Niño3.4 index, we choose averaged value of 144 

PDO, Atlantic indices and all environment variables in JAS as the year value.  145 

 146 

2.2 Method 147 

Methods in this paper such as cluster analysis, composite analysis, empirical orthogonal functions 148 

(EOF) analysis, wavelet analysis, correlation and regression analysis are used. Cluster analysis classify 149 

the trajectories into several groups with different common features. In our study, we apply a technique 150 

that first developed by Gaffney et al. (2007) and widely used in previous studies (Camargo et al. 2007a, 151 
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2007b and 2008; Kossin et al. 2010; Mei and Xie 2016), to group TCs into different clusters based on 152 

the longitude and latitude of MH tracks (Gaffney and Smyth 1999, 2005; Gaffney 2004). The 153 

description of this technique parallels that of Camargo et al. (2007a and 2008), and Mei and Xie 154 

(2016). We model highly non-Gaussian densities based on the finite mixture model (Everitt and Hand 155 

1981), and then extend the standard mixture modelling framework. Each cluster gains its own shape 156 

parameters by expectation maximization (EM) algorithm (DeSarbo and Cron 1988; Gaffney and Smyth 157 

1999; McLachlan and Krishnan 1997; McLchlan and Peel 2000), and every trajectory is assumed to be 158 

generated by one of K (K=3 in this study) different regression models that have the highest posterior 159 

probability. More details about this cluster method can be found in Gaffney 2004 and Camargo et al. 160 

(2007a and 2008). 161 

 162 

3 Cluster analysis of major hurricanes 163 

3.1 Cluster characteristics of major hurricanes 164 

MHs that occur in different regions will have different number, energy and movement 165 

characteristics, as well as different environmental variable characteristics. Collins and Mason (2000) 166 

found that environmental parameters affecting TCs activity are different in east and west of 116°W. 167 

Therefore, it is necessary to divide the ENP basin into several sub-basins for MHs analysis. Here we 168 

use the clustering method to separate MH tracks into 3 groups, which is same as Camargo et al. (2008). 169 

Here, the cluster number K selected as 3 can make the clustering analysis have a better fitting effect.  170 

Basic characteristics of three clusters are shown in Fig. 1 and Table 2. Cluster A is active in the 171 

open ocean far away from the shore with the main activity region in 182.7-227.5°E, 11.8-23.6°N. 172 

Cluster B is generated near the shore and moves into the open ocean with the main activity region in 173 
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213.4-245.0°E, 13.4-19.5°N. Besides, cluster B shows the fastest translation speed, the longest average 174 

track length, but not the longest lifetime. Cluster C is active near the shore area, and their trajectories 175 

are mostly parallel to the coastline with the main activity region in 240.4-256.0°E, 13.4-21.2°N. These 176 

three clusters are roughly arranged in an east-west distribution, and with westward-northwestward 177 

movement. The closer to the coast, the more northward the average genesis location shifts. The number 178 

of cluster C accounted for 54.26% of the total MHs, and its ACE accounted for 48.52%, indicating that 179 

the average ACE per MH is slightly small. It may be because cluster C is nearshore, with a higher 180 

probability of landing, reducing the intensity and life cycle. The active peak months of these three 181 

clusters are different. Cluster B reaches its most active time in July firstly, followed by cluster A 182 

peaking in August, and cluster C peaking in September.  183 

The condition of the large-scale environmental field cannot be ignored for the activity of MHs. For 184 

example, steering flow (SF) will affect the direction and translation speed of MHs, and VWS will affect 185 

the generation, strength and track of MHs. Therefore, we used the wind field data from NCEP 186 

reanalysis dataset to gain SF fields which is calculated as the function of 
∫ �⃑⃑� 𝑑𝑝
1000
100

∫ 𝑑𝑝
1000
100

 (Anthony Reynes 187 

2003). It can be seen from the vector in Fig. 2 that the composites of the SF are significant in almost all 188 

the field. Each cluster’s mean regression curve has a good consistency with SF, which has a stronger 189 

zonal component than meridional component, making MHs more westward-northwestward movement. 190 

Cluster B has the most obvious and strongest northwestward SF, which makes cluster B move fastest 191 

among three clusters. At the same time, VWS between 850 and 200-hPa is also an important factor for 192 

the TC activity. VWS is mainly distributed with zonal strips. VWS over the most of the 10°S-10°N in 193 

the equatorial region is negative, expanding poleward along the eastern coastline of American and 194 

Mexico. There is a high value of VWS extending from the continent of United States to the southwest. 195 
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MHs are mostly generated and act in the low value of VWS. Moreover, SST and atmospheric 850-hPa 196 

wind vorticity are also important environmental factors to affect TCs activities. We show the 197 

composites of SST and 850-hPa wind anomaly of each cluster and all MHs in Fig. 3. SST anomaly 198 

shows the patterns of El Niño events, especial in cluster A, which is similar to Camargo et al. (2008). 199 

MHs usually occur the area that above-normal SST. Besides, there is a positive vorticity that almost 200 

covers the entire region of MHs activity of three clusters, indicating that the vorticity of the 850-hPa 201 

wind has a significant impact on MHs activity of the ENP, especially for intensity.  202 

 203 

3.2 Effect of different ENSO and PDO phases on activity of major hurricanes in each cluster 204 

The annual number of MHs (NMH) and ACE of MHs is significantly correlated with ENSO and 205 

PDO (Table 1). We calculated the mean NMH or ACE per year of each cluster in different ENSO or 206 

PDO phase years and the combination phases of ENSO and PDO (Fig. 4). In the warm phase of PDO, 207 

the number and ACE of all MHs are higher than those in the cold phase of PDO. However, the 208 

relationship of two clusters with ENSO is modulated by PDO. Cluster A has significantly more NMH 209 

and ACE during El Niño years than during La Niña years in the PDO cold phase, but less difference or 210 

equally active in the PDO warm phase (Figs. 4a, 4b). Cluster B is more active during La Niña years 211 

than during El Niño years in the warm PDO phase, but equally active in the PDO cold phase (Figs. 4c, 212 

4d). These PDO modulation mainly result from that MHs are obviously active during La Niña years in 213 

the PDO warm phase. Cluster C is more active during El Niño years than during La Niña years in the 214 

both PDO cold and warm phases (Figs. 4e, 4f), indicating that the relationship between cluster C and 215 

ENSO is less affected by the PDO. 216 

Furthermore, we calculate the composite differences of ACE distribution of each cluster between 217 
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PDO warm and cold phase, between El Niño and La Niña years in the different PDO phases (Fig. 5). 218 

The ACE is distributed on a 2°latitude×2°longitude grid same as EOF analysis in the next section. It is 219 

basically consistent with the results of Fig. 4. All three clusters are more active in the PDO warm than 220 

cold phase (Figs. 5a, 5d, 5g). The composite differences between El Niño and La Niña years of clusters 221 

A and B vary with the PDO phase shift (Figs. 5b, 5c, 5e, 5f). For cluster A, the difference is larger in 222 

the PDO warm phase than PDO cold phase (Figs. 5b, 5c), but in the PDO warm phase the area is 223 

almost equally for positive and negative value, positive value in the north or west and negative value in 224 

the south or east, cause less difference between El Niño and La Niña years, compared with that the 225 

range of positive value is obviously larger than that negative value in the PDO cold phase. For cluster 226 

B, it is more active during La Niña years than during El Niño years around 110°W-150°W and 15°N-227 

25°N in the warm PDO phase (Fig. 5e), but equally active in the PDO cold phase (Fig. 5f). Cluster C 228 

had larger value of composite differences during El Niño years in both PDO warm and cold phase 229 

(Figs. 5h, 5i), but the location of positive value is slightly different between the cold and warm phase of 230 

PDO, it is southerly in the warm phase of PDO, and northerly in the cold phase of PDO. At the same 231 

time, the composite difference maps of track density are basically the similar with ACE distribution. 232 

Therefore, it can be basically concluded that the relationships of the mean NMH (ACE) per year, track 233 

(ACE) density with ENSO are modulated by the phase change of PDO in clusters A and B. However, 234 

the relationship of the mean NMH (ACE) per year and ENSO is basically not modulated by the phase 235 

change of PDO in cluster C, but the spatial pattern of track and ACE density is slightly different in the 236 

cold and warm phase of PDO. 237 

TC activity is obviously related to the environmental variables and circulations. Thus, we 238 

investigate the environmental variables in different phase of ENSO and PDO. Composite differences of 239 
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SST anomaly (SSTA) and VWS are shown in Fig. 6. Compared with those in the PDO clod phase, 240 

VWS is much lower and SST is much higher over the developing area of west of 120°W and north of 241 

15°N, which contributes to more MHs genesis and development in the PDO warm phase. By the same 242 

way, composite differences of zonal and meridional circulation of main activity region of MHs in ENP 243 

can be given in Fig. 7. We can find significant ascending branch in most part of activity region of MHs, 244 

except for zonal circulation of main activity region for cluster C, indicating that the atmospheric and 245 

oceanic conditions are more conducive to MHs activity in the PDO warm phase. 246 

Like the analysis of environmental factors in the warm and cold phase of PDO, we also show the 247 

composite differences of SST and VWS between El Niño and La Niña years for the PDO warm phase 248 

and PDO cold phase period (Fig. 6). Besides, we calculate annual mean of VWS, vorticity anomaly in 249 

850-hPa and SST anomaly in the main activity region of each cluster in different ENSO and PDO 250 

phases, in order to quantify the difference of each variable and their contributions to every cluster (Fig. 251 

8). Further, we use local meridional and zonal circulations of each cluster to explain the variability of 252 

environmental factors in the different PDO phase (Figs. 9-11). 253 

For cluster A, it is much warmer SST during El Niño years than La Niña years in the PDO cold 254 

phase (Fig. 6e) in main activity region of cluster A, but less difference in PDO warm phase (Fig. 6c and 255 

Fig. 8c), which matches the active characteristics of cluster A (Fig. 4 and Fig. 5). Secondly, higher 256 

vorticity during La Niña years in the PDO warm phase (Fig. 8b) also makes more MHs form at that 257 

time. The difference of MH activity, SST, and vorticity can be explained from the meridional 258 

circulation over the main activity region of cluster A (red dotted box in Fig. 9). In the meridional 259 

circulation of main activity region for cluster A (Figs. 9a, 9b), a larger ascending flow often is 260 

accompanied by warmer SST and higher vorticity in the PDO cold phase, rather than in the PDO warm 261 
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phase in the middle troposphere (Fig. 9b). In the lower troposphere (Figs. 9a, 9b), northward wind can 262 

bring warm sea water from tropical region in the PDO cold phase, but without this northward wind in 263 

the PDO warm phase. However, we could not find this PDO modulation in the zonal circulation (Figs. 264 

9c, 9d). The ascending flow in the middle troposphere and sinking flow on the east part of lower 265 

troposphere (around 140°W) in main activity region of the cluster A (red dotted box)，which offsets 266 

each other and therefore reduce the difference in vertical motion in the PDO warm phase (Fig. 9c). 267 

Meantime, there are also little difference of vertical motion in the PDO cold phase (Fig. 9d).  268 

Compared with in the PDO cold phase, the smaller VWS and larger vorticity during La Niña years 269 

than El Niño years in main activity region of cluster B (Figs. 6d, 6f, 8a, 8b) contribute to the active 270 

MHs during La Niña years in the PDO warm phase (Fig. 4 and Fig. 5). In the composite differences of 271 

zonal circulation in cluster B main activity region (blue dotted box in Figs. 10c, 10d), more obvious 272 

sinking flow in lower and middle troposphere of in the PDO warm phase represent a larger vorticity 273 

during La Niña years in the PDO warm phase. Besides, larger value of VWS in the PDO warm phase 274 

can also find in the zonal circulation. The meridional circulation shows less significant differences than 275 

zonal circulation in Figs. 10a and 10b, with both ascending and sinking flow in the main activity region 276 

of cluster B (blue dotted box) resulting in no consistent vertical movement. It may be result from the 277 

narrow east-west stripe track shape of cluster B. 278 

Differences between El Niño years and La Niña years of environmental factors and circulations in 279 

cluster C is similar in the both PDO warm and cold phase, indicating that PDO less modulate the 280 

relationship of ENSO and cluster C (Figs. 6, 8 and 11). 281 

 282 
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4 Interannual and decadal EOF analysis of ACE for major hurricanes 283 

In order to confirm the results of Cluster analysis MHs activity depend on the different regions, we 284 

choose another way (EOF analysis) to analyze the interannual and decadal variability of MH activity 285 

like Boucharel et al. 2016. First of all, we construct annual ACE-gridded data. We sum from Jan to Dec 286 

as the annual value for each MH’s ACE over the total period of 1970-2018 at a 2°latitude×2°longitude 287 

spatial resolution, and then average in a 6°×6° sliding domain over the whole ENP to reduce the noise 288 

level. The linear trend pattern of MHs ACE were showed in Fig. 12a and four periods of different phase 289 

of PDO can also be obtained (without shown here). The ENP basin showed the increase-decrease-290 

increase trend pattern from west to east, but most of the basin (coastal area and open ocean) have the 291 

increase trend, which indicates that more MHs appears in areas far from the mainland and landfalls. In 292 

addition, after inspecting the time series of the annual NMH (Fig. 1h), there is slight increase trend, 293 

especially for cluster A in Fig. 1a. The range of this increase trend is westward shift in the warm phase 294 

of PDO. Besides, trend of track density shows similar phenomena (Fig. 12b). 295 

After preliminary checking the MHs trend pattern in ENP, we further explored the interannual and 296 

decadal variability of ACE by EOF analysis. Before that, we detrend the annual ACE gridded data to 297 

reduce signal interference on a longer time scale, such as global warming. At the same time, PDO index 298 

and environmental atmospheric variables were averaged from July to September (JAS), because July to 299 

September is the peak season of MHs in the ENP (same as Camargo et al. 2008) that approximately 300 

75% of the number (or ACE) of all MHs. But when discuss the interannual variability of ACE, Nino3.4 301 

index and SST were averaged over May to Jul (or Jan to Mar) before JAS because of the delayed effect 302 

of the ENSO oceanic state on TC in ENP (Boucharel et al. 2016). 303 
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4.1 Interannual EOF analysis of ACE 304 

In order to better identify ENSO and PDO signals in MHs, we perform filter processing (zero-305 

phase bandpass filter) for annual ACE to obtain ACE signals of 2-7 years and longer than 7 years 306 

before EOF analysis. The first two modes of EOF analysis of 2-7 years bandpass filtered of ACE are 307 

shown in Fig. 13, which can explain 31.6% and 13.5% of the variance. Their time series or principal 308 

component (PC) shows a significant correlation with pre-Niño3.4 index (May-Jul for PC1 and Jan-Mar 309 

for PC2), which is similar to Boucharel et al. (2016).  310 

Besides, the series of 10-year sliding correlations between normalized PC1 and Niño3.4 index is 311 

significant connected to PDO. The correlation coefficients are larger and more significant in the cold 312 

phases of PDO than in the warm phases of PDO. The spatial mode of EOF1 shows positive value in the 313 

10-20°N and 100-125°W, which basically cover the mean regression curves of three clusters in 314 

previous section. The relation of ENSO and MHs, and PDO modulation can be identified again by EOF 315 

analysis. Cluster A (B, C) is equally (less, more) activity during El Niño years than La Niña years in the 316 

PDO warm phase that make the little relation after combining the relations of three clusters and ENSO. 317 

However, cluster A (B, C) is more (equally, more) activity during El Niño years than La Niña years in 318 

the PDO cold phase, that it has a significantly positive running relation with ENSO after combining the 319 

relations of three clusters and ENSO. The second EOF mode has a dipole spatial pattern but lower 320 

variance, and its running relation with ENSO is not significant. 321 

The relationship between MHs and ENSO also can be found in environmental factors. The 322 

regressions of SST anomaly, 850-hPa wind anomaly, SF, and VWS onto PC1 show the relationships 323 

between several environmental variables and the first dominant mode (Fig. 14). The relationship 324 

between VWS or SST anomaly with the first mode is obvious, but the correlation with local SF and 325 
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850-hPa wind anomaly is slightly weaker. Patterns of these variables basically show the characteristics 326 

associated with El Niño event, such as the warming of SST in the equatorial eastern Pacific, westerly 327 

winds in the equatorial western Pacific, and equatorial low VWS. From the regression patterns in 328 

different PDO phases, we can find local SF, VWS and SST have a better relation with PC1 in the PDO 329 

cold phase than in PDO warm phase. The third and fourth EOF modes explain only 12.2% and 6.8% of 330 

the variance, but their PCs are not correlated with Nino3.4 index, and regressions of environmental 331 

variables on PCs are not significant.  332 

 333 

4.2 Decadal EOF analysis of ACE 334 

The first EOF mode of decadal signal of ACE density is shown in Fig. 15, which explains 52.5% 335 

of the variance. Its spatial mode is similar to the first EOF mode of interannual signal in Fig. 14, but the 336 

range of positive value extends westward. The PC1 is significantly correlated with the PDO index, with 337 

a correlation coefficient of 0.6. It also indicates that the influence of PDO on MHs includes modulation 338 

of the relationship between MHs and ENSO, as well as its direct effect on MHs. The regressions of 339 

environmental variables onto PC1 are also very similar to the composite differences between PDO 340 

warm and cold phase (Figs. 6a, 6b) that is conducive to MHs activities in PDO warm phase. The 341 

second, third, and fourth EOF modes explain only 15.5%, 9.7%, and 5.9% of the variance, and their 342 

PCs are not correlated with PDO. Besides, regressions of environmental variables onto their PCs are 343 

not significant, indicating that decadal variability of ACE of MHs is highly relation to PDO, and only 344 

in the first EOF mode.  345 

 346 
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5 Discussion and conclusion 347 

This paper analysis the activity of MHs in ENP by two different views, the Lagrangian thought 348 

(cluster analysis) and Euler thought (EOF analysis). MHs in the ENP were clustered into 3 categories. 349 

Cluster A is active in the open ocean far away from the shore and has an increasing trend of annual 350 

frequency, cluster B is generated near the shore and moves into the ocean with the fastest translation 351 

speed and the largest northwest SF, and cluster C is mainly active near the shore area that has the 352 

smallest mean ACE per MH but accounts for 54.26% of the total number of MHs. The active peak 353 

months of these three clusters is in July-September. The composites of the SF have a good consistency 354 

with these cluster’s mean regression curve, which have a larger zonal component than meridional 355 

component, making MHs more west-northwestward movement. MHs are mostly generated and activity 356 

in the low value of VWS. SST anomaly in cluster A is obviously correlated with El Niño event, but less 357 

linked to El Niño event for clusters B and C. The annual NMH and ACE of MHs is significantly 358 

correlated with ENSO and PDO. MHs in the entire ENP basin has a more activity in the warm phase of 359 

PDO warm than cold phase. It is interesting that PDO only modulates the relationship of ENSO and 360 

MHs activity in clusters A and B. Cluster A is more active during El Niño years than during La Niña 361 

years in the PDO cold phase, but equally active in the warm PDO phase. Cluster B is more active 362 

during La Niña years than during El Niño years in the warm PDO phase, but equally active in the PDO 363 

cold phase. These differences of PDO modulation for the two clusters may be because MH is obviously 364 

active during La Niña years in the PDO warm phase, which can be explained by local warming SST 365 

(for cluster A), lower VWS (for cluster B), increasing vorticity (for clusters A and B) and different 366 

vertical motions in the meridional circulation (for clusters A) and zonal circulation (for cluster B). The 367 

results indicate that PDO modulates MHs in different regions through different environmental 368 
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variables. However, the relationship between cluster C and ENSO is almost unaffected by PDO. 369 

The first EOF mode of decadal signal of ACE explains 52.5% of the variance, which is 370 

significantly correlated with the PDO. The first EOF mode of interannual of ACE density shows a 371 

significant correlation with ENSO, which is significantly modulated by PDO, with stronger relationship 372 

with ENSO in the cold phase of PDO (1998-2014). Moreover, patterns of environmental variables 373 

basically show the characteristics of the El Niño event, such as the warming of SST in the equatorial 374 

eastern Pacific, westerly winds in the equatorial western Pacific, and equatorial low VWS. 375 

Environmental variables also show a stronger relationship in PDO cold phase. The results also 376 

consistent with in cluster analysis. The spatial mode covers the tracks of three clusters in section 3. 377 

Cluster A (B, C) is equally (less, more) activity during El Niño years than La Niña years in the PDO 378 

warm phase that make the little relation after combining the relations of three clusters and ENSO, but 379 

cluster A (B, C) is more (equally, more) activity during El Niño years than La Niña years in the PDO 380 

cold phase that it has the significantly positive relation with ENSO after combining the relations of 381 

three clusters and ENSO. Our work highlights the combined effect of ENSO and PDO on TCs in ENP, 382 

especial for MHs, which may have an important implication to climate prediction for ENP TC activity. 383 

In fact, interannual variability of MHs in ENP is affected by not only Pacific climate variability 384 

(ENSO or PDO), but also the Atlantic climate variabilities (e.g., Wang and Lee 2009; Raga et al. 2013; 385 

Caron et al. 2015). After all, the ENP and the Atlantic are only separated by the long and narrow 386 

Central America, their climates have obvious correlation, such as the seesaw phenomenon. The 387 

influence of the Atlantic Ocean on the ENP is mainly through dynamic conditions (Caron et al. 2015), 388 

such as VWS and convective instability (Wang and Lee 2009; Collins 2010). A series of climate factors 389 

in Atlantic were choose as the predictors of TC activities in ENP, such as AMM, NAO and so on 390 
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(Caron et al. 2015). Raga et al. (2013) also showed that the main signal of the TC landing in Mexico 391 

from 1850 to 2010 was PDO, followed by ENSO and NAO, and NAO affected the TC landing. 392 

Therefore, we calculated correlation coefficients of JAS NAO, AMM and AMO indices and annual 393 

NMH (ACE). We find that the cluster C is significantly correlated with AMM, and only weak 394 

correlation with AMO. There is a weak correlation between cluster A and AMM. Regression of annual 395 

ACE and track density in each grid of cluster A, cluster B and cluster C onto normalized JAS AMM, 396 

AMO and NAO indices have different correlations in different regions (without shown here). Cluster A 397 

is negatively correlated with AMM and NAO in the total MHs activity area. Cluster B is negatively 398 

correlated with AMM in the western part of the activity area, positively correlated with NAO in the 399 

southwest part of the activity area. Cluster C is negatively correlated with AMM and AMO index in the 400 

main activity area, but positive relationship between cluster C and NAO index. Above results indicate 401 

that effects of Atlantic climate on ENP TC activity depend on the region, which need further investigate 402 

in the future study. 403 
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Tables 547 

Table 1 Mean NTC/ACE per year of different intensity scales of TCs in 1970-2018 in ENP, 548 

percent values represent the proportions within all TCs. And correlation coefficients of JAS Niño3.4 549 

(PDO) indices and annual NTC (ACE), the correlation coefficient is marked the 90% significant in 550 

boldface, and 95% significant is denoted with an asterisk (*). One ACE equals to 10000 kt2 (kn2).  551 

Features of TCs TD TS Cat1-2 Cat3-5 All TCs 

Mean NTC per year and 

percentage 

2.00 / 

10.69% 

7.32 / 

39.15% 

4.84 / 

25.84% 

4.55 / 

24.32% 

18.71 / 

100% 

Mean ACE per year and 

percentage 
-- 

12.66 / 

9.12% 

34.13 / 

24.58% 

92.06 / 

66.30% 

138.85 / 

100% 

Correlation of annual NTC 

and JAS Niño3.4 index 
0.01 0.17 0.03 0.35* 0.32* 

Correlation of annual ACE 

and JAS Niño3.4 index 
-- 0.06 0.13 0.40* 0.40* 

Correlation of annual NTC 

and JAS PDO index 
-0.05 0.09 -0.01 0.41* 0.26 

Correlation of annual ACE 

and JAS PDO index 
-- 0.08 0.10 0.40* 0.40* 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 
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Table 2 Various features of every cluster and all MHs during 1970-2018 in ENP. Percent values 561 

represent the proportions within each cluster. One ACE equals to 10000 kt2 (kn2). 562 

Features of MHs Cluster A Cluster B Cluster C All MHs 

Major activity month Jul-Aug Jul-Sep Jun-Oct Jun-Sep 

Median genesis 

location 

233.6°E, 

11.0°N 

253.5°E, 

11.5°N 

260.6°E, 

12.0°N 

257.2°E, 

11.9°N 

Activity Regain 

182.7-

227.5°E 

11.8-23.6°N 

213.4-

245.0°E 

13.4-19.5°N 

240.4-

256.0°E 

13.4-21.2°N 

-- 

Mean duration per 

storm (day/d) 
8-16 8-13 7-10 7-11 

Landfalling rate 

(percentage) 
5% 2% 31% 18% 

Mean translation 

speed (km/h) 
18.77 19.32 14.88 17.07 

Mean NMH per year 0.80 1.29 2.46 4.55 

Mean ACE per year 19.10 28.29 44.67 92.06 

Mean ACE per MH 23.88 21.93 18.16 20.23 

 563 

 564 
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Figures 565 

 566 

Fig. 1 (a-d) MH tracks (black lines) of three clusters and all MHs during 1970-2018 in ENP, and 567 

each cluster’s mean regression curve is marked in gray open circles. Each cluster’s main activity 568 

region is shown in red dashed box. The title of each sub-graph shows the name of cluster or all MHs, 569 

follow the number of MHs and their percentage within all MHs in parentheses. (e-h) Annual number 570 

of MHs of three clusters and all MHs, and their linear trends. 571 

 572 
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 573 

Fig. 2 Composites of steering flow (SF) (vector; m/s) and VWS (shading; m/s) for MHs in each 574 

cluster and all MHs during 1970-2018 in ENP. The composites are calculated on whole active days of 575 

MHs. We mark the 95% significant areas in black arrows and dots. Besides, each cluster’s mean 576 

regression curve is shown in red line (trajectory) and asterisk (generation location). 577 

 578 
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 579 

Fig. 3 As in Fig. 2, but for composites of SST anomaly (shading; °C) and wind anomaly at 850-580 

hPa (vector; m/s). Besides, each cluster’s mean regression curve is shown in blue line (trajectory) and 581 

asterisk (generation location). 582 

 583 
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 584 

Fig 4 Mean NMH (a, c and e) and ACE (b, d and f) per year of each cluster in different PDO and 585 

ENSO years, “+” describes positive (warm) phase and “-” describes negative (cold) phase, “P” 586 

describes PDO, “EN” describes El Niño and “LN” describes La Niña. One ACE equals to 10000 kt2 587 

(kn2). 588 

 589 

 590 

 591 

 592 

 593 

 594 

 595 

 596 
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 598 

Fig. 5 Composite differences of ACE between PDO warm and cold phase (left column), composite 599 

differences of ACE between El Niño and La Niña in the PDO warm phase (middle column) and cold 600 

phase (right column) of cluster A (a, b, c), cluster B (d, e, f) and cluster C (g, h, i). One ACE equals to 601 

10000 kt2 (kn2). We mark the 95% significant areas in black dots. 602 

 603 

 604 

 605 

 606 

 607 

 608 

 609 

 610 

 611 

 612 
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 613 

Fig. 6 Composite differences of (a, c, e) SSTA and (b, d, f) VWS in averaged JAS between the 614 

PDO warm and cold phase (a, b), between El Niño and La Niña years in the PDO warm phase (c, d) 615 

and PDO cold phase (e, f). We mark the 95% significant areas in black arrows and dots, each cluster’s 616 

main activity region is shown in red (bule and green) solid box for cluster A (B and C). 617 

 618 

 619 

 620 

 621 

 622 

 623 

 624 

 625 

 626 
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 627 

Fig. 7 (a) Composite differences of zonal circulation which averaged in latitude range of main 628 

activity region of three clusters between the PDO warm and cold phase. (b) Composite differences of 629 

meridional circulation which averaged in longitude range of main activity region of three clusters 630 

between the PDO warm and cold phase. We mark the 95% significant areas in black arrows. Each 631 

cluster’s main activity region is shown in red (bule and green) dashed box for cluster A (B and C). The 632 

unit of zonal winds is m/s, the vertical velocity is taken to be the negative of the pressure vertical 633 

velocity and its unit is 102 Pa/s. 634 

 635 



35 

 636 

Fig. 8 Mean vertical wind shear (a), vorticity anomaly in 850mb (b) and SST anomaly (c) in 637 

averaged JAS per year in the main activity region of each cluster in different ENSO and PDO phases 638 

years. “+” describes positive phase and “-” describes negative phase, “P” describes PDO, “EN” 639 

describes El Niño and “LN” describes La Niña, also for the next figures. 640 

 641 

 642 
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 643 

Fig. 9 Composite differences of meridional circulation which averaged in longitude range of main 644 

activity region of cluster A between El Niño and La Niña years in the PDO warm (a) and PDO cold 645 

(b) phase. Composite differences of zonal circulation which averaged in latitude range of main 646 

activity region of cluster A between El Niño and La Niña years in the PDO warm phase (c) and PDO 647 

cold phase (d). We mark the 95% significant areas in black arrows. The main activity region of cluster 648 

A is shown in red dashed box. The unit of zonal winds is m/s, the vertical velocity is taken to be the 649 

negative of the pressure vertical velocity and its unit is 102 Pa/s. 650 

 651 

 652 

 653 
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 654 

Fig. 10 As in Fig. 9, but for composite differences of meridional circulation (a, b) and zonal 655 

circulation (c, d) for cluster B. 656 

 657 

 658 

 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 
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 669 

Fig. 11 As in Fig. 9, but for composite differences of meridional circulation (a, b) and zonal 670 

circulation (c, d) for cluster C. 671 

 672 

 673 

 674 

 675 

 676 

 677 

 678 

 679 

 680 
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 682 

Fig. 12 Trend distribution of (a) ACE and (b) track density of MHs in 1970-2018. The mean 683 

regression curves of three clusters are shown in black solid lines. 684 

 685 

 686 

 687 

 688 

 689 

 690 

 691 

 692 

 693 

 694 

 695 
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 697 

Fig. 13 First two modes of EOF analysis for MHs ACE that 2-7 years pass filtered. (a, b) is spatial 698 

mode, the mean regression curves of three clusters are shown in black solid lines. (c, d) is the 699 

normalized PC time series (black line) and Niño3.4 index (red line). (e, f) is 10-year sliding 700 

correlation between normalized PC and Niño3.4 index during 1970-2018 (black line, red asterisks that 701 

indicate 95% confidence level), and PDO index (blue line) which calculated by 11 years running 702 

mean. Nino3.4 index is averaged in May-Jul for PC1 and Jan-Mar for PC2.  703 

 704 
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  705 

Fig. 14 Regression of (a, b) VWS (shading; m/s) and SF (vector; m/s), (c, d) SST (shading; °C) 706 

and 850-hPa wind (vector; m/s) anomaly regression onto normalized PC1 in the PDO cold phase (a, c) 707 

and warm phase (b, d). Stippling indicates linear correlation coefficient at the 95% significance level 708 

for SST anomaly and VWS. And black arrows for SF and 850-hPa wind anomaly with the linear 709 

correlation coefficient at a 0.05 significance level. SST anomaly were averaged in May-Jul, other 710 

environmental variables were averaged in July to September (JAS). The mean regression curves of 711 

three clusters are shown in red solid lines. 712 

 713 

 714 
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 719 

Fig. 15 First mode of EOF analysis for MHs ACE that longer 7 years pass filtered. (a) is the spatial 720 

mode, the mean regression curves of three clusters are shown in black solid lines. (b) is normalized 721 

PC time series (black line) and PDO index (blue line) which calculated by 11 years running mean. (c, 722 

d) VWS (shading; m/s) and SF (vector; m/s), SST anomaly (shading; °C) and 850-hPa wind anomaly 723 

(vector; m/s) regression onto normalized PC1. Stippling indicates linear correlation coefficient at a 724 

0.05 significance level for SST anomaly and VWS. And black arrows for SF and 850-hPa wind 725 

anomaly with the linear correlation coefficient at a 0.05 significance level. 726 
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