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Abstract: 

The response of the wave climate to tropical cyclones (TCs) is investigated using 

the significant wave height (SWH) observed from satellites and the WAVEWATCH III 

(WW3) model. Tropical cyclone wind generates local waves (wind seas) under the TC 

and longer-period waves (swells) that propagate long distances. The genesis location, 

intensity, and frequency of tropical cyclones over the global ocean are strongly 

affected by the phases of the El Niño Southern Oscillation (ENSO). It is shown that 

the interannual variation of global ocean surface waves in the subtropics during 

summer is dominated by ENSO-related TC activity. In particular, in the subtropical 

western North Pacific, the wind power is stronger in the TC season before an El Niño 

and weaker before a La Niña. These ENSO-related TC variations are shown, through 

composite and empirical orthogonal function analyses, as well as modeling, to 

dominate the spatial distribution and temporal variation of the SWH over the western 

North Pacific. The model confirms that longer-period waves (swells) are driven into 

northern South China Sea, toward Japan in mid latitudes and toward the central 

Pacific along the equator due to ENSO-related TC activities. The wind power and 

SWH over the subtropical western North Pacific lead and regress well with the ENSO 

index, suggesting that they may potentially serve as useful ENSO predictors. 
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1. Introduction 

Ocean surface waves are important for upper-ocean mixing [Babanin, 2006]. 

Surface waves have been widely investigated using measurements taken from ships, 

buoys, satellites [Sandwell and Agreen, 1984; Gulev and Hasse, 1999; Young, 1999; 

Allan and Komar, 2000; Chen et al., 2002; Woolf et al., 2002; Gulev and Grigorieva, 

2006; Thomas et al., 2008; Young et al., 2011] and model simulations [Kushnir et al., 

1997; Sterl et al., 1998; Young, 1999; Cox and Swail, 2001; Vikebø et al., 2003; 

Stephens and Ramsay, 2014]. In general, at higher latitudes, surface waves have larger 

amplitudes in the winter hemisphere because of the correspondingly strong winds, 

while they are of smaller amplitudes in the summer hemisphere due to the 

correspondingly weaker winds [Sandwell and Agreen, 1984; Young, 1999]. Two types 

of wind-driven surface waves can be defined. One type of waves is called wind seas, 

which are waves dominated by local wind at the generation area and are generally of 

shorter periods and wavelengths. The other type is called swells, which are waves that 

have propagated away from their generation areas, or when the wave phase speed is 

greater than the wind speed [Semedo et al., 2011]. In general, swells travel long 

distances across ocean basins [Barber and Ursell, 1948; Munk et al., 1963; Snodgrass 

et al., 1966; Young, 1999; Chen et al., 2002] and account for about 75% of the waves 

observed over the global ocean [Semedo et al., 2011]. Swells are mainly generated 

from storms with high wind speeds at high latitudes [Young, 1999; Chen et al., 2002]. 

A tropical cyclone (TC) is a high wind-speed storm system in low to mid 

latitudes [Emanuel, 1991]. In the western North Pacific, tropical cyclones are also 

called typhoons, although strictly speaking they are TCs of Category 1 and above. On 

average, at least 5 typhoons per year make landfall on the coast of East Asia, and 

more TCs have tended to shift northward in recent decades [Oey and Chou, 2016]. 

Intense TC winds with speeds over 30 m s
-1

 and reaching 75 m s
-1

 or more generate 



  

high waves of more than 5 m over the open ocean [Young, 2003, 2006]. Tremendous 

waves and storm surges cause loss of lives and huge damage on properties and 

infrastructure along the affected coasts [Needham et al., 2015]. The effect is 

magnified when a storm surge encounters high tides [Tolman, 1991]. Taiwan, which is 

often along the path of TCs, is adversely affected by the heavy rainfall, flooding, and 

erosion induced by TCs [Yang et al., 2010; Huang and Wang, 2015; Chen et al., 2017]. 

In addition, strong TC wind produces upper-ocean mixing that can cause 

chlorophyll-a blooming in the oligotrophic western North Pacific [Lin and Oey, 

2016]. 

Many studies have shown that TC-generated waves still satisfy the fetch- and 

duration-limited wave growth function, because the high wind speeds outrun the 

waves, which generally have slower speeds [Young, 1988, 1998, 2003, 2006; Young 

and Vinoth, 2013; Hwang, 2016; Hwang and Walsh, 2016]. In the northern, or 

southern, hemisphere, higher waves are mostly located on the right, or left, side of the 

TC where the most intense wind is. Observations of wave distributions inside TCs 

have shown that younger waves are located on the back side of the TC, and older 

waves with longer wave periods are on the front side [Hwang, 2016; Hwang and 

Walsh, 2016]. These previous studies mainly focused on waves under the influence of 

TCs. Waves that propagate from TCs are seldom discussed. For example, the 

climatology of wind seas of significant wave height (SWH) from July to September 

has a local high in the western North Pacific east of Taiwan and south of Japan (e.g., 

see Fig. 5c from Fan et al. [2014]), a region that is frequented by typhoons during the 

summer. The region of higher swell SWH, on the other hand, extends northeastward 

past Japan and reaches the Bering Sea (see Fig. 6c from Fan et al. [2014]). In this 

study, we will demonstrate that these patterns are produced by TCs. 

The interannual TC activities in the western North Pacific are affected by the El 



  

Niño Southern Oscillation (ENSO). Chia and Ropelewski [2002] suggested that 

ENSO changes the genesis locations of TCs by changing the vertical wind shear, the 

sea surface temperature, the monsoon trough, and the western Pacific subtropical high. 

Studies have shown that the intensity and frequency of TCs tend to be higher in the 

summer before a positive ENSO i.e. El Niño (i.e., developing El Niño summer) and 

lower in the summer before a negative ENSO i.e. La Niña [Harr and Elsberry, 1991, 

1995; Chan, 1994; Lander, 1996; Chan, 2000; Camargo and Sobel, 2005]. Higher sea 

surface temperature in the central Pacific during a developing El Niño summer makes 

TCs more likely to form further east [Lander, 1994; Chan, 1985] and to curve 

northward [Elsner and Liu, 2003]. Although general wave climatology and waves 

driven by TCs are well established in previous studies, the wave climate under the 

influence of ENSO-related changes in TCs is rarely mentioned. 

The behaviors of tropical cyclones in other global ocean basins are also affected 

by ENSO, either directly or through atmospheric teleconnections. Eastern North 

Pacific TCs are strongly affected by ENSO since the sea surface temperature (SST) 

anomaly in the central Pacific changes the surrounding environment [Chu and Wang, 

1997; Collins, 2000; Camargo et al., 2008; Toma and Webster, 2010; Balaguru et al., 

2013]. South Pacific TCs tend to form further east over the warm pool region during 

El Niño years and form further west closer to the east coast of Australia during La 

Niña years [Nicholls, 1984 and 1985; Solow and Nichols, 1990; Liu and Chan, 2012; 

Ramsay et al., 2012]. North Atlantic TC activities are out of phase with ENSO due to 

strengthening (weakening) of upper-level westerly and vertical wind shear in the 

summer before El Niño (La Niña) [Gray, 1984; Tang and Neelin, 2004; Shaman et al., 

2009]. Both El Niño and a positive Indian Ocean Dipole (IOD) create unfavorable 

conditions for TC genesis in the eastern Indian Ocean [Xie et al., 2002; Lau and Nath, 

2003; Ho et al., 2006; Ash and Matyas, 2012]. A warm SST anomaly in the Niño-3.4 



  

region changes the Walker circulation along the tropical area and creates an 

anomalous anticyclonic circulation in the atmosphere that suppresses TC formation 

over the eastern South Indian Ocean [Ho et al., 2006; Kuleshov et al., 2008, 2009]. 

Strengthened trade wind upwells cold water in the eastern Indian Ocean, which would 

reduce TC formation during Positive IOD. The interaction of ENSO and IOD can 

significantly affect TC trajectories in the Southern Indian Ocean [Ash and Matyas, 

2012]. 

Our goal is to understand the variations of ocean surface waves and their 

connection to ENSO-related tropical cyclone activity. We will demonstrate that ocean 

waves are closely linked to ENSO-induced changes in the frequency and intensity of 

TCs, as a group. Our work is not about the intensity change of an individual typhoon, 

which is a complex, yet unsolved scientific problem regardless of when the change 

occurs: strong or weak, El Nino or La Nina, since ENSO is inter-annual while time 

scales for individual typhoon intensification processes are hours ~ days [for a recent 

overview please see Zhang and Oey 2019a]. 

Section 2 describes the satellite data, the WAVEWATCH III model, and methods 

used in this study. Section 3 presents and discusses the results and the relationship 

between surface waves and ENSO-related tropical cyclone activity, first for the 

western North Pacific and then for the other global ocean basins. Conclusions are 

given in section 4. 

2. Data and Methods 

Satellite SWH: 

We used global (80°S to 80°N) along-track satellite SWH data 

(ftp://ftp.ifremer.fr/ifremer/cersat/products/swath/altimeters/waves/) for the time 

period from Jan 1, 1993 to Dec 31, 2016. The data combine measurements from 9 

altimeters, namely, ERS-1&2, TOPEX-Poseidon, GEOSAT Follow-ON (GFO), 

ftp://ftp.ifremer.fr/ifremer/cersat/products/swath/altimeters/waves/


  

Jason-1, Jason-2, ENVISAT, Cryosat, and SARAL. Details on the data and how they 

are processed are given at the Ifremer link above. The along-track resolution is 

approximately 7 km and the temporal resolution is approximately 1 second. Previous 

studies used altimeter-measured SWH for the global ocean and regional seas by 

monthly averaging the along-track SWH onto 2°2° grid cells to ensure sufficient 

data coverage [Young, 1999; Woolf et al., 2002; Young et al., 2011]. Woolf et al. 

[2002] mentioned that a single satellite is usually sufficient to reach the sampling 

condition of Cotton and Carter [1994]. Here we monthly averaged the along-track 

SWH onto 1°1° grid cells and used a two-dimensional Gaussian filter to fill the grid 

cells with missing data in order to smooth the data. On average, the missing data are 

about 1.2% of the total data.  

The number of satellite data varies with time and generally increases over time 

(Supplementary Material Fig.S1). To make sure that our analyses are unaffected by 

the varying sampling number, we check first if the different numbers of sampling in 

early and later satellite periods may degrade our analysis data. We compare the 

satellite SWH against the SWH measured at 57 buoys from the National Data Buoy 

Center (NDBC) in the Pacific and Atlantic Oceans. We check for the entire 

1993-2016 period, and two shorter periods from 1993 to 2000 and also from 2009 to 

2016. The global averaged track densities are ~70 and ~110 per 1
o
1

o
 grid in the 

earlier and later periods, respectively. The comparison is shown as regressions for the 

three periods in Supplementary Material Fig.S2. The regression slopes/R
2
 for the 

three periods (1993-2016, 1993-2000, 2009-2016): (0.847/0.774, 0.819/0.761, 

0.854/0.769), are close to each other, suggesting insensitivity to the different number 

of sampling in the different periods. We next check the sensitivity of our ENSO 

composites (below) by repeating the analyses for two separate, shorter periods: 

1993-2004 and 2005-2016, as well as the complete 1993-2016 periods. The results are 



  

similar (Supplementary Material Fig.S3). 

 

Wind data: 

We used the data-assimilated reanalysis wind from the Cross-Calibrated 

Multi-Platform version 2 (hereafter CCMPV2) [Atlas et al., 2009; Wentz et al., 2016] 

data to help interpret and understand the surface wave climate. CCMPV2 wind has a 

1/4°1/4° spatial resolution and a 6-hour temporal resolution covering from 78.375°S 

to 78.375°N and from July 1987 to present. CCMPV2 wind underestimates the strong 

winds associated with TCs [Sun and Oey 2015; Sun et al., 2015; Oey and Chou, 2016; 

Liang et al. 2017; Zhang and Oey 2019a,b]. Therefore, a parametric TC wind vortex 

model with parameters averaged from different TC centers from the Interannual Best 

Track Archive for Climate Stewardship (IBTrACS) data set [Knapp et al., 2010] is 

used to correct the CCMPV2 wind [Oey and Chou, 2016], as described more recently 

in details by Zhang and Oey [2019a,b]. Thus the 10-m wind near the TC is first 

calculated using a parametric tropical cyclone model [Holland et al., 2010] using 

6-hour center pressure, location, and Vmax from the IBTrACS set, with the radius of 

maximum wind estimated from Knaff et al. [2007] and the cyclone moving 

component added following Jakobsen and Madsen [2004]. The tropical cyclone wind 

is then merged with the CCMPV2 reanalysis wind at a radial distance where their 

differenced wind speed is least, which is generally >~350 km from the cyclone center. 

Supplementary Material Fig.S4 shows an example of the resulting wind field for 

Typhoon Haiyan (2013). Six-hour wind stress is calculated using the wind-drag 

formula from Oey et al. [2006; 2007], which has a high wind-speed drag coefficient 

(Cd) limit as in Powell et al. [2003]. 

Another TC-only wind field is generated using the Holland vortex model alone 

without the CCMPV2 environmental wind to isolate the effects of TC on surface 



  

waves. The two wind fields are used to drive the WAVEWATCH III model, as will be 

discussed later. 

The 6-hour IBTrACS dataset is also used to calculate the number of TCs, the TC 

visitation frequency, and the accumulated cyclone energy (ACE) from June to 

November (December to May of the following year) of each TC season in the 

northern (southern) hemisphere. Only TCs with maximum sustained wind greater than 

33 m s
-1

 (Category 1) are considered. The TC visitation frequency is calculated by 

counting the number of TCs in 5°5°
 
grid cells for each year [Sun and Oey 2015; Oey 

and Chao 2016; Liang et al. 2017]. The ACE formula is calculated by summing the 

squares of the TC maximum sustained wind (divided by 10
4
) through each TC 

lifetime [Oey and Chao 2016]. In the western North Pacific, the ACE has been found 

to be related to the following ENSO for up to six months [Camargo and Sobel, 2005]. 

The ACE is used here to assess the TC intensity for each year. 

Wave model: 

A wave hindcast was conducted using WAVE WATCH III™ version 5.16 (WW3) 

[WW3 Development Group, 2016] to analyze the effects of ENSO on the SWH in the 

Pacific Ocean. In particular, the modeled wave peak period and directions will be 

used to supplement the satellite observations. Model SWH is used to validate the 

WW3 performances by comparing with observed SWH and study the responses of 

surface height. Peak wave period can be used to calculate the dimensionless 

parameter ωn, which is the inverse of wave age, for determining the wind sea and 

swell. Wave directions are for indicating the wave propagations. The WW3 

integration is from January 1992 to December 2016, which includes a one-year 

spin-up run at the beginning. The domain covers the Pacific Ocean from 98.5°E to 

66.8°W and 66°S to 69.3°N. The resolution is 1/3
o
×1/3

o
, 35 frequencies (f) from 

0.041 Hz to 1.05 Hz and 36 directions of equal 10
o
 interval [see 



  

http://mpipom.ihs.ncu.edu.tw/showForecasts/Waveperiod.php]. Tolman and 

Chalikov’s [1996] source terms are used, and the input 10-m wind (U10) is modified 

using the ‘effective’ wind formulation of Tolman [2002] to account for the instability 

of the atmospheric boundary layer. We assume an f
-5

 spectral tail outside the model 

frequency range, as used in the default WW3 settings. The default third order 

advection scheme is used for spatial propagation of the wave spectrum. Other details 

can be found in Tamura et al. [2012]. The WW3 output is daily at 00:00UTC. The 

model focuses in the Pacific to examine the largest responses of ENSO-related TC 

wave in the western North Pacific. The effects of inter-basins and lateral boundaries 

are relative small since the connections to other basins are in the Southern Ocean. 

Two WW3 experiments driven by two different winds were conducted: one is the 

merged Holland vortex and the CCMPV2 wind field and the other is Holland vortex 

wind only. The daily WW3 output is also monthly averaged for the composite and 

empirical orthogonal function analyses, similar to the method applied to the observed 

data. 

Model validations: 

In Tamura et al. [2012], the performance of the WW3 modeled Stokes drift was 

validated against the estimated Stokes drift based on observed frequency spectra at 

NDBC buoys in the Pacific; the agreements were generally good. For the present 

study focusing on the SWHs, we validate the model SWHs (Supplementary Material 

Fig.S5c) against those obtained from the North Pacific Ocean buoys from the 

National Oceanic and Atmospheric Administration (NOAA)/National Data Buoy 

Center (NDBC), for the period from Jan 1993 to Dec 2016 (Supplementary Material 

Fig.S5a); for comparison, we repeated the same validation for the satellite SWHs as 

well (Supplementary Material Fig.S5b). The buoys are located off the western coast 

of USA and around the islands of Hawaii and Guam. The SWH’s being compared 

http://mpipom.ihs.ncu.edu.tw/showForecasts/Waveperiod.php


  

include both wind seas and swells. The regressions of satellite and WW3 SWH with 

buoys at the grid points closest to the buoys show good agreements between buoys 

and satellite, and between buoys and WW3 SWHs. The agreements between model 

and buoy are excellent, with an R
2
 of 0.92, near-unity slope of 0.88 and nearly zero 

bias, all significant at the 99.99% confidence level. The satellite-buoy comparison is 

also good: R
2
 = 0.7 and slope = 0.74. 

The above comparison with buoy data include both TC-induced and 

non-TC-induced waves, including swells. We now validate the modeled SWHs 

directly under the TCs against the SWHs obtained from the satellite data. To do this, 

we note that under strong TC winds, excluding the region near the eye, the inverse 

wave age is generally greater than 1; this was previously shown from in situ [Hwang 

and Walsh 2016] and satellite observations [Zhang and Oey 2019b]. Hwang and 

Walsh [2016] show that the corresponding dimensionless wave growth functions are 

then comparable to those in field experiments collected under more ideal quasi-steady 

fetch-limited conditions [Toba 1972; Donelan et al. 1992; Hwang and Wang 2004; 

Mellor et al. 2008]. We therefore calculate various wave parameters using the Hwang 

and Walsh’s wave-growth functions and compare them with the WW3 model outputs. 

The comparison for the peak wavelength is shown in Supplementary Material Fig.S6; 

comparisons of other parameters such as the peak periods and phase speeds yield 

similar results as they are constrained to satisfy the dispersion relation. The plot 

indicates that the WW3 model does reasonably well in simulating the dominant 

TC-induced wind seas directly under the TCs (near-perfect regression (red) line with 

highest data density in the 70 m ~< λp <~ 300 m range). The plot shows that the WW3 

also simulates swells [e.g. Moon et al. 2003; Holthuijsen et al. 2012] with 

wavelengths longer than can be approximated by formulae based on the wave-growth 

functions. 



  

ENSO composites: 

The ENSO index characterized by the SST anomaly in the Niño-3.4 region 

(5°S-5°N, 120-70°W) is used [Barnston et al., 1997]; the data were obtained from the 

National Center for Atmospheric research (NCEP) Climate Prediction Center. The 

IOD index is defined as the SST anomaly between the western Indian Ocean 

(10°S-10°N, 50-70°E) and the southern east equatorial Indian Ocean (10°S-0°N, 

90-110°E) [Saji et al., 1999]; the data were obtained from National Oceanic and 

Atmospheric Administration (NOAA)/Earth System Research Laboratory (ESRL). 

Figure 1 shows the ENSO and IOD indices during our study period. The IOD index is 

mostly positive and tends to be larger during El Niños (e.g. 1994/1995 and 

1997/1998). El Niño usually develops from a normal year and switches to La Niña in 

the following year. On the other hand, La Niña can continue for several years from a 

previous year’s well-developed La Niña. The ocean status could remain from previous 

La Niña and thus the upper ocean responses to the second La Niña could be enhanced. 

This study focuses on the spatial distribution and temporal variation of the SWH, 

wind field, and WW3 model outputs during the El Niño and La Niña TC seasons. The 

ENSO composites of a variable such as the SWH were therefore calculated as 

averages for June-November months when the ENSO index was greater than +1 for 

the El Niño composite and when the index is less than -1 for the La Niña composite. 

During the study period, there were seven such positive ENSO events—1994, 1997, 

2002, 2004, 2006, 2009, and 2015—and seven negative ENSO events—1998, 1999, 

2005, 2007, 2008, 2010, and 2011. 

We will show the differences between El Niño and La Niña (the former minus 

the latter) using composites. The significance of the difference is calculated at a 95% 

confidence level using the two-sided Wilcoxon rank sum test [Wilcoxon, 1945; Huang 

and Oey 2018]. 



  

3. Results 

Figure 2 shows the composites from 1993 to 2016 of the SWH, wind power and 

wind speed anomalies, which subtracts the total mean, during the most active tropical 

cyclone season from August to October. The results are similar for other summer 

months except that the composite magnitudes are weaker. Wind power (Watts m
-2

) is 

estimated as aCdV
3
, where a = 1.23 kg m

-3
 is the air density, Cd is the drag 

coefficient with a high wind-speed limit [Oey et al., 2006; 2007], and V is the 10-m 

wind speed in m s
-1

. To quantify the degree of similarity between the SWH pattern 

and the wind power or wind speed patterns, we add dots in Fig. 2b,c to indicate where 

more than 80% of the wind power or speed within 5°5° squares are of the same sign 

as the sign of SWH. It is clear that the pattern of the SWH (Fig. 2a) in the western 

North Pacific is more similar to the wind power (Fig. 2b) than the wind speed (Fig. 

2c). The reason is because wind power more directly characterizes the rate of wind 

energy input into the ocean to generate waves. The rate of change of the total, 

frequency-integrated, wave energy is in fact proportional to the cubed of the wind 

speed (minus dissipation), and the significant wave height in turn may be related to 

the wave energy [e.g. Hwang and Sletten 2008; Mellor et al. 2008; Donelan et al. 

2012; Hwang and Walsh, 2016]. Now, taking the cubic power of the wind speed 

accentuates stronger winds. The similarity of the SWH and wind power patterns in 

Fig. 2a,b therefore suggests that waves in the western North Pacific in summer may 

be mostly caused by passages of tropical cyclones. 

Figure 3 shows the composite maps of TC frequency and wind power for El 

Niño (Fig.3a,c) and La Niña (Fig.3b,d). The TC frequency is generally higher and 

more widespread during El Niños than during La Niñas; the higher frequency during 

El Niños is contributed by longer traverse distances covered by the TCs as their 

genesis locations shift eastward. The wind power (Fig.3c,d) also show similarly 



  

higher and more widespread composites for El Niños than La Niñas, confirming that 

higher wind power is mostly contributed by TCs. East of the Philippines and Taiwan, 

the TC frequency contour of 12 hours month
-1

 encompasses the region of higher wind 

power > 1 Watt m
-2

. There is also a moderately high wind power region east of Japan, 

contributed in part by the strong mid-latitude westerly and extra-tropical cyclones that 

begin to appear in October and November in that region [Nakamura et al. 2004]. 

Figure 4 shows the composite differences (El Niño minus La Niña) of the TC 

frequency, wind power and significant wave height. Positive differences of the wind 

power and the TC visitation frequency [e.g. Oey and Chou 2016] indicate that TCs are 

stronger and longer lasting during El Niño than during La Niña. The difference in the 

TC visitation frequency between El Niño and La Niña TC seasons is significantly 

positive at a 95% confidence level over the tropical-subtropical western North Pacific 

east of 130°E and from 10° to 25°N (Fig. 4a). The positive difference is due to the 

number of yearly TCs being slightly more for El Niño, 14±2, compared to 11.4±3.3 

for La Niña, and also because during El Niño TC genesis points are generally more to 

the east nearer the dateline and TCs cover longer distances and have longer lifetimes, 

as mentioned above. There is slightly less (more) TC activity in the SCS during El 

Niño (La Niña) [Sun et al. 2017], but the difference is insignificant. The maximum 

TC visitation frequency is 20 hours per month during El Niño and 16 hours per month 

during La Niña (Fig.3a,b). The largest difference in the TC visitation frequency is 9 

hours per month with two highs over the western North Pacific. 

Figure 4 also shows that the positive differences in SWH and wind power are 

collocated with the positive difference in the TC visitation frequency. The largest 

positive SWH difference (Fig. 4c) is closely collocated with the strongest wind power 

difference (Fig. 4b) east of Taiwan and Luzon from 15° to 25°N and between the 130° 

to 150°E longitudes. The wind power difference decreases more abruptly north and 



  

south of this sub-region, but the region of significantly positive SWH difference 

decreases more gradually and covers a wider area than the wind power and TC 

visitation frequency. In the South China Sea, a north–south dipole structure appears in 

the SWH and wind power, but not in the TC visitation frequency; the latter instead 

shows generally less (more) TCs during El Niño (La Niña). The southern positive part 

of the wind power and SWH dipole is therefore not related to TCs, but rather is 

caused by the stronger southwesterly monsoon wind during El Niño compared to La 

Niña [e.g. Oey et al 2013]. On the other hand, the northern negative part of the dipole, 

while insignificant, may be due to decreased (increased) TC activity during El Niño 

(La Niña), mentioned above. However, Figs.4b & 4c show that the monsoon-induced 

wind power and SWH variability in South China Sea are much weaker (and 

insignificant for SWH) than the dominant TC-induced variability. 

The collocated areas of high wind power and SWH (Figs. 4b,c) suggest that 

waves in those areas may contain more wind seas than swells, generated by the more 

frequent passage of longer-lasting and stronger TCs during El Niño. On the other 

hand, south of Japan, away from the high wind power region, the waves may be 

mostly swells that have traversed from the high wind power area in the southwest.  

To demonstrate that it is the wind power rather than wind speed that controls the 

yearly variation of the significant wave height, we plot the time series of wind power 

and speed (Fig.5a), as well as the observed SWH (Fig.5b blue line) averaged from 

June through November and within the area from 120°E–180°E, and 5°N–40°N; the 

ENSO index is also plotted (red). The SWH can be seen to co-vary well with the wind 

power, but less so with the wind speed. The correlations (r) between the observed 

SWH and wind power, and between the SWH and wind speed are 0.89 and 0.59 (both 

99.9% confidence), respectively. The wind power is also better correlated with ENSO, 

with r = 0.75 (99.9% confidence) compared to r = 0.34 (90% confidence) for the 



  

correlation between the wind speed and ENSO. These results indicate that wind 

power rather than wind speed is the factor that controls the SWH. 

The similar interannual variations of the SWHs, wind power and ENSO suggest, 

since the peaks of wind power and SWH precede the ENSO peak, that SWH and wind 

power over the western North Pacific subtropical ocean may potentially serve as 

useful predictors of the ENSO intensity. To explore this, we regress ENSO (averaged 

from December through the following year’s February), the predictand, against the 

SWH and wind power, the predictors, averaged over the dashed rectangle shown in 

Fig.4b, and from June through November (Fig.6a,b; i.e. 3~6 months in advance of the 

peak ENSO). The averaging rectangle is chosen where the composite differences (El 

Niño minus La Niña) of TC frequency, wind power and SWH are highest (Fig.4). For 

moderate and higher-intensity ENSO events, i.e. |ENSO| ≥ 0.5 (blue lines), the (r
2
, s) 

= (0.66, 0.96) for the SWH and (0.62, 0.92) for the wind power, where s is the slope 

of the regression line. For strong ENSO events, i.e. |ENSO| ≥ 1 (red lines), the (r
2
, s) 

= (0.88, 1.33) for the SWH and (0.94, 1.35) for the wind power. It is notable that, for 

both cases, the corresponding slopes are nearly equal, consistent with the above 

inference that SWH and wind power are closely related. As a measure the goodness of 

these predictors, we compare the above r
2
 against those obtained from the regression 

of the wind speed averaged over the west-central equatorial Pacific within the 

rectangle indicated in Fig.6d (within the Niño-4 region 

https://www.ncdc.noaa.gov/teleconnections/enso/indicators/sst.php), chosen to 

encompass the region where the dominant Empirical orthogonal function (EOF; see 

below) for wind speed is highest (Fig.6d). Here, the equatorial trade wind weakens 

(strengthens) during an El Niño (a La Niña). The corresponding wind speed averaged 

from June through November is a good predictor of ENSO (Fig.6c), with (r
2
, s) = 

(0.81, -1.09) for |ENSO| ≥ 0.5, and (r
2
, s) = (0.86, -1.24) for |ENSO| ≥ 1. The r

2
 values 

https://www.ncdc.noaa.gov/teleconnections/enso/indicators/sst.php


  

are comparable to those relating ENSO to SWH and wind power (Fig.6a,b). 

Empirical Orthogonal Function (EOF): 

Empirical orthogonal function is a powerful tool for identifying patterns of 

variability [Kutzbach 1967]. While EOF modes are not dynamical modes, they can 

provide, when interpreted with some physical foresights, useful information on 

dynamical processes [Kundu et al. 1975; Oey et al. 2004, 2009; Lin XH et al. 2007; 

Oey 2008; Xu and Oey 2011, 2015; Chang and Oey 2012; Wang and Oey 2014, 2016; 

Lin YC et al. 2016; Huang and Oey 2018]. An EOF analysis is applied to the SWH 

and wind to describe the dominant spatial characteristics of TC-induced waves. 

Figures 7 show the first EOF modes of the SWH (Fig. 7a), wind power (Fig. 7b), and 

wind speed (Fig. 5c). These mode-1s are well-separated from their respective higher 

modes according to the North et al’s [1982] estimates for EOF degeneracy [e.g. Oey 

2008]. The first mode of SWH contributes to 39% of the total variance. The 

eigenvector shows that the highest anomaly is east of Luzon. The contours spread 

northeastward toward Japan. The first principle component (PC1) of the SWH (Fig.7a) 

shows interannual variations and is significantly correlated with the ENSO index: 

Corr(PC1SWH, ENSO, 4 months) = 0.59. Here, Corr(A, B, lag) denotes the maximum 

lag correlation coefficient satisfying a 95% confidence level between the A and B 

with lags in months, which is positive if A leads B and negative otherwise [cf Chang 

and Oey 2012]. As ENSO peaks in December, the 4-month lead confirms that the 

dominant SWH fluctuation occurs during the TC season in summer and fall. The first 

mode of the wind power accounts for 17% of the total variance, and the PC1Power 

again leads ENSO by 4 months: Corr(PC1Power, ENSO, 4 months) = 0.58 (Fig. 7b). Its 

eigenvector has its largest amplitude east of Luzon, slightly to the west of the largest 

amplitude of the mode-1 SWH eigenvector (Fig. 7a). These 4-month leads on ENSO 

for PC1SWH and PC1Power (as well as PC1Speed below) and their eigenvector patterns 



  

indicate the existence of TC-induced SWH and wind in the summer/fall prior to the 

peak ENSO. The next dominant mode-2’s are weaker than and well-separated from 

mode-1’s, and moreover they all lag ENSO (Supplementary Material Table S1). In 

the case of SWH, Fig.7a indicates that waves spread after being generated by TCs. As 

there are more re-curving TCs than westward TCs [Elsner and Liu, 2003], the 

spreading is predominantly north-northeastward toward Japan. During the summer 

before an El Niño, the spreading of positive anomaly indicates that more waves reach 

southern Japan, produced by the increased number of re-curving TCs, and vice versa 

during a La Niña. On the other hand, in the case of the wind power, the largest 

variability is localized east of Luzon between about 130
o
E to 135

o
E longitudes, near 

where the TC frequency is highest (Fig. 3a,b).  

The first mode of the wind speed (Fig. 7c) accounts for 20% of the total variance, 

and the PC1Speed leads ENSO by 4 months: Corr(PC1Speed, ENSO, 4 months) = 0.46. 

The wind speed eigenvector shows also the maximum east of Luzon similar to that for 

the mode-1 eigenvector of the wind power, but the area of large wind speed 

eigenvector spreads more eastward. A secondary maximum is also found in the 

southern portion of the South China Sea, caused by the interannual variation of the 

southwesterly monsoon wind mentioned above (i.e. Fig. 4). Thus in the summer and 

fall prior to the peak of an El Niño (a La Niña), the southwesterly monsoon wind 

generally strengthens (weakens). This wind speed pattern in the South China Sea 

would explain the dipolar differenced pattern (i.e. El Niño – La Niña) of Fig. 4c for 

the significant wave height. The mode-1 EOF signal in the South China Sea is weak 

however, since the EOF pattern is dominated by the strong signal due to waves 

generated by TCs in the open western Pacific east of Luzon (Fig. 7a). 

The WW3 Model Results: 

To gain a better understanding of the characteristics of TC-induced waves, we 



  

now examine the SWH, peak wave period, and wave directions obtained from the 

WW3 model. The model was driven by two different types of wind fields. One was 

the merged CCMP and Holland vortex model wind (hereinafter referred to as the 

‘merged wind’) and the other was the Holland vortex model wind only (hereinafter 

‘Holland wind’; see Methods). The first type of wind field produces both TC-induced 

waves and waves due to the large-scale wind field such as the trade wind and/or other 

weather events such as, for examples the southwesterly monsoon wind bursts and the 

Madden-Julian oscillation (MJO) [Madden and Julian, 1971, 1972]. The second type 

of wind field produced TC-induced waves only. We first validate the model by 

comparing the model results forced by the merged wind with the observation. We then 

discuss the wave distributions forced by the two types of wind. 

Figure 8a shows the difference between the El Niño and La Niña composites for 

the model SWH. It agrees well with the observed SWH composite difference (Fig. 4c), 

although the model SWH shows a larger difference. The larger model difference 

extends further north and to the east of Japan. Figure 5b compares the yearly 

variations of the observed and model SWHs averaged from June through November 

and within the area from 120°E–180°E, and 5°N–40°N. The model SWH nearly 

reproduces the variation and amplitude of the observed SWH, with r = 0.91 (99.9% 

confidence). The observed SWH has a slightly higher correlation with the ENSO than 

the model SWH: r = 0.77 for the observed SWH and r = 0.73 for the model SWH, 

both leading ENSO by 3 months at the 99.9% confidence level. 

We repeated the EOF analysis on the model SWH, both for the case forced by 

the merged wind (Fig. 8b) and for the case driven by the Holland wind (Fig. 8c). The 

first modes contribute to 41% and 76% of the total variances for the merged wind and 

Holland wind respectively. Both modeled eigenvectors show an almost identical 

distribution to the observed mode-1 SWH (Fig.7a) over the open basin. Thus the 



  

highest anomaly is located to the east of Luzon and the contours spread northeastward 

toward Japan. However, the mode-1 pattern for the merged wind case (Fig.8b) is more 

similar to the observed pattern, the % contribution to the total variances are both 

approximately 40%, and both of their principal component time series (PC1) agree 

very well (r = 0.83). Both patterns spread eastward in middle latitudes east of Japan 

under the influence of the westerly jet; they also show weak but discernible 

amplitudes in the South China Sea, forced by the southwesterly monsoon wind bursts 

mentioned previously. These mid-latitude and South China Sea signals are absent for 

the mode-1 SWH pattern for the Holland wind experiment (Fig.8c). Instead, the 

largest SWH is more concentrated east of Luzon and waves penetrate into the 

northern South China Sea and southern East China Sea through the gaps south and 

north of Taiwan. 

The first principle component PC1 of the model SWH(merged) shows 

interannual variations and is significantly correlated with the ENSO index: 

Corr(PC1SWH-merged, ENSO, 3 months) = 0.59, very close to the observed correlation 

although the lead is 1 month shorter i.e. 3 months for model vs. 4 months for 

observation (Fig.7a). In contrast, the PC1 of SWH(Holland) shows an even higher 

correlation to the ENSO index: Corr(PC1SWH-Holland, ENSO, 3 months) = 0.81. Since 

ENSO (El Nino or La Nina) peaks in December, the 3-month lead of the modeled 

PC1 on ENSO indicates that the dominant modeled peak (maximum or minimum) 

tends to occur 3 months earlier in September, which is the month when the total 

number of re-curving (i.e. northward) TCs is largest (Fig. 9, red bars). Since the 

modeled lead is one month shorter than the observed lead, the model appears to be 

slightly biased in simulating larger waves produced by tropical cyclones, rather than 

smaller waves due to background, larger-scale wind fields. 

The WW3 model provides information on wave periods and directions. Figure 



  

10 shows the composite difference between El Niño and La Niña TC seasons for 

WW3 peak wave period. The peak wave period is significantly higher for El Niño TC 

seasons than for La Niña over most of the western North Pacific, except for the small 

region in southwestern South China Sea where the difference is negative but weak. 

The negative difference is produced because of stronger southwesterly summer 

monsoons in the developing phase of El Niño [Wang et al., 2008], which generate 

local wind seas with short periods. The largest (positive) difference is located east of 

Japan, indicating that waves generated by TCs during El Niño propagate farther over 

the open ocean, and therefore generally have longer periods. 

We use the dimensionless parameter ωn = 2πU10/(gTp), where Tp is the peak 

wave period in seconds calculated from WW3, U10 is the wind speed at 10-m 

elevation in m s
-1

, and g is the gravitational acceleration in m s
-2

, as the inversed wave 

age, such that younger (older) waves have larger (smaller) ωn [Hwang et al., 2011]. 

Figure 11 shows the composite differences between the El Niño and La Niña TC 

seasons of the modeled SWH, peak wave period, ωn, and wave vector. The left (right) 

column is for the model forced by the merged (Holland) wind. For the merged wind 

case (Fig. 11a-c), the difference between waves in El Niño and La Niña is 

predominantly to the east of ~135
o
E, and waves spread from the center where the 

observed wind power and SWH differences are largest (Fig. 4b,c). Thus waves spread 

more eastward and northward due to the predominance of TCs in the open ocean in El 

Niño compared to La Niña years. The differenced waves also spread more eastward 

near the tropics, partly driven by the TCs, but also by the stronger westerly wind 

bursts blowing from the South China Sea to the equatorial Pacific during El Niño 

compared to La Niña. Both the wave period and ωn plots (Fig. 11b,c) confirm that 

waves reaching Japan are older with longer periods during El Niño compared to La 

Niña, while the eastward waves near the equator are younger. As the TCs are more 



  

energetic and of re-curving type during El Niño, the cyclonic TC wind steers waves 

toward Japan for the right-hand side and along the equator for the left-hand side. 

Larger waves are generated to the right and in front, respectively, of TCs by the 

relatively stronger TC winds in these two areas [Hwang, 2016; Hwang and Walsh, 

2016; Zhang and Oey 2019b], and they radiate ‘down path’ as swells or older waves. 

Westerly wind bursts during the developing phase of El Niño also contribute to the 

weakening of the trade winds and generates Kelvin waves propagating eastward along 

the equator [Chen et al., 2016]. These waves therefore have relatively long periods 

and are older in the central Pacific during the developing phase of El Niño. 

For the Holland wind case (Fig. 11d-f), the differenced SWH radiates outward to 

the north and west from where the observed TC frequency, wind power and SWH 

differences are largest (Fig. 4). The eastward waves in the tropics, found for the 

merged wind experiment (e.g. see vectors in Fig. 11a) are generally absent, 

confirming the importance of the non-TC, southwesterly/westerly wind bursts to the 

generation of younger waves near the coast of Indonesia and Philippines, but older, 

longer-period waves along the equator further east. However, comparing Fig. 11f with 

Fig. 11c, we see that waves induced by TCs during their early stages near the genesis 

locations (see Fig. 4a) also produce swells along the equator. The waves are also 

generally older with longer periods over the entire western North Pacific basin, 

especially along the coast of East Asian continent from South China Sea to Japan. 

These swells propagate from the open Pacific, produced by the TCs. Comparing the 

Holland wind and merged wind experiments, it is clear that the background, non-TC 

winds, including the southwesterly monsoon winds, are important in generating 

younger and shorter-period waves that influence almost all the marginal seas of East 

Asia. 

ENSO effects on global TC-induced waves: 



  

While our focus is primarily on waves during the TC seasons in the western 

North Pacific, it is interesting to also examine the differences between El Niño and La 

Niña TC seasons of the observed SWH, wind power, and TC visitation frequency in 

the other basins of the global ocean. In the southern hemisphere, we define the TC 

season to be from December to May of the following year. Figure 12 shows that 

significant positive differences in the TC visitation frequency composites are located 

in the western and central North Pacific, the central South Pacific, and the central 

South Indian Ocean. Significant negative differences are mainly located in the North 

Atlantic and the eastern South Indian Ocean. The differences in the SWH and wind 

power composites are collocated well with the changes in the TC visitation frequency 

composites. Thus areas of higher (lower) SWH and wind power differences with the 

red (blue) color shadings are generally collated with higher (lower) TC frequency 

differences with white (black) contours. In El Niño years in the eastern North Pacific, 

warmer SST anomalies reduce the vertical wind shear and tend to favor TC activity 

[Landsea, 2000]. However, strengthened Central American Gap winds generate 

unfavorable conditions for TC genesis near the Mexico coast region [Fu et al., 2017]. 

These subtle differences in the TC activity result in west-to-east SWH and wind 

power contrasts in the eastern tropical North Pacific, from ~160
o
W to ~80

o
W. In the 

south Pacific, the warmer SST remains to the east after the peak of El Niño; more TCs 

then tend to form near the Date Line, and less TCs off eastern Australia [Nicholls, 

1984, 1985; Solow and Nichols, 1990; Ramsay et al., 2012]. The SWH and wind 

power, therefore, are significantly higher to the east and lower to the southwest close 

to the east of Australia. The activities of North Atlantic TCs, in relation to the ENSO, 

are out of phase with the western North Pacific TCs. The warmer SST anomaly in the 

eastern Pacific increases the vertical wind shear over the tropical region of the North 

Atlantic during El Niño [Shaman et al., 2009]. This vertical wind shear suppresses the 



  

formation of TCs over the Caribbean Sea, reduces the wind power, and lowers the 

SWH composites in the North Atlantic. In the South Indian Ocean, the east-west TC 

visitation frequency contrast is strongly influenced by both ENSO and IOD. During 

the peak of El Niño, an anomalous anticyclonic circulation on top of the eastern South 

Indian Ocean is formed due to the warmer SST in the eastern Pacific, which 

suppresses the formation of TCs [Ho et al., 2006]. A positive IOD is associated with 

cooler SST in the southeast Indian Ocean and warmer SST in the southwest Indian 

Ocean [Saji et al., 1999], causing TCs to form near the central Indian Ocean [Ash and 

Matyas, 2012]. In this study period, IOD is mostly positive and larger positive IODs 

are generally followed by El Niño (Fig. 1). The TC visitation frequency is therefore 

significantly reduced in the eastern portion of the South Indian Ocean during El Niño 

compared to La Niña, and the TC frequency is slightly more though insignificant in 

the central basin. The differenced SWH and wind power display similar east-west 

contrasting patterns that correspond to the TC visitation frequency. Significant 

changes in the SWH and wind power are mainly located in the eastern South Indian 

Ocean. 

4. Conclusions 

In this study, we analyzed observed significant wave heights (SWHs) from 

satellite and conducted model simulations of ocean surface waves to demonstrate that 

the interannual variation of global ocean surface waves in the subtropics during 

summer is dominated by ENSO-related tropical cyclone (TC) activity. The main focus 

was on the Pacific Ocean but the ENSO influence on other ocean basins was found to 

be also significant. Our findings are: 

1. The eastward shift of warmer SST anomaly in the equatorial Pacific Ocean 

during the summer before an El Niño results in stronger and longer-lasting 

TCs, and vice versa during the summer before a La Niña when the warmer 



  

SST shifts west. The contrast in TC paths and intensity between El Niño and 

La Niña results in higher wind power and SWHs over the western and 

eastern North Pacific; 

2. The summer wind power and SWH over the subtropical western North 

Pacific correlate well with 4~6 month lead on the peak ENSO index from 

December to February of the following year. The regression is comparable to, 

and for strong ENSO events (|Niño 3.4| > 1) even higher than, the regression 

of ENSO with wind speed changes over the equator, suggesting that the wind 

power and SWH may serve as additional useful ENSO predictors; 

3. In subtropical western North Pacific, largest wind power and SWHs are 

located east of Luzon near 135
o
~140

o
E, coinciding with the region of highest 

frequency of TC passages. EOF analysis of the observed SWHs and the 

model results with and without the large-scale (i.e. non-TC) wind indicate 

that more swells spread northeastward toward Japan before El Niño than La 

Niña, produced by the corresponding increase in the frequency of re-curving 

TCs; 

4. On the other hand, in the western tropical Pacific east of Indonesia, and in the 

southern South China Sea, waves are dominated by younger wind seas during 

an El Niño compared to a La Niña, caused by increased (decreased) westerly 

and southwesterly monsoon winds over the region in the summer before the 

peak El Niño (La Niña); 

5. The model simulations with and without the large-scale (i.e. non-TC) winds 

confirm that energetic TCs prior to a peak El Niño generate waves with 

longer periods, which then travel long distances as swells. Wave directions 

from the models confirm that waves are then mainly steered toward Japan by 

the increased number of re-curving TCs. Moreover, these longer-period 



  

waves also leak through the Luzon Strait into the northern South China Sea; 

6. Through atmospheric teleconnection, the ENSO affects TC activities in other 

global ocean basins, as have been noted in previous studies. The resulting 

contrast in TC paths and intensity between El Niño and La Niña causes 

higher (lower) wind power and SWHs over the central South Pacific and 

western South Indian Oceans (North Atlantic and eastern South Indian 

Oceans). 
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Figure 1: ENSO (black) and IOD (grey) indices from Jan 1993 to Dec 2016. 

  



  

 

Figure 2: August to October composites of (a) SWH [m], (b) wind power [Watts m
-2

], 

and (c) wind speed [m s
-1

] anomalies (color shading and white contours) from 1993 to 

2016. Dots (b & c) show where 80% of the grid values of wind power or speed in 

5°5° squares are of the same the sign as the sign of SWH.  

  



  

 

Figure 3. Composites of (a & b) TC visitation frequency [hours/month] and (c & d) 

wind power [Watts/m
2
] from June to November during El Niño (a & c) and La Niña 

(b & d).   



  

 

Figure 4 Composite differences (El Niño minus La Niña) of (a) TC frequency [hours 

month
-1

], (b) wind power [Watts m
-2

] and (c) significant wave height [m]. Grey-filled 

circles and crosses indicate significant differences at the 95% confidence level 

according to the two-sided Wilcoxon rank sum test. In (a), mean TC tracks and 

genesis locations during El Niño (red) and La Niña (blue) are also plotted [see Lin 

and Oey 2016; Oey and Chou 2016; Liang et al. 2017]. 

  



  

 

Figure 5 Yearly variations of (a) wind power [Watts m
-2

] (green) and speed [m s
-1

] 

(black), and (b) observed (blue) and model (purple) SWHs [m], all averaged for the 

TC season JJASON and in the western North Pacific: 120°E–180°E, 5°N–40°N. The 

means were removed and the time series were normalized by the standard deviations. 

Means and standard deviations are shown in the legends across the bottom. The 

correlations of power and speed with SWHs, as well as with ENSO are: 

Corr(Power,ObsSWH) = 0.89, Corr(Speed,ObsSWH) = 0.59, Corr(Power,ModelSWH) 

= 0.99, Corr(Speed,ModelSWH) = 0.79, and Corr(Power,ENSO) = 0.75, all at 99.9% 

confidence level, and Corr(Speed,ENSO) = 0.34 at 90% confidence. 

  



  

 

Figure 6 Regressions of December-February ENSO vs. June-November (a) SWH [m] 

and (b) wind power [Watts m
-2

] averaged over the subtropical western North Pacific 

(see panel title, dashed rectangle of Fig.4b), and (c) equatorial wind speed [m s
-1

] 

within the Niño-4 (dashed rectangle in (d)) where the dominant wind speed EOF is 

highest, as shown in (d): eigenvector (upper subpanel) and principal component time 

series (lower subpanel). In (a-c), blue indicates moderate and higher-intensity ENSO 

events, |ENSO| ≥ 0.5, and red indicates strong ENSO events, |ENSO| ≥ 1.  

  



  

 
Figure 7: First EOF modes of (a) observed SWH [m], (b) wind power [Watts m

-2
], and 

(c) wind speed [m s
-1

]. Upper subpanels show the eigenvectors and lower subpanels 

show the principal components (black lines). Red lines in lower subpanels are the 

ENSO index. The lag-correlation Corr(A, B, lag) in the lower subpanels show 

maximum lagged correlations with A leading (lagging) B when lag is positive 

(negative), significant at the 95% confidence level. 

  



   

 
Figure 8 (a) Composite difference (El Niño minus La Niña) of the WW3 model 

significant wave height [m] for the merged wind experiment, which may be compared 

with the observed composite difference in Fig.4c. Crosses indicate significant 

differences at the 95% confidence level according to the two-sided Wilcoxon rank 

sum test. (b & c) First EOF modes of SWH [m] for WW3 model experiments using (b) 

the merged wind and (c) the Holland wind. Upper subpanels show the eigenvectors 

and lower subpanels show the principal components (black lines). Red lines in lower 

subpanels are the ENSO index. The lag-correlation Corr(A, B, lag) in the lower 

subpanels show maximum lagged correlations with A leading (lagging) B when lag is 

positive (negative), significant at the 95% confidence level. 

  



  

 

Figure 9 Mean (solid) and 1StD (dashed) tracks for northward and westward typhoons 

(TCs of category 1 and above) from 1993 to 2016 which are analyzed in this study 

(upper) [see also Lin and Oey 2016]. Monthly distributions of the total number of 

typhoons and their partitions into northward and westward tracks (bottom). 

  



  

 

Figure 10 Composite difference (El Niño minus La Niña) of the WW3 model peak 

periods [s] for the merged wind experiment. Crosses indicate significant differences at 

the 95% confidence level according to the two-sided Wilcoxon rank sum test. 

  



  

 

Figure 11: Composite differences between the El Niño and La Niña TC seasons of the 

modeled SWH [m] (a & d), peak wave period [s] (b & e), ωn (c & f) and peak wave 

vectors scaled by the SWH (to emphasize the larger, e.g. TC-induced waves). Left 

(right) column panels a-c (d-f) are for the model forced by the merged (Holland) wind. 

White dots and black vectors indicate significant differences of the SWH, peak wave 

period, ωn and scaled wave vectors according to the two-sided Wilcoxon rank sum test 

at the 95% confidence level. 

  



  

 

Figure 12: Composite differences (color shading) between the El Niño and La Niña 

TC seasons: (a) TC visitation frequency [hours/month], (b) wind power [Watts m
-2

] 

and (c) observed SWH [m]. The TC season is from June to November for the northern 

hemisphere and from December to May in the following year for the southern 

hemisphere. Contours are the differences of the TC visiting frequency. Crosses and 

grey circles represent the significant differences of the color shading and contours, 

respectively, at the 95% confidence level according to the two-sided Wilcoxon rank 

sum test. 
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This study represent advances in cross-disciplinary study in oceanographic- atmospheric science and 

climate. Here we relate ocean waves to the planet’s foremost climate signal – El Nino Southern 

Oscillation (ENSO). Through detailed analyses of observations, supported by modeling, we use tropical 

cyclones and wind power as the connecting bridge to explain the inter-relationships between ocean 

waves, ENSO, wind and tropical cyclones. We furthermore show the potential of using waves or/and 

wind power as ENSO predictors.  

 

 

 

mailto:lyooey@gmail.com

