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Abstract: In this study, Version 5.16 of the WAVEWATCH-III (WW3) model is used to simulate
parameters of typhoon-generated wave fields in the Western North Pacific Ocean during the period
1998–2017. From a database of more than 300 typhoons, typhoon tracks are partitioned into six groups
by their direction of motion and longitude of recurvature track. For typhoons that recurve east of
140◦ E, or track toward mainland Asia, regions of high significant wave height (SWH) values are
separated by a minimum in SWH near 30◦ N. Partitioning SWH into wind sea and swell components
demonstrates that variations in typhoon tracks produce a much stronger signal in the wind sea
component of the wave system. Empirical orthogonal function (EOF) analysis is used to compute
the four leading modes of variation in average SWH simulated by the WW3 model. The first EOF
mode contributes to 17.3% of the total variance; all other modes contribute less than 10%. The first
EOF mode also oscillates on an approximately 1-year cycle during the period 1998–2017. Overall,
typhoon-induced wave energy dominates north of 30◦ N. Temporal analysis of the leading principal
component of SWH indicates that (a) the intensity of the wave pattern produced by westward-tracking
typhoons decreased during the last 20 years, and (b) typhoons that recurve east of 140◦ E and those
that track westward toward southeast Asia are largely responsible for the decadal variability of
typhoon-induced wave distribution.

Keywords: wave distribution; typhoon tracks; WAVEWATCH-III; typhoon wave climate; empirical
orthogonal function

1. Introduction

Tropical cyclones (TCs) play an important role in water vapor and heat transport at the
atmosphere–ocean boundary layer, and typhoon landfall is often accompanied by extreme weather such
as damaging winds, torrential rain, storm surge, and breaking waves. These typhoon hazards often
cause secondary disasters such as floods, landslides, and mudslides. Among ocean basins, the Western
North Pacific (WNP) experiences the highest frequency of TC occurrences worldwide. During the
last decade, some studies have evaluated the meteorological factors that influence typhoon tracks in
this basin (e.g., [1]) and others have used cluster analysis to study typhoon tracks (e.g., [2]). However,
the relationship between meteorological factors that influence typhoon tracks and the distribution
of typhoon-induced waves remains understudied, especially from a climate perspective. Therefore,
the relationship between typhoon track and the spatial and temporal distribution of typhoon-induced
waves merits further exploration.
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Traditionally, there are two primary methods to analyze the distribution of the typhoon-induced
waves: numerical simulations and satellite remote sensing. Frequently used numerical
wave simulations include the wave model (WAM), simulating waves nearshore (SWAN) [3],
and WAVEWATCH-III (WW3) [4]. The WW3 model has been widely used for wave simulation
in many oceanic regions, including the Pacific Ocean [5,6], Indian Ocean [7], China Seas [8,9],
and North Atlantic Ocean [10,11]. The WW3 model has been demonstrated to be suitable for
studying typhoon-induced waves through validation against moored buoys and satellite altimeter
measurements [12–14]. Moreover, the WW3 model is capable of simulating long-period waves for the
wave climate analysis [11,15]. Satellite data used for real-time wave observations include altimeter
data [16] and synthetic aperture radar (SAR) data [17]. Spaceborne SARs, such as the Chinese Gaofen-3
SAR, feature a large swath width (>500 km) and fine spatial resolution (e.g., 150 m), thereby enabling
high-resolution monitoring of typhoon winds [17–19] and waves [20–23] on large spatial scales.
However, SAR data are only acquired on demand and are therefore unavailable for long-term studies.

Numerical wave models such as WAM, SWAN, and WW3 are widely used for long-term wave
climate analysis under various oceanic and atmospheric conditions [24–27]. These models have been
used to analyze the wave climate of the open ocean, coastal regions, and inland seas, including studies
in the North Atlantic [27], the Bohai Sea [26], the Yellow Sea [25], the East China Sea [24], and the
Black Sea [28]. These numerical wave models have also been used to study the climate of extreme
waves [29], including in specific regions such as the China Seas [30], the East China Sea [31], and the
Mediterranean Sea [32].

Aspects of numerical wave simulation work focus on evaluating wave climatology in future
climates affected by sea-level rise [33] and changes in sea-surface temperatures [34]. Some of these
studies have included TC events; for example, Niroomandi et al. (2018) used SWAN to evaluate the
wave climate of the Chesapeake Bay, including four TCs or ex-TCs that affected the Bay between 2008
and 2012 [35]. That study, however, analyzed a limited region and a small number of TCs. Therefore,
a targeted study of typhoon-induced waves in the WNP is necessary to provide information about the
long-term extreme wave climate and the typhoon-induced wave fields produced by various typhoon
tracks over the WNP.

In this study, we use the WW3 model to simulate the 1998–2017 Western North Pacific
typhoon-induced wave climate. We analyze the wave climate patterns produced by varying typhoon
track groups during this period. The remainder of this paper is organized as follows: the setup of the
WW3 model is described in Section 2; typhoon track classification and wave analysis corresponding to
each track type are described in Section 3. Besides, EOF analysis of significant wave height patterns is
also presented; the natural variability of twenty-years’ variability in typhoon-induced wave distribution
is exhibited in Section 4; and the conclusions are summarized in Section 5.

2. Materials and Methods

We used the WW3 model to simulate typhoon-induced wave parameters (significant wave height
(SWH), mean wave period (MWP), and mean wave length (MWL)) in the WNP during the 20-year
period 1998–2017. The simulated area is a rectangle from 5◦ S to 65◦ N and 93◦ E to 167◦ W; bathymetry
is provided by the general bathymetry chart of the oceans (GEBCO) at 0.1◦ horizontal resolution
(Figure 1). Data from six National Data Buoy Center (NDBC) buoys in the Western North Pacific
Ocean are used to validate the WW3-simulated SWHs. Locations of the NDBC buoys are marked
Figure 1. Typhoon track data are provided by the Regional Specialized Meteorological Centre (RSMC)
Tokyo-Typhoon Center of the Japan Meteorological Agency (JMA). Typhoons that lasted more than
five days were included in this study, yielding over 300 tracks during the 1998–2017 period (Figure 1).
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Figure 1. Bathymetric topography of the North West Pacific Ocean with high spatial resolution at a 
0.1° grid in the area between 5° S and 65° N, 93° and 193° E. The color indicates the bathymetric 
topography. The red triangle indicates the locations of the National Data Buoy Center (NDBC) buoys. 
The black lines represent the typhoon track from Japan Meteorological Agency (JMA). 

The WW3 model was developed by the National Centers for Environmental Prediction of the 
National Oceanic and Atmospheric Administration (NOAA NCEP). The WW3 model has been 
shown to perform well at simulating the characteristics of TC-induced waves [36,37]. In this study, 
0.125° gridded ECMWF wind data provide forcing for WW3. Bathymetry data for the WW3 
simulation were obtained at 0.1° horizontal resolution from GEBCO [38]. The resolution of the 
bathymetry data was 0.5°. The model was initialized at 00:00 UTC 1 January 1998 and terminated at 
00:00 UTC 1 January 2018. Wave data were output at 0.5° spatial resolution and 30 min temporal 
resolution. Data from the six NDBC buoys allowed us to verify the WW3 results against more than 
three million observations during the simulation period. Figure 2 shows that the WW3-simulated 
results were close to the measurements from NDBC buoys (>300,000), showing a 0.43 m root mean 
square error (RMSE) with a 0.94 correlation (COR). The results indicate the reliability of the model. 

Figure 1. Bathymetric topography of the North West Pacific Ocean with high spatial resolution at
a 0.1◦ grid in the area between 5◦ S and 65◦ N, 93◦ and 193◦ E. The color indicates the bathymetric
topography. The red triangle indicates the locations of the National Data Buoy Center (NDBC) buoys.
The black lines represent the typhoon track from Japan Meteorological Agency (JMA).

The WW3 model was developed by the National Centers for Environmental Prediction of the
National Oceanic and Atmospheric Administration (NOAA NCEP). The WW3 model has been shown
to perform well at simulating the characteristics of TC-induced waves [36,37]. In this study, 0.125◦

gridded ECMWF wind data provide forcing for WW3. Bathymetry data for the WW3 simulation were
obtained at 0.1◦ horizontal resolution from GEBCO [38]. The resolution of the bathymetry data was 0.5◦.
The model was initialized at 00:00 UTC 1 January 1998 and terminated at 00:00 UTC 1 January 2018.
Wave data were output at 0.5◦ spatial resolution and 30 min temporal resolution. Data from the six
NDBC buoys allowed us to verify the WW3 results against more than three million observations during
the simulation period. Figure 2 shows that the WW3-simulated results were close to the measurements
from NDBC buoys (>300,000), showing a 0.43 m root mean square error (RMSE) with a 0.94 correlation
(COR). The results indicate the reliability of the model.
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Figure 2. Comparison from WAVEWATCH-III (WW3)-simulated significant wave height (SWH) with 
the measurements from NDBC buoys, in which the error-bars represent the standard deviation of 
each bin at a 0.5 bin from 0 to 14 m of SWH. 

3. Results 

3.1. Classification of Typhoon Tracks 

In the WNP, most typhoons either recurve or move approximately linearly, while just a few 
storms follow complex tracks such as loops. In this study, we only included typhoon tracks with 
durations of more than five days and omitted the small number of complex tracks. Using the track 
data, we clustered typhoon tracks according to genesis and extinction locations. If the genesis location 
is at the maximum longitude (farthest east) anywhere on the TC track, and the extinction location is 
at the minimum longitude (farthest west), the track is assigned to the Northeast Shift group. If the 
genesis location is located at the maximum longitude anywhere in the track (farthest east), and 
extinction location is at the minimum longitude (farthest west), the track is assigned to the straight-
moving group. Within the straight-moving group, the average slope k of tropical cyclone track 
calculating between the genesis and extinction locations was used to further partition tracks. If the 
arctangent of k was between 7π/8 and 9π/8, the track was assigned to the west shift group. If the 
arctangent of k was between 5π/8 and 7π/8, the track was assigned to the northwest shift group 
[1,2,39]. If neither the genesis location nor the extinction location was located at the minimum 
longitude, the track belonged to the recurve group. Members of the recurve group were further 
partitioned by their westernmost location, known as the recurve point. If the longitude of the recurve 
point was >140°, the track was assigned to the east turn group. If the longitude of the recurve point 

Figure 2. Comparison from WAVEWATCH-III (WW3)-simulated significant wave height (SWH) with
the measurements from NDBC buoys, in which the error-bars represent the standard deviation of each
bin at a 0.5 bin from 0 to 14 m of SWH.

3. Results

3.1. Classification of Typhoon Tracks

In the WNP, most typhoons either recurve or move approximately linearly, while just a few
storms follow complex tracks such as loops. In this study, we only included typhoon tracks with
durations of more than five days and omitted the small number of complex tracks. Using the track
data, we clustered typhoon tracks according to genesis and extinction locations. If the genesis location
is at the maximum longitude (farthest east) anywhere on the TC track, and the extinction location is at
the minimum longitude (farthest west), the track is assigned to the Northeast Shift group. If the genesis
location is located at the maximum longitude anywhere in the track (farthest east), and extinction
location is at the minimum longitude (farthest west), the track is assigned to the straight-moving
group. Within the straight-moving group, the average slope k of tropical cyclone track calculating
between the genesis and extinction locations was used to further partition tracks. If the arctangent of
k was between 7π/8 and 9π/8, the track was assigned to the west shift group. If the arctangent of k
was between 5π/8 and 7π/8, the track was assigned to the northwest shift group [1,2,39]. If neither the
genesis location nor the extinction location was located at the minimum longitude, the track belonged
to the recurve group. Members of the recurve group were further partitioned by their westernmost
location, known as the recurve point. If the longitude of the recurve point was >140◦, the track was
assigned to the east turn group. If the longitude of the recurve point <125◦, the track was assigned to
the west turn group. If the longitude of the recurve point was between 125 and 140◦, the track was
assigned to the middle turn group [40]. Thus, all typhoon tracks with duration >5 days were assigned
to one of six track groups: northeast shift, east turn, middle turn, west turn, northwest shift, and west
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shift. The middle turn group was the most populous track group (n = 91), whereas the northeast shift
was the least populous (n = 28; Figure 3).
 

3 

 
  Figure 3. The six types of collected typhoon tracks from the JMA track data, in which the red spots

represent the typhoons. (a) Northeast shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest
shift; and (f) west shift.

3.2. Parameters of Typhoon-Induced Waves

In order to remove the background wave parameters without typhoons, we chose the wave
parameters simulation result during the period of each typhoon path group. Figure 4 shows the
average WW3-simulated SWHs from each typhoon path group, in which the black polylines represent
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the typical path in each path group. Maximum SWH (MS) values were at similar locations for all
typhoon path groups: between 50◦ N–60◦ N and 160◦ E–187◦ W at the end of the typhoon’s lifecycle.
Furthermore, the asymmetrical structure was found to the right and left of the typhoon tracks. It was
not surprising that this SWH pattern followed the tracks of the northeast shift, east turn, and middle
turn groups (Figure 4a–c corresponding to Figure 3a–c), because no land barriers occurred in those
regions to interrupt the wave pattern. In the more westward typhoon track groups (Figure 3d–f),
two relatively high SWH regions were observed around 30◦ N (Figure 4c–f). In particular, the second
SWH peak moved from the East China Sea to the South China Sea as typhoon tracks shifted more
westward. Since West Shift typhoon tracks remained far from the northerly-located Monsoon region,
waves in that area are determined by weather systems in other regions, such as the monsoon wind and
the Westerly Belt wind at the northern Central Pacific Ocean [41]. The average mean wave period for
each typhoon path group is shown in Figure 5; MWP patterns were also consistent with the typhoon
track groups, especially for the northeast shift (Figure 5a) and northwest shift (Figure 5e) groups.
The MWP peak area was located in the Japan Eastern Ocean in Figure 5a and the East China Sea in
Figure 5e. However, maps of the average mean wave length (Figure 6) did not show this pattern.
Taking the results together, the typhoon track appeared to substantially influence the basin-scale
typhoon-induced wave distribution.

To further study the relationship between typhoon track and SWH distribution, we partitioned
SWH values into individual wind sea and swell components by the WW3 model output. Figures 7
and 8 show the average wind sea and swell components, respectively, of simulated SWH for each
typhoon track group. The wind sea SWH component reached maximum values of approximately
3 m near the typhoon tracks, while the swell SWH component reached values up to 2 m. Although
the waves produced by other weather systems blur the signal of typhoon-induced waves at latitudes
above 50◦ N, it is clear from Figure 7d–f that the wind sea SWH component varied coherently between
the track groups. The maximum wind-sea SWH was on the typhoon path, such as the middle turn
(Figure 7c), west turn (Figure 7d), and northwest shift (Figure 7e). However, no consistent relationship
was observed between the swell SWH component and typhoon tracks. We therefore concluded that
variations in typhoon track between the typhoon track groups primarily affected the distribution of
SWH through the wind sea component of the wave system.
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Figure 4. The average result of SWH from the WW3 for each type of typhoon paths from 1998 to 2018,
in which the black polylines represent the typical paths for each type of typhoon paths. (a) Northeast
shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift; and (f) west shift.
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Figure 5. The average result of mean wave period (MWP) from the WW3 for each type of typhoon
paths from 1998 to 2018, in which the black polylines represent the typical paths for each type of
typhoon paths. (a) Northeast shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift;
and (f) west shift.
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  Figure 6. The average result of MWL from the WW3 for each type of typhoon paths from 1998 to 2018,
in which the black polylines represent the typical paths for each type of typhoon paths. (a) Northeast
shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift; and (f) west shift.
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  Figure 7. The average result of wind-sea SWH from the WW3 for each type of typhoon paths from
1998 to 2018, in which the black polylines represent the typical paths for each type of typhoon paths.
(a) Northeast shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift; and (f) west shift.
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  Figure 8. The average result of swell SWH from the WW3 for each type of typhoon paths from

1998 to 2018, in which the black polylines represent the typical paths for each type of typhoon paths.
(a) Northeast shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift; and (f) west shift.

3.3. Analysis of the Leading EOF Modes of Significant Wave Height Variation

As for the EOF analysis for the SWH data on the typhoon path period, we did not find the
consequent EOF modes result and the time series result remained interceptive. Thus, to study the spatial
and temporal distribution of typhoon-induced SWH in the 1998–2017 period, empirical orthogonal
function (EOF) analysis of average SWH was performed. EOF analysis decomposed the dataset into
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a series of orthogonal functions. The eigenvalue error method proposed by North et al. (1982) was
applied to test the significance of the EOF outputs [42]. The range of eigenvalue error was calculated
by the following equation.

ej= λj

( 2
n

) 1
2

(1)

in which, ej is the eigenvalues error, λj is the eigenvalue, and n is the sample number. The judgment
equation is stated as:

λj − λj+1> ej (2)

If the Equation (2) is derived, the two eigenvalues representing the modes of EOF is reliable.
As shown the Table 1, we found the four leading EOF modes of average SWH passed the

significance test. The leading EOFs indicate the patterns that explain the greatest variation within
the dataset.

Table 1. The information about the eigenvalue error method.

Modes Eigenvalues (λ) ej λj − λj + 1

1 450.7115 7.4577 230.7340
2 219.9775 3.6398 36.5925
3 183.3850 3.0344 24.3827
4 159.0023 2.6309 26.6687

The spatial distributions of the four leading EOF modes of average SWH are shown in Figure 9.
From the EOF patterns we computed two principal component variables: PC(t), which represents the
amplitude of the EOF pattern at a single time, and PC(max), which represents the maximum EOF
pattern amplitude during the 1998–2017 period. The first EOF mode (Figure 9a) contributes 17.3%
of the total variance in average SWH. It represents a dipole in average SWH between the central
North Pacific and the Western Pacific near Japan. This indicates that the typhoon-induced wave
energy dominated near Japan, as well as in the Sea of Japan and the East China Sea. The second mode
(Figure 9b) contributed to 8.4% of the total variance. This EOF shows a tripole pattern, with elevated
SWH values south of Japan and Korea associated with depressed values south of the Kamchatka
Peninsula, and elevated values near the Aleutian Islands. The third (Figure 9c) and fourth (Figure 9d)
EOF modes contributed to 8.4% and 7.0% of the total variance, respectively. The corresponding time
series of PC(t)/PC(max) are presented in Figure 10, in which the values were normalized into a range
between −0.5 and 0.5. The amplitude of PC(t)/PC(max) was clearly larger for the first EOF mode
(Figure 10a) than for the other three modes. The first EOF mode oscillates on a roughly 1-year cycle,
varying between approximately 0.4 and −0.5. This behavior indicates an interannual variability pattern
in typhoon-induced SWH distribution over the Western North Pacific. For the second through fourth
EOF modes (Figure 10b–d), the time series of PC(t)/PC(max) show no clear cyclical trends.
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  Figure 9. Spatial distribution of the four dominant EOF modes for average SWH from 1998 to 2018.
(a) The first mode; (b) the second mode; (c) the third mode; and (d) the forth mode. 
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  Figure 10. Time series of the amplitudes of the four dominant EOF modes for average SWH from 1998
to 2018. (a) The first mode; (b) the second mode; (c) the third mode; and (d) the forth mode.
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4. Discussion

As for the EOF modes result (Figure 9), we found the EOF modes distribution in the East China
Sea was not completely consistent with the result in Wang et al. (2016) [43]. Although a similar
magnitude was achieved in the first mode, the big rate was located in the North East China Sea and
the trend of EOF, which is different from the result in [43]. There was a high wave in the Japan Sea
caused by the strong seasonal northerly wind. In the Pacific Ocean, summer monsoon seasonal wind
(south westerly) and typhoons may cause a high sea state. Such seasonality was derived by the
EOF analysis in Figure 9a and this behavior is also proposed in [43]. In the second and third modes,
there was no consistency with two analyses. As for the corresponding time series of PC(t)/PC(max)
(Figure 10), our analysis had a similar trend of the time period result in [35,43].

Here, we analyzed the interannual variability of PC(t)/PC(max) for all typhoons from 1998 to 2017.
Figure 11 shows the values of PC(t)/PC(max) of the first EOF for each typhoon track group. Overall,
PC(t)/PC(max) values were positive, indicating that typhoons tended to produce higher SWH values
near Japan and in nearby seas, and lower values over the central North Pacific (Figure 9a). However,
in the West Shift group (Figure 11f), the PC(t)/PC(max) values generally decreased in amplitude,
indicating a weakening signal from westward-tracking typhoons during the 20-year period studied.
In the northeast shift (Figure 11a), west turn (Figure 11d), and northwest shift groups, the PC(t)/PC(max)
values remained relatively constant, indicating that no climate trend in the typhoon-induced waves
pattern could be detected from 1998 to 2017. In the east turn (Figure 11b) and middle turn (Figure 11c)
track groups, PC(t)/PC(max) values fluctuated substantially during the 1998–2017 period. Indeed,
it is better to study the change in the climate of typhoon-induced wave distribution with a minimum
30-year period. Nevertheless, we presumed that this short-term behavior might reflect possible changes
in the climate of typhoon-induced wave distribution.

1 

 

 

Figure 11. The first mode principal components (PCs) part results in each path period. (a) Northeast
shift; (b) east turn; (c) middle turn; (d) west turn; (e) northwest shift; and (f) west shift.
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5. Conclusions

The climate of tropical cyclone-induced waves remains an understudied topic in the oceanography
community. In this study, we analyzed the wave distribution from typhoons in the Western North
Pacific Ocean during the period 1998–2017. Typhoon tracks were partitioned into six groups based
on track direction and longitude of recurvature. The WAVEWATCH-III Model (WW3; Version 5.16)
was used to simulate waves over the Western North Pacific from 1998 to 2017. Simulated wave
parameters (significant wave height (SWH), mean wave period (MWP), and mean wave length
(MWL)) associated with each typhoon track group were analyzed. Simulation results revealed that
the typhoon track substantially affected typhoon-induced wave distribution, especially for SWH and
MWP. Across the track groups, elevated SWH values tended to occur in a symmetrical structure
cantered on the typhoon path. Typhoons that recurved between 125◦ E and 140◦ E, or west of
140◦ E, produced a region of elevated SWH values south and southwest of the Japanese main islands,
respectively, with minimum SWH values near 30◦ N. In the farther westward typhoon track groups
(west turn, northwest shift, and west shift), two relatively high SWH regions were observed around
30◦ N. In particular, the secondary peak of SWH moved from the East China Sea to the South China Sea
when typhoon tracks shifted farther westward. Furthermore, partitioning simulated SWH into wind
sea and swell components indicates that typhoon track differences primarily contributed to differences
in the wind sea component of SWH.

Empirical orthogonal function (EOF) analysis was used to evaluate the main modes of SWH
variation across the set of simulated typhoon-induced waves. The first mode contributed to 17.3% of
the total variance, with other modes contributing less than 10%. The first EOF mode was associated
with a dipole of SWH values, with opposite values near Japan and in the central North Pacific.

The time evolution of the principal component (PC) of EOF 1 for each typhoon track group,
relative to the maximum PC value during 1998–2017, was calculated to further study the climate of
WW3-simulated SWH for each type of typhoon path. The first EOF mode revealed that the SWH
pattern oscillated on an approximately 1-year cycle and thus appeared to show possible short-term
climate signals within the 1998–2017 period, while other EOF modes had no clear cyclical trends.
Typhoons that recurved east of 140◦ E, and those that tracked westward toward Southeast Asia,
oscillated substantially during the period, and thus appeared to show short-term natural variability
signals within the 1998–2017 period. In the near future, we planned to perform more analyses about
the simulated waves using the WW3 model under the background of typhoons, which remove the
basic characteristics of ocean waves in the Northwestern Pacific.
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