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Abstract: In the Northwest Pacific (NWP), where a unique monsoon climate exists and where both
typhoons and extratropical storms occur frequently, hazardous waves pose a significant risk to
maritime safety. To analyze the 20-year variability of hazardous waves in this region, this study
utilized hourly reanalysis data from the ECMWF ERAS dataset covering the period from 2001-2020,
alongside the wave risk assessment method. The ERA5 data exhibits better consistency, in both the
temporal and spatial dimensions, than satellite data. Although hazardous wind seas occur more
frequently than hazardous swells, swells make hazardous waves travel further. Notably, the extreme
wave height (EWH) shows an increasing trend in high- and low-latitude areas of the NWP. The
change in meridional wind speeds is the primary reason for the change in the total wind speed in the
NWP. Notably, the maximum annual increase rate of 0.013 m/year for EWH exists in the region of
the Japanese Archipelago. This study elucidated the distributions of wave height intensity and wave
risk levels, noting that the EWHSs of the 50-year and 100-year return periods can reach 20.92 m and
23.07 m, respectively.

Keywords: wave hazard; extreme wave height; Jason-2 satellite; long-term return period values

1. Introduction

Ocean hazards stemming from significant wave heights of >4 m pose a significant
threat to offshore shipping operations. These hazards can be classified based on their
atmospheric origins, which commonly stem from tropical cyclones (including tropical
depressions and typhoons), extratropical cyclones, and cold surge winds. The design
and construction of coastal structures must account for the climate of hazardous waves,
especially the occurrence of extreme wave heights (EWHs). Thus, a comprehensive under-
standing of these hazards is a prerequisite during the design of marine structures and in
marine operations.

Both large wind seas and extreme swells can produce disastrous effects in offshore
areas. Wind sea waves are directly generated by local winds and have a steep surface.
Large wind seas are usually accompanied by severe weather, which can easily cause ships
to swing frequently and even to capsize. Compared to wind seas, swells are smoother
and have faster propagation speeds and longer wavelengths (and periods). What is more,
swells can travel long distances and transfer energy across the entire ocean [1-3], and they
typically have a dominant energy contribution, as demonstrated by both Semedo et al. and
Chen et al. [4,5]. Although swells seem to be gentle, they can also pose a threat to shipping
activities. Zhang and Li [6] reported 58 ship accidents from 2001 to 2010, and swells were
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considered to be an important factor in these accidents. The co-occurrence of wind seas
and swells is particularly dangerous for sailing vessels, as it creates complex sea states.

Climate change, which has contributed to the increased frequency and intensity of
tropical cyclones [7,8], may also cause changes in hazard waves, influencing the safety
of shipping and the design of oceanic structures. In recent decades, the occurrence of
EWH (a crucial parameter in predicting potential disasters and understanding the oceanic
responses to long-term environmental changes) has increased globally and regionally,
especially in coastal areas [9-13]. The EWH values in regional seas and global oceans were
estimated by applying statistical methods to shipborne wave recorder data [14-17], buoy
measurements, satellite observation data [18-23], and model simulation data [13,24-30].
However, studies of hazardous waves in the Northwest Pacific (NWP) are scarce. The
NWP features a variety of oceanic and atmospheric phenomena that cause spatiotemporal
variability in significant wave heights [31]. Within the NWP region, the Kuroshio Current
and Kuroshio—Oyashio Extension, spanning from the southern coast to the eastern region
of the Japanese archipelago, are characterized by warm western boundary currents. These
conditions are conducive to the genesis and intensification of cyclones [32]. Woo and
Park [33] estimated EWH values in the NWP by using a peaks over threshold (PoT) method
to satellite altimeter significant wave height data obtained from 1992-2016, while Kang
et al. [34] estimated extreme wind values using the Gumbel distribution. Nevertheless,
few studies have investigated the long-term variability of hazardous waves in NWP in the
context of recent climate change.

The objective of this study is to use 20-year reanalysis datasets to investigate hazardous
waves in the NWP during the last two decades, when typhoons and extratropical storms
have occurred frequently, and to estimate the trends in those extreme values over the study
period. Numerous long-term reanalysis datasets that assimilate satellite altimeter data
and surface observations into model hindcasts have demonstrated aptitude in estimating
EWH [26], such as the European Reanalysis Project—20th century (ERA-20C) and the
European Reanalysis Project 5 (ERA5), produced by the European Centre for Medium-
Range Weather Forecasts (ECMWEF) [28,35]. The conclusions presented in this paper could
serve as a point of reference for marine disasters.

The remainder of this paper is organized as follows: in Section 2, a succinct description
of the ERA5 data and utilized methodologies is provided; in Section 3, we present the
results related to hazardous ocean waves, including the seasonal variation for total waves,
swells, and wind sea in the NWP, as well as the hazardous waves and EWH. Then, we
discuss the risk assessment of hazardous ocean waves in Section 4, including the wave
height intensity, wave risk levels, and EWH in 20-year return periods. Section 5 offers our
concluding remarks.

2. Data and Method

This study utilized the hourly ERA5 dataset provided by the ECMWE, which is the
most recently updated ECMWEF reanalysis product. ERAS is a comprehensive reanalysis
dataset that assimilates many satellite altimeter data and near-surface observations [36,37],
covering the period from 1940 to the near-present (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels?tab=overview, accessed on 1 April 2023).
The hourly data is sufficient to capture the progression of tropical cyclones and facilitates the
examination of the long-term characteristics and seasonal variability of hazardous waves.
The hourly reanalysis data from 2001-2020 were selected for use in this study, specifically,
the significant height of total waves, the significant height of wind seas, the significant
height of swells, the mean direction of total waves, the mean direction of wind seas, the
mean direction of swells, and the 10 m wind speed. The spatial resolution of the wind field
and the wave parameters is 0.25° x 0.25° and 0.50° x 0.50°, respectively. The separation of
swells and wind seas processed by ERA5 was based on the following criterion [38]: spectral
components are considered subject to forcing by wind when 1.2 x 28(u./c) cos(0 — @) > 1,
where 0 and & represent the directions of the waves and wind, respectively, and u. is the
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friction velocity w2 =1,/ Pair), Where T, is the total atmospheric surface stress, p,;, is the
surface air density, and ¢ = c(f) is the phase speed derived from the linear theory of waves,
for which f is the mean frequency. Additionally, the observed significant wave height data
derived from the Jason-2 altimeter (sourced from Australia’s Integrated Marine Observing
System, http://portal.aodn.org.au/search, accessed on 1 April 2023) [39] were used to
validate the accuracy of the ERA5 data.

One of the objectives of this study was to estimate EWH. There are various methods
available for estimating EWH. Woo and Park used the peaks-over-threshold method to cal-
culate 100-year return period values [33]. Fisher and Tippett [40] presented three methods:
the Extreme Type III (Weibull) distribution, the Extreme Type II (Frechet) distribution, and
the Extreme Type I (Gumbel) distribution. Subsequently, Jenkinson [41] and Coles [42] uni-
fied those three methods to form the Generalized Extreme Value, which can be expressed
as follows:

F(x) = exp{ ~[1+7(x — ) /o] /7] M

where F(x) denotes the cumulative probability distribution function, x denotes the value of
the random variable, vy is the shape parameter, y is the location parameter, and ¢ is the scale
parameter. When y = 0, the Generalized Extreme Value becomes the Gumbel distribution,
and it can be expressed as follows:

F(x)=e°" ()

The Gumbel distribution (Extreme Type I) is widely used to estimate the extreme value
distribution in fields such as hydrology and air pollution [43,44]. Kang et al. [34] used the
Gumbel distribution to estimate extreme wind values. The Gumbel distribution function
(Equation (2)) is used to estimate EWH in our study. p and o are given by the following
equations [34]:

T 1
T b/ 078D ®)
w= H —0.45b 4)

Here, H is the mean of a set of wave heights, and b is the standard deviation of the set.
In addition, by modifying Equation (2), the EWH is given by:

EWH = — In[~InF(x)] + 5)

If Equation (2) represents the annual extreme value distribution, and that EWH has a
return period of T years occurring with an annual probability of 1/T, the corresponding
probability of EWH being less than or equal to a given value over the course of T years can
be expressed as follows [45,46]:

Prob(EWH,T) =1 — % (6)

If several EWHSs appear within years, the probability can be expressed using the event
per year, EPY, as follows:

1
Prob(EWH,T) =1— TEPY )
By substituting Equation (7) into Equation (5), the following equation can be obtained:
1 T-EPY

We classify wave intensity into four levels, with different intensities corresponding
to different disaster impacts, according to the classification of wave intensity of China’s
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State Oceanic Administration (http:/ /hyjianzai.cn/article/jz_downloads/7/23235.html,
accessed on 1 April 2023). The specific classification is shown in Table 1. Level I represents
the highest intensity and level IV the lowest. Level IV waves are considered mild or light;
they have a small impact on the safe navigation of ships at sea. At level III, the surface
waves are not big but are noticeable. The wave crests begin to break and some of them
form whitecaps. Ships or vessels can experience a noticeable bump. As the water depth
becomes shallower due to the seabed topography, the front side of the wave crest becomes
steeper. Consequently, the wave surface becomes rough and even broken. This causes a
fluctuation in the water levels of the offshore waters, having an impact on fishing boats
and yachts that operate near the shore. The level Il waves, which range from 2.5 to 4.0 m in
height, intensify the heaving of the vessel and increase the risk of offshore operations. As
wave heights reach more than 4 m, i.e., level I, the wave crests break violently and a large
number of droplets are generated. Fishing boats stop their operations and must be moored
in the harbor, and visibility can be affected by the significant number of droplets that result
from the wave breaking.

Table 1. Levels for grading ocean wave intensity (based on the significant wave height).

Wave Intensity Level Significant Wave Height Hs/m
I 4.0 < H;
I 25 < Hs<4.0
I 13 < Hs;<25
v 0<Hs<13

In this paper, the wave hazard risk is described by the risk index of wave hazards
based on the classification of wave hazards by China’s State Oceanic Administration
(http:/ /hyjianzai.cn/article/jz_downloads/7/23235.html, accessed on 1 April 2023). The
risk index of the wave hazard H;, at each point was calculated as follows:

Hyp = 0.05F; + 0.1F; + 0.25F, + 0.6F; )

where the frequency of occurrence of waves at each wave intensity level (specified in
Table 1) is denoted as F;, F», F3, and Fs, which represent the monthly average frequency of
wave heights of levels I-1V, respectively. The risk index determines the occurrence of more
frequent hazardous waves with a greater index value.

In this paper, we used the wave hazard index in the NWP, utilizing the normalized
calculation method. Normalization is a method for simplifying a calculation, whereby a
dimensional value is transformed into a dimensionless value that reflects a relative value
relationship. This approach is effective in reducing the value of magnitude. We selected
the linear normalization function, which can be expressed as follows:

Hyn = (Hy — Min)/(Max — Min) (10)

where Hy, and Hy;, are the values before and after conversion, respectively, and Min and
Max are the minimum and maximum values of the wave hazard index Hy,, respectively.
The corresponding classification of wave risk can be found in Table 2.

Table 2. Levels for grading ocean wave risk Hy,.

Hazard Level Risk Index (Hy;,)
1 0.75 < Hyn < 1.0
2 0.5 < Hyy, <0.75
3 0.25 < Hyp <05
4 0 < Hyy, <0.25
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3. Results

The NWP features a unique oceanic and atmospheric climate, leading to a complex
spatiotemporal distribution of significant wave heights. Swells and wind seas might have
different effects on wave hazards owing to their different characteristics. Swells carry
more energy and can travel for longer distances than wind seas. They are not dangerous
in offshore areas even though they propagate to wider regions, but they can still pose a
threat due to their high wave heights in storm conditions. Moreover, if these offshore
swells propagate to the coast, they will become hazardous in coastal regions due to their
prolonged durations. To understand the wave hazard in the NWP more clearly, we first
examine the individual distributions of total waves, swells, and wind seas in different
seasons to obtain a comprehensive understanding of the background of ocean waves in the
NWP. Then, we analyze the hazardous waves and EWH in the NWP.

3.1. Seasonal Wave Field in the Northwest Pacific

The seasonal patterns of the oceanic state of the NWP are closely linked to the seasonal
patterns of monsoons, especially in the 30-60°N region. With respect to these seasonal
patterns, we considered four months (January, April, July, and October, by convention) to
better comprehend the NWP wave climate. The 20-year (2001-2020) averaged significant
height of total waves in each of these months is shown in Figure 1. January (boreal winter)
is characterized by the highest wave height in the NWDP, with a mean significant wave
height of total waves of 2-4 m. April (boreal spring) and October (boreal autumn) constitute
transition periods, with broadly low wave heights and similar wave directions, but there
are higher wave heights near Taiwan in October due to the tropical cyclone effect. July
(boreal summer) has the lowest wave heights, in contrast to the wave climate during the
other three seasons. The significant heights of total waves in the South China Sea and the
Sea of Japan always remain low compared to the waves in the open ocean. This is due to the
presence of islands that block wave propagation from the open ocean. Apart from the effect
of the low-pressure systems, the waves all move onshore, especially in China’s offshore
waters. Therefore, swells off the coast of China might propagate from the open ocean.

January
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3 SIS 2.5
LA AR S (/S SIS s
LAAAAAL AL AL LA/ S W/ Vs
140°E  160°E 180° 120°E  140°E  160°E 180° 2
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Figure 1. Mean significant height and mean direction (black arrows) of total waves in the NWP
according to the hourly ECMWF ERADS reanalysis data over 20 years.
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The mean significant wind sea heights and mean wind sea directions are shown in
Figure 2. January (boreal winter) is characterized by seasonal wind seas in the NWD, with
mean significant wind sea heights of approximately 1-3 m. April (boreal spring) and
October (boreal autumn) are transition periods, exhibiting low wave heights and non-
uniform wind sea directions. The lowest wind sea height occurs in July (boreal summer),
with mean significant wind sea heights of <1 m in most areas of the NWP. Under the
influence of tropical cyclones, typhoon waves can cause significant damage to maritime
engineering and coastal engineering structures in southeastern coastal areas of China and
Japan. The seasonal patterns of wind seas closely resemble those of total waves. The
direction of wind seas is influenced by the prevailing wind patterns over the area where the
waves are generated. For example, in areas where there are persistent westerly winds, such
as in the mid-latitude extratropical storm tracks, the wind seas tend to propagate towards
the east. Similarly, in areas with persistent easterly winds, such as in the trade wind belts,
the wind seas propagate towards the west.

40°N .
3.5
3
“ 2.5
180° | {2
15
1
0.5
40°N o ¢ 40°N
: 0
20°N 20°N
900°E  120°E  140°E  160°E  180° 900°E  120°E 140°E  160°E  180°

Figure 2. Mean significant height and mean direction (black arrows) of wind seas in the NWP
according to the hourly ECMWF ERAD reanalysis data over 20 years.

Due to their ability to carry large amounts of energy and travel over long distances,
swells pose a greater threat and have a higher potential to cause significant damage than
wind seas. Figure 3 illustrates the mean significant swell heights and mean swell directions.
The mean significant swell heights consistently exceed the mean wind wave heights, while
the directions of the swells align with those of the wind seas depicted in Figure 2. The
islands located in the western part of the NWP substantially block the swells” propagation
from the open ocean to the Asian continent, especially the islands of the Philippines and
Japan. Furthermore, it is also important to bear in mind that swells can carry hazardous
waves over great distances. Although swells can carry more energy than wind seas, the
propagation of swells is usually affected by the presence of land.
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Figure 3. Mean significant height and mean direction (black arrows) of swells in the NWP according
to the hourly ECMWF ERADS reanalysis data over 20 years.

3.2. Hazardous Waves in the Northwest Pacific

Waves with significant heights of >4 m pose a threat to most vessels [47]. We define
these waves as hazardous waves. Figure 4 depicts the annual frequency of wave heights
of >4 m using the daily maximum wave height derived from the hourly ERA5 dataset.
This frequency represents the number of days per year on which hazardous waves occur.
Figure 4a shows a visible boundary at 30°N when describing the frequency of hazardous
wind seas, and the frequency in the north is higher than that in the south, which reflects
the impact of large-scale low-pressure systems. In terms of the frequency of hazardous
swells (Figure 4b), the boundary between the high and low frequencies is more southerly
than that of the wind seas. This may be due to the transformation of wind seas into swells
when the hazardous wind sea (generated by the low-pressure system in the north NWP)
move southwards. Moreover, the frequency of hazardous swells is much smaller than that
of hazardous wind seas in the offshore areas of Asia, such as the Sea of Okhotsk, the Sea
of Japan, and the offshore areas of China, due to the existence of the offshore island chain,
making it hard for hazardous swells to move into offshore areas. Figure 4c displays the
frequency of total hazardous waves. Generally, low-latitude ocean areas tend to have a
low frequency of hazardous waves. It is noted that there is a relatively high frequency of
hazardous waves in the offshore waters of China, especially in the south and east of Taiwan
island, with a value of more than 20 times per year. This phenomenon is attributed to the
frequent typhoons that impact these regions multiple times each year.

In general, swells have capacity to carry more energy and travel longer distances than
wind seas, but the existence of the offshore island chain makes it hard for hazardous swells
to move into offshore areas. Despite the predominance of ocean swells, hazardous waves
are predominantly initiated by wind seas near the eastern coast of Asia. Hazardous wind
seas are mainly concentrated in the regions of the high latitudes and typhoon-affected
ocean areas, and swells cause the propagation of hazardous waves across the ocean.
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Figure 4. Annual frequency of significant wave heights of >4 m: (a) calculated by using the significant
heights of wind seas, (b) calculated by using the significant height of swells, and (c) calculated by
using the significant height of total waves.

3.3. Extreme Wave Heights in the NWP

Extreme waves, which are usually generated by severe weather system such as tropical
cyclones, are the primary cause of ocean hazards. EWH serves as a crucial point of reference
in the assessment of ocean wave risk. Therefore, we analyze the EWH in this subsection in
order to obtain a comprehensive understanding of the hazardous waves in the NWP. We
extract the maximum value from the hourly significant wave heights of the ERA5 data as
the EWH in this subsection.

Before the estimation of the EWH, we first validated the accuracy of the ERA5 data in
the context of typhoon events within the NWP using altimeter observations. We selected
Typhoon Shanshan (2018) as our case study, as it was captured by the Jason-2 altimeter at
about 16:18 UTC on August 5, and a complete set of observation data across Shanshan was
obtained (Figure 5). Figure 6 shows the comparison of the ERA5 reanalysis data with the
altimeter-observed significant wave height. The mean significant wave heights of the ERA5
and the altimeter were 3.10 m and 3.11 m, respectively, while the maximum wave heights
were 5.92 m and 6.46 m, respectively. Although the mean significant wave height of the
ERADS5 was similar to that of Jason-2, the EWH of the ERA5 was slightly underestimated.
A number of studies have also compared reanalysis model estimates of EWH with both
buoy and altimeter data [26,28,48,49], showing that the model results maybe 10% lower
than the buoy and altimeter data. Figure 7 illustrates the 95th percentile significant total
wave height obtained from the ERA5 and Jason-2 altimeter data. Although both data sets
exhibit similar magnitudes, the satellite data exhibit several gaps in coverage within the
nearshore region. This was also confirmed by Jin et al. [30,50].

Since the altimeter data are discrete in time and space and cannot adequately capture
the extreme waves, we use the hourly dataset of ERA5 in this paper, although there may be
some deviations in the extreme value. This work can be further undertaken in the future
when more comprehensive altimeter data are available.

Figure 8a depicts the EWH distribution of total waves in the NWP. In addition to the
EWH generated by the large-scale low-pressure systems, the distribution of EWH coincides
in part with the paths of typhoons. By checking the time and location of some of the EWHs,
it is known that many EWHs are caused by typhoons. Within the NWP area, the highest
EWH was 18.10 m, which was observed at 23.5°N, 160.0°E on 1 September 2006. This
remarkable phenomenon was caused by a tropical cyclone named Ioke (http://agora.ex.nii.
acjp/digital-typhoon/summary/wnp/1/200612.html.en, accessed on 1 April 2023), which
also set a record for the lowest atmospheric pressure in the central Pacific region, with
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a value of 920 hPa. The seas southeast of China and the Japanese islands are vulnerable
to typhoon waves with EWH values of >10 m. Conversely, low-latitude ocean regions
generally exhibit EWH values of less than 5 m in most areas.

60°N ls(am)
40°N / 6
4
20°N
2
\ 0
[ SN

(]OOOE 120°E 140°E 160°E 180°

Figure 5. The spatial distribution of the significant height of total waves at 16:00 UTC on 5 August
from the ERAD reanalysis data. The black line indicates the ground tracks of the Jason-2 altimeter at
16:18 UTC on 5 August 2018. The red line is the best track of Shanshan from 0:00 UTC on 4 August to
00:00 UTC on 8 August 2018.

Significant total wave height(m)
(8] w £ wn =)}

—

1

0
15.0°N

30.0°N 36.0°N
Position

Figure 6. Comparison of the significant height of total waves from the ERAS reanalysis data with the
observed significant wave height derived from the Jason-2 data.

The time series of the EWH in the NWP is shown in Figure 9. The EWH calculated by
total waves is broadly consistent with that calculated by wind seas, with both values being
similar. The EWH of the swells is always lower than that of the total waves and the wind
seas, while most of the total wave EWH values are almost equal only to the wind sea EWH.
This scenario might be caused by the wave partitioning method of the wave model. The
wind seas become too predominant in storm wind conditions, leading to almost the same
EWH values for total waves and wind seas. The minimum EWH of total waves is 4.8 m,
implying that hazardous waves have occurred every month in the NWP over the past
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20 years. As depicted in Figure 8a, the highest EWH in the NWP was 18.10 m (1 September
2006), caused by the tropical cyclone Ioke. It is well known that August and September are
the peak months for typhoon waves [51]. Our research also indicates that the occurrence of
high waves is substantially elevated during this period, as evidenced by Figure 9. Figure 8b
shows the significant heights and mean directions of total waves in September, when
the western Pacific region exhibits higher waves than the central Pacific. Note that the
hazardous waves generated by tropical cyclones are temporary phenomena and are not
frequent in long-term statistics, so they are not clearly shown in the averaged values.

_ ERAS5 95th percentile

hs(m)
8
6
00°E | 12°E 140°E  160°E  180°
4
60°N Jason-2 95th percenti}e
2
45°N
0

00°E  120°E  140°E 160°E  180°

Figure 7. The spatial distribution of 95th percentile significant total wave height from the ERA5 data
and Jason-2 altimeter data. Jason-2 provided data from June 2008 through September 2019.

We further analyzed the period of the EWH time series using frequency spectra, as
illustrated in Figure 10. The principal frequencies are 1, 0.5, and 3.3 years. Because of the
monsoon climate, the temporal variation in the EWH has seasonal periodicity, such as 1
and 0.5 years. The 3.3-year period of variation may indicate the periodicity of the North
Pacific Oscillation [52,53]. This implies that the occurrence of EWH may be influenced by
the Aleutian Low and the Hawaiian High.
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Figure 8. (a) Distribution of the extreme wave height (EWH) of total waves in the NWP according

to the hourly data over 20 years. The dotted box shows the trajectory of Ioke. (b) Mean significant
height and mean direction (black arrows) of total waves in September.
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Figure 9. EWH time series in the NWP according to the hourly averaged daily data over 20 years.
The blue line shows the EWH of total waves, the red line shows the EWH of swells, and the yellow
line shows the EWH of wind seas.
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Figure 10. Frequency spectra of the EWH of total waves according to the monthly total wave heights
over 20 years. The space above the red dotted line indicates more than a 99% confidence level.

Over the past few decades, the EWH has increased globally, especially in coastal
regions [9-12]. Young and Ribal found a small increase in both significant wave heights and
the mean wind speed using global satellite data from 1985-2018 [10]. Figure 11 displays the
distributions of the annual increase rate of the EWH in the NWP. Our analysis in Figure 11
also shows a small increase in the EWH of total waves, wind seas, and swells in the coastal
regions. The annual rate of increase along the southeast Chinese coast is positive, which
might reflect the impact of climate change. The frequency of the most intense tropical
cyclones has increased over the past few decades [12,14], as confirmed by the annual
increase rate in the EWH in the locations where tropical cyclones are generated. Apart from
a negative center at 30°N, where the EWHs of both swells and wind seas are decreasing, the
EWH shows an increasing trend in high- and low-latitude ocean areas. There is a maximum
rate of increase of the extreme total wave height in the region of the Japanese archipelago,
with a value of 0.013 m/year (Figure 11c), which is caused by an increase in EWH of wind
seas, according to Figure 12a. The extreme wind speed in the south of Japan shows an
increasing trend due to the frequency of intense tropical cyclones, which has increased
over the past few decades. However, this trend is not reflected in the EWH. A possible
reason for this is that the ERA5 data underestimate the EWH, so the increasing rate of
EWH caused by typhoons is not significant in typhoon-prone regions. Figure 12 depicts the
annual increase rate of extreme wind speeds. The spatial distribution of the annual increase
rate in wind seas, as shown in Figure 12a, closely resembles that of the wind speeds in
Figure 12c. Additionally, according to Figure 12b,c, changes in meridional wind speeds is
the primary reason for the change in total wind speed over the past 20 years.

3 R(m/year)
e 0.015
¥
15°N b )
) 0.01
L |

(‘]00"15 120°E 140°E  160°E 1?{0“ 0.005

0

=0.005

=0.01

—0.015

Figure 11. Annual increase rate of EWH: (a) calculated using the significant height of wind seas,
(b) calculated using the significant height of swells, and (c) calculated using the significant height of
total waves. The regions with statistically significant responses at the 10% level are highlighted.
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Figure 12. Annual increase rate of extreme wind speeds: (a) calculated using the zonal wind speed,
(b) calculated using the meridional wind speed, and (c) calculated using the total wind speed. The
regions with statistically significant responses at the 10% level are indicated.

4. Discussion

In this section, we discuss the risk assessment of hazardous ocean waves, which is
crucial to understanding ocean wave disasters and is highly important for government
officials and other decision-makers conducting damage assessments or economic loss
analyses. The wave intensity level, the wave risk index, the wave risk level, and the 50-year
and 100-year return periods of EWH are used to assess the risk of wave disasters in the
NWP from different perspectives.

Figure 13 shows the seasonal variation in wave intensity according to Table 1, calcu-
lated from the daily maximum wave heights averaged over 20 years. During winter, the
NWP experiences higher levels (i.e., levels I and II) throughout most of the area; meanwhile,
in summer, the wave intensity is at level IIl or IV across the entire NWP. The Sea of Okhotsk
has level I wave intensity when not covered by sea ice in winter and spring. The wave
intensity in the offshore waters of China and low-latitude ocean areas (except in the area
around Taiwan Island) experience low levels throughout the year. In particular, the low
latitude of the eastern Pacific has been at the lowest wave intensity throughout the period
under consideration. In October, a center of level II intensity occurs near Taiwan, due to the
effects of tropical cyclones. The 30°N dividing line is visible in April and October; this is the
line that demarcates the large-scale low-pressure system. Overall, wave intensity is highest
in January (boreal winter) and the level I wave intensity occupies the largest area compared
to the other three seasons. Although typhoons are frequent in September, no significant
increase in wave intensity occurs due to the average value used in the calculations.

It is insufficient to rely solely on the maximum daily wave heights to reflect wave
hazards, as persistent small waves have the potential to continuously inflict damage upon
coastal structures. Therefore, it is imperative to ascertain the wave hazard by affording
suitable weightage to each wave intensity. The distribution of the ocean wave risk index
Hy, calculated using Equation (9), is shown in Figure 14. The large-scale low-pressure
systems cause the highest risk index in winter, and the risk index becomes smaller toward
lower latitudes. In the zonal direction, the risk index becomes smaller toward the west
because the prevailing wave direction is eastward under the influence of the large-scale
low-pressure systems. During July, although the wave intensity is at level III in most
ocean areas, the regions off the east coast of China and off the east coast of the Japanese
Archipelago have higher ocean wave risk index values. During autumn, owing to the
effect of tropical cyclones, Taiwan and the Japanese Archipelago have higher ocean wave
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risk index values, as shown by the findings derived from Figure 13. Furthermore, it can
be observed that the level of wave risk along the coastal areas of China in the months of
January and September is relatively elevated, albeit for varying reasons, as delineated in
Figures 1 and 8, which depict the prevailing wave directions.
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Figure 13. Distribution of monthly mean ocean wave intensity levels according to Table 1, calculated
from the daily maximum wave heights averaged over 20 years.

Compared with wave intensity, more details can be observed through the risk index
shown in Figure 14. The risk index shows a higher distribution along both the east China
Sea and the waters of the eastern Japanese Archipelago. However, the effect of temporary
hazard waves, such as typhoon waves, is still weakened in the calculation of the average
risk index. Overall, the distribution of wave intensity does not necessarily represent the
distribution of risk illustrated by the wave risk index.

We utilized Hy,;, to represent the normalized risk index to determine the wave risk
level at each grid point. The corresponding classification can be found in Table 2. Figure 15
displays the distribution of the normalized wave risk level. Level 1 indicates that waves are
highly likely to cause damage, while level 4 suggests the minimal destructive potential of
the waves. During winter, the entire NWP experiences the highest danger level, with level 1
even appearing in the high-latitude regions. In summer, level 4 dominates most of the NWP.
However, tropical cyclones begin to affect the waves in the NWP during this season. Level 3
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is observed to the east of Taiwan and to the east of the Japanese Archipelago, a finding
similar to that derived from Figure 13. In July, October, and September, tropical cyclones
give rise to varying risk levels near the southeastern coast of Asia. It is worth noting that
the wave risk level at high latitudes decreases due to decreases in the wave heights.
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Figure 14. Wave risk index (Hy) calculated using Equation (9) based on the daily maximum total
wave heights over 20 years.

The spatial distribution of the wave risk levels shows rougher information compared to
the wave risk index in Figure 14, although their overall trend is the same. The distributions
of the wave intensity levels and risk levels are also generally similar. However, the range of
higher wave intensity levels is greater than the range of wave risk levels, except for areas
controlled by low-pressure systems in January. This is possibly because the wave intensity
level is vulnerable to extreme waves, but the wave risk level considers the effects of all
waves. As such, the different assessment methods exhibit slightly different distributions.
However, while all three of these methods can be used to assess hazardous waves, none of
them can visualize the magnitude of the wave height.
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Figure 15. Distribution of monthly mean ocean wave risk levels according to Table 2, calculated from
the daily maximum total wave heights over 20 years.

It is necessary to investigate the EWHs for the 50-year and 100-year return periods
when studying wave hazards. Through the utilization of the Gumbel distribution approach,
we calculated the EWHs for the 50-year and 100-year return periods, as shown in Figure 16.
As opposed to the assessment methods used for hazardous waves, the return period has
the distinct advantage of accurately determining the impact of extreme waves, notably
those generated by typhoons. It is worth noting that, as well as regions influenced by
large-scale low-pressure systems, typhoon-affected areas in the western Pacific Ocean also
show large EWH values for the 50-year and 100-year return periods. The highest EWH
values are 20.92 and 23.07 m for the 50-year and 100-year return periods in the NWP,
respectively. If 10% bias is considered, the highest EWH values are 23.01 and 25.38 m. The
EWH distribution pattern (Figure 16) resembles that which is exhibited in Figure 8a, and
it is prone to influence from typhoon waves, particularly in the western Pacific Ocean.
Significantly, the tails of the EWH distribution echo the trajectory of typhoons, as evidenced
by a notable emergence of EWH clusters in the central Pacific Ocean. Although the risk
level is not high along the coast of China, as shown in Figure 15, an offshore EWH of up
to 15 m can still prove disastrous. Therefore, offshore areas should pay attention to the
potential for disasters caused by typhoon waves. Finally, analyses indicate that the ocean
areas situated in low-latitude zones tend to exhibit low wave heights. However, the return
period is strongly influenced by occasional extreme weather, which can adversely affect the
assessment of long-term variability in wave hazards. Therefore, a single research method
cannot be used for the study of wave hazards.
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Figure 16. Long-term return period values calculated with the Gumbel distribution method using
the extreme total wave height over 20 years.

5. Conclusions

The NWP Warm Pool is one of the main sources for typhoon generation, and approxi-
mately 25% of the typhoons generated in this region can affect offshore areas of China. The
monsoon climate of the NWP also causes hazardous waves in offshore areas. As such, this
study investigated the statistical features of hazardous waves in the NWP over the period
from 2001-2020, using hourly ERAS reanalysis data.

Based on the various characteristics of swells and wind seas, we examined the EWH
values of wind seas and swells separately. Although hazardous wind seas occur more
frequently than hazardous swells, swells can cause hazardous waves to travel further. They
are also an important factor in wave hazards. Our research indicates that tropical cyclones
in the NWP region are another factor responsible for generating EWH, a phenomenon that
is temporary and not prominently reflected in long-term statistical trends. However, this
study underscores that the hazardous waves caused by typhoons are not readily perceptible
when examining the seasonal variation. Additionally, we identified that the occurrence of
extreme waves has a 3.3-year period. Owing to the increase in tropical cyclones associated
with climate change, the EWH has also increased in the offshore waters of China over
the past 20 years. This increase is primarily attributable to the changes in the meridional
wind speed. Then, we graded the wave intensity and wave hazard level according to the
significant height of total waves, and the different classification methods produced different
results. Moreover, we also calculated the long-term return period of EWH, and discovered
that an EWH with a 100-year return period can reach up to 23.07 m. The comparisons
of mean wave height between the ERA5 and altimeter data show good agreement, while
ERAS5 underestimates the EWH. Therefore, the long-term return period of EWH could also
be underestimated in this article. However, the ERA5 data exhibit remarkable consistency
in both the temporal and spatial dimensions, and they separates out swells and wind seas.
Overall, the ERA data can be relied upon as a reliable source of information for statistical
analysis and research.
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The present investigation may offer valuable insights into the development of the
marine economy (including maritime shipping and fishing operations) and ocean engi-
neering structures. While the ERA5 dataset displays precision in estimating the EWH and
integrating observational data, insufficiencies in the spatial resolution may persist. To
address this, wave models with high spatial resolution can be utilized to explore potential
wave hazards in greater detail in the future.
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