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ABSTRACT: Using 45 years of six-hourly ERAS5 reanalysis data from 1979 to 2023, this study evaluates
the spatial mismatch between theoretical wave-power intensity and practical resource quality across the
Northwest Pacific. Resource quality is characterized by temporal variability, threshold-based availability,
resource persistence, extreme-event exposure, and wind-sea/swell composition. The mid- to high-latitude
storm belt and the Kuroshio Extension exhibit the highest mean and upper-tail wave power, but their
resources are strongly concentrated in winter, with monthly coefficients of variation of approximately 0.5—
0.7, seasonal variability indices commonly exceeding 0.7, and elevated extreme-event exposure. By
contrast, subtropical and western-boundary transition regions generally have lower mean wave power but
steadier availability and lower relative risk. Stable and low-risk regions are also more swell dominated,
whereas high-resource and high-risk conditions are associated with larger wind-sea contributions. These
results indicate that variability and risk can offset the benefits of high mean wave power and may increase
operational costs. Maximum wave power, therefore, does not necessarily imply the highest resource quality,
and the proposed framework provides a basis for basin-scale wave-energy pre-screening.

Keywords: Wave energy resource; Resource quality; Wave power intensity; Temporal stability; Resource
availability; Extreme-load risk; Technical screening; Northwest Pacific

1. Introduction

Ocean wave energy is a promising marine renewable resource because surface waves can store and
transport substantial mechanical energy over long distances, providing a potentially dense and
complementary source of low-carbon power for coastal and island regions [1,2]. Over the past two decades,
global and regional assessments have greatly advanced the understanding of where large wave-energy
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resources are located. Early global atlases and hindcast-based studies showed that the strongest theoretical
wave-power resources are generally concentrated in the mid- to high-latitude oceans and along exposed
western continental margins, where persistent winds and storm activity maintain large wave heights and
long wave periods [3—6]. More recent studies have further shown that wave power is nonstationary, varying
across seasonal, interannual, and climatic time scales, and may respond to large-scale ocean warming and
changes in atmospheric circulation [7-9]. These studies provide the foundation for modern wave-energy
resource assessment, but they also expose a limitation of a purely intensity-based view: large mean wave
power does not necessarily imply a high-quality resource for practical exploitation.

This limitation has become increasingly important in wave-energy assessment practice. Technical
guidelines and review studies emphasize that resource characterization should include not only mean wave-
power magnitude but also temporal variability, persistence, uncertainty, and deployment-relevant constraints
[10,11]. The International Electrotechnical Commission Technical Specification (IEC TS) 62600-101
framework, for example, defines procedures for estimating, analyzing, and reporting wave-energy resources
at potential wave energy converter (WEC) sites, whereas guidance from the European Marine Energy Centre
(EMEC) explicitly distinguishes short-term instantaneous wave power from the longer-term wave-power
climate, including monthly, seasonal, annual, and interannual variability. These recommendations reflect a
broader shift in the field: the relevant question is no longer simply where waves are energetic, but where
wave-energy resources are energetic, persistent, predictable, and operationally manageable.

This shift has also led to divergent interpretations of wave-energy potential. A conventional view
favors the most energetic regions because higher mean wave power can increase theoretical production and
improve the energetic attractiveness of a site. However, another perspective argues that lower- or moderate-
energy environments may be more feasible when lower variability, reduced survivability constraints, higher
device availability, and more favorable capacity-factor behavior are considered [12—14]. This tension is
central to wave-energy development. High-energy regions can provide large theoretical resources, but they
may also impose stronger structural loads, greater downtime, and higher design costs. Moderate-energy
regions may offer lower gross power but can become more attractive if the resource is more persistent and
less exposed to extreme sea states. Therefore, wave-energy potential should be assessed by distinguishing
resource intensity from resource quality [15].

This distinction is particularly important in storm-dominated basins. In such regions, high mean and
high-percentile wave power are often generated by extratropical storms, monsoonal surges, or tropical
cyclones. These forcing systems can produce high wave-power densities, but they can also create
pronounced seasonality, intermittent resource windows, and elevated extreme-load exposure. From an
engineering perspective, this creates an intensity—persistence—risk trade-off. A site with very high mean
wave power may be less favorable if its energy is concentrated within short storm-driven periods or if it is
frequently exposed to extreme wave events. Conversely, a site with moderate wave power may represent a
higher-quality resource if it provides more continuous availability, lower temporal variability, and lower
risk exposure. Although many regional assessments now include seasonal means or high-percentile
statistics, the combined structure of wave-power intensity, persistence, and risk is still less commonly
diagnosed as an integrated resource-quality problem.

A further underdeveloped dimension is the physical origin of the wave-energy resource. Ocean waves
in a given region may be dominated by locally generated wind seas, remotely generated swells, or mixed
sea states. These wave systems have different implications for resource quality. Wind-sea-dominated
conditions are more directly connected to local winds and storm activity and therefore tend to be more
energetic but also more variable and risk-prone. Swell-dominated conditions, by contrast, are associated
with waves generated remotely and propagated over long distances; they often have longer periods and
smoother temporal evolution, which may favor persistence and operational predictability. The distinction
between wind sea and swell is well established in wave-climatology and spectral-partitioning studies [16—
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18], and global analyses have shown that swell dominates large parts of the open-ocean wave climate [16].
Nevertheless, wind-sea/swell composition has rarely been used as a central explanatory variable in wave-
energy resource-quality assessment. This leaves an important question unresolved: is the mismatch between
high wave-power intensity and high-quality wave-energy resources controlled, at least partly, by wave-
system source composition?

The Northwest Pacific provides a suitable natural laboratory for addressing this question. The basin
contains a wide range of wave-energy environments, including the northern South China Sea, East China
Sea shelf, Philippine Sea, Ryukyu—Kuroshio transition zone, Kuroshio Extension region, and the mid- to
high-latitude storm belt. These regions are influenced by different combinations of East Asian monsoon
forcing, tropical cyclones, extratropical storms, western-boundary-current environments, remote swell
propagation, and shelf—open-ocean contrasts. Previous studies have assessed wave-energy resources in
China’s adjacent seas, including the East China Sea, South China Sea, and offshore China, using SWAN,
WAVEWATCH 111, satellite observations, buoy data, and reanalysis products [19—24]. These studies have
shown strong spatial and seasonal differences among marginal seas and coastal waters and have provided
important baseline knowledge for regional resource evaluation. However, most existing work has focused
on resource magnitude, seasonal distribution, or site-level potential. The broader basin-scale question of
how wave-energy intensity, persistence, risk exposure, and wind-sea/swell source structure interact across
the Northwest Pacific remains insufficiently resolved.

Satellite altimetry provides broad spatial coverage and increasingly long time series, making it
particularly valuable where long-term buoy observations are sparse. Multi-satellite altimeter data have been
used to assess wave-energy resources in China’s seas [22], while recent studies have applied SWIM radar
and high-resolution altimetry to wave-power assessments along European Atlantic coasts and in the
Mediterranean Sea [25,26]. Satellite altimetry, therefore, provides an important observational complement
to reanalysis and numerical hindcasts, although its intermittent temporal sampling and uncertainties in
coastal retrievals and wave-period estimation should be considered.

Long-term reanalysis products make it possible to examine these relationships consistently at the basin
scale. ERAS, the fifth-generation global reanalysis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWF), provides hourly global atmospheric and ocean-wave variables from 1979
onward, including significant wave height, wave periods, wind-wave height, swell height, wave direction,
10 m winds, mean sea-level pressure, bathymetry, and other wave diagnostics [27]. ERAS has been widely
used for climatological wave analysis and preliminary resource-scale assessment, and validation studies
have generally shown useful skill for significant wave height and wave period under broad climatological
conditions, while also noting limitations in shallow waters, tropical-cyclone conditions, and extremes [28—
31]. In particular, severe ERAS winds can be negatively biased, resulting in an underestimation of extreme
wave conditions when significant wave height exceeds approximately 7.5 m [32]. ERAS is therefore
appropriate for basin-scale resource-quality diagnosis and technical pre-screening, provided that it is not
overinterpreted as a substitute for high-resolution nearshore modeling, bias-corrected extreme-wave
hindcasts, device-specific power matrices, or final site-level validation.

The Northwest Pacific features a complex wave climate governed by the East Asian monsoon, frequent
tropical cyclones, extratropical storms, and extensive open-ocean fetch, producing pronounced spatial
gradients in wave-energy characteristics. Rather than merely identifying zones of maximum energy, this
study evaluates whether high-power regions also provide operationally favorable resources. The primary
contribution is an integrated diagnosis of the spatial decoupling between theoretical wave-power intensity
and practical resource quality: Section 3.1 characterizes resource intensity and sea-state structure; Section
3.2 evaluates temporal stability, availability, and persistence; Section 3.3 examines extreme-load and wave-
amplification risk; Section 3.4 relates resource-quality contrasts to wind-sea/swell composition; and
Section 3.5 integrates these dimensions into a technical pre-screening framework.
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2. Materials and Methods
2.1. Study Area, Data Source, and Processing Framework

The study domain covers the Northwest Pacific (NWP) between 0—60° N and 100—-180° E. This domain
spans marginal seas, continental shelves, subtropical open-ocean regions, the Ryukyu—Kuroshio transition,
the Kuroshio Extension, and the mid- to high-latitude storm belt. To reduce the masking effect of basin-
scale averaging, six diagnostic subregions were defined for comparative analysis: the Northern South China
Sea (NSCS; 10-22° N, 110-120° E), Philippine Sea (PS; 10-22° N, 125-145° E), East China Sea Shelf
(ECSS; 24-32° N, 122-128° E), Ryukyu—Kuroshio Transition Zone (RKTZ; 24-32° N, 128-136° E),
Kuroshio Extension Onset Region (KEOR; 30-38° N, 136-150° E), and Mid- to High-Latitude Storm Belt
(MHSB; 38-50° N, 145-170° E). These subregions were not intended to represent fixed dynamical
boundaries; rather, they provide a reproducible geographical framework for comparing low-latitude
marginal-sea, shelf, western-boundary-current, open-ocean, and storm-belt wave-energy environments.
The same domain and subregional boxes were implemented on a regular 0.5° longitude—latitude grid.

The analysis used 45 years of six-hourly ERA5 wave data covering 1979-2023. ERAS is the fifth-
generation ECMWF global reanalysis and provides hourly global atmospheric, land, and ocean-wave fields
[27]. The variables extracted in this study were significant wave height of combined wind waves and swell,
Hi; mean wave period, Tm; peak wave period, Tp; significant height of wind waves, Hs,wind; significant height
of total swell, Hs,swei; maximum individual wave height, Hmax; and model bathymetry. These variables were
used for wave-power estimation, wind-sea/swell source diagnosis, risk-proxy construction, and depth-
constrained technical screening within a consistent multidecadal framework. Wave power, percentile
thresholds, availability, variability, risk, and screening-score fields were subsequently derived from these
variables. The effective temporal sampling rate was four records per day, corresponding to the six-hourly
data interval. The 24 h declustering interval used in the event analysis, therefore, corresponded to four
consecutive time steps.

ERAS Hmax was used only as a relative risk proxy. ECMWF defines maximum individual wave height
as a model-based estimate of the expected highest individual wave within a short time window rather than
a direct observation of an individual wave [33]. Therefore, all Hmax-derived diagnostics in this study are
interpreted as relative amplification-risk indicators, not as observed rogue-wave occurrence statistics.

2.2. Wave-Power Estimation and Wind-Sea/Swell Source Metrics
For deep-water waves, wave-power density per unit wave-crest width can be approximated as:

J= P& 127, ~ 0 40T, (1)
641

where J is expressed in kW-m™!, H; is the significant wave height in metres, and T is the energy period in
seconds. This formulation is widely used in first-order wave-energy resource assessment because energy
flux scales with both wave-height variance and characteristic period [3—7,10,11]. The energy period is
generally preferred for wave-energy resource characterization because it is directly linked to spectral energy
flux [12,13]. Because 7. was not available in the processed ERAS dataset, the standard ERAS mean wave
period, T\, was used as a proxy. Since energy flux depends on T, a spectral conversion factor is typically
required when standard mean wave periods are used; for example, 7. =~ 1.147) for a Pierson-Moskowitz
spectrum or 7e = 1.05T» for a JONSWAP spectrum. For this basin-scale assessment, Ju(f) was calculated
using the unadjusted mean-period proxy to provide a conservative baseline:

J(t) = 0.49H(OT, (f) )

A peak-period-based estimate was calculated as a sensitivity case:
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J,(t) = 0.A9H: (1) T,,(f) 3)

The Jn field was used as the principal wave-power variable throughout the analysis, whereas J, was
used to assess the sensitivity of resource magnitude and spatial pattern to the period proxy.

The deep-water approximation was used because this study was designed for basin-scale resource-
quality diagnosis rather than final site-level energy-flux prediction. In shallow and nearshore areas, wave
shoaling, refraction, bottom friction, coastal sheltering, and wave—current interaction can substantially alter
wave power before it reaches a device. The results are therefore interpreted as basin-scale resource
indicators and technical pre-screening outputs. Device-level power production, nearshore transformation,
and micro-siting require higher-resolution wave modeling, bathymetry, and device-specific power matrices.

To interpret the physical source of wave-energy resources, wind-sea and swell contribution proxies
were defined from the partitioned significant wave heights. The swell and wind-sea contribution proxies
were calculated as:

2 2
H?,swell(t) H?,wind(t)
2 2 ’ 2 2
I—]s,swell(t) + I—Is,wind(t) Hs,swell(t) + Hs,wind(t)

These height-squared contribution proxies are based on the proportionality between integrated wave
energy and H2, consistent with wind-sea/swell climatology and spectral-partitioning studies [16—18]. They
should not be interpreted as exact component-wise wave-power fractions because independent energy periods
for wind sea and swell were not used. Cswerr was calculated directly from Hy,swen and Hs,wind, after which long-
term, December—February (DJF), June—August (JJA), and monthly subregional statistics were derived.

Cswell(t) = Cwind(t) = (4)

2.3. Resource Intensity, Stability, and Availability Diagnostics

Resource intensity was first characterized using long-term mean wave power:

N
— 1
7= N; S ®)

where N is the number of valid six-hourly records. For a complete 1979-2023 time series retaining all leap-
day records, N = (45 X 365 + 11) x 4 = 65,744. The additional 11 days correspond to leap days from 1980
to 2020. If invalid records occurred in a grid cell, N was set to the actual number of valid observations in
that cell. Long-term, seasonal, and percentile-based resource statistics were calculated following standard
wave-energy resource characterization procedures [10—13]. Seasonal mean wave power was calculated for
DJF and JJA to represent winter and summer resource regimes. High-power conditions were described
using local-percentile statistics. For each grid cell, the 90th, 95th, and 99th percentiles of Ju(f) were
calculated from the complete six-hourly record, and conditional means above these thresholds were used
to represent the energetic tail of the resource distribution. This approach distinguishes the energy associated
with high-resource states from the long-term mean background.

Joint sea-state matrices were used to diagnose the wave states supporting the resource. Frequency
matrices of H—T» were constructed to show sea-state occurrence, and contribution matrices of Ju—1Tm were
constructed to show which wave-power and period classes contributed most to total wave power. Scatter-
matrix and sea-state-bin approaches are standard in wave-energy assessment because they connect wave
climate to the operating range of wave energy converters and support subsequent device-specific power-
matrix analysis [10,11,15]. In this study, they were used diagnostically to distinguish frequent moderate-
energy states from less frequent but disproportionately energetic states.

Resource stability and availability were quantified using monthly, seasonal, annual, and event-duration
metrics. The monthly coefficient of variation was defined as:
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o) )
" iy ©)

where Jy.» 1s the monthly mean wave power at a given grid cell in year y and month m. The coefficient of
variation is widely used to quantify normalized wave-resource variability and predictability [12,13].
Monthly means were calculated using a no-leap calendar with 365 days per year and four six-hourly records
per day, yielding 45 annual cycles and 540 monthly samples for each complete grid cell. The same no-leap
month vector was used throughout the monthly and seasonal aggregation procedures.

A steady-power-supply ratio was defined as:

_ # {Jy,m € [a‘]_annual» ﬁ']_annual]}

SP
Ny

O]

where Ny is the number of valid monthly samples. The coefficients a and f were set to 0.7 and 1.3, respectively,
corresponding to a £30% band around the long-term annual mean. This range was adopted as a study-specific
basin-scale steadiness criterion, consistent with the broader use of normalized variability and persistence metrics
in wave-resource assessments [12—15], rather than as a universal WEC operating threshold.

Seasonal variability index was defined as:

_ max(Jpjr, Smams J1ya> Json) — mMin(Ipgr, Svams Jias Json)

N4
J, annual (8)
and interannual variability index as:
o(J,)
1=
u,) @

where J, denotes annual mean wave power. These metrics distinguish month-to-month variability,
climatological seasonal contrast, and year-to-year variability, all of which are relevant to wave resource
persistence and operational planning [7,12-15,24].
Availability was defined as the fraction of valid six-hourly records exceeding selected wave-power
thresholds. The principal availability metric was:
_#{tJ,(0)>10kWm'}
10 — N

(10)

where N is the number of valid records. Threshold-based availability provides an operational complement
to mean resource magnitude by quantifying the fraction of time during which a selected resource condition
is present [10,11,14,15]. Resource persistence was further quantified using the mean annual maximum
continuous availability window. For each grid cell and each year, the longest consecutive interval during
which J» > 10 kW-m™! was identified and converted from six-hourly time steps to days:

N,

max 1 max 6

10 :ﬁyZ( 10y % ﬁ) (1
y=1

This metric complements 410: 410 measures the total fraction of usable time, whereas L7;" measures
whether usable conditions occur as persistent windows or fragmented short events.

For subregional seasonal comparisons, monthly medians and interquartile ranges were calculated from
the grid cells within each predefined subregion. This procedure was applied to Jm, A10, and Cswerr, allowing
each subregion to be represented by its monthly spatial distribution rather than by a single basin-wide
average. Monthly fields were first calculated, and the 25th, 50th, and 75th percentiles were then extracted
within each subregion.



Mar. Energy Res. 2026, 3(3), 10015. doi:10.70322/mer.2026.10015 7 of 35

2.4. Risk Proxies and Resource—Risk Classification

Two risk dimensions were considered: extreme-load exposure and wave-amplification risk. Local high-
percentile thresholds of significant wave height and wave power first represented extreme-load exposure.
For each grid cell,

P95Hx,local = percentile%([—]s(t))s P95J,local = percent11695 Jm(t)) (12)

The use of percentile thresholds and event declustering is consistent with peak-over-threshold methods
used in extreme-value and metocean-event analyses [34,35]. Exceedance events, denoted Exsos and Ejmos,
were then defined as Hy(¢) > P95Hs,local OF Jum(f) > P95, 0cal, respectively, subject to a concurrent Hy > 2 m
filter. The minimum-wave-height condition excludes weak sea states that may be statistically unusual
locally but are less relevant to structural loading. To avoid counting consecutive six-hourly records from
the same storm as independent events, exceedance sequences were declustered by merging clusters
separated by less than 24 h, equivalent to four six-hourly time steps. The mean annual number of declustered
events was then calculated for each grid cell.

Wave-amplification risk was represented by:

H,p (1)
Rmax(t) = H—(l‘) (13)

For each grid cell, the local 95th percentile of Rmax Was calculated, and the mean annual number of
declustered Rmax > P95r 10cal €vents, Eros, was estimated using the same 24 h declustering procedure and H;
> 2 m filter. This filtering procedure avoided interpreting high Rmax ratios under weak sea states as
practically meaningful amplification events. Since ERAS Humax 1s a statistical estimate rather than an
observed individual-wave height, Rmax was used only as a relative amplification-risk proxy [33,36,37].

To summarize the trade-off between resource intensity and risk exposure, resource-risk phase-space
diagrams were constructed using all analyzed grid cells. The horizontal axis represents long-term mean J,
and the vertical axis represents either the mean annual number of declustered Hs > P9510cal €vents or the
mean annual number of declustered Rmax > P9510cal events. These diagrams distinguish high-resource—high-
risk, high-resource—low-risk, low-resource—high-risk, and low-resource—low-risk sectors. They were not
used as final site rankings; rather, they provide a diagnostic view of whether high wave-power regions are
also risk-prone and whether the six subregions occupy distinct resource-risk regimes. Finally, the
relationship between wave-system source and resource quality was assessed using class-based comparisons.
Grid cells were grouped into resource, stability, and risk classes: high-resource and intermediate-resource
groups were defined from percentiles of long-term mean Jx; stable and unstable groups from percentiles of
CVm; and high-risk and low-risk groups from percentiles of Exs9s. The distributions of annual mean Ciwerr
were then compared using boxplots. This step tests whether high-quality resources are systematically more
swell dominated and whether high-resource or high-risk conditions are more strongly influenced by wind
sea or mixed sea states.

2.5. Technical Pre-Screening and Uncertainty Treatment

A composite technical pre-screening score was developed to identify priority zones for subsequent
high-resolution modeling and device-specific feasibility analysis. The score was not designed to determine
final wave energy converter deployment sites. Instead, it provides a transparent basin-scale index
combining resource intensity, availability, stability, water-depth suitability, and risk proxies [10,11].

Six criteria were used. The resource score R* was based on long-term mean Jn, the availability score
A* on Ao, the stability score S* on inverse-normalized CVu, the water-depth suitability score D* on
bathymetry, the extreme-load safety score K* on inverse-normalized Ens9s, and the amplification-risk safety
score N* on inverse-normalized Eros. Positive indicators were min—max normalized as:
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« X — min(x)

¥ hax() — min() (14)
whereas negative indicators were inversely normalized as:
. max(x) — x

= 15)

 max(x) — min(x)

Thus, all normalized scores increase with suitability. The water-depth suitability score was defined
using the piecewise function:

0, h<20
(h — 2030, 20<h <50
xX=11, 50 <h <200 (16)
(1000 — £)/800, 200 </ < 1000
0, h>1000

This function assigns the highest suitability to intermediate depths, penalizes very shallow areas where
coastal transformation and nearshore constraints are stronger, and penalizes very deep areas where mooring,
installation, and transmission costs generally increase.

The equal-weighted composite score was calculated as:

R+4+S+D +K +N'

Score = 17
Core 6 ( )

Equal weighting was used in the main analysis to maintain transparency and avoid introducing
unsupported preference assumptions. Two alternative weighting schemes were retained as sensitivity cases:
one emphasizing resource and availability and one emphasizing risk reduction. The top 20% priority grid
cells were identified from the 80th percentile of the composite-score distribution.

Several sources of uncertainty were explicitly considered. First, the use of 7» as a proxy for 7
introduces period-related uncertainty, evaluated using the 7,-based sensitivity estimate. Second, the deep-
water wave-power approximation is appropriate for basin-scale screening but not for shallow nearshore
micro-siting. Third, ERAS resolution limits the representation of coastal sheltering, island effects, shallow-
water transformation, wave—current interaction, and tropical-cyclone extremes. ERAS severe winds may
also underestimate extreme wave conditions, particularly for Hs exceeding approximately 7.5 m [32]; the
upper-tail and extreme-event results should therefore be interpreted as relative screening indicators. Fourth,
the Hmax-based Rmax index was treated as a relative amplification-risk proxy rather than a direct rogue-wave
occurrence rate. Fifth, the composite score does not include distance to shore, port access, shipping activity,
ecological restrictions, marine spatial-planning constraints, mooring design, or economic feasibility. High-
score grid cells are therefore interpreted as priority zones for subsequent modeling and field validation, not
as final deployment sites [10,38].

3. Results and Discussion
3.1. Basin-Scale Wave-Energy Intensity and Sea-State Structure

The long-term mean wave-power fields reveal a pronounced basin-scale gradient in the Northwest
Pacific (Figure 1a,b). Using the mean-period-based estimate J», the strongest resources are concentrated
east of Japan and extend northeastward into the mid- to high-latitude storm belt. In this energetic sector,
long-term mean wave power generally exceeds 40 kW-m™!, with local maxima approaching 55-60 kW-m™!
near the eastern part of the domain. In contrast, the marginal seas and shelf regions west of the Ryukyu Arc
are characterized by much lower mean wave power. The northern South China Sea, East China Sea shelf,
Yellow Sea, and coastal waters along the East Asian margin mostly remain below 10-20 kW-m™'. This
contrast indicates that the first-order resource pattern is controlled by exposure to open-ocean storm waves
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rather than by proximity to coastlines or shelf seas. Oceanographically, the pronounced winter wave-power
maxima and associated high-risk exposure in the MHSB and KEOR are primarily related to the
intensification of the Aleutian Low and the East Asian winter monsoon. These atmospheric systems
generate strong winds and extensive fetches, producing energetic wind seas and mixed sea states during
winter, resulting in a highly energetic yet strongly seasonal wave climate.

The six subregions occupy distinct positions within this basin-scale gradient. The NSCS and ECSS
represent low- to moderate-energy marginal-sea and shelf environments, where most grid cells remain below
approximately 15 kW-m™!. The PS and RKTZ occupy intermediate conditions, generally between 20 and 25
kW-m™!, reflecting greater exposure to open-ocean swell and western Pacific wave systems. The KEOR forms
a transition toward the high-energy open-ocean regime, with values commonly ranging from 20 to 30 kW-m .
The MHSB contains the largest spatially coherent high-resource area, consistent with its direct exposure to
mid-latitude storm forcing. This spatial hierarchy is broadly consistent with previous global wave-energy
assessments, which identified the mid-latitude oceans and exposed western-boundary regions as major wave-
power reservoirs [3—8]. However, the map also shows that the highest resources lie largely offshore,
suggesting a potential trade-off between theoretical resource intensity and practical deployability.

(a) 60°N 60 (b) 60°N

m
p

40

Latitude

Long-term mean wave power, J (kW m 1)
Long-term mean wave power, J (kW mgl)

's“. _’d‘;. o 2 s k‘ 3 l

900°E 110°E 120°E 130°E 140°E 150°F 160°E 170°F 180° ° 900°E 110°E 120°E 130°E 140°E 150°E 160°E 170°E 180° °
Longitude ongitude

Figure 1. Long-term mean wave-power density in the Northwest Pacific estimated using (a) the mean-period-based formulation,
Jn=0.49H>T,,, and (b) the peak-period-based sensitivity formulation, = 0.49HT, ». Insets show latitude-weighted probability
distributions of grid-cell long-term mean wave power. Magenta dashed boxes denote the six diagnostic subregions.

The area-weighted probability distributions embedded in Figure 1a further show that the basin is not
dominated by uniformly high wave power. For Ju, the distribution is strongly right skewed, with the highest
area-weighted probabilities concentrated around 10-20 kW-m™'. The modal bin occurs near 16-20 kW-m ™!,
where the area-weighted probability reaches approximately 0.10—0.11. By contrast, grid cells exceeding 40
kW-m™! form a much smaller fraction of the basin area, appearing as a long high-energy tail rather than the
dominant resource class. The most energetic region east of Japan is therefore spatially prominent but not
representative of the Northwest Pacific as a whole. The basin-scale resource distribution consists primarily
of low- to moderate-power environments and a relatively limited but intense high-power storm-belt sector.

The sensitivity estimate based on peak wave period, Jp, preserves the same spatial pattern but increases
wave-power magnitude throughout the basin (Figure 1b). The high-energy core east of Japan remains the
dominant resource center, and the relative ranking among the subregions is essentially unchanged. However,
the color scale and histogram indicate a systematic upward shift in magnitude: the J, field reaches
approximately 65-70 kW-m™!, compared with 55-60 kW-m™"' for J». The area-weighted distribution of Jj, is
similarly right skewed but shifted toward higher values, with its modal range closer to approximately 18-22
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kW-m™!. This behaviour is expected because 7, is generally longer than the mean-period proxy used in J.
Therefore, J, is interpreted as an upper sensitivity estimate rather than an alternative resource climatology.

The comparison between Jn and J, has two implications. First, the spatial structure of the resource is
robust to the choice of period proxy: the same high-resource and low-resource regions emerge under both
estimates. Second, the absolute magnitude is sensitive to the selected wave-period parameter, supporting
the use of Ji as a conservative principal estimate and J, as a sensitivity reference. This is consistent with
wave-energy assessment guidance, which emphasizes that the energy period is the preferred characteristic
period but that proxy-based estimates should explicitly document uncertainty when 7. is unavailable. In the
present study, period-proxy uncertainty changes the estimated resource magnitude but not the basin-scale
interpretation: the Northwest Pacific contains a pronounced high-power regime east of Japan and within
the storm belt, while most marginal and shelf seas remain moderate or weak in terms of long-term mean
wave power.

The seasonal mean fields reveal that the long-term mean resource pattern shown in Figure 1 is primarily
shaped by winter conditions (Figure 2a,b). During DJF, wave power is strongly amplified over the open
Northwest Pacific, especially east of Japan and within the MHSB. The DJF mean Ji» exceeds 80 kW-m ™ over
a broad sector east of 155° E and reaches local maxima of approximately 110—-120 kW-m™" in the eastern part
of the domain. The high-energy core extends southwestward toward the KEOR, where winter mean wave
power commonly reaches 40—70 kW-m ™. This indicates that the KEOR acts as a transition zone between the
lower-resource western-boundary and shelf seas and the fully exposed mid-latitude storm-belt regime.

By contrast, marginal seas and shelf regions remain much weaker in winter. The ECSS generally exhibits
DJF mean wave power below 15-20 kW-m™!, whereas most of the NSCS remains below 20 kW-m™', except
for localized enhancement along exposed coastal and island-margin sectors. The PS and RKTZ occupy
intermediate conditions. In the PS, winter wave power is mostly approximately 20-30 kW-m™!, whereas the
RKTZ shows a sharper spatial gradient from relatively weak values near the East China Sea shelf to stronger
values east of the Ryukyu Arc. This contrast supports the interpretation that exposure to open-ocean storm
waves, rather than latitude alone, strongly shapes the winter resource distribution.

The JJA field is much weaker and spatially smoother than the DJF field. Most of the open Northwest
Pacific decreases to approximately 10-20 kW-m™!, with only limited areas exceeding 20 kW-m™!. The
strongest summer values occur in a subtropical band extending from the Philippine Sea toward the waters
east of Taiwan and south of Japan, where JJA mean J» locally approaches 20-30 kW-m™'. In the MHSB
and KEOR, however, the summer reduction is substantial: regions exceeding 60-100 kW-m™" in DJF
mostly decrease to below 20 kW-m™! in JJA. This confirms that the highest-resource sector is strongly
seasonal and dominated by winter storm-wave conditions rather than a persistent year-round energy supply.

The DJF-JJA difference field in Figure 2c highlights this seasonality more directly. Across the eastern
and mid-latitude open Northwest Pacific, DJF exceeds JJA by more than 40 kW-m™!, with the difference
reaching approximately 70—100 kW-m™! in the storm-belt high-energy core. The largest winter—summer
contrast is therefore colocated with the long-term high-resource center in Figure 1. This result is relevant
to resource-quality assessment because the region with the largest mean wave power is also the region in
which the annual resource depends most strongly on winter enhancement. Thus, the high-power regime
east of Japan is not only energetic but also strongly seasonal.
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Figure 2. Seasonal mean J,, during (a) DJF and (b) JJA, and (c) the DJF-JJA difference. Red contours in (¢) identify locally
summer-dominant conditions; magenta dashed boxes denote the six diagnostic subregions.

The red contours in the DJF-JJA panel mark areas where Ju,pir — Jmyia < 0, indicating that summer
wave power locally exceeds winter wave power. These negative-difference zones are small compared with
the winter-dominant open-ocean area, but they are physically meaningful. One such region appears within
or near the RKTZ, where the summer resource can locally exceed the winter value. This suggests that parts
of the Ryukyu—Kuroshio transition are influenced by summer wave systems, possibly associated with
tropical-cyclone activity, subtropical swell, and western Pacific wave propagation. Smaller negative-
difference areas also appear along parts of the East China coastal margin and the southwestern coast of
Southeast Asia, including coastal waters near Vietnam and Cambodia. These coastal and marginal-sea
anomalies indicate that local monsoonal wind regimes, tropical disturbances, and coastal exposure can
locally reverse the basin-scale winter-dominant pattern.

This seasonal pattern is consistent with the broader climatology of the Northwest Pacific. In winter,
intensified extratropical cyclones and stronger East Asian monsoon winds enhance wave generation over
the mid-latitude western North Pacific. In summer, the storm track weakens and shifts, reducing
background wave power over the MHSB and KEOR, while tropical-cyclone and monsoon-related wave
activity becomes more relevant in subtropical and marginal seas. Previous wave-climate and wave-energy
studies have similarly emphasized that mid-latitude storm forcing and monsoonal variability strongly shape
seasonal wave resources in the western North Pacific and China’s adjacent seas [7,19-24]. The present
result extends this interpretation by showing that seasonal forcing not only modulates resource magnitude
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but also structures the resource-quality problem by separating winter-amplified high-power regions from
more moderate and potentially less seasonally concentrated regions.

The subregional monthly cycles in Figure 3a—f provide a quantitative view of the seasonal contrasts
identified in Figure 2, separating the basin into a winter-dominant storm-wave regime, a summer—autumn-
enhanced transition regime, and lower-energy marginal-sea regimes. The storm-dominated MHSB and
KEOR exhibit the largest seasonal amplitudes. The MHSB peaks in winter, exceeding 70 kW-m™!, and
decreases to approximately 10-15 kW-m™' in summer, emphasizing its high-energy but highly variable
character. Conversely, the marginal-sea and transition regions—PS, RKTZ, ECSS, and NSCS—have
substantially lower gross resource intensity but exhibit distinct and, in some cases, complementary seasonal
behavior. For example, the RKTZ and ECSS exhibit late-summer and autumn resource plateaus associated
with tropical-cyclone activity and subtropical swell, avoiding the extreme winter—summer contrast of the
northern storm-belt regions. These temporal differences indicate that lower-annual-mean regions may
provide seasonal availability when storm-belt resources are near their annual minima.
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Figure 3. Monthly evolution of median J,, in (a) NSCS, (b) PS, (¢) ECSS, (d) RKTZ, (e) KEOR, and (f) MHSB. Circles denote
monthly medians, and vertical bars show the interquartile range across grid cells. The vertical-axis range differs among panels.

The NSCS has the lowest springtime resource but a strong late-year increase (Figure 3a). Median Jn
decreases from 17 kW-m™! in January to approximately 3—5 kW-m™! in April-May, gradually recovers
through summer, and rises sharply after October, reaching approximately 20 kW-m™! in November and 25—
27 kW-m™! in December. This cycle is consistent with winter-monsoon enhancement over the northern
South China Sea, with a secondary warm-season contribution that may be linked to regional monsoon and
tropical-storm activity. The NSCS, therefore, has a low annual mean compared with the open-ocean regions,
but its December—January resource can briefly reach levels comparable to or higher than the annual medians
of some transition regions. Together, these monthly curves clarify an important point that is less visible in
the maps alone: the spatial ranking of wave-energy intensity changes with season. The MHSB and KEOR
dominate the basin in winter but lose much of their advantage in summer. The RKTZ and ECSS strengthen
during late summer and autumn, whereas the NSCS exhibits a pronounced winter-monsoon peak despite
low spring values. The monthly cycles, therefore, support the distinction between resource intensity and
resource quality. The highest-resource regions have the strongest seasonal concentration, whereas some
moderate-resource regions display different seasonal timing or less extreme annual contrasts. This temporal
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complementarity is relevant to basin-scale planning because a region with lower annual mean wave power
may still provide valuable seasonal availability, particularly if its energetic months do not coincide with the
summer minima of the storm-belt regions.

The upper-tail wave-power fields further confirm that the energetic core of the Northwest Pacific is
concentrated east of Japan and within the mid- to high-latitude storm belt (Figure 4a,b). The conditional
mean wave power above the local 90th percentile, J,,|/,, > P90, broadly follows the long-term mean pattern
in Figure 1, but with a much sharper contrast between the open-ocean storm-belt sector and the marginal
seas. In the MHSB and the eastern part of the domain, J,,|J,, > P90 commonly exceeds 160 kW-m™!, with
local maxima approaching 220-240 kW-m™!. The KEOR also shows elevated upper-tail resources,
generally around 80-160 kW-m™!, indicating that this transition region is frequently affected by energetic
winter and storm-wave conditions. By contrast, the NSCS, ECSS, and most shelf seas remain mostly below
50-90 kW-m™!, except for locally exposed areas near Taiwan, the Ryukyu Arc, and parts of the western
Pacific margin. The conditional mean above the local 99th percentile, J,,|/,, > P99, reveals an even stronger
concentration of extreme resource intensity in the open Northwest Pacific. Marginal and shelf regions such
as the ECSS and NSCS remain lower overall, although localized enhancement occurs around exposed
island chains and shelf-break transition zones.

The subregional pattern is consistent with the seasonal cycles in Figure 3. The MHSB, with its large
winter maximum and strong seasonal amplitude, also exhibits the highest upper-percentile wave power.
The KEOR behaves as a secondary high-tail region, reflecting its exposure to winter storm waves and the
western-boundary-current extension environment. The PS and RKTZ have lower mean resources than the
MHSB, but their upper-tail values remain non-negligible, suggesting occasional energetic events associated
with western Pacific swell, tropical cyclones, or transition-season wave systems. The ECSS and NSCS
show weaker upper-tail resources, but their localized high-percentile enhancement near exposed coasts and
island passages indicates that marginal seas can still experience episodic high-energy conditions despite
low basin-scale means.
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Figure 4. Upper-tail wave-power intensity: conditional mean J,, above the local (a) 90th and (b) 99th percentiles. Percentile
thresholds were calculated independently at each grid cell. Magenta dashed boxes denote the six diagnostic subregions.

The joint H—Tn frequency matrices provide a sea-state-level explanation for the spatial and seasonal
resource patterns described above (Figure Sa—g). For the full Northwest Pacific, the most frequent sea states
are concentrated around moderate wave heights and periods, with a dominant cluster near Hs = 1.2-2.0 m
and T = 6.5-8.5 s. This cluster lies mostly between the 5 and 20 kW-m™! wave-power contours, indicating
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that the basin-wide wave climate is dominated by moderate-energy sea states rather than persistently
extreme conditions. However, the distribution has a clear upper-right tail toward larger Hs and longer T,
crossing the 20 and 40 kW-m! contours. This tail is small in frequency but important for the high-percentile
resource fields shown in Figure 4.

The marginal-sea subregions show distinctly lower-energy sea-state structures. In the NSCS, the highest-
frequency states are centered around Hs = 0.5-1.4 m and T\» = 4-6.5 s, with most of the distribution falling
below or near the 5-10 kW-m™! contours. The distribution is elongated along a positive HyT direction,
suggesting that higher waves are accompanied by longer periods, but the majority of sea states remain
relatively low in wave-power density. The ECSS is similar but slightly more compact, with its frequency
maximum near Hs ~0.8—1.5 m and T» ~4.5-6.5 s. Most ECSS sea states remain below 10 kW-m ™, consistent
with the low-to-moderate mean and upper-percentile resources shown in Figures 1 and 4. These two regions
therefore represent marginal-sea regimes in which frequent sea states are relatively mild and of short period,
even though episodic storm or monsoon events can still produce higher-energy tails.
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Figure 5. Joint H—T,, frequency distributions for (a) the Northwest Pacific and (b—g) the six diagnostic subregions. Magenta
contours denote J,, in kW-m™; color scales differ among panels.

The PS and RKTZ occupy intermediate positions between the marginal seas and high-energy open-
ocean regions (Figure 5c,e). In the PS, the dominant frequency lobe is shifted toward longer periods and is
centered around Hs = 0.9-2.0 m and 7» = 6-8 s. This places a substantial proportion of the frequent sea
states between the 5 and 20 kW-m™! contours. The RKTZ shows a comparable but slightly lower-energy
distribution, with the most frequent states around Hs = 0.9—1.6 m and 7 = 5.5-7.5 s. The longer-period
character of the PS and RKTZ relative to the NSCS and ECSS is consistent with their greater exposure to
open-ocean swell and western Pacific wave systems. It also helps explain why these regions can show
moderate resource levels even when their wave heights are not as large as those in the storm belt: longer
periods partly compensate for moderate Hs in the wave-power calculation.

The KEOR and MHSB exhibit the clearest open-ocean high-energy signatures (Figure 5f,g). In the
KEOR, the main frequency concentration occurs around Hs = 1.2-2.0 m and 7)» = 6-8 s, but the distribution
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extends more strongly toward Hs > 3 m and 7\» > 8 s than in the lower-latitude regions. An appreciable
proportion of the KEOR sea-state space therefore reaches the 20-40 kW-m™! contours. The MHSB has the
broadest and most energetic distribution among all subregions. Its frequent states are shifted toward higher
wave heights, approximately Hs =~ 1.2-2.3 m and T = 6.5-8.5 s, and its upper tail extends toward Hy~4—
5mand T, = 9-10s. This places a much larger part of the distribution near or above the 20 kW-m™! contour,
with extreme tail states reaching or exceeding 40 kW-m™!. These sea-state characteristics explain why the
MHSB dominates both the long-term mean resource and the upper-percentile resource maps.

The subregional matrices also provide physical insight into the source regimes discussed later. Shorter-
period, lower-height clusters in the NSCS and ECSS are consistent with locally generated wind sea and
monsoon-influenced shelf-sea conditions. Longer-period, moderate-height clusters in the PS and RKTZ
suggest stronger swell influence and open-ocean exposure. The broader high-Hs, long-T» tail in the KEOR
and MHSB is characteristic of storm-generated open-ocean wave systems and extratropical wave growth.
This interpretation is consistent with established wind-sea/swell partitioning concepts and global wave-
climate studies that distinguish locally forced wind seas from remotely generated swell fields [16—18].

The Jn—Tm contribution matrices further demonstrate that the most frequent sea states are not
necessarily the dominant contributors to total wave power (Figure 6a—g). For the full Northwest Pacific,
the largest contribution to accumulated wave power is concentrated around 7m = 6.5-8.5 s and Ju = 5-25
kW-m™!, although the contribution field extends upward to J» > 60 kW-m™!. Compared with the Hs—Tp
frequency distribution in Figure 5a, the energy-contribution maximum is shifted toward higher wave-power
classes. This confirms that moderate-to-energetic sea states, rather than the most frequently occurring low-
energy states, dominate the basin-integrated wave-energy budget.

(a) Contribution to total wave power (%) (b) Contribution to total wave power (%) (c) Contribution to total wave power (%) (d) Contribution to total wave power (%)
0 0.02  0.04 006 0.08 0.1 0.05 0.1 0.15 0.2 0.05 OI 0.15 0.05 0.1 015 02 025
[ - _ - _ -] _ -

80
70
60
50
40
230

J (kW nf')

20

10
0
23 45 6 78 9101112 2 3 4 5 6 7 8 9101112 2 3 4 5 6 7 8 9 101112 2 3 4 5 6 7 8 9 1011
Tm (s) T (5) T (s) Tm (s)
(e) Contribution to total wave power (%) (f‘) Contribution to total wave power (%) (g) Contribution to total wave power (%)
0 0.05 0.1 0.15 0.02 0.04 0.06 0.08 0 0.01 0.02 0.03 0.04
| SR —j | | aEaEE—— |

|
!

0
2 3 45 6 7 8 9101112 2 3 4 5 6 7 8 9101112 2 3 4 5 6 7 8 9 1011 12
Tm (s) Tm (s) Tm (s)

Figure 6. Contributions of J,—T, bins to total wave power for (a) the Northwest Pacific and (b—g) the six diagnostic subregions.
Color scales differ among panels.

The marginal-sea regions show relatively narrow and low-power contribution structures. In the NSCS,
most of the contribution is concentrated along a curved band from T, = 5-7.5 s and J» = 3-35 kW-m™!
with the highest contribution occurring around 7w = 6-7 s and Jn = 8-25 kW-m™!. Although the most
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frequent sea states in Figure 5b are located at lower Hs and shorter periods, Figure 6b shows that the
energetic contribution is displaced upward toward stronger monsoon- or storm-related conditions. This
indicates that the NSCS resource is not controlled by the background low-energy sea state but by
intermittent moderate-energy events. The ECSS has a still lower-energy contribution structure. Its dominant
contribution is concentrated mainly around T = 5-6.5 s and J. = 3-18 kW-m™!, with only a limited
extension toward Ji» = 20-30 kW-m™!. This agrees with the low annual mean and upper-percentile resources
observed in Figures 1 and 4. The compactness of the ECSS contribution matrix suggests that relatively
short-period and moderate-power conditions dominate this shelf region. Even when energetic events occur,
their contribution remains much smaller than in open-ocean transition and storm-belt regions.

The PS and RKTZ occupy intermediate positions in both period and wave-power contribution. In the
PS, the main contribution is centered near T» = 6.5-8.5 s and J» = 6-30 kW-m™!, with a moderate upward
extension beyond 40 kW-m™!. This pattern indicates that the PS resource benefits from longer-period wave
systems, even though its wave heights are not as large as those in the storm belt. The RKTZ contribution
maximum is slightly lower, mainly around T = 6-7.5 s and J» = 5-25 kW-m™!, but it also extends toward
higher power classes. Together, these two regions represent transition regimes in which moderate wave
heights combined with relatively long periods generate evident wave-energy contributions.

The KEOR and MHSB exhibit the most energetic contribution structures. In the KEOR, the dominant
contribution occurs around 7, = 6.5-8 s and J» ~ 5-35 kW-m™!, with a clear extension to J» > 60 kW-m ™.
This indicates that the KEOR is not merely a moderate-frequency transition zone; it also receives substantial
contributions from episodic high-power sea states. The MHSB shows the broadest and most vertically
extended contribution matrix among all subregions. Its main contribution band spans 7 = 7-9 s and Jn =
5-65 kW-m!, with high contributions distributed over a wide range of energetic states. This broad vertical
structure explains why the MHSB dominates both the mean wave-power map and the upper-tail statistics:
its energy budget is supported not only by frequent moderate-power conditions but also by repeated high-
power events.

The contrast between Figures 5 and 6 is central to interpreting wave-energy resource quality. In the
H—Tn frequency matrices, the highest occurrence probabilities are often found in mild or moderate sea
states. However, because Ji scales with H2 Ty, relatively infrequent increases in wave height can dominate
the accumulated energy contribution. This is most evident in the KEOR and MHSB, where the contribution
maxima extend far above the most frequent background sea states. In contrast, the NSCS and ECSS contain
frequent sea states but relatively limited high-power contributions. Thus, an assessment based only on sea-
state occurrence would underestimate the importance of energetic tails, whereas an assessment based only
on mean power would fail to distinguish whether persistent moderate states or intermittent high-power
events supply the resource.

Physically, the contribution structures reflect different wave-generation regimes. The compact, low-
power contribution fields in the ECSS and NSCS are consistent with marginal-sea and shelf environments
where local monsoon forcing, limited fetch, shallow-water effects, and coastal sheltering constrain wave
growth. The PS and RKTZ exhibit longer-period contribution bands, consistent with stronger open-ocean
swell influence and exposure to western Pacific wave propagation. The KEOR and MHSB show broader
high-power tails, reflecting their exposure to extratropical storm waves and winter storm-track activity.
This interpretation is consistent with wind-sea/swell climate studies showing that locally generated wind
seas and remotely generated swells form distinct wave systems with different variability and propagation
characteristics [16—18].

Although the long-term mean and upper-tail wave-power distributions establish the theoretical energy
intensity of the Northwest Pacific, these time-averaged metrics do not fully reflect the realistic operational
conditions experienced by wave energy converters. High mean power may be disproportionately influenced
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by severe, intermittent storm events rather than by a consistent energy flux. Evaluating the practical viability
of these regions, therefore, requires explicit consideration of temporal stability and continuous availability.

3.2. Temporal Stability and Availability of Wave-Energy Resources

The stability diagnostics show that the spatial pattern of wave-energy quality differs markedly from
that of wave-energy intensity (Figure 7). Whereas Figures 1-6 identify the MHSB and KEOR as the
principal high-power regimes, Figure 7a—d demonstrates that high wave power is often accompanied by
strong temporal variability. This confirms that resource intensity alone is insufficient for evaluating
practical wave-energy potential and that monthly, seasonal, and interannual fluctuations must be considered
jointly, as recommended in wave-energy resource-assessment guidance and review studies [12—15].
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Figure 7. Wave-energy variability metrics: (a) monthly coefficient of variation CV, (b) steady-power-supply ratio SP, (c)
seasonal variability SV, and (d) interannual variability /V. Magenta dashed boxes denote the six diagnostic subregions.

The monthly coefficient of variation, CVi, shows the relative amplitude of month-to-month variability
(Figure 7a). Low CVn values of approximately 0.3—0.5 occur mainly in parts of the tropical-to-subtropical
open Northwest Pacific, particularly in and around the PS, RKTZ, and parts of the open ocean southeast of
Japan. These areas have lower absolute resource intensity than the storm belt but exhibit comparatively
smooth monthly fluctuations. In contrast, CV» exceeds 0.8 in several marginal and high-latitude regions,
including the northern South China Sea, coastal Southeast Asian waters, the Japan Sea—Okhotsk sector, and
parts of the northern margin of the MHSB. In these areas, the standard deviation of monthly wave power is
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comparable to or greater than the mean monthly resource, indicating strong intermittency. The MHSB itself
exhibits moderate-to-high CV:, commonly around 0.5-0.7 in the open-ocean sector and higher values near
its northern and western margins. This pattern is consistent with the strong winter maximum and summer
minimum shown in Figures 2 and 3.

The steady-power-supply ratio, SP, provides a complementary view (Figure 7b). Unlike CVm, which
measures variability amplitude, SP measures how frequently monthly wave power remains close to its long-
term reference level. High SP values, reaching approximately 0.48—0.64, occur mainly along parts of the
East China Sea shelf, the waters around Japan, and several western-boundary or shelf-transition regions.
These regions do not always have the highest mean wave power, but their monthly values are more
frequently maintained within the prescribed stable range. By contrast, lower SP values, mostly below 0.32,
occur over large parts of the MHSB and high-latitude marginal regions. This indicates that the storm-belt
resource, although energetic, often departs substantially from its annual mean. The contrast between CVin
and SP highlights an inverse resource-quality pattern: a region can be energetic but unstable, whereas
another region can be moderate in magnitude but more favorable in terms of monthly steadiness.

The seasonal variability index, SV, exhibits the clearest large-scale contrast among the four stability
diagnostics (Figure 7c). Values above 0.7 dominate much of the mid- to high-latitude open Northwest
Pacific, especially the MHSB and the waters east of Japan. The KEOR also exhibits elevated SV, generally
around 0.6—0.8. These values reflect the large winter—summer contrast shown in Figure 2, where DJF wave
power exceeds JJA wave power by tens of kW-m™' over the open ocean. The NSCS and some coastal
Southeast Asian waters also exhibit high SV, locally reaching 0.7-0.9, consistent with strong monsoon-
season modulation. In contrast, the lowest SV values, approximately 0.3—-0.5, occur over parts of the
subtropical Philippine Sea and transition zones where the annual cycle is less dominated by a single winter
maximum. This supports the interpretation that moderate-resource regions can sometimes provide more
seasonally balanced resources than the strongest storm-belt areas.

The interannual variability index, /V, has a much smaller numerical range than CVm, mostly between
0.03 and 0.27, but it reveals a different spatial structure (Figure 7d). The lowest 7} values, generally below
0.10-0.12, occur over broad parts of the open Pacific, including portions of the PS, KEOR, and MHSB.
This suggests that, despite strong seasonal cycles, the year-to-year mean resource in parts of the open ocean
is relatively stable compared with its seasonal variability. Higher 7V values, approximately 0.18-0.27, occur
in several western-boundary and marginal regions, including waters east of Taiwan and the Philippines,
parts of the East China Sea—Ryukyu transition, and the high-latitude marginal seas. These areas are more
likely to be affected by interannual variations in monsoon intensity, tropical cyclone activity, storm-track
position, and regional circulation patterns. Thus, the strongest year-to-year uncertainty is not necessarily
colocated with the highest mean wave power.

These four diagnostics demonstrate that a single metric cannot accurately represent wave-energy
stability. The MHSB has the largest resource intensity, but it also exhibits high seasonal variability and
relatively low monthly steadiness. The KEOR behaves as a high-resource transition region, with strong
seasonal modulation but comparatively moderate interannual variability. The PS and RKTZ show lower
mean wave power but more moderate CVm, weaker seasonal contrast, and locally higher monthly steadiness,
suggesting a more persistent resource character. The NSCS and ECSS remain lower-resource regions, but
their stability structures differ: the NSCS is strongly affected by seasonal monsoon modulation, whereas
parts of the ECSS and nearby shelf-transition waters show relatively high SP, indicating steadier monthly
behavior despite modest resource intensity.

The availability diagnostics provide an operational perspective that is not captured by mean wave
power alone (Figure 8a—d). Here, 410 represents the fraction of six-hourly records for which J, > 10 kW-m™!
and therefore measures how often a grid cell exceeds a moderate wave-power threshold. Compared with
the variability metrics in Figure 7, 410 translates the resource climate into a more direct indicator of potential
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operating time. The spatial patterns show that the Northwest Pacific contains both highly available but
strongly seasonal open-ocean resources and lower-availability marginal-sea resources.
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Figure 8. Availability and persistence of wave-power conditions exceeding 10 kW-m™: (a) JJA 41, (b) DJF 41y, (¢) annual 4o,
and (d) mean annual maximum continuous availability window. Magenta dashed boxes denote the six diagnostic subregions.

The JJA availability field is relatively weak over most of the basin (Figure 8a). In the Yellow Sea,
Japan Sea, and western marginal seas, 410 generally remains below 0.2, indicating that fewer than 20% of
summer six-hourly records exceed 10 kW-m™!. The NSCS and ECSS also exhibit low summer availability
over most of their areas, although exposed local sectors can reach approximately 0.2—-0.4. By contrast, the
open Pacific east and southeast of Japan maintains moderate summer availability, commonly around 0.3—
0.5, with locally higher values near the eastern and southeastern margins of the domain. This suggests that
even during the basin-wide summer minimum identified in Figures 2 and 3, some open-ocean swell or
tropical and subtropical wave systems continue to support moderate wave-power availability.

The DJF availability field is markedly different (Figure 8b). A broad region east of Japan, extending
through the KEOR into the MHSB and open Northwest Pacific, exhibits 410 > 0.7, with large areas
approaching 0.8—0.9. During winter, more than 70-90% of six-hourly records in these open-ocean regions
therefore exceed the 10 kW-m™! threshold. This is consistent with the high DJF wave power shown in
Figure 2 and the winter maxima in Figure 3. The winter availability enhancement is particularly strong in
the MHSB and KEOR, confirming that these regions are not only high-power sectors but also high-
availability sectors during the energetic season. However, the same pattern also implies strong seasonal
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dependence: the operationally favorable period is concentrated in winter rather than distributed evenly
throughout the year.

The annual 410 field integrates these seasonal contrasts (Figure 8c). The highest annual availability
occurs in the open Northwest Pacific east of Japan, where 410 generally exceeds 0.6 and locally approaches
0.8-0.9. The KEOR and MHSB, therefore, remain the most available regions on an annual basis despite
their strong seasonality. The PS and RKTZ show intermediate annual availability, mostly around 0.3-0.6,
indicating that moderate resources occur frequently enough to maintain meaningful operating potential.
The NSCS and ECSS generally exhibit lower annual availability, commonly below 0.2-0.4, although
localized enhancement occurs along exposed coastlines, island margins, and transition zones. These results
are consistent with the resource-intensity hierarchy in Figures 1-6, but they also sharpen the interpretation:
high mean power is most meaningful when it translates into a high exceedance fraction, and this translation
is strongest over the open ocean.

The maximum continuous availability window adds a persistence dimension to the threshold
exceedance analysis (Figure 8d). Whereas 410 measures the total fraction of available time, the continuous-
window metric identifies whether available conditions occur as sustained intervals or fragmented short
events. The longest windows are concentrated in the central and eastern open Northwest Pacific, especially
east of Japan and within the offshore part of the MHSB, where the mean annual maximum continuous
window ranges from approximately 60 to 90 days. This indicates that winter high-power conditions can
persist for several months in the open-ocean storm-belt regime. The KEOR and adjacent open waters
generally show intermediate-to-high persistence, with windows of approximately 30-70 days. In contrast,
marginal seas and coastal shelf regions, including much of the NSCS, ECSS, Japan Sea, and sheltered
coastal waters, mostly show much shorter windows, commonly below 5-30 days. Their exceedance events
are therefore more intermittent, even when localized seasonal or storm-related enhancement occurs.
Physically, these patterns reflect the combined influence of the winter extratropical storm track, the East
Asian winter monsoon, and open-ocean swell propagation. The winter storm-belt regime generates
persistent high-energy waves east of Japan, explaining the high DJF 410 and long continuous windows. In
summer, weakened mid-latitude storm activity reduces the availability of high-power conditions in the
MHSB and KEOR. Tropical cyclones and monsoonal forcing can locally enhance summer and autumn
wave power, but these events are more spatially and temporally intermittent.

The monthly evolution of 410 further quantifies the seasonal availability patterns shown in Figure 8
(Figure 9a—f). The strongest winter availability occurs in the MHSB. Monthly median A1o is close to 1.0
from December to February and remains above 0.85 in March and April, indicating that almost all six-
hourly records exceed 10 kW-m™! during the energetic season. However, 410 decreases rapidly after spring,
reaching approximately 0.35-0.40 in June—July before increasing again after August. This behavior mirrors
the strong winter maximum and summer minimum of J» in Figure 3, but it also shows that the MHSB
retains some moderate availability during its seasonal minimum. The MHSB therefore, represents a high-
availability but strongly seasonal regime. The KEOR shows a similar but slightly less pronounced seasonal
evolution. Median 410 is approximately 0.90—0.95 during December—February, decreases to 0.35-0.40 in
June—July, and then recovers to 0.70—-0.90 from October to December. Compared with the MHSB, the
KEOR has lower winter wave-power intensity, but its winter availability is similarly high because the 10
kW-m™! threshold is exceeded during most winter records. This contrast is important: once a region
frequently exceeds a moderate threshold, 410 becomes less sensitive to the magnitude by which the
threshold is exceeded. Thus, the KEOR and MHSB may both exhibit high winter availability yet differ
substantially in resource magnitude and high-energy exposure.
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The PS also exhibits high winter availability, with median 410 around 0.90 in January and December
and approximately 0.70-0.85 in February—March (Figure 9b). Its minimum is much sharper than those of
the KEOR and MHSB, decreasing to 0.10 in June. Availability then increases rapidly after July, reaching
approximately 0.60 in October and 0.80—0.90 in November—December. This pronounced U-shaped cycle
is consistent with the monthly J» pattern in Figure 3, but threshold-based availability makes the midyear
suppression more evident. The PS therefore behaves as a moderate-resource open-ocean region with strong
winter and late-year availability but weak early-summer usability. The RKTZ has a more balanced but
lower-amplitude availability cycle (Figure 9d). Median 410 is approximately 0.50 during January—March,
decreases to 0.18-0.25 in May—June, and then rises to 0.55-0.60 during October—December. This pattern
is consistent with the late-summer to autumn enhancement of wave power in Figure 3 and the localized
summer-dominant or weakly winter-dominant signals near the RKTZ in Figure 2. Unlike the MHSB and
KEOR, the RKTZ does not have a near-saturated winter availability regime. Instead, it maintains moderate
availability during both winter and autumn, suggesting a transition resource regime influenced by open-
ocean swell, western Pacific wave propagation, and tropical and subtropical weather systems.

The ECSS displays a lower and flatter availability cycle than the open-ocean regions (Figure 9c). Median
Ao 1s approximately 0.40-0.45 in winter, decreases to 0.10-0.15 in May—June, and then gradually recovers
to 0.35-0.45 from September to December. This agrees with Figure 3, which shows the ECSS has modest
wave power levels and a late-summer to autumn plateau. Although the ECSS rarely reaches the high
availability values observed in the KEOR or MHSB, it does not become entirely unavailable outside winter.
This indicates that the East China Sea shelf may provide seasonal moderate-power windows, but it is not a
basin-scale high-availability resource under the J» > 10 kW-m™! criterion. The NSCS exhibits one of the
strongest seasonal contrasts among the lower-resource regions. Median 410 is approximately 0.55 in January,
decreases to below 0.10 in April-May, remains low to moderate during summer, and then increases sharply
after October, reaching approximately 0.60 in November and 0.70 in December. This seasonal evolution is
consistent with winter-monsoon enhancement of the northern South China Sea and the low springtime wave-
power levels shown in Figure 3. The NSCS, therefore, has low annual availability relative to the open-ocean
regions, but it can still provide a pronounced late-autumn to winter availability window.
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The subregional availability cycles reinforce the intensity—persistence trade-off. The MHSB and KEOR
provide the highest winter and annual availability, but their availability is concentrated in winter and decreases
substantially during summer. The PS has high winter availability but a pronounced early-summer minimum.
The RKTZ and ECSS exhibit lower peak availability but broader transition-season windows, whereas the
NSCS is strongly late-year dominated. The Northwest Pacific, therefore, does not contain a single availability
regime. Instead, it contains winter-saturated storm-belt resources, transitional open-ocean resources, and
marginal-sea resources with localized seasonal windows. This has direct implications for wave-energy
resource-quality assessment. Mean wave power identifies the energetic regions, but monthly 410 identifies
the timing and persistence of usable conditions. Regions with similar annual or seasonal mean wave power
can differ substantially in the duration of their usable windows, and regions with lower mean power may
remain relevant if their availability peaks during complementary seasons. This supports the broader argument
that wave-energy assessment should not be based solely on mean-power maps but should include threshold-
based availability and seasonal persistence metrics [12—-15].

3.3. Extreme-Event Exposure and Resource—Risk Trade-Offs

The risk-proxy diagnostics show that the regions with the strongest wave-energy resources are also
exposed to markedly greater extreme-event activity (Figure 10). The local 95th percentile of significant
wave height, P95(Hs), shows a clear open-ocean maximum east of Japan and within the mid- to high-
latitude storm belt (Figure 10a). In this region, P95(Hs) generally exceeds 4—5 m and locally approaches 6
m near the eastern boundary of the domain. The KEOR forms a secondary high-wave zone, with P95(Hs)
commonly around 3.5-4.5 m. By contrast, the NSCS, ECSS, and most shelf and marginal-sea regions
generally remain below 2.5-3.5 m, except for locally exposed sectors near Taiwan, the Ryukyu island chain,
and the western Pacific margin. This spatial structure is broadly consistent with the mean and upper-
percentile wave-power maps in Figures 1 and 4, confirming that the largest theoretical wave-energy
resources are embedded in an energetic storm-wave environment [33-37].

The event-frequency maps provide additional information beyond the magnitude of high waves. The
mean annual number of declustered Hs > P9510cal €vents, Ersos, is highest along a broad band from the East
China Sea—Japan sector into the KEOR and MHSB (Figure 10b). Values commonly reach 16-22 events
yr ! in this band and locally approach approximately 24 events yr ' In contrast, the tropical and subtropical
low-latitude open ocean generally shows lower frequencies, often below 8—12 events yr . This pattern
differs from the P95(Hs) field in an important way: the largest P95(Hs) values are concentrated farther
offshore in the storm-belt core, whereas high event frequencies also occur along western-boundary and
marginal transition regions. Thus, extreme-wave magnitude and extreme-wave occurrence frequency are
related but not identical. The event frequency based on wave power, EJmos, shows a similar but more energy-
oriented pattern (Figure 10c). High values occur east of China, around Japan, across the KEOR, and into
the MHSB, with broad areas exceeding 16 events yr !. The open storm-belt region remains important, but
the band of elevated EJmos is more clearly connected to western-boundary and shelf—open-ocean transition
zones than the P95(H;) field alone.

The amplification-risk proxy, represented by the annual number of declustered Rmax > P9510cal €vents,
exhibits a more distinct spatial structure (Figure 10d). The highest values occur over the open Northwest
Pacific east of Japan, especially in and around the MHSB and downstream KEOR, where Eros commonly
exceeds 32 events yr ! and locally approaches 4048 events yr '. In contrast, most of the NSCS, PS, ECSS,
and lower-latitude marginal waters remain below approximately 16-24 events yr '. The Rmax-based pattern
is therefore more strongly concentrated in the storm-influenced open-ocean sector than the Hs- and Jn-
based event frequencies. This suggests that wave-amplification risk is not simply a function of mean wave
power but is enhanced in regions where energetic sea states, spectral variability, and storm-wave
development are more frequent.
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The use of a concurrent Hs > 2 m condition in the extreme event definition is important for engineering
interpretation. As shown in the H+—7m matrices in Figure 5, a large fraction of background sea states in
marginal and subtropical regions lies around Hs =~ 1-2 m and relatively low wave-power contours. Without
a minimum-wave-height condition, local-percentile exceedances or high Rmax ratios under weak sea states
could inflate event counts that are not relevant to structural loading or WEC survivability. The Hs > 2 m
filter, therefore, focuses risk diagnostics on sea states more relevant to structural loading while still allowing
local thresholds to account for regional differences in wave climate.

The three event-frequency metrics diagnose different dimensions of risk. Ers9s primarily reflects the
frequency of high-wave-load conditions, Esmos reflects the frequency of high-energy sea states relevant to
both resource yield and load exposure, and Eres reflects the relative occurrence of high individual-wave
amplification conditions. Their spatial similarities confirm that the storm-belt and western-boundary
transition regions are risk-prone environments. Their differences show that no single metric can fully
describe operational risk. In particular, regions with moderate P95(H;s) may still experience frequent high-
power events if wave periods are long, whereas regions with high Rmax event frequency may indicate
enhanced amplification of individual waves even when mean resource levels are not locally maximal. From
a resource-quality perspective, Figure 10 strengthens the interpretation developed from Figures 1-9. The
MHSB and KEOR are not only high-resource and high-availability regions; they also show elevated
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frequencies of high-wave, high-power, and amplification-risk events. This indicates that their resource
advantage is coupled with greater exposure to operational and survivability constraints. Conversely,
subtropical and marginal-sea regions generally have lower event frequencies but also lower mean resource
and availability. The Northwest Pacific therefore exhibits clear resource-risk coupling in the storm-belt
regime and a resource-risk trade-off across the basin.

Physically, the risk maxima are consistent with the dominant role of winter extratropical storms and
storm-wave propagation east of Japan. The largest P95(#s) and Eros values occur where strong winds, long
fetch, and open-ocean propagation can generate both large wave heights and more variable individual-wave
conditions. The elevated Ensos and Esmos values along the western boundary and shelf-transition zones likely
reflect the combined influence of winter monsoon forcing, storm tracks, tropical-cyclone remnants,
topographic effects, and open-ocean exposure. This agrees with earlier wave-climate and wave-energy
studies showing that the western North Pacific and adjacent marginal seas are shaped by both extratropical
and tropical storm systems, as well as monsoonal variability.

The resource—risk phase-space diagrams provide a direct synthesis of the spatial patterns shown in
Figures 1 and 10. When long-term mean wave power is compared with the annual number of declustered
Hs > P9510cal events, the analyzed grid cells form a broad but structured distribution (Figure 11a). The
median-based thresholds divide the domain at approximately J» =~ 18 kW-m™' and Euss = 12—13 events
yr 1. Most high-resource grid cells, particularly those with J,» > 30 kW-m™!, fall within the high-resource—
high-risk quadrant, with Ers9s commonly around 16-22 events yr . In contrast, the high-resource-low-risk
quadrant is sparsely populated. This indicates that, for the Hs-based extreme-load metric, a large mean wave
power is rarely achieved without an elevated frequency of high-wave events.

The subregional mean markers clarify this basin-scale structure. The MHSB occupies the most
energetic position, with a mean J of approximately 40-45 kW-m™' and Enss of 20 events yr !, placing it
clearly in the high-resource—high-risk quadrant. The KEOR also falls within this quadrant, with a lower but
still elevated mean resource of 25-27 kW-m™! and a similar high-wave event frequency near 20 events yr .
These two regions are therefore not only high-power regimes but also high-load-exposure regimes. This
interpretation is consistent with their storm-belt and open-ocean exposure, as identified in Figures 14, and
their high winter availability, as shown in Figure 8.

The lower-resource subregions show more varied risk behavior. The NSCS and PS have mean Jn
values below or near the resource threshold, approximately 10—17 kW-m™!, and Enyos values around 10-11
events yr |, placing them within or near the low-resource-low-risk sector. The ECSS, however, has
relatively low mean wave power, approximately 12 kW-m™!, but a higher Ensos of 17 events yr !, placing
it in the low-resource—high-risk quadrant. This is an important distinction: a region can have modest mean
wave power but still experience frequent local high-wave exceedance events. For the ECSS, this likely
reflects episodic monsoon, typhoon, and shelf-edge wave events superimposed on a generally moderate
background wave climate. The RKTZ lies close to the median thresholds, with mean J;» around 17 kW-m™!
and Ers9s around 1415 events yr !, consistent with its transition-zone character between shelf, subtropical
open-ocean, and Kuroshio-influenced wave regimes.
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The Rmax-based phase space shows a stronger coupling between resource intensity and wave-
amplification risk (Figure 11b). The median thresholds are J» = 18 kW-m™! and Eres = 16 events yr .
Unlike the Hs-based diagram, the grid-cell distribution shows a clearer increase in Eros with increasing Jim.
High-resource grid cells with J, > 30 kW-m™! almost entirely occupy the high-resource-high-risk quadrant,
with Eros commonly exceeding 25-40 events yr '. The high-resource—low-risk quadrant is nearly empty.
This indicates that the energetic open-ocean regime is not only associated with more frequent high-wave
events but also with more frequent high-amplification conditions, as represented by the ERAS Ruax proxy.
The subregional positions reinforce this result. The MHSB has the highest mean wave power and the
highest Rmax-based event frequency, with Eros close to 40 events yr . The KEOR is also strongly elevated,
with Eros around 36-37 events yr !, These values are much higher than their corresponding Exsos values in
Figure 11a, suggesting that the amplification-risk proxy responds more strongly to the storm-generated
open-ocean regime than the high-wave exceedance metric alone. The RKTZ and ECSS lie near or slightly
above the risk threshold, whereas the PS lies close to the resource threshold but remains comparatively
lower in Eros. The NSCS is clearly positioned within the low-resource—low-risk sector, with Er9s below 10
events yr .

The two phase-space diagrams, therefore, provide complementary perspectives. The Hs-based risk
metric highlights high-wave load exposure and identifies both storm-belt high-resource regions and some
marginal-sea low-resource but high-risk regions. The Rmar-based metric emphasizes amplification-related
risk and shows a tighter association with high-resource open-ocean conditions. This difference is physically
meaningful. High H; events can arise from local exceedances in marginal or shelf seas, whereas high-Rmax
events are more concentrated in storm-wave environments where energetic seas, spectral variability, and
wave-system interactions are more frequent. Because Hmax in ERAS is a statistical estimate rather than an
observed individual-wave record, the Rmax results should be interpreted as relative amplification-risk
diagnostics rather than observed rogue-wave frequencies. Nevertheless, the contrast between the two
diagrams is useful for resource-quality assessment because it shows that different risk proxies do not
identify exactly the same regions. Therefore, the evaluation of wave-energy resources requires more than
ranking regions by mean Ju. A high-resource region may provide large theoretical energy potential but also
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impose greater operational and survivability constraints, whereas a moderate-resource region may be more
attractive if risk exposure and temporal variability are lower.

3.4. Wind-Sea/Swell Source Proxies and Resource-Quality Contrasts

The spatial distribution of the swell-contribution proxy, Cswell, reveals a clear source-structure
contrast that underlies the resource and risk patterns discussed above (Figure 12). Since Cwinda = 1 — Cswell,
regions with low Cswer have a stronger relative wind-sea contribution, whereas high Cswer indicates a more
swell-dominated wave climate. Figure 12a—d therefore provides the physical background for interpreting
why some high-power regions are more variable and risk-prone, whereas some moderate-power regions
exhibit more stable resource characteristics.
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Figure 12. Seasonal and long-term distributions of Csyer: (a) DJF mean, (b) JJA mean, (¢) long-term mean, and (d) DJF-JJA
difference. Red contours in (d) identify Cyuenpir < Cowenryia. Magenta dashed boxes denote the six diagnostic subregions.

During DJF, the Northwest Pacific shows strong meridional and coastal gradients in Cswer (Figure 12a).
The subtropical open Pacific, especially the southern and eastern parts of the PS and the low-latitude
western Pacific, is strongly swell dominated, with Cswer commonly exceeding 0.8 and locally approaching
0.9-1.0. In contrast, lower Cswen values occur along the East Asian margin, around Japan, within the Japan
Sea—Okhotsk sector, across the ECSS—RKTZ transition, and in parts of the KEOR. In these regions, Cswer
frequently decreases to approximately 0.4-0.7 and is locally still lower near semi-enclosed or coastal seas.
This indicates a much larger winter wind-sea contribution. The pattern is consistent with the winter
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dominance of wave power in Figures 2 and 3: the high-energy winter resource is not purely a swell resource
but is strongly associated with locally or regionally generated wind seas driven by winter monsoon and
extratropical storm activity.

The JJA distribution is substantially more swell dominated over most of the basin (Figure 12b). Large
areas of the open Northwest Pacific, including the PS, RKTZ, KEOR, and much of the MHSB, show Ciwerr >
0.8, with broad subtropical and mid-latitude regions approaching 0.9. This seasonal increase in Cswen
coincides with the weakening of the winter storm-wave regime and the reduction of J» and 410 in summer
(Figures 2, 3, 8, and 9). Thus, summer wave conditions are generally more swell dominated but less
energetic. Exceptions remain in some marginal or semi-enclosed seas, where Cswer can remain near 0.4—
0.6, reflecting local wind-sea generation, coastal geometry, and restricted fetch.

The long-term mean Cswer integrates these seasonal contrasts and highlights the dominant wave-system
structure of each subregion (Figure 12¢). The PS is the most clearly swell-dominated region among the six
diagnostic boxes, with long-term Cswer mostly above 0.8. This agrees with its moderate but persistent
resource behavior in the preceding sections. The RKTZ and KEOR show intermediate-to-high Cierr,
generally around 0.65-0.85, reflecting their transitional character between open-ocean swell influence and
storm-generated western-boundary wave systems. The MHSB has a relatively high long-term Ciswen in its
eastern open-ocean part but lower values near its western and northern margins, indicating that the storm-
belt resource is a mixed regime rather than a purely swell-dominated one. The ECSS and NSCS exhibit
stronger spatial heterogeneity, with shelf and coastal waters generally showing lower Cswer than exposed
open-ocean regions. This heterogeneity is consistent with the stronger influence of monsoon winds, local
fetch, and shelf—coastal effects in marginal seas.

The DJF-JJA difference map further clarifies the seasonal source transition (Figure 12d). Red contours
mark the boundary of areas where Csweir.piF < Csweiriia. North of this boundary, especially around Japan, the
KEOR, the MHSB, and high-latitude marginal seas, the difference is mostly negative, commonly around
—0.1 to —0.3 and locally lower. This indicates that the winter wind-sea contribution is stronger. This region
generally coincides with large winter Ju, high-percentile wave power, 410, and risk-event frequencies. The
source-composition contrast, therefore, supports the interpretation that the high-power winter regime east
of Japan is storm generated and wind-sea enhanced. South of approximately 30° N, the difference becomes
weakly positive over several subtropical and low-latitude open-ocean areas, with Csweir.pir — Csweiriia locally
reaching approximately 0.1-0.2. This suggests that DJF conditions in these regions can be more swell
dominated than summer conditions. A plausible explanation is that winter swell generated by mid-latitude
storms propagates into lower-latitude regions, whereas summer conditions may include more local wind
sea or tropical-weather influence. Similar distinctions between locally forced wind sea and remotely
generated swell have been emphasized in global wind-sea/swell climatology and spectral-partitioning
studies [16—18]. Thus, the seasonal source transition is not simply a local wind-speed signal; it reflects
basin-scale wave-generation and propagation pathways.

The monthly cycles of Cswer provide a subregional view of the seasonal source transitions identified in
Figure 12. Overall, all six regions are swell influenced throughout the year, with monthly median Cswen
mostly above 0.6. However, the amplitude, phase, and persistence of the swell contribution differ
substantially among subregions. These differences help explain why regions with comparable wave-power
availability can have different resource-quality characteristics.

The PS is the most persistently swell-dominated region (Figure 13b). Its monthly median Cswen remains
high throughout the year, increasing from approximately 0.72 in January to a maximum of approximately
0.88 in May and remaining mostly between 0.83 and 0.86 from June to October before decreasing to
approximately 0.76 in December. This high and relatively stable swell contribution is consistent with the
PS being an open-ocean tropical region exposed to remote swell propagation. Compared with its wave-
power cycle in Figure 3 and availability cycle in Figure 9, the PS shows a clear contrast: J» and 410 decrease
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strongly in late spring and early summer, but Cswer remains high. This indicates that the low-resource season
in the PS is not caused by a loss of swell dominance but by a reduction in wave height and energy level.
The relatively steady wave climate of the PS is consistent with its geographical position. Although the
region is less directly exposed to the core of the mid-latitude winter storm track, it receives remotely
generated, long-period swell from distant generation regions. Long-distance propagation separates the swell
field from more locally forced wind-sea variability, contributing to a smoother wave climate than that of

the directly forced KEOR and MHSB.
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The KEOR and MHSB show stronger seasonal source transitions. In the KEOR, monthly median Cswen
is 0.61-0.66 in winter, increases gradually through spring, and reaches a maximum of 0.85-0.87 in August
before decreasing again toward winter. The MHSB behaves similarly: Cswenr 1s approximately 0.63—0.65
during December—February, increases to 0.80-0.82 during June—August, and then decreases after
September. Since Cwina = 1 — Cswelr, these curves imply that the wind-sea contribution in the KEOR and
MHSB is much larger in winter than in summer. For example, winter Cwing is 0.35-0.40 in the KEOR and
MHSB, whereas summer Cwing decreases to 0.15-0.20. This seasonal reversal is directly consistent with
Figures 2, 3, 8, and 9: periods of highest wave power and availability in the KEOR and MHSB coincide
with reduced Cswer, indicating stronger wind-sea or mixed-sea influence during the energetic winter season.
The RKTZ also exhibits a clear seasonal increase in swell contribution from winter to summer. Monthly
median Cswer rises from approximately 0.66—0.68 in January—February to 0.80-0.83 between July and
September, before decreasing to 0.68 in December. This pattern supports the interpretation of the RKTZ as
a transition region. In Figure 3d, the RKTZ shows enhanced wave power during late summer and autumn
rather than a purely winter-dominant cycle. In Figure 13d, the same period corresponds to relatively high
Cswel, suggesting that part of the late-summer to autumn resource in the RKTZ is supported by open-ocean
swell or remotely generated wave systems rather than solely by local winter wind sea. The wider
interquartile ranges in several months also indicate strong spatial heterogeneity within the region, consistent
with its position between the East China Sea shelf, the Ryukyu island chain, and the open Pacific.

The ECSS has a lower swell contribution than the PS, RKTZ, KEOR, and summer MHSB, yet its
seasonal cycle remains evident (Figure 13c). Monthly median Cswer is approximately 0.57-0.60 in winter,
increases to 0.70-0.76 from April to August, and then decreases again toward 0.60 in December. Thus,
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winter in the ECSS is relatively more wind-sea influenced, consistent with East Asian winter-monsoon
forcing and shelf-sea wave generation. During spring and summer, the increase in Cswer indicates a larger
relative contribution from swell or longer-period incoming waves. This behavior helps explain why the
ECSS has modest wave-power intensity but a relatively complex seasonal structure in Figures 3 and 9. The
NSCS exhibits a distinct marginal-sea pattern (Figure 13a). Median Cswen is approximately 0.64 in January,
increases to 0.80—0.82 in April-May, remains near 0.74—0.80 from June to October, and decreases to 0.60
in December. The lowest Cswenr values occur during late autumn and winter, when J» and A1o increase
sharply in Figures 3 and 9. This indicates that the winter wave-energy enhancement in the NSCS is
associated with a larger local wind-sea contribution, most likely related to the East Asian winter monsoon.
In contrast, spring and summer conditions are more swell dominated but less energetic. The NSCS,
therefore, illustrates a common marginal-sea resource pattern: the most energetic months are not necessarily
the most swell dominated.

Across the six regions, Figure 13 suggests an important phase relationship between source composition
and resource magnitude. In the KEOR, MHSB, ECSS, and NSCS, Cswer tends to be lower during months
of higher wave power or higher 410 and higher during the lower-energy summer months. This inverse
relationship indicates that the strongest wave-energy conditions are often associated with enhanced wind-
sea or mixed-sea contribution. Conversely, more swell-dominated periods tend to be smoother but less
energetic. The PS is a partial exception because it remains swell dominated throughout the year, even
though its resource magnitude varies seasonally. This makes the PS a useful contrast to the storm-belt
regions: it is not the strongest resource region, but it has a consistently high swell fraction. This source—
seasonality relationship is central to the resource-quality interpretation. The storm-belt high-power regime
identified in Figures 1-6 is not simply a high-swell regime; it is a winter wind-sea-enhanced or mixed
regime. This helps explain why the KEOR and MHSB combine high resource intensity with strong
seasonality and elevated risk exposure. In contrast, the PS and parts of the RKTZ have more persistent
swell dominance, which is consistent with their more moderate but potentially higher-quality resource
characteristics. These results agree with established wave-climate understanding that wind seas are more
closely tied to local wind forcing and storm variability, whereas swells are generated remotely and can
provide broader, smoother propagation signals [16—18].

The class-based comparison provides evidence consistent with a relationship between resource quality
and wave-source composition. Rather than examining Cswer geographically, this analysis groups grid cells
by resource intensity, stability, and risk exposure, then compares their annual mean swell contributions.
The resource classes show a clear contrast (Figure 14a). High-resource grid cells have a lower median Cswerr,
approximately 0.71, whereas intermediate-resource grid cells have a higher median value of 0.82. In other
words, the high-resource class has an implied wind-sea contribution of 0.29, compared with 0.18 in the
intermediate-resource class. This difference is consistent with the spatial patterns in Figures 1-6 and the
seasonal source analysis in Figures 12 and 13: the strongest wave-power resources in the Northwest Pacific
are not primarily associated with purely swell-dominated conditions but with wind-sea-enhanced or mixed
regimes generated by winter storms and strong regional wind forcing. The relatively narrow interquartile
range of the high-resource group also suggests that this lower-swell, higher-wind-sea signature is a
systematic feature of the high-power regime rather than a local anomaly.
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The stability classes reveal the opposite tendency (Figure 14b). Stable grid cells show substantially
higher Cswen, with a median near 0.85, whereas unstable grid cells have a lower median of approximately
0.72. This implies that stable resources are more swell dominated, whereas unstable resources have a
stronger wind-sea component. The result agrees with the physical expectation that swell-dominated wave
systems, generated remotely and propagated over long distances, tend to be smoother and less tightly
coupled to local storm variability than wind seas [16—18]. It also helps explain why some moderate-power
regions in the PS and parts of the RKTZ can display better temporal persistence than the storm-belt high-
power regions. Their resource magnitude is lower, but their higher swell contribution is associated with
reduced monthly and seasonal variability. The risk classes provide a complementary indication of the same
source-dependent structure (Figure 14c). High-risk grid cells have a median Cswen of approximately 0.70,
whereas low-risk grid cells have a much higher median value near 0.84. The high-risk distribution is also
concentrated around relatively low Cswer, indicating that elevated extreme-event exposure is strongly
associated with wind-sea or mixed-sea conditions. This is consistent with the risk maps and resource—risk
phase-space diagrams in Figures 10 and 11, where the MHSB and KEOR combine high wave power with
frequent high-wave, high-power, and wave-amplification events.

These results extend the interpretation beyond a purely statistical trade-off. The intensity—persistence—
risk contrast is not only a consequence of the selected thresholds or screening metrics; it is also associated
with the inferred source structure of the wave field. Storm-generated wind seas and mixed sea states produce
high energy but are accompanied by stronger variability and risk, whereas swell-dominated regimes tend
to provide more moderate but steadier resources. Cswer therefore provides an interpretable proxy for relating
resource magnitude, stability, and risk exposure.

3.5. Integrated Technical Pre-Screening of Wave-Energy Priority Zones

The composite pre-screening score integrates resource intensity, availability, stability, water-depth
suitability, and risk-proxy information discussed in the preceding sections (Figure 15). The resulting pattern
differs substantially from the mean wave-power distribution in Figure 1, indicating that high mean wave
power alone does not identify the most favorable wave-energy resource zones. The score ranges from
approximately 0.25 to 0.65 across the study domain. The highest scores occur not in the storm-belt high-
power core east of Japan but in several transition and moderate-resource areas where resource intensity,
availability, stability, risk exposure, and water-depth suitability are jointly more favorable. A notable
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feature of Figure 15a is the reduced score within much of the MHSB and KEOR despite their high mean
and upper-tail wave power. These regions have high resource and availability scores, but they are penalized
by strong seasonality, elevated extreme-event frequencies, elevated amplification-risk proxy values, and
less favorable water-depth suitability in parts of the offshore domain. Within the MHSB, many grid cells
remain in the moderate score range of approximately 0.35-0.45, which is considerably lower than would
be suggested by resource intensity alone. This result is consistent with the preceding analysis: the storm-
belt regime is energetic and highly available in winter, but it is also strongly seasonal and risk-prone.

By contrast, relatively high scores occur in several moderate-resource transition zones. Elevated scores,
generally ranging from 0.50 to 0.60 and locally approaching 0.65, occur along parts of the western boundary
transition region, around the Ryukyu—Taiwan sector, the East China Sea shelf break, the northern South
China Sea, and portions of the subtropical open Northwest Pacific. These regions do not have the largest
mean Ju, but they combine moderate resource intensity with more favorable stability or risk characteristics.
This supports the central resource-quality interpretation developed in this study: regions with moderate
wave power can become more favorable when persistence, risk exposure, and water-depth suitability are
considered jointly. The low-latitude and subtropical open-ocean sectors also exhibit relatively high
composite scores in some areas. This is likely related to their larger swell contribution, lower seasonal
variability, and reduced extreme-load exposure compared with the storm-belt core. However, many of these
high-score open-ocean cells are far from land and infrastructure. Because distance to shore, port access,
shipping constraints, and marine spatial planning were not included in the screening index, these remote
high-score areas should be regarded only as zones with favorable physical resource-quality characteristics,
not as deployment-ready sites.
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Figure 15. Integrated technical pre-screening of wave-energy priority zones: (a) composite score integrating resource intensity,
availability, stability, water-depth suitability, extreme-load safety, and amplification-risk safety; and (b) top 20% priority
candidate grid cells. Magenta dashed boxes denote the six diagnostic subregions.

The map of the top 20% candidate grid cells in Figure 15b further emphasizes that priority cells are
spatially fragmented rather than concentrated within a single high-power region. Priority grid cells occur
in several separated sectors, including parts of the western-boundary transition zone, shelf—open-ocean
margins, and remote open-ocean regions. In contrast, the central MHSB and KEOR are not dominant among
the top 20% of grid cells, even though they dominate the wave-power maps. This indicates that the
screening procedure shifts the ranking from maximum resource intensity toward balanced resource quality.
This further supports the need to distinguish between resource abundance and resource quality. The highest-



Mar. Energy Res. 2026, 3(3), 10015. doi:10.70322/mer.2026.10015 32 of 35

energy region may remain valuable, but it is not automatically the most favorable region for detailed
development or deployment assessment. Figure 15 should therefore be interpreted as a basin-scale technical
pre-screening output rather than a final siting decision. The index does not include distance to shore,
transmission costs, port proximity, marine protected areas, shipping lanes, fisheries, seabed constraints,
device-specific power matrices, mooring design, or high-resolution nearshore wave transformation. These
factors can substantially alter final site feasibility. Therefore, the top 20% areas should be understood as
zones where high-resolution wave modeling, WEC-specific performance assessment, and engineering-
economic screening are warranted. This interpretation is consistent with wave-energy resource-assessment
guidance, which treats basin- or regional-scale resource characterization as an early stage before detailed
site design and validation [10,11,38].

4. Conclusions

Using 45 years of six-hourly ERAS reanalysis data, this study examined wave-energy resources across
the Northwest Pacific by jointly considering wave-power intensity, temporal variability, availability,
persistence, extreme-event exposure, and wind-sea/swell composition. The principal conclusions are
summarized below.

Key findings:

e The regions with the greatest theoretical wave-power intensity do not necessarily provide the highest
practical resource quality. The mid- to high-latitude storm belt and the Kuroshio Extension contain the
largest long-term mean, winter, and upper-tail wave-power resources, but their advantages are offset
by strong seasonal concentration, reduced summer availability, and elevated extreme-event exposure.
This spatial mismatch between maximum energy intensity and integrated resource quality is the central
finding of the study.

e Temporal variability fundamentally changes the interpretation of regional wave-energy potential. In
the mid- to high-latitude storm belt and the Kuroshio Extension, the monthly coefficient of variation is
generally approximately 0.5-0.7, while the seasonal variability index commonly exceeds 0.7. In
contrast, parts of the Philippine Sea and the Ryukyu—Kuroshio transition zone exhibit weaker monthly
and seasonal variability. Because strong variability concentrates energy production and structural
loading within limited seasons, it represents a potential operational and cost penalty in the most
energetic regions.

e High wave-power intensity is strongly coupled with elevated risk exposure. Most high-resource grid
cells also experience frequent high-wave, high-power, and wave-amplification events, whereas high-
resource but low-risk conditions are comparatively rare. The energetic storm-belt resource should
therefore be regarded as a high-power—high-risk regime rather than simply as the most favorable
resource zone.

e  Wave-system composition provides a physical explanation for the contrast between resource intensity
and resource quality. Stable and low-risk grid cells have median swell-contribution indices of
approximately 0.85 and 0.84, respectively, compared with approximately 0.72 and 0.70 for unstable
and high-risk grid cells. The highest-energy regions are more strongly influenced by winter wind sea
and mixed sea states, whereas more persistent and lower-risk resources are generally associated with
swell-dominated conditions.

e Integrating intensity, availability, variability, water depth, and relative risk substantially changes the
spatial ranking of potential wave-energy zones. The composite screening shifts priority away from the
maximum-power storm-belt core toward several moderate-resource transition areas, including parts of
the Philippine Sea, the Ryukyu—Kuroshio transition zone, the East China Sea shelf break, and the
northern South China Sea. These regions do not maximize theoretical wave power, but they provide a
more balanced combination of resource magnitude, persistence, and risk.

Limitations and precautions:
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e ERAS is suitable for basin-scale climatological comparison and preliminary screening, but should not
be used alone to define engineering design conditions. Severe ERAS winds may underestimate extreme
wave conditions when the significant wave height exceeds approximately 7.5 m. The upper-tail wave-
power and extreme-event results should therefore be treated as relative regional indicators rather than
as design wave heights, return-period conditions, or survivability limits.

e The technical screening does not include device-specific power matrices, annual energy production,
distance to shore, port and grid accessibility, environmental restrictions, mooring requirements, or
high-resolution nearshore wave transformation. The identified priority zones should therefore be
interpreted as candidates for further assessment rather than final deployment sites.

Future research:

e Future studies should validate and refine the ERAS5-based resource and risk patterns using buoy
observations, satellite altimetry, and high-resolution wave hindcasts driven by bias-corrected
atmospheric forcing, particularly in tropical-cyclone and severe extratropical-storm conditions.

e The present resource-quality framework should be coupled with device-specific power and
survivability characteristics and engineering-economic models. Component-resolved spectral data
should also be used to quantify separate wind-sea and swell energy fluxes and to assess the effects of
directional spreading, spectral bandwidth, crossing seas, and wave—current interaction.
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