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ARTICLE INFO ABSTRACT

A 34-year high-resolution ocean surface wave climate hindcast around Japan is presented, and the wave climate
around Japan is examined from a spectral point of view. The spectral wave model is forced by the sea surface
wind data obtained from the JRA-55 atmospheric reanalysis. The wave climate hindcast is validated by com-
paring it with buoy observations around Japan. The correlation coefficient of the significant wave height is 0.9.
The correlation coefficient of the mean wave period is 0.8 for the Japan Sea and Pacific side of eastern Japan and
0.7-0.8 for the Pacific side of western Japan. The wave climate is represented by temporal-mean two-dimen-
sional wave spectra. The characteristics of the spectral wave climate are investigated by classifying them into
three types. Distinctive characteristics of the mean wave spectra along the Japan Sea are narrower band widths
for both the period and direction. The mean wave spectra along the Pacific side of eastern Japan are char-
acterized by swells with a spectral peak propagating from the northeast. The distinctive spectral features cor-
responding to the Pacific side of western Japan are bi-modal peaks with long-period components typically
generated by typhoons. The variability in the monthly mean wave spectra is examined using an empirical or-
thogonal function (EOF) analysis. In the winter, it is found that the wave height variability (EOF 1st mode) is
related to wave direction variability (EOF 2nd mode) at locations 1000 km apart via the sea level pressure
variance over the North Pacific. In the summer, the EOF 1st mode corresponding to the Pacific side locations is
dominated by the variability in typhoon-generated swells. The spectral wave climate representation provides
new insight into the wave climate around Japan with clear relationships between the atmospheric conditions,
the wave height, direction, and period.
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been used to estimate ocean wave contributions to the long-term ex-
treme global sea-level rise along coastlines (Melet et al., 2018), wave

1. Introduction

It is becoming increasingly important to understand Earth's climate
because of the potential impact of ongoing climate change on our so-
ciety. The nature of the ocean surface wave climate has broad im-
plications for coastal society because large populations live near the
coastline; therefore an understanding of wave climate is important.
Atmospheric reanalysis data is one of main tools available for in-
vestigating the climate of previous decades. In addition, a wave climate
hindcast based on atmospheric reanalysis is useful for wave climate
studies (e.g., Semedo et al., 2011; Shimura et al., 2013; Stopa et al.,
2013) and is applicable to a wide range of coastal engineering projects.
Beach morphology is strongly and globally affected by the wave climate
in addition to sea level rise at historical climate (Barnard et al., 2015).
Long-term wave climate hindcasts can be used for estimating beach
morphology changes (Yates et al., 2013; Elshinnawy et al., 2017;
Gainza et al., 2018). In addition, long-term wave climate hindcasts have

* Corresponding author.
E-mail address: shimura.tomoya.2v@kyoto-u.ac.jp (T. Shimura).

https://doi.org/10.1016/j.coastaleng.2019.04.013

power resources (e.g., van Nieuwkoop et al., 2013; Morim et al., 2016),
and coastal structure design (e.g., Gouldby et al., 2014). Therefore,
reliable wave climate hindcasts based on atmospheric reanalysis are in
great demand. The purposes of this study are to present a new wave
climate hindcast around Japan and examine the wave climate char-
acteristics based on this hindcast.

An example of a “global” long-term wave climate hindcast that has
been used in a variety of fields is the ERA-Interim reanalysis (Dee et al.,
2011) developed by the European Center for Medium Weather Forecast.
Recently, several researchers (Chawla et al., 2013; Rascle and Ardhuin,
2013; Durrant et al., 2014; Perez et al., 2017) have conducted global
wave climate hindcasts using the spectral wave model WAVEWATCH III
(Tolman, 2014), forced by the CFSR atmospheric reanalysis (Saha et al.,
2010) developed by the United States National Centers for Environ-
mental Prediction. Mori et al. (2017) produced a global wave climate
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hindcast data using the JRA-55 atmospheric reanalysis developed by
the Japan Meteorological Agency (Kobayashi et al., 2015) and showed
the accuracy and usefulness of these data. In general, recent global
wave climate hindcasts have used a spatial resolution of approximately
0.5°, which is rather coarse for coastal applications. Therefore, the wave
climate hindcasts along specific coastlines nested in the global domain
are calculated using a higher spatial resolution than the one used to
calculate the global wave climate hindcasts, i.e., approximately 4
arcmin (Chawla et al., 2013; Durrant et al., 2014; Perez et al., 2017).
This study presents a higher resolution wave climate hindcast along the
Japanese coast, which can be added to the global data-set of Mori et al.
(2017). We evaluate the accuracy of the hindcast by comparison with
buoy observations.

The wave climate is often described using bulk wave parameters,
such as the significant wave height (H;), mean wave period (T,,0;), and
mean wave direction (D,) (e.g., Young et al., 2011; Shimura et al.,
2013; Stopa et al., 2013; Hemer et al., 2013; Mentaschi et al., 2017).
The wave climate can be more effectively studied using wave spectra
because wave spectra contain more detailed information than bulk
characteristic wave parameters do. Several authors have studied spec-
tral wave climate representations. For example, Buckley (1988) calcu-
lated the long-term average of one-dimensional (frequency) wave
spectra (climatic wave spectra) based on buoy observations taken
around the United States and divided wave climates into steep and long
states. Bromirski et al. (2005) investigated the wave energy variability
along the United States west coast by separating the wave energy into
short, intermediate, and long-period components based on the one-di-
mensional wave spectra obtained from buoy observations. The spectral
wave climate has also been examined by several sea states using a
clustering analysis of wave spectra (Boukhanovsky et al., 2007;
Hamilton, 2010; Lucas et al., 2011). Innocentini et al. (2014); Portilla-
Yandin et al. (2015) used the wave spectral partitioning method to
detect a wave system from wave hindcast data and showed the climatic
characteristics of representative wave systems. Portilla-Yandtn et al.
(2016); Portilla-Yandin (2018) showed the usefulness of wave spectral
climate representations for relating the wave climate to climate circu-
lation patterns and detecting wave generating sources. In this study, we
examine the spectral wave climate characteristics using the long-term
average of two-dimensional (frequency-direction) wave spectra. We
focus on the spectral shape of the total wave energy during the target
timeframe and not on each wave system (Portilla-Yandin et al., 2015).
The variability in the spectral wave climate is estimated by applying
empirical orthogonal function (EOF) analysis (Von Storch and Zwiers,
2002) to the monthly average of the two-dimensional wave spectra.
Although the amount of data in the wave spectra is approximately
1000 times larger than that contained in the bulk parameters, de-
pending of the directional and frequency resolutions, data spanning
several decades is worth saving and analyzing.

There have been only a limited number of studies of the long-term
wave climate around the Japanese coast. The trend of the long-term
wave climate around Japan has been estimated through observations
(Sasaki, 2012), and a hindcast (Hatada and Yamaguchi, 2002). Shimura
et al. (2016) found that the winter wave climate variability around
Japan is closely associated with large-scale atmospheric patterns. There
has been no study of the spectral wave climate around Japan, although
Nagai (1997) investigated the observed wave spectral climate at two
locations. This study investigates in detail the characteristics of the
wave climate around Japan using a wave spectral climate representa-
tion obtained from a high-resolution wave climate hindcast.

2. Methodology
2.1. Wave climate hindcast

The wave climate hindcast is conducted using the spectral wave
model WAVEWATCH III version 4.18 (Tolman, 2014). WAVEWATCH
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Fig. 1. The three computational domains.

I1I is forced with six-hourly surface wind data and the monthly sea ice
fields by JRA-55 atmospheric reanalysis data (Kobayashi et al., 2015).
The experimental period is 34 years (1979-2012). The spatial resolu-
tion of JRA-55 is approximately 60 km. The monthly sea ice fraction
data is linearly interpolated to daily data to obtain the WAVEWATCH III
forcing data. The directional resolution is 10°, and the frequency space
is 0.035-0.5Hz, which is logarithmically discretized into 29 incre-
ments. The source terms from Ardhuin et al. (2010) (denoted as ST4 in
WAVEWATCH III) are used as the input and dissipation terms. The
global wave climate hindcast produced using the JRA-55 wind by Mori
et al. (2017) did not store the spectral data for the boundary conditions
of the nesting process. Thus, a new regional high resolution wave cli-
mate hindcast is conducted. With the exception of the spatial resolu-
tion, the global and regional configurations for WAVEWATCH III are
identical. Therefore, the regional wave climate hindcast is considered to
be a subset of the global one. The three domains are determined using a
nesting process for the North Pacific domain (spatial resolution:
30 min/0.5°), western North Pacific domain (10 min/0.167°), and Ja-
panese coastal domain (4 min/0.067°) (Fig. 1). The latitudes of the first
(the North Pacific) domain range from 25°S-65°N, and the longitudes
range from 110°E—90°W. The latitudes of the second (the western
North Pacific) domain range from 20°N-50°N, and the longitudes range
from 117°E—150°E; the boundary of the southeastern part of the do-
main is oblique to the longitude line. The boundary of the finest domain
around Japan is approximately 100 km from the Japanese coast (see,
Fig. 1). The bulk parameter outputs are available every hour. The
spectral data are also available every hour at sites chosen based on
observation data availability (see, section 2.2).

Three regions, whose climate characteristics are chosen to represent
the major wave climates, are frequently discussed in this paper. The
three regions are: the Japan Sea side of Japan, Pacific side of eastern
Japan, and Pacific side of western Japan. These three are hereafter
denoted as the JS, PE, and PW regions, respectively. The winter months
are December, January, and February (DJF), and the summer months
are July, August, and September (JAS).

2.2. Validation of wave hindcast

To estimate the accuracy of the wave climate hindcast, a compar-
ison with data obtained from buoy observations around Japan is pur-
sued. We obtain long-term buoy observation data from the Nationwide
Ocean Wave Information Network For Ports And Harbours (NOWPHAS;
http://www.mlit.go.jp/kowan/nowphas/index_eng.html (Last access is
November 2018)). A total of 43 locations within the finest domain
whose depths are deeper than 30 m are selected for the comparison
mainly focusing on deep water. The observations began in 1970, de-
pending on the location. If there is a obvious data gap between before
and after data missing period based on a visual inspection, data with
shorter period is eliminated, although this elimination hardly impacts
the results. The parameters chosen for the comparison are the
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significant wave height (H;) and mean wave period (T,,,01). Tin1 is de-
noted T,, for simplicity. Observed spectral data at a limited number of
locations (five locations) and during a limited period (2001-2007 or
2002-2007) are available and used as a complement. The wave period
parameter available from NOWPHAS is the significant wave period (Ty;
the mean period of the highest one-third of the waves, Holthuijsen
(2010)). The T,, values from the NOWPHAS observations are derived
using the following equation: T, = 0.0083T? + 0.68T; + 1.08. The re-
lationship between T; and T, is derived via an analysis of the spectral
data of observation.

2.3. Analysis of spectral wave climate
The spectral wave climate is represented by temporal-mean two-

dimensional (direction-frequency) wave spectra. The temporal-mean
two-dimensional wave spectra (F (6, f)) are defined as follows:

F@,f)=1/np, F(.[)
; @

where 0 is the direction, f is the frequency, and n is the number of time
steps. Using F (6, f), the temporal-mean significant wave height (H?) is
defined as follows:

HY = 4/ [ F@ 1) dodf = i = (77 + o, @

where H? equals to the root mean square of Hy and o7, is the variance
of H. Analogously with H, the temporal-mean mean period (T ) and
mean direction (D, ) are defined as follows:

T = (ffdeedf)l _ (m)_l

m

‘[f Fdodf H_S2 3)
D7 = tan-! j]’sin@Fjdef  an! HZsinD,,
[ cos6Fdodf HZcosD,, 4)

where f,, = 1/T,,. T, and DY are equal to the mean values weighted by
the squared H,. Gainza et al. (2018) indicated that weighted mean wave
parameters are more effective for an equilibrium beach planform than
ordinary (not weighted) temporal-mean wave parameters. This can be
because weighted mean wave parameters better represent mean wave
states. F(6, f) -based mean wave parameters, which are equal to
weighted mean wave parameters (as shown by equations (2)-(4)),
correspond to the total wave energy in the target timeframe; H;” can be
converted to the total wave energy in the target timeframe
(Jf ¥ Fdodf), but Hy is just a statistical value. The relationship among
H;, T,,, and D, is not clear because averaging procedures for those
variables are conducted independently. On the other hand, H?, TF,
and DY have a clear relationship via F as described by equations
(2)-(4). We consider H?, TP, and D;F to be more appropriate for re-
presenting the wave climate (mean wave state) than ordinary mean
statistics.

The differences between the F (6, f) -based temporal-mean and the
ordinary temporal-mean are described below. Fig. 2 shows the values of
HP, H;, TP, and T;, over a period of 34 years for the second compu-
tational (the western North Pacific) domain. H;? is always larger than
H; as shown by equation (2). The differences (Fig. 2(b) (d)) are not
spatially uniform and are larger where the variance of H; is relatively
larger compared with the ordinary mean. Fig. 2 shows the annual mean,
and if the seasonal mean is examined, it can be seen that the spatial
pattern changes because the inter-annual variance is more important
than the seasonal variation (cycle). For example, the inter-annual tro-
pical cyclone (TC) variance is large and leads to large differences in the
TC passing zone during the summer.

The monthly variability in the spectral wave climate is obtained
using empirical orthogonal function (EOF) analysis (Von Storch and
Zwiers, 2002), which is also known as the principal component ana-
lysis. EOF analysis is widely used in climate science studies to derive the
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dominant patterns of variability in temporal-spatial space. In this study,
dominant patterns of wave climate variability in temporal-wave spec-
tral space are derived using EOF analysis. EOF analysis is applied to the
root monthly mean wave spectra. The “root” monthly mean value is
used in order to increase the applicability of EOF analysis because the
EOF analysis assumes normal distribution and “root” monthly mean
value is closer to normal distribution than monthly mean value. The
procedure of EOF analysis is described simply as follows. The 34-year
mean of each calendar month is subtracted from each monthly value for
normalization; for example, 34-year mean during January is subtracted
from each monthly value of January. Root monthly mean wave spectra
is represented by m X n matrix (F), where m is the number of wave
components (the number of frequencies X the number of directions),
and n is the number of months. The co-variance matrix (V) is calculated
by V = FF'/n. The eigen value equation for V can be expressed as
Vz; = 4;z; with the ith largest eigenvalue A; and the associated ith ei-
genvector z;. \/4;z; is denoted as the spectral pattern of ith EOF (unit is
m/(s - rad) which is same as root monthly mean wave spectra). The
spectral patterns of lower order (1st, 2nd, ...) EOF represent dominant
patterns of variability in the spectral wave climate. The time coefficient
of ith EOF at a given month (t) is calculated by eof, (t) = F(t)"z;/ \/A—l s
where F(t) is m X 1 vector of root monthly mean wave spectra at a
given month. The eof; is non-dimensional value. The mean and standard
deviation of eof; are 0 and 1, respectively. Larger value of eof, indicates
the spectral pattern at a month can be explained by that of ith EOF by a
larger degree.

The relationship between the EOF of the wave spectra and the large-
scale atmospheric conditions is analyzed using regression analysis. The
monthly averaged mean sea level pressure (SLP) and wind vector are
used to determine the atmospheric conditions. The monthly averaged
value of SLP, u-component, or v-component wind at a month t (y(t)) is
represented by eof; (t) using linear regression equation as follows:

V() = meof,(t) + ao (5)

where y(¢t) is the estimated y(t), and a; and a, are the regression
coefficients determined using the least squares method. The spatial
distribution of slope (a;) is denoted as a regression map. The eof; (¢) is
non-dimensional value as describe above and thus a; has dimention
same as SLP (hPa) or wind (m/s).

3. Results and discussion
3.1. Comparison with buoy observations

A comparison of the H; values calculated from the hindcast and
NOWPHAS buoy observational data is shown below. Fig. 3(a) and (b)
show the correlation coefficient and root mean square error (RMSE) of
the two-hourly H; values between the hindcast and NOWPHAS, re-
spectively. Fig. 3 also shows the H;? values drawn in grayscale. The
correlation coefficients are approximately 0.9 for nearly all of the lo-
cations; thus the accuracy is high. Some locations inside the steeply
curved bay show smaller correlation coefficients of 0.5-0.7. This in-
dicates that the wind and waves at such complex topographical loca-
tions cannot be resolved well by JRA-55 reanalysis or the current
study's wave model. The RMSE values are less than 0.5 m at nearly all of
the locations. The biases are —0.39 to 0.15 m (not shown in the figure).
The results for the three representative locations in the JS, PW, and PE
regions (Wajima, Hososima, and Kuji), which correspond to Nos. 21,
14, and 2 in Fig. 7 and Table 1, respectively, are shown in detail
(Fig. 4). The correlation coefficients are 0.94, 0.90, and 0.89 for Wa-
jima, Hososima, and Kuji, respectively. The biases are —0.14, —0.02,
and —0.01 m, and the RMSE values are 0.36, 0.30, and 0.30 m, re-
spectively. The percentile values (10, 50, 90, 99, and 99.99 percentiles),
which have been treated as wave climate indicators in previous studies,
are also plotted in Fig. 4 and show good agreement between the smaller
and larger waves.
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Fig. 2. Differences between F (6, f) -based temporal-mean and ordinary temporal-mean values over a period of 34 years. (a) H?, (b) HY - H;, (c) T, and (d) T -
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Fig. 3. Comparison of H; values between hindcast and NOWPHAS buoys. (a)
Correlation coefficient and (b) RMSE (unit: m). HTSP drawn in grayscale (unit:
m).

A comparison of the hindcast and NOWPHAS T, values is shown
below. Fig. 5(a) and (b) show the correlation coefficient and RMSE of
the two-hourly T,, from the hindcast and NOWPHAS. Fig. 5 also shows
the T;P values drawn in grayscale. Based on a comparison of the
spectral shapes of the hindcast and NOWPHAS, the hindcast under-
estimates the windsea when the wave height is low and swells exist. In
this situation, the error is relatively large due to the definition of T,,,
even if the swell waves are well simulated. Therefore, Fig. 5 comparison
is limited to Hy larger than 1 m. Although the correlation coefficients
are small compared with Hj, they are greater than 0.8 for the JS and PE
regions and 0.7-0.8 for the PW region. The RMSE values are less than
0.8 s and 1.2 for the JS and Pacific side, respectively. The biases are
less than + 0.6 s (not shown in figure). The results for the three re-
presentative locations (Wajima, Hososima, and Kuji), i.e., the JS, PW
and PE regions, are shown in detail (Fig. 6). The correlation coefficients
are 0.87 (0.89), 0.79 (0.56), and 0.84 (0.74) for Wajima, Hososima, and
Kuji, respectively, where the values in parentheses are those that are
not limited to the time when H; is larger than 1 m. The biases are —0.57
(—0.40), —0.30 (0.22), and 0.21 (0.37) s, and the RMSE values are
0.80 (0.76), 1.04 (1.59), and 0.92 (1.24). The percentile values (10, 50,
90, 99, and 99.99 percentiles) indicate good agreement between the
shorter (smaller percentile) and longer (larger percentile) wave periods.

Table 1
Location list and percent variance (PV) of EOF modes at each location.
Location lon lat PV (DJF) PV (JAS)
EOF1 EOF2 EOF1 EOF2

No. 1 42.867°N 144.400°E 48 16 44 16
No. 2 40.200°N 141.933°E 47 20 36 16
No. 3 38.200°N 141.667°E 39 21 31 18
No. 4 37.000°N 141.200°E 35 22 32 18
No. 5 35.933°N 140.733°E 39 27 39 18
No. 6 35.000°N 141.000°E 27 20 30 18
No. 7 35.133°N 139.733°E 56 19 45 22
No. 8 34.600°N 138.933°E 42 26 48 17
No. 9 34.867°N 138.533°E 51 19 56 16
No. 10 34.400°N 137.133°E 45 21 44 19
No. 11 33.467°N 135.800°E 49 18 46 20
No. 12 33.600°N 135.267°E 38 25 46 20
No. 13 33.400°N 133.600°E 48 15 49 20
No.14 32.400°N 131.733°E 50 15 49 19
No. 15 32.667°N 129.667°E 50 25 58 14
No. 16 34.000°N 130.467°E 52 16 57 14
No. 17 35.000°N 132.000°E 57 15 43 19
No. 18 35.600°N 133.333°E 45 24 46 15
No. 19 35.600°N 134.133°E 54 19 45 18
No. 20 35.800°N 135.867°E 61 15 42 21
No. 21 37.467°N 136.933°E 53 17 33 27
No. 22 37.400°N 138.200°E 66 12 40 18
No. 23 39.000°N 139.733°E 59 13 52 16
No. 24 40.800°N 139.867°E 52 17 47 15
No. 25 43.867°N 141.467°E 46 26 48 18

These results show that the hindcast around Japan is accurate and can
reliably be used in the following wave climate analysis.

3.2. Spectral wave climate: temporal-mean wave spectra

The temporal-mean two-dimensional wave spectra (F (6, f)) are
analyzed in this section. The annual mean wave spectra corresponding
to data collected over a period of 34 years around Japan are shown in
Fig. 7. The precise locations are listed in Table 1. The wave direction (6)



T. Shimura and N. Mori

R:0.94, RMSE:0.36m R:0.90, RMSE:0.30m R:0.89, RMSE:0.30m
BIAS:-0.14m, Num: 121902 BIAS:-0.02m, Num: 46187 BIAS:-0.01m, Num: 63631

oo

(2) Wajima 7 8 (c)Kuji é
.

JRA-55
IS
4

0 &
0 2 4 6 8 0 2 4 6 8
NOWPHAS NOWPHAS

NOWPHAS

Fig. 4. Comparison of H; values between hindcast and NOWPHAS buoys at
three representative locations (unit: m). Colored shading indicates normalized
data density on a log;o-scale. Red circles are the percentile values (10, 50, 90,
99, and 99.99 percentiles). (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

0.6 0.8 10 0.5 1 1.5

Fig. 5. Same as Fig. 3 but for T, (unit: s).

R:0.87, RMSE:0.86s R:0.79, RMSE:1.05s
s BIAS:-0.67s, Num: 58509 _ BIAS:-0.36s, Num: 16807
3 1

R:0.84, RMSE:0.90s
BIAS:0. 15@ Num: 35023

(a) Wajima // (b) Hososhima 1’%‘/
QI 10 10 10
<
&
=
5 5 5
// 1
5 10 15 5 10 15 5 10 15
NOWPHAS NOWPHAS NOWPHAS
Fig. 6. Same as Fig. 4 but for T), (unit: s).
i ! d 0.01
0.009
60°N
0.008
0.007
50°N
0.006
()
=l
2
= 0.005
— 40°N
0.004
0.003
30°N
0.002
0.001
"~ QPR @5 @
i it i L

110°E 120 130°E 140°E 150°E 160°E
Longitude

Fig. 7. Annual mean wave spectra over a period of 34 years around Japan (unit:
m?/(s - rad)). Red lines indicate D;?. Location information is listed in Table 1.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Coastal Engineering 151 (2019) 1-9

(a)Wajima Hs,,=1.9m  (b)Hososima Hs,,=0.8m (¢)Kuji Hsyp=1.5m

20 X 0.9 038 20 0.1 20 04 05
0} 69 6.3 03 01 122 N 0 L
10 %3 4 10 2 10 ‘4& 08
0% ff 8 501 |/oas , 01§ ’é’ 00d 1o
0 ) 0 ‘ﬁ 0 ﬁ ’
QLSS 1) 0.9 \Q& 809 0116 \ 905 04
-10 N (% -10 N 5 -10 g& 02
02 1609 037 5y o 04 ol 5575 704
-20 0.1 00 20 02 03 -20 0.1 03
20 0 20 20 0 20 20 0 20

Fig. 8. The winter (DJF) mean wave spectra corresponding to the three re-
presentative locations: (a) Wajima (No. 21 in Fig. 7), (b) Hososima (No. 14),
and (c) Kuji (No 2). The values are normalized by dividing by the maximum
value (maximum value in this figure would be 1). Gray circles correspond to 2 s
intervals. Red broken circles and lines represent TP and D, respectively. The
values of H¥ ; and Ty , for every 30°are shown by numbers in black and ma-
genta, respectively. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

is defined as the direction from which the wave is coming, clockwise
from the north. The radius represents the wave period rather than the
frequency, and the energy at the longer radius of the circle represents a
long-period wave component. In this discussion, the general spatial
characteristics are discussed first, followed by an analysis of the results
for specific locations. A distinguishing characteristic of the mean wave
spectra in the PE region is a spectral peak in the northeast and its
southward extension (Nos. 1-6 in Fig. 7). For the PW region, the mean
wave spectra are characterized by bi-modal peaks and long-period
components that are generated by TCs (Nos. 7-14). The mean wave
spectra for the JS region have relatively narrow band widths for both
the period and direction (Nos. 16-25). The annual characteristics
shown in Fig. 7 are dominated by summer characteristics for the PW
region and winter characteristics for the JS and PE regions.

The results for the three representative locations (Wajima,
Hososima, and Kuji, which correspond to Nos. 21, 14, and 2 in Fig. 7) of
the JS, PW, and PE regions are shown in detail in the same manner as in
the previous section. The F (6, f) values corresponding to the winter
(DJF) and the summer (JAS) are shown in Fig. 8 and Fig. 9, respec-
tively. The F (6, f) values for Wajima in the winter (the summer) have a
peak corresponding to a period of 8.3 (6.2) s and a direction of 310
(10)", and the HP, T;P, and D values are 2.0 (0.9) m, 6.4 (5.1) s and
320 (327)’, respectively. The seasonal variation in the wave height is
large, and the spectral peak shifts in the clockwise direction from the
winter to the summer. This clockwise seasonal direction shift can be
seen to the west of Wajima (Nos. 18-22), and a counterclockwise shift
can be seen to the east of Wajima (Nos. 23-25) in the JS region. It is
interesting to note that the seasonal change in the spectral peak di-
rection is large (70 °), while in the mean direction it is small (7 °).

The F (6, f) values for Hososima in the winter (the summer) have a
peak corresponding to a period of 10.0 (9.1) s and a direction of 100
(100)°, and the values of H?, T:?, and D;P are 1.0 (1.6) m, 6.1 (8.2) s,
and 114 (130)°, respectively. Although there are small differences in the
peak and mean directions between the winter and the summer, the
energy from the southeast direction is larger in the summer than it is in
the winter, which is due to TC generated waves. The F (6, f) values for
Kuji in the winter (the summer) show a peak corresponding to a period
of 12.1 (9.1) s and a direction of 60 (100)°, and the values of H?, W,
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Fig. 9. Same as Fig. 8 but for the summer. (JAS).
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and D;P are 1.6 (1.5) m, 7.8 (7.4) s, and 64 (101)", respectively. In both
the peak direction and the mean direction there is a seasonal variation
of 40°. In the winter, the energy is concentrated into long-period waves
propagating from the northeast direction, whereas in the summer they
propagate from the eastern direction and the degree of concentration of
the waves is smaller than it is in the winter.

From Figs. 8 and 9, the directional characteristics can be quantita-
tively estimated by defining H:? and T;P for the target direction (within
6, to 6,) as follows:

P, = 4\/W = VH?* X o ®

_ -1
P _ f[:szdef _ 7sp o fmo
e\ g ) T
61 @

where 1, is the ratio of the energy in the target direction to the total
energy (f ; fz Fdodf / [ [ Fdédf), and r, is the ratio of the first order
moment in the target direction to the total first order moment
qA _/:2 fFdodf/ [f fFd6df). The values of H , and Ti¥ , every 30" are
shown in Figs. 8 and 9 by numbers in black and magenta, respectively.
For example, in the winter at Wajima (Fig. 8(a)), the values of H;* ; and
TP, between 300 and 330" which include a spectral peak, are 1.0m
(H? is 1.9m) and 7.0s (H;? is 6.4s), respectively. On the other hand,
in the summer, the values of HY , and T;P , between 300 and 330 “are
0.3m and 5.4 s, respectively, which indicate large seasonal differences.
The relationships among the wave height, period, and direction can
easily be understood according to the above analysis. Therefore, F (6, f)
is useful for describing the wave climate.

3.3. Spectral wave climate: variability in monthly mean spectra

The variability in the monthly mean spectra in the winter and the
summer is analyzed using EOF analysis. Table 1 lists the percentages of
the variance of the first and second modes (The EOF1 and EOF2) at
each location. The percentages of the variance of the EOF1 and EOF2
are from 40 to 50% and approximately 20% (Table 1), respectively.
First, the spatial characteristics of the EOF1 and EOF2 are briefly de-
scribed; a detailed discussion of the EOF1 and EOF2 at representative
locations follows. Fig. 10 shows the spectral patterns of the EOF1 and
EOF2 in the winter and the summer. Typically, EOF1 is characterized

(a) DJF EOF1 ) (b) DJF EOF2 =
2 .
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Fig. 10. Spectral patterns of EOF around Japan:(a) EOF1 in the winter, (b)
EOF2 in the winter, (c) EOF1 in the summer, and (d) EOF2 in the summer. Red
line represents D;P. (unit: m/(s - rad)). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this
article.)
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by a uni-modal pattern that is similar to the patterns of the mean
spectra (F (6, f)) (Fig. 10(a) (c)). In the JS region (Nos. 17-25), the
winter variability is greater than it is in the summer. On the Pacific side
(Nos. 1-15, except for No. 5) in the summer season, the variability in
the long-period waves propagating from the southern direction is sig-
nificant. This is considered to be the TC wave variability. Note that the
No. 5 location is not open to the south. In the PW region (Nos. 7-15),
the summer variability is greater than it is in the winter. EOF2 shows a
bi-modal pattern whose peaks are located clockwise and counter-
clockwise from the mean wave direction (Fig. 10(b) (d)). EOF1 and 2
correlate strongly with the bulk wave parameters. Table 2 lists the
correlation coefficients between the monthly time series of EOF1 (or 2)
and the monthly mean bulk wave parameters (H?, T and D?). The
correlation coefficient between EOF1 and H.? is high, (approximately
0.9). Thus, EOF1 represents the wave height variability. EOF1 also
correlates well with TP, because wave development is associated with a
larger wave height and longer wave period, and TP is defined using H?.
EOF2 correlates well with D_,if. Larger values of EOF1 (Fig. 10(a) and
(c)) indicate a larger H? variability (variance), and larger values of
EOF2 (Fig. 10(b) and (d)) indicate larger D;P variability (variance).
EOF1 and 2 have no correlation. Thus, the correlation between H and
DY is generally low. If Dif is regressed on EOF1 and 2, the correlation
coefficients associated with the regression increase to above 0.8 at
nearly all of the locations. Therefore, EOF1 and 2 represent the varia-
bility in the bulk parameters.

The relationship between the wave spectral variability and the
large-scale atmospheric conditions is shown in Fig. 11 to Fig. 15. The
sea level pressure (SLP) and wind vector are used to determine the
atmospheric conditions. Three locations are referenced as re-
presentatives of the JS, PW, and PE regions in the same manner as in
the previous sections. Fig. 11 shows the spectral pattern of EOF1 at
Wajima (location No. 21) and the regression map of the SLP and wind
vector on the EOF1 monthly time series. A regression map is a map of
the slope of a linear regression equation (equation (5)). The spectral
pattern of EOF1 (colored shading) is characterized by a variation in the
energy of the longer wave component than the spectral peak of the
mean spectra, which is drawn using a contour (Fig. 11(a)). The varia-
tion in the energy of the longer wave component (rather than the
spectral peak) can be considered to be the variation in the magnitude of
the wind-wave development. The correlation coefficient between the
monthly time series of EOF1 values (eof;) and H;? is 0.96, and it is 0.95
for TP (Table 2). Therefore, EOF1 largely explains the variability in the
wave height and wave period. The EOF1 for Wajima represents the
EOF1 variability over nearly the entire JS region (Nos. 16-24) because
the correlation coefficient with each location's EOF1 is high, with va-
lues greater than 0.7. The center of the SLP variation associated with
the EOF1 is located east of Japan (150°E longitude and 40°N latitude).
The negative (positive) SLP anomaly leads to a wind speed anomaly in
the west or northwest direction (east or northeast direction) in the
Japan sea, which leads to larger (smaller) wave energy propagating
toward the Japan sea side coast.

Fig. 12 shows the results for Kuji (location No. 2) in the winter. The
spectral pattern of EOF1 is similar to the shape of the mean spectra,
although it is extended to a longer wave period component (Fig. 12(a)).
The correlation coefficient between the monthly time series of EOF1
and H;? is 0.97, whereas the correlation coefficient between the
monthly time series of EOF1 and W is 0.89 (Table 2). The EOF1 for
Kuji represents the EOF1 variability for the PE region (Nos. 2-5), be-
cause the correlation coefficients are high, with values greater than 0.8.
The centers of the SLP variations associated with the EOF1 are located
over the Bering Sea and the mid-latitudes of the North Pacific. The
positive (negative) SLP anomaly over the Bering Sea and negative
(positive) SLP anomaly over the mid-latitudes lead to an anomaly in the
wind speed from the eastern direction (western) near the Aleutian Is-
lands, which leads to a larger (smaller) swells propagating from the
Aleutian Islands region to the PE region. Fig. 12(b) also shows the great
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Table 2
Correlation coefficients between EOF values and bulk parameters (H, T and D).
Location DJF JAS
Hs Tm Dm Hs Tm Dm
1 2 1 2 1 2 1 2 1 2 1 2
No. 1 0.98 0.03 0.76 0.29 0.22 0.85 0.94 0.03 0.95 0.13 0.29 0.83
No. 2 0.97 0.14 0.89 0.01 0.26 0.76 0.96 0.01 0.86 0.15 0.19 0.89
No. 3 0.93 0.30 0.87 0.09 0.31 0.78 0.93 0.11 0.91 0.15 0.16 0.92
No. 4 0.86 0.45 0.88 0.11 0.41 0.72 0.94 0.13 0.89 0.17 0.19 0.91
No. 5 0.83 0.50 0.93 0.03 0.11 0.78 0.96 0.01 0.73 0.06 0.28 0.83
No. 6 0.53 0.45 0.56 0.62 0.47 0.26 0.93 0.05 0.90 0.00 0.06 0.79
No. 7 0.99 0.06 0.71 0.39 0.14 0.85 0.90 0.26 0.81 0.27 0.23 0.75
No. 8 0.63 0.72 0.27 0.81 0.71 0.57 0.94 0.06 0.93 0.16 0.33 0.81
No. 9 0.98 0.10 0.77 0.36 0.33 0.85 0.96 0.09 0.93 0.11 0.16 0.76
No. 10 0.92 0.32 0.90 0.14 0.75 0.49 0.96 0.06 0.91 0.11 0.12 0.81
No. 11 0.89 0.38 0.88 0.08 0.77 0.47 0.96 0.06 0.93 0.01 0.15 0.84
No. 12 0.94 0.24 0.87 0.31 0.69 0.53 0.96 0.07 0.94 0.05 0.06 0.78
No. 13 0.98 0.08 0.69 0.25 0.39 0.70 0.97 0.06 0.90 0.14 0.02 0.82
No. 14 0.99 0.09 0.85 0.02 0.11 0.50 0.97 0.06 0.88 0.22 0.02 0.85
No. 15 0.98 0.01 0.80 0.37 0.39 0.83 0.95 0.17 0.92 0.08 0.49 0.24
No. 16 0.93 0.32 0.69 0.22 0.63 0.65 0.96 0.12 0.87 0.27 0.48 0.53
No. 17 0.96 0.11 0.75 0.54 0.64 0.71 0.89 0.34 0.79 0.35 0.56 0.66
No. 18 0.87 0.28 0.68 0.62 0.58 0.78 0.98 0.01 0.78 0.36 0.34 0.34
No. 19 0.95 0.14 0.79 0.48 0.52 0.81 0.97 0.03 0.83 0.32 0.37 0.52
No. 20 0.96 0.11 0.92 0.14 0.53 0.79 0.96 0.09 0.85 0.13 0.14 0.78
No. 21 0.96 0.16 0.95 0.17 0.55 0.73 0.88 0.39 0.78 0.21 0.39 0.81
No. 22 0.96 0.23 0.95 0.10 0.42 0.40 0.97 0.05 0.82 0.09 0.14 0.83
No. 23 0.97 0.12 0.95 0.03 0.33 0.85 0.95 0.27 0.85 0.05 0.52 0.57
No. 24 0.97 0.13 0.96 0.05 0.29 0.88 0.95 0.15 0.93 0.06 0.57 0.20
No. 25 0.97 0.07 0.88 0.23 0.02 0.92 0.95 0.26 0.89 0.04 0.47 0.75
(a) DJF EOF1 (a) DJF EOF1
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Fig. 11. (a) Spectral pattern of EOF1 in the winter at Wajima (location No. 21)
and (b) regression map of SLP and wind vector on EOF1 monthly time series.
The color shading and contour in panel (a) represent the EOF and mean spectra
as in Fig. 8(a), respectively. Contour lines are 0.2, 0.5, and 0.8. Red dashed line
indicates DI . The colored shading and arrows in panel (b) represent the SLP
(unit: hPa) and wind vector, respectively. The location of Wajima is shown by a
red plus mark in panel (b). The red line in panel (b) is the great circle path
starting from Wajima, with the peak direction of EOF1. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

circle path starting from Kuji with the direction of peak of EOF1 shown
by Fig. 12(a). The great circle path represents the swell propagation
path from the Aleutian Islands region to the PE region.

The spectral pattern of the EOF2 for Kuji in the winter is bi-modal
(Fig. 13(a)). This explains the variance of D;’ whose standard deviation
is 12°% the correlation coefficient between EOF2 and D,f is 0.76
(Table 2). The center of the SLP variance associated with the EOF2 is
located at a latitude of approximately 40°N in the central North Pacific
(Fig. 13(b)). The negative (positive) SLP anomaly leads to a wind speed
anomaly in the northeast direction at a latitude of approximately 50°N
(in the southeast direction at a latitude of 30°N) and a longitude of
approximately 150°E, which leads to northerly (southerly) wave energy
propagating toward the PE region (Fig. 13(a) and Nos. 2-5 in

Fig. 12. Same as Fig. 11 but for EOF1 in the winter at Kuji (location No. 2).
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Fig. 13. Same as Fig. 11 but for EOF2 in the winter at Kuji (location No. 2). The
red and blue lines in panel (b) are the great circle paths starting from Kuji with
the positive and negative peak directions of EOF2. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 14. Same as Fig. 11 but for EOF1 in the winter at Hososima (location No.
14).

Fig. 10(b)). This results in a northeasterly to southeasterly wave di-
rection variance. The northeasterly and southeasterly wave propagation
paths (great circle paths with the direction of positive and negative
peaks of the EOF2) are plotted using red and blue lines in Fig. 13(b).

The atmospheric conditions corresponding to EOF2 in the PE region
are also related to EOF1 in the PW region, as explained below. Fig. 14
shows the EOF1 results for Hososima (location No. 14) in the winter.
The spectral pattern of EOF1 is similar to the shape of the mean spectra
(Fig. 14(a)). The correlation coefficient betweeﬂ the monthly time
series of EOF1 and H;? is 0.99, with a value for T;P of 0.88 (Table 2).
The EOF1 for Hososima represents that of the PE region (Nos. 10-14,
except for 12), because the correlation coefficient with each location's
EOF1 time series is greater than 0.8. Location No. 12 is not open to the
east. The regression map (Fig. 14(b)) is similar to that of EOF2 for the
PE region (Fig. 13(b)), whose regression map is characterized by the
SLP variation over the central North Pacific. Note that the sign (positive
or negative) is reversed, but this does not matter here. The positive
(negative) SLP anomaly leads to an eastern (western) wind speed
anomaly at a latitude of 30°N over the North Pacific, which leads to
larger (smaller) swells propagating from the east toward the PW region
(Fig. 14(a) and Nos. 10-14, except for No. 12 in Fig. 10(b)). The EOF1
for location No. 12 is different than those for Nos. 10-14, even though
they are all located in the PW region, because swells propagating from
the east are the primary components of the variability for Nos. 10-14,
and No. 12 is not open to the east. Again, the regression map
(Fig. 14(b)) is similar to that for EOF2 in the PE region (Fig. 13(b)). The
correlation coefficients between EOF1 for Hososima and EOF2 for the
PE region have values of 0.52-0.65. It is interesting to note that the
wave height variability is closely related to the wave direction varia-
bility for locations 1 000 km apart via the SLP variance over the North
Pacific.

The winter variability in the spectral wave climate associated with
large-scale (North Pacific) atmospheric conditions is described above.
Here, we discuss the effects of TC-generated waves, which are sig-
nificant in the summer, particularly along the Pacific coast. Fig. 15
shows the results for Hososima in the summer. The correlation coeffi-
cient between the monthly time series of EOF1 and H;? is 0.97; the
correlation coefficient between the monthly time series of EOF1 and TP
is 0.88 (Table 2). The correlation coefficients for EOF1 of Hososima
with other PW locations (Nos. 6-13) have values between 0.79 and
0.95. Therefore, the variability shown by Fig. 15 is characteristic of the
PW region in the summer. The spectral pattern for the EOF1 differs
from the shape of the mean spectra (Fig. 15(a)). The mean spectra
(contour in Fig. 15(a)) has a peak from the western direction. However,
the peak for EOF1 is from the southern direction and has a longer wave
period. This is due to the large variability in the TC-generated swells.
The TC signature can be seen in the regression map (Fig. 15(b)), which
shows the SLP variation over the lower latitudes of the western North
Pacific. The center of the SLP variance is located at the lower latitudes
of the western North Pacific, which is the active TC region. The
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Fig. 15. Same as Fig. 11 but for EOF1 in the summer at Hososima (location No.
14).

variability in the TC-generated swells in this region has a significant
impact on the variability in the wave climate in the PW region. Fur-
thermore, the EOF1 along the PE region is strongly related to the
variability in the TC-generated swells, even though the center of the
SLP variance is located east of Fig. 15(b) (not shown).

4. Conclusions

In this study, a high-resolution wave climate hindcast along the
Japanese coast is presented. This hindcast is a subset of the global one
developed by Mori et al. (2017). The spectral wave model WAVEWA-
TCH III was forced using the sea surface wind and sea ice concentration
data from the JRA-55 atmospheric reanalysis. The computational
period is 34 years (1979-2012). The three domains were chosen using a
nesting process and included the North Pacific domain (spatial resolu-
tion: 30 min), western North Pacific domain (10 min), and Japanese
coastal domain (4 min). The high-resolution wave climate hindcast was
carefully compared with NOWPHAS buoy observations around Japan.
The correlation coefficient, RMSE, and bias of H are 0.9, 0.5-0.7 m,
and —0.4 to 0.15 m, respectively. The correlation coefficients of T,, are
0.8 for the JS and PE regions and 0.7-0.8 for the PW region. The RMSE
values are under 0.8 s and 1.2 s for the Japan Sea and Pacific side, re-
spectively. The biases are less than + 0.6s. Based on the close agree-
ment between our hindcast and the observations, we consider our wave
climate hindcast around Japan to be reliable for wave climate analysis.

The wave climate around Japan is represented using temporal-mean
two-dimensional (frequency-direction) wave spectra. Temporal-mean
bulk wave parameters are also defined using the mean wave spectra,
which are equal to the mean values weighted by squared H;. The wave
spectra-based mean bulk wave parameter represents the mean wave
state (wave climate) more appropriately than the ordinary mean does.
The characteristics of the spectral wave climate around Japan are dis-
cussed by classifying them into three types. The general characteristics
of the mean wave spectra along the JS region are narrow band widths
for both the period and the direction. The mean wave spectra along the
PE region are characterized by swells with a spectral peak in the
northeast direction. In the PW region, the mean wave spectra are
characterized by bi-modal peaks and long-period components, which
are generated by the TCs. The annual characteristics are dominated by
the summer characteristics for the PW region, and the JS and PE regions
display the winter characteristics.

The variability in the mean wave spectra is analyzed using an EOF
analysis. The EOF1 of the monthly mean wave spectra represents the
variability in the mean wave height (H;?) and mean wave period (T;?).
EOF2 is closely related to the variability in the mean wave direction
(D;F). The winter EOF1 values for the JS locations are characterized by
the variability in the magnitude of wind-wave development and are
associated with the SLP variance just east of Japan. The winter EOF1
values for the PE locations are characterized by the variability in the
swells coming from the northeast direction and are associated with the
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SLP variance at higher latitudes of the North Pacific. On the other hand,
the EOF2 values of the PE region representing the variability in the
wave direction are associated with the SLP variance over the central
North Pacific. Furthermore, the EOF2 values for the PE region are re-
lated to the EOF1 values for the PW region via the SLP variance over the
central North Pacific. The winter EOF1 values for the PW locations are
characterized by the variability in swells coming from the eastern di-
rection. In the summer, the EOF1 values for the Pacific side locations
are dominated by the variability in the TC-generated swells. The
spectral wave climate representation in this study provides clear insight
into the wave climate around Japan because the relationships between
the atmospheric conditions, the wave height, direction, and period are
easy to understand.
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