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Abstract

The temporal and spatial variations in the wind and wave fields in the Pacific Ocean between 2002 and 2011 are
analyzed using a third-generation wave model (WAVEWATCH III). The model performance for a significant wave
height  is  validated using in situ  buoy data.  The results  show that  the wave model  effectively  hindcasts  the
significant wave height in the Pacific Ocean, but the errors are relatively large in the mid- and low-latitude
regions. The spatial distributions and temporal variations in a wind speed and the significant wave height in the
Pacific Ocean are then considered after dividing the Pacific Ocean into five regions, which show meridional
differences and seasonal cycles. Regional mean values are used to give yearly average time series for each separate
zone. The high latitude region in the Southern Hemisphere had a stronger significant wave height trend in the
model results than regions at other latitudes. The sources and sinks of wave energy are then investigated. Their
regional mean values are used to quantify variations in surface waves. Finally, the spectral analyses of the daily
mean wind speeds and the significant wave heights are obtained. The significant wave height and the wind speed
spectra are found to be connected in some ways but also show certain differences.
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1  Introduction
Surface waves have a direct impact on oceanic and atmo-

spheric boundary layer structures, and the variations in the sur-
face waves are important in oceanic and atmospheric dynamics
(He and Chen, 2011; Li et al., 2013; Song et al., 2015). Research on
spatial and temporal variations in ocean waves aims at providing
scientific information for use in a marine engineering design, de-
velopments in the oceans, transportation, and marine fisheries.
Spatially and temporarily consistent ocean wave data can be ob-
tained using numerical simulations. WAVEWATCH III (hereafter
WW3), which is a third-generation wave model, was developed at
NOAA/NCEP following the same principles as the WAM model.
The WW3 offers a high degree of precision and is very stable, and
has become widely used in practical marine forecasts (Bi et al.,
2015; Mentaschi et al., 2015).

The temporal and spatial distributions of waves are closely re-
lated to the temporal and spatial distributions of wind. Pogarskii
et al. (2012) simulated wave fields in the Indian Ocean for the
period 1998–2009 using wind fields from NOAA/NCEP and a
modified wind–wave model WAM. They divided the Indian

Ocean into a number of zones and analyzed the wind and wave
characteristics of various zones. The temporal and spatial vari-
ations in waves in the Pacific have also been investigated. Liu et
al. (2002) identified the general characteristics of, and rules for,
the wave fields in the northern Pacific all year round using mar-
ine meteorological data covering 46 a. Han et al. (2003) analyzed
the spatial distributions and temporal variations in the northern
and southern Pacific significant wave heights using the data from
the Topex/Poseidon altimeter for 75 consecutive months. Zhou
et al. (2009) established a WW3 wave hindcast for the northwest-
ern Pacific Ocean driven by the QSCAT/NCEP wind fields for
2005, and they simulated and summarized the characteristics of
the spatial and temporal distributions of the wind and waves in
that region. Zheng et al. (2012) used ERA-40 wave data from the
European Centre for Medium-Range Weather Forecasts to ana-
lyze the sea surface wind, wind wave, swell wave, and overall
wave fields for the Pacific Ocean.

In previous studies in which Pacific Ocean wave simulations
have been established, rather more attention has been paid to
wave variations in small parts of the Pacific Ocean than to the 
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ocean as a whole (He and Xu, 2016). Few studies have focused on
the simulations of the entire Pacific or on the comparisons of
waves caused by different wind belts. Wind input and breaking
output source terms have not previously been reported for the
Pacific Ocean. Here, we perform hindcasts for waves in the Pa-
cific Ocean between 2002 and 2011 using the latest version of
WW3. The simulated results are validated using observations
from the study area. We assess the spatial and temporal vari-
ations in both wind speed and significant wave height, and ana-
lyze the spectrum characteristics and trends in the time series.
We then assess the distributions of wave fields in different zones
of the Pacific, determining the zones according to the wind belts.
The results show that both local wind belts and remote waves in
some areas need to be taken into account when analyzing the
wave climate.

We describe a model configuration and a forcing field in Sec-
tion 2, and then validate model results in Section 3. The results
are presented in Section 4, with subsections in which we de-
scribe the spatial distributions and temporal variations in the
wind speed and the significant wave height, the sources and
sinks of the wave energy, and the power spectrum analysis. Fi-
nally, our conclusions are presented in Section 5.

2  Model configuration
The WW3 calculates the evolution of the wavenumber-direc-

tion spectrum F (k, θ). The effects of currents on waves mean that
the wavenumber-direction spectrum is not conserved when cur-
rents are taken into account (Longuet-Higgins and Stewart, 1961,
1962), but the wave action density spectrum N (k, θ) ≡F (k, θ)/σ is
still satisfied. Therefore, the parameterization is for the wave ac-
tion density spectrum in the actual calculations. The wave
propagation is described by

DN
Dt

=
S
¾
;

where D/Dt is the total derivative and S is the net effect of the
sources and sinks on the wave number–direction spectrum the
wavenumber-direction spectrum, as shown below:

S = S in+ S nl+ S ds+ S xx:

In deep water, the net source term S is mainly determined by
three terms, a wind–wave interaction term Sin, a nonlinear
wave–wave interactions term Snl, and a dissipation (white cap-
ping) term Sds. Other terms are used to represent wave–bottom
interactions, depth-induced breaking, triad wave–wave interac-
tions, and other phenomena. The meanings of the other terms
are given in the WW3 (Version 4.18) manual (Tolman et al.,
2014). The wind–wave interaction term Sin and the dissipation
term Sds represent separate physical processes, but should be
considered to be related in the wave model (Kalantzi et al., 2009).
Several new input and dissipation term packages have been in-
troduced in the latest version of WW3 (Version 4.18). Here, we
use the default Tolman and Chalikov (1996) (with switch ST2)
source term, which has been used in many other studies.

The computational domain of the numerical wave model was
the globe, with a horizontal grid resolution of 0.5°. Water depths
were extracted from the ETOPO2 data set. The main area on
which this study was focused was the Pacific Ocean, from 75°N to
75°S and from 90°E to 60°W, as shown in Fig. 1. We set 36 direc-
tions with 10° interval and 25 frequencies, from 0.04 to 0.4 Hz,
with an increment factor of 1.1. The model spin-up was set to 1

month, and simulation results for the 10 a period of 2002–2011,
were used for the analysis.

The wind field is the only force in the wave simulation. The
wind field used in this study was obtained from a cross-calib-
rated multi-platform ocean surface wind velocity (CCMP) data
set. This has a horizontal resolution of 0.25° and a time step of 6
h. The CCMP data are widely used in wave models (Zhang et al.,
2011; Zhang et al., 2013; Zheng et al., 2013). Bi (2013) compared
the CCMP wind field with SAR retrieved wind data, the European
Centre for Medium-Range Weather Forecasts wind data provided
by Envisat ASAR, and NDBC buoy observation wind data, and
found that the CCMP wind data used in the wave model had a
better average level of accuracy than the other data, and that the
few points with larger errors were mainly at mid-to-high latit-
udes and near the coast.

3  Model validation
The model results were validated using buoy data provided

by the NOAA National Data Buoy Center (NDBC). Buoys were se-
lected where (1) the water depth was greater than 1 km, (2) the
distance to shore was greater than 100 km, and (3) one- or two-
dimensional wave spectra data were available. A total of 22 ND-
BC buoys in the Pacific Ocean were eligible, and their locations
are shown in Fig. 2. Comparisons were made between the model
results and the observations, mainly focusing on the correlation
coefficient, root-mean-square error (RMSE), mean bias, and
mean relative bias.

The significant wave heights determined using the model are
plotted against the significant wave heights from the NDBC buoy
observations for 2007 (Fig. 3). The corresponding statistical para-
meters are shown in Table 1. The correlation coefficients were all
greater than 0.9, and the mean RMSE was 0.48 m. The validated
results indicate that the WW3 generally simulated the significant
wave height well. The buoy stations with negative deviations
were concentrated at high northern latitudes, suggesting that the
model probably underestimates waves at high latitudes. The
RMSE was greater than 0.6 m and the mean relative bias was
greater than 0.2 at five buoys, and these buoy stations are marked
in red in Fig. 2. These buoys were concentrated at low latitudes,
near the Hawaiian Islands. Despite the relatively poor ability of
the model to simulate waves at low latitudes in the Pacific Ocean,
the deviations were not significant and did not affect the overall
simulation.
4  Results

 

Fig. 1.   Model domain and bathymetry.
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4.1  Spatial distributions and temporal variations of the wind
speed
We explored the multiscale temporal variations and spatial

distributions of the wind speed field by constructing three types
of wind speed field: (1) wind speed averaged over the entire dec-
ade; (2) January and July wind speeds averaged for each of 10 a

and seasonal variations; and (3) the mean wind speed trend over
the decade. The mean wind speeds were calculated from the ab-
solute wind speed values.

The 10 a average wind speed distribution is shown in Fig. 4.
There were clear variations in the spatial distribution of the wind
speed field, and several extreme values were found. The distribu-
tion of the extreme wind speed values (corresponding to a mean
wind speed contour line at 7 m/s, thus the major gyres) allowed
the Pacific to be divided into five zones. The straight black lines
in Fig. 4 indicate the boundaries of the zones. The latitude ranges
covered by the zones are given in Table 2. Zones 3 (Z3) and 4 (Z4)
were divided by a line drawn at 166°W.

The northernmost Zone 1 (Z1) was mostly to the north of
30°N. This area is controlled throughout the year by the Aleutian
low. Z1 contains a large high-value central area in which the av-
erage wind speed was mostly greater than 8 m/s. The 10 a aver-
age wind speeds at low and mid-latitudes in Zone 2 (Z2) were 6–7
m/s. The center of Z2 was at about 15°N, near the Hawaiian Is-
lands, where the average wind speed reached 8 m/s. It is worth
mentioning that the Bashi Strait, in the west of Z2, also shows an
area of high wind speed, while the eastern part, along the coast of
North America, is clearly characterized by low wind speeds. Zone
3 (Z3) and Zone 4 (Z4) are both near the equator, but the wind
speed distributions in the two areas are different. Z4, covering the
eastern and central equatorial Pacific, is a high wind speed zone,
with an average wind speed of greater than 6 m/s and the wind
speeds in the center as high as 8 m/s. The wind speed distribu-
tion shows that in the west, Z3 can be further divided into two
sections. The area closer to the equator and north of New Guinea

 

Fig. 2.   Positions of the eligible buoys (points in red are buoys
with larger simulated deviations).

 

Fig. 3.   Scatter plots of the significant wave heights determined by the model and by buoys operated by the NOAA National Data Buoy
Center. The observed values are shown on the horizontal axes and the simulated values are shown on the vertical axes. The number
above each subplot is the identification number of the buoy.
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shows lower average wind speeds of less than 4 m/s, and the
southern part, to the northeast of Australia, shows slightly higher
average wind speeds of approximately 6 m/s. The wind speed
distributions in the northern Pacific are almost consistent with
the findings of Ma et al. (2013). Zone 5 (Z5) lies to the south of 23°
S, and southern Pacific westerlies prevail in this area. The aver-
age wind speeds are 8–10 m/s in most parts of Z5, and the max-
imum wind speed is 12 m/s. The average wind speed is higher in

Z5 than in the other zones, and this is related to an absence of
land masses in this zone, meaning that the prevailing westerlies
are largely unaffected by friction.

The average January wind speeds over the 10 a period are
shown in Fig. 5a. The average wind speed was higher in Z1 than
in the other zones. The wind speed reached 10 m/s in most parts
of Z1, and the maximum was greater than 12 m/s. The high wind
speed area in Z2 was longer and narrower in the average January
distribution than in the 10 a average wind speed distribution. It
bordered the Philippines in the west and 120° W in the east. The
average wind speed was 10 m/s in the high wind speed area in
the South China Sea. The wind speed was lower in Z3 than in the
other zones, at only about 4 m/s, and the wind speed in Z4 was
slightly higher, at about 7 m/s. Z5 had the second highest aver-
age wind speed, the average wind speed being 6 m/s in most
parts of Z5 and 8 m/s between 40°S and 60°S.

The average July wind speeds over the 10 a study period are
shown in Fig. 5b. The average wind speed was lower in Z1 (only
5–6 m/s) than in the other zones, and there was a local maxim-
um wind speed in Z1 along the coast of California, United States.
The average wind speed was a little higher in Z2 than in Z1. The
high-wind area in Z2 was smaller in extent in the average July
wind speed distribution than in the 10 a average wind speed dis-
tribution. The average wind speed in the eastern low-wind speed
area of Z2 was only about 4 m/s, but the average wind speed in
the center of the western high-wind speed area, in the South
China Sea, reached 7–8 m/s. As for the 10 a average wind speed
distribution, Z3 can be divided into two parts. The average wind
speed north of New Guinea was only about 4 m/s, but the aver-
age wind speed northeast of Australia reached 9 m/s. The aver-
age wind speed in Z4 was about 8 m/s. The average wind speed
in most parts of Z5 reached 10 m/s. The average wind speed in
July was higher in Z5 than in the other zones, and this is related
to the absence of land masses in this zone, meaning that the pre-
vailing westerlies are relatively unaffected by friction.

Table 1.   Error statistics for the model results plotted against the observations made by the buoys
Buoy No. Water depth/m Number of effective observations Correlation coefficient Mean bias/m Mean relative bias RMSE/m

1 46059 4 627.0 8 511 0.95 0.19 0.08 0.44

2 51004 5 230.0 6 840 0.94 0.60 0.26 0.67

3 46042 2 098.0 8 210 0.94 0.03 0.03 0.30

4 51001 3 430.0 8 290 0.94 0.58 0.26 0.68

5 32012 4 551.0 1 505 0.94 0.30 0.16 0.35

6 46028 1 158.2 8 671 0.93 –0.01 0.02 0.35

7 46086 1 828.8 7 794 0.94 –0.02 0.00 0.21

8 46089 2 289.0 2 578 0.94 0.22 0.08 0.63

9 51028 4 747.0 2 962 0.90 0.61 0.32 0.64

10 46035 3 658.0 5 827 0.96 0.12 0.05 0.46

11 46073 3 051.5 8 034 0.97 0.10 0.06 0.38

12 46075 2 487.0 5 943 0.96 –0.24 –0.06 0.50

13 46066 4 545.0 8 690 0.96 –0.03 0.00 0.44

14 46001 4 206.0 3 431 0.96 –0.11 –0.02 0.48

15 46085 3 736.3 5 535 0.97 –0.03 0.02 0.39

16 46005 2 853.0 8 684 0.96 0.21 0.08 0.49

17 46006 4 151.4 2 309 0.95 0.07 0.03 0.44

18 46002 3 444.0 7 693 0.95 0.31 0.11 0.58

19 46047 1 399.0 8 718 0.95 0.09 0.06 0.29

20 51002 5 029.2 8 682 0.92 0.65 0.27 0.73

21 51003 4 919.0 3 826 0.92 0.57 0.26 0.66

22 46070 3 804.0 8 705 0.96 –0.12 –0.06 0.43

Average value 0.945 0.19 0.09 0.48

Table 2.   Latitude ranges of Zones 1–5 in the Pacific Ocean
Zone No. Latitude range

1 28°–65°N

2 5°–28°N

3 23°S–5°N

4 23°S–5°N

5 65°–23°S

 

Fig. 4.   Ten-year average wind speed distribution for the period
2002–2011.
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We chose January and July to represent the boreal winter and
summer, respectively. The difference between the January and
July wind speeds averaged over 10 a was calculated to allow us to
assess the seasonal variations in the average wind speed; these
are shown in Fig. 6. Most of the differences were positive in the
northern Pacific, meaning that, in most areas, the average wind
speed was higher in the boreal winter than in the boreal summer.
This was particularly the case in Z1, where the average wind
speed was 6 m/s higher in January than in July. Two relatively
wide areas of positive values were found, extending from the
South China Sea in the western part of Z2 and from the coast of
North America in the eastern part of Z2. The seasonal variations
in both these areas were 4–5 m/s, so the wind speed was clearly
much higher in the boreal winter than in the boreal summer. The
seasonal variations were quite small in the southeastern part of
Z1, along the coast of California, in the central part of Z2 (around
20°N), throughout Z4, and in the eastern part of Z5 (around 50°S).
The difference was clearly negative in Z3, and the average wind
speed there was 4 m/s higher in July than in January. The differ-
ences in most parts of Z5 were also negative, in other words the
average wind speed was higher in July than in January. Even so,
the strongest seasonal variations occurred in the northern Pa-
cific. The average wind speed in the northern Pacific is much
higher in the boreal winter (January) than in the boreal summer
(July) because the boreal winter monsoon in the northern Pacific
is strong and lasts a long time.

To attempt to understand the characteristics of the wind
speed, we calculated time series for the yearly mean wind speeds
averaged for each zone and for the whole Pacific Ocean, and

these series are shown in Fig. 7. Consistent with the analyses de-
scribed above, the highest yearly mean wind speeds were found
for Z5, which had the highest average wind speed, and the next
highest yearly mean wind speeds were for Z1, which also had a
high average wind speed. The yearly mean wind speeds in the
other zones decreased in the order Z2, Z4, and Z3. The interan-
nual variabilities were relatively small for all the zones. The
yearly mean wind speed for the entire Pacific increased at about
2.66 cm/s·a. Z4 contributed most of this increase, and the inter-
annual variability here reached 4.98 cm/s. However, different
trends were found for different zones. The interannual variabilit-
ies in Z1 and Z2 were less than 0.5 cm/s, but the rates of increase
in Z3, Z4, and Z5 were higher. The yearly mean wind speed did
not always increase, with a downward trend being found in some
zones in some years.
4.2  Spatial distributions and temporal variations of significant

wave height

Like the wind speed field, the 10 a average significant wave

height field shows a remarkable and sustained saddle-shaped

distribution throughout the study area. High values were found

at high latitudes in the north and the south, and low values were

found at middle and low latitudes, as is shown in Fig. 8. The zone

boundaries for the significant wave height field were somewhat

shifted compared with the zone boundaries for the wind speed

field. However, the differences in the boundaries were relatively

 

Fig. 5.   Ten-year average wind speeds for January (a) and July (b).

 

Fig. 6.     Differences between the 10 a average wind speeds for
January and July.

 

Fig. 7.   Time series of the yearly mean wind speed averaged for
each zone and for the entire Pacific Ocean (PO).
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small, so the Pacific Ocean could still be divided into five zones
using the same lines as those used for the wind speed. The 10 a
average significant wave height ranged from a minimum of less
than 1 m in the boundary region to a maximum of greater than
4.5 m in Z5, in the south. The largest significant wave height was
found for Z5, in the Southern Hemisphere, where the average
was greater than 4 m and the maximum was greater than 4.5 m.

The second largest significant wave height was found for Z1, at
mid–high latitudes in the Northern Hemisphere, where the aver-
age was 2.5–3.5 m. The lowest significant wave height was found
for Z3, in the western part of the equatorial area, where the aver-
age was less than 2 m.

The distribution of the average January significant wave
height over the 10 a study period had a saddle-shaped distribu-
tion with higher values in the north and lower values in the south
(Fig. 9a). The highest significant wave height was found for Z1,
the second highest for Z2 and the third highest for Z5. The aver-
age July significant wave height in Z1 (in the northern Pacific)
was about 1.5 m, and it gradually increased while moving south,
reaching a maximum near 60°S in the southern Pacific in Z5 (Fig.
9b). The maximum average significant wave height was about 5.5
m, and this was found in the northern Pacific in January
throughout the study period. In July (when higher values were
found in the south and lower values in the north), the maximum
value in the southern Pacific was only 5 m. The main causes of
the differences in the distributions are the differences in land–sea
distributions between the Northern and Southern Hemispheres,
and cold waves being much stronger, more frequent, and longer
lasting in the northern Pacific in January than elsewhere at other
time.

The differences between the significant wave heights in Janu-
ary and July over the 10 a study period show very clear seasonal

variations over the whole Pacific Ocean (Fig. 10). The seasonal
variations in the significant wave heights were essentially the
same as those in the wind speed. The significant wave height was
clearly higher in July than in January over almost all of the south-
ern Pacific. The difference between the significant wave heights
in July and January in Z5 reached 2 m. The opposite pattern was
found in the northern Pacific, the significant wave height being
clearly higher in January than in July. The maximum difference
was found in Z1, where the significant wave height was more
than 3 m higher in January than in July. The seasonal differences
were not as large in Z3 and Z4, which are near the equator.

Time series of the yearly mean significant wave height aver-
ages for each zone and for the whole Pacific Ocean are shown in
Fig. 11. The average significant wave height was greater in Z5
than in the other zones, consistent with the results described
above. The average significant wave heights were different in the
different zones. For the entire Pacific, the average significant
wave height increased at about 0.56 cm/a. We considered the
zones separately, and found different increasing significant wave
height trends in the different zones, and in some zones in some

years we found downward trends. Over the whole study period,
the significant wave heights decreased in Z1, Z2, and Z3 and in-

 

Fig. 8.   Ten-year average significant wave height (SWH) distribu-
tion for the period 2002–2011.

 

Fig. 9.   Ten-year average significant wave heights for January (a) and July (b).

 

Fig. 10.     Ten-year average significant wave height differences
between January and July.
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creased in Z4 and Z5. The absolute values of the interannual vari-
ations were less than 2 cm in every zone except Z5, in which the
interannual variation was large. The absolute value in Z3, near
the equator, was only 0.21 cm. It is worth noting that the largest
interannual variation occurred in Z5. The significant wave height
increased by 2.67 cm/a over the 10 a study period in Z5. Ap-
pendini et al. (2014) found that mean wave heights in the Carib-
bean Sea increased by 0.03 m/a, so interannual variations in the
significant wave height of the magnitude we found cannot be ig-
nored.
4.3  Wave energy input and dissipation

Besides the significant wave height field, we outputted the

source terms from the model results to allow wave energy input
and dissipation to be investigated at the same time. Like the wind
speed and the significant wave height, the 10 a average wave en-
ergy input shows a saddle-shaped distribution, with high values
in the north and the south and low values in the middle (shown
in Fig. 12a). The Pacific Ocean was therefore divided into five
zones along the lines described above. The maximum 10 a aver-
age wave energy input (>0.7 W/m2) was found in Z5, in the south-
ern Pacific. Large wave energy inputs (0.3–0.5 W/m2) were also
found at mid-to-high latitudes in the northern Pacific, in Z1. The
wave energy inputs in Z2, Z3, and Z4 were relatively small. The
dissipation source term in the wave model was negative. We used
the absolute values of the dissipation source term to illustrate the
distribution of the wave energy dissipation. The distribution of
the wave energy dissipation was similar to the distribution of the
wave energy input as shown in Fig. 12b. Zones with strong wave
energy inputs (Z1 and Z5) also had strong wave energy dissipa-
tion, and the wave energy dissipation was relatively weak in Z2,
Z3, and Z4.

The wave energy input and dissipation distributions in Janu-
ary and July averaged over 10 a show obvious seasonal variations
at higher latitudes in the southern and northern Pacific, but not
between 30°S and 30°N. As shown in Fig. 13a, the wave energy in-
put in January was larger in Z1 than in the other zones, and the
maximum value was greater than 1.2 W/m2. The next highest
wave energy input in January was found for Z5, for which the
maximum value was about 0.4 W/m2. As shown in Fig. 14a, the
wave energy input in July was almost 0 in Z1 and over the whole
of the northern Pacific, and it gradually increased while moving
south and reached a maximum approaching 1 W/m2 near 60°S in
Z5, in the southern Pacific. Like the wind speed and the signific-

 

Fig. 11.   Time series of the yearly mean significant wave height
averages for the different zones and for the entire Pacific Ocean.

 

Fig. 12.   Ten-year average wave energy input (a) and dissipation (b) distributions for the period 2002–2011.

 

Fig. 13.   Ten-year average wave energy input (a) and dissipation (b) for January.
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ant wave height, the maximum wave energy input was found in
the northern Pacific in January throughout the year. The wave
energy inputs in January and July in Z2, Z3, and Z4 were all al-
most 0, so no clear seasonal variations were found in these areas.
The distributions of the wave energy dissipation and input cor-
responded (see Figs 13b and 14b).
4.4  Power spectrum analysis

Time series of daily average wind speeds and significant wave

heights for each zone were calculated to allow the temporal evol-
utions of the wind speed and the significant wave height in each
zone to be evaluated. The power spectral density (PSD) was ana-
lyzed to show the variations in the wind speed and the signific-
ant wave height on different time scales. The estimated power
spectra and the standard spectra for the wind speed are shown in
Fig. 15. Where the peak of a power spectrum exceeds the peak of
the standard spectrum this implies that the corresponding peri-

 

Fig. 14.   Ten-year average wave energy input (a) and dissipation (b) for July.

 

Fig. 15.   Spectra of the daily series of wind speed averages for Zones 1–5 of the Pacific Ocean. The dot lines show the 90% reliability
levels.
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od is significant.
The yearly period was significant in all the zones. No other

significant periods were found for Z1 and Z2 in the northern Pa-
cific or Z5 in the southern Pacific in addition to the yearly period.
A half-yearly period was almost as significant as the yearly peri-
od for Z3, the western part of the equatorial area. In addition,
clear intraseasonal oscillation was also found in Z3, and three
significant periods were about 30, 40, and 50 d, respectively. The
yearly and half-yearly periods and the intraseasonal oscillation
were found for Z4, but the half-yearly period oscillation was not
as strong in Z4 as in Z3.

The estimated power spectra and standard spectra of the sig-
nificant wave heights are shown in Fig. 16. There were also relat-
ively large differences between significant periods in the time
series of the daily average significant wave heights for all zones.

Similar significant periods to those found for the wind speed
time series were found for each zone for the significant wave
height series. Only the yearly period was significant for Z1, Z2,
and Z5. Unlike for the wind speed series, the half-yearly period
was not significant for Z4. However, the other periods that were
significant for the wind speed series for Z4 were also significant
for the significant wave height series. The results for Z3 were of
particular interest because the half-yearly period was still signi-

ficant and the intraseasonal oscillation still existed but the yearly
period was not significant.

The special half-yearly period for Z3 is related to the location
of Z3 in the monsoon region north of Australia. Pogarskii et al.
(2012) found the wind speed and significant wave height vari-
ations with a period of 0.5 a in the northern Indian Ocean. The
intraseasonal oscillation we found in the equatorial zones agrees
well with a 30–50 d oscillation in a monsoon circulation over East
Asia and Australia (Wang and He, 1991).

5  Discussion
By dividing the Pacific Ocean into five zones, and analyzing

the wind and wave characteristics in each we obtained the spa-
tial distributions, and temporal variations of, the wind speeds
and the significant wave heights in the different zones, showing
all the different characteristics. The significant wave height is dir-
ectly related to the wind speed, so we divided the significant wave
height field into five zones using the same zone boundaries as
those used for the wind speed field. But actually, considering the
existence of swell, the distribution characteristics of the wind
speed and the significant wave height do have differences and
the waves in one region would have been affected by waves from
other regions. The intrusion of swells from high latitudes would

 

Fig. 16.   Spectra of the daily series of significant wave height averages for Zones 1–5 of the Pacific Ocean. The dot lines show the 90%
reliability levels.
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have resulted in mixed sea states, especially in Z2 and Z4 (Fig. 9).
The significant wave height in Z2 in the boreal winter is influ-
enced by high waves in Z1. Swells in Z5 penetrate Z4 in the boreal
summer. The overlap between the swell and the local wind-sea
introduces nonlinearity between the significant wave height and
wind speed statistics. The power spectra and trends in these
zones also contain signals from remote areas. Energy of wind-sea
and swell should therefore be analyzed separately in these zones.
Even in the wind-sea-dominated zones (Z1 and Z5), decay in the
wind speed or a change of the wind direction result in swells. It is
important to understand these phenomena in order to gain an
understanding of the wave distributions, so more elaborate simu-
lations are certainly required. We will assess this matter further in
our next paper.

Our numerical simulation results were generally consistent
with observations made using buoys, but relatively large differ-
ences between the simulation results and the observations were
found in the middle of the ocean, near the Hawaiian Islands. The
presence of islands may have affected the wind speed or the wave
height, but the differences may also have been caused by short-
comings in the ability of the WW3 Tolman and Chalikov package
to simulate swells (Bi et al., 2015). We will use the ST6 packages
in future simulations to improve the accuracy of the modeling
process. This will also facilitate the energy partitioning of wave
systems.

6  Conclusions
In terms of statistical averages, the WW3 wave model is effect-

ive for hindcasting the significant wave heights in the Pacific
Ocean. The correlation coefficient for the relationship between
the model results and the buoy data was greater than 0.9, the
mean relative bias was 0.09, and the mean RMSE was 0.48 m. The
error at mid-latitudes in the northern Pacific was relatively small.
The maximum correlation coefficient was 0.97; the mean relative
bias was 0.05, and the minimum RMSE was 0.21 m. The error at
low latitudes in the northern Pacific was relatively large. The
minimum correlation coefficient was 0.90, the mean relative bias
was 0.274, and the maximum RMSE was 0.73 m.

We found clear seasonal variations in the significant wave
height in the Pacific Ocean. The difference between the signific-
ant wave heights in January and July over the 10 a in the study
period shows that the largest seasonal variations are at middle
and high latitudes of the northern Pacific, where the significant
wave height is more than 3 m higher in January than in July. The
weakest seasonal variations were found in the equatorial zone,
where the seasonal variation was less than 1 m. The wave energy
input and dissipation distributions also show clear seasonal vari-
ations in the southern and northern Pacific but not between 30°S
and 30°N.

Dividing the Pacific Ocean into five zones allowed the charac-
teristics of zonal distributions of the multiyear average wind
speeds and significant wave heights to be identified. There were
significant differences between the interannual and seasonal
variations in the wind speed and the significant wave height in
different zones. In general, the modeled significant wave heights
increased by an average of 0.56 cm/a during the 10 a study peri-
od, but the trends in the annual variations in the significant wave
heights in the different zones were very different.

The power spectrum analyses of the wind speeds and the sig-
nificant wave heights allowed the relationships and differences
between the wave field and the forcing field to be investigated in
more detail. The wave field recorded seasonal variations and
high-frequency variations in the wind speed field, but, at the

same time, there were some differences between the variations in
the significant wave heights and the wind speeds. Our results
suggest that it will be necessary to divide the Pacific Ocean into
several zones in future wind–wave studies.
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