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Abstract Ocean surface wave climate is a key consideration for a number of industrial and environmental
systems, both offshore and at the coast. A dynamical spectral wave model forced with global climate models
(GCMs) was used to produce an ensemble of simulations of both historical and projected future wave
climate. To estimate the uncertainty of the projected wave climate, we combined a multimember ensemble
experiment using MRI-AGCM3.2H with a multimodel ensemble using eight CMIP5 GCMs. Future changes in
wintertime wave heights from the end of the 20th to the 21st century were analyzed. Projected decreases
in wave heights over the Western North Pacific are highly consistent among the ensemble. The future
decreases in wave heights are significantly related to changes in the West Pacific pattern. Both locally
generated waves and remotely generated swells are important to estimate future changes in the wave
climate on a regional scale.

1. Introduction

Long-term characteristics of ocean surface waves (wave climate) are a key consideration for coastal disaster
management, beach morphology evolution, nearshore environment and marine renewable energy resource
estimation. Assessing projected 21st century wave climate changes are thus relevant for future planning in
these fields. Ocean wave climate changes under future climate scenarios have been projected for time scales
of 20–100 years by several research groups [Hemer et al., 2013; Shimura et al., 2015]. Future mean signifi-
cant wave heights are projected to differ from present climate values by up to ±10% by the end of the 21st
century. Although changes to the mean wave climate are becoming clearer with recent efforts in wave cli-
mate projection, the uncertainty remains poorly resolved given the small amount of available wave climate
projection data. Studies to date [Hemer et al., 2013] suggest that the major sources of uncertainty in wave cli-
mate projections are emission scenarios, Global Climate Models (GCM), and downscaling and wave modeling
approaches.

Climate projections are generally based on GCM climate simulations forced with future greenhouse gas emis-
sion/concentration scenarios. The (un)certainty and robustness of the projected climate is estimated on the
basis of (in)consistency across an ensemble of model simulations. Large uncertainties are associated with
wave climate projections, owing to the low level of agreement between models and the limited number of
available projections [Church et al., 2013]. A few features of projected change are presented with greater con-
fidence. For example, future increases in wave heights over the Southern Ocean associated with enhanced
wind speeds is expected [Church et al., 2013]. Wang et al. [2014] conducted statistical global wave projections
using 20 GCMs and showed wave height increases in the eastern tropical Pacific.

The global circulation has a number of preferred patterns of variability (large-scale circulation patterns; e.g.,
the El Niño–Southern Oscillation), and understanding the nature and changes of these patterns is central
to understanding regional climate variability and change [Trenberth et al., 2007]. Wave climate variability
has been shown to respond to these large-scale circulation patterns [e.g., Shimura et al., 2013; Stopa and
Cheung, 2014]. It is important to understand the relationship between wave climate variability and change
and large-scale circulation patterns to reduce uncertainties in wave climate projections.

Recent studies [Barnard et al., 2015] have demonstrated the strong relationship between spatial patterns of
coastal change and El Niño and Pacific North American indices across the Pacific Basin. In the Western North
Pacific (WNP) the relationship between these indices and coastal change was found to be weak relative to that
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observed along other margins of the Pacific Basin. This suggests a local complexity which is poorly resolved by
the broad scale approach applied in that study. As a consequence, we focus our study on the coherent features
of wave climate variability and change over the Western North Pacific. We assess the relationship between
future changes in wave climate with large-scale circulation patterns considering projections uncertainty and
interpret the change from a climatological viewpoint. Finally, we discuss the contrasting relationship of locally
and distally generated (swell) waves with large-scale circulation patterns, and focus on the implications for
coastal areas of Japan as an example.

2. Methodology

We conducted ensemble experiments adopting two conceptual approaches to ensemble wave climate
projection. (1) A single GCM ensemble experiment consisting of running a single GCM with several experi-
mental configurations. (2) A multi-GCM ensemble experiment using multiple GCMs of the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) [Taylor et al., 2012] for two emission scenarios. These two
different approaches help us to understand uncertainties that stem from given future conditions and models.

2.1. Single-GCM Ensemble Experiment
Shimura et al. [2015] carried out future global wave climate projections using the spectral wave model
WAVEWATCH III [Tolman, 2009] forced with marine surface winds taken from climate simulations produced by
the high-resolution atmospheric GCM (MRI-AGCM3.2H). The spatial resolution of the MRI-AGCM3.2H is 60 km,
and the wave simulation resolution is 1∘ over the global domain. The MRI-AGCM3.2H experiment consists
of 12 members with four sea surface temperature (SST) conditions and three cumulus convection schemes,
under the A1B scenario. The time frame 1979 to 2009 is used for the present wave climate and 2075 to 2099
for the future climate.

In this study, wave climate projections under Representative Concentration Pathway 8.5 scenario (RCP8.5)
[Collins et al., 2013] are added to those of Shimura et al. [2015]. Atmospheric climate simulations by
MRI-AGCM3.2H with four future SST conditions under the RCP8.5 scenario [Mizuta et al., 2014] were used.
The wave climate was simulated with WAVEWATCH III [Tolman, 2014] forced with 6-hourly surface winds and
monthly sea ice fields of MRI-AGCM3.2H. The spatial resolution is 60 km globally. This experiment is described
in detail in Text S1 and Table S1 in the supporting information.

2.2. Multi-GCM Ensemble Experiment
Climate simulations from eight CMIP5 AOGCMs under RCP4.5 and RCP8.5 scenarios were selected for the wave
climate projections, following Hemer and Trenham [2015]. Global wave climate projections were carried out
using WAVEWATCH III [Tolman, 2009] forced with 3-hourly marine surface winds and monthly sea ice fields
from CMIP5 AOGCMs. The spatial resolution is 1∘ globally. The time frame 1979 to 2005 is used for the present
wave climate and 2081 to 2100 for the future climate. This experiment is described in detail in the Text S2 and
Table S2.

2.3. Wave Climate Hindcast
Besides the future wave climate projection, a high-resolution wave climate hindcast was conducted to
discuss wave climate features along the Japan coast, as described in section 3.3. This wave climate hind-
cast was based on the state-of-the-art global atmospheric reanalysis data set, JRA-55 [Kobayashi et al.,
2015]. The spatial resolution of JRA-55 is 60 km. The wave climate from 1979 to 2009 was calculated using
WAVEWATCH III with JRA-55 forcing. Spatial resolutions are 30 min for the North Pacific domain and 6 min
for the nested Japan shoreline domain. This hindcast is described in detail in Text S3. In addition, wave
observations by buoys around Japan collected by the Japan Meteorological Agency from 1979 to 2006
(http://www.data.jma.go.jp/gmd/kaiyou/db/wave/obsdata/usweqm_old.html) were used in order to support
the results of wave climate hindcast.

3. Changes in Wave Climate and a Large-Scale Atmospheric Circulation Pattern

Robust projected changes in wave climate are identified, and these changes are attributed to a large-scale
circulation pattern. The mean significant wave height is used as a representative value of the wave climate,
and the future change is defined as future minus present climate value. The analysis below focuses on
winter (December–January–February, denotes DJF) because wave climate response to large-scale circulation
pattern is the strongest in winter [Shimura et al., 2013; Barnard et al., 2015].
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Figure 1. Future changes in wintertime mean wave heights: (a) Single-GCM ensemble experiment under A1B scenario
(12 members), (b) Single-GCM ensemble experiment under RCP8.5 scenario (4 members), (c) Multi-GCM ensemble
experiment under RCP4.5 scenario (8 members), (d) Multi-GCM ensemble experiment under RCP8.5 scenario
(8 members). The number in parenthesis over each panel means the number of ensemble members showing statistically
significant (tested by 5% significance level) decreases in wave heights in a red box.

3.1. Changes in Wave Heights Over the North Pacific
Figure 1 shows the future projected changes in wintertime mean wave heights for each ensemble experiment.
All experiments show a decrease (up to −0.3 m) in the WNP at around 30∘N (outlined with a red box in each
panel). Although Figure 1 shows the ensemble mean, every ensemble member shows a projected decrease
in this box, and in almost all cases (26/32 members) the decreases are significant, tested by t test at 5% signifi-
cance level. Comparing across scenarios, the magnitude of the decrease is larger under a higher-rank scenario
(RCP4.5 < A1B < RCP8.5). The projected decrease in winter wave heights in the WNP can be seen in previous
studies [Hemer et al., 2013] which were based on CMIP3 models. Wang et al. [2014] also showed decreases in
wintertime wave heights in this region, using a statistical wave model and CMIP5 GCMs.

Given the results above, we conclude that the projected decrease in winter wave heights in the WNP are highly
consistent among available future projections, and the projected changes have a higher level of confidence. In
the Central and Eastern North Pacific Ocean, different experiments exhibit contrasting increasing or decreas-
ing projected changes in wave height (different panels of Figure 1 show positive and negative changes for
the same region), indicating a greater level of uncertainty in wave climate projections in these regions.

3.2. The Relationship Between Future Changes in Wave Climate and the West Pacific
Circulation Pattern
Shimura et al. [2013] established a relationship between historical winter wave variability in the North Pacific
and large-scale atmospheric circulation patterns. The West Pacific (WP) pattern dominates upper atmospheric
variability over the North Pacific [Wallace and Gutzler, 1981] (see detail of WP pattern in Text S4). Shimura
et al. [2013] found that a meridional shift of extratropical storm tracks corresponds to the WP pattern with a
band-like shape of wave height variability in the North Pacific (see Text S5). Wave height variability around
30∘N in the WNP is dominated by this band-like pattern of wave climate variability. Therefore, we focus on the
WP pattern in our discussion below.

The WP pattern is generally defined by variability in the upper atmospheric geopotential height on a given
pressure level (e.g., 500 hPa height). Changes in 500 hPa height under future global warming include atmo-
spheric circulation and thermodynamic changes (temperature increases) [Shepherd, 2014]. Future 500 hPa
height would increase globally with future increases in temperature [Hu et al., 2001] (Figure S2). WP pattern
index defined by 500 hPa height can include the thermodynamic change. The thermodynamic change does
not directly contribute to wave climate change. Therefore, we redefine the WP pattern by sea level pressure
(SLP) because of the lower sensitivity of SLP to thermodynamic change [Shepherd, 2014]. As a consequence,
our WP pattern can more strongly signify atmospheric circulation change without the thermodynamic signal.
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Figure 2. The WP index and winter mean wave heights around 30∘N of the WNP (25∘N–35∘N and 140∘E–160∘E). (a) The
values are derived from JRA-55. The values are the normalized and detrended monthly mean (thin lines) and the 3 year
moving average (thick red line and black bar). (b) The values are derived from multi-GCM ensemble experiment under
RCP8.5 scenario. The WP index is plotted in gray scale and the wave height is in color. Different model results are
indicated with different shades of gray and color. Black and red thick lines are multimodel means for WP index and wave
height. The values are 3 year moving averages normalized by present climate climatology (1860–2005 for WP index and
1979–2005 for wave height). “Normalized” indicates subtracting means and dividing by standard deviation for each
calendar month. The inverse value of the WP index is plotted.

Over the middle to higher latitudes in the North Pacific, the SLP meridional gradient is larger (smaller) at
the positive (negative) phases of the WP pattern. Thus, an SLP-based WP (SLP-WP) index is calculated as the
averaged SLP difference between the middle latitude (140∘E–160∘W, 30∘N–45∘N) and the higher latitude
(120∘E–150∘W, 45∘N–70∘N). The validity of SLP-WP index is described in Text S4. SLP-WP index is denoted as
WP index hereafter.

Past and present climate relationships between wave height variability and the WP pattern are shown using
the JRA-55. Figure 2a shows a time series of wave heights averaged over the WNP box (around 30∘N) along
with a time series of the inverse of the WP index. Note that this region of the WNP is the same region outlined
in the red boxes plotted in Figure 1. The variability in wave height corresponds well to the WP index; the
correlation coefficients are−0.56 and−0.74, significant at 5% significance level, for monthly and 3 year moving
average values, respectively. Both the wave heights and the WP index clearly show the synchronized decadal
oscillations (Figure 2a).

Figure 2b shows the time series of wintertime wave heights in the WNP and the WP index. Figure 2b displays
the results for the multi-GCM ensemble experiment under an RCP8.5 scenario, but the other experiments
show similar results. The wave climate simulation time periods are 1979–2005 for the present climate and
2081–2100 for the future climate, even though the SLP data from the CMIP5 GCMs are available over longer
time frames. The WP index was calculated over the period 1860 to 2100 (CNRM-CM5 model is excluded
for analysis due to data supply problem). The WP index shows no overall trend from 1860 to 2000; the WP
index in the future climate, however, shows a clear positive trend (note that the inverse value for the WP index
is plotted). Furthermore, wave heights decrease in the future climate by the same degree as the WP index
change.

Figure 3 shows a correspondence between winter wave heights and the WP index. For the present climate
(Figure 3a), the wave heights correlate negatively with the WP index, indicating that the models in this study
can reproduce the relationship between wave height and WP index. Values averaged over the complete
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Figure 3. Correspondence of variability and future change between winter wave heights in the WNP and the WP index
based on multi-GCM ensemble experiment. The color shading indicates the difference in models. (a) Normalized
monthly mean value in the present climate with JRA-55 (black larger marker). (b) Normalized (by present climate value)
monthly mean (smaller marker) and period mean values (larger marker) in the future climate. The cross markers indicate
the values under RCP 4.5 and the circle markers indicate RCP 8.5 scenario.

future climate time frame (2081–2100) (larger markers in Figure 3b) shift to the lower right side in the future
plot; this means that wave heights would decrease with a corresponding positive change in the WP index.
The physics behind future changes in wave heights and the WP pattern is additionally discussed in Text S6.

Figure 4. The correlation coefficient between winter monthly mean
wave heights and the WP index based on JRA-55. The circle markers
are for observations. Only regions with significant correlation at 5%
significance level are colored.

3.3. Discussion: The WP
Pattern-Related Wave Climate Change
Along the Japan Coast
The large-scale mean wave climate of the
WNP is clearly related to the WP index.
We determine how the large-scale wave
climate structure is altered at the more
applied regional scale.

The higher-resolution historical wave cli-
mate “hindcast” around Japan is ana-
lyzed (see section 2.3). Figure 4 shows
the correlation coefficient between win-
ter monthly mean wave heights and the
WP index based on a higher-resolution
wave climate and buoy observations. The
wave climate variability response along
the Pacific coast of Japan shows variable
relationships to the WP pattern; In the
north, a negative correlation with the WP
pattern is observed, whereas a positive
correlation is observed along the south
coast. In the Sea of Japan, a negative cor-
relation is observed. The negative corre-
lation is consistent with large-scale wave
climate correlations in the WNP. An excep-
tion is the south Pacific coast of Japan
where a positive change in the future WP
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pattern would not lead to decrease in
wave heights—contrary to the expected
signal for wave heights over the WNP
based on our analysis above.

Figure 5. The estimated contributions of subtropics swells to the WP
pattern-related wave climate variability around Japan (CWPsub;
definition is described in Text S7) (unit: %).

This contrary relationship to the WP pat-
tern is not seen in the sea surface wind
speed variability, suggesting that it is a
unique phenomenon of the local wave
climate. One of the possible causes for
the contrary response to the WP pat-
tern can be attributed to remotely gen-
erated swells. During positive phases of
the WP pattern, wave heights are larger
with stronger winds over the subtropics,
and vice versa (Text S5 and Figure S1).
This is in contrast to the negative rela-
tionship between extratropical wave con-
ditions and the WP pattern presented
above. The effects of swells from subtrop-
ics are quantitatively analyzed by numeri-
cal experiments below. Figure 5 shows the

estimated contributions of subtropics swells to the WP pattern-related wave climate variability around Japan
(the method and data are described in Text S7 and Figures S5 and S6). Although the WP pattern-related wind
waves gives significant impact on the wintertime mean wave climate over the WNP, the subtropics swell con-
tributions are about 50% along the south coast of Japan. Therefore, the influence of the WP pattern on the
local wave climate along the south coast results from mixed effects; there is a direct effect of local wind waves
and a teleconnection effect of swells from the subtropics producing a positive correlation with WP index.

We have shown robust decreases in future winter wave heights over the WNP. However, the contribution
analysis above leads us to speculate that future changes in wave climate along the south coast of Japan are
uncertain [e.g., Shimura et al., 2015, Figures 6a and 7a] because future projections of winds and related waves
over the subtropics are not consistent across models [Hemer et al., 2013].

While ocean surface waves are strongly forced by surface winds, winds and waves are generally not in equi-
librium [Fan et al., 2014], with the large component of wave power at a site being predominantly associated
with swell waves propagated away from distant storms. Thus, while strong relationships between waves
and large-scale circulation patterns can and have been identified [Shimura et al., 2013], how these relate to
observed waves at the coast can be complicated by the influence of swell which have conflicting relationships
to the circulation pattern.

4. Conclusions

Ocean wave climates under a future global warming scenario were projected. This study estimated the robust-
ness of wave climate projections using two types of ensemble experiments. The future greenhouse gas
emission/concentration scenarios are given by A1B, RCP4.5, and RCP8.5 scenarios. It is found that projected
decreases in winter wave heights over the WNP have higher degree of confidence because the projected
future changes are highly consistent among the ensemble results. Furthermore, future decreases in wave
heights correspond to positive changes in the WP pattern.

Although we showed robust decreases in future winter wave heights over the WNP, we noted that future
changes along a local coast in the WNP, specifically the south coast of Japan, are uncertain. This is because
the WP pattern-related wave climate variability along the south coast of Japan is different from that of the
WNP, and the variability is significantly affected by remotely generated swells. In this study, which has focused
on the Japanese coast, we have demonstrated the complexity of the wind wave/swell impacts on local
wave climate variability and the implications of the complexities on projected local wave climate conditions.
While Fan et al. [2014] explored the relative projected changes in both sea and swell components across the
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global ocean, our study has shown that focused—high-resolution—efforts are required to resolve regions of
sea/swell dominance at scales more relevant to their application.

Several prior studies have projected wave climate exploiting statistical relationships between the atmospheric
circulation and wave field [e.g., Wang et al., 2014]. Our study indicates that projected wave conditions using
these approaches—where the local wind sea will be well resolved, but swell less so—may exhibit greater
certainty than it really has. Dynamical wave climate projection studies are able to provide estimates of the
different components (although often overlooked), and increasingly statistical models are being developed,
which provide consideration to distally generated swell [e.g., Casas-Prat et al., 2014; Perez et al., 2015]. We ask
that future wave climate, associated impact, studies continue to give consideration to the complexities of
wind waves/swell components of the wave field.
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