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ABSTRACT

Changes in ocean surface waves elicit a variety of impacts on coastal environments. To assess the future
changes in the ocean surface wave climate, several future projections of global wave climate have been
simulated in previous studies. However, previously there has been little discussion about the causes behind
changes in the future wave climate and the differences between projections. The objective of this study is to
estimate the future changes in mean wave climate and the sensitivity of the wave climate to sea surface
temperature (SST) conditions in an effort to understand the mechanism behind the wave climate changes by
specifically looking at spatial SST variation. A series of wave climate projections forced by surface winds from
the MRI-AGCM3.2 were conducted based on SST ensemble experiments. The results yield future changes in
annual mean wave height that are within about =0.3 m. The future changes in summertime wave height in the
western North Pacific (WNP), which are influenced by tropical cyclone changes, are highly sensitive to SST
conditions. To generalize the result, the wave climate change and SST relation found by this study was
compared with multimodel wave ensemble products from the Coordinated Ocean Wave Climate Project
(COWCLIP). The spatial variation of SST in the tropical Pacific Ocean is a major factor in the wave climate
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changes for the WNP during summer.

1. Introduction

The number of studies assessing the impact of long-
term change in oceanographic phenomena (especially
the impact of sea level rise) related to climate change has
been increasing (e.g., Hallegatte et al. 2013). Changes in
ocean surface gravity waves (denoted as waves herein-
after) produce impacts for a variety of disciplines. Ocean
waves are one of the key components of beach mor-
phology (Short 1999), and wave energy may be a prom-
ising renewable energy source (Cruz 2008). Changes in
long-term wave climate have been observed by volun-
tary observing ships (Gulev and Grigorieva 2004), re-
analysis data (e.g., Wang and Swail 2001; Semedo et al.
2011), satellite imagery (Hemer et al. 2010; Young
et al. 2011), and buoy data (e.g., Menéndez et al. 2008).
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Impacts of long-term wave climate variability and
change have also been reported. Kuriyama et al. (2012)
found that, for a span of 22 years, the interannual
shoreline variation at the Japanese coast has been in-
duced by the fluctuation of the deep-water wave energy
flux. Sasaki (2012) estimated climatological annual
mean wave energy around Japan based on 30 years of
observations and found an increasing trend caused by
more frequent swells. Furthermore, wave inundation
has occurred across the western tropical Pacific, and
recent accelerated sea level rise has contributed to the
severity of the impact (Hoeke et al. 2013).

A few studies have assessed impacts of future changes
in wave climate using future wave climate projections
under greenhouse gas emission scenarios. For example,
Suh et al. (2012) examined the impact of climate
change on a caisson-type breakwater, including the
effect of changes in wave height at the end of this
century. Charles et al. (2012) projected future wave
climate for the Bay of Biscay and concluded that changes
in wave conditions are leading to a decrease in the annual
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net longshore drift. The quantitative projection of future
wave climate, including the likely expected range of the
future change, is information that would be very useful to
assess coastal impacts and how coastal communities will
need to adapt. Using a global climate model for climate
projections helps provide an overview of the system and
the nature of the contributing factors. This, in turn, helps
yield information about future impacts and allows for
strategic planning to address these impacts in a more
rational way.

To assess the future changes in wave climate, several
future projections of global wave climate have been
conducted using different forcing mechanisms and wave
models (Mori et al. 2010, hereinafter MO10; Dobrynin
et al. 2012; Hemer et al. 2013b, hereinafter HE13; Fan
et al. 2013, hereinafter FA13; Semedo et al. 2013,
hereinafter SE13) and statistical models (Wang and
Swail 2006; Mori et al. 2013). Consequently, multimodel
ensemble projections of global wave climate have been
carried out in the Coordinated Ocean Wave Climate
Project (COWCLIP; Hemer et al. 2012, 2013a; Stocker
et al. 2013). The results of five independent studies
(Wang and Swail 2006; MO10; HE13; FA13; SE13)
showed consistent future changes in mean wave climate
among models: future increases in wave height over the
Southern Ocean and decreases in wave height in the
subtropics (Hemer et al. 2013a). However, there is little
discussion about the cause of changes in future wave
climate and the differences between model projections.
Confidence in the projections is greatest if we un-
derstand the relationship between external forcing and
the physical processes (Knutti et al. 2013).

A dynamical approach of global wave projection has
been developed over the last few years (MO10; HE13;
FA13; SE13), and this approach is employed by this study.
A framework of the approach can be described as follows:

1) A global climate simulation by an atmosphere—ocean
coupled global climate model under an emission
scenario.

2) A global atmospheric climate simulation by an
atmospheric GCM using sea surface temperature
data from the AOGCM as a boundary condition.

3) A global wave simulation by a wave model forced
with the sea surface winds of the AGCM.

The procedure in item 2 is sometimes skipped (Dobrynin
et al. 2012), but the climate projection with an AGCM is
useful for impact assessments because the AGCM has
a finer spatial resolution over an AOGCM, with lengths
in the range of 20-100 km, generally.

The choice of SST is arbitrary for the AGCM; an
ensemble-mean SST of several AOGCMs is sometimes
used for a simulation. SST, however, can lead to a
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fundamental variation in the general circulation and
yield significant impacts on the wave climate projection
through the sea surface wind. Therefore, it is important
to estimate the sensitivity of a wave climate projection to
projected SST. It is difficult to understand the mecha-
nisms of future wave change with an arbitrary choice of
GCM because there are many different factors behind
future projections beside SST, such as cloud physics,
advection scheme, radiation scheme, and grid resolu-
tion, etc. The analysis of SST ensemble experiments is
useful to understand the role of SST while neglecting
other factors (numerical scheme, etc.).

The objective of this study is to estimate the response
and the sensitivity of mean wave climate to projected SST
and to understand the mechanism behind climate forcing
by specifically looking at spatial SST variation in the fu-
ture climate. A series of wave climate projections using
the same AGCM is conducted based on SST ensemble
experiments. First, this study shows the response and the
sensitivity of mean significant wave height to projected
SST conditions, indicating that future summer wave
height in the western North Pacific is sensitive to SST
conditions. Second, climatological causes behind future
wave climate changes in the WNP are discussed in detail
with future SST warming and typhoons. To generalize the
results, we consider the perturbed physics ensemble exper-
iments and the multimodel ensemble study (COWCLIP)
in addition to SST ensemble experiments.

Wave direction and wave period, as well as significant
wave height, are important for coastal process, and they
are expected to change significantly in the future (e.g.,
Hemer et al. 2013a). We, however, mainly deal with
significant wave height in this study in order not to
complicate discussion, although the future changes in
wave period are added in section 5a. Other wave prop-
erties will be discussed in a future article.

Abbreviations and acronyms that appear in this paper
are listed in the appendix.

2. Methodology

The framework of wave climate projection of this
study is the same as that described in the introduction.
The methodology of atmospheric climate projection by
AGCM using SST projected by AOGCM as the
boundary condition is described in section 2a. The
methodology of wave climate projection by a wave
model forced by the sea surface wind of AGCM is de-
scribed in section 2b.

a. Atmospheric climate projection

The AGCM used in this study, MRI-AGCM3.2
(Mizuta et al. 2012), was developed by the Japanese
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FIG. 1. Future changes in annual mean SST for the case of (a) cluster 0, (b) cluster 1, (c) cluster 2, and (d) cluster
3 (°C).

Meteorological Research Institute for IPCC ARS
(Stocker et al. 2013). The SST and perturbed physics
ensemble experiments were carried out with the 60-km
horizontal spatial resolution model of the MRI-AGCM3.2
(MRI-AGCM3.2H). The forcings used with the AGCM
are SST, sea ice at the bottom boundary, and greenhouse
gases in the atmosphere.

The time slice experiments were conducted using
1979-2009 for the present climate and 2075-99 for the
future climate. Lower boundary conditions of MRI-
AGCM3.2H in the present climate were the monthly-
mean observed sea ice concentration and SST from the
Hadley Centre Sea Ice and Sea Surface Temperature
dataset, version 1 (HadISST1; Rayner et al. 2003). The
boundary conditions for the future climate consisted of
four different statistically analyzed SSTs (Murakami
et al. 2012). The four future SST conditions as boundary
conditions of MRI-AGCM3.2H were defined based on
SSTs projected by 18 models from phase 3 of the Cou-
pled Model Intercomparison Project (Meehl et al. 2007).
The first SST condition (denoted as cluster 0) is the
ensemble-mean SST projected by 18 models of CMIP3
under the A1B scenario of the Special Report on Emis-
sion Scenarios. The other three SST conditions (denoted
as clusters 1-3) are differently classified future SST pat-
terns derived by cluster analysis of the future change
pattern of SST from 18 CMIP3 models under the A1B
emission scenario. The four SSTs can objectively express
the representative SSTs of the 18 CMIP3 models because
of the cluster analysis. The detail of the clustering analysis
of future SST conditions was described in Murakami et al.
(2012). Interannual variations of the future climate SST

are given by detrended interannual variations of present
climate SST (1979-2003), based on the assumption that
the interannual variations of SST in the future climate are
similar to those of the present climate.

Figure 1 shows future changes in SST for clusters 0-3.
All the SST patterns show that SST in the future climate
increases over most of the entire ocean, with increases
up to about 3°C. The North Pacific, especially, shows

TABLE 1. The 18 CMIP3 models used for cluster analysis and the
SST cluster number (Murakami et al. 2012). (For model names not
previously expanded in the appendix, see www.ametsoc.org/
PubsAcronymList.)

Letters corresponding

Model name SST cluster No. to models in Fig. 14

BCCR-BCM2.0 1 A
CGCM3.1T47 2 B
CGCM3.1T63 2 C
CNRM-CM3 1 D
CSIRO MK3.0 3 E
GFDL CM2.0 3 F
GFDL CM2.1 3 G
GISS-AOM 1 H
INM-CM3.0 1 I

IPSL-CM4 1 J

MIROCS3.2 (hires) 2 K
MIROCS3.2 (medres) 2 L
MIUBECHOG 1 M
MPI ECHAMS 2 N
MRI-CGCM2.3 2 O
CCsM3 1 P
HadCM3 3 Q
HadGEMI 3 R
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FIG. 2. The Uy, over the period 1979-2009 for (a) HPA (ms™!) and (b) ERA-Interim (ms™');
(c) the difference of HPA and ERA-Interim (normalized by ERA-Interim value; %).

a greater increase in temperature than any other re-
gion. The different clusters of SST show different
spatial characteristics. Cluster 3 shows the warmest
SST, and cluster 1 shows the lowest SST in the tropical
Pacific. Cluster 2 shows the warmest SST in the tropical

Indian Ocean. The spatial standard deviations of tem-
perature rise in the tropics (30°S-30°N) are 0.24°,0.21°,
0.27°, and 0.38°C for clusters 0-3, respectively. The SST
cluster numbers for 18 CMIP3 models are described in
Table 1.
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FIG. 3. The H, over the period 1979-2009 for (a) HPA (m) and (b) ERA-Interim (m); (c) the
difference of HPA and ERA-Interim (normalized by ERA-Interim value; %). [The white
circles labeled with numbers 46001 and 51001 in (c) are buoy locations used in Fig. 4.]
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.,99%) for H; derived from HPA (red dot), ERA-Interim (blue cross),

and buoy data (dashed line) from (a) 46001 (56.3°N, 147.9°W) and (b) 51001 (23.4°N, 162.3°W), and for Uj, from
(c) 46001 and (d) 51001. The locations of comparison sites are plotted in Fig. 3¢ by white circles.

The PP ensemble experiments were conducted
with three different cumulus convection schemes: the
Yoshimura, the prognostic Arakawa—Schubert, and the
Kain-Fritsch schemes [see details in Murakami et al.
(2012)]. The target of the PP ensemble experiments was
the sensitivity of tropical cyclone projection to cumulus
convection schemes. It will be discussed in section Sc.

b. Wave climate projection

Global wave climate projection was carried out
by WAVEWATCH II1, version 3.14 (Tolman 2009),
forced by sea surface wind from MRI-AGCM3.2H.
WAVEWATCH III has been used for hindcast, nowcast,
and future global wave projection studies (HE13; FA13).

The global domain was set for the latitudinal range of
90°S-67°N over all longitudes with 1° X 1° spatial grids.
The directional resolution is 15°, and the frequency
space is 0.04-0.5 Hz, which is discretized in 25 increments
logarithmically as a conventional setup. The Tolman
and Chalikov (1996) source term package was used as
a set for wind input and dissipation. WAVEWATCH III
can represent unresolved islands (Tolman 2009). The
nesting in the WNP (11°-50°N, 121°-160°E) was per-
formed with 0.5° spatial resolution and 10° directional
resolution. Sea ice was not considered in this wave cli-
mate simulation.

Ensemble experiments of wave climate projection
were organized as 3 present climate experiments based
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TABLE 2. Comparison of H; between buoy observation, HPA,
and ERA-Interim; the comparison is based on average, 50%, 90%,
and 99% quantiles of H; (m).

Buoy
No. Lat, lon Source Avg 50% 90% 99%
21004 29.0°N, 135.0°E  Buoy 1.8 16 31 58
HPA 19 17 32 54
ERA-Interim 1.8 1.6 28 4.7
22001 28.1°N, 126.2°E  Buoy 1.7 14 29 53
HPA 1.6 14 29 49
ERA-Interim 1.7 14 28 4.6
41010 28.9°N, 78.5°W  Buoy 16 14 26 44
HPA 14 12 25 38
ERA-Interim 14 13 23 3.7
44004 38.5°N, 70.4°W  Buoy 21 1.7 38 6.3
HPA 20 1.7 36 59
ERA-Interim 19 16 34 53
44011 41.1°N, 66.6°W  Buoy 20 17 36 6.1
HPA 20 1.7 37 6.1
ERA-Interim 2.0 1.7 3.5 55
46001 56.3°N, 148.0°W Buoy 27 24 46 7.1
HPA 29 26 51 177
ERA-Interim 2.5 22 41 6.1
46003 51.8°N, 155.8°W Buoy 30 27 51 77
HPA 34 31 57 87
ERA-Interim 3.0 27 48 7.1
46006 40.9°N, 137.5°W Buoy 28 24 48 75
HPA 30 26 52 77
ERA-Interim 2.8 25 46 6.8
46035 57.1°N, 177.7°W Buoy 26 23 48 7.7
HPA 27 23 51 78
ERA-Interim 25 22 43 6.6
51001 23.4°N, 162.3°W Buoy 24 22 36 55
HPA 24 22 38 57
ERA-Interim 23 22 33 46
51003  19.0°N, 160.6°W Buoy 22 21 31 43
HPA 21 19 31 45
ERA-Interim 2.1 20 29 38
51002 17.1°N, 157.8°W Buoy 24 23 32 43
HPA 22 21 30 40
ERA-Interim 22 22 29 37
51004 17.5°N, 152.4°W Buoy 24 23 32 43
HPA 23 22 30 41

ERA-Interim 23 22 29 37

on the 3 PP ensemble experiments and 12 future climate
experiments based on 3 PP ensemble experiments and
4 SST ensemble experiments. However, in section 4,
section Sa, and section 5b, the results of the SST ensemble
experiments with only YS are shown in order to focus on
the effect of SST differences. In section Sc, the results of
PP ensemble experiments are shown in order to estimate
the effect of SST differences relative to perturbed physics.
The climate simulation for the present climate condition
is denoted as HPA, and those for future climate condi-
tions with SST clusters 0-3 are denoted HFAc0, HFAcl,
HFAc2, and HFACc3, respectively.

SHIMURA ET AL.
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3. Validation

To clearly illustrate the accuracy of the simulated
wind and wave fields—namely, the sea surface wind
speed at 10-m and significant wave height—the HPA
was validated against reanalysis dataset and buoy ob-
servations. The European Centre for Medium-Range
Weather Forecasts (ECMWF) interim reanalysis
(ERA-Interim; Dee et al. 2011) was used for this vali-
dation. The performances of multimodel global wave
climate simulations (Wang and Swail 2006; MO10;
HE13; FA13; SE13) were compared with ERA-Interim
by Hemer et al. (2013a).

Figures 2a and 2b show Uy for the HPA and the
ERA-Interim dataset for the years 1979-2009. The
spatial distribution of Ujy of the HPA shows good
qualitative agreement with that for the ERA-Interim
data. The HPA can represent spatial characteristics in
the historical global wind climate, such as strong winds
in the Southern Ocean, relatively strong trade winds,
and so on (Figs. 2a,b). Figure 2c shows the Uy differ-
ences between the HPA and ERA-Interim dataset.
Compared with the ERA-Interim data, the Uy for the
HPA has positive biases over almost the entire ocean
(92% of the whole domain). The differences between
U, for the HPA and ERA-Interim are up to about
Ims L

Figures 3a and 3b show H; for the HPA and ERA-
Interim dataset during the years 1979-2009. Similar to
U, Hy for the HPA can represent the historical global
wave climate qualitatively. However, H; for the HPA is
larger than for ERA-Interim in almost the entire ocean
(87% of the whole domain; Fig. 3c). These positive
biases are remarkable in higher latitudes above 30° in
both hemispheres. The positive biases are up to 0.4 m in
the North Pacific, 0.7m in the North Atlantic, and 1 m
in the Southern Ocean. A result of the seasonal analysis
(not shown) shows increased bias in the winter when
wave heights are larger, indicating that the HPA over-
estimates high waves more than the ERA-Interim
dataset.

In addition to the ERA-Interim, H, and U, for the
HPA were compared with long-term observations by
moored buoys in the Northern Hemisphere. The data
were obtained from the Japanese Meteorological Agency
(www.data.jma.go.jp/gmd/kaiyou/db/vessel_obs/data-
report/html/buoy/buoy_NoS2_e.html) and the NOAA
National Data Buoy Center (www.ndbc.noaa.gov/). The
present climate results were compared with the data from
13 buoys, and two representative results of the com-
parisons are shown in Fig. 4. Figure 4 shows quantile—
quantile plots (1%, 2%, ..., 98%, 99%) of H, and U,
derived from the HPA, ERA-Interim, and the relevant
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FIG. 5. Future changes in annual Uyy and H;. (a) Ensemble mean of future changes in Uj (m's™1); (b) maximum
differences of future changes in Uy (ms™!); (c) ensemble mean of future changes in H, (m); and (d) maximum
differences of future changes in H (m). Regions with black dots indicate areas where the four future projections of

HFAcO-HFACc3 show the same sign.

buoys at midlatitude (56.3°N, 147.9°W; buoy 46001) and
the subtropics (23.4°N, 162.3°W; buoy 51001). The ob-
served H, at 46001 is 2.7m, but the HPA and ERA-
Interim give 2.9 and 2.5m, respectively. Overall, the
simulated H, from the HPA is larger than that from the
buoy data, although the H, from ERA-Interim is smaller
than that of the buoy. The overestimation of H; by HPA
and underestimation by ERA-Interim are remarkable at
higher quantile values, generally. On the other hand, Hy
from the HPA shows good agreement with the buoy data
at lower-latitude locations (i.e., 51001). Large waves can
be simulated well by the HPA when compared with the
ERA-Interim. Comparing the HPA and ERA-Interim
data with other buoy observations in the Northern
Hemisphere show similar results as described above, such
as relatively large positive biases with higher wave heights
in midlatitudes and better agreement with average and
high wave heights at lower latitudes. The comparison of
H; between buoy, HPA, and ERA-Interim is summarized
in Table 2.

The overestimation of Hg by HPA in higher latitudes
can be mainly attributed to the overestimation of Uj, by
HPA (Figs. 2¢, 4c), and another source of error is the wave
model itself. In this study, the Tolman and Chalikov
(1996) source term package in WAVEWATCH III was
used as wind input and dissipation source term. There
are newly proposed source term packages (e.g., Bidlot
2012; Ardhuin et al. 2010). The wave climate simulations

with the other source term packages give results differ-
ent from those of Tolman and Chalikov (1996). More-
over, the wave-wave interactions and spatial and
directional spectrum resolutions can influence the ac-
curacy of wave climate simulation. However, further
investigation of wave modeling is beyond this study.
An additional reason why HPA overestimates wave
height when compared to ERA-Interim at high lati-
tudes, especially over the Southern Ocean, is due to sea
ice effects. Because of the lack of sea ice information for
the HPA wave simulation, a broader open ocean with-
out sea ice has longer fetch, leading to larger waves.
These waves can propagate to the tropics. Ardhuin et al.
(2011) indicated that wave blocking even by icebergs
significantly reduces wave model errors in the region
south of 45°S. Furthermore, future changes in sea ice
have significant impacts on those in wave climate. SE13
showed that the future sea ice retraction would lead to
an increase in wave height over the ice-retreating area in
the future climate. On the other hand, an increase in sea
ice (Eisenman et al. 2014) can lead to a decrease in wave
height. Stocker et al. (2013) stated that a decrease in sea
ice extent and volume is expected in the Antarctic but
with low confidence. Therefore, discussion of wave
climate projection around the sea ice region and even
the tropics, where swells from the sea ice region in the
Southern Ocean might be significant, requires caution.
Thus, the global wave climate is simply discussed in
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FIG. 6. Future changes in H, for the WNP during (a) DJF, (b) MAM, (c) JJA, and (d) SON;
and the maximum differences in future changes during (e) DJF, (f) MAM, (g) JJA, and
(h) SON (m). Regions with black dots indicate areas where the four future projections show the

same sign.

section 4, and the WNP wave climate that is unlikely to
be affected by the lack of sea ice is discussed in detail in
section 5.

4. Future changes in global wind and wave climate

This section simply looks at future changes in Uy and
H; on the global scale and the sensitivity to SST condi-
tions. Figure 5 shows the ensemble mean and maximum
differences of future changes in Ujy and H;. Ensemble
mean and maximum differences are represented as

(213= oHFAci —HPA)/4 and max_ (HFAci — HPA) —
i:rr(ﬂg’3 (HFAci — HPA), respézti\}ély. In the figure, the
black contoured regions with dots indicate the regions
where future changes of HFAcO through HFAc3 show
the same signs (positive or negative) for reliability of
projections. In regions where future changes of HFAcO
through HFAc3 show both different signs and larger
differences, these areas have large uncertainty in the
projected wave height, which is related to the un-
certainty in SST condition.
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FIG. 7. Future changes in 7, (normalized by HPA value) for the WNP during (a) DJF,
(b) MAM, (c) JJA, and (d) SON; and the maximum differences in future changes during
(e) DJF, (f) MAM, (g) JJA, and (h) SON (%). Regions with black dots indicate areas where the

four future projections show the same sign.

The spatial distributions of future changes in Ujo and
H; are similar, which can be characterized by the
changes depending on latitudes, such as increases over
tropics and higher latitudes and decreases over sub-
tropics (Figs. 5a,c). However, that of Uy depends on
latitude more clearly than that of H. This is because of
increased swell height from higher latitudes, which can
cancel out the decrease in wind-wave height over the
subtropics. Furthermore, decreases in Ujy and H, are
remarkable in the North Atlantic. The spatial distribu-
tion of future changes in H; is consistent with previous

studies (Hemer et al. 2013a), except for increases over
the North Pacific. Although caution is necessary for the
magnitudes because of the lack of sea ice described in
section 3, future changes in Uy and H are about
+0.6ms ' and +0.3m, respectively, depending on the
region, and the maximum differences are up to about
0.6ms~ ! and 03m for Uy and H,, respectively.
Therefore, the uncertainty of the Uy and H; projection
has the same magnitude as its future change.

The spatial distribution of maximum differences in H,
future change does not correspond to that of Uy in
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FIG. 8. Averaged frequency of typhoon passing over a smoothed
6° X 6° grid in JJASON: (a) HPA and (b) best track (No. per one
season).

lower latitudes (Figs. 5b,d). Wave height is roughly
proportional to wind speed squared, and wind speed is
relatively low in lower latitudes. Therefore, relatively
larger maximum differences of future changes in Ujg
over lower latitudes (Fig. 5b) cannot contribute to those
of Hy (Fig. 5d). The regions where the four future
changes in Uy and Hy of HFAcO through HFAc3 show
the same sign account for 49.5% and 42.5% of the whole
domain. The regions where the future changes of
HFACc0 through HFAc3 show different signs and larger
differences for both U;y and H, are the lower latitudes of
the WNP and the midlatitudes of the South Pacific
(Figs. 5b,d). The large uncertain region in the lower
latitudes of the WNP is discussed in the next section.

5. Future changes in wave climate over the western
North Pacific and its relationship with typhoon
characteristics and SST conditions

a. Future changes in wave climate by SST ensemble

Wave climate changes over the WNP are discussed in
detail in this section. Wave climate projection data cal-
culated by a nested 0.5° spatial resolution (section 2b)
are used. Figure 6 shows the future changes in seasonal
H, and the maximum differences in the ensembles over
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the WNP. The four seasons are classified as December—
February, March-May, June—August, and September—
November. The biggest changes in the future wave
climate can be seen around 30°N, 150°E during DJF,
where the H; decrease is 0.3m (Fig. 6a). However, there
are no significant changes of H; during MAM and JJA
(Figs. 6b,c). The future changes for HFAcO-HFAc3
around the Japanese coast show the same sign during all
seasons except for JJA. During MAM, the values of the
maximum differences in future change are the smallest.
The uncertainty in the lower latitudes of 30°N during
JJA and SON is larger. For example, the future changes
in H, at 20°-30°N, 130°-150°E during SON are —0.24,
—-0.24, —0.23, and +0.07m for HFAcO-HFAc3, re-
spectively. The results for HFAcO-HFAc2 are consis-
tent with each other; only the future changes of HFAc3
are different. In addition to wave height (Fig. 6), Fig. 7
shows the future changes in seasonal mean wave period
[peak period (7,)] and the maximum differences in the
ensembles. Note that the future changes shown in Fig. 7
are normalized by HPA values. As with wave height,
the maximum differences of seasonal mean T, (7))
future changes are larger in JJA and SON, especially in
SON. The 7, future changes by HFAcO-HFAc2 are
negative over the WNP, and those by HFAc3 are pos-
itive. The seasons JJA and SON in the WNP are active
typhoon seasons. Therefore, future changes in wave
climate and the large uncertainty in these seasons (JJA
and SON) are discussed in relation to typhoon
characteristics below.

b. The relationship between future changes in wave
height and typhoon characteristics

The most active area of formation of tropical cyclones
over the globe is the WNP. We focus on the analysis for
JJA and SON jointly [June-November (JJASON)] in
the WNP to discuss typhoon effects. The typhoon de-
tection method adopted in the present study employed
the five criteria of relative vorticity at 850 hPa, temper-
ature anomaly in the warm core region, maximum wind
velocity at 850 hPa, maximum wind velocity at 300 hPa,
and cyclone duration, to identify typhoons (Murakami
et al. 2012). The total number of typhoon genesis cases
was controlled by changing the thresholds of the criteria.
The typhoon data detected by Murakami et al. (2012)
were used in this study. In this subsection, data from
1979 to 2003 (and not 1979-2009) were used as the HPA.
Figure 8 shows the averaged frequencies of typhoons
passing from the HPA and the best-track data during
1979-2003 provided by the Japan Meteorological Agency
(www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/
besttrack.html). The frequency was smoothed over a


http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html
http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.html

3182

JOURNAL OF CLIMATE

VOLUME 28

(a)HFAcO
40N F ¢

30N |
20N -

10N |

1 40N}

1 30N

(b)HFAc1

20N

Q"

10N

110E

110E

(c)HFAc2
40N b y

30N

20NF g

10N

1 40N

1 30NF

1 10N

(d)HFAc3

20N |

140E

-2 -1.5 -1 —0.

0 0.5 1

1.5 2

FIG. 9. Future changes in the frequency of typhoon passing in JJASON for (a) HFACcO,
(b) HFAcl, (c) HFAc2, and (d) HFAc3 (No. per one season). Regions with black dots indicate
significant changes with the 5% significance level tested by a Mann—Whitney U test.

6° X 6° grid. The typhoons frequently pass through the
region 10°-30°N, 110°-140°E when compared with
other regions. The results of the HPA show good agree-
ment with the best track in this region. However, the
HPA underestimates typhoon frequency in higher lati-
tudes of 30°N.

Figure 9 displays the future changes in typhoon fre-
quency for HFAcO-HFAc3. The results for HFAcO,
HFACc1, and HFAc2 show less typhoon frequency in the
active typhoon region. On the other hand, the reduction
in typhoon frequency for HFAc3 is moderate compared
with the other three experiments. As indicated in section
5a, the tendency of future H, changes for HFAc3 is
different from that of the other experiments. It can be
considered that these differences of H, changes between
HFACc3 and the other experiments are caused by the
differences in future changes of typhoon frequency be-
tween the ensembles, as shown by Fig. 9. However, the
contributions of typhoon changes to H; changes are not
quantitatively clear. Therefore, how changes in typhoon
characteristics affect the Hy was estimated quantitatively
as follows. The total H, is represented as a combination of
both typhoon and nontyphoon events:

H =H.r +H (-r.),

e 1)
where Hy is the H; under a typhoon condition (ie., ty-
phoon wave intensity), Hy, is the H under a nontyphoon
condition (i.e., nontyphoon wave intensity), and r is the

ratio for the period of the timeframe under a typhoon
condition to the entire timeframe (i.e., typhoon frequency).
Equation (1) can be rewritten for the future change in H; as

AFS = (H_tc - H—nO)Artc + AH—tcr
+ (AH_tC - AH_HO)ArtC

= Cr + CHtc + CHno + CA’

et AH_nO(l —1)

)

where A means future change; and C,, Cy¢, Chno, and
C, are contributions of Ary (i.e., typhoon frequency
change), AH,. (typhoon wave intensity change), AH,,
(nontyphoon wave intensity change), and the residual to
AH,. Figure 10 shows AH;, C,, Cy, and Cypo for
HFACcO-HFACc3. The figure clearly shows that the AH|
for HFAc3 are different from the other experiments
(Figs. 10a—d), as described above. The AH, for HF AcO—
HF Ac2 show decreases in wave height by 0.3 m, but for
HF Ac3 they show an increase by 0.1 m. The values of C,
at lower latitudes are negative for all experiments be-
cause of a reduction in typhoon frequency in the future
projection, but C, for HFAc3 are relatively moderate
compared to the others (Figs. 10e-h), which follows the
result of Fig. 9. Furthermore, Cyy for HFAC3 are larger
than for the other experiments (Figs. 10i-1). As a result,
the differences in typhoon frequency (C,) and typhoon
wave intensity changes (Cy) between HFAc3 and
HFACO-HFAc2 vyield the differences in H, future
changes. Note that in the mid to higher latitudes
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FIG. 10. Future changes in H; for the WNP and the contributions of typhoon characteristics changes (m). (a)-(d) Future changes in Hj,
(e)—(h) contributions of typhoon frequency change, (i)—(1) contributions of typhoon wave intensity change, and (m)—(p) contributions of
nontyphoon wave intensity change for (left)—(right) results by SST ensemble for clusters 0-3.

in Fig. 10, the influence of changes in typhoon charac- c¢. Comparison with multimodel ensembles

teristics on AH; is less accurate, because the HPA un-

derestimates typhoon frequency in this region. Despite The projections for H by SST ensemble clearly il-
this, the general relationship behind the changes is clear. lustrate the influence of tropical cyclones. The SST
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FIG. 11. Future changes in H; during JJASON (m). (top)—(bottom) Results based on SST ensemble for clusters 0-3 from (left)—(right)
perturbed physics ensemble results for YS, AS, and KF, respectively.

ensemble can perform the sensitivity analysis for a pro-
jection of SST, but the variation for future change is
limited; while the multimodel ensemble gives wider
variation, it is difficult to understand the reason behind
the difference. Therefore, it is important to compare
different types of ensembles to understand the origin of
this difference and the uncertainty with forcing the
projection. The multimodel ensemble experiment
(COWCLIP; Hemer et al. 2012, 2013a) will help to add
a general understanding about contributing factors to
the projections discussed above. In addition to SST en-
semble projections, PP ensemble projections were con-
ducted with three different cumulus convection schemes
(YS, AS, and KF). Note that the results shown in the
above section are based on YS, as described in section 2.

Figure 11 shows the future changes in H; using SST
and PP ensemble projections during JJASON. The H
changes for HFAcO-HFAc2 (Fig. 11, except for
Figs. 11j-1) are negative in lower latitudes of the WNP,
while those for HFAc3 (Figs. 11j-1) are positive. This
result confirms that, in lower latitudes of the WNP, fu-
ture H, changes during summer for HFAc3 are opposite

in sign to those for HFAcO-HFAc2, and this does not
depend on the cumulus convection scheme. Figure 12a
shows the maximum differences in Hy changes over the
12 ensemble members, indicating that the variation of
H; changes over lower latitudes of the WNP is greatest
in the North Pacific.

This result is compared with the multimodel ensemble
wave climate projection data (COWCLIP, which con-
sists of works by MO10, HE13, FA13, and SE13); the
data were obtained at the COWCLIP Wiki website (https:/
wiki.csiro.au/display/sealevel/ COWCLIP+ Contributions).
Although COWCLIP includes both dynamical and statis-
tical wave climate projection data, the dynamical wave
climate projection data were used in this comparison. The
first reason is that the seasonal H, was calculated by the
statistical wave model with seasonal mean SLP (Wang and
Swail 2006). Therefore the statistical wave model could not
resolve typhoon-generated waves. Second, the statistical
wave climate projection was forced by the sea level pres-
sure (SLP) of AOGCM. Therefore, SST was not used as
a boundary condition in comparison with the dynamical
projections.
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FIG. 12. Maximum differences in future changes of H, during
JJASON over ensemble members (m). (a) The 12 members of SST
and PP ensemble projections and (b) the 6 members from COWCLIP
analyses.

HE13 and FA13 provided two members from each
study, because of two different SST conditions, which are
denoted as HE13(1), HE13(2), FA13(1), and FA13(2),
respectively. When those members are counted with mem-
bers from MO10 and SE13, they total six COWCLIP
projections. The COWCLIP projections were conducted
based on the dynamical approach, which is described in the
introduction, and the same framework as this study; how-
ever, the components of the framework are different from
each other. The main components are the future emission
scenario, the SST condition for the AGCM, the AGCM,
and the wave model. The description of the wave climate
projections for COWCLIP is shown in Table 3, focusing
on the components and the SST cluster number. The six
wave projections for COWCLIP are quite different
from each other in that they use different SST condi-
tions for the AGCM, SRES scenarios, AGCMs, and
wave models (Table 3). Although they are different, the
maximum differences in future changes of Hj across the
COWCLIP projections shown in Fig. 12b give a similar
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spatial distribution to that for this study in Fig. 12a. Al-
though the magnitude is different, the spatial distributions
are characterized by a greater maximum difference in the
lower latitudes of the WNP. This indicates that the
COWCLIP projections also have a large uncertainty with
the changes in the future wave climate, likely related
with typhoon changes.

Future changes in H, for the SST, PP ensemble, and
COWCLIP projections for the region demarcated in
Fig. 12 (10°-30°N, 110°~150°E) are shown in Fig. 13. It is
clear that future changes under SST cluster 3 of this pres-
ent study have a different tendency when compared to
those under clusters 0, 1, and 2; and future changes under
FA13(1) are also different from the other COWCLIP
projections. The wave climate projection from FA13(1) is
based on SST projected by GFDL CM2.1 under the A1B
scenario, which is classified into SST cluster 3 by clus-
tering analysis (Tables 1 and 3). FA13(2) and the MO10
member are based on the CMIP3 ensemble SST under
A1B, which can be classified into cluster 0; the SE13
member is based on the SST from MPI's ECHAMS under
A1B, which can be classified into cluster 2 (Tables 1 and 3).
HE13(1) and HE13(2) are based on the SST of ECHAMS
and CSIRO Mk3.5 under the A2 scenario (Table 3) and
have not been clustered by Murakami et al. (2012) because
the analysis of Murakami et al. (2012) was for the A1B
scenario; but the SST patterns of HE13(1) and HE13(2)
correlate relatively well with clusters 2 and 1, respectively,
when compared with the other SST clusters.

Therefore, the SST ensemble results show that in the
lower latitudes of the WNP future Hj, changes forced by
the SST cluster 3 condition are positive, and those forced
under the other SST cluster conditions are negative,
results that are consistent with COWCLIP projections.
In addition to FA13(1) and FA13(2), FA13 has con-
ducted additional wave climate projections forced by
SSTs projected by ECHAMS and HadCM3 under an
A1B scenario (which are clusters 2 and 3, Table 1), in-
dicating that in the western Pacific during the summer
months, future changes in H under the SST cluster 3
condition (HadCM3 and GFDL CM2.1) are larger than
those for clusters 0 and 2 (CMIP3 ensemble mean and

TABLE 3. Model description of the present study and COWCLIP (Hemer et al. 2013a).

This study HE13(1) HE13(2) FA13(1) FA13(2) MO10 SE10
Reference — HE13 FA13 MO10 SE13
Scenario AlB A2 Al1B Al1B Al1B
SST 4 clusters ECHAMS CSIRO Mk3.5 GFDL CM2.1 CMIP3 mean CMIP3 mean ECHAMS
AGCM MRI-AGCM3.2H CSIRO’s CCAM GFDL’s HHRAM and WW3 MRI-AGCM3.1S ECHAMS5 AGCM

Wave model WW3 WW3
SST cluster No. 0-3 2 1

coupled

SWAN WAM
3 0 0 2
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FIG. 13. Future changes in Hj for the present study and COWCLIP
analysis for the region outlined in Fig. 12 (10°-30°N, 110°~150°E).
The first 12 bars from the left are for the present study, and the
remaining bars are for COWCLIP models.

ECHAMDY), a result due to variation in the future change of
typhoon frequency. This result of FA13 is also consistent
with this study. In spite of the differences in the GCMs
themselves and the other forcing factors, the present study’s
ensemble experiments yield variations in future Hy changes
that are consistent with the COWCLIP ensemble. These
similar deviations suggest that the major factor behind
mean wave climate changes in the WNP is SST changes
and the associated typhoon activity in the future climate.

As discussed above, SST as a boundary condition for
AGCM has significant impact on wave climate pro-
jection. Although clustering by SST has been defined
with future change patterns for the entire tropical do-
main, SST clusters can be characterized by the magni-
tudes of warming in the equatorial and subtropical
Pacific, as seen in Fig. 1. Therefore, SST clusters are
described simply by the relationship between the future
changes in SST for two identified regions, as follows.
One of the regions is the western equatorial Pacific
(dSST1; 5°S-5°N, 140°E-180°), the other is the sub-
tropical South Pacific (dSST2; 15°-30°S, 90°W-180°).
Normalized future changes in SST within the two re-
gions for CMIP3 models and clusters 1-3 are shown in
Fig. 14. Normalized future change means that the future
change in SST is divided by the mean future change of
the whole tropical region (30°S-30°N). It is clear that
SST cluster 3 can be characterized as more relative
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FIG. 14. The relationship between the future changes in SST for
the western equatorial Pacific (dSST1; 5°S-5°N, 140°E-180°) and
the subtropical South Pacific (dSST2; 15°-30°S, 90°W-180°). The
future changes in SST are normalized by the mean future change
for the whole tropic region. Letters A through R denote the in-
dividual model runs of CMIP3 described in Table 1. Green in-
dicates that the model SST is cluster 1, blue is cluster 2, and red is
cluster 3. Letters S and T denote MPI’'s ECHAMS and CSIRO
MK3.5, respectively, under the A2 scenario used by HE13.

warming over the western equatorial Pacific and less
relative warming over the subtropical South Pacific than
other SST clusters. The physical mechanism behind the
relationship between these SST characteristics and wave
climates has not been addressed in this study in detail. A
possible mechanism can be found in the study on the
relationship between interhemispheric SST gradients
and typhoons. Zhan et al. (2013) indicated that warmer
SST in the western Pacific warm pool (WWP; 0°~16°N,
125°-165°E) and cooler SST in the southwestern Pacific
Ocean (SWP; 20°-40°S, 160°E-170°W) during MAM
induces favorable conditions for typhoon genesis and
intensity. Future changes in SST differences between
WWP and SWP (SST in WWP — SST in SWP) under
clusters 0-3 are +0.07°, —0.05°, +0.03°, and +0.48°C.
Therefore, the condition under SST cluster 3 is favorable for
typhoons following the result by Zhan et al. (2013), yielding
high waves when compared with the other SST clusters.

6. Conclusions

Future projections of global and WNP wave
climate were conducted using an atmospheric global cli-
mate model (MRI-AGCM3.2H) and a wave model
(WAVEWATCH III). To analyze the sensitivity of the
projected wave climate to SST conditions, SST ensemble
experiments were conducted. We used four different fu-
ture SST conditions (SST cluster 0-3) as boundary condi-
tions for MRI-AGCM3.2H. The four SST conditions were
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FIG. 15. As in Fig. 14, but plotted for the 34 models of CMIPS.

defined based on SST projected by 18 models from phase
3 of the Coupled Model Intercomparison Project. One of
the SST conditions is the ensemble-mean SST of 18
CMIP3 models, and the other three are representative SST
conditions derived from 18 CMIP3 models by applying
cluster analysis to the future change patterns of SST.
Future changes in global annual H, are about 0.3 m
depending on the region. The regions where four future
changes under four different SST conditions show the same
sign cover 43% of the global domain (Fig. 5a). Although
some future changes are consistent with those from pre-
vious studies, such as increases in wave height over the
Southern Ocean and reductions over the North Atlantic,
some particular regions show either positive or negative
future change depending on SST conditions, a result in-
dicating that the uncertainty in future projections is large.
The future changes in wave height in the WNP during the
summer, where variation in future changes is large, were
analyzed in detail. Future changes in H; for the lower lati-
tudes of the WNP during the summer under SST cluster 3
are opposite in sign to those under cluster 0 to cluster 2
conditions. Future changes under the SST cluster 3 condi-
tion are positive. The SST cluster 3 condition is character-
ized with higher warming in the equatorial Pacific (Fig. 1).
The direct cause of these changes in future wave height is
future changes in the frequency and intensity of typhoons.

This means that the variation in future changes of SST in-
fluences future changes in typhoon characteristics, and then
that leads to differences in wave height in the WNP. Fur-
thermore, it is clear that variation of SST is also a major
source of uncertainty for the summertime wave climate in
the WNP based on the results by perturbed physics en-
semble experiments in this study and multimodel ensemble
projections from previous studies (COWCLIP). The PP
ensemble experiments and the COWCLIP results con-
firmed the relationship between the pattern for future
change in SST and the wave climate in the WNP during the
summer, such as the increases in the mean wave height
under relatively warmer SST in the equatorial Pacific:
namely, the cluster 3 condition. Delcambre et al. (2013) in-
dicated that uncertainties in SST changes are a major source
of uncertainties in the Northern Hemisphere jet stream
changes, suggesting that a reduction of uncertainty in the
tropical Pacific SST response to global warming will sig-
nificantly reduce uncertainty in the Northern Hemisphere
zonal wind response to climate change. The same holds true
for wave climate, especially in the WNP during the summer.

The projected SST conditions used in this study are
based on the CMIP3 dataset. The latest dataset, CMIP5
(Taylor et al. 2012), has been available for projection and
impact assessments. Figure 15 shows the SST changes as
in Fig. 14, but Fig. 15 uses the CMIP5 SSTs under the
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representative concentration pathway 8.5 (RCP8.5) sce-
nario. Future SST changes using CMIP5 have a similar
variation to those using CMIP3 data (cf. Figs. 15 and 14).
Therefore, wave climate projections based on CMIP5 can
still have the uncertainty related with SST uncertainty,
including the uncertainty of future changes in mean wave
height over the WNP, which significantly depends on
future changes in SST, as shown through this paper.
Although the details of the physical mechanism be-
hind the relationship have not been addressed in this
study, insight into what causes variations in wave pro-
jections can provide better understanding of ocean cli-
mate change. In this study, the insight into a major cause
of variations in wave projections over the WNP has been
presented. We will conduct further analysis of this type
of problem focusing on other geographical regions,
other wave properties, and an extreme wave climate.
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APPENDIX

List of Abbreviations

AlB A scenario from the IPCC SRES (Solomon
et al. 2007)

A2 A scenario from the IPCC SRES (Solomon
et al. 2007)

AGCM Atmospheric global climate model

AOGCM Atmosphere—ocean global climate model

AS Arakawa-Schubert cumulus convection
scheme

CCAM CSIRO Cubic-Conformal Atmospheric
Model

CMIP3 Phase 3 of the Coupled Model Inter-
comparison Project (Meehl et al. 2007)

CMIP5 Phase 5 of the Coupled Model Inter-
comparison Project (Taylor et al. 2012)

COWCLIP  Coordinated Ocean Wave Climate Project

(Hemer et al. 2012, 2013a)
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CSIRO

CSIRO
Mk3.5

DJF

ECHAMS5

FA13(x)

GCM
GFDL
GFDL
CM2.1
HadCM3

HE13(x)
HPA

HFAci

HS

H

IPCC
IPCC AR4

IPCC ARS

JJA
KF
MAM
MO10

MPI
MRI-
AGCM3.2

PP
SE13

SON
SRES

SST
SWAN
Uio
Uo
WAM
WNP
WW3
YS

VOLUME 28

Commonwealth Scientific and Industrial
Research Organisation
CSIRO Mark 3.5 model

December-February

Global climate model developed by the
Max Planck Institute (see Table 1)

Wave climate projection x by FA13 (see
Table 3)

Global climate model

Geophysical Fluid Dynamics Laboratory

GFDL Climate Model, version 2.1 (see
Table 1)

Met Office Hadley Centre Coupled
Model, version 3 (see Table 1)

Wave climate projection x by HE13 (see
Table 3)

The present climate simulation (see
section 2b)

The future climate simulation under SST
cluster i condition (i = 0, 1, 2, or 3; see
section 2b)

Significant wave height

Mean significant wave height

Intergovernmental Panel on Climate Change

IPCC Fourth Assessment Report (Solomon
et al. 2007)

IPCC Fifth Assessment Report (Stocker
et al. 2013)

June-August

Kain—Fritsch cumulus convection scheme

March-May

Wave climate projection by MO10 (see
Table 3)

Max Planck Institute

Meteorological Research Institute At-
mospheric General Circulation Model,
version 3.2

Perturbed physics

Wave climate projection by SE13 (see
Table 3)

September-November

Special Report on Emissions Scenarios
(Solomon et al. 2007)

Sea surface temperature

Simulating Waves Nearshore

Sea surface wind speed at 10m

Mean sea surface wind speed at 10m

WAM wave model

Western North Pacific

WAVEWATCH 111

Yoshimura cumulus convection scheme
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