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Abstract The future regional sea level (RSL) rise in the
western North Pacific is investigated by dynamical downs-
caling with the Regional Ocean Modeling System (ROMS)
with an eddy-permitting resolution based on three global
climate models—MIROC-ESM, CSIRO-Mk3.6.0, and
GFDL-CM3—under the highest greenhouse-gas emission
scenario. The historical run is forced by the air-sea fluxes
calculated from Coordinated Ocean Reference Experiment
version 2 (COREv2) data. Three future runs—ROMS-
MIROC, ROMS-CSIRO, and ROMS-GFDL—are forced
with an atmospheric field constructed by adding the differ-
ence between the climate model parameters for the twenty-
first and twentieth century to fields in the historical run.
In all downscaling, the RSL rise along the eastern coast
of Japan is generally half or less of the RSL rise maxima
off the eastern coast. The projected regional (total) sea
level rises along the Honshu coast during 2081-2100 rela-
tive to 1981-2000 are 19-25 (98-104), 6-15 (71-80), and
8-14 (80-86) cm in ROMS-MIROC, ROMS-CSIRO, and
ROMS-GFDL, respectively. The discrepancies of the RSL
rise along the Honshu coast between the climate models
and downscaling are less than 10 cm. The RSL changes
in the Kuroshio Extension (KE) region in all downscaling
simulations are related to the changes of KE (northward
shift or intensification) with climate change.
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1 Introduction

Sea level rise due to global warming is one of the most
important changes that the oceans will undergo. Global
mean sea level has risen at a rate of 3.2 + 0.4 mm year !
in the period 1993-2012 based on satellite altimeter sea
surface height (SSH) observations (Cazenave and Cozan-
net 2013). The recent Intergovernmental Panel on Climate
Change (IPCC) Fifth Assessment Report (ARS) indicated
that the global mean sea level rise in the 5-95 % possibility
range for the period 2081-2100 compared with 1986-2005
is likely to be 45—-82 cm for the highest emission scenario
Representative Concentration Pathway (RCP) 8.5 (Church
et al. 2013).

Observational analysis (Bindoff et al. 2007; Cazenave
and Cozannet 2013) and coupled climate models (Lan-
derer et al. 2007; Yin et al. 2010; Yin 2012) indicate that
sea level changes in response to a changing climate are not
geographically uniform, and show substantial regionality.
Based on the satellite records for 1993-2012, the sea level
in the western tropical Pacific and eastern Indian Oceans
increased much faster than the global mean. In the Atlantic,
the sea level rose over the whole basin except for the Gulf
Stream region in this period, whereas the sea level fell in
the eastern tropical Pacific (Cazenave and Cozannet 2013).
Using ensemble projections of 12 models of Coupled
Model Intercomparison Project Phase 3 (CMIP3) under
the Special Report on Emission Scenario A1B, Yin et al.
(2010) calculated the dynamic sea level (sea level deviation
from the geoid) during 2091-2100 relative to 1981-2000,
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and found dipole sea level rise patterns in the North Atlan-
tic and North Pacific, and a belt-like pattern in the Southern
Ocean. Furthermore, Yin (2012) analyzed 34 models of the
Coupled Model Intercomparison Project Phase 5 (CMIP5)
and found that there is overall consistency between the
projections of regional sea level (RSL, the deviation of
SSH from the global mean value) change by the end of the
twenty-first century based on the CMIP5 and CMIP3 mod-
els for similar scenarios. Major mechanisms for non-uni-
form dynamical sea level changes are surface wind changes
and surface heat and freshwater flux changes. (Sakamoto
et al. 2005; Sato et al. 2006; Lowe and Gregory 2006; Lan-
derer et al. 2007; Yin et al. 2010; Suzuki and Ishii 2011a;
Sueyoshi and Yasuda 2012; Zhang et al. 2014).

In response to global warming, the future sea level
rise in the North Pacific will increase dramatically in the
western subtropical gyre east of Japan (Yin et al. 2010;
Yin 2012; Sueyoshi and Yasuda 2012). The large sea level
rise is related to changes in the Kuroshio Extension (KE),
which has a steep meridional sea level gradient, or to larger
heat uptake of water masses. Sasaki et al. (2014) recently
showed the large sea level variability in the KE region in
relation to meridional shifts of the KE jet on decadal time-
scales, based on tide-gauge and satellite-derived SSH data.
Using an atmosphere—ocean coupled climate model, Saka-
moto et al. (2005) showed a large sea level rise south of
the KE associated with the intensification of the KE in
response to global warming. In contrast, Sato et al. (2006)
showed a large sea level rise east of Japan associated with
a poleward shift of the KE by using a North Pacific Ocean
general circulation model. Sueyoshi and Yasuda (2012)
analyzed 15 CMIP3 models and found that some models
exhibit a larger northward shift of the KE, and that others
exhibit a greater intensification of the KE. They further sug-
gested that different projected changes in the wind stress
caused by changes in atmospheric circulations over the
North Pacific result in different responses of the KE, which
characterize the different patterns of RSL rise in the west-
ern North Pacific. Suzuki and Ishii (2011a) investigated sea
level changes caused by CO,-induced climate warming by
using an atmosphere—ocean coupled climate model. They
found that heat flux changes are more important than wind
stress changes for the RSL rise in the southern recirculation
of the KE in their model. Suzuki and Ishii (2011b) decom-
posed baroclinic sea level changes based on the gridded
observational data set into vertical modes, and found that
the global warming signals are subducted into the ocean
interior. This observation might be related to the formation
of the North Pacific subtropical mode water around the KE
region and the southern recirculation.

Japan is one of countries most likely to be affected by
the sea level rise in the western North Pacific caused by
global warming (Hanson et al. 2011). The Organization for
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Economic Co-operation and Development report (Nicholls
et al. 2008) evaluated the risk of coastal cities over the
world for future coastal flooding, and the Japanese cit-
ies Tokyo, Osaka-Kobe, and Nagoya are the eighth, 13th,
and 17th cities measured by assets most exposed to coastal
flooding in the 2070s, respectively. Therefore, there is a
practical need for projections of RSL change caused by cli-
mate change along the Japanese coast.

However, the response of the Japanese coastal sea level
to ocean circulation changes caused by global warming
has not yet been adequately studied. Current climate mod-
els may not represent coastal sea level changes properly in
the western North Pacific, because the model resolutions
are too coarse to resolve the narrow western boundary cur-
rents and the coastal topographies of islands. The most
widely used approach to solve this problem is dynamical
downscaling, which has recently been applied to projecting
the effects of climate change on oceans (Meier 2006; Sato
et al. 20006; Adlandsvik 2008; Sun et al. 2012; Chamber-
lain et al. 2012; Liu et al. 2013, 2015; Oliver and Holbrook
2014; Seo et al. 2014). For example, Sato et al. (2006)
conducted dynamical downscaling to study global warm-
ing-induced changes in North Pacific Ocean circulations
around Japan by using a North Pacific Ocean general cir-
culation model driven by the sea surface flux derived from
MRI-CGCM2.2, which is a climate model contributing to
CMIP3. Their model covers the domain 15°S—-65°N and
100°E-75°W, with a horizontal resolution of 1/4° (zonally)
and 1/6° (meridionally). They reported that coastal sea level
rise along Japan is 12-18 cm (including the global mean
thermal expansion of 10 cm, but ignoring land-ice melt
etc.) from 2000 to 2070, smaller than the 40 cm sea level
rise off the east of Japan. However, the spatial distribu-
tion of sea level changes along the Japanese coasts was not
mentioned by Sato et al. (2006). Moreover, because they
did not choose the climate model to be downscaled with
a strategy for future sea level rise, it is not clear whether
or not their results, obtained from downscaling of only
one climate model, are representative. Different climate
models produce different sea level changes (e.g., Sueyoshi
and Yasuda 2012). Seo et al. (2014) performed dynamical
downscaling for the North Pacific marginal seas, and thus
their regional model covers the area 118°E-155°E and
18°N-50°N, which may be suitable for these marginal seas,
but not for the western North Pacific to the east of Japan.
Therefore, downscaling of future RSL changes in the west-
ern North Pacific with an appropriate strategy is required.
In this study, we examine future Japanese coastal RSL rise
by dynamical downscaling with the Regional Ocean Mode-
ling System (ROMS) based on CMIP5 models outputs. For
proper representation of western boundary currents, which
result from basin-scale atmospheric forcing, the ROMS
domain should cover the whole zonal extent of the North
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Pacific basin, which is much wider than those in most pre-
vious downscaling studies (Meier 2006; Adlandsvik 2008;
Sun et al. 2012; Chamberlain et al. 2012; Liu et al. 2013,
2015; Oliver and Holbrook 2014; Seo et al. 2014). Dynam-
ical downscaling involves a tradeoff between resolution and
number of experiments because of the limitation of compu-
tational resources. Therefore, we conduct downscaling of
three CMIPS models, which are selected to investigate the
worst-case scenario. That is, we choose the three CMIP5
models that are likely to show the largest RSL rise around
Japan to evaluate the upper limits of sea level rise.

The rest of the present paper is organized as follows. In
Sect. 2, the CMIP5 models used for the downscaling are
selected, and the main features of the models are intro-
duced. The methods used to generate the initial conditions,
lateral boundary conditions, and the atmospheric forcing
fields required for the ROMS are described. In Sect. 3, we
compare the downscaled changes and those in the climate
model projections and examine the RSL changes around
Japan by the end of the twenty-first century. The summary
and discussion are presented in Sect. 4.

2 Methods and data
2.1 Global climate models

The CMIP5 climate model simulations used by the IPCC
ARS5 are mainly accessed through the Program for Cli-
mate Model Diagnosis and Intercomparison (PCMDI,
website: http://cmip-pcmdi.llnl.gov/cmip5/). To project
future climate change associated with increasing concen-
trations of greenhouse gases, the CMIP5 climate models
were integrated under some RCP scenarios (Moss et al.
2010). To investigate the possible large sea level rise in
the western North Pacific, we focus our attention on the
highest emission scenario of RCP8.5 and climate models
that have the highest RSL rise near Japan. This strategy
will provide the worst-case scenario of RSL rise. Figure 1
shows the spatially averaged projected RSL change over
a domain bounded by 25°N—40°N and 125°E-180°E for
the 2081-2100 period relative to the 1981-2000 period
for 33 CMIP5 models under the RCP8.5 scenario. RSL
is evaluated in this study because we are interested in the
regional expression of sea level rise. This domain is used
for the average because the region shows significant sea
level rise in the multi-model ensemble mean from 34 mod-
els (Yin 2012). We select the three models with the largest
area-averaged RSL rise, which are the MIROC-ESM, the
CSIRO-MkKk3.6.0, and the GFDL-CM3, as base models for
the future dynamical downscaling.

The major features of the three CMIP5 models are
as follows. In the MIROC-ESM, the ocean component is
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Fig. 1 Projected RSL rises averaged over a domain bounded by 25°—
40°N and 125°-180°E during 2081-2100 relative to 1981-2000 for
33 CMIP5 climate models. The three selected models are highlighted
in red

the Center for Climate System Research (University of
Tokyo) Ocean Component Model (COCO 3.4). The lon-
gitudinal grid spacing is about 1.4°, whereas the latitudi-
nal grid intervals gradually vary from 0.5° at the equator
to 1.7° near the North/South Poles (Watanabe et al. 2011).
In CSIRO-MKk3.6.0, the ocean component is the Modu-
lar Ocean Model (MOM 2.2) with a horizontal resolution
of 1.875° x 0.9375° (Rotstayn et al. 2010; Jeffrey et al.
2013). The ocean model component of the GFDL-CM3
uses MOM4p1 code. The ocean model resolution is 1° for
longitude. The meridional resolution gradually transitions
from 1/3° at the equator to 1° at 30°N and remains as 1°
between 30°N and 65°N in the Arctic (Griffies et al. 2005,
2011).

2.2 Regional ocean model

The present study uses ROMS to downscale and project sea
level changes caused by climate change dynamically. The
ROMS can be used for a diverse range of applications from
local to planetary scales (e.g., Curchitser et al. 2005; Seo
et al. 2007, 2014; Adlandsvik 2008; Lorenzo et al. 2008;
Han et al. 2009). The model solves the incompressible and
hydrostatic primitive equations, and uses a free sea surface
on horizontally curvilinear coordinates and generalized ter-
rain-following sigma vertical coordinates (Haidvogel et al.
2000; Shchepetkin and McWilliams 2005).

The model domain covers almost the entire North
Pacific basin (110°E-100°W, 5°N-50°N) with an eddy-per-
mitting 0.25° x 0.25° horizontal resolution and 32 sigma
levels in the vertical direction. The eddy-permitting model
has biases, such as the Kuroshio Current overshooting
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northward along the eastern coast of Japan (Shu et al. 2013)
and the northward shift of the KE (Sumata et al. 2010).
Therefore, we examine biases in the model compared with
observations, as described in Sect. 3.1, and consider the
biases in interpreting the downscaled results.

Schemes used for boundary conditions and mixing are
as follows. The radiation lateral boundary condition with
nudging (time scale of 30-day) is used for temperature and
salinity along the open boundaries at 5°N, 50°N, 110°E,
and 100°W that permit long-term stable integration (Seo
et al. 2007). A wall boundary condition is chosen for the
sea surface elevation and the normal velocity. This is a zero
gradient condition for surface elevation and zero flow for
the normal velocity (Marchesiello et al. 2001). Harmonic
horizontal mixing along an epineutral (constant density)
surface is applied to the tracers, whereas biharmonic hori-
zontal mixing along constant sigma surfaces is applied to
the momentum. A third-order upstream horizontal advec-
tion scheme and fourth-order centered vertical advec-
tion scheme for momentum and tracer equations are used
(Shchepetkin and McWilliams 2005). K-profile turbulence
closure (Large et al. 1994) is used for vertical mixing, and
quadratic drag is applied to the bottom friction.

2.3 ROMS experiment settings

(a) Historical run (1951-2000)

The historical run (ROMS-Hist) for the period 1951—
2000 provides a reference for interpreting future run
results. Initial salinity and potential temperature are
set as the climatology of the World Ocean Atlas 2009
(WOA2009) (Locarnini et al. 2010; Antonov et al. 2010),
and the initial sea level and velocities are set to zero. At the
surface, the historical run is forced with six-hourly winds,
air temperature, sea level pressure, specific humidity, daily
mean downward shortwave and downward longwave radia-
tion of the Coordinated Ocean Reference Experiment ver-
sion 2 (COREV2) (Large and Yeager 2009) from 1951 to
2000. The primary data source of COREv2 data set is the
NCEP/NCAR RI reanalysis product; climatological biases
in NCEP/NCAR R1 have been corrected in COREvV2 on
the basis of comparison with more reliable satellite and
in situ measurements (Large and Yeager 2009). The effec-
tive ocean albedo is set to 0.065 uniformly in the model
domain, which is in the appropriate range of this domain.
Upward longwave radiation is dependent on simulated sea
surface temperature (SST). Surface wind stress and net heat
fluxes are computed by using a bulk formula (Fairall et al.
2003). The model sea surface salinity is restored to the cli-
matology values of CORE v2 data with a 30-day period.
The lateral boundary values are provided from monthly
mean Simple Ocean Data Assimilation version 2.2.4
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(SODA 2.2.4) in the period from 1951 to 2000 (Carton and
Giese 2008).

(b) Future run (2051-2100)

Because CMIP5 models have biases in parameters that
are used for momentum and heat flux calculations in down-
scaling in the present climate (Lee et al. 2013), the future
run in the late twenty-first century is forced with atmos-
pheric fields constructed by adding the monthly mean dif-
ference between the CMIP5 model parameters from the
twenty-first and twentieth century to the observed param-
eters, which are mostly six-hourly, in the twentieth cen-
tury. The details of the approach are as follows. First, we
calculate the monthly mean changes between 2051-2100
(RCP8.5) and 1951-2000 (CMIP5 historical) in each
month and set of years (e.g., April 2079 minus April 1979)
for the simulated winds, air temperature, relative humid-
ity, sea level pressure, net shortwave and downward long-
wave radiation. Upward longwave radiation is dependent
on simulated SST. Secondly, these monthly mean changes
are added to CORE v2 atmospheric surface fields for the
corresponding month and year for the 1951-2000 period
used for ROMS-Hist. Finally, the bulk formula is used to
calculate the projected surface fluxes of momentum, and
sensible and latent heat, with the parameters determined in
the second step. Similarly, the model sea surface salinity
at each grid point is restored to the value that is given by
the climatology used for historical run added 50-year time
series of monthly sea surface salinity differences between
the 2051-2100 period and the 1951-2000 period. We also
apply this approach to the initial and lateral boundary con-
ditions. The initial conditions for the future runs are also
generated by adding the changes in temperature and salin-
ity between January 1951 and January 2051 in the CMIP5
models to the initial condition of ROMS-Hist. The initial
sea level and velocities are set to zero in all future runs. The
lateral boundary conditions for the future runs are created
by adding changes in monthly mean temperature, salin-
ity, and velocity between 2051-2100 and 1951-2000 in
the CMIP5 models to the respective fields in SODA 2.2.4
in the period 1951-2000. We call the three ROMS future
runs forced by the MIROC-ESM, CSIRO-Mk3.6.0, and
GFDL-CM3 variables ROMS-MIROC, ROMS-CSIRO,
and ROMS-GFDL, respectively. The last 20 years of the
historical run and of all future runs are used in the follow-
ing analyses.

2.4 Regional sea level

To focus on the regional distribution, we analyze RSL,
which is the sea level at each grid point minus the global
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mean (e.g., Yin et al. 2010; Zhang et al. 2014). The RSL in
the CMIP5 models is given by

ey

where hcy is the sea level in a climate model (zos in
CMIPS), f_ng is the global mean sea level, ¢ is time, and
x and y are the zonal and meridional coordinates, respec-
tively. Because the ROMS domain does not cover the
global, the RSL in ROMS simulations is defined by

B (6 9, 1) = hem(x, y, 1) — hSy (1),

Broms @ Y, 1) = hroms (5, ¥, 1) — B () — (h§ons (1) — h2y (1)),

(2)
where the hrowms is the sea level output of ROMS, i_ng is
the corresponding CMIPS model’s global mean, ﬁgOMS
and h2,, are the means over the current model domain
(110°E-100°W, 5°N-50°N) in ROMS and the CMIP5

models, respectively.
2.5 Observational data
The ROMS-Hist is compared with the following observa-

tional data. The maps of weekly absolute dynamic height
are compiled from the TOPEX/Poseidon, ERS-1/2, Jason-1,

and Envisat altimeter observations on a 1/3° x 1/3° Merca-
tor spatial resolution grid from January 1993 to December
2000, distributed by the Archiving, Validation and Inter-
pretation of Satellite Oceanographic Data (AVISO) (Ducet
et al. 2000). The absolute dynamic height products are com-
puted with consistent sea level anomaly and mean dynamic
topography field (Rio and Hernandez 2004).

3 Results
3.1 Comparison of ROMS-Hist and observations

To evaluate the capability of the ROMS downscaling,
the time-mean surface velocity obtained from the three
CMIP5 models, ROMS-Hist, and satellite data are com-
pared in Fig. 2. Generally, all three CMIP5 models show a
broad, weak Kuroshio Current and KE. It should be noted
that ROMS-Hist fails to produce some observed features,
as expected for an eddy-permitting model (e.g., Kagimoto
and Yamagata 1997; Sumata et al. 2010; Shu et al. 2013).
The KE is mainly formed roughly along 37°N with a minor
eastward flow around 30°N. In the satellite observations, the

Fig. 2 Time-mean surface (a) MIROC—ESM
velocities (colors) and vec- SON TE
tor velocities (vectors) for 45N 28 . La

1993-2000 in the three selected
CMIPS5 climate models (a—c),
the ROMS historical run (d),
and the satellite-derived surface
geostrophic currents (e) (color
figure online)
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Fig. 3 Time-mean RSL for

1993-2000 period in three

CMIPS climate models (a—c), 45N

the ROMS historical run (d),

and the satellite observations (e) 40N
35N

30N
25N

(a) MIROC—ESM
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Kuroshio Current separates from the coast and turns into the
KE around 35°N. The modeled extension around 30°N is
associated with the separation of the Kuroshio Current from
the coast to the east of Kyushu. The systematic discrepan-
cies between the ROMS-Hist and the observations should
be considered in interpreting downscaled future changes.
The different surface current structures among the CMIP5
climate models, ROMS-Hist, and observation are reflected
in differences in SSH, because the SSH gradient is closely
related to the surface current speeds through the geostrophy.
Figure 3 shows that ROMS-Hist exhibits sharp SSH gradi-
ents across the Kuroshio Current and the KE as observed,
although the CMIP5 climate models have broad, weak gra-
dients especially over the KE. Proper reproduction of sharp
SSH gradients is important in sea level changes, because
shifts in SSH fronts can produce large sea level changes.
Another deficiency in the CMIP5 climate models is
that the three straits connecting the Japan Sea either to
the North Pacific Ocean or to marginal seas, such as
the Tsushima, Tsugaru, and Soya Straits (Fig. 4), are
not properly resolved. The Tsugaru Strait is closed in
MIROC-ESM and CSIRO-Mk3.6.0, whereas the Soya
Strait is closed in GFDL-CM3. Therefore, examination
of future flow changes through the straits is impossible
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online)

using these climate models, but is possible using ROMS
downscaling. The observed volume transports are 2.6 Sv
(1 Sv =10° m’ s™") (Fukudome et al. 2010), 1.6 Sv (Ito
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Fig. 5 Projected changes in (a) MIROC—ESM
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et al. 2003), and 0.7 Sv (Fukamachi et al. 2010) through
the Tsushima, Tsugaru, and Soya Straits, respectively,
whereas they are 2.6, 2.4, and 0.2 Sv in ROMS-Hist
(Fig. 15). Hence, ROMS-Hist represents the Tsushima
Strait throughflow very well, whereas overestimates
the Tsugaru Strait and underestimates the Soya Strait
throughflow.

3.2 Regional sea level changes around Japan

In this section, we investigate how large the RSL changes
around Japan are by the end of twenty-first century under
the RCP8.5 scenario. Figure 5 shows the projected changes
in mean RSL around Japan during 2081-2100 relative to
1981-2100 in the three CMIP5 models and in the cor-
responding ROMS downscaling simulations. The three
CMIP5 models project RSL rises in the subtropical gyre
east of Japan, with a maximal RSL rise of 44, 37, and
27 cm in MIROC-ESM, CSIRO-Mk3.6.0, and GFDL-
CM3, respectively.

01 02 03 04 05 06 07 08 09 M

The RSL changes in the ROMS simulations have finer
structures and higher magnitudes than those in the CMIP5
models, with some similarities among different downscal-
ing simulations (Fig. 5). The ROMS downscaling exhibits
larger RSL rise maxima than the CMIP5 models; the RSL
rise maxima reach 63, 67, and 76 cm in ROMS-MIROC,
ROMS-CSIRO, and ROMS-GFDL, respectively. The
downscaled RSLs commonly exhibit zonally aligned three
maxima along 37°N between 140°E and 160°E. A com-
parison of these RSL rise patterns with the surface currents
at the end of the twenty-first century (Fig. 6) and the end
of the twentieth century (Fig. 2) reveals that the RSL rise
along 37°N is associated with the northward shift of the
KE in ROMS-MIROC and ROMS-GFDL. The relatively
large RSL rise at 30°N and 40°N is related to the substan-
tial weakening of the eastward current along 30°N found in
ROMS-Hist and to the increased eastward currents around
40°N. It should be noted that in all ROMS simulations,
RSL increases larger than 30 cm are limited to seaward of
the continental shelf off the Japanese archipelago, so that
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Fig. 6 Time-mean surface absolute velocities (colors) and vector
velocities (vectors) averaged over 2081-2100 in a ROMS-MIROC, b
ROMS-CSIRO, and ¢ ROMS-GFDL (color figure online)

the high offshore RSL rise would not reach the coast of
Japan.

To better understand the relationship between the off-
shore and coastal RSL changes, we examine the meridi-
onal distribution of the RSL rise zonally averaged over
145°E—155°E and that on the Japanese eastern coast simu-
lated by the CMIP5 models (Fig. 7) and the ROMS down-
scaling (Fig. 8). We select the coastal RSL as the RSL at
the ocean grid located next to the easternmost land grid of
Japan at each latitude. In all CMIP5 models and ROMS
simulations, the RSL changes along the eastern coast of
Japan are generally half or less of the RSL rise maxima off
the eastern coast of Japan.

Figure 9 shows RSL rises at all coastal grid points along
Honshu Island, which is artificially connected to Kyushu
and Shikoku islands forming one island in the ROMS
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simulations (Fig. 4), and Hokkaido Island. The coastal RSL
changes during 2081-2100 relative to 1981-2000 derived
directly from the three CMIP5 models and those obtained
from ROMS downscaling are shown in Fig. 9a, b for the
eastern and western coasts, respectively. The projected
RSL rises during 2081-2100 relative to 1981-2000 along
Honshu are 19-25, 6-15, and 8-14 cm in ROMS-MIROC,
ROMS-CSIRO, and ROMS-GFDL, respectively. An impor-
tant feature is that the differences in RSL changes between
downscaling simulations and the corresponding CMIPS
models are less than 10 cm along Honshu coast. This
means that if a 10 cm discrepancy is allowed at the maxi-
mum, we can use climate model outputs directly to assess
the RSL rise along Honshu coast. The smaller differences
in coastal RSL than in offshore RSL between the ROMS
downscaling and climate models are probably caused by
coastally trapped shelf waves. These waves tend to aver-
age sea level along the coast, resulting in roughly constant
coastal sea level, which is given by the average of sea level
at the northern and southern ends of the island (Liu and Wu
1999). Tsujino et al. (2008) successfully obtained semi-
analytical solution of coastal sea level around Japan arising
through adjustment of coastal trapped waves and Rossby
waves consistent with their OGCM of similar grid-spacing
from the present model. We compared the simulated coastal
sea levels and observed sea level anomalies averaged over
four stations, which were selected by Japan Meteorological
Agency for the most reliable long-available stations, along
the Japanese coast in the period of 1971-2000 (r = 0.37,
significant at the 95 % confidence level). Therefore, the
year-to-year variability of the model coastal sea level is
consistent with that in the observed sea levels along the
Japanese coast. The northward decrease in RSL changes on
the western Honshu coast may be consistent with the north-
ward propagation of shelf waves with damping along the
route.

Although the RSL rises in the CMIP5 models and in
ROMS downscaling are generally similar along Honshu,
they can be substantially different at the islands separated
from Honshu, because sea levels at those islands are not
affected by the averaging effects of coastal waves. Here,
we examine sea level change at Okinawa Island (Fig. 4),
because extremely high sea levels have occurred there
(Tokeshi and Yanagi 2003), suggesting that it is important
to project the RSL rise at Okinawa Island in the future
warming climate. Although Okinawa Island is too small to
be represented as an island in the current ROMS downs-
caling simulations, sea level changes at the island would
be well approximated by the modeled sea level changes at
that location. Figure 10 shows the projected RSL changes
at Okinawa Island during 2081-2100 relative to 1981-2000
in the three CMIP5 models and corresponding ROMS
simulations. Both  ROMS-MIROC and ROMS-CSIRO
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project high RSL rises at Okinawa Island of 29 and 32 cm,
respectively, which are as much as or larger than the RSL
rise maxima on the Honshu coast. However, ROMS-GFDL
projects relatively small RSL rise at Okinawa Island of
9 cm. The difference between CSIRO-Mk3.6.0 and ROMS-
CSIRO is 16 cm, exceeding the aforementioned maximal
discrepancy of 10 cm along Honshu coast between the
CMIP5 climate model and ROMS downscaling.

3.3 Three-dimensional oceanic changes

As revealed by previous studies, the spatial distributions
of RSL rise in the western North Pacific are related to the

0.1 ——T————————
30N32N34N36N38N40N42N 44N 46

N

ol Ol
30N32N34N36N38N40N42N44N46N 30N32N34N36N38N40N42N44N4¢

=

upper ocean changes (Sakamoto et al. 2005; Sato et al.
2006; Suzuki and Ishii 2011a; Sueyoshi and Yasuda 2012).
In this section, we investigate future changes below the sur-
face in the western North Pacific to understand the relation-
ships between these changes and the RSL rise around Japan.

Sea level changes accompanied by density changes are
represented by dynamic height (DH). DH is a commonly
used parameter that can be calculated in terms of temper-
ature and salinity by Eq. 3 (Gill 1982) with reference to
2000 dbar.

1
ADH = —

0
/ (vs(S,T,p) — vs(35psu, 0°C, p))dp,
& J2000

3)
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Fig. 10 Projected RSL rise (in centimeters) at Okinawa Island
(26.75°N, 128°E, as shown in Fig. 4) during 2081-2100 relative to
1981-2000 in MIROC-ESM, CSIRO-Mk3.6.0, and GFDL-CM3
(black bars), and in the corresponding ROMS downscaling simula-
tions (blue bars) (color figure online)

here, S is salinity, T is temperature, g is acceleration due
to gravity, and vy is specific volume, given by the recipro-
cal of in situ density, and the anomaly of specific volume
is defined as the specific volume related to that at the same
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and ROMS-MIROC (blue), CSIRO-Mk3.6.0 and ROMS-CSIRO
(purple), and GFDL-CM3 and ROMS-GFDL (green) (color figure
online)

pressure for salinity of 35 psu and temperature of 0 °C.
Thus, DH is defined as the vertical integration of the spe-
cific volume anomaly from the pressure of 2000-0 dbar (at
the surface). For consistency with the RSL rise, regional
dynamic height (RDH) is defined in a similar manner to the
RSL definition (Eq. 2) as

ADHgoys = ADHroms — AﬁgM - (mLR)OMS - ﬁLC)M)a “)
where the ADHRrowms is DH calculated by the ROMS out-
puts, mgM is the corresponding CMIP5 model’s global
mean DH, ADHagys and ADHey, are the DH means over
the North Pacific ROMS domain in ROMS and the CMIP5
models, respectively.

Figure 11 shows the RDH changes during 2081-2100
relative to 1981-2000 obtained from the three ROMS
downscaling simulations. The comparison of the RDH
changes (Fig. 1la—c) and RSL rises (Fig. 5d—f) indicate
that the RDH changes very well reproduce the major fea-
tures of RSL rises described in the previous section, includ-
ing RSL rises associated with the KE changes.

We examine subsurface signatures related to RSL
rises that penetrate downward. Figure 12 shows projected
changes in mean eastward velocity zonally averaged from
145°E to 155°E in a meridional-vertical cross section
across the KE during 2081-2100 relative to 1981-2000
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Fig. 11 a—c RDH changes with reference to 2000 dbar during teric components, and j-1 the sum of the thermosteric and halosteric
2081-2100 relative to the 1981-2000 period, d—f RDH changes due components, in (leff) ROMS-MIROC, (middle) ROMS-CSIRO, and
to the thermosteric component, and g—i RDH changes due to halos- (right) ROMS-GFDL

in the ROMS simulations. The zonal velocity changes are ~ penetration may suggest that this pattern is unlikely to be
consistent with the aforementioned KE changes. Veloc-  caused by heat or fresh water fluxes at the surface. This is
ity increase in ROMS-CSIRO is collocated with the KE in ~ because such thermohaline flux changes would cause tem-
the twentieth century, indicating the KE intensification. In  perature and salinity changes primarily limited to major
ROMS-GFDL, velocity increases (decreases) to the north ~ water masses such as subtropical mode water at depths of
(south) of the KE axis in the twentieth century, showing the 300—400 m or shallower (Suzuki and Ishii 2011b). There-
northward migration of the KE axis. In ROMS-MIROC,  fore, these changes are probably forced by wind stress
strong velocity increase is found to the north of the twen-  changes (e.g., Sakamoto et al. 2005; Sato et al. 2006; Suey-
tieth century KE axis but weak increase occurs almost over ~ oshi and Yasuda 2012). The velocity changes in ROMS-
the whole KE axis, suggestive of the combination of the = MIROC and ROMS-CSIRO penetrate to a shallower depth
northward migration and overall intensification. The zonal =~ than ROMS-GFDL. In addition, in ROMS-CSIRO, near
velocity changes mainly occur in the upper 1000 m, and  surface decrease of density is much more prominent than
penetrate down to 2000 m in ROMS-GFDL. The vertical  in the other two models (not shown). These features in
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Fig. 12 Projected changes (a) ROMS MIROC (b) ROMS—CSIRO
in mean eastward velocity A o oA /
zonally averaged from 145°E -200 O 05 O 25 -200 0.05 O 25
to155°E for 2081—ZIOQ relative —400- 400
to 1981-2000 (colors) in a 0. 15 0.15
ROMS-MIROC, b ROMS- —600 1 0 -600 0
CSIRO, and ¢ ROMS-GFDL. 800 800
Contours show the mean 0.1 0 0.1
distribution for 1981-2000. —10001 ~10001
The contour interval is 0.05 m/s ~1200 - ~1200 -
(color figure online)
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ROMS-CSIRO suggest that water mass changes may play
a more important role in the RSL in this model than in the
others, while both the effects of wind stress changes and
water mass changes are all included in ROMS-MIROC.
Temperature changes penetrate to 2000 m, which is con-
sistent with the zonal velocity changes of the KE (Fig. 13),
whereas the vertical penetration of the salinity changes are
limited to the upper 1000 m, because of the lack of mean
salinity gradients deeper than 1000 m (not shown). All
ROMS simulations commonly show that the positive Sver-
drup function changes east of Japan (Fig. 14) are caused by
the negative wind stress curl changes over the North Pacific
(not shown).

The RDH changes shown in Fig. 11a—c are decomposed
into thermosteric and halosteric components. The decom-
position methods are described in Egs. (5) and (6) (Lan-
derer et al. 2007; Zhang et al. 2014).

1 0
ADHy = - / (v5(35 psu, T, p) — v5(35 psu, 0 °C.p)dp  (5)
8 J2000

1 0
ADHg = — / (vs(S,0 °C,p) — vs(35 psu, 0 °C, p))dp 6)
8 J2000
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Here, ADHt and ADHg are the thermosteric and halosteric
DH, respectively. The calculation of regional thermos-
teric and halosteric DH is similar to that of RDH given in
Eq. (4). Figure 11d—f and g—i show the regional thermos-
teric and halosteric contributions, respectively, to RDH
changes during 2081-2100 relative to 1981-2000. The
sum of these two components recovers the RDH changes
well (Fig. 11j-1). Thus, although the density is a nonlinear
function of temperature, salinity and depth, its nonlinear-
ity is weak with respect to temperature and salinity differ-
ences caused by the climate change. In all ROMS simula-
tions, thermosteric components dominate the RDH change
between 30°N and 40°N. Smaller halosteric components
contribute to producing a larger RDH to the south than to
the north. Consequently, the thermosteric component gives
the major RDH, and thus the major RSL rise features,
whereas the effect of halosteric component is small.

The spatial structure of the sea level changes may be
associated with changes in the throughflow transport via
the Tsugaru, Tsushima, and Soya Straits, because differ-
ences in sea level between the upstream and downstream
of a strait strongly constrain throughflows (Ohshima 1994;
Lyu and Kim 2005; Tsujino et al. 2008). Figure 15 shows the
time-mean volume transports during 1981-2000 period and
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Fig. 13 Projected changes in (a) ROMS—MIROC

(b) ROMS—CSIRO
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2081-2100 period through the Tsushima, Tsugaru, and Soya
Straits in ROMS downscaling. All transports through the
straits will increase in the future warming climate. ROMS-
CSIRO projects a much larger increase in the transports of
each strait compared with the other two downscaling simu-
lations. This is probably because ROMS-CSIRO projects a
negative RSL rise in the subpolar gyre (Fig. 5), in contrast to
the positive RSL rise in the other two models. The negative
RSL rise in the subpolar gyre, combined with the positive
RSL rise in the subtropical gyre is associated with the larger
increase in SSH difference between the subpolar and sub-
tropical gyres in ROMS-CSIRO than in other two models.
Apart from the context of sea level rise, an interesting
parameter in ROMS downscaling is SST, which is important
in feedback from the ocean to the atmosphere (e.g., Small
et al. 2008; Chelton and Xie 2010) and marine ecosystems
(e.g., Abdul-Aziz et al. 2011). Figure 16a—c show that the
three climate models exhibit the maximal SST increase to
the east of the Tsugaru Strait, which suggests that the north-
ward migration of the Kuroshio Current affects these models.
The maximal SST warming in ROMS downscaling is remi-
niscent of the SST change in the climate model (Fig. 16d-f),
as downscaling simulations also have maximal SST warm-
ing just east of the Tsugaru Strait. However, the magnitude

32N 33N 34N 35N 36N 37N 38N 39N 40N v%c

of the maximal SST warming in ROMS-GFDL is as high as
11 °C, nearly 1.2 times larger than that in the correspond-
ing climate model (9 °C). In addition, ROMS-CSIRO exhib-
its enhanced SST warming relative to the climate model,
whereas maximal SST warming in ROMS-MIROC is only
slightly larger than in the climate model. The localized maxi-
mal SST change is probably related to the larger northward
intrusion of the Kuroshio Current at the end of the twenty-
first century than that at the end of the twentieth century in
surface current velocities (Figs. 2, 6). The present downscal-
ing model has a bias in the separation latitude of the Kuro-
shio Current from the eastern coast of Japan. However, the
maximal SST increase around the northernmost latitude of
the coastal Kuroshio Current in climate models and ROMS
downscaling simulations suggests that future changes in the
Kuroshio Current may result in large SST change around its
separation latitude observed at about 35°N.

4 Summary and discussion
We investigated the future RSL rise in the western North

Pacific by conducting dynamical downscaling by using
ROMS with eddy-permitting 0.25° x 0.25° resolution. To
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Fig. 14 Projected changes in Sverdrup stream function (Sv, color shading)
for 2081-2100 period relative to 1981-2000 period along with their mean
value for 1981-2000 (contours) in a ROMS-MIROC, b ROMS-CSIRO,
and ¢ ROMS-GFDL. Contour interval is 15 Sv (color figure online)

evaluate the worst cases of RSL rise at the end of twenty-
first century around Japan, we selected three climate models
that have the highest RSL rise near Japan (Fig. 1), MIROC-
ESM, CSIRO-MKk3.6.0, and GFDL-CM3, under the high-
est greenhouse-gas emission scenario, RCPS8.5. Dynamical
downscaling was performed for two epochs: the historical run
(1950-2000) and the future run (2051-2100). The historical
run, ROMS-Hist, is forced by the air-sea fluxes calculated by
using COREv2 data. Three future runs—ROMS-MIROC,
ROMS-CSIRO, and ROMS-GFDL—are forced with an
atmospheric field constructed by adding the difference
between the CMIP5 parameters of the twenty-first and twen-
tieth century to the present forcing fields used in ROMS-Hist.

The ROMS downscaling captures finer structures and
stronger magnitudes for the RSL changes than those in
the CMIP5 models. The downscaled changes commonly
exhibit three zonally aligned maxima along 37°N between
140°E and 160°E (Fig. 5). The projected RSL rise maxima
during 2081-2100 relative to 1981-2000 reach 63, 67, and
76 cm, in ROMS-MIROC, ROMS-CSIRO, and ROMS-
GFDL, respectively (Fig. 5).

@ Springer

All ROMS downscaling commonly shows that the coastal
RSL rises are smaller than the offshore RSL rises (Figs. 5,
8), consistent with Sato et al. (2006). The projected RSL
rises along the Honshu coast during 2081-2100 relative to
1981-2000 are 19-25, 6-15, and 8-14 cm in ROMS-MIROC,
ROMS-CSIRO, and ROMS-GFDL, respectively, which are
generally half or less of the RSL rise maxima off the eastern
coast of Japan. Moreover, the ranges of RSL changes along
the Honshu coast are small in all ROMS downscaling, prob-
ably due to shelf waves, which play a role in spatial averaging
associated with wave’s propagation along the coast (Fig. 9).
Although the CMIP5 models underestimate offshore RSL rise
maxima substantially than ROMS downscaling (Figs. 5, 7,
8), the discrepancies between the climate models and ROMS
downscaling are less than 10 cm along the Honshu coast
(Fig. 9). Because the averaging effects of the shelf waves do
not contribute to the sea level for islands separated from Hon-
shu, larger RSL changes can occur for some islands than those
along Honshu with larger differences between the climate
models and ROMS downscaling. At Okinawa Island, the RSL
changes are nearly 30 cm in ROMS-MIROC and ROMS-
CSIRO, which is higher than the changes along the Honshu
coast. The difference in RSL rise at Okinawa Island between
ROMS-CSIRO and CSIRO-Mk3.6.0 exceeds 10 cm (Fig. 10).

In ROMS-GFDL, the RSL changes to the east of Japan are
accompanied by the zonal velocity changes across KE in the
upper 1000 m, penetrating down to 2000 m (Fig. 12), prob-
ably due to wind stress changes (e.g., Sakamoto et al. 2005;
Sato et al. 2006; Sueyoshi and Yasuda 2012), whereas the
shallow velocity and near surface density changes in ROMS-
CSIRO suggest that water mass changes play a larger role than
the other two models. Both the effects of wind stress and water
mass changes are likely to be included in ROMS-MIROC. The
RDH changes relative to 2000 dbar reproduce major features
of RSL rises very well, including RSL rises associated with
the KE changes mainly contributed by the thermosteric com-
ponent rather than from the halosteric component (Fig. 11).

Other factors that are not taken into account in the present
downscaling simulation can influence RSL changes, such
as the inverse barometer effect, glacial isostatic adjustment
(GIA), gravitational changes resulted from land ice melting
and changes of land water storage, and climate model drift
(Church et al. 2013; Slangen et al. 2014). The inverse barom-
eter effect, which yields an absolute sea level change less than
3 cm over the North Pacific in all models, is much smaller
than the steric and land ice contributions, and hence can be
neglected. Based on the [PCC ARS, the GIA and gravitation
changes has a relatively small effect around Japan. Climate
drifts of the three CMIP5 climate models, which are evalu-
ated using the pre-industry control run, are small for RSL in
the western North Pacific, and can be ignored.

In order to obtain information useful for society, it is
important to evaluate total sea level rise, which can be
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obtained by the RSL change through downscaling and the
global mean sea level rise. Contributions to global mean sea
level change include glaciers, land ice and land water stor-
age contributions, thermal expansion contribution, and GIA
(Church et al. 2013; Slangen et al. 2014). The GIA effect on
the global mean sea level is small (=3 cm in 100 years)
(Peltier and Luthcke 2009). The glaciers, land ice, and land
water storage contributions to the global mean sea level rise
are nearly 16, 16, and 4 cm, respectively, in 2081-2100 rela-
tive to 1986-2005 for RCP8.5 in IPCC ARS (Table 13.
SM.1, Church et al. 2013). The thermal expansion compo-
nents during 2081-2100 relative to 1981-2000 under
RCP8.5 are 43, 29, and 36 cm, in MIROC-ESM, CSIRO-
Mk3.6.0, and GFDL-CM3, respectively.1 As a result, the

! Globally averaged sea level due to thermal expansion (thermosteric
component) is estimated with a variable, zostoga, in CMIP5. However,
zostoga is not available for GFDL-CM3, and thus we use another vari-
ability, zossga, (global average steric sea level change). For MIROC-
ESM, both zostoga and zossga are available and the difference
between them are small (less than 0.3 % for 100 year difference).

global mean sea level rise are 79, 65, and 72 cm during
2081-2100 relative to 1981-2000 under RCP8.5 in MIROC-
ESM, CSIRO-Mk3.6.0, and GFDL-CM3, as a minor refer-
ence period difference of twentieth century, i.e., 19862005
in ARS and 1980-2000 in the present study, can be ignored.
Consequently, the coastal sea level rise in total, which is
given by the addition of the RSL increase documented in
Sect. 3.2 and the global mean sea level rise, are expected to
be 101-108, 73-80, and 80-90 cm in MIROC-ESM,
CSIRO-MKk3.6.0, and GFDL-CM3, respectively.

An important result in the present study is that the pre-
sent downscaling reveals that the discrepancy along the
Honshu coast between the CMIP5 climate models and cor-
responding ROMS downscaling is less than 10 cm. Thus,
with 10 cm uncertainty, the RSL change along the Honshu
coast can be directly evaluated from CMIP5 climate model
outputs. This allows the coastal RSL rise to be evaluated
with a larger number of climate models (nearly 40), and the
probability of sea level changes to be evaluated considering
the uncertainties among climate models.

@ Springer
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At the eddy-permitting 0.25° x 0.25° resolution herein,
ROMS-Hist exhibits some bias, such as the overshoot of
the Kuroshio Current and the northward shift of KE com-
pared with observations. Although we have taken these
biases into account in interpreting the downscaled sea level
changes, it is not possible to identify the specific locations
and magnitudes of the largest coastal sea level rise. To
overcome these biases, downscaling with eddy-resolving
resolution of 0.1° x 0.1° may be required. This should be
an important research in future, because Tokyo, the most
densely city and the capital of Japan, is located near from
the separation point of the Kuroshio at 35°N. The compu-
tational cost of this resolution is about 16 times larger than
that in our experiments, which we expect will become fea-
sible for a number of laboratories in the next decade.
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