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Abstract We investigate sea level changes in the western
North Pacific for twenty-first century climate projections
by analyzing the output from 15 coupled models partici-
pating in the Coupled Model Intercomparison Project
phase 3 (CMIP3). Projected changes in the wind stress due
to those in sea level pressure (SLP) result in the projected
sea level changes. In the western North Pacific (30—50°N,
145—170°E), the inter-model standard deviation of the sea
level change relative to the global mean is comparable to
that based on the multi-model ensemble (MME) mean.
Whereas a positive SLP change in the eastern North Pacific
(40—50°N, 170—150°W) induces a large northward shift of
the Kuroshio Extension (KE), a negative SLP change in
this region induces a strong intensification of the KE. Large
inter-model variability of the SLP projection in the eastern
North Pacific causes a large uncertainty of the sea level
projection in the western North Pacific. Models with a
larger northward shift (intensification) of the KE exhibit a
poleward shift (an intensification) of the Aleutian Low
(AL) larger than that for the MME mean. However, models
that exhibit a larger intensification of the AL do not nec-
essarily show a larger intensification of the KE. Our anal-
ysis suggests that the SLP change that induces an
intensification of the KE is associated with a teleconnection
from the equatorial Pacific, and that the SLP change that
induces a northward shift of the KE is characterized by a
zonal mean change.
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1 Introduction

Coupled climate models used in the Intergovernmental
Panel on Climate Change’s (IPCC) Fourth Assessment
Report (AR4) predict rises in global mean sea level asso-
ciated with increasing concentrations of atmospheric
greenhouse gases (GHGs) (Meehl et al. 2007b). In addi-
tion, the models project spatial variations of sea level rise
in the twenty-first century (Pardaens et al. 2011; Yin et al.
2010; Slangen et al. 2011).

One of the causes of spatial variations of sea level rise is
the change in ocean circulation, especially in the region of
a western boundary current such as the Kuroshio Extension
(KE) in the North Pacific. Sakamoto et al. (2005) and Sato
et al. (2006) showed that sea level in the western North
Pacific (30—50°N, 145—170°E) changes in association
with increasing greenhouse gas (GHG) forcing. Whereas
Sakamoto et al. (2005) found that the KE is intensified in
MIROC3.2(hires), Sato et al. (2006) found that the KE
shifts northward in MRI-CGCM2.3.2. The difference in the
KE changes results from that in the wind stress changes
associated with sea level pressure (SLP) changes in the
North Pacific. Suzuki et al. (2005) compared sea level
projections between MIROC3.2(hires) and a coarse reso-
lution version of it (MIROC3.2(medres)), and also found
different sea level change patterns in the western North
Pacific between them.

On the basis of the simulations of more than 10 IPCC
AR4 coupled models, Meehl et al. (2007b), Pardaens
et al. (2011), and Yin et al. (2010) showed that in the
KE region the projected increase in the multi-model
ensemble (MME) mean sea level is comparable to the
inter-model standard deviation of sea level change in
the twenty-first century. Yin et al. (2010) used one of the
models to show that wind stress changes result in sea
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level changes. Suzuki and Ishii (2011) decomposed
projected baroclinic sea level changes into vertical
modes in MIROC3.2(hires) and found that the changes
in the first baroclinic mode are related to pycnocline
displacement due to projected wind stress change. In the
North Pacific, however, projected SLP and related wind
stress changes due to increased GHG forcing differ
among [PCC AR4 coupled models (Hori and Ueda 2006;
Yamaguchi and Noda 2006; Oshima et al. 2012). Oshima
et al. (2012) compared projected SLP changes associated
with increased GHGs in 24 IPCC AR4 models and
performed a composite analysis in terms of changes in
the North Pacific Index (NPI, SLP averaged over 30—
65°N and 160°E-160°W, Trenberth and Hurrell 1994).
They showed that the spatial pattern of changes in SST
in the North Pacific and longitudinally averaged sea level
over the North Pacific differ between the case of positive
and negative NPI change. This result suggests that in the
North Pacific, differences in SLP projections among the
models contribute to uncertainty in sea level projections.
In order to project sea level change reliably it is there-
fore necessary to examine whether there is a relationship
between model-to-model differences in sea level changes
and SLP (wind stress) changes.

In this study we investigate model-to-model differences
in projected sea level changes in the western North Pacific
and SLP (wind stress) changes in the North Pacific using
output from 15 coupled models participating in the Cou-
pled Model Intercomparison Project phase 3 (CMIP3)
(Meehl et al. 2007a). We focus on the relationship between
inter-model variability of sea level changes associated with
changes in the KE and SLP changes. We especially analyze
SLP changes that contribute to a northward shift (an
intensification) of the KE.

This paper is organized as follows. Section 2 describes
the data used in this study. Section 3 presents the results. In
Sect. 4, a summary and discussion are described.

2 Data

Our analysis is based on the CMIP3 multi-model data set,
which is archived by the Program for Climate Model
Diagnosis and Intercomparison (PCMDI). Fifteen couple
climate models used are listed in Table 1. We use output
from the 20th Century Climate in Coupled Models
(20C3M) simulation during 1960-1999 and the Special
Report on Emission Scenarios (SRES) Al1B simulation
during 2060-2099 for boreal winter [December—January—
February (DJF) average]. The 20C3M simulation is forced
with the observed concentration of GHGs. For the A1B
simulation, the projection of the greenhouse gas concen-
tration is based on the IPCC SRES A1B emission scenario.
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Table 1 Model names and horizontal resolution of the ocean model
(longitude x latitude)

Name Resolution
A CGCM3.1(T47) 1.9° x 1.9°
B GFDL-CM2.0 1.0° x 1.0°
C GFDL-CM2.1 1.0° x 1.0°
D GISS-AOM 4.0° x 3.0°
E GISS-EH 2.0° x 2.0°
F GISS-ER 5.0° x 4.0°
G FGOALS-g1.0 1.0° x 1.0°
H MIROC3.2(hires) 0.3° x 0.2°
I MIROC3.2(medres) 1.4° x 1.4°
J ECHO-G 2.8° x 2.8°
K ECHAMS 1.5° x 1.5°
L MRI-CGCM2.3.2 2.5° x 2.0°
M CCSM3.0 1.1° x 1.0°
N PCM1 1.1° x 0.7°
(0] UKMO-HadCM3 1.3° x 1.3°

For example, the concentration of CO, reaches 720 ppm by
the year 2100.

In this study, to investigate changes in the regional
pattern of sea level, we calculate sea level relative to the
global mean. In addition we calculate the global mean
steric sea level from temperature and salinity in order to
compare this with the magnitude of regional sea level rise.
We do not consider the contribution of glaciers, ice caps,
and ice sheets to sea level rise. Gregory et al. (2001), Lowe
and Gregory (2006), and Landerer et al. (2007) showed
that climate models that they used exhibited a drift in the
global mean steric sea level in the control run. Therefore it
is reasonable to consider that the models in this study
exhibit a drift in the global mean steric sea level. It may be
impossible to estimate a model drift from the 20C3M
simulation because the external forcing is not constant.
However, global warming trend is weak in the first half of
the twentieth century and therefore we assume the linear
trend in the global mean steric sea level during 1901-1930
for the 20C3M, T (cm/year), to be the model drift. To
remove a model drift, 1007 is subtracted from the global
mean steric sea level change during 2060-2099 relative to
1960-1999. We also estimate the model drift from the
linear trend in 1901-1950, but our conclusion is unchanged
if these values are used.

To validate model results, we use the sea level anomaly
during 1993-2009 obtained from the Archiving, Validation
and Interpretation of Satellite Oceanographic (AVISO)
data set and the sea level pressure during 1960-1999
obtained from the European Centre for Medium-Range
Weather Forecasting 40-year reanalysis data set (ERA40;
Uppala et al. 2005).
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3 Results
3.1 MME mean climatology in the twentieth century

The MME mean climatological sea level relative to the
global mean during 1960-1999 is shown in Fig. la. Sea
level decreases with increasing latitude, and there are
strong meridional gradients along 38°N. Here we investi-
gate the impact of wind stress on the distribution of sea
level. As a first approximation, the response of the ocean
circulation to wind stress can be computed in the following
way. Assuming Sverdrup balance (Sverdrup 1947), the
vertically integrated velocity can be computed using the
wind stress, which is represented by the Sverdrup stream-
function (SSF):

JE

/k-(er)Rcosqﬁdl’. (1)

Here /. is the longitude, ¢ is the latitude, Ag is the longitude
of the eastern boundary, py (=1027 kg m™) is the refer-
ence density of sea water, f§ is the meridional gradient of
the Coriolis parameter, R is the radius of the earth, k is the
unit vector in the vertical direction, and 7 is the wind stress
vector. We assumed that y/(1g) = 0. The MME mean cli-
matological SSF during 1960-1999 (Fig. 1b) decreases
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with increasing latitude, and meridional gradients are large
around 38°N. The pattern of sea level is similar to that of
the SSF. The sea level distribution is therefore determined
largely by the wind stress in the North Pacific. The pattern
of the SSF is consistent with that of the wind stress curl;
there is a latitude band of negative (positive) wind stress
curl south (north) of 40°N (Fig. 1c). The direction of the
wind stress is parallel to contours of the SLP due to
geostrophy (Fig. 1d). Figure 2 shows the observed clima-
tological SLP during 1960-1999 for DJF based on the
ERAA40 reanalysis. Apparent in Fig. 2 is a negative SLP
anomaly centered at 175°E and 52°N, which is the Aleutian
Low (AL). We can see that the models reproduce the AL
(Fig. 1d).

The observed climatological sea level relative to the
global mean during 1993-2009 based on the AVISO
altimetry data (Fig. 3) shows strong meridional gradients in
the region east of Japan (KE region). However, with the
exception of MIROC3.2(hires), the models fail to repro-
duce such sharp gradients because the resolution of their
ocean models is coarse. Sato et al. (2006) showed that the
simulated KE in their ocean model was located north
compared to the observed KE. Here we investigate the
position and intensity of the KE in the CMIP3 models. We
define the latitude of the KE to be the latitude between 34
and 42°N at which the absolute value of the meridional sea

(b) MME mean SSF
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Fig. 1 MME mean climatological distribution of a sea level (cm) relative to the global mean, b SSF (Sv = 10° m® s71), ¢ wind stress (vector)

and its curl (107 N m~?), and d SLP (hPa) during 1960-1999

@ Springer



536

M. Sueyoshi, T. Yasuda
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Fig. 2 Observed climatological SLP (hPa) during 1960-1999 based
on the ERA40

sea level (AVISO, 1993-2009, DJF)
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Fig. 3 Observed climatological sea level (cm) relative to the global
mean during 1993-2009 based on the AVISO altimetry data
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Fig. 4 Climatological latitude and intensity of the KE during
1960-1999 (the definitions are described in Sect. 3.1). They are
averaged values over 150°-165°E. Letters indicate each model
(Table 1); mm and ob indicate the MME mean and observed values
based on the AVISO altimetry data, respectively

level gradient is a maximum; the intensity of the KE is
defined as the meridional sea level difference between 34
and 42°N (sea level at 34°N minus that at 42°N). In Fig. 4,
the climatological intensity of the KE for 1960-1999 is
plotted against the climatological latitude of the KE; they
are averaged values over 150—165°E. The MME mean
intensity of the KE (75.7 cm) is comparable to the
observed intensity (75.0 cm). On the other hand, the MME
mean latitude of the KE (38.7°N) is larger than the
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observed latitude (34.2°N). The KE in all models is located
north compared with the observed KE.

3.2 Projected changes

The MME mean climatological sea level relative to the
global mean during 2060-2099 relative to 1960-1999 is
shown in Fig. 5a. The global mean steric sea level rise is
not included in Fig. 5a and should be added to obtain the
total sea level rise. A positive sea level anomaly between
33 and 40°N extends eastward. On the basis of the MME
mean, the global mean steric sea level rise is 15.8 cm
(2060-2099 minus 1960-1999), and the increase in the sea
level relative to the global mean averaged over the region
(30—40°N, 150—165°E) is 8.8 cm (note that the latter does
not include the global mean steric sea level rise). The sea
level rise relative to the global mean in the region east of
Japan is larger than 50 % of the global mean steric sea
level rise. The MME mean climatological SSF during
2060-2099 relative to 1960-1999 is shown in Fig. 5b. Sea
level and SSF increase in a latitude band centered near
37°N. The wind stress change therefore causes the sea level
change. The positive SSF anomaly in the western North
Pacific arises from a negative wind stress curl anomaly
centered at 37°N extending eastward from the Japan coast
(Fig. 5¢). An anticyclonic wind stress change south of
40°N is associated with a positive SLP anomaly (Fig. 5d).
Consequently, the negative wind stress curl anomaly is
associated with this positive SLP anomaly.

It is important to focus on model-to-model differences in
sea level change. The inter-model standard deviation of the
sea level change (Fig. 6) exceeds 10 cm in a latitude band
around 37°N extending eastward from the Japan coast to
175°E. In this band the inter-model standard deviation is
comparable to the MME mean increase in sea level
(Fig. 5a). A comparison of the global mean steric sea level
rise and the average increase in sea level (relative to the
global mean) over the region (30—40°N, 150—165°E) in
each model (Fig. 7) reveals that in nine models, the aver-
age increase is larger than 50 % of the global mean steric
sea level rise. Ocean circulation changes due to wind stress
change therefore make an important contribution to
regional sea level changes.

3.3 Composite analysis based on projected change
in the KE

In Fig. 8, the future change in the intensity of the KE is
plotted against that in the latitude of the KE averaged over
150—165°E. Four models (C, E, I, and L) show a larger
northward shift of the KE, and four models (B, D, H, and
K) show a stronger intensification of the KE. We perform a
composite analysis based on these models. The composite
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Fig. 5 MME mean climatological distribution of a sea level (cm)
relative to the global mean, b SSF (Sv), ¢ wind stress (vector) and its
curl (10’8 N m’3), and d SLP (hPa) during 2060-2099 relative to
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Fig. 6 Inter-model standard deviation (shading) of the sea level
change (cm) (2060-2099 minus 1960-1999). Contours show the
MME mean sea level change with the global mean subtracted

sea level distributions relative to the global mean during
2060-2099 relative to 1960-1999 for the four models
which have a larger northward shift and a stronger inten-
sification of the KE are shown in Fig. 9a and b, respec-
tively. Note that the global mean steric sea level rise is not
included in Fig. 9a and b. In the case of a northward shift,
the sea level change pattern shows a positive anomaly
centered near the present-day KE. In the case of an
intensification, the pattern exhibits a north—south dipole,
with positive changes to the south. This positive anomaly is

(b) MME mean SSF change
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Fig. 7 Global mean steric sea level rise (black) and increase in the
sea level (relative to the global mean) averaged over the region (30—
40°N, 150—165°E) (white) for each model (2060-2099 minus
1960-1999). mm indicates the MME mean. Note that the values
indicated by white bars do not include the global mean steric sea level
rise. We remove the drift in the global mean steric sea level rise (the
method is described in Sect. 2)

located south of the KE. In each case the pattern of the
composite SSF change (Fig. 9¢c, d) resembles that of the
composite sea level change. The different wind stress
changes can therefore explain the differences between sea
level (KE) changes. In the models with a northward shift, a
negative wind stress curl anomaly is centered at 37°N and
180° (Fig. 9e). In contrast, in the models with an intensi-
fication, a negative wind stress curl anomaly centered at
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Fig. 8 Change in the latitude and intensity of the KE (2060-2099
minus 1960-1999). They are averaged values over 150—165°E.
Letters and mm indicate each model (Table 1) and the MME mean
change, respectively

35°N extends eastward from the Japan coast, and a positive
anomaly is located around 55—60°N (Fig. 9f). As shown in
Fig. 5¢ and d, the negative (positive) wind stress curl
anomalies are associated with positive (negative) SLP
anomalies (Fig. 9g, h). In the eastern North Pacific near
45°N and 170°W, the models with a northward shift
(intensification) exhibit a positive (negative) SLP change.
The difference of the composite SLP change between the
northward shift and the intensification of the KE (i.e.,
Fig. 9g, h) has a maximum near 45°N and 165°W
(Fig. 10a). The SLP change in the eastern North Pacific
(40—50°N, 170—150°W) is therefore linked to the change
in the KE, which induces a sea level change in the KE
region. The inter-model standard deviation of the SLP
change based on the 15 models has a maximum in the
eastern North Pacific (Fig. 10b). In this region the inter-
model standard deviation of the SLP change is larger than
the magnitude of the MME mean change. Similar results
were obtained by Oshima et al. (2012). The results in this
section indicate that SLP projections in the eastern North
Pacific are important for sea level projections in the wes-
tern North Pacific.

3.4 Projected change in the Aleutian Low and its
relationship with the KE change

From an analysis of observed data, Sugimoto and Hanawa
(2009) showed that there is a relationship between inter-
annual variability of the AL and the SSF. A poleward shift
of the AL results in a northward shift of the zero SSF line,
which indicates the boundary between the subtropical and
subpolar gyres, and an intensification of the AL leads to an
increase of the eastward transport estimated from the SSF.
Previous studies (Hori and Ueda 2006; Yamaguchi and
Noda 2006) and the results shown in Fig. 10 suggest that
changes in the position and intensity of the AL due to
increased GHG forcing differ from model to model. Here
we investigate a relationship between future changes in the
AL and SSF and their impact on sea level in the KE region.
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According to Sugimoto and Hanawa (2009), the position of
the AL is defined as the position at which SLP has a
minimum in the North Pacific (30—65°N, 160°E-160°W).
The change in the latitude of the zero line of the climato-
logical SSF is plotted against that in the latitude of the AL
in Fig. 11a. The former is averaged value over 150—165°E.
The correlation coefficient between them is 0.79. Models
with a larger northward shift of the AL therefore tend to
show a larger northward shift of the zero SSF line. The
change in the eastward transport between 34 and 42°N
estimated from the climatological SSF is plotted against
that in the intensity of the AL in Fig. 11b. The correlation
coefficient between them is —0.55. Therefore models with
a larger intensification of the AL tend to exhibit a larger
increase in eastward transport. In the four models with a
relatively large northward shift of the KE (models C, E, I,
and L), the poleward shift of the AL (+3.9°) is larger than
that for the MME mean (41.5°), and the change in the
intensity of the AL (—1.8 hPa) is comparable to that for the
MME mean (—1.8 hPa). In contrast, in the four models
with a relatively strong intensification of the KE (models
B, D, H, and K), the poleward shift of the AL (42.0°) is
slightly larger than that for the MME mean, and the AL is
more intensified (—2.8 hPa). SLP changes in the eastern
North Pacific cause sea level changes in the western North
Pacific, and inter-model differences in the former are
related to a northward shift and an intensification of the
AL.

In the four models showing a relatively strong intensi-
fication of the KE, the AL is intensified (Fig. 11b). In three
of these models (B, D, and K), however, the magnitude of
the intensification of the AL is comparable to that for the
MME mean. In models A, C, E, G, M, and N, the AL is
largely intensified compared to that in models B, D, and K,
but the KE is less intensified (Fig. 8). Thus, a relatively
strong intensification of the AL does not necessarily lead to
a relatively strong intensification of the KE. We shall
discuss this point later (Sect. 4).

3.5 Atmospheric changes related to a northward shift
and an intensification of the KE

In Sect. 3.3 we showed that eastern North Pacific SLP
changes, which determine western North Pacific sea level
changes, differ among the models. Results from IPCC AR4
coupled models have shown that SLP changes over the
North Pacific in response to increased GHG forcing are
related to the local Hadley circulation (Hori and Ueda
2006) and SST change in the tropics (Yamaguchi and Noda
2006). Here we investigate atmospheric changes related
with a northward shift and an intensification of the KE.
Figure 12 shows composite changes in sea surface tem-
perature (SST), precipitation, and streamfunction at
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(@) composite sea level change (KE northward shift)
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Fig. 9 Composite climatological distribution of a sea level (cm)
relative to the global mean, ¢ SSF (Sv), e wind stress (vector) and its
curl (107 N m™), and g SLP (hPa) during 2060-2099 relative to
1960-1999 (shading) for four models with a relatively large
northward shift of the KE (models C, E, I, and L). Contours show
the composite distribution during 1960-1999. Also shown are the

(b) composite sea level change (KE intensification)
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(d) Composite SSF change (KE intensification)
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(h) composite SLP change (KE intensification)
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relatively strong intensification of the KE (models B, D, H, and K).

The global mean steric sea level rise is not included in a and b
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Fig. 10 a Composite difference in the SLP change (hPa) (2060-2099
minus 1960-1999) between four models with a relatively large
northward shift of the KE and those with a relatively strong
intensification of the KE (the former minus the latter). b Inter-model
standard deviation of the SLP change based on 15 models (shading).
Contours show the MME mean SLP change

850 hPa for four models with a larger northward shift (a
stronger intensification) of the KE. In the case of an
intensification of the KE, a strong positive precipitation
anomaly is located in the central equatorial Pacific
(Fig. 12d). A positive SST change around 180° in the
tropics (Fig. 12b) results in this precipitation anomaly. In
Fig. 12f, we see a wave train with a negative streamfunc-
tion anomaly near 15°N, 150°E, a positive anomaly near
35°N, 160°E, and a negative anomaly near 55°N, 170°W.
These results suggest a teleconnection pattern from the
equatorial Pacific to the North Pacific. In the North Pacific,
the pattern of the streamfunction change in Fig. 12f
resembles that of the SLP (wind stress curl) change in the
case of an intensification of the KE (Fig. 9f, h). These three
fields have a zonal asymmetry around 35-45°N in the
North Pacific. For example, at 40°N, the sign of the change
at 160°E is opposite to that at 150°W. Our analysis in this
section suggests that the negative SLP change in the east-
ern North Pacific (Fig. 9h) is associated with the telecon-
nection pattern from the equatorial Pacific in the case of an
intensification of the KE.

In the case of a northward shift of the KE (Fig. 12e), a
wave train like that in the case of an intensification is not
found. In addition, the SST anomaly and precipitation
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Fig. 11 a Change in the latitude of the zero line of the climatological
SSF and in the latitude of the AL (2060-2099 minus 1960-1999). The
former is the averaged value over 150—165°E. b Change in the
eastward volume transport between 34 and 42°N calculated from
the climatological SSF versus the change in the intensity of the AL.
The former is the averaged value over 150—165°E. Letters and mm
indicate each model (Table 1) and the MME mean change, respec-
tively. Correlation coefficients are shown

anomaly in the central equatorial Pacific around 180°
(Fig. 12a, c) are weak compared with those in Fig. 12b and
d. Therefore a teleconnection from the equatorial Pacific
may be weak in the case of a northward shift. In the North
Pacific, the streamfunction change pattern (Fig. 12e) is
similar to the pattern of the SLP (wind stress) change
(Fig. 9e, g). These three fields are zonally symmetric in the
North Pacific. An examination of composite zonal mean
SLP changes (Fig. 13) reveals that the increase of the
north—south SLP gradient is more apparent in the case of a
northward shift than in the case of an intensification.
Therefore the SLP change in the North Pacific is charac-
terized by a zonal mean change in the case of a northward
shift of the KE.

4 Summary and discussion

We investigated the projected sea level changes in the
western North Pacific by using output from the 15 CMIP3
coupled climate models. On the basis of the MME mean,
the sea level rise relative to the global mean in the region
east of Japan is larger than 50 % of the global mean steric
sea level rise. The projected wind stress change determines
the projected sea level change in the western North Pacific.
In the western North Pacific, the inter-model standard
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Fig. 12 Composite climatological distribution of a sea surface
temperature (K), ¢ precipitation (mm day™"), and e streamfunction
(10° m? sy at 850 hPa during 2060-2099 relative to 1960-1999
(shading) for four models with a relatively large northward shift of

deviation of the sea level change relative to the global
mean is comparable to that for the MME mean. A north-
ward shift and an intensification of the KE characterize the
differences in sea level change in the western North Pacific
among the models. A positive (negative) SLP change in the
eastern North Pacific induces a northward shift (an inten-
sification) of the KE. In the eastern North Pacific, the inter-
model standard deviation of the SLP change based on the
15 models is larger than the magnitude of the MME mean
SLP change. Therefore, SLP projections in the eastern
North Pacific are important for sea level projections in the
western North Pacific.

As we described, a relatively strong intensification of
the AL does not necessarily lead to a relatively strong
intensification of the KE. Oshima et al. (2012) showed the
pattern of composite SLP change in the North Pacific for an
intensification of the AL. That pattern is different from the
pattern for an intensification of the KE in our study

the KE. Contours show the composite distribution during 1960—-1999.
b, d, and f are the same as a, ¢, and e, respectively, but for four
models with a relatively strong intensification of the KE

T T T
Northward shift —
Intensification --- ]

SLP change (hPa)

4 1 1 1 1
40 50 60 70

Latitude

80

Fig. 13 Composite climatological distribution of zonal mean SLP
(hPa) during 2060-2099 relative to 1960-1999. Solid (broken) line
indicates that for four models with a relatively large northward shift
(strong intensification) of the KE

(Fig. 9h). In the case of an intensification of the KE, the
SLP decreases around the center of the AL and increases in
the subtropical gyre region, as shown in Fig. 9h. In
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contrast, Oshima et al. (2012) showed that the SLP change
is small in the subtropical gyre region in the case of an
intensification of the AL. Such a small SLP change leads to
a small SSF change in the subtropical gyre region because
the SSF change is proportional to the longitudinal inte-
gration of the wind stress curl change (note that a wind
stress curl anomaly is associated with an SLP anomaly). As
a result, there is little intensification of the KE.

In the twentieth century the KE in the 15 models is
located north compared with observed KE (Fig. 4). In
general the KE simulated in a coarse resolution ocean
model is broad meridionally and is located further north
than the observed KE position (Sato et al. 2006). Sato
et al. (2006) conducted a simulation with a high resolution
ocean model (1/4° x 1/6°) forced by atmospheric fields in
the future climate projected by MRI-CGCM?2.3.2, which
has a coarse resolution ocean model. In both models large
sea level rises occur in a latitudinal band of large SSF
increase around 35-40°N in the western North Pacific
(note that the SSFs are the same in both models). Thus, the
effect of the wind stress on ocean currents in the coarse
resolution models that we investigated in this paper is
qualitatively applicable to ocean currents in a higher res-
olution model. The magnitudes of projected sea level
change in a model, however, may be influenced by the
resolution of the ocean model. In fact, MIROC3.2(hires),
whose resolution of the ocean model is highest among the
CMIP3 coupled models, shows the largest amplitude of sea
level change related to the KE intensification in a future
climate. In order to discuss the projection of sea level in
this region more quantitatively, many coupled models with
higher resolution are needed. Furthermore, it has been
suspected that in coarse resolution coupled models the
atmospheric fields in the North Pacific are biased because
of insufficient reproducibility of the KE (Sakamoto et al.
2005; Kwon et al. 2010). The simulated change in the
atmosphere associated with increasing GHGs in a coupled
model may be influenced by the resolution of the ocean
model.

We showed the present-day position and intensity of the
KE in the models (Fig. 4). These are a measure of the
reproducibility of the sea level field in the KE region
because these can be compared with the observed position
and intensity of the KE (Fig. 4). We compare these with
the future changes in the position and intensity (Fig. 8) and
find that there is no relationship between the reproduc-
ibility and the future change (not shown). Therefore we do
not evaluate a model ranking based on this reproducibility
and do not calculate a weighted ensemble of projections
based on a model ranking. Instead of doing this, we showed
that the KE change is determined by the SLP change in the
eastern North Pacific and that changes in the tropical
atmosphere and ocean, to some extent, contribute to this
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SLP change. To investigate what influences future pro-
jection is useful for the study of climate prediction.

Our analysis in Sect. 3.5 suggests that the negative SLP
change in the eastern North Pacific is associated with a
teleconnection pattern from the equatorial Pacific in the
case of an intensification of the KE and that the SLP change
in the North Pacific is characterized by a zonal mean change
in the atmosphere in the case of a northward shift of the KE.
To fully understand the effect of the tropical warming on the
SLP change in the North Pacific under global warming
conditions in the models, one must answer the following
two questions. First, how does the mid-latitude atmosphere
respond to the tropical warming associated with increased
GHGs in the models? Oshima and Tanimoto (2009) showed
that the correlation between the Pacific Decadal Oscillation
index and the decadal El Nifio-Southern Oscillation
(ENSO) index differs among the CMIP3 models. This
suggests that the response of the mid-latitude atmosphere to
tropical heat sources differs from model to model. Second,
are there any atmospheric (oceanic) processes outside the
equatorial Pacific influencing the SLP change in the North
Pacific that we focused on? The answers to these questions
will be the subject of future work.
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