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Abstract Responses of the Kuroshio Extension (KE) and its
southern recirculation gyre (SRG) to global warming are in-
vestigated using CMIP5 experiments with a high-resolution
climate model MIROC4h. The results show that MIROC4h
well reproduces the essential features of the KE system and its
low-frequency variations. In three-member-ensemble future
climate experiments (with amediummitigation emissions sce-
nario RCP4.5), the strengths of the KE and its SRG increase,
relative to the prescribed historical run with natural and an-
thropogenic forcing. By investigating the mechanism
resulting in these variations of the KE and its SRG, it turns
out that wind stress changes and ocean stratification changes
both contribute to the enhancement of the KE and its SRG.
Specifically, the wind stress changes increase upper ocean
momentum in the SRG region. Meanwhile, the increased
stratifications hinder the transfer of momentum from the upper
ocean to the deeper ocean. Besides, the strengthened ocean
stratification could enhance the eddy kinetic energy (EKE) in
the downstream KE region, which can feedback to intensify
the SRG. As a result, the strength of the SRG increases under
global warming condition. Then the intensification of the
SRG leads to large acceleration of the KE. Eventually, both
the KE and its SRG intensify.

1 Introduction

The Kuroshio Extension (KE) is an eastward inertial jet in the
mid-latitude North Pacific and forms after the Kuroshio sepa-
rating from the Japanese coast at around (35°N, 141°E).
Accompanyingwith the KE, a recirculation gyre tightly flanks
on its south. Qiu and Chen (2005) pointed out that the trans-
port of the southern recirculation gyre (SRG) is closely asso-
ciated with the states of the KE and thus the KE and its SRG
are recognized as a whole system.

Based on satellite altimeter measurements and eddy-
resolving ocean general circulation models, some studies
show that the KE system exhibits clearly decadal modulations
between stable and unstable states (e.g., Qiu and Chen 2005,
2010; Taguchi et al. 2007, 2010; Kelly et al. 2010; Ceballos
et al. 2009; Qiu et al. 2014). Notice that, following Qiu et al.
(2014), we use terminology Bstable^ and Bunstable^ in this
study to represent the dynamic state of the KE system; it is not
in reference to the necessary condition for instability of the
KE. The dynamic mechanisms for the transitions between the
stable and unstable states have been explored (Miller et al.
1998; Schneider et al. 2002; Qiu 2003; Taguchi et al. 2007;
Sasaki et al. 2013), and the results show that the transitions are
mainly controlled by the low-frequency oscillation of the wind
stress forcing over the central North Pacific Ocean.

The variations of the KE and its SRG have a significant
impact not only on local climate but also on the global climate
through air-sea interaction (e.g., Qiu 2002; Kwon et al. 2010;
Frankignoul et al. 2011). Hence, the studies about the KE and
its SRG have attracted the attention of many researchers.
According to Waterman and Jayne (2009), the formation
mechanisms for the SRG can be divided into three categories:
the eddy-driven theory (Cessi 1988; Berloff 2005; Qiu et al.
2008), the inertial theory (Marshall and Nurser 1986;Marshall
and Marshall 1992; Cessi 1988), and the unstable jet theory
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(Jayne et al. 1996; Beliakova 1998; Jayne and Hogg 1999).
The SRG can be affected significantly by changing the exter-
nal forcing and the dissipation and the stratification in numer-
ical experiments (Liu 1997; Chang et al. 2001; Qiu and Miao
2000; Pierini et al. 2009; Dijkstra 2000; Dijkstra and Ghil
2005; Sun et al. 2013).

Over the past 100 years, the global average temperature has
increased by approximately 0.6 °C (Houghton et al. 2001).
Previous studies found that sea surface temperature over the
western boundary current of Northern Hemisphere has signif-
icantly increased over the last 25 years (Susan et al. 2007;
Guan and Nigam 2008). Thus, it is interesting to investigate
how the KE and its SRG respond to global warming condi-
tion. The analysis of the effects of warming condition on the
KE system region will not only help us to predict the regional
climate around Japan but also give us a better understanding
of the global climate changes in the future.

Despite of the importance of the KE and its SRG, few
studies focus on KE system responses to global warming. In
the past, coarse-resolution ocean models (1°×1° or coarser)
have been used in the projections of climate change by global
atmosphere-ocean coupled general circulation models
(CGCMs). In coarse-resolution ocean models, the KE cannot
be simulated well, and the latitude of the Kuroshio separation
overshoots to the north when compared with observation
(Choi et al. 2002). Such coarse-resolution ocean models are
not suitable to investigate the changes of the KE and its SRG
under global warming scene. Therefore, developing high-
resolution coupled models is the key point to pursue this issue.
High-resolution simulations with a coupled ocean-
atmospheric model MIROC3.2 provide the first view on the
response of the KE system to global warming, with atmo-
spheric CO2 concentration ideally increasing by 1 % per year
(Sakamoto et al. 2005). Their analytical results suggest that
the increased atmospheric CO2 concentration would cause an
acceleration of the KE current as a result of the SRG spin-up.
They regarded the spin-up of the SRG as a result of the com-
bined effects of local wind stress changes and the nonlinear
formation mechanisms (Taguchi et al. 2005) induced by the
acceleration of the Kuroshio. However, they did not consider
the effects of changes in sea water properties (e.g., tempera-
ture, salinity, stratification). As some studies have examined,
the sea water properties have significantly changed under
global warming condition (Cravatte et al. 2009; Deser et al.
2010; Capotondi et al. 2012). Whether these changes may
contribute to variations of the KE system needs to be clarified.

Based on the above considerations, the present study will
investigate the responses of the KE and its SRG to global
warming and reveal the response mechanisms. Specially, we
try to clarify whether wind stress change is the only factor that
intensifies the KE system or sea water properties change also
contributes to the enhancement of the KE system. Here we use
the datasets of a high-resolution climate modelMIROC4h (the

improved model that Sakamoto et al. 2005 used in their study)
from Coupled Model Intercomparison Project Phase 5
(CMIP5) experiments. MIROC4h has the highest atmosphere
resolutions (0.5625° zonally and 0.5625° meridionally) and
ocean resolutions (so-called eddy-permitting horizontal reso-
lution 0.28125° zonally and 0.1875° meridionally) in the cli-
mate models used in CMIP5. With a similar resolution, a
much simpler ocean model could provide significant model-
ing of the KE low-frequency variability (Pierini 2006), and the
KE can be resolved enough in this resolution.

The rest of the paper is organized as follows. Section 2
describes the MIROC4h model and the experimental proce-
dure. Section 3 examines the simulation ability of the
MIROC4h to the mean state and the low-frequency variability
of the KE system. The responses of the KE and its SRG to
global warming are investigated in Section 4. Section 5 dis-
cusses the detailed mechanisms of the responses. The summa-
ry and discussion is given in Section 6.

2 Model description and the experimental procedure

MIROC4h is cooperatively developed by the Atmosphere and
Ocean Research Institute of the University of Tokyo, National
Institute for Environmental Studies (NIES) and Japan Agency
for Marine-Earth Science and Technology. MIROC4h con-
sists of five model components simulating atmosphere, land
surface, river-routing, ocean, and sea ice subsystems,
respectively.

The atmospheric component model in MIROC4h is based
on a global spectral dynamical core and a standard physics
package (K-1 Model Developers 2004) developed at the
Center for Climate System Research (CCSR)/NIES/Frontier
Research Center for Global Change (FRCGC). The horizontal
resolution of the atmospheric component is 0.5625°, which is
twice the resolution for the previous generation model
MIROC3h. Vertically, the sigma (pressure normalized by the
surface pressure) coordinate system is adopted, and this atmo-
spheric component model has 56 σ-layers with a relatively
fine vertical resolution near the planetary boundary.

The ocean general circulation model in MIROC4h is the
CCSR ocean model (Hasumi 2006) which includes a sea ice
model (K-1 Model Developers 2004; Komuro et al. 2012).
The spherical coordinate system used in this model involves
a rotated grid in order to avoid a singular point in the ordinary
latitude-longitude coordinates at the North Pole. The horizon-
tal resolution is 0.28125° zonally and 0.1875° meridionally.
The number of vertical levels excluding the bottom boundary
layer is 47. The time step of the model integration is 3 s for the
barotropic mode and 3 min for the others. No correction is
applied in exchanging water, heat, and momentum fluxes be-
tween the ocean and the atmosphere. In addition, a land model
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that incorporates a river module is used (Takata et al. 2003;
K-1 Model Developers 2004).

Sakamoto et al. (2012) investigated the simulation of
MIROC4h and they found that many improvements have
been achieved when compared with MIROC3h: errors in
the surface air temperature and sea surface temperature are
reduced; temperature in the deep ocean becomes more
realistic; coastal upwelling motion in the ocean has been
improved; drift of the orographic wind and its effects on
the ocean become less.

MIROC4h has been used to carry out the historical and
future climate simulations. The procedure is as follows.
Firstly, an output of 100 years (1850–1950) pre-industrial
(piControl) simulation was supplied with fixed external forc-
ing (e.g., greenhouse gases, aerosols concentrations, ozone,
solar irradiance) at the 1950 level. After the piControl simu-
lation, three-ensemble twentieth century climate simulations
(refer to historical ensemble, 1951–2005) were carried out. All
the three-ensemble historical simulations (hereafter, H1, H2,
and H3) were forced by time-varying natural and anthropo-
genic forcing (e.g., greenhouse gases, aerosol concentrations,
ozone, solar irradiance) taken from observations (1951–
2005). Although under the same forcing conditions, the
three-ensemble historical simulations were started from three
different initial states obtained from three arbitrary points in
the piControl simulation (Taylor et al. 2012). The three-
ensemble historical simulations were extended to the year
2035 with future emission scenarios as the subsequent future
climate simulations (hereafter, R1, R2, and R3). In the future
climate simulations, the climate model is forced by a medium
mitigation emissions scenario RCP4.5. RCP4.5 identifies a
concentration pathway that approximately results in an addi-
tional radiative forcing of 4.5 W m−2 at year 2100, relative to
pre-industrial conditions. It is a stabilization scenario where
total radiative forcing is stabilized before 2100 by employ-
ment of a range of technologies and strategies for reducing
greenhouse gas emissions (Moss et al. 2008, 2010). The sce-
nario drivers and technology options are detailed in Clarke
et al. (2007).

It is worth noting that the three-ensemble simulations were
started from three different initial conditions obtained from
three different points in the piControl simulation rather than
realistic atmosphere-ocean initial conditions. Because the in-
ternally generated climate variability is sensitive dependent on
initial conditions, each simulation member has a different
phase of internally generated climate variability. In this situa-
tion, the internally generated climate variability in the three-
ensemble simulations will only by coincidence match the re-
alistic situation (Taylor et al. 2012). Therefore, the Byear^
mentioned in the historical and future climate simulations is
Bmodel year,^which represents the running time of the model.
Within a certain model year, the responses of ocean and atmo-
sphere are different from each other in the three-ensemble

simulations of MIROC4h and could not correspond to the
reality in the corresponding actual year.

In short, MIROC4h conducts three-ensemble simulations
(Simulation-1, Simulation-2, and Simulation-3) including his-
torical simulations (H1, H2, and H3) for the periods 1951–
2005 using the historical forcing dataset and subsequent three-
member ensemble future climate simulations (R1, R2, and
R3) for the periods 2006–2035 with a medium mitigation
emissions scenario RCP4.5 in CMIP5 experiments.

3 Simulation of the KE and its SRG in MIROC4h

Before investigating the responses of the KE and its SRG to
global warming, the simulation capability of MIROC4h to the
KE system should be examined first.

Figure 1a shows the standard deviation of interannual sea
surface height (SSH) variations (shaded) and the absolute
mean SSH fields (contour) of H1. The calculation of the stan-
dard deviation is based on monthly anomalies defined as de-
viations from the 55 model years (1951–2005) monthly mean
climatology. Because we mainly focus on the interannual to
decadal variations of KE and its SRG, a 12-month low-pass
filter is employed to remove seasonal and higher-frequency
oscillations. In this situation, mesoscale eddies might be sup-
pressed. The figure shows that the MIROC4h model captures
the essential features of both the mean and interannual varia-
tions of the KE system. A sharp KE front is found at around
34°–37°N with two well-developed quasi-stationary mean-
ders east of Japan in the KE at 144°E and 150°E. The SRG
is flanked on south of the KE front around 31°–35°N. High
interannual variations are concentrated within a narrow latitu-
dinal band along the mean KE front. Specifically, near (35°N,
144°E), the standard deviation exceeds 36 cm within a frontal
band, while in the most regions outside of the band, the stan-
dard deviation is less than 15 cm. The same conclusion can
also be obtained from H2 and H3 (Fig. 1b, c). The above
spatial patterns are similar with the observational results and
numerical simulation results shown by previous study
(Taguchi et al. 2007).

The spatial and temporal structures of the low-frequency
variations of the KE are also examined. Figure 2a shows the
KE paths in the model years 1982–1987 of H1 as Qiu and
Chen (2005) did. Here, the paths are defined by the 25-cm
SSH contours. We also compare this indicator with the other
indicators defined by the maxima temperature gradient or the
max surface transport and find the results are similar.
Figure 2a demonstrates that the KE paths are much more
stable in the model years 1982–1984 than those in the model
years 1985–1987. Figure 2b shows the KE paths defined by
the 100-cm SSH contours in the actual years 2003–2008 from
the satellite altimeter measurements. Comparing the Fig. 2a, b,
we find that the KE states in the model years 1982–1984 and
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1985–1987 are very similar to the observed stable and unsta-
ble states in the actual years 2003–2005 and 2006–2008. This
reflects that MIROC4h appears to be able to simulate the two
different states of the KE system. It is worth noting that KE
system is a complex nonlinear ocean system. In addition to
responding to external forcing, the KE system exhibits low-
frequency variations solely due to its self-sustained intrinsic
relaxation oscillation (Pierini 2006). As mentioned in
Section 2, the three-ensemble simulations were started from
three different initial conditions obtained from three different
points in the piControl simulation rather than realistic
atmosphere-ocean initial conditions. In this situation, the KE
low-frequency variations in the historical simulations will on-
ly by coincidence match the realistic situation because the
nonlinear KE system is sensitive dependent on initial condi-
tions. This is the reason why we compare the modeled month-
ly paths in the model years 1982–1987 with the observed
monthly paths in the actual years 2003–2008.

In order to quantify the variations of the KE system in
MIROC4h, the time series of the upstream KE path length
(L-KE) is calculated. L-KE was introduced by Qiu and Chen
(2005) and has been proved to be an extremely efficient indi-
cator to characterize the KE system low-frequency variations

(Pierini 2015). Here the L-KE is defined as the upstream KE
path length integrated from 141° to 153°E as Qiu and Chen
(2005) did. Figure 3 shows the time series of the L-KE in
three-ensemble simulations. It is clear from the time series that
MIROC4h has the ability to simulate the two distinct states of
the KE system.When the KE system is in the stable state (e.g.,
in the model years 1982–1984 of H1), the KE paths are elon-
gated and the L-KE is at a relatively low level (about 2000 km,
black line) accompanied by weak temporal variability.
However, when the KE system switches to an unstable state
(e.g., in the model years 1985–1987 of H1), the KE paths
become much more convoluted and exhibit monthly time-
scale fluctuations resulting from the shedding and merging
of mesoscale eddies. In the meantime, the L-KE reaches to a
relatively high level (about 3000 km, black line) accompanied
by strong temporal variability. These phenomena are in agree-
ment with observations (Qiu and Chen 2005; Qiu et al. 2014).
Then we investigate the KE system transforms from one state
to another through spectrum analysis of the time series of L-
KE and find that the period is about 14 years, which is similar
with the observation fact (Qiu 2003). We also examine the
dynamic mechanisms for the transitions between the stable
and unstable states of the KE system in MIROC4h. Figure 4

Fig. 1 Standard deviation of 12-
month low-pass-filtered SSH
(shaded) and the mean sea surface
height above geoid (contours at
20-cm intervals) for MIROC4h,
a, b, c for historical simulations
(H1, H2, H3) and d, e, f for future
climate simulations (R1, R2, R3)
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shows the monthly SSH anomalies averaged over the latitudi-
nal band of the KE (34°–37°N) as a function of time and
longitude in model years 1960–1990 of H1. As shown in the
Fig. 4, although there exist some noises due to the presence of
the mesoscale eddy variabilities, the SSH anomalies signals,
especially those associated with the interannual variations,

have a consistent pattern: SSH anomalies first appear in the
downstream KE region and then propagate westward (see the
solid lines). When these positive (negative) SSH anomalies
arrive in the KE region, they lead to a stable (unstable) state
of the KE system. This confirms that in the MIROC4h model,
the remotely forced SSH anomalies play a modulating role in

Fig. 2 a Monthly paths of the
Kuroshio Extension derived from
sea surface height above geoid of
MIROC4h historical simulation
(H1) in the model years 1982–
1987. The paths are defined by
the 25-cm surface height above
geoid. b Monthly paths of the
Kuroshio Extension defined by
the 100-cm contours in the SSH
fields in the years 2003–2008
from the satellite altimeter
measurements
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the transitions of KE system as shown by previous studies
(Qiu 2003; Qiu et al. 2014).

The above results imply that the MIROC4h model well
reproduces the essential features of the KE system and its
low-frequency variations. Hence, the MIROC4h datasets in
CMIP5 experiments will be used to investigate the responses
of the KE and its SRG to global warming.

4 The responses of the KE and its SRG to global
warming

In this section, we will illustrate the responses of the KE and
its SRG to global warming by comparing three-ensemble his-
torical simulations with three future emission scenarios simu-
lations. Because the MIROC4h model only provides future

climate experiments with a period of 30 years while the period
of the low-frequency variations of the KE system is about
14 years, it is difficult for us to statistically confirm whether
the occurrence frequency of the stable or unstable states of the
KE system has significant change under global warming.
Hence, we mainly focus on the changes of the mean state of
KE system caused by warming. Notice that Sakamoto et al.
(2005) used only one control-run experiment with one CO2-
run experiment in their study while we analyze three ensemble
simulations in the present study.

Similar to Fig. 1a, Fig. 1d shows the standard deviation of
interannual SSH variations (shaded) and the absolute mean
SSH fields (contour) of R1. The calculation of the standard
deviation is based onmonthly anomalies defined as deviations
from the 30 model years (2006–2035) monthly climatology.
In R1, the strengths of the KE and its SRG to the west of
150°E apparently increase in comparison with H1. In H1,
the SRG has a maximal SSH less than 100 cm while the
maximal SSH is over 100 cm near (145°E, 34°N) in R1.
Comparing the 80-cm contour lines between H1 and R1, the
SRG in R1 has a higher SSH than that in H1, which means
that the SRG intensifies in warming scene. The other two
simulations show the same results (compare Fig. 1b, c with
Fig. 1e–f).

In order to further quantify the intensification of the SRG,
we calculate the time series of the SRG strengths of three
simulations (the periods 1951–2005 for historical simulations
and 2006–2035 for future climate simulations). FollowingQiu
and Chen (2005), the SRG strength is defined as follows:

S tð Þ ¼ ∬Ah x; y; tð Þdxdy ð1Þ

where h(x,y,t) is the SSH and A denotes the SRG region with-
in which the SSH value exceeds a threshold ho in the KE
system region (30°–37°N, 141°–158°E). Avalue of ho is cho-
sen to be 50 cm for MIROC4h, which well represents the
boundary of the SRG. The results are robust to the choice of
the specific values of ho between 50 and 80 cm. As Fig. 5

Fig. 3 The time series of the
upstream KE path length for the
three historical simulations. The
vertical coordinate means the path
length; unit, km

Fig. 4 Time-longitude plots of SSH anomalies averaged between 34°N
and 37°N in model years 1960–1990 for MIROC4h historical simulation
(H1)
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shows, the strength of the SRG increases in all three future
emission scenarios simulations. The average strength of the
SRG intensifies from 0.509 m in H1 to 0.623 m in R1, from
0.499 m in H2 to 0.629 m in R2, and from 0.507 m in H3 to
0.609 m in R3. These changes all pass the T-tests at a signif-
icance level of 0.05. Of course, the internal variability may
affect the results mentioned above. To remove the effects, we
calculate ensemble means averaged from the three simula-
tions, which are shown in Fig. 5 (see the horizontal black lines
line). The results for the ensemble means also illustrate the
strengthening of the SRG.

As mentioned in Section 1, the strength of the SRG is
closely associated with the states of the KE system and this
close connection is also reflected in MIROC4h. For instance,
the KE system switches from stable state to unstable state in
the model years 1982–1987 of H1; correspondingly, the
strength of the SRG yields a strong decrease during this period
(Fig. 5, black line). Comparing the L-KE with the SRG
strength (compare Fig. 3 with Fig. 5), we find that the time
series of the L-KE shows a strong negative correlation with
the time series of the SRG strength. When the KE system is in
the stable state, it tends to have a low L-KE indicator and an
enhanced SRG. When the KE system switches to an unstable
state, the L-KE indictor increases and the strength of the SRG
weakens. These results clearly show that the KE indeed has a
close connection with its SRG in MIROC4h and this close
connection is in agreement with observations (Qiu and Chen
2005; Qiu et al. 2014). Since the strength of the SRG is closely
associated with KE, the intensification of the SRGmay lead to
changes of the KE. Thus, we calculate the mean current speed
in the region (34°–37°N, 141°–153°E) where the KE current

speed is relatively large. The results show that the mean KE
current speed increases by about 0.1 m s−1 in the surface
(0.350 m s−1 in H1 and 0.455 m s−1 in R1). The current speed
from the surface to 600 m depth increases by 30–40 % in
future emission scenarios simulations. To clearly show the
spatial structure of the changed KE and its SRG, we plot the
difference of current velocity at 100 m between H1 and R1
(latter minus former) in Fig. 6 (vector). Apparently, the current
speed of the KE jet and the SRG largely increases. The same
conclusions could be obtained by comparing H2 with R2 or
H3 with R3. These results turn out that the KE and its SRG
indeed intensify under global warming condition.

5 Mechanisms discussion

In this section, we will discuss why the KE system
intensifies under global warming. Since the KE system
is an important part of western boundary current of a
wind-driven ocean gyre, the spin-up of subtropical gyre
by wind in the North Pacific is a possible cause.
Figure 7a–c (vector) shows the changes of the large-
scale wind stress field caused by global warming. It is
found that there are consistent east wind anomalies at
about 30∼40°N in the three simulations. This means the
westerlies weaken. Therefore, the whole subtropical gyre
may not spin up. To further investigate the variations of
the subtropical gyre, we first calculate the differences of
Sverdrup transport stream function calculated from wind
stress between three ensemble historical simulations and
three future emission scenarios simulations in the North
Pacific. Figure 8a–c indicates that in most regions of
the subtropical gyre, the Sverdrup transport decreases
about 2 Sv (1 Sv=106 m3) in all future emission sce-
narios simulations. Then we examine the difference in
the stream function for the upper ocean induced by
warming (Fig. 6, shaded) and find that there exist neg-
ative anomalies in the most subtropical region. These
results confirm that the subtropical gyre does not inten-
sify under global warming condition in MIROC4h.

Of course, the local wind stress changes may induce
the enhancement of the SRG. Figure 7a–c indicates that
there are negative changes in the wind stress curl over
the central-to-western part of mid-latitude North Pacific
to the east of the KE system region in all of the three
simulations, although their strengths and locations are
different from each other. According to Sverdrup theory,
these negative wind-stress curl differences would en-
hance Sverdrup transport in the KE system region.
Specifically, in the region averaged over 33°–37°N,
143°–158°E, the Sverdrup transport calculated from
wind stress increases about 2 Sv in Simulation-1, about
8 Sv in Simulation-2, and about 4 Sv in Simulation-3

Fig. 5 The time series of the SRG strength for threeMIROC4h ensemble
simulations (the periods 1951–2005 for historical simulations and 2006–
2035 for future climate simulations). The vertical coordinate means the
strength; unit, cm. The horizontal black lines in the figure represent
average values of each period for ensemble means from the three
simulations. A 12-month low-pass filter is employed to remove
seasonal and higher-frequency oscillations
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under global warming condition (Fig. 8a–c), which
proves that the wind stress changes indeed contribute
to the intension of the SRG to some extent. However,
the vertically integrated volume transport increases
about 25 Sv in this area in all three future emission
scenarios simulations. Thus, the change in wind stress
alone is not enough to explain the intensification of the

SRG under global warming condition. It should be not-
ed that above results are similar with the findings of
Sakamoto et al. (2005). In their study, the Sverdrup
transport calculated from wind stress increases 5–6 Sv
while the vertically integrated volume transport in-
creases about 29 Sv in the SRG region under warming
scene. Sakamoto et al. (2005) use the nonlinear

Fig. 6 The difference of the
stream function of the current at
100 m (color shading unit, m2

s−1) between the ensemble
historical simulation (H1) and
future emission scenarios
simulation (R1) (latter minus
former) and the difference of the
current velocities at 100 m
(vectors; unit, m s−1) between
ensemble historical simulation
(H1) and future emission
scenarios simulation (R1) (latter
minus former)

Fig. 7 aDifferences of long-termmean wind stress (vectors; unit, Nm−2)
and the curl (color shading; unit, 10−8 N m−3) between the ensemble
historical simulation (H1) and future emission scenarios simulation (R1)
(latter minus former). bAs in (a), but for Simulation-2. cAs in (a), but for
Simulation-3

Fig. 8 a Differences of Sverdrup transport stream function (color
shading; unit, Sv=106 m3 s−1) between the ensemble historical
simulation (H1) and future emission scenarios simulation (R1) (latter
minus former) in the North Pacific and the mean sea surface height
above geoid (contours at 20-cm intervals) of the ensemble historical
simulation (H1). b As in (a), but for Simulation-2. c As in (a), but for
Simulation-3

822 X. Zhang et al.



formation mechanisms to explain the discrepancy be-
tween the SRG response and the Sverdrup theory.
However, as shown in Fig. 6, there is no evident in-
crease in the current velocity of the Kuroshio, which
means that there is no significantly enhancing advection
of low potential vorticity (PV) water along the
Kuroshio. Therefore, the nonlinear formation mecha-
nisms cannot explain the enhancement of the SRG be-
cause the enhancing PV advection is a necessary part
for the mechanism.

As mentioned in Section 1, in addition to the wind stress
changes, the SRG can be affected by the ocean stratification
changes. Naturally, we suspect whether the ocean stratifica-
tion changes also contribute to the spin-up of the SRG in
future emission scenarios simulations.

Firstly, we explore how the sea water properties of the KE
system change inMIROC4h under global warming condition.
Note that three simulations show the consistent results; for
simplicity, we only indicate the results for Simulation-1 here.
Figure 9a–d shows the differences of the temperature and
salinity between the upper ocean and the deeper ocean in H1
and R1. The thermocline in the KE system region is about
700 m deep, so we choose 200 and 1000 m to represent the
upper and deeper oceans, respectively. We find that the choice
of the value to represent the upper ocean depth ranging from
1.5 to 400 m does not affect the following analysis results.
Figure 9a, b indicates that the temperature differences in the
SRG are about 12.2 K in H1 and increase to 13.2 K in R1.
Figure 9c, d illustrates that the salinity differences in the SRG
also increase under global warming. Further analysis finds that
the increases of the temperature and salinity differences are
mainly caused by the increase of temperature and salinity in
the upper ocean. The increase of temperature would decrease
the density, while the increase of salinity has the opposite
effect in the upper ocean. Therefore, we need to investigate

the relative influence of the temperature and salinity changes
upon the density changes.

Following Capotondi et al. (2012), density changes are
estimated as follows:

Δρ ¼ ρ T2; S2
� �

−ρ T1; S1
� �

ð2Þ

Here, overbars indicate time-averaged quantities; S1 and

T1 are the average temperature and salinity in H1 (1951–

2005), while S2 and T2 are the average temperature and salin-
ity in R1 (2006–2035). The relative influences of the temper-
ature and salinity changes upon the density changes are esti-
mated as:

ΔρT ¼ ρ T2; S1
� �

−ρ T1; S1
� �

ð3Þ

ΔρS ¼ ρ T1; S2
� �

−ρ T1; S1
� �

ð4Þ

where ΔρT and ΔρS are the density changes due to the
temperature and salinity changes, respectively. The approach
outlined in Eqs. (3) and (4) is not exact, as the sum of ΔpT
and ΔpS does not exactly match Δρ, but the discrepancies
are very small. Equations (3) and (4) provide a good esti-
mate of the temperature and salinity contributions to the
density changes (Capotondi et al. 2012). Figure 10a, b
shows the contribution of the temperature and salinity
changes to the potential density changes at 200 m. Apart
from the small area in the northward of the KE around
(147°E, 37°N) and (153°E, 37°N) where a hint of increased
temperature and decreased salinity can be seen, the temper-
atures of the whole KE region enhance while the salinities
reduce with the maximal value located in the KE jet and
north of the SRG between a narrow latitude band over
34°–36°N extending from 141°E to 153°E. Besides, the

Fig. 9 a The temperature
differences between 200 and
1000 m (former minus latter) in
ensemble historical simulation
(H1). b As in (a), but for future
emission scenarios simulation
(R1). c The salinity differences
between 1000 and 200 m (former
minus latter) in ensemble
historical simulation (H1). d As
for (c), but for future emission
scenarios simulation (R1)

Impact of global warming on Kuroshio Extension system 823



temperature changes are the major contributor to the density
changes in most regions: the contribution of temperature
changes is five times larger around the KE region than that
of salinity changes (the contribution of temperature is
−0.5 g m−3 while the contribution of salinity is only
0.1 g m−3). We also examine the spatial distributions of
the stratification changes (Fig. 11), which is remarkably sim-
ilar to Fig. 10a. This is because the temperature changes in
the upper ocean are the main reason that causes changes in
potential density around the KE region as mentioned above.
In short, the stratification in the SRG region indeed en-
hances in MIROC4h under global warming condition, which
results from the large decrease in upper ocean density main-
ly induced by temperature changes. According to Liu (1997)
and Sun et al. (2013), the enhanced ocean stratification
could intensify the strength of the SRG significantly. Thus,
the ocean stratification changes indeed contribute to the
spin-up of the SRG to some extent.

In the following, we briefly show how the enhanced strat-
ification leads to the strengthening of the SRG. We should
point out that the following analysis is qualitative. In fact, it
is very difficult for us to quantitatively estimate the effects of
the stratification changes on the enhancement of the SRG
because the effects of the stratification change are not able to
be separated from the effects of the wind change unless a
group of twin experiments are performed to exclude the roles
of one of them using a climate model. We define the potential
vorticity for upper and deeper oceans according to Pedlosky
(1987) and Sun et al. (2013) as follows:

q1 ¼ ∇2ψ1 þ F1 ψ2−ψ1ð Þ þ βy ð5aÞ
q2 ¼ ∇2ψ2 þ F2 ψ1−ψ2ð Þ þ βy

F1 ¼ f 20
g0H1

; F2 ¼ f 20
g0H2

ð5bÞ

where g′=g(ρ2−ρ1)/ρ0 represents the reduced gravity param-
eter; ρ1, ρ2, and ρ0 indicate the density for the upper ocean, the
deeper ocean, and the reference state, respectively. The first
term on the right-hand side of Eq. (5) is the relative potential
vorticity (RPV); the second term is the thickness potential
vorticity (TPV); and the last term is the planetary potential
vorticity. Note that only the thickness potential vorticity
Fi(ψ3−i−ψi) is explicitly connected to stratification. It is worth
mentioning that the sign of the TPV in the upper ocean is
negative because ψ2−ψ1 is negative while F1 is positive. With
the intensification of stratification, F1 reduces, which will lead
to the decrease in the absolute value of the TPV. This means
the increase of the TPV, which will lead to the decrease in the
RPV if there are no variations in the potential vorticity q1.
Because the SRG is an anticyclone, the sign of the RPV is
negative in the SRG region. Hence, the absolute value of the
RPV increases, which means that the anticyclonic SRG

Fig. 10 The contribution of the temperature (a) and salinity (b) changes
to the potential density (unit, g m−3) changes at 200 m

Fig. 11 The difference between the stratification (stratification is
computed as the differences between 1000 and 200 m potential density
changes) of ensemble historical simulation (H1) and future emission
scenarios simulation (R1) (latter minus former); unit, g m−3
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strengthens. In this way, the change in ocean stratification
contributes to the enhancement of the SRG. Physically, as
the stratification strengthens, the momentum transferring from
the upper ocean to the deeper ocean will reduce.

In order to verify whether the mechanism mentioned above
operates in the MIROC4h model, we plot Fig. 12a, b to show
the differences of TPV and RPV at 200 m between historical
simulation (H1) and future emission scenarios simulation (R1)
(latter minus former). Because the differences of TPV ranging
from surface to 400 m show similar results, for simplicity, we
only indicate the results for 200 m here. To calculate the RPV
and TPV, we use current velocities at 200 and 1000 m to
calculate the stream functions ψ1 and ψ2 and then calculate
RPVs ∇2ψ1 for upper ocean and ∇2ψ2 for deeper ocean.
Besides, we use density difference between 200 and 1000 m
to compute the reduced gravity and the TPV. As shown in
Fig. 12a, b, the RPV changed largely in the region where

TPV intensified obviously and it also corresponded to the
region where ocean stratification enhanced significantly if
comparing Fig. 12a, b with Fig. 11. One point we should
mention, the wind stress forcing changes can also affect the
TPV by changing the stream function ψ1. In other words, the
effects of wind and ocean stratification changes are not line-
arly additive and cannot be separated in MIROC4h in this
study. The relative importance of the wind stress changes
and stratification changes needs to be further investigated.

Besides affecting the TPV, the strengthened ocean stratifi-
cation could enhance the ocean baroclinic instability by in-
creasing the vertical shear in the KE system, resulting in a
higher level of regional the eddy kinetic energy (EKE).
Many theoretical and modeling studies in the past have indi-
cated that the eddy momentum flux forcing can feedback to
modify the time-mean circulation (e.g., Greatbatch et al. 2010;
Qiu and Chen 2010; Qiu et al. 2015). Qiu et al. (2015) con-
firmed that the increase of EKE level in the downstream KE
region (33°–37°N, 150°–170°E) would intensify the SRG.
Following Qiu et al. (2015), we calculate the EKE changes
in the downstream KE region, and the results show that the
EKE increases about 10 % in three simulations under
warming scene. Thus, the increased EKE caused by the
strengthened stratification also contributes to the intensifica-
tion of the SRG on some level. It should be noted that most
climate models use coarse-resolution ocean models (1°×1° or
coarser) in CMIP5 experiments. The coarse-resolution ocean
model does not allow ocean baroclinic instability to fully de-
velop and may not well characterize the process that eddy
momentum flux forcing feedback to modify the time-mean
circulation. This re-emphasizes that using a high-resolution
ocean model is very important when we focus on the KE
system studies.

By the combined effects of wind stress and stratification
changes, the SRG intensifies under global warming. Then the
enhancement of the SRG results in the large acceleration of
the KE. Finally, both the KE and its SRG intensify under
global warming condition.

6 Summary and discussion

The KE system is an important part of western boundary cur-
rent. The variations of the KE and its SRG have a significant
impact not only on the local climate but also on the global
climate through air-sea interaction. It is an interesting issue to
investigate the effects of global warming to the KE system and
the mechanism.

In the present study, we use the datasets of a new high-
resolution climate model MIROC4h. Results show that the
KE front and its SRG could be well represented in the
MIROC4h model. MIROC4h can also capture the feature of
the spatial and temporal structures of the KE’s low-frequency

Fig. 12 a The thickness potential vorticity changes at 200 m between
historical simulation (H1) and future emission scenarios simulation (R1)
(latter minus former). b The relative potential vorticity changes at 200 m
between historical simulation (H1) and future emission scenarios
simulation (R1) (latter minus former); unit, 10−6 s−1
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variations. To our knowledge, no previous studies focusing on
the KE’s low-frequency variations use climate models be-
cause most ocean models used in the climate models are
coarse-resolution models and the KE cannot be simulated well
in these models. As far as we know,MIROC4h is probably the
only climate model used in CMIP5, which is able to simulate
the low-frequency variations of KE system because of its rel-
ative high resolution compared with other climate models.
Therefore, we use MIROC4h to investigate how the KE sys-
tem will evolve under global warming and reveal the
mechanisms.

Comparing three-ensemble historical simulations with
three subsequent future emission scenarios simulations, it
turns out that the KE intensifies eastward transport and its
SRG enhances in all three future emission scenarios simula-
tions. We examine the difference in the stream function for the
upper ocean induced by warming and find that there exist
negative anomalies in the most subtropical region, which con-
firm that the whole of the subtropical gyre does not spin-up
under global warming condition. This implies that intensifica-
tion of the KE system is maybe due to the changes of local
surroundings rather than remote surroundings. Therefore, we
investigate the changes of local wind stress and stratification.
It turns out that the wind stress changes and ocean stratifica-
tion changes both contribute to the enhancement of the KE
system. Specifically, the wind stress changes increase the up-
per ocean momentum in the SRG region. Meanwhile, the
increased stratifications hinder the momentum transfer from
the upper ocean to the deeper ocean. Besides, the strengthened
ocean stratification could enhance the EKE in the downstream
KE region which can feedback to intensify the SRG. As a
result, the SRG intensifies under global warming condition.
Then spin-up of the SRG results in large acceleration of the
KE. Eventually, the KE system intensifies under warming
scene.

In this study, we qualitatively illustrate that wind stress
changes and ocean stratification changes both contribute to
the enhancement of the KE system. However, it is very diffi-
cult for us to quantitatively estimate the effects of the wind
stress changes or the stratification changes on the intensifica-
tion of the KE and its SRG because the effects of them are not
linearly additive and cannot be separated through analysis of
climate model data in this study. In order to quantify the rel-
ative importance of the wind stress changes and stratification
changes, a group of twin experiments should be performed to
exclude the roles of one of them using a climate model. This is
an important aspect of our study in the future.
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