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Abstract The seasonal cycle of the meridional sea-sur-
face temperature (SST) gradient in the upstream Kuro-
shio Extension (KE) region was examined using satellite
observation data and model simulations. In general, the
meridional SST gradient is small in summer. However, in
early summer (June and July), the SST front is sustained or
intensified on the northern side of the KE near the coast of
eastern Japan. This observed seasonal cycle was success-
fully simulated in the North Pacific Ocean model for the
Earth Simulator (NP-OFES). Analysis of the forecast data
revealed that the vertical profiles of temperature and salin-
ity are shifted upward along the KE in early summer. As a
result, the permanent thermocline depth is shallowest dur-
ing summer, causing a relatively small SST tendency. In
addition, significant cyclonic vorticity in the lower atmos-
phere related to the southwesterly sea-surface wind was
found to the south of the KE, associated with the Baiu fron-
tal zone (BFZ). It was inferred that the positive vorticity
causes Ekman upwelling over the KE region, resulting in
suppressed SST warming on the northern side of the KE.
These results suggest that the BFZ contributes to maintain-
ing or strengthening the SST front.
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1 Introduction

The Kuroshio is the western boundary current of the North
Pacific subtropical gyre. It flows northeastward along the
continental slope in the East China Sea and then eastward
along the southern coast of Japan. After reaching the east-
ern tip of Japan, it forms an eastward current called the
Kuroshio Extension (KE). The Kuroshio is one of the most
predominant western boundary currents, along with the
Gulf Stream (GS). Previous studies investigated the air-
sea interaction over the KE and the GS (Kwon et al. 2010),
especially focusing on the ocean’s role in decadal time
scale variability (Nonaka et al. 2006, 2008; Taguchi et al.
2007, 2010) and its predictability (Qiu et al. 2014; Nonaka
et al. 2012). In general, the warm KE releases abundant
heat and moisture into the atmosphere, especially in the
cold seasons, implying a significant impact of the KE on
the atmospheric circulation (Taguchi et al. 2009; Tanimoto
et al. 2011). Furthermore, the frontal gradient in the sea-
surface temperature (SST) associated with a warm western
boundary current can affect atmospheric disturbances aloft
(e.g., Minobe et al. 2008; Nakamura et al. 2012). These
studies investigated the effects of SST fronts on the atmos-
phere. Most of these previous studies on the role of fronts
in the mid-latitude ocean focused on the cold seasons,
when a large heat flux is released into the atmosphere.
Inversely, the surface wind over the SST front may
affect the thermodynamics of the ocean. For example, Xue
et al. (1995) demonstrated that Ekman transport plays a
role in modifying the Gulf Stream. In addition, Alexander
and Scott (2008) also revealed the role of Ekman trans-
port across the SST front in the interannual variability of
the mid-latitude ocean. Furthermore, the role of the surface
wind on smaller spatial scales has been also examined.
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For example, in the subtropics, Xie et al. (2003) demon-
strated that the SST distribution is modulated by Ekman
upwelling associated with a strong summertime monsoonal
wind. Sato et al. (2006) found that mechanical mixing due
to strong surface wind also affects the SST in the subtropi-
cal ocean. These effects of the surface wind are predomi-
nant where the mixed layer depth is shallow. In general,
the mixed layer becomes shallow in summer in the mid-
latitude ocean. However, the influence of sea-surface wind
on the SST distribution in the summertime KE region in a
small horizontal scale has not been examined in detail.

In early summer (June and July), the Baiu frontal
zone (BFZ) is situated over the Kuroshio/KE regions.
A rainy season Baiu is brought by the BFZ in the main-
land of Japan. The BFZ is regarded as the western part of
the Pacific Polar frontal zone generated along the bound-
ary between the maritime tropical airmass and the mari-
time polar airmass (Yoshimura 1967; Akiyama 1973). It
is also recognized as a rain belt along the southern coast
of the mainland of Japan during June and July. It gradu-
ally moves northward during Baiu, in association with
the western extension of the Pacific anticyclone. Across
the BFZ, the difference in low-level equivalent potential
temperature is large (Akiyama 1973). On the southern
side of the BFZ, hot and moist low-level air is favored by
active cumulus convection (Ninomiya 2000). This hot and
moist airmass is formed over high-SST regions. However,
low SST brings low-level stratiform clouds on the north-
ern side of the BFZ, which are sometimes associated with
the cold northeasterly wind called Yamase (Ninomiya and
Mizuno 1985). From these observations, it is inferred that
the SST difference across the front substantially affects
the BFZ through the two different airmasses. In addition,
a strong low-level westerly or southwesterly wind is often
observed during Baiu. According to Akiyama (1973),
this westerly is mainly caused by vertical mixing related
to active cumulus convection. Considering some recent
results such as those of Xie et al. (2003) and Sato et al.
(2006), the strong westerly wind may influence the oce-
anic condition along the KE.

In order to reveal the oceanic response to the atmos-
phere, in situ measurement data taken in the ocean are
required, since satellite measurements cannot directly
capture dynamic and thermodynamic fields in the subsur-
face layer of the ocean. Recently, for example, Argo pro-
filing floats automatically obtained vertical profiles for
sea-water temperature and salinity over all of the oceans
at 10-day intervals (Argo Science Team 2001). However, a
small number of profiles are obtained by the floats in the
Kuroshio/KE regions, since a float cannot stay in these
regions for a long period because of the high current veloc-
ity. The number of ship measurements is also limited.
Therefore, the oceanic response to the strong westerly or
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southwesterly wind in early summer has not yet been inves-
tigated in detail.

The present study examines the seasonal march of the
ocean along the KE during Baiu using both satellite obser-
vation and model data. Since the BFZ accompanies meso-
scale convection systems over Japan, we focus on the air-
sea coupling in a relatively small region near Japan. The
climatological seasonal march of the SST over the KE
region is first examined by using satellite observation data.
The observations are then compared with a high-resolution
ocean general circulation model (OGCM). The data and
results are provided in Sects. 2 and 3, respectively. We dis-
cuss the results and give our conclusions in Sect. 4.

2 Data
2.1 Observations

Satellite observational absolute dynamic topography (ADT)
data, distributed by the data archiving center Archiving,
Validation and Interpretation of Satellite Oceanographic
data (AVISO) (CNES 2014), were first used to infer near-
surface currents around the KE region. The data set was a
merged satellite observation that was taken from Haiyang-
2A (HY-2A), SARAL/AIltiKa, CryoSat-2, Jason-1, Jason-
2, TOPEX/Poseidon, Environmental Satellite (Envisat),
Geosat Follow-On (GFO), European Remote Sensing-1/2
(ERS-1/2) and Geosat data. We used the delayed time prod-
uct. The horizontal resolution is 0.25° x 0.25°. The clima-
tological means for June and July were obtained by averag-
ing daily data from 2001 to 2010.

Tropical Rainfall Measuring Mission (TRMM) Micro-
wave Imager (TMI) SST data (Wentz et al. 2000) were
then used to examine the seasonal changes in SST aver-
aged from 2001 to 2010 around the KE region. The TMI
SST data were provided by remote sensing systems (RSS).
This SST data set has a resolution of 0.25° x 0.25°. For
simplicity, the daily data sets were edited first. Missing
values caused by the lack of a path width were replaced
with temporally interpolated values at each grid point. Lin-
ear interpolation was applied here. In most cases, at least
one observed value is available during an arbitrary 3-day
period at each grid. No spatial interpolation was carried
out in order to capture spatially fine structures of the SST
front. We focused on the difference between the SST dis-
tributions in June and July. According to Qiu et al. (2014),
the KE modulates between a stable and unstable state. To
examine whether the seasonal march depends on the modu-
lation, the SST difference between June and July only for
unstable years (2001, 2006, 2007, 2008, and 2009) was
also analyzed. After that, we analyzed a latitude section of
the seasonal cycle of SST averaged from 140°E to 144°E.
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For comparison, another latitude section from 144°E to
148°E was also examined.

In general, the surface wind can affect the SST through
air-sea coupling. Thus, the strong westerly or southwesterly
wind associated with the BFZ may play a role in modulat-
ing SST in the Kuroshio/KE regions during early summer.
Therefore, Quick Scatterometer (QuikScat) sea-surface
wind data (Wentz and Smith 1999) were then examined in
June and July corresponding to the seasonal march of the
SST. The QuikScat data were provided by RSS. These sea-
surface wind data also have a resolution of 0.25° x 0.25°.
The surface wind was averaged from 2001 to 2009, since
QuikScat data have not been available since November of
2009. In addition, the relative vorticity was calculated for
the surface wind.

The relationship between the surface wind and the rain
belt associated with the BFZ was then confirmed using the
Global Satellite Mapping of Precipitation (GSMaP) data
(Aonashi and Liu 2000). In the present study, the daily
product in the GSMaP_MVK Version 5 was used. The hori-
zontal resolution was 0.1° x 0.1°.

2.2 Model simulation

The seasonal march in the ocean was then examined, focus-
ing on the oceanic response to the surface wind. In order
to investigate the detailed seasonal variability in the ocean
with fine resolution, hindcast data simulated by an ocean
model were used. In the present study, we utilized the
Modular Ocean Model 3 (MOM3) OGCM (Pacanowski
and Griffies 2000) with substantial modifications for opti-
mal performance on the vector-parallel hardware system of
Japan’s Earth Simulator. This North Pacific Ocean model
for the Earth Simulator (NP-OFES) (Sasaki and Klein
2012) with sea ice (Komori et al. 2005) covers nearly the
whole North Pacific domain (20°S—68°N, 100°E-70°W). A
long-time integration with a relatively high resolution was
conducted by running the model within the North Pacific
domain instead of the global domain. In Sasaki and Klein
(2012), the NP-OFES successfully simulated the dynamic
field in the North Pacific including relatively small distur-
bances in the KE region. Although the model simulation
was performed in the North Pacific domain, it appears that
the influence of the lateral boundary was not large since the
KE region is not near the boundary. In the present study, we
used the 0.1° horizontal resolution integration of NP-OFES
introduced by Sasaki and Klein (2012). It has 54 vertical
levels with 5-m resolution just below the surface, and the
maximum depth is 6065 m.

The NP-OFES was forced by surface-wind stress, heat,
and freshwater fluxes derived from the Japanese 25-year
Reanalysis (JRA-25) data (Onogi et al. 2007), which has
a horizontal resolution of 1.25° x 1.25°. On the other

hand, the ocean model has a horizontal resolution of 0.1°.
Thus, the JRA-25 data including wind stress data are
much coarser than the model grid. However, since the cli-
matological Baiu is basically a synoptic or meso-a-scale
phenomenon (Ninomiya 2000), the sea-surface wind data
obtained from JRA-25 seem to successfully represent the
fundamental properties of the low-level jet. Therefore, the
NP-OFES probably estimates the effect of surface wind
on the ocean well even using JRA-25 data in which small-
scale disturbances are unresolved. As wind stress data,
satellite-borne microwave scatterometer observations are
assimilated in the JRA-25. Satellite observation implic-
itly includes the dependency of wind stress on ocean
current. Thus, it is supposed that the difference of wind
stress caused by the ocean current is partly reflected in the
boundary condition obtained from the JRA-25. However,
the NP-OFES does not explicitly estimate the dependency
of wind stress on the variation of the simulated ocean
current.

First, we conducted a 15-year integration with long-term
(1979-2004) mean 6-hourly forcing (climatological inte-
gration). A hindcast integration with 6-hourly atmospheric
fields taken from the JRA-25 was then conducted cover-
ing 1979-2012. Corresponding to the observation data, we
analyzed data from 2001 to 2010. Some previous studies
reproduced the ocean dynamics well by using OGCM for
a quasi-global domain (Masumoto et al. 2004; Sasaki et al.
2008). In recent years, the climatological features as well as
the interannual-to-decadal variability in the western North
Pacific were investigated in detail using OGCM (Nonaka
et al. 2006, 2008, 2012; Taguchi et al. 2007, 2010).

3 Results
3.1 Observations

According to the ADT data, the meridional ADT gradient
is large along a latitude line of 35°N corresponding to the
Kuroshio and KE in June (the top panel of Fig. 1). In these
regions, a strong eastward current exists. A similar result
is also obtained in July, although the meridional ADT dif-
ference across the Kuroshio/KE becomes somewhat large
and moves slightly southward from June to July. Figure 2
indicates the averaged SSTs for June and July 2001-2010.
A large meridional SST gradient is observed north of 35°N.
The gradient is especially large between 35°N and 36°N
near the KE. To the west of 145°E, the SST gradient has
two peaks (around 35.5°N and 38.5°N). Moreover, Fig. 3
indicates that the increase of SST from June to July is rela-
tively small on the northern side of the SST front in the KE
region near Japan, while the SST increase is larger on the
southern side. This means that the meridional gradient of
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Fig. 1 ADT averaged for (fop) June and (bottom) July from 2001 to
2010. The contour interval is 10 cm
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Fig. 2 SST (contours) and its meridional gradient (tones) averaged
for (top) June and (bottom) July from 2001 to 2010. The contour
interval is 0.5 °C
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Fig. 3 Difference in SSTs between June and July averaged from
2001 to 2010. The contour interval is 0.5 °C. Values exceeding 2.5 °C
(3.5 °C) are shaded (hatched). Dots indicate the maximum of meridi-
onal SST gradient in July
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Fig. 4 Seasonal cycles of monthly climatological SST (contours) and
its meridional gradient (tones) averaged in 140°E to 144°E. The con-
tour interval is 1 °C. The sign of the meridional gradient is reversed

the SST is sustained in a small region along the SST front
from June to July. In addition, the SST difference depicted
in Fig. 3 shows a similar pattern to the ADT difference
between June and July, although the large-scale ADT dif-
ference averaged around the KE region is almost zero (not
shown).

In the present study, only data for 10 years from 2001
to 2010 were analyzed because of the limitation of satel-
lite observation. While one may concern dependency of the
results on the stability of the KE, the maintenance or inten-
sification of the SST front was statistically detected even
when we selected only 5 years with an unstable state of the
KE (2001, 2006, 2007, 2008, and 2009) (not shown).

Figure 4 depicts the meridional SST gradient averaged
from 140°E to 144°E where the SST gradient along the KE
is large in Fig. 2. In general, the gradient is gradually weak-
ened from spring to summer. However, when we focus on
the SST gradient near 36°N during early summer, a large
SST gradient (>3 °C/deg.) is found to be sustained locally
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Fig. 5 Sea-surface wind vector (arrows) and scalar wind speed
(tones) averaged for June and July from 2001 to 2009
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Fig. 6 Precipitation rate averaged for June and July from 1979 to
2011. The contour interval is 1 mm/day. Precipitation rates above
4 mm/day (8 mm/day) are shaded (hatched)

along the KE from June to July. In addition, the SST front
moves slightly southward. This SST front becomes vague
in late summer (after August). Therefore, the seasonal cycle
of the SST around 36°N is quite asymmetric between early
and late summer. No such a characteristic seasonal cycle is
identified from 144°E to 148°E (not shown).

In Fig. 5, strong surface southwesterlies are identified
along the Kuroshio/KE regions. Much precipitation is also
observed in the same location (Fig. 6). This precipitation
zone situated around 33°N to 35°N corresponds to the
BFZ. In Fig. 5, the zonal component of the surface wind is
positive (westerly) to the south of the current axis indicated
in Figs. 1 and 2, while it is near zero or negative (easterly)
on the northern side of the current. Therefore, positive vor-
ticity is produced associated with the meridional shear of
zonal wind over the KE region in June and July (Fig. 7).
The positive vorticity is predominant particularly in the
upstream KE region near the eastern tip of Japan (<144°E).
In general, positive vorticity in the surface wind may cause
Ekman upwelling, resulting in relatively low SST (Xie
et al. 2003). Such localized positive vorticity is not identi-
fied in other seasons. In winter, the sea-surface wind speed

(°N) QSCAT vorticity JJ q0-8ss
40 5 y [T, T 2 " L, ¥ L 5 20
10
i 0
-10

o
: -20

1:50

(PE)

Fig. 7 Relative vorticity of sea-surface wind averaged for June and
July of 2001 to 2009

(°N) NP-OFES SST Jun.
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40 — = S 4

35 e

130 1.55 140 145 150
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Fig. 8 Simulated SST (contours) and its meridional gradient (tones)
averaged for (top) June and (bottom) July from 2001 to 2010. The
contour interval is 0.5 °C

is high in this region. However, no significant horizontal
wind shear associated with cumulus convection is identi-
fied since the precipitation zone is not formed in winter. In
spring and autumn, the mean wind vector is nearly zero,
although the sea-surface wind is strong because of transi-
tional eddies (not shown).

3.2 Model output
First, the SSTs in June and July were compared with

those of the observation. The SSTs in June and July were
shown in Fig. 8. In the model, the meridional gradient

@ Springer



702

N. Sato et al.

(°N) NP-OFES SST
40

35

30 <o .
130 135 140 145 150
(°E)

Fig. 9 Difference in simulated SSTs between June and July aver-
aged from 2001 to 2010. The contour interval is 0.5 °C. Values above
2.5 °C (3.5 °C) are shaded (hatched). Dots indicate the maximum of
the simulated meridional SST gradient in July

(°N) NP—OFES SST 140-144°E
3

Fig. 10 Same as Fig. 4, but for the SST simulated in NP-OFES

of the simulated SST is large at around 36°N associated
with the KE, consistent with the observations (Fig. 2),
although the locations of the KE and SST front are slightly
shifted southward compared with the observation. Simi-
larly to SST, the zonal current is also shifted southward
(not shown). The SST difference between June and July is
depicted in Fig. 9. The SST tendency is small on the north-
ern side of the SST front, consistent with the observed
result shown in Fig. 3. Moreover, the meridional gradi-
ent of the simulated SST averaged from 140°E to 144°E
(Fig. 10) is also similar to the observed one (Fig. 4). On
the whole, the NP-OFES appears to successfully simulate
the current and SST in the KE region. Comparing Fig. 10
with Fig. 4, the seasonal march of the simulated SST
front is slightly earlier than the observed one. This may
be because the axis of the simulated KE and SST front is
located farther south than the observation. Since the cli-
matological BFZ and the associated surface southwesterly
gradually move northward during early summer, the simu-
lated SST front meets the BFZ earlier than the observed
SST front does.

@ Springer

(36°N, 142°E)

(m) NP-OFES T
0

100

200 :

300 :— 8—\/;
J F M A M J J A S 0 N D

(m) NP-OFES T (34°N, 142°E)
0

—))
T T T T &/ﬁ T T
100 |
200 |
300:
400 L

Fig. 11 Seasonal cycle of ocean temperature at (fop) 36°N and (bot-
tom) 34°N, 142°E averaged from 2001 to 2010. The contour interval
is1°C

The seasonal march of ocean temperature on the north-
ern side of the SST front is then examined. The monthly
mean temperature at 36°N, 142°E is plotted in Fig. 11 (top).
The mixed layer depth is about 100 m in winter. However,
a shallow mixed layer forms in summer. The temperature in
the mixed layer gradually increases from spring to summer.
However, the ocean temperature decreases in the thermo-
cline from June to July, associated with an upward shift of
the temperature profile. Shoaling was also detected in the
vertical profile of salinity (not shown). The upward motion
was also clear at 34°N, 142°E on the southern side of the
SST front as shown in Fig. 11 (bottom). However, the tem-
perature decrease was less because the temperature strati-
fication was smaller. The difference in the subsurface tem-
perature between June and July was then analyzed in the
KE region in order to clarify the vertical shift of the temper-
ature profile and its effect on cooling of the surface layer.
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Fig. 12 Difference in simulated ocean temperatures at (top) 96 m
and (bottom) 319 m between June and July (July minus June) aver-
aged from 2001 to 2010. The contour interval is 0.5 °C. Negative
contours are dotted. Values exceeding 0.0 °C (1.0 °C) are shaded
(hatched)

Figure 12 illustrates the seasonal marches of 96 and 319 m
temperatures from June to July. Since these levels corre-
spond to the seasonal or permanent thermocline (Fig. 11),
they are expected to be good indicators of the vertical shift
of the temperature profile. In Fig. 12, despite being early
summer, the ocean temperature decreases around the KE.
Comparing the horizontal distribution of the temperature
differences in Figs. 9 and 12, we find that the temperature
decrease is more dominant in the subsurface than at the
surface. This suggests that the dominant process related
to the temperature decrease is not diabatic cooling at the
surface or mechanical mixing due to surface wind. Rather,
upwelling of cold subsurface water plays a significant role
in the cooling. Moreover, Fig. 13 illustrates the latitude-
depth cross sections of ocean temperature along 142°E in
June and July. Below the 18 °C level, the temperature pro-
file is uplifted in the region from 33°N to 37°N during early
summer. The upward shift is found not only on the northern
side but also on the southern side of the SST front.

The Ekman pumping velocity estimated from the wind
stress that drives the model is depicted in Fig. 14. During
Baiu, a strong southwesterly is centered in the southern
part of the Kuroshio/KE regions as shown in Fig. 5. The
zonal component of sea-surface wind is positive on the
southern side of the KE, while it is nearly zero or negative

(m)NP-OFES T Jun.&Jul .
0 LI B T ~

24

142°E

100

200

300 —
_— Jun\.
— Jul. /N
400 ! Lo ST A Ll
30 31 32 33 34 35 36 37 38 39 40
(°N)

Fig. 13 Latitude-depth cross section of simulated ocean temperature
along the 142°E meridian averaged for (black) June and (red) July
from 2001 to 2010. The contour interval is 2 °C

(°N) NP—OFES we JJ
40 (_L/ - - —

Fig. 14 Estimated Ekman upwelling averaged for June and July from
2001 to 2010. The contour interval is 0.025 m/day. Negative contours
are dotted

on the northern side. Therefore, a large meridional shear of
zonal wind is formed over the KE region. In addition, near
the eastern tip of Japan (<144°E), the southerly component
of the surface wind increases with longitude. As a result,
the southwesterly wind brings cyclonic vorticity over the
KE region (Fig. 7), which causes the strong Ekman pump-
ing. The positive Ekman pumping is estimated over the
KE in Fig. 14. The upward shift of the isotherm depth
(Fig. 13) suggests the upwelling in a large area including
the Kuroshio region and the southern part of the KE region.
However, the effect of Ekman pumping is confined in the
western part of the KE region near Japan (<144°E), where
the small SST tendency and the subsurface temperature
decrease are found (Figs. 3, 9, 12). This is in part because
the stratification near the surface is larger on the northern
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side associated with colder subsurface water as shown in
Fig. 13. In such a region, it is inferred that the sensitivity of
SST to upwelling is large.

The simulated SST front is not clear in late summer
and early autumn (Fig. 10). This is similar to the observed
result (Fig. 4), although the seasonal march is slightly ear-
lier than observation. Moreover, in Fig. 11, no upwelling
is simulated during this season. This is consistent with the
fact that positive curl of surface wind is not identified in
late summer and early autumn when the frontal zone is
unclear (not shown).

4 Summary and discussion

In general, the annual range of SST is greater in high lati-
tudes than in low latitudes. Thus, the meridional SST gra-
dient becomes small in summer. However, on a smaller
spatial scale, the meridional SST gradient across the KE is
maintained or intensified during early summer. The zonal
component of the sea-surface wind is high to the south of
the SST front near Japan in early summer. On the other
hand, the zonal wind is near zero on the northern side of the
front. Therefore, the meridional shear of zonal wind con-
tributes to positive vorticity around the SST front, result-
ing in Ekman upwelling in the ocean of the upstream KE
region. The sensitivity of SST to upwelling is larger on the
northern side of the front since the stratification is stronger.
This process contributes to maintaining the SST front dur-
ing Baiu.

Comparing Figs. 5 and 6, this sea-surface southwest-
erly coincides with a zonally elongated precipitation area
observed around 33°N to 35°N associated with the BFZ.
Some previous studies such as Akiyama (1973) and Pham
et al. (2008) proposed that cumulus convection associated
with the BFZ brings intensified westerly or southwest-
erly wind through vertical mixing. On the other hand, a
weak easterly component on the northern side of the SST
front may be associated with the cold northeasterly wind
Yamase. It appears that the positive vorticity is formed by
the meridional shear of zonal wind between the BFZ and
the northeasterly region. In addition, in Figs. 5 and 7, the
zonal shear of meridional wind also appears to contribute to
the positive vorticity. More detailed analyses are required
to explain the formation mechanism of such a localized
wind shear over the SST front.

In Fig. 11, the thermocline is lifted up by about 20 m/
month at maximum from June to July. However, the Ekman
upwelling estimated in Fig. 14 is approximately 7 m/month.
Thus, the simulated upwelling in Fig. 11 is larger than that
predicted from Ekman upwelling. Southward shift of the
KE due to some internal dynamics may cause an apparent
upwelling. In addition, the area of upwelling seen in Fig. 12
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is smaller than the region with cyclonic vorticity covering
a wide area around the Kuroshio and KE (Fig. 14). This
implies that the upward shift is localized by some internal
mechanisms. First, the coastline runs from southwest to
northeast in eastern Japan. Thus, the southwesterly sea-sur-
face wind may cause coastal upwelling as well as Ekman
upwelling. Moreover, the seasonality of the volume trans-
port of Kuroshio may also affect the SST fields. Accord-
ing to Imawaki et al. (2001), seasonal changes in the Kuro-
shio transport can be estimated by satellite altimeter. From
the present analyses, the meridional gradient of ADT does
not decrease in early summer (not shown). Therefore, the
seasonal cycle of the Kuroshio transport does not directly
explain the suppression of SST warming. In any case, how-
ever, the eastward advection of the seasonal march of ocean
temperature from the Kuroshio region and certain other
internal dynamic processes may also be responsible for
such a large upwelling. This is a subject for future studies.
These observed and simulated results suggest that the
BFZ plays a specific role in maintaining or strengthening
the SST front through the low-level jet. On the northern
side of the BFZ, the cold northeasterly wind Yamase asso-
ciated with low-level clouds may also contribute to sup-
pressing SST warming through surface heat flux and high
reflectivity. More detailed analyses may quantitatively
reveal the role of low-level clouds. Conversely, the warm
SST affects cumulus convection in general. Cumulus con-
vection contributes to the formation of the low-level jet
in the BFZ (Akiyama 1973). Assuming that the SST front
associated with the Kuroshio/KE affects the BFZ, the BFZ
may positively feed back to itself through air-sea coupling.
More detailed analyses using fine-resolution atmospheric
and oceanic models may clarify more precisely the mecha-
nism of such feedback between the BFZ and Kuroshio/KE.
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