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ABSTRACT
Variations in the turbulent heat flux (THF; the sum of the sensible and latent heat fluxes) in the eastern
Kuroshio–Oyashio confluence region (EKOCR; 368–408N, 1558–1608E) were investigated over a period of 27
consecutive winters (December–February) from 1985/86 to 2011/12. The THF was calculated from a bulk
formula using daily variables [surface wind speed, surface air specific humidity, surface air temperature, and
sea surface temperature (SST)] of the objectively analyzed air–sea fluxes (OAFlux) dataset and bulk coefficients based on the Tropical Ocean and Global Atmosphere Coupled Ocean–Atmosphere Response
Experiment (TOGA COARE) bulk flux algorithm 3.0. The winter THF over the EKOCR showed lowfrequency variations, with larger THF values in the early 2000s and smaller values in the late 1990s and late
2000s. The heat release in the early 2000s was up to ;40% greater than that in the late 1990s and late 2000s. By
performing experiments using combinations of daily raw data values and daily climatological data, the relative
contributions of SST, surface air specific humidity, surface air temperature, and surface wind speed were
quantitatively assessed in determining the THF over the EKOCR. Results showed that SST predominantly
determines the THF: large amounts of heat are released during times of positive SST anomalies. By using
Argo float (temperature–salinity) profiles of 2003–12 and a satellite altimetry dataset of 1992–2012, it was
found that the warm–salty water transported by an occurrence of the Kuroshio bifurcation was responsible for
the generation of positive SST anomalies in the EKOCR.

1. Introduction
In the extratropical North Pacific, vigorous heat related
to the turbulent heat flux (THF; the sum of the sensible
and latent heat fluxes) is released from the ocean to the
atmosphere in winter (Fig. 1a). The THF release in winter is
predominantly controlled by surface wind, which has a
negative local correlation with sea surface temperature
(SST) (Davis 1976; Frankignoul 1985; Iwasaka et al. 1987;
Wallace and Jiang 1987; Lau and Nath 1994; Nakamura
et al. 1997; Frankignoul and Kestenare 2002; Kushnir et al.
2002).
The THF shows large temporal variance in the
Kuroshio–Oyashio confluence (KOC) region (Fig. 1b),
which affects atmospheric fields around the KOC region. Positive air temperature anomalies in the marine
atmospheric boundary layer, in association with the
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upward THF (Tokinaga et al. 2009), form a local minimum in sea level pressure anomalies (Tokinaga et al.
2009; Tanimoto et al. 2011) and are associated with local
maxima in cloudiness (Tokinaga et al. 2009) and precipitation (Masunaga et al. 2014, manuscript submitted
to J. Climate). The THF around the KOC region maintains near-surface atmospheric baroclinicity, which
leads to the organization of a storm track aloft
(Nakamura et al. 2004; Joyce et al. 2009; Nonaka et al.
2009; Taguchi et al. 2009; Nakamura and Yamane 2010)
and furthermore influences a large-scale atmospheric
circulation: the Aleutian low in the central North Pacific
(Tanimoto et al. 2003; Taguchi et al. 2012).
In the KOC region, in contrast to other extratropical
regions, it has been reported that warmer SST enhances
upward heat fluxes: a positive local correlation between
SST and upward heat release (Hanawa et al. 1995;
Tanimoto et al. 2003; Sugimoto and Hanawa 2011). Recently, in the western part of the KOC region (west of
1508E), it has been reported that positive SST anomalies
are formed through warm eddies detached northward
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from the Kuroshio Extension (KE) in the south (Itoh and
Yasuda 2010; Sugimoto and Hanawa 2011), resulting in
enhanced upward heat release (Sugimoto and Hanawa
2011). On the other hand, the temporal behavior and the
cause of the THF in the eastern part of the KOC region
(east of 1508E) have not yet been revealed. A heat flux
snapshot in the winter of 2005 (Fig. 1c) displays a vigorous
heat release (.350 W m22) in the eastern part of the
KOC, despite a small heat release in the western part of
the KOC. It is therefore expected that the temporal behavior and cause of the THF are largely differentiated
between the eastern and western parts of the KOC.
The purpose of this study is to investigate THF variations in the eastern part of the KOC and to explore the
relationship between THF variations in the eastern and
western parts of the KOC. We quantitatively assess the
contributions of SST to the THF in the eastern part of
the KOC, and we investigate a cause of SST variation in
the eastern part of the KOC using temperature–salinity
profiles and a satellite-derived altimetry dataset. This
paper is organized as follows. Section 2 presents an outline
of the datasets used in this study. Section 3 investigates
a relationship between the THF in the eastern and western
parts of the KOC. Section 4 assesses the contribution of
SST to the THF. Section 5 discusses possible causes of SST
variation in the eastern part of the KOC. Section 6 presents
a summary and concluding remarks.

2. Data and methods

FIG. 1. (a) Winter upward THF climatology (W m22) calculated
from the daily OAFlux dataset (Yu et al. 2008). Rectangles represent
EKOCR (black; 368–408N, 1558–1608E) and WKOCR (gray; 368–408N,
1438–1488E). (b) Distribution of standard deviation of winter THF
(W m22). (c) Distribution of winter THF in 2005 (W m22). Contours
indicate winter SSH climatology, as reconstructed from satellite altimetry SSH anomaly data and mean dynamic topography (see the text
for details; contour interval is 10 cm). Thick black line represents the
KE axis, which is defined as the 110-cm SSH contour (see the text
for details). Blue squares are regions where water profiles for pure
Kuroshio and Oyashio water (shown in Fig. 7) were obtained.

Recently, Yu et al. (2008) developed the objectively analyzed air–sea fluxes (OAFlux) dataset with a relatively high
spatial resolution of 18 (latitude) 3 18 (longitude). The
products of this dataset are a combination of observed
satellite-derived data, the 40-yr European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-Analysis
(ERA-40; Uppala et al. 2005), and the National Centers for
Environmental Prediction–National Center for Atmospheric Research (NCEP–NCAR) reanalysis (Kalnay et al.
1996; Kanamitsu et al. 2002). We mainly use the daily surface
wind speed (WND) at a height of 10 m above the sea surface;
surface air specific humidity (Qa) at a height of 2 m above
the sea surface; surface air temperature (SAT) at a height of
2 m above the sea surface; and SST from the OAFlux
dataset, which is available from 1985 to 2012. The SST
product of OAFlux is based on the National Oceanic
and Atmospheric Administration (NOAA) Optimum Interpolation SST (OISST), which is based on Advanced Very
High Resolution Radiometer (AVHRR) infrared satellite
data (AVHRR-only product), with a high spatial resolution
of 1/ 48 (latitude) 3 1/ 48 (longitude) (Reynolds et al. 2007); the
1/ 48 OISST data were averaged onto the 18 OAFlux grid. The
daily latent and sensible heat fluxes were computed using
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the Tropical Ocean and Global Atmosphere Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE) bulk flux algorithm 3.0 (Fairall et al. 2003), based
on the so-called aerodynamic bulk formulas as follows:
QE 5 ra LCE Ua (qs 2 qa ) and

(1)

QH 5 ra cp CH Ua (Ts 2 Ta ) ,

(2)

where QE and QH are the latent and sensible heat fluxes,
respectively; ra is the air density; L is the latent heat of
vaporization of water; cp is the specific heat of air at
constant pressure; Ua is WND; qs is the saturated specific
humidity; qa is Qa; Ta is SAT; Ts is SST; and CE and CH
are bulk coefficients. In this bulk formula, the THF
strongly reflects the four variables of SST, SAT, Qa, and
WND, as the saturated specific humidity is a function of
SST (e.g., Kleeman and Power 1995). The net surface
heat flux (NHF) is obtained by adding the net surface
short- and longwave radiation data from the International
Satellite Cloud Climatology Project (ISCCP; Zhang et al.
2004) to the THF in OAFlux data; the ISCCP radiation
data are available on the OAFlux website.
We use temperature–salinity profiles from Argo floats
(Oka et al. 2007). The profiles are vertically interpolated
at 1-dbar intervals (1 dbar = 104 Pa) using the Akima (1970)
scheme. Then, we calculate potential temperature (u)
and potential density (su). We use the sea surface height
(SSH) dataset reconstructed by adding the satellitederived SSH anomalies complied by the Archiving,
Validation, and Interpretation of Satellites Oceanographic data (AVISO; Ducet et al. 2000) to the mean
topography (http://www.aviso.oceanobs.com). The SSH
data are available from October 1992 onward, with 7-day
temporal resolution and 1/ 38 (latitude) 3 1/ 38 (longitude)
spatial resolution. In this study, we define the KE axis as
the 110-cm SSH contour (thick line in Fig. 1c) because this
is consistently located at or near the position of the
maximum north–south gradient of SSH. We also use the
AVISO sea surface geostrophic velocity dataset with 7-day
temporal resolution and 1/ 38 (latitude) 3 1/ 38 (longitude)
spatial resolution: the product of which is calculated from
the SSH dataset (http://www.aviso.oceanobs.com).
In this study, we specifically examine winter months
(December–February) because THF values in the KOC
region are largest during this time of year. Note that, in the
time series figures, winter values are plotted as the calendar
year for midwinter conditions (January–February): for
example, winter values for December 1999–February 2000
are plotted as the year 2000. Degrees of freedom in a correlation analysis are estimated by dividing the data length
by the integral time scale according to the method used by
Davis (1976).

FIG. 2. Winter THF time series (W m22) averaged for the WKOCR
(dashed) and EKOCR (solid).

3. Relationship between THF in the eastern
and western KOC
We investigate a relationship between the THF in the
eastern KOC region (EKOCR; 368–408N, 1558–1608E;
black rectangle in Fig. 1) and the western KOC region
(WKOCR; 368–408N, 1438–1488E; gray rectangle in
Fig. 1). The THF in the EKOCR (solid line in Fig. 2)
shows low-frequency variations, with larger values in the
early 2000s and smaller values in the late 1990s and late
2000s. The heat release in the early 2000s is up to about
40% greater than that in the late 1990s and late 2000s. In
the WKOCR (dashed line in Fig. 2), the THF also shows
low-frequency variations with larger values around the
year 2000 and smaller values in the mid-2000s, but the
temporal behavior is different from that in the EKOCR.
There is no significant correlation between THF values
in the two regions (R 5 0.39; the value of which does not
exceed the 5% significance level).
To confirm the absence of a relationship between the
THF in the eastern and western parts of the KOC, we
perform a rotated empirical orthogonal function
(REOF) analysis using a varimax orthogonal rotation,
which is widely accepted as the most accurate analytic
algebraic orthogonal rotation (Kaiser 1958, 1959; Richman
1986). This analysis was applied to the first twenty
empirical orthogonal function (EOF) modes—which
account for more than 95% of the original variance—
extracted using a covariance matrix on the THF around
the KOC region of 358–458N, 1418–1758E (dashed rectangle in Fig. 3). The first mode (Fig. 3a) is dominated by
variance in the WKOCR, and the time coefficient is
highly correlated with the THF averaged for the
WKOCR (R 5 0.97). In the second mode (Fig. 3b),
larger variances are found in the EKOCR, and the time
coefficient is very similar to the THF averaged for the
EKOCR (R 5 0.93). A correlation coefficient between
the time coefficient in the first and second mode is
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FIG. 3. (a) First and (b) second REOF modes extracted for winter THF around the KOC region [dashed gray rectangle denotes this area
at (bottom)]. (top) Time coefficient (black line), the percentage of explained variance in parentheses, and winter THF (red line; W m22)
averaged for WKOCR in (a) or EKOCR in (b). (bottom) Distribution of correlation coefficients between the time coefficient and winter
THF field with black lines denoting significant regions exceeding the 5% significance level and blue rectangles showing WKOCR (dashed)
and EKOCR (solid).

almost zero (R 5 0.03). The series of results shows that
the temporal behavior of the THF in the EKOCR is
distinct from that in the WKOCR. In the following
sections, we specifically focus on the THF in the EKOCR.

4. Role of SST anomalies in the THF in the
EKOCR
The THF in the KOC region in winter is positively
correlated with winter SST (Hanawa et al. 1995; Tanimoto
et al. 2003; Sugimoto and Hanawa 2011). In addition, it
was shown that the SST controls the THF variation
in the WKOCR (Sugimoto and Hanawa 2011). Thus,
we expect that the same would be true for the THF in
the EKOCR. We quantitatively assess which parameters (i.e., SST, Qa, SAT, and WND) contribute to determining THF by applying a method used by Sugimoto
and Hanawa (2011). This approach requires two types of

datasets: daily raw data and daily climatological data.
The daily climatological data were obtained by applying
a 31-day running filter to calendar-day means throughout the analysis period. Using these data, we model the
THF based on the dataset combinations shown in Table 1,
with each combination designated as a ‘‘run.’’ The SST
run (solid line in Fig. 4a) has a significant correlation
(R 5 0.67; the value of which exceeds the 5% significance level) with the original THF (dashed line in
Fig. 4), and the ratio of the variance of the SST run to
that of the original THF is 80.1%. Although the WND
run (Fig. 4d) is also significantly correlated with the
original THF (R 5 0.59), it seems the correlation is
due to the lower frequency of the two time series. In fact,
the ratio of the variance explained by this run is much
smaller (18.3%) than that explained by the SST run.
Both the Qa run (Fig. 4b) and the SAT run (Fig. 4c)
are not significantly correlated with the original THF

TABLE 1. Combinations of variables used in the THF calculations in the different model runs.

SST run
Qa run
SAT run
WND run

SST

Qa

SAT

WND

Raw
Daily climatology
Daily climatology
Daily climatology

Daily climatology
Raw
Daily climatology
Daily climatology

Daily climatology
Daily climatology
Raw
Daily climatology

Daily climatology
Daily climatology
Daily climatology
Raw
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FIG. 4. Winter time series of THF (W m22) averaged for
EKOCR, for the different model runs: (a) SST, (b) Qa, (c) SAT,
and (d) WND run. Dashed line represents the original winter THF
time series averaged for EKOCR.

(R 5 20.06 and 20.10, respectively), and the ratios of
the variance explained by these runs are much small
(9.7% in the Qa run and 10.8% in the SAT run). It is
apparent that SST in the EKOCR is primarily responsible for determination of the THF.

5. Influence of Kuroshio bifurcation on SST
anomalies in the EKOCR
We investigate the cause of SST variations in the
EKOCR (Fig. 5a). Specifically, we investigate which
atmospheric or oceanic processes contribute to the
generation of SST anomalies. Here, we explore the
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FIG. 5. (a) Winter time series of SST (8C) averaged for EKOCR
(red line). Circles represent warm (white) and cold (red) years.
Dashed line represents the winter THF averaged for EKOCR.
(b) Map of correlation coefficients between winter upward NHF
and time rate of change in SST during winter, defined as SST in
February minus SST in November of the previous year. Yellow
lines indicate regions exceeding the 5% significance level. Black
rectangle represents EKOCR. (c) Winter time series of the EKE
(m2 s22) averaged for WKOCR (dashed) and EKOCR (solid).

relationship between the winter NHF and the time rate
of change in SST during winter. In the EKOCR
(Fig. 5b), significant correlation coefficients between the
NHF values and SST changes are not observed. This
shows that SST anomalies in the EKOCR are not a result of heat exchange between the ocean and atmosphere, suggesting that the oceanic processes generate
SST anomalies.
Regarding oceanic processes, we first examine regional eddy activity, as the SST variations in the
WKOCR are caused by warm eddies detached northward from the KE (Itoh and Yasuda 2010; Sugimoto and
Hanawa 2011). Figure 5c represents the winter time
series of eddy kinetic energy (EKE), calculated from
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FIG. 6. Meridional cross sections of (a) u (8C; contour interval is 18C), (b) S (psu; contour interval is 0.1 psu), and (c) su (kg m23; contour
interval is 0.1 kg m23) for the longitudinal band of 1558–1608E in February of (top) warm and (middle) cold years, or (bottom) the
difference between the two periods (shading; contours indicate values in warm years).

high-pass-filtered sea surface velocity data with time
scales shorter than 300 days, based on a method by Qiu
and Chen (2005). The EKE in the EKOCR shows no
marked time scale, and its variance is much smaller than
that in the WKOCR; the ratio of the variance of the
EKE in the EKOCR to that in the WKOCR is 21%. Past
studies have reported that the warm eddies detached
from the KE are frequently observed in the WKOCR
(Sugimoto and Hanawa 2011; Oka et al. 2012) and that

EKE levels are higher in the upstream region of the KE
(e.g., Qiu 2002). We therefore conclude that the SST
anomalies in the EKOCR are not related to mesoscale
eddy processes.
We investigate the ocean vertical structure to understand a possible cause of the SST variation that induces
THF change in the EKOCR. Here, we use Argo float
profiles collected since 2003 and define two categories
(warm and cold years) based on the regional time series
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of SST and THF (Fig. 5a); in warm (cold) years, both
SST and THF are greater (less) than the 2003–12 mean
values [white (red) circles in Fig. 5a]. We then prepare
meridional cross sections gridded at 0.58 latitudinal
intervals for February in the warm and cold years, applying a Gaussian filter with an e-folding scale of 55 km
to the u–S profiles within the longitudinal band of 1558–
1608E (Fig. 6). A comparison of the two periods clearly
shows that, in warm years, the EKOCR is much warmer
(.1.58C), saltier (.0.15 psu), and lighter (,0.2 kg m23)
than in cold years, not only at the sea surface but also
below 300 dbar [Fig. 6 (bottom)]. The water properties
at a depth of 100 dbar at 38.58N for warm years [Fig. 6
(top)] are u 5 12.88C, S 5 34.4 psu, and su 5 25.9 kg m23,
which is approximately classified as Kuroshio water. We
examine the influence of the Kuroshio water on the
upper-ocean fields in the EKOCR by calculating mixing
ratios, assuming horizontal mixing between pure
Kuroshio and Oyashio waters in the winter mixed layer,
as follows:
ru (%) 5 100[(u 2 uO )/(uK 2 uO )]
rS (%) 5 100[(S 2 SO )/(SK 2 SO )] ,
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and

(3)
(4)

where u and S represent properties in the winter mixed
layer, which are defined as the temperature and salinity
at a depth of 10 dbar (displayed in Fig. 6). Variables ru
and rS are the mixing ratios for u and S, respectively. The
values of uO and uK and of SO and SK, are u and S values
for pure Oyashio and Kuroshio waters, respectively;
pure Kuroshio and Oyashio water properties are obtained from mean u and S at a depth of 10 dbar in the
regions of 34.58–358N, 1418–141.58E and 438–43.58N,
147.58–1488E (blue squares in Fig. 1c), respectively.
Here, we use profiles of u . 158C at 200 dbar (u , 48C at
100 dbar) to minimize the risk of misidentifying subarctic (subtropical) profiles for pure Kuroshio (Oyashio)
water, as the axis of the Kuroshio (subarctic front) is
regarded as the u 5 158C isotherm at 200 dbar by Kawai
(1972) [u 5 48C isotherm at 100 dbar by Favorite et al.
(1976)]. In this study, we use the mean values of ru and rS
as the Kuroshio mixing ratio, where a 100% value corresponds to pure Kuroshio water. In warm years (Fig. 7),
Kuroshio water is distributed widely in the EKOCR,
with a mixing ratio of 70%. In contrast, in cold years,
a mixing ratio of less than 50% occurs in the EKOCR.
These results indicate that warm–salty water in the
EKOCR originates from the Kuroshio/KE in the south.
To understand the transport processes of Kuroshio
water into the EKOCR, we perform a composite analysis of sea surface current field for 20 winters from 1993
to 2012. Here, we additionally define two categories

FIG. 7. Meridional distribution of the Kuroshio mixing ratio (%)
for mixed layer properties in February of warm (white) and cold
years (red).

(warm and cold SST years) based on the regional time
series of SST (Fig. 5a); in warm (cold) SST years, SST is
greater (less) than the 1993–2012 mean SST. The warm
(cold) SST years mostly overlap the warm (cold) years
defined in the previous paragraphs, as the 1993–2012
mean SST (14.38C) is nearly equal to the 2003–12 mean
SST (14.48C). Results show that the eastward flow across
the EKOCR in warm SST years (Fig. 8a) bifurcates from
the KE at around 1508E. In contrast, in cold SST years
(Fig. 8b), the Kuroshio bifurcation is not observed. We
checked that the identical results were obtained in
warm and cold years. These results indicate that the
warm–salty water transported by the occurrence of the
Kuroshio bifurcation is responsible for determining
upper-ocean conditions in the EKOCR, and this results
in large THF release.

6. Summary and concluding remarks
We investigated THF variations in the EKOCR over a
period of 27 consecutive winters (December–February)
from 1985/86 to 2011/12, using THF data calculated
from a bulk formula using daily variables of OAFlux and
bulk coefficients obtained from the TOGA COARE
bulk flux algorithm 3.0. The THF in the EKOCR had
low-frequency variations with larger values in the early
2000s and smaller values in the late 1990s and late 2000s.
The heat release in the early 2000s was up to ;40%
higher than that in the late 1990s and late 2000s. We
concluded that THF variation in the EKOCR was distinct from that in the WKOCR, based on correlation
and REOF analyses. The results of this study strongly
suggest the importance of dividing the KOC region
into eastern and western parts to derive a better
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FIG. 8. Composite map of winter sea surface velocity vectors,
smoothed by a Gaussian filter with an e-folding scale of 55 km to
reduce the influence of small-scale perturbations: (a) warm (1995,
1999, 2000, 2002, 2003, 2004, 2005, 2010, and 2011) and (b) cold SST
years (1993, 1994, 1996, 1997, 1998, 2001, 2006, 2007, 2008, 2009,
and 2012). Small velocity vectors (,7 cm s21) are gray and large
velocity vectors (.20 cm s21) are red and rescaled. Blue rectangle
represents EKOCR.

understanding of the air–sea coupled system in the
western North Pacific.
We quantitatively evaluated the relative contributions
among SST, Qa, SAT, and WND to THF in the
EKOCR, by performing the experiments using combinations of two types of variables: daily raw data and
daily climatological data. Results showed that SST was
primarily responsible for determination of the THF, as is
the case in the WKOCR (Sugimoto and Hanawa 2011),
where large amounts of heat were released during times
of positive SST anomalies. During positive SST anomalies in the EKOCR, large positive anomalies in both
u and S were evident, not only at the sea surface but also
below 300 dbar, with water properties corresponding to
those of Kuroshio water. We found that warm–salty
water transported by the occurrence of the Kuroshio

VOLUME 27

FIG. 9. (a) Winter time series of the latitudinal position of the KE
axis based on the satellite-derived SSH product zonally averaged
between 1418 and 1558E (8N; red line) and the KE pathlength from
1418 to 1558E (km; black line). (b) Distribution of correlation coefficients between the KE pathlength and the winter SST field.
Contours indicate the winter SSH climatology (contour interval is
10 cm); the thick black line represents the KE axis. Yellow lines
indicate significant regions exceeding the 10% significance level.
Green rectangles represent WKOCR (dashed) and EKOCR
(solid). (c) As in (b), but for the latitudinal position of the KE axis.

bifurcation was responsible for the generation of positive SST anomalies in the EKOCR.
It is speculated that the occurrence/absence of the
Kuroshio bifurcation is related to characteristics of the
KE, in a region upstream of the bifurcation. Past studies
have reported that the KE path has two dominant variations: a decadal-scale meridional movement and
a change in path state (represented by a stable state with
two quasi meanders and an unstable state with a convoluted path) on quasi-decadal time scales (Qiu and Chen
2005, 2010; Seo et al. 2014). We examine the relationship
between the two KE path variations and the SST field in
winter (Fig. 9). Interestingly, SST in the WKOCR is
associated with the KE pathlength (Fig. 9b) [as pointed
out by Sugimoto and Hanawa (2011)], which is a measure of the stability of the KE path, while SST in the
EKOCR is related to meridional movements of the KE
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