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ABSTRACT

Temporal changes in the properties of the North Pacific subtropical mode water (NPSTMW) and the North
Pacific central mode water (NPCMW), which occurred around the mid-1970s, are investigated using temperature
data composited for the two decades bounded by the mid-1970s: 1966-75 and 1976-85. Properties of these
mode waters changed greatly after the mid-1970s. The colder NPCMW was formed and widely distributed
during 1976-85. In the NPSTMW formation area, warmer water occupied the southwestern part, and colder
water occupied the northeastern part during 1976-85. The cause of this change is discussed with regard to the
heat flux and wind stress data. The cooling can be explained as a result of changes in surface heat flux and heat
divergence in the Ekman layer, that is, alarger amount of heat released from the ocean surface and an increased
southward Ekman transport of cold water due to intensification of the westerlies. In particular, the latter plays
adominant rolein the observed cooling. On the other hand, the warming in the southwestern part of the NPSTMW
area cannot be explained by the above mechanism alone. Time series of the Sverdrup transport, the Kuroshio
transport, and the thermal structure of the upper ocean reveal that the subtropical gyre intensified after the mid-
1970s, suggesting that increased advection of warm water by the Kuroshio from lower latitudes to the south of
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Japan contributed to the observed warming.

1. Introduction

The climate change that occurred in the North Pacific
during the mid-1970s has been shown to reveal decadal
variability of the atmosphere—ocean coupled system.
Among its various aspects, the decadal variability of the
ocean has been investigated mainly using sea surface
temperature (SST; Davis 1976; Nittaand Yamada 1989;
Wallace et al. 1990; Tanimoto et al. 1993). For example,
Tanimoto et al. (1993) investigated the multiple time-
scale variability of SST in the North Pacific from 1950
to 1986. In their analysis of empirical orthogonal func-
tions (EOFs) for the decadal timescale, some quasi-
steady periods and some rapid transitions were recog-
nized. One of these quick transitions was seen in the
mid-1970s. This transition has a strong connection with
the variation of the atmospheric circulation character-
ized by the Pacific-North American (PNA) teleconnec-
tion pattern related to the intensification of the Aleutian
low (Trenberth 1990; Wallace et al. 1990; Trenberth and
Hurrel 1994). As far as the mechanism of SST vari-
ability, Cayan (1992b,c) studied large-scale variations
of the heat flux and showed that it is closely related to
the PNA pattern and the monthly SST tendency. Model
studies have al so contributed to understanding the mech-
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anism of SST variability. Using an atmosphere—ocean
coupled model, Tokioka et al. (1992) showed that
strengthening of the Ekman transport caused a decrease
in SST in the central North Pacific. Miller et al. (1994)
found that two quasi-steady states of the upper ocean
before and after the mid-1970s were mainly maintained
by a difference in vertical mixing in the mixed layer.
Strong vertical mixing after the mid-1970s effectively
|lowered the temperature in the subsurface layers (Haney
1980, 1985).

The change in the ocean interior structure around the
mid-1970s was described by Watanabe and Mizuno
(1994). They showed that the upper layer of the central
North Pacific became colder after 1975 and that the
influence of its anomal ous cooling proceeded southward
with time. They speculated that its spread was caused
by the ventilation process in the thermocline.

The upper-ocean thermal structure of the midlatitude
North Pacific is largely characterized by the two major
mode waters: One is the North Pacific subtropical mode
water (NPSTMW) and the other is the North Pacific
central mode water (NPCMW). Since they reflect at-
mosphere—ocean interaction, they are good indicators of
the tempora variability of the upper-ocean thermal
structure.

The NPSTMW is distributed in the northwestern part
of the subtropical gyre and is characterized by a ther-
mostad of 15°-19°C (e.g., Masuzawa 1969; Hanawaand
Suga 1995). The process of formation and distribution
of NPSTMW has been considered asfollows: NPSTMW
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is formed immediately south of the Kuroshio Extension
in winter due to a huge amount of heat released from
the ocean to the atmosphere and is spread widely
throughout the northwestern subtropical gyre by the Ku-
roshio recirculation system (e.g., Masuzawa 1969, 1972;
Hanawa 1987; Sugaet al. 1989; Suga and Hanawa 1990,
1995b; Bingham 1992).

Temporal variations in the spatial extent and prop-
erties of the NPSTMW are closely related to the win-
tertime heat flux in the formation area (e.g., Suga and
Hanawa 1995a). Bingham et al. (1992) compared the
thermal structure over the northwestern part of the North
Pacific subtropical gyre between two pentads of 1938—
42 and 1978-82. NPSTMW was thicker and more con-
fined geographically in the western part during 1938—
42. They attributed the thicker NPSTMW to the stronger
cooling in winter during 1938-42, which was deduced
by the intensity of the East Asian wintertime monsoon
and other indices. On the other hand, they inferred that
the more confined distribution resulted from reduced
advection by the Kuroshio current system because of
the spindown of the gyre suggested from the thermal
structure during 1938-42. Their argument implies that
NPSTMW properties, at least its spatial distribution, can
also vary with ocean circulation through the spinup or
spindown of the subtropical gyre.

The NPCMW was first discussed by Nakamura
(1996) and Suga et al. (1997). NPCMW is distributed
mainly at 30°-40°N and 170°E-150°W as a 9°-13°C
thermostad (Suga et a. 1997). Nakamura (1996) de-
scribed the climatological features of NPCMW based
on the Levitus (1982) temperature and salinity data. He
showed low potential vorticity water centered at ap-
proximately 26.25 o, spreading in the central North Pe-
cific. Furthermore, Nakamura (1996) and Suga et al.
(1997) examined the distribution of the wintertime
mixed layer and concluded that NPCMW was formed
by wintertime deep convection north of its distribution
area. Since atmosphere—ocean interaction affects win-
tertime convection, thisinteraction may play agreat role
in causing the NPCMW variations. Temporal variability
of the NPCMW, however, has not been examined yet.

In this study, we describe the changesin the two mode
waters, the NPSTMW and the NPCMW, that occurred
around the mid-1970s. Since those waters characterize
the upper thermal structure in the midlatitude North Pa-
cific, understanding of the changes in those waters|eads
to an understanding of the change in the upper-ocean
thermal structure in the midlatitude North Pacific. We
discuss the cause of changes in mode waters in terms
of wind stress and heat flux. We also examine the in-
fluence of ocean currents, that is, the Ekman and geo-
strophic flows, on the properties of the mode waters.

The contents of this paper are as follows: Section 2
describes the temperature, wind stress, SST, and heat
flux data used in this study. In section 3, the two decades
used in the composite analysis are determined and the
decadal changes in the properties of the NPSTMW and
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the NPCMW are discussed. The causes of those changes
in mode waters are discussed along with the atmospheric
and oceanic factorsin section 4. Section 5 contains con-
cluding remarks.

2. Data and methods
a. Temperature data

Temperature data were selected from the dataset re-
leased by the National Oceanographic Data Center
(1991). This dataset includes oceanographic station
(SD2), sdlinity/conductivity—temperature-depth (S/CTD),
expendable bathythermograph (XBT), mechanical bathy-
thermograph (MBT), selected level bathythermograph
(SBT), and IGOSS radio message bathythermograph
(IBT) data. The number of the observation is consid-
erably reduced before the mid-1960s. Thus, in the pres-
ent study, the analysis is carried out for 10°-50°N,
120°E-100°W during the period 1966-85. The distri-
bution of all stations used is shown in Fig. 1.

Since most of these data are confined to 460 m and
shallower, we only considered data above 460 m. XBT
fall rate error (Hanawa et al. 1995) was corrected; the
measured depth profile was corrected by using the equa-
tion Z, = 1.034 X Z,, where Z, is the corrected depth
profile and Z,, is the measured one. The corrected data
were linearly interpolated to regular 20-m depth inter-
vals. For each year, 2° X 2° (latitude X longitude) sea-
sonal averages were made at each depth using a Gauss-
ian filter with an e-folding scale of 0.5° in latitude and
0.75° in longitude. Winter was defined as the months
January—March, spring as April-June, summer as July—
September, and fall as October—December.

In compositing data we first formed a seasonal mean
for each year and then averaged the seasonal means for
each decade. This reduces the seasonal and year-to-year
biases in the distribution of observations. Since dynam-
ical disturbances of mesoscale eddies inevitably exist
within our study data, and are important in the vari-
ability of the upper thermal structure, we are not able
to show that there are significant temperaturedifferences
between the two decades. However, we will show that
the temperature differences make sense in terms of the
heat flux, the Ekman heat transport, and the geostrophic
transport in section 4. Thus, we believe that the tem-
perature differences shown in this study are plausible.

b. SST, wind, and heat flux data

In order to discuss the causes for the decadal changes
in the mode waters, we use SST, wind stress, and heat
flux data. These data were computed by Tanimoto et al.
(1997) from Comprehensive Ocean Atmosphere Data
Set (COADS) marine reports. This dataset includes
monthly 5° X 5° datafrom 1950 to 1990. The procedures
of the calculation are described in Tanimoto et al. (1993)
for SST and Tanimoto et a. (1997) for wind stress and
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Fic. 1. Distribution of stations used in the present study for (a) 1966—75 and (b) 1976-85. The numbers of the
stations are 247882 and 308098 for 1966—75 and 197685, respectively.

heat flux. In this study, seasonal data for each year and
annual mean data are calculated from the original
monthly datain Tanimoto et al. (1997). Seasonsfor wind
stress and heat flux were different from those of tem-
perature data. Winter was defined from December to
February, etc.

Sources of error in calculating heat flux were dis-
cussed by Weare (1989) and Cayan (1992a—). Random
errors can be reduced by averaging several observations.
Since we examine seasonal and 10-yr mean heat fluxes
in this study, those errors are considerably reduced.
Time invariant bias can be estimated mainly by consid-
ering the difference between the two decades in this
study. There are also time variant biases. Many authors
remove linear trends considered to be partly caused by
changes in instrumental practices. However, we do not
know to what extent those changes affect the trends.
Hanawa et a. (1996) examined whether the change in
the wind field over the North Pacific during the mid-
1970s isreal or an artifact of changing instrumentation
such as the change in the heights of ship anemometers.
They compared the wind stress fields with sea level
pressure and the resulting geostrophic wind fields, and
concluded that instrumental effects were small. Hence,
we do not remove a linear trend from the original data.
Furthermore, since heat flux results show spatialy sys-
tematic features and are consistent with other results
(e.g., Cayan 1992b), we believe that our results are not
problematic.

3. Decadal changes in the NPSTMW and the
NPCMW

In this section, we describe how the temperature and
distribution of the NPSTMW and the NPCMW changed
after the mid-1970s. Watanabe and Mizuno (1994)
showed that SST anomalies averaged from 35° to 45°N
became negative in and after 1976. Decadal variations
of SST studied in Tanimoto et al. (1993) indicate that
a warm phase of the decadal SST pattern changed to a
cold one in 1976 and continued until 1985. The period
1966-75 is generally warmer, although there were pe-
riods before 1970 when SST anomalies were near zero.
We thus chose the two decades 196675 and 1976-85,
for compositing the temperature data. Also, since it is
known that variability at interannual timescalesislarge
in the northwestern part of the North Pacific subtropical
gyre (Suga and Hanawa 1995a), we chose these above
periods in order to prevent variability at the interannual
timescales from appearing in the composited data. We
then present results based on the composited analysis
of changes in the NPSTMW and the NPCMW. In com-
positing data, a spatial Hanning filter with weight func-
tion of 0.25, 0.5, and 0.25 is operated threetimes zonally
and once meridionally.

The two mode waters are formed by deep convection
due to surface cooling in winter. In climatology, a deep
wintertime mixed layer is formed mainly in the area
of 28°-35°N, 140°-160°E and north of 38°N in the
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FiG. 2. Zonal temperature sections in winter for 1966—75, 1976-85, and the difference between these two decades at (a) 31°N, (b) 33°N,
(c) 35°N, and (d) 39°N. Contour intervals are 1.0°C for 1966—75 and 1976-85, and 0.2°C for the difference. Dashed contours denote negative
differences. Areas with the vertical temperature gradients less than 2.0°C/100 m are hatched lightly and those with gradient less than 1.5°C/

100 m are hatched darkly.

central North Pacific. The former corresponds to the
formation area of NPSTMW and the latter corresponds
to that of the NPCMW (Suga and Hanawa 1990; Huang
and Qiu 1994; Nakamura 1996). First, we compare the
wintertime thermal structures in those areas. Figure 2
shows temperature sections along 31°, 33°, 35°, and
39°N in winter composited for the two decades. Ther-
mostads are highlighted by hatching the layers of ver-
tical temperature gradient less than 2.0°C/100 m lightly
and those less than 1.5°C/100 m darkly. Figure 2 also
presents the temperature difference between the two de-
cades. In Figs. 2a—c, thethermal structurethat represents
the southward Sverdrup flow and the northward Ku-
roshio is recognized. Furthermore, the surface mixed
layer is fairly deep in the area centered at 150°E and
its temperature ranges around 15°-19°C. These areas
correspond to the NPSTMW formation area. In the fig-
ures of temperature difference, there are positive areas
east of 145°W and negative areas between 170°E and

145°W at al latitudes. On the other hand, the temper-
ature difference west of 170°E varies with latitude; that
is, apositive areais recognized in the 31°N section, but
is no longer apparent at 35°N. These show that the
NPSTMW formed during 197685 is warmer than that
formed during 1966—75 in the southwestern part of its
formation area, but colder in the northeastern part. Fig-
ure 2d shows the temperature section that corresponds
to a part of the NPCMW formation area. A deep mixed
layer develops at around 180° and the temperature dif-
ference reaches —1.0°C in that area. Therefore, colder
NPCMW was formed during 1976-85. The above re-
sults are consistent with earlier resultsregarding the SST
change that occurred in the mid-1970s (Wallace et al.
1990; Tanimoto et al. 1993; Trenberth and Hurrel 1994;
Watanabe and Mizuno 1994; Deser and Blackmon
1995).

In spring, NPSTMW subducts under the seasonal
thermocline and is advected widely in the northwestern
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Fic. 3. Zonal temperature sections in spring for 1966-75 and 1976-85 at (a) 29°, (b) 31°, (c)
33°, and (d) 37°N. Contour intervals are 1.0°C. Areas with vertical temperature gradient less than
2.0°C/100 m are hatched lightly and those with gradient less than 1.5°C/100 m are hatched darkly.

part of the subtropical gyre with characteristics of the
thermostad formed in winter. In this study, NPSTMW
is defined as the thermostad in which the vertical tem-
perature gradient is less than 1.5°C/100 m. It is shown
in Figs. 2 and 3 by the dark hatching. Temperature sec-
tions along 29°, 31°, and 33°N in spring are shown in
Figs. 3a—c. From the temperature at the lower boundary
of the NPSTMW thermostad, it is apparent that colder
NPSTMW exists for 197685 than for 1966—75. Also,
the NPSTMW thermostad for 197685 is in continuous
contact with the 11°-13°C thermostad corresponding to
a part of the NPCMW. This colder NPSTMW is prob-
ably formed east of 160°E at higher latitudes such as
35°N in winter (Fig. 2¢). Figure 3d shows the temper-
ature section along 37°N. The temperature of the
NPCMW thermostad with vertical gradient less than
1.5°C/100 m exhibits considerable difference between
the two decades: 9°-14°C for 1966—75 and 8°-13°C for
1976-85.

We can also see a change in the mode waters, during
the summer. Figure 4 shows scatterplot diagrams for the
summer temperature and its vertical gradient at 20°—
40°N, 130°E-130°W. Since the minimum of the vertical
temperature gradient represents the vertical core of the
mode water, that minimum is a good indicator of the
properties of the mode water (Suga et al. 1997). In Fig.
4, there are minima of the vertical temperature gradient
at 16°-17°C and 10°-11°C, corresponding to the
NPSTMW core and the NPCMW core. In both the
NPSTMW and the NPCMW, the core temperature of
the mode water is clearly different between the two
decades.

In order to highlight the spatial changes in the mode
waters between the two decades, horizontal maps of
these core temperatures are drawn in Fig. 5. The
NPSTMW core s colder during 1976-85 in most of the
NPSTMW area (Fig. 53). NPSTMW during 196675 is
warmer than 16.5°C at 140°-160°E, whereas the 1976~
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Fic. 4. Scatterplots of temperature versus temperature gradient for summer temperature profiles in the area 20°—40°N
and 130°E—130°W for (a) 196675 and (b) 1976—-85.

85 field indicates the temperature below 16.5°C in most
of the NPSTMW area. On the other hand, warmer
NPSTMW is seen west of 140°E during 1976-85. This
warmer NPSTMW corresponds to water formed west
of 160°E in winter (Fig. 2a). Furthermore, NPSTMW
spreads farther to the east of 170°E during 1976-85.
This suggests that intensified eastward currents corre-
sponding to the spinup of the gyre cause more eastward
advection of NPSTMW. In the NPCMW core, we can
see southward shifts of temperature contours and alarg-
er area of 9°-11°C contours for 1976-85 than 1966—75
(Fig. 5b). This represents an increase in volume of
colder NPCMW.
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4. Mechanisms of the oceanic decadal changes
a. Heat flux

On the interannual timescale, the properties of the
NPSTMW vary with the strength of the cold-air surge
of the East Asian wintertime monsoon. In earlier studies
of NPSTMW variabhility, it has been shown that there
is a large amount of heat released through the surface
over the NPSTMW formation area during the winter-
time monsoon. The relationship of surface heat flux with
the properties of NPSTMW has been discussed (e.g.,
Suga and Hanawa 19954). In this study, we examine the
causes of the decadal change in the properties of the
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FiG. 5. Temperature distributions on the surface of vertical temperature gradient minimum corresponding to (a) NPSTMW and (b) NPCMW.
The contour intervals are 0.5°C. For areas where the vertical temperature gradient is greater than 2.0°C/100 m, contours are not displayed.
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Fic. 6. Difference of the wintertime net heat flux fields between the two decades. Contour intervals are 5 W m~2 and dashed contours
denote a larger heat release during 1976-85 than 1966—75. Areas with confidence greater than 90% are hatched lightly and those with

confidence greater than 99% darkly.

NPSTMW and the NPCMW. Figure 6 shows the dif-
ference of wintertime net heat flux through the sea sur-
face between 1966—75 and 1976-85. It indicates alarger
area of the western North Pacific where the heat loss
during 1976-85 is more more than 25 W m~2 greater
than the earlier decade. This areais consistent with that
of alarger amount of heat release connected with the
strong Aleutian low dueto the active PNA pattern (Cay-
an 1992b). The Aleutian low became stronger after the
mid 1970s (Trenberth and Hurrel 1994; Hanawa et al.
1996) as seen in the maps of wind stress vectors (Fig.
7). Therefore, the feature shown in Fig. 6 is related to
the PNA pattern. Since that area also corresponds to
formation areas of NPSTMW and NPCMW, decadal
changes in the heat flux must have as great an influence
on the mode waters as interannual changes. However,
we have to examine how the difference of heat release
alone can explain the changes in the temperature shown
inFig. 2.

b. Heat divergence in the Ekman layer

As aresult of the intensification of the westerlies cen-
tered by the Aleutian low, the strength of the surface
Ekman flow changes and consequently so does the heat
transport in the Ekman layer (Deser and Blackmon 1995).
These changes consequently influence the temperaturein
the upper ocean. Assuming that the temperature in the
Ekman layer isidentical to SST, the heat transport in that
layer, He, is calculated in terms of the wind stress (7)
and SST (T averaged from December to February,

A, = C AT,

where C,, = 4.0 X 10° J K-* kg~ is the specific heat

of sea water, f is the Coriolis parameter, and k is a unit
vertical vector. Changes in divergence of that transport,
V-Hg, can contribute to changes in the heat content as
changes in the surface can. The difference of that di-
vergence between the two decades is shown in Fig. 8.
Because of the intensification of the westerlies, agreater
amount of heat is lost north of 30°N during 1976-85
than during 1966-75, and it exceeds 50 W m~2 along
38°N inthe central North Pacific. Heat lossin the Ekman
layer is dominant in the central North Pacific, whereas
in the western North Pacific, the change in surface heat
flux is larger than that of the Ekman heat divergence.

Figure 9 shows the sum of the difference of the heat
flux through the sea surface (Fig. 6) and the difference
of the Ekman heat divergence (Fig. 8). A negative net
change appears along the western boundary and
throughout most of the area north of 30°N. We will now
estimate how much of the temperature difference be-
tween the two decades can be explained from the dif-
ference of the heat loss shown in Fig. 9. If the typical
mixed layer depth D is assumed to be constant 200 m,
the resulting temperature difference AT between the two
decades is given by

AQ
AT C.oD’
where AQ is the difference of the heat loss shown in
Fig. 9 multiplied by 3 months and p = 1025 kg m—3 is
the density of sea water. With these parameters, 100 W
m-2 of heat loss corresponds to 0.95°C of temperature
reduction.

In the central North Pacific area (40°N, 180°), since
the heat loss change is about 70 W m~2, the temperature
reduction is estimated as about 0.7°C. On the other hand,
it is about 0.3°C in the Kuroshio area (30°N, 140°E) as
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Fic. 7. Difference of the wintertime wind stress fields between 1966-75 and 1976-85.

a result of 30 W m~2 of heat loss change. Since the
former value is comparable to the observed temperature
difference (Fig. 2d), we consider that a change in the
Ekman heat divergence is the major cause for the lower
temperature during 1976-85 in the central North Pacific
as suggested by Deser and Blackmon (1995). Haney
(1980) and Miller et al. (1994) showed that vertical
mixing was the most important process for changing the
temperature in the subsurface layer, even with a large
Ekman transport. In the above discussion, the process

of mixed layer deepening is ignored. However, since
the importance of Ekman transport for cooling in the
central North Pacific is also consistent with the results
of model studies by Tokioka et al. (1992), we believe
that heat loss via Ekman heat divergence is the main
cause of the mixed layer deepening through vertical
mixing, which must redistribute colder SST anomalies.

The estimated heat |oss suggests a 0.3°C decrease of
the surface layer temperature in the Kuroshio area. The
observed difference in temperature, however, is positive
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Fic. 8. Asin Fig. 6 except for the wintertime heat divergence in the surface Ekman layer.

(warming) in the corresponding region (Fig. 2a). In or-
der to solve this discrepancy, the changes in ocean cir-
culation are considered in the next subsection.

c. Intensification of the subtropical gyre

The change in the Aleutian low due to the activity of
the PNA pattern (Fig. 7) influences not only the strength
of the Ekman heat transport but also the wind-driven
ocean circulation. Figure 10 shows the time series of
the annual mean Sverdrup transport at 30°N, 130°E,
where the transport is largest in the subtropical gyrein
the North Pacific. The transport rapidly increased in the
mid-1970s. Furthermore, there is alarger transport dur-
ing 197685 compared to 1966-75 throughout the

whole area of the subtropical gyre (Fig. 11). Hence, it
is suggested the subtropical gyre was spun up after the
mid-1970s due to intensification of the Aleutian low
and the associated westerlies.

In order to understand the oceanic manifestation of
the gyre intensification, we present Kuroshio transports
evaluated at two sections by Qiu and Joyce (1992) and
Kawabe (1995). Qiu and Joyce (1992) calculated the
Kuroshio transport along the 137°E section using hy-
drographic data from the Japan Meteorological Agency
(IMA). Figure 12 displaystime series of thesetransports
from Table 2 of Qiu and Joyce (1992). The time mean
transport during 1976-82, 53.9 Sv, issignificantly larger
than 42.9 Sv during 1969-75.

Figure 13 shows the temporal variability of the geo-
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Fic. 9. Sum of the difference of the net heat flux through the surface (Fig. 6) and the difference of the Ekman heat divergence (Fig. 8).
Contour intervals are 10 Wm-2.
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Fic. 10. Time series of the annual mean Sverdrup transport at 30°N,
130°E. Means and standard deviations for 196675 and 1976-85 are
indicated.

strophic volume transport of the Kuroshio referred to
700 db, at the PN line in the East China Sea from Ka-
wabe (1995). The transport was originally evaluated by
the Nagasaki Marine Observatory of the IMA using two
different methods, the one by Saiki (1982) and other
from the Oceanographic Prompt Reports of that ob-
servatory. Comparing the transports computed using the
two different methods, Kawabe (1995) added 2.2 Sv
(Sv = 10° m? s%) to the transports before 1972 esti-
mated by using Saiki's method (for details, see his pa-
per). It shows a transport of 25.6 Sv during 197685,
which is also significantly larger than that during 1966—
75 (22.5 Sv). The path of the Kuroshio south of Japan
tended to be in a large meander phase after the mid-
1970s. This may have a connection to the increased
Kuroshio transport and the spinup of the subtropical
gyre. Both of the above results indicate that the Ku-
roshio transport increased after the mid-1970s.

There is further evidence of gyre intensification. The
meridional difference (29°N minus 39°N) of temperature
averaged vertically from the surface to 400 m and zo-
nally 150° to 160°E, which corresponds to the Kuroshio
Extension area, is shown in Fig. 14. It increased con-
tinuously after the mid-1970s. Considering the thermal
wind relation, this increasing baroclinicity reveals the
subtropical gyre being spun up, which isconcurrent with
the intensification of the Sverdrup transport during
1976-85. Watanabe and Mizuno (1994) also demon-
strated that the main thermocline was deeper after 1975
in the subtropical gyre.

The above results reveal that the subtropical gyrein
the North Pacific strengthened after the mid-1970s. Al-
though we are not able to evaluate the heat transport by
the Kuroshio, it is plausible that the amount of warm
water advected by the Kuroshio from lower latitudes to
south of Japan became larger as a result of the spinup
of the gyre. Thereisasimilar difference in the heat flux
in the western part of the subtropical gyre between the
two decades as in the central North Pacific, but the
increased advection of warm water prevented the tem-
peraturein the former areafrom becoming colder. Figure
15 shows a time series of net heat flux in the Kuroshio,
the Kuroshio Extension, and the central North Peacific.
In the central North Pacific, the rapid rise occurred in
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the mid-1970s. This abrupt change could have been
caused by intensification of the westerlies over that area,
because the sum of the sensible and latent heat fluxes
is highly correlated with the wind speed over that area
(Cayan 1992b). On the other hand, the heat flux in-
creased gradually after the mid-1970s in the Kuroshio
and the Kuroshio Extension areas. Because the corre-
lation between the atmospheric PNA pattern and the
wind speed is small over these areas (Cayan 1992b) and
the Kuroshio transport increased after the mid-1970s,
we can conclude that the gradual increase of heat release
isaresult of the increased advection of the warm water
by the Kuroshio. This indicates that the warmer tem-
perature in the southwestern part of the NPSTMW dur-
ing 197685 arises from a combination of increased
advection from lower latitudes and increased heat re-
lease to the atmosphere.

In summary, in the central North Pacific, where the
westerlies strengthened after the mid-1970s, although
surface heat release significantly increased, the heat loss
due to the Ekman heat divergence was a significant
factor in the decrease of the temperature of the NPCMW
and the northeastern part of the NPSTMW. The change
in ocean circulation forced by the intensification of the
westerlies led to increased advection of warm water in
the northwestern part of the subtropical gyre, which
caused an increase in heat release to the atmosphere.
Therefore, in spite of a larger amount of heat release,
advection of warm water prevented the southeastern
NPSTMW from becoming colder.

5. Concluding remarks

We have investigated temporal changes in the prop-
erties of NPSTMW and NPCMW that occurred around
the mid-1970s, comparing data composited for the two
decades bounded by the mid-1970s: 1966—75 and 1976—
85. Properties of the two mode waters changed greatly
after the mid-1970s. NPCMW was colder and more
widely distributed during 1976-85. In the NPSTMW
formation area, warmer water occupied the southwest-
ern part, and colder water occupied the northeastern part
during 1976-85.

In the central North Pacific, the decreased temperature
of the mode waters was caused by the combined effect
of increased heat release from the ocean to the atmo-
sphere and increased heat divergence in the Ekman lay-
er, with the latter component being dominant. The
warming in the southwestern part of the NPSTMW area,
however, could not be explained by the above mecha-
nism alone. Since the Sverdrup transport of the sub-
tropical gyre and the Kuroshio transport increased after
the mid-1970s, it was suggested that the increased ad-
vection of warm water from lower latitudes to south of
Japan by the Kuroshio was the major cause of the warm-
ing.

The long-term variability of the monthly SST ten-
dency in winter is quite consistent with that of the heat
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Fic. 11. Annual mean Sverdrup transport fields for (a) 1966-75, (b) 1976-85, and (c) the difference between two decades.
Contour intervals are 5 Sv for (a) and (b), and 1 Sv for (c). Areas with confidence greater than 90% are hatched lightly and those

with confidence greater than 99% darkly.
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FiG. 12. Time series of the volume transport of the Kuroshio across
the 137°E section evaluated by Qiu and Joyce (1992). Means and
standard deviations for 1969—75 and 1976-82 are indicated.

flux in winter (Cayan 1992c). Increased heat release to
the atmosphere is related to the negative SST tendency.
On the other hand, SST anomalies reflect atmosphere—
ocean interaction in either direction. The area south of
Japan is where increased advection from lower latitudes
caused increased heat release to the atmosphere, and
wintertime SST anomalies were not lower than those in
the previous decade, even despite the negative SST ten-
dency in winter.

Bingham et al. (1992) suggested the impact of gyre
intensification on NPSTMW distribution. In their anal-
ysis, both the variations of NPSTMW on interannual
and longer timescales are included, so they could not
clearly distinguish NPSTMW variations characteristic
of the two typical timescales. In this study, we chose
two quasi-steady-state periods and averaged over atime
span longer than the interannual timescale. We showed
that the properties of the NPSTMW changed as a result
of gyre spinup on the decadal timescale, which raised
the temperature in the formation area.

The importance of geostrophic currents such as the
Kuroshio was emphasized in this study. Since the long-
term variations of the ocean circulation such asthe spin-
up or spindown of the gyre vary the strength of the
ocean currents in the northwestern part of the subtrop-
ical gyre, these influence the decadal variability of the
upper thermal structure in that area. Furthermore, the
properties and distribution of NPSTMW are directly af -
fected by the spatial variations of the Kuroshio recir-
culation system, for example, variations in the behavior
of eddies, the meander of the Kuroshio and the Kuroshio
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Fic. 13. Time series of the volume transport of the Kuroshio across
the PN line evaluated by Kawabe (1995). Thisline runs approximately
from 29°N, 126°E to 27°N, 128°E. Means and standard deviations
for 196675 and 1976-85 are indicated.
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Fic. 14. Time series of the meridiona difference of the annual
mean temperature that is averaged vertically from O to 400 m and
zonally from 150° to 160°E. The difference is taken for the value at
29° minus at 39°N and smoothed using a 3-yr running mean.

Extension (Suga and Hanawa 1995b), which may be
related to decadal changes in ocean currents (Kawabe
1995). Hence, it is necessary to reproduce these behav-
iors in numerical models in order to simulate changes
in NPSTMW and evaluate the role of heat transport by
the Kuroshio on the decadal timescales.

SST anomalies in the NPCMW formation area have
been investigated by many authors showing large vari-
ability on the decadal timescales. Temperature anoma-
liesin NPCMW are advected by the gyre flow to lower
latitudes on decadal timescales (Huang and Qiu 1994;
Watanabe and Mizuno 1994). Although there is no clear
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Fic. 15. Time series of wintertime net heat flux spatially averaged
in the Kuroshio (30°-35°N, 130°-145°E), the Kuroshio Extension
(30°-35°N, 145°-160°E), and the central North Pacific (35°-45°N,
170°E-170°W) areas. Means and standard deviations for 1966—75
and 1976-85 are indicated.
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observational evidence that variations in tropical SST
are affected by the midlatitude upper ocean, it is im-
portant to discern the temporal variability of NPCMW
and its advection so that we may understand decadal
climate variability.
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