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ABSTRACT

Using oceanographic observations and an eddy-resolving ice-ocean coupled model simulation from 1955 to
2004, the effects of the wind-driven ocean circulation change that occurred in the late 1970s during
multidecadal-scale freshening of the North Pacific Intermediate Water (NPIW) at salinity minimum density
(~26.8 o) were investigated. An analysis of the observations revealed that salinity decreased significantly at
the density range of 26.6-26.8 o in the western subtropical gyre, including the mixed water region (MWR).
The temporal variability of the salinity is dominated by the marked change in the late 1970s. With results
similar to the observations, the model, selectively forced by the interannual variability of the wind-driven
ocean circulation, simulated significant freshening of the intermediate layer over the subtropical gyre. The
significant freshening is related to the increase in southward transport of the Oyashio associated with the
intensification of the Aleutian low. Accompanying these changes, the intrusion of fresh and low potential
vorticity water, originating in the Okhotsk Sea, to the MWR increased, and the freshening signal propagated
farther southward in the western subtropical gyre during the subsequent 6 yr, crossing the Kuroshio Exten-
sion. These results indicate that the multidecadal-scale freshening of the NPIW is partly caused by in-

tensification of the wind-driven cross-gyre transport of the subarctic water to the subtropical gyre.

1. Introduction

North Pacific Intermediate Water (NPIW) occupies
the subtropical gyre region of the North Pacific and has
well-defined low salinity at a depth range of 300-800 m
(Sverdrup et al. 1942) and a distinct salinity minimum
centered in the narrow density range of oy = 26.7-26.9
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(Reid 1965). Ventilation areas for the NPIW have been
identified in subpolar regions, mainly in the Sea of
Okhotsk (Yasuda 1997) and the Gulf of Alaska (Van
Scoy et al. 1991; You et al. 2000). Ventilated water in the
Sea of Okhotsk is characterized by a pycnostad and is
known as Okhotsk Sea Mode Water (Yasuda 1997) or
Okhotsk Sea Intermediate Water (OSIW) (Itoh et al.
2003). Ventilated waters in these regions are trans-
formed along the subarctic—subtropical frontal zone,
which sets the NPIW density partly by cabelling (which
describes sinking water resulting from lateral mixing)
(Talley and Yun 2001; You 2003; Yun and Talley 2003).
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FIG. 1. Climatologies of (a),(b) acceleration potential, (c),(d) salinity, and (e),(f) PV at 26.8 o for (left) the
observations and (right) the model simulation. The contour interval is (top) 0.5m*s 2, (middle) 0.1 psu, and
(bottom) 0.5 X 10™'°m™"'s™!. The acceleration potential is calculated relative to 2000 dbar. In (b), the region for

the MWR (broken line) is indicated.

Unlike other major intermediate water masses, such as
Antarctic Intermediate Water and Labrador Sea Water,
the NPIW lacks a corresponding oxygen maximum core
and density > 26.8 g does not outcrop in the formation
area (Talley and Nagata 1995). Thus, the isopycnal mix-
ing processes between the subarctic and subtropical wa-
ters, and the direct ventilation areas, are essential for
NPIW formation.

From climatological data analysis, Talley (1993)
showed that cold and fresh waters are confined to the
region between the Kuroshio Extension (KE) and the
Oyashio Front [referred to as the mixed water region

(MWR); see Fig. 1b] and suggested that NPIW is formed
mainly in this region. Mitsudera et al. (2004) used a high-
resolution regional ocean model to make a detailed
diagnosis of how the mesoscale current system in the
MWR leads to southward transport of OSIW. Their
study showed that southward intrusion of the Oyashio
plays a leading role in the southward transport of OSIW
in the MWR. Kouketsu et al. (2005) showed that me-
soscale eddies generated by baroclinic instability waves
created between the subtropical and subarctic water
boundaries also reinforce isopycnal mixing between
these. Eddy-resolving ocean general circulation model



990

(OGCM) simulation supports the significant roles of the
mesoscale eddies and southward Oyashio intrusion in
transporting the OSIW southward (Ishikawa and Ishizaki
2009; Fujii et al. 2013).

The variability of the NPIW is important for fresh-
water transport (Talley 2008) and the circulation of
materials and heat (Talley 2003) in the North Pacific.
For example, silicate, which is abundant in the subarctic
North Pacific, is transported effectively to low latitudes
through the NPIW pathway (Sarmiento et al. 2004). It
has also been reported that iron, an essential micro-
nutrient for phytoplankton, originates from the OSIW
and may lead to abundant biological productivity in the
North Pacific (Nishioka et al. 2007). Furthermore, long-
term changes in the water mass are likely to be crucial for
the carbon cycle and pertinent to global warming issues.
The net anthropogenic CO; flux from the Okhotsk Sea to
the Pacific is estimated to be 0.025GtCyr ™!, and a large
part of this flux (0.02GtCyr ') enters the intermediate
depth of the subtropical gyre and thus the NPIW (Yasuda
et al. 2002). This flux explains approximately 15% of the
inventory in the North Pacific.

It has recently been reported that there was a signifi-
cant freshening of NPIW salinity in the latter half of
twentieth century (the water mass was cooled on its
isopycnal surfaces) (Wong et al. 1999, 2001; Joyce and
Dunworth-Baker 2003; Kouketsu et al. 2007; Nakano
et al. 2007). By comparing hydrographic observations
from the 1960s and 1985-94, Wong et al. (1999, 2001)
suggested that fresher surface water feeds into ventila-
tion regions such as the Okhotsk Sea and Alaska Gyre
and that their signals are advected along the formation
pathway of NPIW. In addition, several studies have in-
dicated that freshening in the surface water of the sub-
arctic North Pacific (Durack and Wijffels 2010) and the
Sea of Okhotsk (Hill et al. 2003; Ohshima et al. 2014)
occurs on a multidecadal time scale, implying that
freshened source water could modify the NPIW.

However, the above scenario, attributing freshening of
the NPIW at the salinity minimum density with a center
of 26.8 oy (hereinafter, we refer to this as NPIW) to
freshening at its sources, is questionable. Unlike the cir-
cumstance in the Southern Ocean, the MWR, which is the
formation region for NPIW, does not outcrop even in
winter (Talley 1993); thus, different physical mechanisms
are involved in the formation of NPIW with density
heavier than 26.8 g. The source water of NPIW heavier
than 26.8 o is mainly subject to the ventilation processes
in the Sea of Okhotsk (You et al. 2000). In the north-
western shelf region, sea ice production leads to the
production of cold, oxygen-rich dense shelf water (DSW)
with densities up to 27.0 o (Shcherbina et al. 2003). The
DSW is transported southward into the intermediate
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layer in the southern Okhotsk Sea by the East Sakhalin
Current (Mizuta et al. 2003) and isopycnally mixed with
intermediate water coming from the North Pacific (Yasuda
1997; Itoh et al. 2003). This mixing forms OSIW, which is
the coldest, freshest, and most oxygen-rich water in the
North Pacific, on 26.8-27.4 o isopycnals (Talley 1991). The
freshening of surface water would tend to shift the core
density of DSW (26.8 o) to a lighter density. Thus, there is
a possibility that the freshening of surface water leads to
a reduction in DSW on the salinity minimum density sur-
face of NPIW and results in a warming and salinification of
OSIW (Matsuda et al. 2009; Nakanowatari et al. 2014).

Between 1955 and 2004, the potential temperature in
the Sea of Okhotsk and the western subarctic region in-
creased significantly on 26.8-27.2 o isopycnals, which
translated to a salinification signal on isopycnal surfaces
due to the surrounding temperature—salinity (7-S) curve
(Itoh 2007; Nakanowatari et al. 2007). These studies
suggest that ventilation of the intermediate layer in the
subarctic region including the Sea of Okhotsk has been
weakened. This hypothesis is also supported by a de-
crease in levels of dissolved oxygen in the Sea of Okhotsk
(Nakanowatari et al. 2007), Oyashio region (Ono et al.
2001), and the western subarctic gyre (Andreev and
Watanabe 2002; Emerson et al. 2004). Because the weak-
ening ventilation leads to a shift in the densities that are
ventilated, this change may be related to the freshening
signal in NPIW at the density range lighter than 26.8 o.
However, at the salinity minimum density range for NPIW,
the freshening signals in NPIW on isopycnal surfaces are
not accomplished by the isopycnal mixing processes of the
salinification signal of OSIW on the corresponding iso-
pycnal surface.

An alternative interpretation of the freshening in
NPIW suggests a possible role of the wind-driven ocean
circulation change. Previous observational and modeling
studies have suggested that interannual variability of
southward Oyashio transport is related to wintertime
changes in basin-scale wind stress (Sekine 1988; Isoguchi
et al. 1997; Nonaka et al. 2008). The atmospheric vari-
ability over the North Pacific bears a half-century scale
change characterized by the deepened Aleutian low of
1976/77 (Nitta and Yamada 1989; Trenberth 1990), which
is known to be a part of the periodic change of the Pacific
decadal oscillation (PDO) characterized by a basinwide
scale change in sea surface temperature (SST) and sea
level pressure (SLP) (Mantua et al. 1997; Minobe 1997).
Therefore, such a shift in the wind stress may have en-
hanced southward transport of the Oyashio water in the
MWR and led to the freshening in the NPIW in the latter
half of twentieth century.

The importance of the wind-driven ocean circulation
change for the water mass properties of the intermediate
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water has been indicated by several numerical studies.
Auad et al. (2003) showed in an ocean model simulation
that when the wind stress curl strengthened after the
climate regime shift that occurred in 1976/77, a re-
duction in salinity occurred along the northern bound-
ary of the NPIW. They suggested that the change
resulted from anomalous southeastward flow of cold and
low-salinity waters from the Sea of Okhotsk. On the
other hand, Nakano et al. (2005) indicated that the re-
gion of westward flow south of the Kuroshio Extension
became fresher as a result of the strengthened sub-
tropical gyre. However, these studies were based on
models that had spatial resolutions that were inadequate
for representing the Oyashio and mesoscale eddies
(which are crucial for the formation of NPIW) (Ishikawa
and Ishizaki 2009; Tanaka et al. 2010). In this study, we
examine the role of the wind-driven ocean circulation
change on multidecadal-scale change in the NPIW at the
salinity minimum density of 26.8 o in the western sub-
tropical gyre and its possible mechanisms, using historical
oceanographic data and an eddy resolving, ice—ocean,
coupled model simulation selectively forced by the in-
terannual variability of the wind-driven ocean circula-
tion. We show with the simulation that the observed
multidecadal-scale change in the NPIW property (fresh-
ening on the isopycnal surface) originates from the MWR
extending to the subtropical recirculation across the
Kuroshio Extension. The observed and simulated data in
the Sea of Okhotsk, which is a major source region for
NPIW, do not support that freshening in the source water
is essential for the multidecadal-scale freshening of
NPIW. In light of the observed and simulated changes in
the source region, these model results are a satisfactory
implication that the NPIW freshening is caused mainly by
intensification of the wind-driven cross-gyre transport of
the subarctic water to the subtropical gyre.

The paper is organized as follows: Section 2 describes
the model and observational data, section 3 evaluates the
climatological representation of the model in comparison
with the observational data, and section 4 shows the ob-
served multidecadal-scale change in the water properties
of the NPIW and compares this with the simulated data.
In section 5, possible mechanisms for the change in the
NPIW are examined based on the simulated data, with an
emphasis on changes in the wind-driven gyre circulation.
Section 6 provides a summary and discussion.

2. Model output and observational data

The model simulation data used in this study were in-
tegrated using an eddy-resolving (/12° grid) ice—ocean
coupled model of the North Pacific developed at the
Meteorological Research Institute, Japan Meteorological
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TABLE 1. Difference of salinity on isopycnal surfaces between
1977-2004 and 1955-76 averaged over the western subtropical
gyre. Bold numbers indicate the differences that exceed the 95%
confidence levels based on the Student’s ¢ test.

oy 26.6 26.7 26.8 26.9 27.0 27.1
Obs —=0.030 —0.022 —0.012 —0.001 0.005  0.008
Model —0.035 -—0.031 -—0.025 -—0.017 -—0.008 0.000

Agency. The model simulation is outlined briefly here,
and a detailed description is available in Ishikawa and
Ishizaki (2009). The model solves a primitive equation
system with a vertical o—z hybrid coordinate, free-surface,
and Boussinesq and hydrostatic approximations. To
realistically simulate the variation processes in the Sea
of Okhotsk, a sea ice model based on Mellor and Kantha
(1989) with elastic—viscous—plastic (EVP) dynamics
(Hunke and Ducowicz 1997) is applied. In addition, the
tidal mixing process, which is also important for the
formation of the Okhotsk Sea Intermediate Water and
the NPIW (Nakamura et al. 2006), is represented in the
form of parameterization of the vertical diffusivity co-
efficient (St. Laurent et al. 2002). It is noted that this
parameterization has no bidecadal modulation of the
tidal cycle reported by Yasuda et al. (2006). There are 62
levels in the vertical direction with increasing thickness
in the deep layers (27 layers from the surface to a depth
of 500 m). The model domain occupies the entire North
Pacific (from 15°S to 65°N and from 100°E to 75°W).

The model was first integrated for a period of 70yr
using World Ocean Atlas 1998 (WOA98) climatological
temperature (Antonov et al. 1998) and salinity (Boyer
et al. 1998) under the climatological monthly-mean at-
mospheric forcing of NCEP-NCAR Reanalysis-2 data
from the period 1979-2003 (Kanamitsu et al. 2002).
Surface heat fluxes are calculated by the bulk formulae,
and freshwater fluxes are estimated from evaporation
minus precipitation and river runoff. Sea surface salinity
(SSS) is restored with an 8-day damping time scale to
avoid the problem of SSS drifting using climatological
monthly-mean data. Temperature and salinity are re-
stored for the southern boundary using climatological
monthly-mean data. To evaluate SSS drifting, the simu-
lated change in SSS averaged over the entire model re-
gion is calculated using the difference between the former
(1955-76) and latter periods (1977-2004). The change in
SSS from the former to latter period is 0.0011 psu, one
order less than the salinity difference values, which
ranged from —0.01 to —0.03 psu, discussed in this study
(Table 1).

Following this spinup, model integration was con-
ducted with 6-hourly atmospheric fields of the NCEP-
NCAR reanalysis data from 1949 to 2005 (Kalnay et al.
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1996). In this integration, SSS was restored to the cli-
matological monthly mean to remove the interannual
variation in thermohaline processes in the North Pacific.
Thus, this experiment is considered to be selectively
forced by the interannual variability of the wind-driven
ocean circulation. The absence of the interannual vari-
ability in thermohaline change is discussed in section 4.
For the following analysis, we used the model’s monthly
climatology defined as the mean from 1955 to 2004 and
anomalies defined as deviations from the mean during
the same time period because unrealistic gaps occur for
the first several years. For analytical convenience, the
full-resolution model output for the model data was
reduced to 1° resolution, but it should be noted that this
has no effect on the results of the gyre-scale phenomena
on interdecadal time scales.

To evaluate the model simulation and the multi-
decadal variation of the NPIW, we used gridded data of
potential temperature, salinity, potential vorticity (PV),
and acceleration potential on isopycnal surfaces. This
dataset was based on oceanographic observations from
the World Ocean Database 2001 (WOD2001) (Conkright
et al. 2002), profiling float data obtained by the in-
ternational Argo program from 2000 to 2004, the Japan—
Russia—United States international joint study of the Sea
of Okhotsk from 1998 to 2004, and the Japan Oceano-
graphic Data Center. For WOD2001, we adopted profiles
at observation levels at which both temperature and sa-
linity were available. The spatial coverage was the entire
North Pacific (15°-65°N, 135°-120°W), a larger coverage
than that produced by Nakanowatari et al. (2007).

The quality control and gridded method adopted in
this study were similar to those of earlier studies (Itoh
et al. 2003). Hydrographic data at discrete depths,
mostly from bottle samples, were linearly interpolated
to a 1-m interval, and then the values of the potential
temperature, salinity, isopycnal layer thickness, and
isopycnal depth were selected at 0.1 o intervals from
26.6 to 27.1 oy. The isopycnal layer thickness /4 is defined
by the distance for =0.05 oy of each isopycnal surface.
lie. h(os) = [Z000s dz].

Before we applied the quality control, we divided all
of the data into two parts, one set for the Okhotsk and
another for the Pacific Ocean because the water mass
properties differ considerably between the two oceans.
To perform the quality control check, the data were first
divided into 60-km geographical squares. Within each
geographical bin, the mean and the standard deviation
of the potential temperature, salinity, isopycnal layer
thickness, and depth were calculated. Then, data that
fell outside the 2.5 interval were eliminated. The quality
check procedure above was further performed for larger
geographical bins, specifically by using 200- and 400-km
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geographical squares. The resulting data in the analyzed
region were 182230 stations at 26.8 o.

Annual-mean climatology was calculated using a 0.25° X
0.25° latitude/longitude grid, with a method similar to that
of Levitus and Boyer (1994). To calculate a grid value of
the annual-mean climatology from the station data, we
used the Gaussian distribution as a weight function with
an e-folding scale of 75km and an influence radius of
150 km to resolve regional features in the Sea of Okhotsk
and the boundary current and fronts in the Kuroshio—
Oyashio Confluence (KOC). An e-folding scale of 75km
can be fit to the autocorrelation functions on each iso-
pycnal bin in and around the Sea of Okhotsk (Itoh et al.
2003). If the number of observations within the influence
radius was less than 5, that grid box was regarded as
having no data. Annual-mean anomalies were gridded
using simple averaging of anomalies as the differences of
the observed values from the climatologies over a yearly
2.5° X 2.5° grid box from 1955 to 2004. Neither spatial
interpolation nor spatial smoothing was applied to the
anomaly field.

To examine the temporal variability of potential tem-
perature in the NPIW before 1955, we produced annual-
mean anomalies of the potential temperature at isopycnal
surfaces extending back to 1925 based on oceanographic
observations from the World Ocean Database 2001
(Conkright et al. 2002). These data are referred to as
the historical data. For the index of wind stress over the
North Pacific, we used the North Pacific index [NPI; the
area-averaged sea level pressure over the region 30°—
65°N, 160E°-140°W (the rectangular region shown in
Fig. 13d)] in December to the following May (Trenberth
and Hurrell 1994). Negative values of the NPI correspond
to a deeper-than-normal Aleutian low pressure system,
accompanied by enhanced westerly winds across the
central North Pacific and strengthened southerly
(northerly) flow over the eastern (western) North Pacific;
opposite conditions are obtained for positive values.

3. Climatological features of the model simulation

In this section, we assess both the representation of the
intermediate water circulation and the water properties
in the model simulation by comparing climatological data
with those of observations. The model representation of
NPIW is also shown in Ishikawa and Ishizaki (2009), but
we here focus on the representation of the frontal and jet
structures in the MWR. For the climatological features
given by the model, we show the annual-mean data from
spinup, which are not spatially interpolated.

To evaluate the intermediate water circulation, we
adopted the acceleration potential, which is the dynami-
cal height at an isopycnal surface. Figure 1 (top panels)
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shows the acceleration potential at 26.8 o, which corre-
sponds to the core density of the NPIW. We can see that
the model successfully simulates many realistic features
of the Kuroshio Extension and Oyashio Front in the in-
termediate layer. The Kuroshio, which is the western
boundary current of the subtropical gyre, is successfully
separated south of Japan and forms the Kuroshio Ex-
tension along 32°N in the model. Accompanied by the
separation of the Kuroshio, a southward intrusion of the
Oyashio (characterized by the contour of 17m?s %)
reaches 35°N along the western boundary, indicating that
the southward intrusion of the Oyashio is well repre-
sented in this model. These current systems generally are
not fully represented in coarse-resolution ocean models.

The climatological salinity and PV (middle and bot-
tom panels in Fig. 1) show that the water mass properties
of the NPIW and the source water (OSIW) at 26.8 o are
also well simulated by the model (see also Ishikawa and
Ishizaki 2009). The relatively low salinity (less than 33.5)
and low PV (less than 1.0 X 10~ '°m~'s™!) water in the
southern part of the Sea of Okhotsk can be distinguished
from the high-salinity and high-PV subarctic water
(Figs. 1c,e). These water properties are also found in the
simulated data (Figs. 1d,f), although the simulated sa-
linity is somewhat higher than the observed salinity.
Simulated water salinity less than 33.5, which corre-
sponds to the modified DSW, occurs east of Sakhalin
Island, indicating that the property of OSIW in the
model is climatologically sustained by brine rejection in
winter. The low-salinity tongue of NPIW (shown by the
salinity contour of 34.1 in Fig. 1c) is extended westward
along the recirculation of the subtropical gyre south of
the Kuroshio Extension (shown by the contour of
19m?s ™2 in Fig. 1a). These distributions of salinity and
acceleration potential are also apparent in the simula-
tion (Figs. 1d,b). It is also noted that the patch-like
structure of salinity around the Kuroshio Extension
does not occur in the model simulation, which could be
attributable to mesoscale eddies that were not filtered
out in the climatological observations because the in-
fluence radius of the weight function used in this study is
smaller than that of Levitus and Boyer (1994).

4. Multidecadal-scale change in NPIW: Observed
versus model

We begin by examining the spatial pattern of
multidecadal-scale freshening at the salinity minimum
density of the NPIW, which has not been fully examined
in previous studies. In general, the freshening signal can
have a different response on density surfaces, depending
on the vertical structure of the 7-S properties (Bindoff
and McDougall 1994, 2000). In the case of the subtropical
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gyre region, the freshening signal at the salinity mini-
mum density of NPIW can be translated to both a cool-
ing and freshening signal on isopycnal surfaces due to
the surrounding 7-S curve (e.g., Nakano et al. 2005).
Hereafter, therefore, we examine changes in the NPIW
using salinity on the isopycnal surface. This analysis can
remove the apparent changes in salinity caused by iso-
pycnal movement. To evaluate the effect of the regime
shift in the wind stress, the multidecadal-scale change of
salinity was calculated using the difference between
1955-76 and 1977-2004. The difference between these
periods shows a rate of change over approximately 35 yr,
which ensures that the effect of bidecadal variability
(Kouketsu et al. 2010) is removed from the analysis. It is
noted that the choice of the analyzed period for the
difference (e.g., the difference between 1955-79 and
1980-2004) does not essentially affect our results.

The observed difference of salinity at the salinity
minimum density of NPIW (26.8 o) shows broad-scale
freshening over the subtropical gyre (Fig. 2a). Pro-
nounced negative anomalies are confined to the western
subtropical gyre, and less prominent negative anomalies
exist in the eastern part of the North Pacific, although
hydrographic observations are not fully available in this
region. In the northern North Pacific, positive anomalies
occur in the western subarctic gyre (including the Sea of
Okhotsk and the Alaska gyre). The positive anomalies
in the Sea of Okhotsk are consistent with the warming
trend on the corresponding isopycnal surfaces from 1955
to 2004 (Nakanowatari et al. 2007).

The difference appears to provide a reasonable rep-
resentation of the multidecadal-scale change, although
observational data are not fully available throughout the
analyzed period. A local two-sided Student’s ¢ test was
performed separately for the mean fields of both the
former and latter period, assuming the annual mean of the
potential temperature field as temporally independent.
According to this test, the negative anomalies were sta-
tistically significant at the 95% confidence level over most
of the western subtropical gyre (Fig. 2a).

Changes in the salinity of the NPIW on other isopycnal
surfaces were also examined. For the representation of
the NPIW, we used area averaging over the western
subtropical gyre region (shown in Fig. 2a). The vertical
profile of the change in salinity indicates that the fresh-
ening is statistically significant at 26.6-26.8 g (Table 1).
Such a freshening signal over the subtropical gyre is
weaker at surfaces with higher densities. These results are
consistent with analyses of hydrographic data along me-
ridional (about 25°N) and zonal (about 137°E) sections
(Kouketsu et al. 2007; Nakano et al. 2007).

A map of the model’s differences (Fig. 2b) also shows
a significant freshening in the western subtropical gyre,
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FIG. 2. Spatial pattern of change in the annually averaged salinity from 1955-76 to 1977-2004
at 26.8 o for (top) the observations and (bottom) the model simulation. The colors indicate the
amplitude of the difference. Negative values indicate that potential temperature decreased
from 1955-76 to 1977-2004. (a) The black grid box boundary indicates a region where the
difference is significant at the 95% confidence level. In (a), the grid boxes where yearly tem-
perature anomalies are not available for more than 5 yr in each period are not used for the
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tistical significance of the difference is based on a Student’s ¢ test distribution with 1 degree of
freedom yr~'. The boundaries of the western subtropical region (purple) and the Sea of
Okhotsk (green), for which area-averaged quantities are displayed in Fig. 3, are indicated.

where the negative anomalies extend from the MWR
around 40°N to the southern edge of the subtropical gyre
(~20°N). The vertical profile for the change in the area-
averaged salinity over the western subtropical gyre also
shows the significant change at about the salinity mini-
mum density (26.6-27.0 a) (Table 1), which is roughly
consistent with the observed data.

However, there are some large-scale differences in the
two maps (Figs. 2a,b). First, the center of the freshening
is south of the Kuroshio Extension in the observations

but north of it in the model; that is, in the model, the
strongest freshening is in the MWR. This difference is
probably related to underestimation of the simulated
southward transport of the Oyashio water, as indicated
by Ishikawa and Ishizaki (2009) who showed that the
southward transport of the Oyashio water across 40°N
west of 150°E is 2.6 Sverdrups (Sv; 1Sv = 10°m®s™ ")
between 26.6 and 27.4 g4, which is about half the value
based on the hydrographic data with the ADCP-
referenced method reported by Shimizu et al. (2003)
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FIG. 3. Time series of annual-mean salinity anomalies at 26.8 o
averaged over (a) the western subtropical North Pacific and (b) the
Sea of Okhotsk (rectangular regions denoted by purple and green
lines in Fig. 2a) for observations (circles) and model (solid line). A
vertical line represents a *1 standard error of the annual mean of
the observation. In (b), open circles indicate the anomalies for the
area, in which the number of the data is very small.

and about a quarter of that given by Masujima et al.
(2003). Therefore, the Oyashio water in the MWR is not
fully transported southward across the KE resulting in
accumulation north of the KE.

Second, the salinity increased in the western subarctic
gyre and Sea of Okhotsk in the observations, but this
signal was not reproduced by the model. The chief dis-
crepancy between Figs. 2a and 2b appears to be the
absence of positive anomalies in the Sea of Okhotsk in
the model. Even if we examine the salinity on the iso-
pycnal surfaces of heavier densities, in which the
warming in the Sea of Okhotsk is prominent (Itoh 2007),
such a significant salinification signal is not found in the
model simulation (not shown). Instead of it, the time
series of the salinity anomalies in the model simulation
show a transient gap in 1978/79 with small variance rel-
ative to the observed data (Fig. 3b). The transient gap
might be related to inadequate representation of the in-
terannual variability of dense shelf water formation over
the northwestern shelf region because the NCEP-NCAR
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reanalysis data in the Sea of Okhotsk are not reliable
during half of the simulated period (from 1949 to 1978)
(Nakanowatari et al. 2010). On the other hand, the small
variance of the simulated salinity anomalies is partly
related to underestimation of the brine rejection of sea
ice formation because the simulated SSS is restored to
the climatological value. Thus, the absence of the sali-
nification signal in the simulated data may be related to
the fact that the effect of the interannual variation in
thermodynamic processes in the Sea of Okhotsk is sub-
tracted in this model simulation. Nevertheless, the overall
consistency in the observed and simulated freshening in
the NPIW suggests that the salinity change in OSIW has
a negligible effect on this phenomenon.

Figure 3 compares the time series of annually aver-
aged salinity at 26.8 oy averaged over the western sub-
tropical gyre for both the observations and the model
simulation. The most apparent dominant feature is the
low-frequency variation, which is characterized by pos-
itive anomalies from 1955 to 1976 and negative anom-
alies from 1977 to 2004. The correlation between these is
0.87 (significant at the 95% confidence level based on
a Monte Carlo simulation using a phase randomization
technique generating 1000 surrogate time series), indicating
that the model realistically represents the multidecadal-
scale change in the NPIW. However, the standard errors of
the area-averaged time series in the observed data appear
to be relatively large. As transient eddies are prominent
in this area, this is probably related to the insufficient
spatial coverage of the observed data. It is noted that an
abrupt positive anomaly occurs in the observational data
between 1998 and 2000. Because the sea surface tem-
perature over the Kuroshio Extension area was signifi-
cantly warmed in 1998/99 (Bond et al. 2003), this positive
anomaly may be related to meandering of the Kuroshio
Extension and/or warm and saline eddy shedding.
The altimeter data also show that the sea surface height
is relatively high along the northern boundary of the
Kuroshio Extension in 1998/99 (not shown). In this
model simulation, such a positive anomaly of potential
temperature is obscure.

Bindoff and McDougall (1994, 2000) pointed out the
possibility that warming of the water mass in the sub-
tropical region can be translated to cooling and fresh-
ening on density surfaces, depending on the slope of the
temperature and salinity profiles. To check whether the
freshening at the salinity minimum density of NPIW is
related to the warming signal, we examined the 7-S
properties of NPIW and OSIW for the past (1955-76)
and present (1977-2004). The T-S properties of NPIW
and OSIW in these two periods were calculated from the
area-averaged values of potential temperature and sa-
linity on isopycnal surfaces with grid box weights in the
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FIG. 4. Time variations of the observed 7-S curve averaged over
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Fig. 2a). Open (closed) circles denote the past (1955-76) and
present (1977-2004) values on isopycnal surfaces. The shading in-
dicates the density range of the salinity minimum core from 26.7 to
26.9 o.

western subtropical North Pacific and the Sea of
Okhotsk (rectangular regions denoted by purple and
green lines in Fig. 2a). The undefined value is not ac-
counted for in this calculation. The observed salinity in
the salinity minimum density range (26.7 to 26.9 ay) is
freshened, and the density for the salinity minimum
decreases somewhat from 26.8-26.9 to 26.7-26.8 oy
during these periods (Fig. 4a). As the warming signal is
observed in the density range lighter than the salinity
minimum, the freshening signals on these isopycnal sur-
faces are related to both freshening and warming signals.
These freshening and warming signals in the North Pa-
cific are consistent with the changes from 1930 to 1980
and from 1985 to 1994 along the zonal section at 24°N
(Wong et al. 1999). On the other hand, the freshening
signal in the salinity minimum density range is not ex-
plained only by the warming signal because of the cur-
vature of the salinity minimum.

As an analogy of the observed change in NPIW, the
observed OSIW shows a decrease in salinity and/or
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warming at the salinity minimum density for NPIW
(Fig. 4b). However, this decrease in salinity and/or
warming signal is translated to an apparent warming and
salinification signal on the isopycnal surface in the Sea of
Okhotsk (see also Fig. 3b) because the slopes of the
observed temperature and salinity profiles are smaller
than the ambient isopycnal slope, which is different from
those in the western subtropical North Pacific. The
OSIW basically outflows to the North Pacific along
isopycnal surfaces, although some modifications occur
because of the diapycnal mixing caused by strong tidal
current around the Kuril Straits (Wong et al. 1998).
Therefore, assuming that isopycnal mixing and advec-
tion processes are dominant on the salinity minimum
density surface, the freshening signal in the downstream
region (i.e., NPIW) at this density cannot be explained
by advection of the apparent warmed and salinity-
increased OSIW. The result that the apparent salinity-
increasing signal in the source region is not found in the
downstream regions implies that the freshening signal in
the western subtropical North Pacific is likely to over-
whelm the source water signal.

The 7-S diagram obtained from the simulated data
also shows that the water masses in the range of salinity
minimum density averaged over the western subtropical
North Pacific have been freshened and that the salinity
minimum density has decreased somewhat from 26.8—
26.9 to 26.7-26.8 oy, which is consistent with the ob-
served freshening behavior, although the absolute value
of the simulated salinity minimum is ~1 psu higher than
the observed data (Fig. 5a). Contrary to the observed
data, the simulated OSIW salinity has decreased some-
what on the isopycnal surface of the salinity minimum
density (Fig. 5b). However, the freshening rate is
—0.0016 psu at 26.8 oy, which is much smaller than that
for the western subtropical North Pacific (—0.025 psu)
(Table 1; Fig. 5a). Therefore, assuming that the outflow
rate from the Sea of Okhotsk is constant, the simulated
freshening in the NPIW is not fully explained by only the
isopycnal mixing and advection processes with freshening
in the source water.

5. Mechanisms for change in NPIW properties

As the model simulated the basic pattern and strength
of the freshening in the salinity minimum density of
NPIW, examination of the model can provide insight
into the role of wind stress change on the observed
freshening. In this section, we explore the possible
mechanism involved by use of model datasets (such as
a 50-yr record of intermediate salinity, PV, and current
speed), which are not fully available in the observational
record.
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a. Processes of water mass property modification

The life cycle of simulated freshening in the NPIW
was investigated, as shown in Fig. 6, using a lead-lag
correlation analysis of the salinity at 26.8 o and a time
series of the salinity averaged over the subtropical re-
circulation region (22.5°-37.5°N, 135°-170°E). In this
analysis, we applied a 7-yr low-pass filter to the salinity
data to analyze the variability related to the multidecadal-
scale freshening. The lead-lag correlation map for zero lag
is shown in Fig. 6e. At a lag of —6yr, significant positive
correlations appear over the MWR southeast of Hok-
kaido and the recirculation of the subtropical gyre. From
lags of —4 to Oyr, the former part of the significant pos-
itive correlation develops and expands southward across
the Kuroshio Extension. It then further propagates
southwestward along the anticyclonic circulation of the
subtropical gyre, merges with the latter part of the sig-
nificant correlation at lag +4 yr, and gradually disappears
at lag +6yr. Because the latter part of the significant
positive correlation is limited around the recirculation of
the subtropical gyre, this signal is probably related to the
westward extension of the low-salinity tongue (Nakano
et al. 2005).

The rapid propagation of fresher subarctic water from
the MWR to the subtropical gyre suggests that the
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southward transport of subarctic water cannot be
explained by only frontal isopycnal mixing processes
along the eastern subarctic-subtropical frontal zone (You
2003). The southward propagation of the subarctic water
is in a perpendicular direction to the zonally extended
geostrophic streamline associated with the Kuroshio
Extension. This result suggests that mesoscale eddies and
small-scale disturbances with filament-like structures are
important for the southward transport of subarctic water
(Mitsudera et al. 2004; Ishikawa and Ishizaki 2009).

An analysis of the simulated PV, which is an index for
OSIW (Yasuda et al. 1996), indicates increases in the
fraction of the OSIW present in these waters, resulting
in a freshening of the MWR and the NPIW in the
western Pacific subtropical gyre. The PV difference
shows a significant decrease over the subtropical gyre,
with the maximum in the MWR (Fig. 7), which is similar
to the spatial pattern for potential temperature (Fig. 2b).
This result indicates that the low-PV water, which
originates in the Sea of Okhotsk, mainly contributes to
the freshening of the NPIW. It is noted that the differ-
ence in the PV within the Sea of Okhotsk and near the
Kuril Straits is positive, contrary to that in the NPIW.
Therefore, advection of the PV anomaly in the Sea of
Okhotsk is not essential for the significant decrease in
PV in the MWR.

b. Possible causes of MWR freshening: Southward
Oyashio intrusion and mesoscale eddy activity

From the time evolution of the salinity on the iso-
pycnal surface, it was found that the water mass property
change in the MWR is responsible for the freshening in
the subtropical gyre. The salinity and PV on the iso-
pycnal surface have decreased, and this indicates that
the southward transport of the Oyashio water, which is
characterized by low-PV water originating from the Sea
of Okhotsk, has increased. As the signal of the salinity
change originates from MWR and expands southward
across the Kuroshio Extension, it is considered that the
effects of direct Oyashio advection are limited to MWR.
Here, we qualitatively examine the Oyashio along the
northeast coast of Japan and the activities of mesoscale
eddies in relation to the water mass property change in
the MWR based on the simulated data.

Based on the annually averaged current velocity field,
we first examine the southward intrusion of the Oyashio.
Figures 8a and 8b compare the mean state of the current
velocity at 26.8 oy based on the model simulation in the
former and latter periods from 1955 to 2005. South-
westward flow of the Oyashio is clearly found along the
Kuril Straits, and the southward intrusion becomes rel-
atively large in the latter decades. This difference be-
comes clearer in Fig. 8c, which shows a current velocity
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FIG. 7. Change in the annually averaged PV at 26.8 o from 1955—
76 to 1977-2004 for the model simulation. The contour interval is
0.05 X 107 '°m~'s™!. Negative values indicate that PV decreased
from 1955-76 to 1977-2004. The light (heavy) shading indicates the
region where the positive (negative) difference is significant at the
95% confidence level.

difference map between the latter (1977-2004) and
former (1955-76) periods.

To examine the relationship between the southward
volume transport of the Oyashio and salinity in the
MWR on specific isopycnal surfaces, an index for the
southward transport of the Oyashio (V,y,) is defined as
follows:

Vioya = VAL, D
Here, v is the negative meridional velocity (ms™ '), & is
the layer thickness (m) averaged over the Oyashio (42°-
44°N, 147°-149°E; see Fig. 8c) on specific isopycnal
surfaces, and /, is the width of the Oyashio (m) near the
southern end, which is fixed as a constant. A positive
anomaly of V,y, means that the southward transport is
strengthened relative to the climatological value. The
isopycnal layer thickness is defined as the distance be-
tween *=0.05 o on a specified isopycnal surface.

Figure 9 shows a time series of the annually averaged
anomalies of Vy, at 26.8 oy (solid line). The mean Vi,
at 26.8 oy in the former and latter 25yr is 0.05 and
0.23 Sv, respectively. The quantity Vy, is characterized
by the transient change in the 1970s, which is similar to
the salinity anomalies (dashed line) averaged over the
MWR (40°-44°N, 145°-150°E). The correlation between
these is 0.54 at no time lag (significant at the 95% con-
fidence level), indicating that the Oyashio advection
directly affects the water property in MWR. The in-
crease in V,y, also occurs on the surrounding isopycnal
surfaces with the maximum at 26.8 oy (Table 2), in-
dicating that the southward Oyashio transport increased
in the salinity minimum density range. The strengthened
southward transport of the Oyashio in the 1970s is
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difference of the absolute current speed is significant at the 95%
confidence level, respectively. For the calculation of the signifi-
cance, we assume that each year is independent.

consistent with the southward transition of the Oyashio
Front, as estimated from observational sea surface tem-
perature (Yasuda 2003).

We then evaluated the effect of mesoscale eddies on
the southward transport of the OSIW. As in the index of
strength of the mesoscale eddies, the pseudo eddy ki-
netic energy (EKE) [defined as («>+v?)/2 on the iso-
pycnal surface] was used. To emphasize the contribution
from the mesoscale eddies on the velocity field, EKE
was calculated based on high-pass filtered current
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FIG. 9. Time series of annually averaged Vy, in the rectangular
region shown in Fig. 8c (solid line) and salinity anomalies in the
MWR (40°-44°N, 145°-150°E) (dashed line) at 26.8 o. The posi-
tive anomaly of V,,, means that the southward transport of the
Oyashio is strengthened relative to the climatological value. The
term V,y, at 26.8 o is calculated from the meridional velocity and
layer thickness defined as the distance between *0.05 o at the
corresponding isopyncal surface, as defined by Eq. (1). Thick lines
denote 7-yr low-pass filtered data. Note that salinity anomalies are
shown on the axis of negative upward.

velocity data with a time scale shorter than 10 months.
Although EKE does not strictly include small-scale
disturbances, the interpolation procedure on the full-
resolution model output enabled this expression to be
useful for qualitative examination of changes in the
mesoscale eddies in the midlatitudes on spatial scales of
around several hundred kilometers.

Figures 10a and 10b compare the mean state of EKE
at 26.8 o, in the former and latter 25yr. The highest
variability of EKE occurs along the Kuril Straits and at
the Oyashio Front around 46°N. The difference map
(Fig. 10c) showing EKE between the latter and former
periods indicates a greater value of EKE in the Oyashio
Front in the latter decades. Figure 11 shows time series
of annually averaged EKE in the Oyashio Front over the
rectangular region shown in Fig. 11c (solid line) and of
annually averaged salinity (same as in Fig. 9; dashed
line). The time series of EKE is characterized by an
apparent change in the early 1980s. The correlation
between EKE and the salinity anomalies averaged over
the MWR is —0.61 (significant at the 95% confidence
level) at no time lag. This also suggests enhanced cross-
gyre transport in the latter period.

The enhanced cross-gyre transport at the salinity
minimum density is also confirmed from the PV differ-
ence map (Fig. 7). A significant decrease in PV is ob-
served in the subtropical gyre, but PV increased in the
subarctic North Pacific. The difference map in isopycnal
layer thickness at 26.8 oy shows a pattern similar to that
of the PV difference but with opposite sign (not shown),
indicating that these PV changes are approximately
explained by the change in isopycnal layer thickness.
Because the volume on the salinity minimum density in
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TABLE 2. Difference of the annually averaged V,y, (Sv) on iso-
pycnal surfaces between 1977-2004 and 1955-76. Bold numbers
indicate the differences that exceed the 95% confidence levels
based on the Student’s ¢ test.

oy 26.6
AVoo 011

26.7
0.15

26.8
0.18

26.9
0.17

27.0
0.14

27.1
0.12

the subarctic North Pacific has decreased, in contrast
with the western subtropical North Pacific, it is sug-
gested that the enhanced Oyashio transport drains the
reservoir of the subarctic water.

Nakano et al. (2005) suggested a relationship between
the westward extension of a low-salinity tongue along
the recirculation in the subtropical gyre and salinity
change in the NPIW on an interannual to decadal time
scale. The model simulation showed that the significant
freshening signal originates from the recirculation of the
subtropical gyre (Fig. 6). We can expect, therefore, that
the freshening at the salinity minimum density of NPIW
is also affected by changes in the size of the low-salinity
tongue, which is accompanied by freshwater on the
isopycnal surface. Using correlation analysis, we briefly
evaluated the effect of the subtropical gyre circulation
change on the freshening in NPIW. As an index for the
strength of the subtropical gyre circulation, we used the
recirculation index defined by the meridional gradient of
the isopycnal surface at 26.8 o between 28° and 18°N at
137°E, according to Nakano et al. (2005). The correla-
tion map between the recirculation index and the sa-
linity shows that a significant negative correlation occurs
south of Japan (120°-140°E) (Fig. 12) and that this cor-
responds to the position of the climatological low-
salinity tongue (in which the zonal gradient of salinity
is relatively large). This result therefore indicates that
the freshening of the NPIW is partly related to the
westward extension of the low-salinity tongue, but the
effect is limited to the southwestern part of the sub-
tropical gyre.

¢. Basin-scale wind stress pattern related to the change
in Oyashio transport

The analysis of mean current and eddy fields suggests
that intensified mesoscale eddies together with strength-
ened southward Opyashio transport are related to the
freshening in the MWR. Previous observational and
modeling studies have suggested that interannual vari-
ability of the southward Oyashio transport is related to
wintertime changes in basin-scale wind stress with no
time lag (Sekine 1988; Isoguchi et al. 1997; Nonaka et al.
2008). These studies have suggested that a barotropic
adjustment of the ocean circulation, via westward propa-
gation of Rossby waves, is responsible for the interannual
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FIG. 10. The mean state of annually averaged EKC (cm?s~?) at
26.8 oy from the model simulation: (a) 1955-76, (b) 1977-2004, and
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nificant at the 95% confidence level, respectively. For calculation
of the significance, we assume each year is independent.

variability of the Oyashio in the intermediate layer. To
confirm that the southward Oyashio transport can be
explained by this theory on a multidecadal time scale, we
examined the relationship between V., at 26.8 oy and
the wind stress curl in winter (December—February). As it
is known that a multidecadal large-scale atmospheric
variability is evident in spring (Minobe 2000), we also
examined this relationship during spring (March-May).
Figure 13a shows a regression map of the wind stress
curl onto the annually averaged Vy, at 26.8 o, with a
7-yr low-pass filter in winter. The regression map dem-
onstrates that significant basin-scale positive wind stress
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(solid line) and salinity anomalies in the MWR (40°-44°N, 145°-
150°E) (dashed line) at 26.8 o7, as in Fig. 9. Thick lines denote 7-yr
low-pass filtered data.

curl anomalies north of 45°N in the North Pacific are
related to the anomalous southward transport of
the Oyashio, with no time lag. The regression map of sea
level pressure (Fig. 13c) indicates that the positive anom-
aly of the wind stress curl is related to the strengthened
Aleutian low (Fig. 13c), which is similar to the basinwide
scale change in SLP related to the PDO (Mantua et al.
1997; Minobe 1997). Thus, the regression pattern implies
a significant intensification of the subarctic gyre related to
the PDO, resulting in the anomalous southward transport
of the Oyashio.

In spring, Vy, is also significantly correlated with the
wind stress curl over the subarctic North Pacific (Fig. 13b)
and the sea level pressure over the North Pacific
(Fig. 13d) when the former lags the latter by 3yr. The
wind stress curl in the western subarctic gyre (~165°E) is
highly correlated with V.. The distance between the
western boundary and 165°E is about 1200 km at 42°N. A
long baroclinic Rossby wave speed is estimated to be
~13cms ! at this latitude (Qiu 2002). Therefore, the
time span of the journey is estimated to be 2.9 yr, which is
comparable to the lag time between V,y, and the wind
stress curl.

The above analyses suggest that the freshening in the
NPIW is caused by intensification of the wind-driven
ocean circulation in the subarctic gyre and the succeeding
strengthening southward transport of OSIW to MWR. To
confirm this suggestion, we examined the relationship
between the strength of the atmospheric circulation over
the subarctic North Pacific and the salinity of NPIW by
using a historical dataset and the North Pacific index—
the area-averaged sea level pressure over the region 30°—
65°N, 160°E-140°W, the rectangular region shown in
Fig. 1lc, from December to March (Trenberth and
Hurrell 1994)—from 1925 to 2004.

Figure 14a shows time series of 5-yr running-mean
salinity at 26.8 oy averaged over the western subtropical
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FI1G. 12. Correlation maps (thick contours) of 7-yr low-pass filtered annually averaged salinity
at 26.8 oy, with the recirculation gyre index. The contour interval is 0.1 and values less than 0.5
are omitted. The light and heavy shades indicate regions where the absolute value of the
correlation is significant at the 90% and 95% confidence level, respectively. The annual cli-
matology of salinity (thin contours) at 26.8 o is superimposed.

gyre and the NPI. Both time series are dominated by
interdecadal variability. From 1925 to 2004, the lead-lag
correlation between these indicates that the maximum
positive correlation (larger than 0.44, significant at the
90% confidence level) is found when the NPI leads the

salinity by 7 to 8yr, as shown in Fig. 14b. This time lag
is comparable to the sum of the time lag between the
Oyashio transport and the wind stress curl over the sub-
arctic North Pacific of 0-3yr, as shown in Fig. 13, and the
time lag between the salinity anomalies in the MWR and
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F1G. 13. Regression maps of annually averaged (a),(b) wind stress curl and (c),(d) sea level pressure in (left) winter

and (right) spring onto the normalized time series of annually averaged V., at 26.8 oy with a 7-yr low-pass filter. In
the left and right panels, Vy, leads the wind stress curl and sea level pressure fields by 0 and 3 yr. The contour interval
is (top) 0.1 X 1077 N'm ™ and (bottom) 0.3 hPa. The light and heavy shades indicate regions where the positive and
negative correlation is significant at the 90% confidence level, respectively. In (d), the boundary for the calculation of
NPI is indicated.
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FI1G. 14. (a) Time series of the 5-yr running mean of annual-mean
salinity anomalies at 26.8 oy averaged over the western subtropical
North Pacific (rectangular region denoted by purple lines in
Fig. 2a) (black) and NPI anomalies (gray) from December to the
following May. The scale of the NPI is indicated on the right axis.
(b) Lead-lag correlations between the 5-yr running mean of sa-
linity at 26.8 o and the NPI from 1925 to 2004.

the subtropical recirculation gyre of 6yr, as shown in
Fig. 7. These results strongly support the idea that
multidecadal-scale intensification in Aleutian low wind
stress over the subarctic gyre in the North Pacific largely
contributes to the freshening in the NPIW through the
strengthened southward transport of the OSIW.

6. Summary and discussion

Wong et al. (1999, 2001) reported that between the
1960s and 1990s, significant freshening from surface to
intermediate depths occurred in the North Pacific. They
suggested that the observed changes in salinity of NPIW
could be interpreted as the result of an increase in the
freshwater flux over the source region and, along with
the other hydrographic sections in this study, are con-
sistent with an increase in Earth’s hydrological cycle. On
the other hand, a half-century scale change character-
ized by the deepened Aleutian low of 1977/78 (Nitta and
Yamada 1989; Trenberth 1990), which is known to be
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a part of the periodic change of the PDO (Mantua et al.
1997; Minobe 1997), is an alternative interpretation for
the freshening in NPIW because the southward transport
of the Oyashio water can be governed by large-scale wind
stress change (Sekine 1988; Isoguchi et al. 1997; Nonaka
et al. 2008). In this study, we used all available historical
oceanographic data and model simulation of an eddy-
resolving ice—ocean coupled model to examine the spatial
pattern of the multidecadal-scale change in the NPIW
and the role of the wind-driven ocean circulation change
with emphasis on the salinity minimum density.

From historical observations, it was found that the sa-
linity at the salinity minimum density of NPIW (26.8 o),
which does not outcrop in the North Pacific, decreased
significantly in the western subtropical gyre from 1955 to
2004. The freshening was characterized by the transient
change apparent in the late 1970s. Although the observed
OSIW also shows freshening and/or warming at the sa-
linity minimum density for NPIW (as shown in Fig. 2 and
the previous studies; e.g., Nakanowatari et al. 2007), this
freshening and/or warming signal is translated to an ap-
parent warming and salinification signal on the isopycnal
surface in the Sea of Okhotsk. Therefore, assuming that
advection and mixing processes are dominant on the
isopycnal surface, this observational evidence does not
support the hypothesis that freshening in the source water
is essential for the freshening in NPIW at this density.

To evaluate the effect of the change in the wind-driven
ocean circulation, a model experiment, in which the wind
stress was varied interannually but the SSS was restored
to the climatological value, was performed. The observed
freshening in the western part of NPIW was basically
simulated in the model output. The freshening is at
a maximum in the MWR and is accompanied by a de-
crease in PV. A lead-lag correlation analysis indicated
that the freshening signal is advected southward across
the Kuroshio Extension, where it then travels along the
recirculation of the subtropical gyre. This result demon-
strates that the freshening is not simply related to the
southward shift of the subarctic front (Joyce and
Dunworth-Baker 2003) but also to advection of subarctic
water (which is mainly supplied from the Sea of Okhotsk)
into the subtropical gyre. In addition, the advection time
of the freshening signal between the MWR and the re-
circulation gyre region is 6 to 9 yr, which is 2 times shorter
than the advection time of the subtropical gyre circula-
tion (You 2003). These results support the idea that the
eddy-driven shortcut pathway of the OSIW, clarified by
observational (Yasuda et al. 1996) and numerical
(Mitsudera et al. 2004; Fujii et al. 2013) studies, is likely
affecting the multidecadal-scale freshening in NPIW.

With respect to the physical processes involved in the
advection of OSIW to the MWR, we examined the
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strength of the southward transport of the Oyashio and
mesoscale eddies. The model outputs showed that both
the Oyashio and the mesoscale eddies strengthened in
the late 1970s, suggesting that both mechanisms are re-
lated to the increase in southward transport of the
Oyashio water. Recently, Fujii et al. (2013), based on the
tangent linear and adjoint models, clarified that a large
fraction of the low-salinity-origin water of NPIW, which
comes from the Sea of Okhotsk, is advected to the MWR
by the Oyashio and then enters the subtropical gyre.
This study supports the suggestion that Oyashio water
entering the MWR, which increased in the late 1970s, is
effectively transported south of the KE along the region
east of Japan.

For the strengthened mesoscale eddy activity, there is
a possibility that the baroclinicity along the Oyashio
Front is intensified by the changes in the Oyashio. This
speculation is consistent with an earlier study (Garnier
and Schopp 1999) in which mesoscale eddy activity was
shown to be strengthened along the frontal regions of
the Gulf Stream and the North Atlantic Current when
these currents increase. Therefore, such a process may
affect the multidecadal-scale change in mesoscale eddy
activity near the Oyashio Front.

On the other hand, the center of freshening in the
model is north of the Kuroshio Extension (the strongest
freshening is found in the MWR), which is different
from that in the observations (south of the Kuroshio
Extension). Because the simulated change in the area-
averaged salinity over the western subtropical gyre
south of the Oyashio Front is comparable to the ob-
served value, the simulated Oyashio water entering the
MWR may not fully be transported farther southward
across the KE by mesoscale and/or submesoscale eddies.
In a mean state, the southward transport of Oyashio
water across 40°N, west of 150°E in our simulation, is
less than the value based on the observational data
(Ishikawa and Ishizaki 2009). The lead-lag correlation
analysis demonstrated that the multidecadal anomaly
originating from the MWR is qualitatively advected to
the subtropical gyre across the KE, but its amount may
be underestimated. For a quantitative analysis of the
contribution of the Oyashio and mesoscale eddies to the
freshening in the NPIW, a study based on a model fur-
ther improved with respect to the representation of
mesoscale eddies in and around the KE is needed.

The multidecadal change in the Oyashio is also ac-
companied by a strengthened wind stress curl over the
subarctic North Pacific. As the strengthened wind stress
curl is characterized by the deepening of the Aleutian
low, the southward transport of Oyashio water is pos-
sibly related to the 1976/77 regime shift, which is part of
the PDO. To date, a response of the surface and
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subsurface water temperature in the central and western
North Pacific to the 1976/77 regime shift has been
reported (Deser et al. 1996; Yasuda and Hanawa 1997).
The resultant cooler surface waters subducted into the
main thermocline and propagated southwestward as
anomalies of thermocline depth (Schneider et al. 1999;
Tourre et al. 1999). Wind anomalies over the central
North Pacific also caused the midlatitude gyre change,
which resulted in the subsurface water temperature
anomalies in the Kuroshio—Oyashio Extension (KOE)
region (Miller et al. 1998; Deser et al. 1999). However,
these earlier studies focused on the responses of surface
and/or subsurface water temperature to the 1976/77 re-
gime shift with emphasis on the subtropical gyre change.
Our study suggests the importance of the change in the
subarctic gyre and the related southward Oyashio
transport on the multidecadal-scale freshening in the
NPIW at the salinity minimum density.

Thus, it is suggested that wind-driven cross-gyre
transport through the MWR s the likely cause for the
multidecadal-scale freshening signal at the salinity
minimum density of NPIW, as summarized in the
schematics of Fig. 15. Before the 1976/77 regime shift
(top panel in Fig. 15), the Oyashio water, which was
modified by OSIW, was transported to MWR across the
Oyashio Front (broken blue line in Fig. 15). The sub-
arctic water was further transported to the subtropical
gyre across KE (broken red line in Fig. 15) by eastward
current and mesoscale eddies. After the regime shift
(Fig. 15b), the subarctic gyre strengthened and the
southward transport of Oyashio water across the Oyashio
Front was also intensified by the Oyashio transport
and mesoscale eddies, resulting in freshening in MWR.
The freshened water in MWR was quickly advected to
the subtropical gyre by mesoscale eddies across KE.
Although heat and salt contents are not changed within
the entire North Pacific basin, the wind-driven cross-
gyre transport of the subarctic water may be important
for the redistribution of heat and freshwater.

In the model simulation, the sea surface salinity was
restored to the climatological value, although the
freshwater fluxes are time varying. Because thermoha-
line effects were not adequately represented in this
simulation, our experiment could not exclude the pos-
sibility of surface freshening affecting the freshening in
NPIW at densities lighter than 26.5 o, the source water
of which outcrops in the Gulf of Alaska (Wong et al.
1999,2001). In fact, the change in SSS shows a significant
decrease in this region (Durack and Wijffels 2010). On
the other hand, we emphasize that the low-salinity water
advection influenced the long-term salinity change in the
western subtropical gyre. The volume on the salinity
minimum density has increased (decreased) in the
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FIG. 15. Schematic of the freshening processes at the salinity minimum density of NPIW, driven
by the 1976/77 regime shift in the wind stress.

western subtropical (subarctic) North Pacific, indicating
that the enhanced Oyashio transport drains the reser-
voir of the subarctic water. Thus, there is a need to ex-
actly estimate long-term freshwater input changes in
consideration of the lateral advection process.

The observed warming of OSIW reported by earlier
studies, which is translated to a salinification signal on
the isopycnal surface, was not reproduced in our model
experiment (Figs. 2b, 3b). Because the simulated SSS
was restored to the climatological value, the absence of
the warming signal in the simulated data may be related
to the fact that the effect of interannual variation in
thermodynamic processes in the Sea of Okhotsk was not
well represented in this model simulation. This result is
consistent with earlier studies, in which significant ef-
fects of air temperature variability over the Sea of
Okhotsk on ocean temperature at intermediate depths
have been shown by observed data (Kashiwase et al.
2014) and model simulations (Matsuda et al. 2009;
Fujisaki et al. 2011; Nakanowatari et al. 2014) through
sea ice production. Furthermore, earlier studies have

reported a significant freshening signal in the upper in-
termediate layer of the Sea of Okhotsk (Hill et al. 2003;
Ohshima et al. 2014). The analysis of the 7-S properties
of OSIW supports that the increase in the observed sa-
linity of OSIW on the isopycnal surface can be explained
by both warming and freshening signals. Therefore,
model experiments including thermodynamic processes
and diagnostic analysis of the 7-S curve (Bindoff and
McDougall 1994, 2000) are needed to quantitatively
examine the cause for the salinity increase signal on the
isopycnal surface in OSIW.
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