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ABSTRACT

The North Pacific Intermediate Water, characterized by a salinity minimum confined to density surfaces of
gy = 26.7-26.9, exists throughout the subtropical gyre and has been observed to originate in the subarctic North
Pacific. The physical processes that determine the density range on which the NPIW resides are not yet well
understood. This study attempis to clarify these processes by combining observational data and a simple advection—
diffusion isopycnal model. Due to the regional excessive precipitation over evaporation, the salinity in the upper-
layer subarctic North Pacific generally decreases with decreasing water depth. Both alongisopycnal advection
and diffusion work to carry this salinity/depth characteristic into the subtropical circulation. For the isopycnal
surfaces overlying the NPIW, however, this transport mechanism is hindered by the seasonal outcropping. The
outcropping not only blocks the fresh subarctic water from advecting and diffusing along these isopycnals into
the subtropical gyre, but also results in shoaling of the isopycnals in the Kuroshio-Oyashio mixed water region,
where the turbulent mixing in the deep winter mixed layer is able to conduit the surface salt flux into these
outcropping isopycnal surfaces. This seasonal forcing creates a high-salinity overlying layer, leaving o, = 26.7-
26.9 the lightest density surfaces that are free to transport the uppermost (i.e., the freshest) subarctic water into
the subtropical North Pacific. This model result is consistent with high-resolution CTD observations that showed
that o, = 26.7-26.9 are the least dense isopycnal surfaces on which the alongisopycnal potential vorticity is
homogenized, The NPIW surfaces contrast with the shallower isopycnal surfaces where strong potential vorticity
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gradients exist.

1. Introduction

A prominent feature of the subtropical North Pacific
Ocean that differs from its counterpart in the North
Atlantic Ocean is the presence of a relatively low sa-
linity tongue of water intruding from the northern sub-
arctic region. This salinity minimum water, dubbed by
Sverdrup et al. (1942) as the North Pacific Intermediate
Water (NPIW), is found in almost the entire subtrop-
ical gyre, and many previous studies have shown that
its existence is confined within a relatively narrow den-
sity range centered at o, = 26.8 (e.g., Reid 1965; Ha-
sunuma 1978; Talley 1993). The formation of the
NPIW is different from that of the shallow salinity
minimum, whose existence in the eastern North Pacific
has been successfully explained by Talley (1985) using
the wind-driven ventilated thermocline theory (Luyten
et al. 1983). Because the 26.8 ¢, surface does not out-
crop in the North Pacific Ocean (with the exception
of the Okhotsk Sea: Talley 1991 ) and because the wind
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stress curl over the subarctic North Pacific is mostly
positive (e.g., Hellerman and Rosenstein 1983),
mechanisms other than the direct, wind-driven venti-
lation are required to account for the formation of the
NPIW,

To explain the formation of the NPIW, Reid (1965)
hypothesized that the vertical mixing in the subarctic
gyre transfers fresh, cold, and oxygen-rich surface water
through isopycnals and that the lateral mixing and ad-
vection are responsible for the spreading of the NPIW
in the subtropics. Based on the distribution of water
characteristics in the Oyashio~-Kuroshio mixed water
region (west of 155°E and north of 30°N), Hasunuma
(1978) speculated that the NPIW is not a distinct water
mass but a result of the warm, saline Kuroshio water
overrunning the less saline Oyashio water.

As suggested by Reid (1965), understanding the
NPIW involves two fundamental questions. The first
question is what physical processes are responsible for
conduiting the fresh, subarctic surface water downward
to the NPIW density levels. The only source of fresh-
water in the North Pacific exists in the surface subarctic
region due to the regional excessive precipitation over
evaporation. Rather than a sharp halocline forming
near the sea surface, however, the observed salinity
profiles in the subarctic North Pacific indicate that the
salinity gradually increases with depth. The details of
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Fi1G. 1. Sea surface density from the Levitus (1982) March climatological dataset. Solid dots
along 152° and 165°E indicate the surface-to-bottom CTD stations. The observed results are

shown in Figs. 2-4.

the vertical mixing process in the western subarctic
gyre have recently been explored by Talley (1991): she
showed that the freshening and oxygenation at the 26.8
o, surface can occur in the Okhotsk Sea through brine
rejection below the ice formation. Van Scoy et al.
(1991), on the other hand, stressed the role played by
the Alaskan Gyre, where negative buoyancy fluxes and
wind stirring caused by severe winter conditions en-
hance vertical turbulent mixing and transmit less saline
surface water to the NPIW density levels.

The second relevant question is why the NPIW,
which exists exclusively in the subtropical gyre as a
salinity minimum, preferentially resides on the iso-
pycnal surfaces of o, = 26.7-26.9. In the subarctic
North Pacific, the salinity increases monotonically with
water depth. Since the fresher water exists in the shal-
lower subarctic layer, it is not obvious why the spread-
ing of the low-salinity water into the subtropical gyre
should be confined to this particular density range. So
far, the question of what sets the density level at which
the NPIW spreading occurs has not been satisfactorily
answered. The present study attempts to answer this
question from analyses of CTD data and from diag-
nostic calculations using an advection-diffusion iso-
pycnal model. It is shown that the NPIW density is
preferentially selected around ¢, = 26.8 because the
overlying isopycnals outcrop in the Kuroshio-Oyashio
mixed water region in winter. This outcropping blocks
the fresh subarctic water from advecting and diffusing
along these isopycnals into the subtropical gyre. It also
causes shoaling of these isopycnals so that they are un-
der the direct influence of the turbulent mixing of the
surface mixed layer. Since the winter evaporation rate

exceeds the precipitation rate in the Kuroshio-Oyashio
mixed water region, the contact with the mixed layer
conduits the surface salt flux onto the outcropping iso-
pycnal surfaces. It is emphasized that because o,
= 26.7-26.9 are the lightest density surfaces that do
not undergo this seasonal change, a low-salinity tongue
of water is free to penetrate into the subtropical cir-
culation, thus creating a local salinity minimum (the
NPIW) in this particular density range.

2. Meridional features across the North Pacific
subtropical-subarctic gyres

We start by investigating some of the observed me-
ridional features across the subtropical-subarctic gyres
in the western North Pacific Ocean. Comprehensive
descriptions of this part of the ocean have been given
by many previous authors (Reid 1965; Masuzawa
1972; Kawai 1972; Talley 1993; among others). The
investigation here complements those studies and fo-
cuses on aspects relevant to later discussions.

During the early 1980s, seven repeated hydro-
graphic—CTD surveys across the Kuroshio~Oyashio
current system in the western North Pacific were con-
ducted by the CTD groups at Scripps Institute of
Oceanography and Woods Hole Oceanographic Insti-
tution (Fig. 1). These surveys provided the first surface
to bottom, high-resolution CTD sections across the
Kuroshio—Oyashio; Niiler et al. (1985), Joyce (1987),
and Joyce and Schmitz (1988) have summarized many
scientific results from these cruises. Results from three
of these cruises are presented in this study (Table 1).
These three cruises are chosen because they reach far
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TABLE 1. Summary of the CTD cruises. All data were collected
from the R/V T. Thompson.
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Section Dates (d/mo/yr) Station number Figure
152°E 25/5/82-5/6/82 3-26 2
165°E 9/9/84-8/10/84 3-29 3
165°E 25/11/83-4/12/83 10-28 4

enough north to cover the Oyashio Front (also known
as the Subarctic Front) and represent the oceanic con-
ditions in different seasons. ( Similar meridional struc-
tures were obtained from the other four cruises and
are not presented here for conciseness.) Figures 2-4
show the meridional sections of (a) potential density
ag, (b) salinity S, and (c) potential vorticity Q from
the three cruises. Following Hall and Fofonoff (1993),
the potential vorticity here is defined as

1 6u 80'9 auaﬂ'g
== 20 1
0 po[(f 8y) 9z 9z 8y}’ ()

where fis the Coriolis parameter, p, is the reference
density, and u is the zonal velocity component calcu-
lated geostropically relative to 2000-db depth. This
depth was suggested by Roemmich and McCallister
(1989) to be an appropriate reference level for the sub-
tropical-subarctic North Pacific Ocean.

During these CTD surveys, the axis of the Kuroshio
Extension exists at 33°N in Fig. 2a and at 34.5°N in
Figs. 3a and 4a. The Oyashio Front is located in all
cases around 41.5°N, although the existence of a warm-
core ring in the 1984 cruise (Fig. 3a) makes the dis-
tinction between the Oyashio Front and the northern
flank of the warm core ring ambiguous. Seasonal dif-
ferences among the three cruises are obvious in the
surface layer. During the May-June cruise when sur-
face warming takes place (Fig. 2), the seasonal ther-
mocline is in the developing stage. To the south of the
Kuroshio Extension, it overrides a thick layer of low
potential vorticity, commonly known as the subtropical
mode water (STMW; Masuzawa 1969). The seasonal
thermocline is fully developed during September-Oc-
tober (Fig. 3), and the size of the STMW (the low
potential vorticity area) along this 165°E section is rel-
atively small as compared to the 152°E section of Fig.
2. The lesser STMW found in Fig. 3 could be due to
the diffusive effect from the progression of the seasonal
thermocline, and it could also be a result of geographic
differences. [ The source region of the STMW is be-
tween 140° and 155°E where winter surface cooling is
strongest; see Hanawa (1987).] As in Fig. 2, the cruise
shown in Fig. 3 also captured a cutoff warm core ring;
it is evident from the S and Q sections that these warm
core eddies are effective in transporting higher salinity
and lower potential vorticity Kuroshio Extension water
into the Kuroshio—Oyashio mixed water region. Since
the surface thermal forcing in this region changes to
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the cooling phase around the autumnal equinox, Fig.
4 reveals that the seasonal thermocline formed in sum-
mer is being replaced by the new winter mixed layer
in November-December. [For a thorough discussion
of the upper-ocean heat balance in the Kuroshio Ex-
tension region, readers are referred to Qiu and Kelly
(1993).]

Despite these differences due to seasonal changes
and mesoscale oceanic fluctuations, several features
exist in common to the three cruises. For example, the
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FIG. 2. Meridional sections from the 1982 CTD cruise along 152°E
(see Table 1). Solid dots in (a) indicate the location of CTD stations.
(a) Water density vs depth, (b) salinity vs density, and (c) potential
vorticity vs density (units are 107" m™' s7!), :
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F1G. 3. Same as Fig. 2 except for the 1984 CTD cruise
along 165°E (see Table 1).

Oyashio Front near 41°-42°N is always accompanied
by a sharp salinity gradient. All cruises indicate that
intrusion of the low salinity water occurs below the
seasonal thermocline in the Oyashio Front region (i.e.,
below the 26.64, surface). Although strong eddy mo-
tions of the warm core rings and the Kuroshio Exten-
sion may intermittently distort the alongisopycnal in-
trusions (e.g., Fig. 2b), the presence of the low salinity
tongue between the gy = 26.6 ~ 27.0 surfaces is stable.
As noticed by many previous investigators, the core of
the salinity minimum resides on the isopycnal surface
of g, = 26.8.
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Another common feature in Figs. 2-4 is that, sep-
arated by the 26.6 o, surface, the alongisopycnal po-
tential vorticities transit from an upper layer with
prominent horizontal gradients to a lower layer where
Q is mostly uniform. Similar potential vorticity struc-
tures can be discerned in the Q maps computed from
the Levitus (1982) climatology dataset (Talley 1988).
In light of the theories of Luyten et al. (1983) and
Rhines and Young (1982), the transition in the po-
tential vorticity structure per se is not surprising. The
26.6 o, surface, as shown in Fig. 1, is essentially the
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along 165°E (see Table 1).
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densest isopycnal surface outcropping in winter in the
North Pacific; layers above this isopycnal surface are
directly ventilated and their potential vorticities are
determined by spatially and temporally fluctuating
surface wind and buoyancy forcings. As predicted by
the Rhines and Young theory, in the unventilated lay-
ers below o, = 26.6, a homogenized Q region is likely
to exist due to repeated motions along closed geo-
strophic contours. What is unclear is how the coexis-
tence of the ventilated and unventilated layers will in-
fluence the intrusion of the low salinity tongue (NPIW)
in the subtropical North Pacific. This question is ad-
dressed in the following sections.

3. Isopycnal intrusion of the low-salinity tongue

From the CTD sections shown in Figs. 2-4, it is
clear that the salinity minimum water of NPIW orig-
inates in the Oyashio Front north of the Kuroshio—
Oyashio mixed water region. Since the source of the
freshwater in the subarctic North Pacific is the year-
round, regional negative E — P flux (see Fig. 11 in the
next section ), the fact that the observed salinity in the
subarctic region increases rather smoothly with depth
(in Figs. 2-4) suggests the importance of the vertical
mixing processes in determining the salinity profiles
there. Although understanding the vertical mixing
processes is itself an important issue, this is not pursued
in the present study. In the following discussion, we
will assume that the source of low-salinity water exists
in the subarctic gyre (i.e., the salinity profiles along
42°N will be specified from observations) and focus
on the intrusion of the low-salinity tongue into the
subtropical North Pacific using a simple model.

a. Advection-diffusion model

Given a conservative property such as salinity, the
equation governing its alongisopycnal changes is

oS 1 le] 1 i)
—— —_— + —_
dt  acos¢ oA (uS) a cos¢ d¢ (0§ cosg)
= A; ————-—1 &S + L i a—ScosqS
‘| a? cos?p IN?  a*cos¢ I \ 9
J as
+= (Ad E) » (2)

where «a is the radius of the earth, ¢ is latitude, A is
longitude, ¥ and v are the eastward and northward
components of velocity, and 4; and 4, are coefficients
of isopycnal and diapycnal eddy diffusions for the sa-
linity. With the focus on the subtropical gyre of the
North Pacific, the model domain in the present study
is chosen from 14° to 42°N and 120°E to 120°W. This
domain, as indicated by Talley (1993, her Fig. 3), cov-
ers the entire area of the observed NPIW, except in
regions off Vancouver where part of the NPIW extends
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into the subarctic gyre and along the Mindanao coast
where part of the NPIW is carried southward by the
Mindanao Current ( Bingham and Lukas 1994).

To simplify the model physics, we will neglect below
the diapycnal mixing term in Eq. (2). This simplifi-
cation makes it possible to determine independently
the salinity distributions among different isopycnal
surfaces. Possible effects of the diapycnal mixing on
the model results, however, will be discussed in section
4. Along the model’s open boundaries, salinity values
are fixed using the Levitus (1982) climatology. Like
the rationale mentioned above for the model’s northern
boundary along 42°N, high salinity waters along the
model’s southern and eastern walls have their origins
in the South Pacific Ocean, and it is beyond the scope
of this study to directly determine the salinity values
in the tropical circulation. Along the model’s “closed”
boundaries, namely, boundaries where water depths
are shallower than 1000 m, the no-lateral-flux condition
is imposed. )

To estimate the (u, v) components of velocity on
the isopycnal surfaces, we compute the acceleration
potentials relative to 2000-m depth from the Levitus
dataset. Choosing the reference level at 2000-m depth
again follows the study by Roemmich and McCallister
(1989). As an example, Fig. 5 shows the acceleration
potential (4) values on the 26.8 o4 surface, and they
are related to the alongisopycnal velocities by

1 a4
—2Q singv = T oosg N (3)
104
) _lo4 4
2Q singpu 230" (4)

where ( is the rotation rate of the earth. Strictly speak-
ing, Egs. (3)~(4) give u, v on steric anomaly surfaces.
To estimate #, v on the isopycnal surfaces, a correction
term is required (Cochrane et al. 1979). This correction
term is not included because its effect is small compared
with the velocity errors introduced by the uncertainty
in the choice of the reference level.

Given the boundary values and the velocity field,
the salinity distribution on an isopycnal surface can be
determined numerically. By defining S and A, respec-
tively, at the center and corners of 1° X 1° box, we
integrated the finite-difference forms of Eqgs. (2)-(4)
until the salinity field reached the steady state. In the
calculation, 4, = 1500 m® s~ is used. This value fol-
lows Jenkins (1991) who, from tritium-helium obser-
vations, estimated the isopycnal eddy diffusivity in the
main thermocline of the Sargasso Sea to be 1840
+ 440 m? s™!. Choosing other 4; values in the range
of 1000-2000 m? s~ ! produces qualitatively similar re-
sults to be presented below. For simplicity in discussion,
we will focus on the model results from three isopycnal
surfaces: 1) g, = 26.8, on which the NPIW core resides,
2) g, = 27.0, which represents the isopycnal surfaces
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FIG. 5. Acceleration potential on the 26.8 o, surface relative to 2000-m depth. Contours have
units m? s™2 and are calculated from the annual Levitus climatology.

below the NPIW core, and 3) o, = 26.2, which rep-
resents the isopycnal surfaces above.

b. Modeled salinity distribution on the NPIW core
surface

Figure 6b shows the salinity distribution on the o,
= 26.8 isopycnal surface from the model calculation.
Comparing it with the Levitus climatology (Fig. 6a)
reveals that the observed and the modeled salinity pat-
terns are generally similar. The noted discrepancies oc-
cur along the western boundary and in the Kuroshio
Extension’s recirculation region. The modeled salinity
along the western boundary from Taiwan to the Japan
coast, for example, is not as high as from the obser-
vations. In the recirculation region of the Kuroshio
Extension (140°-170°E, 30°-35°N), observations in-
dicate a well-developed, C-shaped salinity pattern (see
the 34.1 psu contour), but this pattern is not as clear
in the model result. A possible reason for these dis-
crepancies is the uncertainty in the velocity field.
Choosing the no-motion level at 2000-m depth along
the western boundary may well underestimate the in-
tensity of the Kuroshio, resulting in a smaller north-
ward salt flux. Similarly, the assumption of a level of
no motion misses the barotropic component of the
Kuroshio Extension recirculation gyre (see Joyce and
Schmitz 1988) and consequently weakens the anticy-
clonic intrusion of the low salinity water to the south
of the Kuroshio Extension. Despite these problems,
the generally good agreement between Figs. 6a and 6b
suggests that the alongisopycnal advection—diffusion is
the essential mechanism for the low-salinity water in-
trusion on the NPIW core surface.

¢. Modeled salinity distribution below the NPIW
core

Like for the ¢, = 26.8 isopycnal surface, the model
results for isopycnal surfaces below the NPIW core also
agree well with the observations. For example, Fig. 7b
shows the modeled salinity distribution on the o,
= 27.0 isopycnal surface. It compares favorably with
the observed salinity pattern (Fig. 7a), except again in
the recirculation region of the Kuroshio Extension
where the modeled anticyclonic intrusion of the fresh,
subarctic-origin water is weak compared with the ob-
servations.

d. Modeled salinity distribution above the NPIW
core

Figure 8b shows the modeled salinity distribution
on the ¢, = 26.2 surface, representative of the isopycnal
surfaces above the NPIW core. Unlike the results pre-
sented above, the modeled salinity distribution deviates
significantly from the observations (Fig. 8a). In a large
portion of the model’s interior, the modeled salinity
values are 0.2-0.3 psu lower than the climatological
data; these values are actually even lower than those
on the NPIW core surface (Fig. 6b), implying that no
salinity minimum is realized from the model calcula-
tion. Given that the shallower subarctic gyre in the
North Pacific is fresher and that the salinity has little
depth dependency along the model’s southern bound-
ary (compare Fig. 6a with Fig. 8a), the lower salinity
in Fig. 8b is expected under the present assumed model
dynamics. In fact, the water along the North American
continent is observed to be fresher on the ¢, = 26.2
surface than on o, = 26.8, and this is simulated in the






