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ABSTRACT

CTD/STD data from 24 cruises in the North Pacific are studied for their vertical salinity structure and
compared to bottle observations. A triple-salinity minimum is found in two separated regions in the eastern
North Pacific. In the first region, bounded by the northern edge of the subarctic frontal zone and the 34°N
front between 160° and 150°W, a middle salinity minimum is found below the permanent pycnocline in the
density range of 26.0 and 26.5 ¢,. This middle minimum underlies Reid’s shallow salinity minimum and
overlies the North Pacific Intermediate Water (NPIW). In the second region, southeast of the first, a seasonal
salinity minimum appears above the shallow salinity minimum at densities lower than 25.1 g,. The shallow
salinity minimum and the NPIW can be found throughout year, while the seasonal minimum only appears in
summer and fall.

The middle and shallow salinity minima, as well as the seasonal minimum, originate at the sea surface in
the northeast Pacific. The properties at the minima depend on the surface conditions in their source areas. The
source of the middle minimum is the winter surface water in a narrow band between the gyre boundary and
the subarctic front west of 170°W. The shallow salinity minimum is generated in winter and is present throughout
the year. The seasonal salinity minimum has the same source area as the shallow salinity minimum but is
formed in summer and fail at lower density and is not present in winter.

A tropical shallow salinity minimum found south of 18°N does not appear to be connected with the shallow
salinity minimum in the eastern North Pacific. South of 20°N, the shallow salinity minimum and the NPIW
appear to merge into a thick, low salinity water mass. When an intrusion of high salinity water breaks through
this low salinity water mass south of 18°N, this tropical salinity minimum appears at the same density as the
shallow salinity minimum. Though the water mass of the tropical minimum is derived from the water in the
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shallow salinity minimum, the formation of the vertical minimum is different.

1. Introduction

Vertical salinity minima in the North Pacific have
been the subject of much study since Wiist (1930)
noted the presence of a widespread minimum in the
subtropics. Two large-scale salinity minima have been
described. The North Pacific Intermediate Water
(NPIW), indicated by a well-defined, thick and smooth
salinity minimum, occurs in the density range of 26.7
to 26.9 g, throughout the subtropics where potential
vorticity suggests wind-driven circulation (Talley
1992). According to Reid (1965), vertical mixing
transmits cold, less saline, and oxygen-rich water
through the pycnocline in the subarctic gyre. Lateral
mixing along isopycnals and the general circulation
then carry these characteristics equatorward from the
subarctic gyre to the subtropical gyre. More recently,
Talley (1991) examined the details of this process and
suggested that freshening and oxygenation at the NPIW
densities occur primarily in the Okhotsk Sea through
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brine rejection below sea-ice formation (Kitani 1973).
Formation of the actual NPIW salinity minimum oc-
curs when Oyashio and modified Kuroshio waters meet
in the mixed water region east of Hokkaido (Hasun-
uma (978; Talley 1992),

The “shallow salinity minimum” (SSM) is observed
at 25.1 < 05 < 26.2 in the eastern Pacific south of 50°N
(Reid 1973) and above the NPIW. It spreads over the
eastern boundary current region and turns to the
southwest around 25°N following the current. At lower
latitudes, the shallow salinity minimum is found from
130°W to the western boundary between 10°N and
the equator. Tsuchiya ( 1982 ) suggested that the source
of the SSM is surface water of low salinity and high
oxygen concentration near 35°-50°N, 145°-160°W.
This surface water is advected equatorward in the east-
ern part of the subtropical gyre and meets more saline
but less dense subtropical surface water. Saline surface
water from the west and evaporation at the surface
result in a subsurface salinity minimum (Reid 1973;
Tsuchiya 1982). Talley (1985), using a modified LPS
model (Luyten et al. 1983), showed that the SSM can
result from the wind-driven, ventilated circulation in
the subtropical gyre. The density and salinity of the
minimum vary as a result of sea surface conditions in
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the source region, and the density range extends to the
highest density that outcrops in the subtropical gyre.

The above studies of the two salinity minima were
based on the historical hydrographic bottle data. The
newer technology of STD and CTD profiling has pro-
vided data with high vertical resolution since the late
1960s. For example, the detailed salinity distribution
from a CTD section from Hawaii to Alaska along
152°W is examined in section 2. A third salinity min-
imum is reported in the present work, which is found
above the NPIW and below the SSM within and south
of the subarctic frontal zone (SFZ). To find the hori-
zontal extent of this triple salinity minimum, STD/
CTD data from 24 cruises in the North Pacific are
used. Salinity minima are selected from these data and
mapped on four isopycnals (section 3). The triple sa-
linity minimum is found in two separate regions. In
the first, a middle salinity minimum occurs in the den-
sity range of 26.2 to 26.5 ¢y, which is below the con-
ventional SSM. This minimum usually appears as a
sharp intrusion below the pycnocline. In the second,
a seasonal minimum (summer and fall) lies above the
SSM. Both seasonal and shallow salinity minima have
a broad density range. Possible source areas for these
salinity minima are suggested in section 4 based on
observations. The processes of subduction are discussed
from theoretical points of view in section 6. In section
5, a shallow salinity minimum in the tropics is shown
to differ from the SSM in the subtropical gyre. The
formation of this minimum cannot be explained by
ventilation theory. It is likely to be formed by intrusion
of high salinity eastern equatorial water at densities
greater than 26.0 g, into a thick, low salinity, subsurface
water.

2. Salinity minima along 152°W

The second leg of the Marathon Expedition (Mar-
athon II) proceeded from Hawaii to Alaska along
152°W during May 1984 (Fig. 1). Pressure, temper-
ature, and salinity at 98 stations were measured con-
tinuously with a CTD. After calibration and block-
averaging, the final data were reported every 2 db. Sta-
tion separation varied from 14.4 km near the Alaska
coast to 60.7 km in the middle of the gyre. Details of
data collection and processing can be found in Martin
et al. (1987), and the basic hydrography is described
in Talley et al. (1991). Our attention is focused on
significant salinity intrusions found south of the sub-
arctic front, in which the vertical scale is at least 50 m
and the horizontal scale is relatively large. Features
caused by microscale turbulence and local surface in-
fluence are beyond the scope of this paper. We therefore
smooth the data further with a Gaussian filter. Figure
2 shows experiments with total filter widths of 20, 30,
and 40 m (from left to right). The resulting vertical
salinity distributions from station 50 are in the upper
panels. The salinity minima from 35° to 45°N are
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FIG. 1. Hydrographic section occupied on the second leg of the
Marathon expedition (R/V T. Washington) in May 1984. The dots
are the station locations.

identified from filtered data by computer and plotted
versus density in the bottom panels of Fig. 2. The ar-
rows indicate station 50. Based on the panels, there are
three significant minima at station 50. With a 20-m
filter (left column), seven minima are found. With a
30-m filter, four minima are selected. With the 40-m
filter, three minima are selected. These three minima
are not eliminated with 50- and 60-m smoothing (not
shown here). Based on this example and many others,
smoothing with a Gaussian filter of 40-m width was
chosen for this research.

The western side of the SSM at middle latitudes and
its source water region at high latitudes (see Fig. 1 in
Reid 1973) were crossed by the Marathon II cruise.
The distributions of salinity, temperature, and o, along
the cruise track from stations 19 to 80 are plotted for
the upper 800 m in Fig. 3. The salinity in this section
shows a strong halocline at about 100-m depth north
of 39°N. The subarctic frontal zone (SFZ) lies between
stations 52 and 58, which is the southern end of the
halocline and separates the less-saline subarctic water
from relatively high salinity subtropical water (Fig. 3a).
A weak temperature front occurs in the SFZ (Fig. 3b).
No significant surface density front occurs in the SFZ
since temperature and salinity compensate each other
in the mixed layer. Farther south, the “34°N front”
[also called the “northern subtropical front” by Lynn
(1986)] is found just south of 34°N between stations
36 and 37 in both salinity and temperature. The sub-
tropical frontal zone, which is the northern boundary
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FIG. 2. Gaussian-filtering experiments. Upper panel: Vertical distribution of salinity at station 50 (38.5°N).
Bottom panel: The salinity minima selected from filtered data versus density from 35° to 43°N. From left
to right, applied filter widths are 20, 30, and 40 m, respectively. Arrows indicate the location of station 50.

of the North Pacific Central Water (Roden 1980), is
located between stations 27 and 31.

All salinity minima are selected from the smoothed
data and superimposed on the property distributions
in Fig. 3. There are three groups of minima along
152°W. The NPIW, indicated by crosses, starts from
the subpolar gyre and extends south of the subtropical
frontal zone. The depth of the NPIW increases south-
ward from about 200 m north of the SFZ to about 600
m south of the subtropical frontal zone. The SSM oc-
curs near the base of the mixed layer. Represented by
circles in Fig. 3, this minimum begins near 50°N and
ends at the subtropical front. The depth of the SSM
is less than 100 m north of the 34°N front and greater
than 100 m south of the front. North of the 34°N front,
the SSM is more or less in the mixed layer. South of
the 34°N front, the SSM extends downward and lies
well below the mixed layer.

There is another group of minima between the
NPIW and the SSM, which we call the “middle salinity
minimum” and indicate by asterisks in Fig. 3. The
middle salinity minimum appears below the halocline
and the pycnocline. It starts from the base of the pyc-
nocline at 43°N, which is the northern edge of the
SFZ, crosses the frontal zone and extends into the sub-
tropical gyre as far as 34°N. South of the 34°N front,
the minimum gradually disappears. Although some
minima can be identified farther south, they are not
significant. Salinity versus density plotted in Fig. 4 from

stations 30 to 80 helps to verify this. The three salinity
minima are connected by dashed lines for identifica-
tion. The top dashed line connects the SSM, and so
on. The middle salinity minimum is found between
stations 38 and 61. It extends 1875 km in the horizon-
tal. South of station 38 (34°N front), the minimum
becomes harder to identify. The density range of the
middle salinity minimum is mainly between 26.2 and
26.4 g,. The SSM is observed at most of the stations
in Fig. 4. The density, depth, and strength of the SSM
vary from station to station. The density range of the
minimum is from 25.1 to 26.0 ¢,. The NPIW, char-
acterized by the thick and smooth salinity minimum,
occurs in the density range of 26.7 to 26.8 o, at most
of the stations, except those north of the SFZ.

Figure 5 shows the salinity and temperature at the
three salinity minima along 152°W. Salinity at the
NPIW is nearly uniform at about 34.0 psu (practical
salinity units) south of 43°N. The salinity at the SSM
occurs in a wide range from 32.5 to 34.5 psu. The
range of salinity at the middle salinity minimum is
from 33.9 to 34.2 psu, which is much smaller than at
the SSM. The temperature also does not change much
across the section at the NPIW. The temperature at
both the shallow and middle salinity minima decreases
northwards. The rate of decrease is slightly larger at
the SSM than at the middle minimum.

The SSM Reid (1973) described has density lower
than 26.0 o, and salinity approximately 33.5 psu near
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F1G. 3. Meridional section from Marathon II (152°W) between stations 19 and 80. Crosses, asterisks,
and circles indicate the NPIW, middle, and shallow salinity minima, respectively. Panels are (a) salinity,
(b) temperature, and (c) o,.
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FI1G. 4. Salinity versus potential density from stations 30-80 of the Marathon Il cruise (152°W).
Salinity is correct at station 30 and offset by 0.30 psu on each subsequent station.

the SFZ around 150°W. Based on the information
given above, we are convinced that the SSM on the
Marathon II section corresponds to Reid’s SSM. The
middle salinity minimum on the Marathon I is a newly
observed phenomenon, relying on CTD profiles for its
identification. The middle salinity minimum has four
significant characteristics. First, the minimum starts at
the northern end of SFZ and extends southward until
it reaches the 34°N front. Thus, we suspect that the
minimum is related to frontal activity and contributes
to the water exchange between the subarctic and sub-
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FiG. 5. (a) Salinity and (b) temperature at the three salinity
minima in Marathon II from stations 19 to 80.

tropical gyres. Second, the minimum occurs over a
limited density range (26.1 to 26.4 ¢, along this sec-
tion). These isopycnals are below the pycnocline, while
the SSM is above or within the pycnocline north of the
34°N front. Third, the strength and vertical scale of
the middle salinity minimum do not change signifi-
cantly from station to station within the frontal zone
(Fig. 4), but the minimum is much thinner and less
uniform than the NPIW and also less variable than the
SSM. The vertical scale of this minimum is less than
100 m. Last, the shape of the minimum in g,/ S is very
sharp (Fig. 6). This implies that the minimum is caused
by a strong new intrusion that has not yet been eroded
significantly by vertical turbulent mixing or double dif-
fusion. All these characteristics distinguish the middle
salinity minimum from the SSM and the NPIW.

The triple salinity minimum within and south of the
SFZ found in the Marathon II data suggests the fol-
lowing questions. How many salinity minima are
commonly found in the North Pacific? Is the triple-
salinity minimum a time-dependent phenomenon?
What is its horizontal extent? What and where are the
sources of these minima? A larger collection of CTD/
STD data is used to address these issues in the following
sections.
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FIG. 6. The g,/ S relations at Marathon II stations 50-57, which
cross the subarctic frontal zone at 152°W in May 1984.
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TABLE 1. CTD and STD cruises used in this research. Providers’ names are listed in the reference column

when there are no available references for the data.

Ship Stations Survey period Reference
R/V Thomas G. Thompson 133 Apr 1968 Roden (1970)
R/V Thomas G. Thompson 249 Nov-Dec 1969 Roden, G.
R/V Thomas G. Thompson 270 Mar-May 1971 Roden (1972)
R/V Thomas G. Thompson 300 Sep-Nov 1972 Roden (1974)
R/V Thomas G. Thompson 257 Jan-Feb 1974 Roden (1980)
R/V Thomas G. Thompson 287 Sep-Oct 1975 Roden (1977)
David Starr Jordan 118 Jun 1976 Lynn (1986)
R/V Thomas G. Thompson 122 Jan-Feb 1980 Roden (1980)
R/V Thomas Washington 24 May 1981 Niiler et al. (1985)
R/V Thomas Washington 40 Jun 1981 Joyce, T.
USNS Silas Bent 51 Sep 1982 Teague (1983)
R/V Thomas G. Thompson 27 May-Jun 1982 Joyce, T.
R/V Thomas G. Thompson 45 Jul-Aug 1982 Joyce, T.
R/V Thomas G. Thompson 17 Jul 1983 Niiler (1986)
R/V Thomas G. Thompson 52 Sep-Nov 1983 Joyce (1987)
R/V Thomas G. Thompson 28 Nov-Dec 1983 Joyce, T.
R/V Thomas Washington 98 May 1984 Martin et al. (1987)
R/V Thomas G. Thompson S5 Sep-Oct 1984 Joyce (1987)
R/V Thomas G. Thompson 216 Mar-Jun 1985 Roemmich et al. (1990)
R/V Thomas G. Thompson 115 Aug-Sep 1985 Talley et al. (1988)
R/V Melville 10 May 1987 Worcester, P.
NOAA ship Oceanographer 16 Sep 1987 Worcester, P.
R/V Thomas Washington 22 Jun 1981 Warren and Owens (1988)
R/V Thomas Washington 123 Jun-Jul 1991 WOCE P17

3. Salinity minima in the North Pacific

Table 1 lists the 24 CTD/STD cruises in the North
Pacific used in this section. Most of the surveys were
conducted north of 20°N. The profiles were vertically
smoothed with a Gaussian filter of 40 m total width
prior to identification of the salinity minima.

Based on the vertical salinity profiles at most stations,
minima at the NPIW density and less can be separated
into four density layers: density less than 25.1 g, 25.1-
26 ay, 26.0 to 26.5 g4, and 26.5 to 26.8 ¢,. The hori-
zontal extent of the salinity minima in the four density
layers is shown in Fig. 7. The groups of stations that
show the vertical minima in corresponding density
layers are shaded. All of the minima except the NPIW
(in Fig. 7d) occur only in the eastern North Pacific,
similar to Reid’s (1973) SSM.

The salinity minimum that is less dense than 25.1
a4 (Fig. 7a) occurs only in summer and fall, such as
in July 1976, November 1969, September 1972, Sep-
tember 1975, and June 1991. The data taken on the
cruises of January-February 1968, 1974, and 1980 and
April 1983 do not show any minimum in this density
range since the surface density in winter is not less than
25.1 o, in most of the area. Therefore, we call it a “sea-
sonal salinity minimum.” The horizontal extent in Fig.
7a is artificially confined by the limited summer and
fall data coverage.

In the layer 25.1 to 26.0 o, (Fig. 7b), the salinity
minimum starts from 45°N, 160°W and spreads over
the eastern boundary current region. It can be found
in all seasons and occupies most of Reid’s SSM area.

The densities of Reid’s SSM correspond to this density
range. There is a separate region of minima south of
20°N around 140°W based on the data collected during
September—November 1972 and June-July 1991. This
minimum, even though it occurs in the same density
range, does not seem to be a continuation of the north-
ern part of the SSM. It will be discussed again in
section 5.

Figure 7¢ shows the salinity minimum in the density
range of 26.0 to 26.5 ¢4. The minimum usually occurs
below the permanent pycnocline. The horizontal extent
of the minimum in our data is bounded by the northern
edge of the SFZ and the 34°N front between 160° and
150°W. The scattered patches may imply that this
minimum can spread as far as 31°N, 137°W, but we
do not have enough data to prove this. The minimum
is also found in different seasons, such as September
1975, September 1983, May 1984, and May and Sep-
tember 1987, but not in September 1982 in the same
area. The vertical scale of the minimum is less than
100 m.

The NPIW (Fig. 7d) occurs in most of the subtrop-
ical gyre. Again, our limited data may not show the
complete NPIW region. Talley (1992) describes the
NPIW distribution in greater detail.

Since the areas in Figs. 7a and 7¢ are nearly mutually
exclusive, we will find two areas with a triple-salinity
minimum when Figs. 7a—c are superimposed on Fig.
7d. The two areas are labeled I and II in Fig. 8. The
triple-salinity minimum in area I consists of the SSM,
the middle salinity minimum, and the NPIW. The
horizontal extent of area I depends mainly on the area
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F1G. 8. The triple-salinity minimum has been found in the two shaded areas in the eastern
North Pacific. The dots are the data locations for all 24 cruises.

of the middle salinity minimum. The same salinity
structure intermittently appears along 35°N from 135°
to 158°W in March 1976 (Kenyon 1978b). It also can
be traced as far as 28° to 30°N between 155° to 158°W
in August 1978 (Hayward and McGowan 1981). The
Marathon II minima (Fig. 6) are a good example of
the vertical salinity structure during spring in this area.
Figure 9a shows the salinity structure in fall in the same
area; o,/S relations of seven stations from 39° to
40.5°N along 150°W collected in September 1975 are
displayed in Fig. 9a. The middle salinity minimum is
found between 26.4 and 26.5 oy, and the NPIW is still
between 26.7 and 26.8 6,. The SSM appears in a wider
density range between 26.0 and 25.1 ¢,. In contrast,
the middle minimum in both spring and fall occurs in
a narrow density range below the permanent pycno-
cline. The triple-salinity minimum has been found in
April 1968, September 1975, July 1983, May 1985,
and September 1987, but not in May 1987 in this area.
In the data of May 1987, the absence of the SSM left
only two minima.

Area Il is southeast of area I. The triple-salinity min-
imum is formed by the seasonal minimum overlying
the SSM during summer and fall and the NPIW un-
derlying the SSM. In our data, it starts from 37°N,
reaches as far south as 22°N, and is between 154° and
133°W. It is not clear that area II is bounded by any
fronts. The shape of area II mainly depends on the
seasonal minimum in the available data, which may
not represent the true area. In the data of June 1976
ae/ S relations along 137.5°W (Lynn 1986) show the
typical salinity structure in area II (Fig. 9b). The SSM
occurs within the permanent pycnocline rather than
below it. Compared with the shallow minimum in area
I, the minimum in area II is vertically much smoother
and has a wider density range and higher salinity at
the minimum. The seasonal salinity minimum is more
variable than both the SSM and the NPIW.

A triple-salinity minimum structure has been de-

tected in area I in different seasons and years, con-
vincing us that this phenomenon is not temporary. In
area II, the triple-salinity minimum is seasonal, oc-
curring in summer and fall. Both areas of the triple-
salinity minimum fall in the area of Reid’s SSM (Fig.
8 here; Fig. 1 in Reid 1973). In area I, the density level
of the shallowest salinity minimum in winter is con-
sistent with Reid’s observations in that area. The mid-
dle salinity minimum has not been reported previously.
This middle minimum usually does not extend to area
II. In area II, the SSM is also similar to Reid’s obser-
vations, while the seasonal minimum is new to us.
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FIG. 9. The o,/S relations (a) from 39° to 40.5°N along 150°W
in September 1975 and (b) from 31.7° t0 32.5°N along 137.5°W in
June 1976.
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F1G. 10. Surface density in winter from Levitus’ (1982) data. The heavy solid line represents the Sverdrup
streamfunction ¢ = 0 and the heavy dashed line represents Ekman pumping W = 0. Both are calculated
from Hellerman and Rosenstein’s (1983) winter ( February, March, and April) climatological wind stress.

Bars indicate the subarctic front.

The vertical resolution of standard bottle data be-
tween 150 and 300 m is 50 m, which is inadequate for
resolving phenomena of about 100 m thickness or less.
In area I, the shallow minimum lies above 150 m where
bottle data have higher vertical resolution. The middle
salinity minimum found from CTD/STD data in area
I is between 200 and 250 m and is poorly resolved in
bottle data. The greatest density at Reid’s SSM is 26.2
ag near 25°N, 140°W. We also found salinity minima
from CTD/STD sections at this density in this region,
as well as minima at lower densities. The isopycnal
26.2 g, lies at approximately 300 m in this region, a
standard depth for bottle data.

4. Source waters and lateral circulation of the
salinity minima

The source of the SSM has been discussed in pre-
vious studies. Stommel (1979 ) suggested that the winter
surface density determines water properties on venti-
lated isopycnals in the subtropical gyre because of the
slowness of advection relative to the peregrinations of
surface outcrops. Reid (1973) suggested that surface
water at high latitudes is the source of the SSM. Kenyon
(1978a) concluded that the source of low-salinity water
appears to be in the east based on a zonal STD section
at 35°N. By calculating acceleration potential and
plotting the depth, salinity, oxygen, and nutrients on
240 clt™! (25.6 o4), Tsuchiya (1982) pointed out that
the low salinity water originates at the sea surface near
35°-50°N, 145°-160°W where the outcrop runs more
or less meridionally and that flux of the subarctic low
salinity water into the subtropical gyre is limited to the
area east of 160°W at this thermosteric anomaly. Talley
(1985) used a four-layer model and winter surface
conditions to show that the SSM in the eastern Pacific
is a feature of the ventilated, wind-driven circulation.
Ventilation should occur on all isopycnals outcropping

in the northern half of the subtropical gyre. The winter
surface salinity in the outcropping zone and wind pat-
tern determine the density layers in which the mini-
mum Occurs.

Winter (February, March, and April) surface density
from Levitus (1982) is plotted in Fig. 10. The Sverdrup
transport streamfunction ¢ (including Ekman trans-
port) and the Ekman pumping W are calculated from
climatological winter (February, March, and April)
wind stress (Hellerman and Rosenstein 1983). ¢ = 0
and W = 0 are superimposed on the winter surface
density. The subarctic front (bars in Fig. 10) is between
¢ = 0 and W = 0 west of 170°W and south of = 0
and W = 0 east of 170°W. The isopycnals of 26.2~
26.5 a4 outcrop between 165°E and 170°W, the avail-
able source water region. The salinity of surface water
in this outcrop area north of the SFZ is quite low. South
of the SFZ, the surface salinity becomes higher than
34.0 psu west of 170°W (Reid 1969). We therefore
regard the SFZ as the southern boundary of the source
water. The northern boundary of the source water is
suggested to be gyre boundary, ¢ = 0. From theoretical
considerations, the surface water north of ¢ = 0 will
circulate in the subarctic gyre and will not contribute
to the salinity minimum in the subtropical gyre. The
narrow band between ¢ = 0 and the SFZ could be the
source water area for the middle salinity minimum.

Using a set of high-quality bottle data, including data
from J. Reid and A. Mantyla and several recent cruises
across the North Pacific, acceleration potentials at 25.6
and 26.2 g, relative to 2000 m are calculated (Fig. 11).
The depth of 25.6 o, is greater than 200 m in the central
subtropical gyre near 25°N, decreasing both northward
and southward, as well as toward the eastern boundary.
The depth of 26.2 ¢, has the same pattern; the greatest
depth is more than 400 m near 25°N. In most of the
subtropical gyre of the eastern North Pacific, the depth
1s greater than 200 m. The SSM and the middle salinity
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FIG. 11. Acceleration potential in 10 m? s~2 at (a) 25.6 o, and (b) 26.2 g, relative to 2000 m. The heavy
solid lines represent the outcrops of these two isopycnals at the sea surface based on Levitus’ (1982) winter
surface density. The shaded areas indicate the areas of the shallow and middle salinity minima.

minimum areas are shaded in Figs. 11a and 11Db, re-
spectively. Both minima are downstream of their
source areas, which implies that geostrophic flow ad-
vects the low salinity water southeastward. East of
170°W (in Fig. 11b), we surmise that the southward
component of geostrophic flow carries the subducted
water on 26.2 g, across the subarctic front from north
to south where it meets high salinity surrounding water.
This produces the middle salinity minimum in area L.

Figure 12 shows salinity on three isopycnals: 25.6,
26.2, and 26.6 o,. The same depth pattern appears at
26.6 g, as at 25.6 and 26.2 o,. The depth is greater
than 300 m in most of the subtropical gyre in the east-
ern North Pacific. The greatest depth is more than 500
m near 25°N. The salinity distributions clearly show
that the subtropical gyre retreats northward with depth
(also in Reid and Arthur 1975; Levitus 1982). The low
salinity tongue can reach as far south as 10°N at 25.6
oy (Fig. 12a), but it reaches only 20°N at 26.2 ¢,. At
26.6 oy, the low salinity tongue is limited to north of
30°N. These patterns show why the SSM extends
farther south than the middle minimum.

The meridional narrowness of the source area de-
termines the temperature, salinity, and density at the

middle minimum. Since the position of the front, sur-
face density, and wind pattern in winter vary inter-
annually, the middle salinity minimum may occur at
different densities in different years. Surface heating in
the following spring will block further vertical mixing
down to the ventilated water. The temperature and
salinity of the ventilated water will therefore be ad-
vected along the isopycnal without significant change.
Because of limited data, the water path cannot be traced
from the source area to the region where the middle
salinity minimum is found; neither can the southeast-
ern extent of the minimum mentioned in the previous
section be traced. The horizontal extent of the middle
salinity minimum also varies in different years. The
highest density, 26.23 ¢, (180 X 10~® m® kg ') at Reid’s
shallow salinity minimum (Fig. 1 in Reid 1973), occurs
from 23° to 28°N, 135° to 145°W. We think that the

. salinity minimum at this density must have the same

source as the middle salinity minimum in area I since
this density does not outcrop in the source area of the
SSM (Tsuchiya 1982). Because the source area of the
middle salinity minimum in area I is rather small, this
minimum has a limited vertical scale and cannot be
spread over a large horizontal area, making it difficult
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FIG. 12. Salinity at (a) 25.6 o, (b) 26.2 g,, and (c¢) 26.6 o, based on the same dataset as Fig. 11.

to find in bottle data. Vertical diffusion will eventually
erase it.

The source of low salinity water in the SSM of area
is between 35° and 50°N east of 160°W, as Tsuchiya
pointed out in 1982. Ekman pumping is negative
(downwelling) in this region so that the minimum is
created by direct Ekman subduction in winter and car-
ried by the North Pacific Current and the California
Current eastward and southeastward, respectively.
Figure 11a confirms this point. The source area of this
minimum is larger than that of the middle salinity
minimum, Therefore, it is spread over a larger area in
the eastern subtropical gyre. Lateral variations in the

surface source properties produce the high variability
of temperature, salinity, and density at the minimum.

In area II, the middle salinity minimum cannot be
found consistently except in a few locations. The SSM
stays in the same density range as in area I, so it has
the same physical mechanism and the same source. A
seasonal minimum above the SSM is produced by Ek-
man-type subduction in summer and fall. In summer,
the surface temperature increases, whereas the salinity
does not have much seasonal change (Reid 1969).
Surface density, therefore, becomes much lower in
summer than in winter (Reid 1969), ranging from 24.0
to 24.5 g, in area II. Downwelling prevails through
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most of the year in this area. The mechanism of pro-
ducing a seasonal minimum is the same as the SSM
except it occurs only during summer and fall at much
lower densities. Surface cooling in winter destroys the
seasonal minimum.

Winter surface density increases and salinity de-
creases monotonically from south to north (Reid
1969). Why does the low salinity surface water not
intrude into the subtropical gyre at every outcropping
density layer? The CTD salinity profiles examined here
(Fig. 6) suggest that the middle salinity minimum re-
sults from the intrusion of low salinity water into the
mean salinity maximum of the ambient water. The
high salinity at the maximum apparently arises from
vertical diffusion from the overlying salinity maximum
in the southern subtropical gyre and Kuroshio (Fig.
11 and Fig. 12). The reason for the discreteness of the
shallow and middle salinity minima is found in the
pattern of the winter surface outcrops relative to the
Sverdrup transport and the SFZ (Fig. 10). For instance,
upstream of area I, the 26.0 g, outcrop is nearly zonal
and south of the SFZ. The surface salinity in the out-
cropping zone is rather high, so even though the wind
forcing (W < 0) is favorable to the subduction, the
subducted water does not bring low salinity into
area I. At 165°W, the 26.0 o, outcrop suddenly turns
northward to an area north of the SFZ, where the sur-
face salinity is low and W < 0. However, since this
part of the outcropping area is directly north of area I,
the subducted low salinity water is probably advected
east of area I toward the North American coast (Fig.
11b). Thus, the lack of low salinity subducted water
leaves a salinity maximum at 26.0 g, in area I. On the
other hand, there is also a lack of low salinity water
between the middle salinity minimum and the NPIW,
between 26.5 and 26.7 g, in area I. These isopycnals,
which primarily outcrop in the subpolar gyre, also out-
crop in the mixed-water region between the Kuroshio
extension and Oyashio Front (Fig. 10) (Talley 1991).
The southern part of the outcropping region is thus
inside the subtropical gyre where its salinity is increased
due to saline surface water introduced by the Kuroshio
and Tsugaru Warm Current. If this surface water is
subducted and then advected southeastward, it cannot
generate a salinity minimum in the subtropical gyre
because of its high salinity. Another intriguing possi-
bility is that subduction on these isopycnals does not
occur in the subtropical gyre since W > 0 in their out-
cropping area (Fig. 10).

Ventilation is assumed to occur on all isopycnals
that outcrop in the northern half of the subtropical
gyre if W < 0. The vertical salinity minima in the sub-
tropical gyre can be regarded as a tracer of this venti-
lation. However, only ventilation on the isopycnals that
outcrop in the areas of relatively low surface salinity
(such as north of the SFZ) will generate vertical salinity
minima in the subtropical gyre. So the minima do not
represent all ventilation. Amounts of low salinity water
intruded into the subtropical gyre along the isopycnals
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depend on the size of the source area and whether there
is Ekman pumping or suction. The source area of the
middle salinity minimum is rather narrow, and the
wind pattern does not always produce Ekman pump-
ing, which is a direct mechanism for subduction, in
the source area. Therefore, the middle salinity mini-
mum is found in a relatively small area. On the other
hand, the SSM represents the majority of the low sa-
linity water flushing into the subtropical gyre from
north above the NPIW since its source area is relatively
large and Ekman pumping prevails in the area.

5. Tropical salinity minimum

Reid (1973) showed that the SSM turns southwest-
ward with the eastern boundary current near 20°N and
spreads between 10° and 20°N from 130° to 170°W
in the density range of 25.4 to 25.7 ¢,. Emery and
Dewar (1982) showed in their mean temperature and
salinity curves that there are multiple salinity minima
in the same region. Two of them are more profound
than the others. One occurs at 26.0 ¢4, and the other
is the Antarctic Intermediate Water (AAIW ) with den-
sity greater than 27.0 o,. There are also some weak
minima above 25.0 o,. Emery and Dewar claimed that
the presence of a variety of intermediate waters causes
the multiple salinity minima.

Figure 7b shows a separate shallow salinity mini-
mum south of 20°N near 140°W, which we call the
tropical salinity minimum. It occurs at about 26.0 o
and from 8° to 18°N, 130° to 145°W. There is not
enough data to determine whether this minimum is
connected to the SSM east of 130°W. This minimum
is observed at least as far west as 150°W (Talley, per-
sonal communication ). A CTD section (WOCE P17)
along 135°W occupied in summer 1991 gives a good
demonstration of the evolution of vertical salinity
structure from north to south in this area. The a,/S
relations from every other station from stations 22 to
76, which cover 32°-5°N, are plotted in Fig. 13. Figure
13a shows o,/ S relations in the subtropical gyre from
32° to 26°N (from left to right). The SSM occurs at
26.0 g, or above, and the NPIW is at 26.8 ;. There is
a salinity maximum between the SSM and the NPIW
with a salinity of 34.1 psu. The two salinity minima
become weaker southward as they are farther away
from their source regions. Vertical mixing tends to
smooth out the maximum. The two salinity minima
merge together in Fig. 13b, which covers latitudes from
25°to 19°N along 135°W. High salinity of the surface
water results from excess evaporation. The underlying
low salinity water mass is about 300 m thick and be-
comes thinner to the south. A high salinity intrusion
at 26.6 o, breaks the ambient low salinity water. The
intrusion starts at about 16°N (station 54 in Fig. 13c¢)
and becomes stronger southward. The salinity at the
saline intrusion is 34.7 psu, which is much higher than
the salinity in the maximum between the SSM and the
NPIW in the subtropical gyre. Now a shallow salinity
minimum (a ““tropical salinity minimum” to distin-
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guish it from the SSM in the subtropical gyre) reappears
at 26.0 o, while the salinity maximum is developing.
Meanwhile, below the high salinity intrusion, the
AAIW with low salinity advects into this area below
27.0 oy. Two salinity minima then are established—
the tropical salinity minimum and AAIW minimum.
It is also noted that the surface salinity decreases
southward in the intertropical zone.

The same vertical salinity evolution from north to
south was found in October 1972 along 143° and
133°W (Roden 1974). There is a gap between the SSM
and the tropical salinity minimum in both sections.
We suggest that the high salinity intrusion at 26.6 o,
creates the tropical salinity minimum above it. The
salinity distribution at 26.6 ¢, (Fig. 12c) shows clearly
that the high salinity comes from the equatorial region
east of 120°W. A high salinity tongue indicated by 34.7
psu extends westward along 10°N. Tsuchiya (1968)
first noticed this high salinity tongue and its corre-
sponding vertical salinity maximum. He suggested that
the source of the high salinity is east of 115°W where
a vertical salinity maximum exists. The high salinity
water is advected westward by the southern part of the
North Equatorial Current. A low oxygen tongue ac-
companies the high salinity tongue, which confirms
the source.

We think that the tropical salinity minimum may
not be the continuation of the SSM. Through vertical
mixing, the SSM and the NPIW gradually lose their
identity near 20°N west of 130°W, resulting in a single
smooth and thick low salinity water mass between 25.1
gy and 27.0 oy. The water of the tropical minimum
originates from this thick minimum. The high salinity
water advected from east of 115°W breaks the low sa-
linity water mass and creates the tropical salinity min-
imum above it. Therefore, the mechanism of forming
the tropical minimum differs from that of the SSM.

6. Discussion

We have discussed the source area of the middle
salinity minimum and where the low salinity is ad-
vected in the subtropical gyre. However, how the low
salinity surface water subducts and feeds into the gen-
eral circulation below the mixed layer still remains un-
known from a theoretical point of view. Following are
a few possible subduction scenarios. The Luyten et al.
(1983) model assumes zonal outcrops and zonal winds
and ignores the Ekman flow except as it produces Sver-
drup transport through its convergence. Subduction
occurs only in the subtropical gyre where there is Ek-
man downwelling. Talley (1985) modified this model
slightly to take account of nonzonal winds but did not
look at solutions in the interesting region between y
= 0 and W = 0 (Fig. 10) where there is upwelling in
the subtropical gyre. In the actual source area in the
subtropical gyre for the middle salinity minimum, the
winds are nonzonal and there is usually Ekman up-
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welling; flow here cannot subduct until the flow paths
cross into the area where there is Ekman downwelling
(see Fig. 10). The actual surface currents in this area
are nearly zonal (Wyrtki 1975). Surface water is trans-
ported eastward until 170°W, where the isopycnal out-
crops run more or less meridionally and Ekman
pumping also changes sign; subduction then becomes
possible. A difficulty with this picture is that the actual
average surface density in the source region decreases
to the east, so if flow is nearly zonal, density would
need to decrease along the path, requiring either fresh-
water input or heating.

Huang’s (1987) three-layer model suggested a more
complicated subduction process in the northern sub-
tropical gyre. In his supercritical state, wind forcing is
strong enough to make the second layer outcrop. The
outcropping area can extend south of the zero wind-
curl line into the subtropical gyre. The second layer is
driven directly by wind forcing in the outcropping area.
There is a strong cross-gyre exchange in this state. Sub-
tropjcal water flows northward into the subpolar gyre
in the top layer. Consequently, the second layer is
forced to move southward across the zero wind-curl
line into the subtropical gyre. If there is outcropping
within the subtropical gyre but north of the SFZ, low
salinity surface water will be transported southward in
the second layer where it could become a subducted
salinity minimum.

Time dependence of the winds, including both an-
nual and interannual changes, may also permit sub-
duction of the low salinity waters in the northern sub-
tropical gyre even though the average Ekman pumping
is upward in the apparent source region. If Ekman
pumping is dominant during some part of the year,
subduction could occur. Han and Lee’s (1981 ) average
monthly wind stress curl shows the Ekman upwelling
extending well south of our winter average W = 0 in
January and February; the March pattern is similar to
the winter average, and in April the downwelling region
extends northward, north of our W = 0. This persists
until September. Thus, the Ekman pumping pattern
at the end of winter (April) is favorable for subduction
of the low salinity surface water north of the subarctic
front. A full theory of subduction with time-dependent,
nonzonal winds is lacking and would be appropriate
for understanding creation of the middle salinity min-
imum. Thus, variations of wind forcing, circulation,
and winter surface density could produce a middle sa-
linity minimum at different densities between 26.0 o,
and the NPIW in different years. In some years, such
as the survey in September 1982, there may even be
no formation of the middle salinity minimum.

These three models do not include explicit south-
ward flow of the Ekman layer, which brings relatively
fresh, subpolar surface water into the subtropical gyre.
They also do not include the subarctic front, which is
an apparent barrier to free flow of the Ekman layer
and which appears to be the northern limit of the mid-
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dle salinity minimum. A full ventilation theory should
also include these elements.

7. Summary

The salinity minima in the North Pacific indicate
water exchange between the subpolar and the subtrop-
ical gyres. Low salinity surface water in the northern
outcropping zone may be subducted by Ekman pump-
ing and then advected by geostrophic flow along iso-
pycnals. Depending on the surface conditions, more
low salinity surface water is advected on some isopyc-
nals than others into the eastern North Pacific. When
the ventilated water meets high salinity water in the
subtropical gyre, vertical salinity minima are formed
on these isopycnals. The requisite surface conditions
for formation of the minima are: the isopycnals outcrop
more or less meridionally in the northern subtropical
gyre, surface salinity is low in the outcropping region,
and there is Ekman downwelling in the outcropping
region. Since the subtropical gyre shifts poleward with
depth, the water at lower densities will be advected
farther southeastward than at greater densities. Both
the middle and shallow salinity minima, as well as the
seasonal salinity minimum, are likely to be produced
by this Ekman-type subduction. The importance of
the subarctic front in production of the sharp salinity
minima is apparent from the CTD data presented in
this paper, but how the front fits into general circula-
tion/ventilation theory is unknown. The mechanism
for forming the NPIW salinity minimum also appears
to involve “subduction” at the Oyashio front close to
Japan (Talley 1992), but subduction there arises from
the southward penetration of the front itself rather than
from southward advection (Ekman and geostrophic)
across the subarctic front.

The middle salinity minimum in area I occurs at
the greatest densities that outcrop in winter in the sub-
tropical gyre. It appears below the permanent pycno-
cline at a depth of about 250 m. The thickness of the
minimum is less than 100 m, requiring data with high
vertical resolution for identification. The source of the
middle minimum is the surface water west of 170°W,
bounded by the gyre boundary and the SFZ. The source
is limited by the narrowness of the region and inter-
mittence of Ekman downwelling due to the annual
wind stress cycle in the source region. Thus, this min-
imum does not spread over a large area in the eastern
North Pacific. On the other hand, the narrowness of
the source region narrows the minimum’s density
range. Since the minimum is found rather near the
source region, it appears as a new intrusion with a sharp
shape in the o,/ S relation.

The SSM is formed in winter and can be detected
in all other seasons. The minimum usually occurs
within the permanent pycnocline in the density range
between 25.1 to 26.0 4. The source area of the min-
imum is between 35° and 50°N east of 160°W. Since
the source area is relatively large and Ekman pumping
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prevails in the source area, this minimum spreads over
a large area in the eastern boundary current region.

The surface density becomes much lower in summer
due to heating. In area I, a seasonal salinity minimum
is formed above the SSM in summer and fall. It is in
the density range above 25.1 g4, which is usually in the
mixed layer. Surface cooling in winter apparently de-
stroys the minimum.

A tropical salinity minimum is found south of 20°N,
separated from the SSM. When mixing gradually de-
stroys the separate identities of the SSM and the NPIW,
a thick, low salinity water mass is formed between 25.0
and 27.0 g, in the south. High salinity water is advected
along 10°N at about 200 m into this low salinity water
mass. A vertical salinity maximum is then created at
26.6 oy, which thus creates a minimum at 26.0 g,. The
density range of the tropical minimum is the same as
that of the shallow minimum, while the salinity at the
tropical minimum is higher than that of the shallow
minimum.
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