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ABSTRACT

Vertical sections and maps of potential vorticity p~'f dp/dz for the North Pacific are presented. On shallow
isopycnals, high potential vorticity is found in the tropics, subpolar gyre, and along the eastern boundary of the
subtropical gyre, all associated with Ekman upwelling. Low potential vorticity is found in the western subtropical
gyre (subtropical mode water), in a separate patch near the sea surface in the eastern subtropical gyre and
extending around the gyre, and near sea-surface outcrops in the subpolar gyre; the last is analogous to the
subpolar mode water of the North Atlantic and Southern Ocean.

Meridional gradients of potential vorticity are high between the subtropical and subpolar gyres at densities
which outcrop only in the subpolar gyre; lateral gradients of potential vorticity are low in large regions of the
subtropical gyre on these isopycnals. On slightly denser isopycnals which do not outcrop in the North Pacific,
there are large regions of low potential vorticity gradients which cross the subtropical-subpolar gyre boundary.
These regions decrease in area with depth and vanish between 2500 and 3000 meters. Regions of low lateral
gradients of potential vorticity are surrounded by and overlie regions where the meridional gradient of potential
vorticity is approximately 8. In the abyssal waters, below 3500 meters, meridional potential vorticity gradients
again decrease, perhaps associated with slow geothermal heating. The depth and shape of the region where
potential vorticity is relatively uniform or possesses closed contours is noted and related to theories of wind-
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driven circulation.

1. Introduction

Potential vorticity has recently been found useful in
studies of ocean circulation, both as a tracer where
strong sources create potential vorticity extrema (Talley
and Raymer, 1982; Talley and McCartney, 1982;
McCartney, 1982) and because its distribution is one
of the clearest points of contact with general circulation
theories (e.g. Luyten et al., 1983; Rhines and Young,
1982). In an ideal fluid, potential vorticity is a con-
served quantity; in forced, diffusive flow in the param-
eter range appropriate for ocean circulation, the fun-
damental equation governing the evolution of flow is
the potential vorticity equation. The form of potential
vorticity which is used for tracing large-scale circulation
ignores the relative vorticity contribution, which we
are as incapable of calculating as the absolute velocity
field; scaling indicates that this simplification is appro-
priate except in the region of strong flows. Given that
potential vorticity is neither conserved nor passive, it
would appear that it is not a very clean tracer; however,
its direct relation to forcing, its differences from other
tracers and its identity as the field which is predicted
by circulation theories make it extremely attractive.
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The distribution of potential vorticity in the North
Pacific is examined in some detail in the present paper.
Since, of all oceans, the North Pacific has the least input
of convectively formed water masses and hence a rel-
ative lack of strong buoyancy sources of potential vor-
ticity, it is an excellent place in which to compare ob-
servations with recent theories of wind-driven circu-
lation. Based on the observations, hitherto unremarked
features of the circulation and water mass distribution
in the North Pacific are exposed. The observations can
be combined with those of other tracers in order to
improve interpretation of the potential vorticity field.
The potential vorticity field is also compared with re-
sults of recent theories of ocean circulation which, de-
spite their incomplete physics and evolutionary state,
provide a useful basis for interpreting the potential
vorticity observations; the observations in turn can
provide a basis for expansion or change in the theories.

The theories of Luyten et al., (1983), Rhines and
Young (1982), and the substantial subsequent literature
are the most obvious points for comparison with ob-
servations. In Luyten et al.’s paper concerning the the-
ory of inviscid circulation in layers which outcrop, re-
gions and patterns of ventilated and unventilated flow
were predicted and compared with observations in the
North Atlantic; comparisons have also been made with
other observations in the North Atlantic (Jenkins,
1987), with observations in the North Pacific (Talley,
1985) and the South Pacific (deSzoeke, 1987), and with
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the full outcropping layer of the world ocean (Keffer,
1985). Rhines and Young’s (1982) theory and subse-
quent related papers treat the weakly diffusive, wind-
driven circulation in wholly unventilated layers—that
is, layers which do not outcrop at all. They showed
that circulation can only occur in regions of closed
streamlines and that potential vorticity within such re-
gions should be homogenized by weak lateral diffusion.
Their theory is strongly supported by observations and
numerical models (McDowell et al., 1982; Keffer, 1985;
Holland et al., 1984). The major pieces missing from
these models for comparison with observations are an
exploration of varying amounts of diffusion and the
inclusion of thermohaline circulation.

Potential vorticity observations for the North Pacific
have been presented previously by Coats (1981), Keffer
(1985), and Talley (1985). Coats calculated potential
vorticity at a single location in the subtropical gyre in
order to apply the $-spiral method of estimating ab-
solute velocities; he found that potential vorticity is
uniform on isopycnals at that location between 400
and 1300 meters. Keffer (1985) presented maps of po-
tential vorticity for the world ocean which exposed a
number of the essential features of the ventilated parts
of the gyres and of the unventilated upper ocean. In
Talley (1985), the ventilated portion of the subtropical
North Pacific was compared with the model of Luyten
et al. (1983); finer slices were used than in Keffer (1985)
to study the vertical structure of the ventilated circu-
lation. The present work extends the previous analysis
to additional layers and to the abyssal ocean, exposing
the vertical structure of both the ventilated and un-
ventilated, wind-driven circulation and of the abyssal
circulation. New features of the North Pacific’s sub-
tropical and subpolar gyres are found here that cor-
respond with features in other oceans. The vertical and
horizontal extent of a large region of homogenized po-
tential vorticity, first identified by Keffer (1985), is ex-
_ plored and identified with the theoretical limits of the
wind-driven circulation. Potential vorticity for the
abyssal waters is shown for the first time. Zonal averages
of potential vorticity on isopycnals are used to better
define regimes of the circulation.

2. Method and maps

Potential vorticity was computed from the global
dataset prepared by Levitus (1982) from historic
NODC data. Levitus supplied annual means of tem-
perature and salinity at 33 standard depths on a 1°
grid. The objective analysis used in preparing the data
involved smoothing over approximately 700 km. This
dataset has the advantages of containing all hydro-
graphic data collected prior to 1978 and resident at
NODC and of being a laterally smoothed version of
the temperature and salinity fields. A smoothed field
is appropriate for analysis of the general circulation
except in regions of strong currents and in the surface
mixed layer. Levitus’ data were used in Keffer’s (1985)
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analysis of the potential vorticity of the world oceans
and in an application of Luyten et al.’s (1983) model
of thermocline ventilation to the North Pacific (Talley,
1985).

The method for computing potential vorticity is de-
scribed in Talley and McCartney (1982). Levitus’ data
were interpolated to 10-meter intervals using a cubic
spline followed by linear interpolation to standard
density (o,) levels separated by 0.05, 0.02 or 0.010,
where n refers to the reference level density. Reference
levels of 0, 1000, 2000, 3000 and 4000 db were used.
Potential density was calculated using the 1980 equa-
tion of state. The in situ density difference between
standard density levels was then computed by refer-
encing the in situ temperature and salinity at the density
levels to the midpoint. Potential vorticity, p~'f Ap/Az,
also referred to as Q in the text, was then computed
from this density difference and the distance, Az, be-
tween standard density levels. This method is identical
to computing the Brunt-Viisild frequency, N2, over
a given interval Az and multiplying by (—f/g). The use
of potential density surfaces and this particular method
of calculating potential vorticity are justified because
of the relative flatness of isopycnals in the North Pacific.

It is reasonable to ask whether these maps and sec-
tions of potential vorticity computed from averaged
hydrographic data represent the “true” ocean. Most
major features discussed in this paper were confirmed
10 occur on synoptic sections (not shown), but mapping
was facilitated by using the Levitus data; moreover, the
smoothed, averaged fields thus produced are more rep-
resentative of the large-scale circulation than un-
smoothed, synoptic sections. '

A large number of vertical sections and maps are
presented to give a three-dimensional picture of the
North Pacific’s potential vorticity. Focal points are iso-
pycnals which outcrop in the North Pacific, isopycnals
just below this “ventilated” layer where the circulation
is predominantly wind driven, and higher densities
where the separation between wind-driven and global
thermohaline circulation is not as clear. For compar-
ison with theoretical predictions of the potential vor-
ticity distribution, I have also attempted to find areas
of isopycnals where potential vorticity is relatively uni-
form, where it decreases to the north, where it is dom-
inated by the planetary ( effect, and where it increases
to the north more quickly than S.

Meridional sections of potential vorticity are shown
in Fig. 1; values every 1° along the sections were used.
To put them in the context of more familiar quantities,
sections of salinity and depth along 160°E are shown
in Fig. 2. (Barkley, 1968, presents a large number of
such sections in his North Pacific atlas.) Zonal sections
of potential vorticity are shown in Fig. 3 using data
with 1° longitudinal resolution. The vertical axis on
all sections is potential density, oy, and all are displayed
so as to emphasize the shallow isopycnals where a den-
sity reference level at 0 db is reasonable. Maps of po-
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FIG. 1. Meridional sections of potential vorticity as a function of potential density, oy, in the North Pacific. Stepped
contours in the tropics arise from the computer contouring routine. Units are 10'2 cm ™' s, The bottom of the shaded
area is the winter sea surface outcrop. Arrows indicate the zero of Sverdrup transport.

tential vorticity on isopycnals referenced to 0, 1000,
2000 and 3000 db are shown in Fig. 4, based on a 1°
latitude by 5° longitude grid.

Discussion of the sections and maps proceeds from
the tropics to the subarctic and from low to high den-
sity; subsections deal with the tropics, the ventilated
subtropical and subpolar gyres, the top of the unven-
tilated subtropical gyre, and the unventilated subtrop-
ical and subpolar gyres.

3. Regimes
a. Seasonal pycnocline

No attempt is made to study the seasonal cycle in
detail in this paper. Nevertheless, there are some fea-

tures of interest north of the average winter outcrop
for a given isopycnal, in the regions where water of
that density is present only in the warmer part of the
year. These regions are shaded in Figs. 1, 3 and 4.

On isopycnals which outcrop in the subtropical gyre,
there is a noticeable potential vorticity maximum in
the shaded band north of the winter outcrop. The
maximum moves out and around the Kuroshio Ex-
tension with increasing density. First note the closed
12 X 1072 cm™' s7! contour in the west at 24.0¢g, in
Fig. 4. As density increses to 25.44,, this patch moves
eastward to 165°W, going no farther than the eastern-
most extent of the Kuroshio Extension which it par-
allels. At 25.60,, the winter outcrop enters the subpolar
gyre and the patch of high potential vorticity retreats
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FIG. 2. Meridional sections of (a) depth and (b) salinity
at 160°E as a function of potential density, g,.

back to the western boundary with increasing density.
Comparison with Reid’s (1969) maps of surface density
in summer and winter shows that the patches of high
potential vorticity occur exclusively where the winter—
summer density differences are greater than 2.00,. This
broad region is centered at the Kuroshio Extension
and corresponds to the region of highest annual mean
heat loss in the North Pacific. Summer warming aided
by advection of warm waters in the Kuroshio Extension
creates a summer layer of higher stratification and po-
tential vorticity in the west compared with the east.
Reid (1969) also shows that winter surface density is
highest in the west and summer surface density is high-
est in the east; the transition from winter conditions
to summer conditions combined with the underlying
shape of the gyre (with isopycnals rising from west to
east) may produce the observed patches of high poten-
tial vorticity and may be implicated in creating a low
potential vorticity patch in the eastern Pacific (discussed
next).

In the eastern part of the subtropical gyre, repre-
sented by the first three isopycnal surfaces in Fig. 4,
the seasonal layer has relatively low potential vorticity.
It is argued in a later section that the area of excep-
tionally low potential vorticity, which does not migrate
with density, is associated with maximum Ekman
pumping. However, the generally low potential vortic-
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ity in the outcropping regions in the eastern subtropical
gyre may also arise from southward Ekman advection
of surface waters, bringing denser water south and
weakening the stratification. This contrasts with the
situation farther west where Ekman advection may be
interrupted by the Kuroshio Extension.

The seasonal pycnocline of the subpolar gyre does
not provide much of interest, at least at the resolution
of the maps shown here. It consists of very high po-
tential vorticity north and west of the winter outcrop.
A much more interesting feature of the subpolar gyre
is the low potential vorticity found at and just east of
the winter outcrop, to be discussed later.

b. Tropics (0°-20°N)

The tropics are dominated by a cell of high potential
vorticity located at approximately 10°N, between the
North Equatorial Current and North Equatorial
Countercurrent (Figs. 1 and 4). Highest potential vor-
ticity is found between the sea surface and 26.0g;, cov-
ering only the upper 250 m, and is additionally char-
acterized by relatively low salinity and oxygen (Fig. 2b
and Tsuchiya, 1968). Potential vorticity is highest in
the east where it is greater than 20 X 1072 cm™ s7! at
120°W. Maps of potential vorticity at 24.0 to 26.00,
also show that the tongue of high potential vorticity is
most intense near the eastern boundary, with highest
values in an isolated patch centered at 130°W. The
tongue lies in a band where the mean Ekman vertical
velocity is positive, just north of the Intertropical Con-
vergence Zone (Wyrtki and Meyers, 1976; Gill, 1982).
Because the band of positive Ekman pumping is so
narrow, only the strongest upwelling appeared on a
previously published map of Ekman pumping (Talley,
1985), based on winds from Han and Lee (1981). The
strongest Ekman upwelling is centered at 130°W
and overlies the patch of highest potential vorticity at
2400’ 6. .

The tongue of high potential vorticity was apparent
but broken in Keffer’s (1985) map for the 26.05-
26.250, layer. The tongue was thought to be related to
the eastern shadow zone of Luyten et al.’s (1983) model
of wind-driven circulation, in which an unventilated
region around the eastern and southern sides of the
subtropical gyre is predicted. Cox and Bryan (1984)
found such a region in a primitive equation model of
the North Atlantic and, moreover, found high potential
vorticity in the shadow zone even though their model
did not contain upwelling in the tropics or along the
eastern boundary of the subtropical gyre. The eastern
shadow zone in Luyten et al.’s (1983) model as applied
to the North Pacific, however, is extremely narrow be-
cause the upper water column of the North Pacific is

highly stratified (Talley, 1985); hence it is unlikely that

the observed wide tongue of high potential vorticity is
due entirely to the shadow zone. The correlation be-
tween Ekman upwelling along the eastern boundary
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FIG. 3. Zonal sections of potential vorticity in the North Pacific. Units are 10712 cm™ 57!, Arrows indicate the zero of Sverdrup transport.

and 10°N with highest potential vorticity suggests that
the highest potential vorticity lies outside the perimeter
of the subtropical gyre; it thus arises from a combi-
nation of a general increase in potential vorticity east-
ward and southward in the ventilated subtropical gyre,
a narrow eastern shadow zone, and Ekman upwelling
outside the subtropical gyre.

Within and just beneath the cell of high potential
vorticity, the vertical (diapycnal) gradient of potential
vorticity, d0/dg,, is very high; this can be termed a
“vortocline”. At higher densities, the gradient is much
lower—the transition from high to low vertical gra-
dients is abrupt at all longitudes. On the meridional
sections east of 180° in Figure 1, there is a slight min-
imum in potential vorticity just below the cell of high
gradients; this corresponds to a region of slightly lower
potential vorticity in the southeast on the 26.64; iso-
pycnal in Fig. 4. The minimum is most pronounced
where the overlying high potential vorticity core attains
is greatest strength and may arise from exaggerated up-
ward doming of the overlying waters. A similar feature
will be noted in the subpolar gyre.

There is no potential vorticity extremum marking
the salinity minimum of the Antarctic Intermediate
Water which occurs at densities greater than 27.20,
and south of 10°N across the entire North Pacific.

However, it will be seen in section 3e that Antarctic.

Intermediate Water and denser waters are distinguished
from the overlying waters by the meridional gradient
of potential vorticity.

c. Ventilated circulation: 15°-60°N

The ventilated isopycnals of the subtropical and
subpolar gyres are defined;here as those which outcrop
at the sea surface in winter. Only portions of the out-
cropping isopycnals in either gyre are directly ventilated
in the sense that flow is directly connected to an outcrop
region, but all areas of these isopycnals are described
in this section. Neither the ventilation mechanism by
which renewed water enters the geostrophic circulation
from the mixed layer nor the relative proportion of

. renewed water in the ventilated regions are the primary

issue here. It will be seen that variation in potential
vorticity can be related to the extent of ventilation using
recent models.

For this paper, the division between the subtropical
and subpolar gyres is defined to be the zero of baro-
tropic, wind-driven transport, which is the zero of the
zonal integral of Ekman pumping. The vertically in-
tegrated (barotropic) streamfunction in a Sverdrup
model of the circulation is

V¥ = J:\pdz’=—§£‘twﬁdx'
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FIG. 4. Maps of potential vorticity on selected isopycnals ¢y, 6y, o3 and o3. Units are 1072 cm™ s7%.
Shaded regions are seasonal; their southern edge is the winter sea-surface outcrop.

~

where z; is a deep level where the vertical velocity is
assumed to vanish, ¥ is the streamfunction, wg is the
Ekman pumping, xg is the eastern boundary, and f
and @ are the usual Coriolis parameter and its merid-
ional variation. Clearly there can be no net flow across
a contour of constant ¥ and in particular no barotropic
flow across ¥ = 0 as long as there is a deep level where
w vanishes. A map of ¥ based on Han and Lee’s (1981)
winds is shown in Fig. 5b; because of nonzonality in
the Ekman pumping pattern, the zero of ¥ does not
coincide with the zero of wg (Talley, 1985). The zero

of W is assumed to define the gyre boundary in sub-
sequent sections; features in the potential vorticity field
correspond more directly with this gyre boundary than
with the zero of wg, the Ekman pumping.

The first subsection concerns isopycnals which out-
crop south of the gyre boundary, and thus in the sub-
tropical gyre. Isopycnals which outcrop in the subpolar
gyre are discussed in the second subsection. Isopycnals
which outcrop in both gyres are discussed in both sub-
sections. The third subsection concerns the subtropical
portion of isopycnals which outcrop only in the sub- -
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polar gyre and which therefore are unventilated in the
subtropical gyre.

1) SUBTROPICAL GYRE (23.0-26.24¢)

Based on maps of average winter sea surface density
and the zonal integral of average Ekman pumping (Fig.
5), the highest density which outcrops in the subtropical
gyre is about 26.2 to 26.30, (Talley, 1985). Because of
errors in these maps and interannual fluctuations, this
density could be higher. However, hydrographic and
CTD observations along 152°W in the subtropical gyre

in May 1984 show a significant change in water prop-
erties at about this density, indicating different pro-
cesses operating at lower and higher densities (Talley
and deSzoeke, 1986). Coats (1981) found a shift to
relatively uniform potential vorticity below 26.3a,. For
the purposes of this section, 26.24, is chosen as the
bottom of the ventilated subtropical gyre.

We can attempt to distinguish five regimes on iso-
pycnals which outcrop in the subtropical gyre: the sea-
sonal (nonwinter) surface layer, the winter surface layer,
a ventilated region where flowpaths originate in the
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FIG. 5. (a) Sea-surface density in winter, from Levitus (1982). (b)
Sverdrup transport function, based on Ekman pumping wg calculated
from Han and Lee’s (1981) wind-stress analysis (Talley, 1985).

winter mixed layer and are “subducted” beneath less
dense waters to the south, a region ventilated by ther-
mohaline convection (the subtropical mode water of
the western part of the subtropical gyre), and a region
which is not ventilated in any manner.

The seasonal pycnocline was discussed previously.
The dominant feature is a lateral and vertical maxi-
mum in potential vorticity which occurs in the region
of maximum difference in winter and summer sea sur-
face densities. The maximum potential vorticity moves
eastward with increasing density, rounds the end of the
Kuroshio Extension region at 165°W, and retreats
westward north of the Extension.

Just below the seasonal pycnocline is the wintertime
surface layer, which is somewhat difficult to define
within the scope of this paper since winter mixed-layer
depths are not shown. However, the density of the win-
ter “surface” layer ranges from the winter sea surface
density (Fig. 5a) to a somewhat higher density lying at
about 100 to 150 meters, based on Reid’s (1982) mixed-
layer map. The dominant, perhaps unusual, feature of
this layer is a lateral minimum in potential vorticity
in the eastern Pacific, centered at about 30°N, 140°W,
underlying the region of maximum Ekman down-
welling. Net surface heat flux in this region is low and
uninteresting. From the meridional sections at 25°N
and 140°W (Figs. 1 and 2), the density of the vertical
minimum is 24.8 to 25.26. The lateral minimum is
obvious on the maps at 24.6 and 25.00, (Fig. 4). The
region of closed contours enlarges with increasing den-
sity, merges with a second low potential vorticity region
in the west (the subtropical mode water) and disappears
at 25.40,. The isopycnal depths are not shown but it
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was found that the lateral and vertical minimum lies
in the upper 150 meters of the water column; hence
the minimum reflects slightly greater winter mixed-
layer depths and possibly excess depression of isopyc-
nals just below the mixed layer.

The lateral potential vorticity minimum is embedded
in a corridor of low potential vorticity which lies be-
tween the highs of the seasonal pycnocline and the
tropics at densities 24.00, to 25.20,. It is reasonable to
suppose that this zonally elongated region of low po-
tential vorticity is ventilated in the east where potential
vorticity is lowest. Note that isopycnals with the low
potential vorticity signature outcrop largely south of
the maximum in Sverdrup transport (Fig. 5b), in the
southern half of the subtropical gyre. Corroboration of
ventilation in the low potential vorticity corridor is
found in tritium patterns in the upper subtropical gyre
(Fine et al., 1981). At 23.94, a tongue of high tritium
extends westward at about the same location as the low
potential vorticity feature: it is clear from the location
of winter outcrops, sea-surface tritium values, and the
existence of a subsurface trittum maximum that the
high tritium is due to southwestward advection of ven-
tilated surface waters.

A similar corridor of low potential vorticity is found
in the shallow layers of Cox and Bryan’s (1984) prim-
itive equation model which is driven by zonally uni-
form winds and buoyancy fluxes. Pedlosky et al. (1984)
showed analytically that low potential vorticity can
arise from variations of the isopycnal outcrop latitude
which is determined by a coupled mixed layer/venti-
lated thermocline model with surface heating. In sup-
port of their model, low potential vorticity in the North
Pacific occurs only on isopycnals which outcrop in the
southern half of the gyre and whose outcrops appear
to be advected somewhat southward in the eastern Pa-
cific. Thus, both the numerical model and analytical
theory predict a band of low potential vorticity; a re-
maining mystery is the apparent coincidence of high
Ekman pumping and closed contours surrounding the
lowest potential vorticity feature, perhaps indicating
the importance of dissipation.

A second low potential vorticity region is evident in
the western subtropical gyre at densities greater than
24.80,, as mentioned before. The eastern and western
patches of low potential vorticity merge at 25.24, (not
shown) and the eastern patch disappears at 25.40,. At
25.40,, the low potential vorticity in the western Pacific
is a vertical and lateral minimum: this is the subtropical
mode water (Masuzawa, 1969), a recognizably thick
layer of water at about 16°C. As noted by Masuzawa,
the pycnostads identified as subtropical mode water
(STMW) occur at progressively higher densities to the
east. Near the western boundary (140°E in Fig. 1), the
vertical minimum in potential vorticity lies at about
25.20,. In Fig. 4 the patch of potential vorticity less
than 2 X 107'2cm™' s™!, roughly marking the STMW,
migrates to the east with increasing density, reaching
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a maximum density of about 26.00, and eastward ex-
tent to 170°W.

The strongest STMW is located just south of the
Kuroshio Extension, in the dynamical center of the
subtropical gyre. Application of the Luyten et al,,
(1983) model of wind-driven subduction to the North
Pacific (Talley, 1985) indicates that this region should
be unventilated and should have low potential vorticity
relative to the ventilated band which surrounds it.
However, this is also the region of largest heat loss in
the North Pacific, where warm waters advected north-
ward by the western boundary current are cooled: hence
ventilation of the region can occur through a mecha-
nism such as wintertime convection, which further de-
creases the potential vorticity of STMW, as recently
modeled by Dewar (1986). Indeed, it is clear from de-
tailed studies of STMW and of the equivalent 18° water
in the North Atlantic that winter convection is very
active: STMW is marked by an oxygen maximum as
well as a potential vorticity minimum (Hanawa, per-
sonal communication; Talley and Raymer, 1982).
Convective formation of STMW probably occurs just
south of the Kuroshio Extension; lateral advection then
actively spreads STMW to the south and diffusion in-
creases its potential vorticity. (Lateral smoothing in
the Levitus dataset produces the most unsatisfactory
results in the neighborhood of strong currents such as
the Kuroshio Extension: the correspondence between
patches of low potential vorticity and surface outcrops
is somewhat marred in the maps and sections shown
here. Synoptic winter data show STMW outcropping
directly south of the Kuroshio Extension.)

The distinction between ventilation in the western
and in the eastern subtropical gyre is the relative
strength of wind-stirring and convection in determining
winter mixed-layer characteristics. In ventilation by
broad-scale subduction such as is surmised for the
eastern subtropical gyre, one speculates that the winter
mixed layer which is formed by cooling and wind stir-
ring is capped off by seasonal warming, thus becoming
an entirely geostrophic part of the interior, Sverdrup
circulation whence it flows southward beneath over-
lying, less-dense waters. The net annual heat flux above
subducting mixed layers can be either positive or neg-
ative: in the eastern part of the North Pacific’s sub-
tropical gyre, the heat flux is close to zero and the sign
isin doubt.! On the other hand, subtropical mode water
is formed in an area of large net heat loss and may be
influenced heavily by Kuroshio meandering and rings.
Its formation is likely to be patchy and chimney-like,
reaching to much greater depths than wind stirring,
and its “subduction” due to collapse of convective

!'In response to a reviewer’s question regarding the possibility of
subduction in an area of net heat loss, it may be possible if the winter
mixed layer can be capped off and advected beneath the seasonal
pycnocline before the next cooling phase begins.

LYNNE D. TALLEY 97

chimneys rather than the gentler mechanism described
for broad-scale subduction.

We have seen that low potential vorticity can be
identified with subductive ventilation in the eastern
Pacific and with convective ventilation in the western
Pacific for densities less than 25.2¢4. The potential
vorticity signature of ventilation for densities higher
than 25.20, is more ambiguous. Winter outcrops at
densities greater than about 25.2¢, cross from the sub-
tropical gyre into the subpolar gyre so that both gyres
are ventilated. Low salinity was shown to be symptom-
atic of subduction in the eastern Pacific at densities of
25.0 to 26.20, in Talley (1985). In that paper, venti-
lation was presumed to occur in a band between a
western region of low potential vorticity and an eastern/
southern region of very high potential vorticity (Fig.
4) based on salinity and an application of the Luyten
et al. (1983) model. The region of low potential vorticity
also has low potential vorticity gradients: it was iden-
tified with the unventilated part of the wind-driven
subtropical circulation with embedded, convectively
ventilated subtropical mode water. The eastern region
of high potential vorticity was identified with Ekman
upwelling and is at the perimeter of and outside the
subtropical gyre. In the region assumed to be ventilated
by subduction, potential vorticity increases to the east
and to the south.

The upper horizon of the low-gradient region is
25.00,: this is approximately the sea-surface density in
winter in the central subtropical gyre where the Sver-
drup forcing is maximum (Fig. 5b) and where Sverdrup
flow in the surface layers is due southward. The density
at the top of the low-gradient region increases to the
east, t0 26.00, at 140°W (Fig. 3). To the north, the top
of the region also slopes gently to higher density, par-
alleling the sea surface density (Fig. 1). The northern
side of the low-gradient region lies at about 40°N in
the west and at 46°N in the east: the northern edge is
roughly the position of the zero of Sverdrup forcing
(Fig. 5b), the nominal boundary between the subtrop-
ical and subpolar gyres. The region is thickest in o, in
the west at 25° and 30°N, but moves to the central
Pacific at 35° and 40°N. This skewing is also evident
in the wind forcing and the subtropical gyre, both of
which slant from southwest to northeast. The southern
edge of the low-gradient region lies at roughly 15°N,
which is the southern side of the subtropical gyre in
dynamic topography (Reid, 1965).

As density increases from 25.2 to 26.20,, the western
region of low potential vorticity gradients expands to
the east, pushing the region of higher gradients farther
towards the edge of the subtropical gyre. The broadest
spatial extent of the low-gradient region occurs at about
26.20,, which is the base of the ventilated portion of
the subtropical gyre based on winter sea-surface density.
Potential vorticity in the low-gradient region is gen-
erally a lateral minimum. (This contrasts with the sit-
uation at densities greater than 26.20, where potential
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vorticity in the low-gradient region is more amorphous
with patchy extrema.)

The low-gradient region was previously reported by
Keffer (1985), Talley (1985), and Rhines (1986) and is
evident in Cox and Bryan’s (1984) primitive equation
model of the wind-driven circulation. It has been iden-
tified as the unventilated portion of the wind-driven
circulation on isopycnals which outcrop elsewhere in
the subtropical gyre and which are ventilated in a band
around the low-gradient region (Talley, 1985). (As re-
marked already, much of the ‘“‘unventilated” region is
actually ventilated convectively just south of the Ku-
roshio Extension where STMW forms.) As remarked
in the previous paragraph, the low-gradient region oc-
curs only on isopycnals which outcrop north of the
center of the subtropical gyre. According to crude
theoretical notions, all regions of less dense isopycnals,
which outcrop farther south, should be ventilated, while
_ an unventilated, western shadow zone of reduced po-
tential vorticity gradients is only possible for isopycnals
which outcrop north of the gyre center, where zonal
flow is eastward rather than westward. As expected
from theory and corroborated in numerical experi-
ments, the unventilated region is smallest on isopycnals
which outcrop just north of the gyre center, increasing
to fill the entire subtropical gyre at the maximum den-
sity which outcrops (Cox and Bryan, 1984; Talley,
1985). :

Are lateral gradients of potential vorticity in the un-
ventilated region really zero? Compared with the gra-
dients in ventilated regions above and around the un-
ventilated pool, gradients are indeed very low. They
are clearly nonzero where directly affected by subtrop-
ical mode water, which ventilates the densities 25.0 to
25.404 and produces a lateral and vertical potential
vorticity minimum. Close examination of potential
vorticity on the 160°E section (Fig. 1) shows that the
subtropical mode water melds into a well-defined min-
imum extending northward into the subpolar gyre at
the top of the low-gradient region. Such a feature is
found on all meridional sections except in the eastern
Pacific at 140°W. There is also a maximum at about
30°N and 26.2¢, within the low gradient regions at
140°E, 160°E and 180°, whose source is not under-
stood. The significance of the potential vorticity ex-
trema depends on the unknown size of errors in cal-
culation. Zonally averaged potential vorticity and syn-
optic, smoothed sections of potential vorticity with
known error bounds can aid assessment of the structure
of the potential vorticity field in the low-gradient region.
The latter is not done in this paper, but zonal averages
of potential vorticity are examined in a later section.

2) SUBPOLAR GYRE (25.2-26.80)

The subpolar gyre is defined to be north of the zero
of Sverdrup transport (Fig. 5b). This boundary slopes
gently from about 42°N in the west to 45°N in the
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east. Maximum Ekman upwelling occurs in two sep-
arated patches centered at S0°N, 165°E and 55°N,
145°W (Talley, 1985). Average sea surface density in
winter ranges from 25.0g, in the east to 26.60, in the
west, excluding fresh coastal currents along the eastern
boundary. The isopycnals 25.0 to 26.20, outcrop in
both the subtropical and subpolar gyres. The subpolar
circulation in the upper ocean is obviously cyclonic.
The bend of the Aleutian Islands and the small north-
south extent of the subpolar gyre cause the gyre to be
zonally elongated and pinched in the center. Some
analyses suggest several cyclonic gyres (Dodimead et
al., 1963) but other dynamic topographies indicate a
single gyre (Reid, 1965). Potential vorticity will be
shown to differ from west to east in the subpolar gyre,
but the question of the number of gyres is not resolved.

Potential vorticity on isopycnals which outcrop in
the subpolar gyre has a distinctive pattern of high po-
tential vorticity in the eastern Pacific, a band of low
potential vorticity near the average position of the win-
ter outcrop, and high potential vorticity west of the
outcrop in the seasonal layer. This is illustrated on the
isopycnals 25.6 to 26.60, in Fig. 4 and on the zonal
section at 45°N in Fig. 3. This situation closely parallels
that of the North Atlantic where waters of low potential
vorticity in the region of the winter outcrops have been
called Subpolar Mode Water (McCartney and Talley,
1982). Low potential vorticity in the region of the out-
crops is due to thickened mixed layers in winter. Be-
cause there is a strong, shallow halocline in the subpolar
North Pacific, winter mixed layers are constrained to
be much thinner than in the North Atlantic; neverthe-
less, the patterns in the two oceans are strikingly similar.
(The maximum mixed-layer depth in the North Pacific
is on the order of 100 to 150 meters; using dissolved
oxygen saturation as a measure of mixed-layer depth,
Reid, 1982, found only one station, in the northwest
Pacific, with a winter mixed-layer depth as great as 200
meters. In the North Atlantic, mixed-layer depths can
be as large as 500 to 700 meters in the eastern subpolar:
region and 1500 meters in the Labrador Sea.)

East of the strip of low potential vorticity on out-
cropping isopycnals is a region of very high potential
vorticity. On the shallowest isopycnals, which outcrop
farthest to the east, the high potential vorticity abuts
the eastern boundary (o, of 25.4 to 26.0). Slightly
deeper, on isopycnals which outcrop in the central and
western subpolar gyre, there is an isolated patch of high
potential vorticity in the east, beneath the maximum
Ekman upwelling. The high patch is well defined on
meridional sections east of 180° (Fig. 1) and at 45°N
(Fig. 3). The area and density range where highest po-
tential vorticity is found correspond closely with the
strong halocline of the eastern subpolar gyre. The halo-
cline and high potential vorticity region extend from
the base of the winter mixed layer down to about
26.604, with a weaker halocline below 26.60,. In the
western subpolar gyre, the density of the winter mixed
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layer is 26.5 to 26.60, over a very large area and only
the weaker halocline below 26.60, is found.

The patch of high potential vorticity resembles the
tropical tongue of high potential vorticity which also
appears to emanate from the eastern boundary. The
tropical feature was identified with Ekman upwelling
along the eastern boundary and north of the ITCZ at
10°N; hence the empirical link between high potential
vorticity in the eastern subpolar gyre, eastern subtrop-
ics, and tropics is Ekman suction. (However, Ekman
suction in the subpolar gyre does not completely over-
whelm the winter mixed layer which creates low po-
tential vorticity in outcropped areas of isopycnals
overlying the dome of high potential vorticity.) If po-
tential vorticity is conserved along streamlines, then
streamlines in the region of high potential vorticity in
the eastern subpolar gyre cannot connect with the out-
crop area where potential vorticity is low on isopycnals.
On the other hand, the outcrop regions are actively
forced, so potential vorticity is not likely to be con-
served along flowlines.

3) TRANSITION TO DEEP WATER IN THE SUBTROP-
ICAL GYRE (26.2-26.84;)

The isopycnals 26.2 to 26.8¢, outcrop only in the
subpolar gyre and are unventilated within the subtrop-
ical gyre. All isopycnals in this transition “layer” are
contained in Keffer’s (1985) layer B for the Pacific
Ocean. Do the properties on these isopycnals reflect
ventilation north of the zero of Sverdrup transport or
are the two gyres strongly separated? That is, is there
baroclinic transport or vigorous mixing between the
gyres or are they well separated? Maps of potential vor-
ticity at these densities (Fig. 4) show the large gradient

-in potential vorticity between the gyres across most of
the ocean which was noted by Keffer (1985). Also as
noted by Keffer, the meridional gradient weakens near
the eastern boundary where relatively high potential
vorticity has a tendency to wrap southward along the
boundary at 26.2 and 26.44,. Elsewhere the meridional
gradient is reduced only where there is a channel of
low potential vorticity in the subpolar gyre, which we
have already associated with outcropping; this feature
is only apparent with the increased vertical resolution
used here. The band of high gradients appears to shift
slightly northwards with increasing density and dis-
appears rather abruptly below 26.8,. Within the sub-
tropical gyre, gradients of potential vorticity are weak:
a distinct pattern is not obvious although there is a
tendency toward lower potential vorticity in the central
part of the gyre. South of the region of low gradients,
the potential vorticity contours are more zonal and the
north-south gradient is greater than or equal to 8.
These patterns in the subtropical gyre were noted by
Keffer (1985) and are quantified in a later section.

Strong separation of the subtropical and subpolar
gyres in this transition layer is indicated by the strength
of the meridional gradients. The meridional gradient
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is presumably maintained by surface forcing, which
creates high potential vorticity in the ventilated sub-
polar gyre and by the presumably diffusive balance
which maintains low, homogenized potential vorticity
in the unventilated subtropical gyre. The only location
where meridional gradients are markedly weaker is near
the eastern boundary; in fact, the zero of Sverdrup
transport does not extend to the eastern boundary (Fig.
5b) so the subpolar and subtropical regions should not
be separated dynamically there. The northward shift
of the large gradient band and its shrinkage around the
high potential vorticity patch in the eastern subpolar
gyre with increasing density point to a more compli-
cated scenario than a vertical “wall”” between the gyres
at the zero of Sverdrup transport.

d. Unventilated, wind-driven circulation (ag > 26.8)

Circulation at densities greater than 26.8 is “unven-
tilated” in the sense that these isopycnals do not out-
crop anywhere in the North Pacific. Potential vorticity
at 26.844 resembles potential vorticity on shallower
isopycnals which outcrop only in the western subpolar
gyre; this may indicate outcropping at 26.8¢, in the
northwestern Pacific with strong forcing and diffusion
from above in the eastern subpolar Pacific or vertical
diffusion throughout the region. In contrast, at 26.9q,,
which is the next isopycnal shown, the pattern in the
subpolar gyre is dramatically different, being relatively
featureless and increasingly zonal with increasing den-
sity. It thus appears that 26.7 to 26.8s, marks the bot-
tom of the ventilated region or the top of the unven-
tilated water column. This density range is of interest
because it matches the density of the main salinity
minimum of the subtropical gyre.

Hypotheses concerning the origin of the main salin-
ity minimum center on whether 26.84 is directly in-
fluenced by surface conditions or whether it always lies
below the surface layer and is influenced primarily by
vertical diffusion, as argued by Reid (1965). It is clear
that this isopycnal does not outcrop regularly; winter
mixed layers with densities of 26.5 to 26.6¢, are often
observed, while a surface density of 26.84, has never
been observed. The lack of observations of outcropping
probably indicates that vertical diffusion from the di-
rectly overlying and outcropping isopycnals is most
important in setting the properties at 26.80,. Hence
the salinity minimum is essentially at the fop of the
unventilated column rather than at the bottom of the
ventilated column.

Beneath the shallow, eastern, subpolar cell of high
potential vorticity is a slight vertical minimum in po-
tential vorticity, e.g. at 26.8 to 27.00, on the sections
at 45°N, 180°. This minimum is the subpolar contin-
uation of a minimum found at lower densities in the
northern subtropical gyre just below the vortocline
(high vertical gradients of potential vorticity). The vor-
tocline appears to mark the transition from local ven-
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tilation to local nonventilation. The correspondence
between the subtropical and subpolar minima is unex-
plained here: the minimum in the northern subtropical
gyre may be the winter mixed layer, which is capped
by a highly stratified seasonal pycnocline, while the
 weak minimum in the subpolar gyre lies below the
seasonal pycnocline, winter mixed layer, and strong
pycnocline (halocline). The potential vorticity mini-
mum below the subpolar vortocline may result from
required compensation for the upward doming and
high potential vorticity on overlying isopycnals. It
therefore appears that the maximum depth of direct
influence of Ekman suction is the bottom of the vor-
tocline. (A similar minimum beneath the very high
potential vorticity cell in the eastern tropics was re-
marked upon earlier.)

The lateral potential vorticity structure below 26.8¢,
in the subpolar gyre becomes amorphous and gradients
between the gyres decrease and disappear (Fig. 4), as
noted by Keffer (1985). Moving down the water col-
umn to oy, 03, and o3 isopycnals, the region of low
potential vorticity gradients shrinks northward, with a
band of high meridional gradients to the south sepa-
rating it from a region where the meridional potential
vorticity gradient is S-like. The depth of a representative
isopycnal (32.00,) in this set is shown in Fig. 6. Al-
though potential vorticity is nearly uniform over a large
area, there are nevertheless large depth excursions re-
lated to the subpolar and subtropical circulations; the
maximum depth change occurs at the gyre boundary
defined by the Sverdrup transport. However, the gyre
boundary is transparent to the potential vorticity field,
indicating that there is cross-gyre transport or mixing
on these wholly unventilated isopycnals, even though
there are well-defined subpolar and subtropical gyral
circulations. I favor the mixing mechanism because
strong evidence for cross-gyre transport was not found
at shallower levels where potential vorticity gradients
were maintained against mixing by surface sources: on
the wholly unventilated isopycnals, there are no strong
sources to maintain gradients. On the densest isopycnal
shown (41.4745), which lies at about 2500 meters, the
potential vorticity pattern is rather noisy but shows an
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FIG. 6. Depth (meters) of 32.00,.
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overall increase northward, which will be seen to be -
like in the next subsection.

In summary, well-defined regions of low potential
vorticity gradients have been found on unventilated
isopycnals to a depth of about 2500 meters. The pat-
terns of potential vorticity are nevertheless noisy; it is
not clear whether the gradients are significant or
whether potential vorticity is “uniform” in some sense.
Because rigorous error analysis is difficult, the question
can only be answered qualitatively. The important ob-
servation is that there are regions where VQ is greatly
reduced, where Q is potential vorticity. By zonally av-
eraging potential vorticity, the errors and noise can be
reduced. This is done in the next subsection: clear dis-
tinctions between regions where dQ/dy is 8-like, where
it is greater than B3, and where it is essentially zero
emerge.

e. Zonally averaged potential vorticity

The maps and vertical sections of potential vorticity
presented in the previous section were useful for iden-
tifying regions on partially ventilated and wholly un-
ventilated isopycnals with specific regimes predicted
by recent theories. Areas of isopycnals which appear
to be strongly affected by local surface sources were
also obvious, and the necessity for diffusion, both along
and across isopycnals, was indicated. Recent theories
(e.g., Rhines and Young, 1982; Young and Rhines,
1982; Pedlosky and Young, 1983) suggest that areas
of low potential vorticity gradients correspond with re-
gions of unventilated, wind-driven circulation. Regions
apparently unaffected by the wind are identified by
meridional gradients equal to §: circulation in these
areas would be thermohaline or strongly diffusive. Me-
ridional gradients can of course take many values other
than zero or 8, particularly on ventilated isopycnals
where large regions of negative meridional gradients
are found. Zonal averages of potential vorticity are
more easily compared with the oceanic “rest state”
where potential vorticity is proportional to the Coriolis
parameter. Zonal averaging also reduces the noise of
the maps in Fig. 4.

Zonal averages every 1° of latitude were computed
from longitudinal sections separated by 5° and are only
shown if there was at least 45° of longitudinal coverage,
that is, 10 points in the average; this cutoff was chosen
subjectively based on a large increase in noise for
smaller numbers of observations. The average potential
vorticity is shown in Fig. 7 for isopycnals which rep-
resent each of the regimes discussed previously and for
a representative group of depths; the figures shown were
selected from a much larger group of isopycnal aver-
ages. The smooth curve in each figure is the potential
vorticity field that would exist if the meridional gradient
were entirely due to the variation of the Coriolis pa-
rameter, it was calculated by averaging p~'dp/dz for
the entire isopycnal surface in the North Pacific and
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based on all available points. Vertical scales vary for each panel. .

then multiplying by f. Obviously if the jagged, zonal
average of potential vorticity, p~'f8p/dz, is parallel to
the smooth g-curve, the potential vorticity gradient
is 8.

The different regions of ventilated and unventilated
isopycnals discussed in the previous subsections are
quite apparent in Fig. 7. There is a striking distinction
between regions where dQ/dy is less than, equal to, or
greater than 8. On isopycnals which are ventilated in
the subtropical gyre (25.0 and 25.60,), there is a max-
imum in Q at 10°N which decreases to a minimum
value at the southernmost average outcrop latitude.
Between the equator and the maximum 9Q/dy is
greater than 8. The northward decrease in potential
vorticity in the southern part of the subtropical gyre is
well known and provides fertile ground for baroclinic
instability. North of the minimum, which marks the
outcrop in the subtropical gyre, potential vorticity in-
creases faster than § to a maximum. Although the 25.0
and 25.64, isopycnals also outcrop in the subpolar gyre,
there was not enough zonal coverage there to be in-
cluded in the average; the tendency, however, is toward
high potential vorticity in the subpolar gyre. The sig-
nature of ventilation in the subpolar gyre on the maps
in Figure 4 was a band of low potential vorticity; this

only weakly influences the zonal averages because of
the strongly nonzonal subpolar gyre patterns.

On isopycnals which are ventilated only in the sub-
polar gyre (26.2 and 26.44), Q is markedly uniform
in the subtropical gyre with a sudden increase to sub-
polar values commencing at the southernmost latitude
of the sea surface outcrops. The southern edge of the
plateau in potential vorticity is again at about 10°N;
80Q/3y south of 10°N is greater than 8. The difference
between the potential vorticity plateaus on these iso-
pycnals and the northward decrease in potential vor-
ticity on shallower isopycnals is quite striking. There
are two strong sources of potential vorticity in the sub-
tropical gyre on the shallower, outcropping isopycnals:
the tropical maximum produced by Ekman upwelling
and the minimum at the outcrop. When the latter
source is missing, potential vorticity must be set by
vertical fluxes which control the tropical and subpolar
levels. On all four isopycnals (25° to 26.40,), the gra-
dient between the subtropical and subpolar gyres is
very high.

At 26.6 and 26.8¢,, there is a transition to the dis-
tribution of potential vorticity found at deeper levels.
Potential vorticity is dominated by f in the tropics be-
fore increasing more quickly and then flattening to start
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a plateau. However, surface forcing remains a strong
influence in the subpolar gyre so potential vorticity
remains high there.

At densities just below 26.80;, a plateau in potential
vorticity spanning both gyres is apparent, as illustrated
at 31.80,. As was seen in the subsection on unventilated
isopycnals and in Keffer (1985), the gyre boundary at
these densities is transparent to potential vorticity al-
though there is a large change in depth between the
gyres and although dynamic calculations distinctly
show separate subtropical and subpolar gyres. The lat-
itude band where potential vorticity is nearly uniform
shrinks with depth and finally disappears at about
37.00, (41.4745); this isopycnal is nearly flat and lies
at about 2600 meters. ‘ :

There is one last regime in the zonal averages of
potential vorticity: on isopycnals below 3100 meters,
the meridional gradient is less than 8, as exemplified
by 45.8504. (Potential vorticity was calculated using
0.0104 layers because 0.02¢04 layers were much too thick
in the abyssal waters.) This might indicate either the
-effect of basin-scale topography or geothermal heating
in modifying the effective 3 in the abyssal waters. North
of 30°N, there is a gradual, broad-scale shoaling of the
bottom to the east which rotates the contours of f/A
for the abyssal layers (and barotropic mode) away from
zonality, as shown in Levitus (1982). This should re-
duce the meridional gradient of the zonally averaged
potential vorticity but should tend to increase its overall
value. However, potential vorticity at 45.85 and
45.8704 is flattened and decreased, an effect which
could be caused by geothermal heating of the deep wa-
ter. The oldest abyssal water is in the north and has
been subjected to the most heating, which should tend
to reduce its thickness and potential vorticity (Joyce et
al., 1986).

Figure 8 is a schematic diagram of the different re-
- gimes of 3Q/dy seen in these zonal averages as a func-
tion of depth and density. Regions where dQ/dy is neg-
ative, effectively zero, less than 3, B-like, and clearly
larger than 8 are indicated. These figures were produced
qualitatively from the zonal averages shown in Fig. 7.
Because error bounds were not placed on 3Q/dy, it was
not possible to be more quantitative, but it is likely
that a more rigorous approach would produce much
the same figure. Figure 8 clearly shows that the merid-
ional band of potential vorticity which is distorted away
from the “‘rest state” of total domination by f becomes
narrower with depth, is centered at the gyre boundary
with depth, and disappears entirely at about 2600 me-
ters. “Distortion” in the upper 300 meters follows a
general pattern from equator to pole of a band of gra-
dients higher than 8, a band of negative gradients, a
band of uniform potential vorticity, and a band of high
gradients north of which is a ““hodgepodge” in the sub-
polar gyre where zonal averaging does not make sense.
The region of negative gradients associated with out-
cropping disappears directly below this part of the water
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FIG. 8. Regimes of the meridional gradient of potential vorticity
9Q/dy, based on zonally averaged potential vorticity as shown in Fig.
7. Black indicates lack of data due to land, sea surface outcrops and
unexamined isopycnals at the ocean bottom south of 35°N.

column. Below 26.90,, the northern band of high gra-
dients disappears and the uniform potential vorticity
extends all the way to the north. Below 1200 meters
or 32.00,, a different regime with distortion restricted
to central latitudes appears. Between 2600 and 3200
meters, the S-effect dominates the full basin with the
exception of a narrow band of negative gradients at
the northern boundary. Below 3200 meters, the poten-
tial vorticity field is again distorted, particularly north
of 20° to 30°N, the latitude of the Hawaiian Islands.

4. Discussion

The potential vorticity distribution on a given iso-
pycnal in the North Pacific strongly depends on
whether the isopycnal is ventilated in the subtropical
and/or subpolar gyre; if unventilated, its properties are
affected by proximity to the sea surface and hence by
the presence of strong, direct forcing and by the pres-
ence of wind-driven circulation.

On the shallow isopycnals, there is a strong corre-
lation between the potential vorticity field and the
strength of Ekman upwelling and downwelling, to such
an extent-that closed contours of potential vorticity
can occur beneath especially strong forcing regions.
This occurs in the strongest upwelling regions in the
eastern tropics and in the eastern subpolar gyre. High
potential vorticity is also found along the eastern

'
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boundary in the subtropics beneath suspected Ekman
upwelling where surface heating is the greatest (Talley,
1984). Lowest potential vorticity in the subtropical gyre
is found near the sea surface in isolated areas in the
east and west. The patch in the east is correlated with
strong Ekman downwelling. The patch of low potential
vorticity in the west is subtropical mode water (Ma-
suzawa, 1969) and is correlated with the greatest cooling
in the North Pacific (Talley, 1984). Undoubtedly both
wind-driving and buoyancy flux are important in pro-
ducing potential vorticity extrema in the surface layers.

Ventilation in the shallow layers which outcrop in
the southern subtropical gyre is marked by low poten-
tial vorticity. With increasing density, the ventilated
region is identified with higher lateral gradients of po-
tential vorticity compared with a western region of low
gradients which is identified as unventilated based on
recent theories; ventilation is substantiated by tritium
analyses (Fine et al., 1981). Potential vorticity increases
smoothly eastward across the ventilated region to a
maximum near the eastern boundary where the highest
potential vorticity is probably associated with Ekman
upwelling. The tongue of high potential vorticity found
at the eastern boundary encircles the subtropical gyre
at shallow depths and extends westward in a tongue in
the tropics, also beneath Ekman upwelling. Thus the
high potential vorticity probably has a number of
sources: Ekman upwelling, ventilation of the subtrop-
ical gyre, the “eastern shadow zone” of the Luyten et
al. (1983) model, and net surface heating. All four
sources may be important and cannot be differentiated
among based on the maps presented here.

In the western subtropical Pacific there is a “pool”
of low potential vorticity that expands in size with in-
creasing density and encompasses the entire gyre at
26.2 to 26.30,. Potential vorticity within this region
has fairly low horizontal gradients and the region was
identified as the unventilated portion of the otherwise
ventilated isopycnals. The boundary between “venti-
lation” and “nonventilation” is not abrupt on any iso-
pycnal, but was roughly identified as a change in lateral
gradients. At the top of the pool of low potential vor-
ticity is the subtropical mode water, which is markedly
lower in potential vorticity than waters above, below,
and around it. The subtropical mode water is ventilated
in winter by relatively deep convection rather than by
the subtropical ventilation that occurs by wind-driven
subduction of the surface mixed layer on a broader
scale.

Overall, the distribution of low potential vorticity
“water masses” or pycnostads in the subtropical gyre
is remarkably like that of the North Atlantic. Both
oceans have a subtropical mode water of similar vol-
ume, spatial distribution, and density relative to the
total range of density found in each ocean. Both oceans
also contain water of low potential vorticity in the east-
ern subtropical gyre, which appears to originate in the
northwestern part of the gyre at the sea-surface out-
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crops. In the North Pacific this feature in its south-
westward extension around the subtropical gyre are
extremely close to the sea surface; they are not re-
markably thick compared with a similar feature in the
North Atlantic noted by McCartney (1982), who con-
cluded that this “mode water” was formed in the sub-
polar gyre and recirculated into the subtropical gyre.
The different interpretation presented here may result
from a difference in the definition of the gyre boundary.

Ventilation in the subpolar gyre is marked by a strip
of water of low potential vorticity (pycnostad) roughly
paralleling the curving isopycnal outcrops. This feature
is similar to the subpolar mode water (SPMW) of the
North Atlantic (McCartney and Talley, 1982) and the
Southern Ocean (McCartney, 1977), although the
thickness of the pycnostads is much greater in these
oceans. Subpolar mode water in other oceans is be-
lieved to be formed by winter convection (wind-stirred
mixed layers do not penetrate to 400 or 500 meters),
but circulates predominantly due to wind driving. Cy-
clonic circulation in the North Atlantic advects the
pycnostads around the subpolar gyre, allowing the
pycnostads to be reformed at higher densities in suc-
ceeding winters. Since the depth of the winter mixed
layer in the North Pacific is limited by a shallow halo-
cline, the pycnostads in the subpolar North Pacific are
much thinner than their counterparts in the North At-
lantic. Because the subpolar gyre is so meridionally
compressed compared to the North Atlantic, and be-
cause the basic data used here are spatially smoothed,
only a crude outline of the distribution of this North
Pacific subpolar mode water is possible; how the cir-
culation and pycnostads mesh is not clear and is the
subject of additional study.

The density of SPMW in both the North Pacific and
North Atlantic increases around the cyclonic gyre, al-
though the pycnostads in the North Pacific are consid-
erably weaker than those of the North Atlantic. The
salinity at the sea surface and of the SPMW increases
around the North Pacific gyre rather than decreasing
as it does in the North Atlantic. (However, salinity on
a given isopycnal decreases around the gyre in the
North Pacific.) The North Atlantic and North Pacific
also have intermediate-depth salinity minima, the
Labrador Sea Water and North Pacific Intermediate
Water, respectively. The Labrador Sea Water is the
densest form of SPMW in the North Atlantic and is
also a strong potential vorticity minimum; in the North
Pacific, there is actually a very weak potential vorticity
minimum in the subpolar gyre near the density of the
North Pacific Intermediate Water. The correspondence
of pycnostads in the two oceans ends here: in the Lab-
rador Sea Water, the potential vorticity and salinity
minima are nearly coincident geographically through-
out the subpolar gyre and in the western subtropical
gyre. In contrast, the North Pacific Intermediate Water
is found only in the subtropical gyre and appears, at
26.805, to be slightly denser than the densest water
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commonly found at the sea surface, at 26.64,, although
this may reflect a simple lack of observations. The weak
potential vorticity minimum in the North Pacific is
found only in the subpolar gyre, just beneath the very
high potential vorticity layer. The two oceans differ as
a result of the shallowness of the winter mixed layer
in the North Pacific and the presence of high-salinity
Mediterranean Water in the North Atlantic. The
former precludes the presence of strong (thick) pyc-
nostads and a strong middepth potential vorticity min-
imum in the North Pacific; the latter precludes a sa-
linity minimum pervading the entire North Atlantic
subtropical gyre. In both oceans, the intermediate sa-
linity minimum indicates the maximum density of di-
rect ventilation, but while Labrador Sea Water renewal
has been directly observed, North Pacific Intermediate
Water has never been observed to outcrop in winter.

It was surmised that the subpolar and subtropical
gyres are strongly separated on isopycnals which out-
crop in both gyres and on the isopycnals 26.2 to 26.60,
which outcrop only in the subpolar gyre, based on large
gradients of potential vorticity near the gyre boundary
as defined by Sverdrup transport. Within the subtrop-
ical gyre at these higher densities, potential vorticity is
nearly uniform; in the zonal averages it appears as a
remarkable plateau between the tropics and the gyre
boundary. North of the subtropical gyre, potential vor-
ticity increases very quickly to a maximum in the cen-
tral subpolar gyre. The northern edge of the subtropical
plateau appears to migrate northward with increasing
density.

Gradients of potential vorticity on wholly unventi-
lated isopycnals are low over a large area extending
across the apparently transparent gyre boundary. (The
gyres may be as strongly separated as at lower densities,
but in the absence of direct surface forcing, the potential
field is determined by diffusion; apparently isopycnal
diffusion dominates over cross-isopycnal diffusion.)
The low-gradient area decreases in size with increasing
density and depth, is centered at the gyre boundary
(hence poleward-intensified with depth in the subtrop-
ical gyre) and eventually disappears at about 2500 me-
ters. The low-gradient region extends over the entire
longitudinal range of the North Pacific; its southern
boundary tilts slightly from southwest to northeast.
South of the low-gradient region the potential vorticity
field is strongly zonal and potential vorticity increases
more rapidly than f; outside this region, potential vor-
ticity is dominated by 8. Between 2500 and 3500 me-
ters, the potential vorticity is dominated entirely by £.
Below 3500 meters, the meridional profile of potential
vorticity is noisy but flattened north of 10°N.

The potential vorticity distribution at depths below
500 meters is consistent with previous analyses of the
circulation and with the distribution of properties such
as oxygen. Reid and Mantyla’s (1978) maps of oxygen
at 32.00, and geopotential anomaly at 1000 db relative
to 3500 db indicate an anticyclonic gyre north of 30°N.
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This circulation lies entirely within the region of ho-
mogenized potential vorticity at 32.00;. A separate and
weaker anticyclonic circulation south of 30°N is in-
dicated by the geopotential anomaly and oxygen maps:
potential vorticity field is dominated here by 8 and
therefore the circulation is presumed to be thermo-
haline rather than wind driven, based on recent cir-
culation theories. Reid and Arthur (1975) showed con-
clusive evidence of poleward migration of the subtrop-
ical gyre with depth. Their gyre coincides with the
region of low potential vorticity gradients which shrinks
northward to the gyre boundary with increasing density
(Fig. 4).

The potential vorticity observations presented here
extend Coats’ (1981) observations at (35°N, 155°W)
and Keffer’s (1985) maps of potential vorticity in the
upper North Pacific. Coats found a thick layer from
350 to 1100 meters where lateral potential vorticity
gradients were too low for implementation of the 8-
spiral method; his results correspond to the nearly uni-
form potential vorticity shown here at 35°N at densities
of 26.2064 to 32.10; and over the depth range 300 to
1300 meters. Keffer’s potential vorticity maps, com-
puted from the same dataset used here, exposed the
most important features of the ventilated subtropical
and subpolar layers and of an unventilated layer just
below them. These include the tongue of high potential
vorticity encircling the subtropical gyre, very high po-
tential vorticity in the eastern subpolar gyre, and a large
region of low gradients in the unventilated layer. The
present study slices the North Pacific much more finely
and extends to abyssal depths: it is encouraging to find
that all features shown in Keffer’s thicker layers are
present. The thinner slices which intersect the sea sur-
face allow identification of low potential vorticity as-
sociated with ventilation in both the subtropical and
subpolar gyres, show the vertical structure and strength
of the high potential vorticity features, and show the
increasing size of the low-gradient region in the western
subtropical gyre as density increases. Below the ven-
tilated upper layer, the new study shows how the low-
gradient region, identified from theory as the unven-
tilated wind-driven circulation, shrinks poleward with
increasing density. At abyssal depths, a second region
of lower potential vorticity gradients emerges and is
tentatively associated with geothermal heating of the
deep waters. .

One reason for mapping potential vorticity is that
it is the fundamental dynamical quantity in theories
of large-scale ocean circulation. Although it was not
possible to include relative vorticity in the calculations,
it was not presumed necessary since relative vorticity
is unimportant except in boundary layers in the largest
scales of circulation. Four types of models and their
offshoots are especially relevant. They are models of
the shallow circulation and isopycnal outcrops (e.g.,
Parsons, 1969; Huang, 1986), models of the ventilated
circulation (e.g., Luyten et al., 1983), models of the
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wholly unventilated circulation (e.g., Rhines and
Young, 1982), and models of the abyssal circulation
(e.g., Stommel and Arons, 1962). In addition, recent
numerical models fill the gap between observations
such as those presented here and highly idealized an-
alytical models (Cox and Bryan, 1984; Cox, 1985).

The models based on Parsons (1969) indicate that
isopycnal outcrops in the northern subtropical gyre
should cross to the subpolar gyre. Isopycnals outcrop-
ping further south should be nearly zonal with a slight
northwest-to-southeast tilt due to advection (Pedlosky
et al., 1984). The winter sea surface density in the North
Pacific (Fig. 5a) shows that, indeed, isopycnals from
the northern half of the subtropical gyre curve north-
ward and cross into the subpolar gyre, while outcrops
in the southern half of the gyre are nearly zonal. The
demarcation between the northern and southern
“halves” of the subtropical gyre appears to be where
the southward Sverdrup transport is maximum.

Despite the imposition of zonal outcrops throughout
the subtropical gyre, the ventilated thermocline models
(e.g., Luyten et al., 1983) are remarkably successful in
predicting the occurrence of ventilated and unventi-
lated regions. The predictions of a ventilated corridor,
an unventilated eastern shadow zone, and an unven-
tilated western shadow zone which increases in size to
fill the entire subtropical gyre at the maximum venti-
lated density are substantiated by observations in the
North Atlantic (Luyten et al., 1983), in the North Pa-
cific (Talley, 1985 and here) and in the South Pacific
(deSzoeke, 1987). The models predict that the lowest
potential vorticity should be found in the western
shadow zone, that it should probably have small lateral
gradients there, and that potential vorticity should in-
crease away from this shadow zone. A numerical model
(Cox and Bryan, 1984) shows that potential vorticity
is highest in the eastern shadow zone. Fairly detailed
agreement between flow paths predicted by the model
based on actual winds and actual flowpaths is also
found (Talley, 1985). What these models do not do is
produce the observed isolated lows and highs of po-
tential vorticity at locations of strong Ekman pumping
and buoyancy flux. They also do not include mixing,
which must be important in setting the value of po-
tential vorticity in the unventilated regions and in
modifying potential vorticity along flow paths in the
ventilated regions.

The circulation of the ventilated layers in the sub-
polar gyre is not modeled as well as the subtropical
circulation. All theories produce the observed cyclonic
circulation, but because they do not include buoyancy
flux and do not model the subsurface flow well, the
potential vorticity distribution presented here, which
is similar to that of the North Atlantic, is not repro-
duced.

Models of wholly unventilated circulation (Rhines
and Young, 1982; Young and Rhines, 1982, etc.) suc-
cessfully predict regions of low lateral potential vorticity
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gradients. Low vertical gradients are also observed in
the North Pacific. These models also show steep gra-
dients of potential vorticity south of the region of uni-
form potential vorticity: a schematic of the potential
vorticity distribution arising in a thought experiment
(Fig. 8 in Rhines and Young, 1982) is remarkably sim-
ilar to Fig. 7 here. Young and Rhines (1982) estimated
that the depth of wind-driven circulation in the North
Pacific should be 2300 meters; this agrees well with the
depth of 2500 meters found here. The shape of their
predicted gyre is also reasonable; the subtropical gyre
shifts poleward and the subpolar gyre shifts equator-
ward with depth so that at its deepest, the circulation
is centered at the gyre boundary. One peculiarity found
here is that the meridional width of the gyre appears
to jump discretely with depth rather than being as
smooth as the theoretical gyre. The tremendous lon-
gitudinal extent of the unventilated region is also a
surprise: the low gradient region does not appear to
shrink to the west as is predicted in unventilated models
with realistic wind forcing and western boundary cur-
rents (Young and Rhines, 1982).

Outside the wind-driven gyres, circulation must be
driven entirely by thermohaline forcing, which can af-
fect circulation in wind-driven regions as well. There
is every reason to suppose from dynamic computations
that there is circulation in regions where potential vor-
ticity contours are approximately zonal. The Stommel
and Arons (1960) model predicts a potential vorticity
distribution dominated entirely by f with poleward flow
driven by internal upwelling. It is clear from published
analyses of intermediate and deep circulation in the
North Pacific (Reid, 1965) that the circulation is far
more complicated than that of the simple model, but
nonetheless the potential vorticity distribution is dom-
inated by f. Complications in the circulation theory
may arise because the circulation at depths shallower
than 2500 meters in 3-dominated regions coexists with
the wind-driven circulation which severely distorts the
potential vorticity field; at depths greater than 2500
meters, topography is important since stratification is
low (Warren and Owens, 1985). Abyssal heating should
also influence this layer: zonal averages of potential
vorticity on isopycnals below 3500 meters indicate that
the meridional gradient in potential vorticity is less
than 8, suggesting that some type of bottom influence
is active. '

In summary, the potential vorticity distribution in
the North Pacific has been found to be roughly con-
sistent with recent theoretical ideas about the general
circulation although there are a number of theoretical
problems which have not yet been addressed. The dis-
tribution is also consistent with previous analyses of
the North Pacific circulation, but has revealed some
hitherto unrecognized features. The most definitive are
the existence of subpolar mode waters of the sort pre-
viously reported in the North Atlantic (McCartney and
Talley, 1982; McCartney, 1982) and the existence of
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low potential vorticity at the top of the water column
in the eastern Pacific. The correspondence of extrema
of Ekman pumping and heat flux with potential vor-
ticity extrema at shallow depths was also noted. Finally,
the maps, sections, zonal averages, and schematic of
the vertical-meridional structure of the potential vor-
ticity field show distinct regions which can be identified
with the predictions of various theories of wind-driven
circulation and with thermohaline mechanisms.
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