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ABSTRACT

The structure of the wind-driven circulation in the subtropical South Pacific is studied using simple diagnostic
and analytical models. The diagnostic calculation is based on the Levitus climatology. The analytical model is
forced by observed winter mixed layer density and depth calculated from the Levitus climatology and by the
surface wind stress data from the Hellerman and Rosenstein climatology. The wind-driven gyre in the South
Pacific is relatively deep, reaching 2.4 km along the southern edge of the gyre. The gross feature of subduction
obtained from both the data analysis and the analytical model is similar, with an annual ventilation rate of 21.6
Sv (Sv = 10° m3 s71), including 18.1 Sv from vertical pumping and 3.5 Sv from lateral induction. Although
the annual subduction rate in the South Peacific is comparable to that in the North Atlantic, lack of localized
subduction leads to relatively weak mode water formation in the region where the East Australian Current
separates from its western boundary. In addition, results from the analytical model indicate the existence of an

isopycnal slope reversal in the southeastern Pacific.

1. Introduction

Motion in the upper kilometer of the ocean is pri-
marily wind driven. The horizontal and vertical motion
in this layer plays a significant role in controlling the
interaction between the atmosphere and the ocean. The
structure of the wind-driven circulation is consequently
of vital importance to our understanding of the oceanic
general circulation and climate.

In the 1980s, theories about the baroclinic structure
of the wind-driven gyre advanced rapidly. Rhines and
Young (1982a,b) proposed the idea of potential vorticity
homogenization and applied it to the deeper part of the
wind-driven circulation, the unventilated thermocline.
A multilayer model for the ventilated thermocline was
put forth by Luyten et al. (1983, hereafter LPS). For
simplicity, the mixed layer was neglected in the original
multilayer model of the ventilated thermocline. The dy-
namic role of the mixed layer in the ventilation/sub-
duction process was emphasi zed by Woods (1985). Most
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importantly, Woods showed that a horizontal gradient
of mixed layer depth can substantially enhance the sub-
duction rate. This enhancement has been demonstrated
by Sarmiento (1983) and Jenkins (1982, 1987) through
tracer observations within the thermocline.

An added complication is the seasonal cycle in the
upper ocean. Although Iselin (1939) found a connection
between winter conditions at the sea surface and water
mass characteristics in the permanent thermocline be-
low, he had no dynamical theory to explain their rela-
tionship. Stommel (1979) presented a simple and ele-
gant view of the time-dependent subduction process,
now called the *“ Stommel demon.” The mixed layer's
density and depth reach their local maxima during late
winter. Since the mixed layer rapidly retreats in early
spring, water subducted into the permanent thermocline
has properties that are strongly biased toward the late
winter values.

More recently, the LPS model has been extended to
acontinuously stratified ocean (Huang 1988, 1990). The
model is forced by climatological mixed layer density
and depth fields. Since the model is based on the as-
sumption of a climatological-mean steady circulation,
it cannot directly apply to cases in which the mixed
layer undergoes seasonal variations. However, if oneis
interested in only the annual-mean mass fluxes (or the
subduction rate), the details of the seasonal cycle may
not be so important and we may estimate this rate with-
out involving the seasonal cycle explicitly. For details,
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the reader isreferred to arecent study by Qiu and Huang
(1995) in which different definitions of the subduction
rates and their relationships were compared and a com-
prehensive review of this subject was provided.

The multilayer ventilated thermocline model was ini-
tially applied to the North Atlantic by LPS with great
success. Talley (1985) subsequently applied the model
to the North Pacific and replicated many of the observed
featuresin the ventilated thermocline. De Szoeke (1987)
applied the LPS model to the subtropical South Pacific
and showed that the distribution of the Sverdrup trans-
port among density layers in the upper ocean can be
successfully explained by the ventilated thermocline
theory.

In order to improve our understanding of the structure
of wind-driven circulation, more elaborate models have
been applied to the oceans. Using an analytical model
that includes the observed mixed layer depth and hor-
izontal density gradient, Huang (1990) determined the
three-dimensional structure in the ventilated and un-
ventilated thermocline of the North Atlantic. Focusing
on the mass transfer from the mixed layer to the ther-
mocline, Marshall et al. (1993) estimated the subduction
rate and period of effective detrainment in the North
Atlantic based on the Levitus (1982) temperature/salin-
ity and Isemer and Hasse (1987) wind datasets. Over
the major part of the subtropical North Atlantic, they
found that effective detrainment, which contributes to
subduction, takes place over a short time period, about
1 to 2 months, in late winter/early spring. This short
time span of effective detrainment is further confirmed
in a recent numerical study by Williams et al. (1995).

Subduction of the winter mixed layer water and the
three-dimensional structure of the wind-driven circu-
lation in the North Pacific was studied by Huang and
Qiu (1994) using a diagnostic approach, and by Huang
and Russell (1994) using a continuously stratified North
Pacific model. In these two studies, the authors empha-
sized the difference in the thermohaline circulation be-
tween the North Pacific and the North Atlantic and the
resultant effect on the two oceans’ thermocline venti-
lation.

The oceanic circulation in the Southern Hemisphere
is different from that in the Northern Hemisphere in
several respects. Because of different landmass distri-
butions, the atmospheric forcing of the respective
oceans is considerably different. For example, stronger
Ekman pumping (due to stronger wind stress curl) over
the Northern Hemisphere oceans results in more intense
western boundary currents, which transport a greater
amount of heat meridionally. This heat transport influ-
ences air—sea buoyancy fluxes at midlatitudes and has
agreat impact on the regional ventilation processes. The
presence of the Antarctic Circumpolar Current (ACC)
in the Southern Ocean complicates the general circu-
lation and water mass formation in the Southern Hemi-
sphere oceans.

The objective of the present study is to clarify the
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baroclinic structure of the wind-driven circulation in the
South Pacific Ocean. The large-scale circulation of this
ocean has been previously documented by Reid (1965,
1986), Warren (1973), and de Szoeke (1987). While de
Szoeke's study highlighted the main features of the
wind-driven circulation in the South Pacific, some im-
portant aspects of the dynamics, involving the mixed
layer and the unventilated thermocline, were omitted.

Wewill focus on the baroclinic structures of the wind-
driven circulation in the subtropical South Pecific, in-
cluding the mixed layer and the unventilated thermo-
cline. A diagnostic approach utilizing available clima-
tological datasets will be discussed in section 2, in-
cluding the subduction rate map and the overall vertical
structure of the wind-driven circulation. An analytical
model using an idealized South Pacific Ocean with con-
tinuous stratification will be described in section 3, in-
cluding the detailed structure of the South Pacific sub-
tropical gyre. In section 4, we will summarize theresults
from this study.

2. The diagnostic calculation

Our diagnostic calculations are based on the Stommel
(1979) demon hypothesis wherein water masses sub-
ducted into the permanent pycnocline have late winter
properties. A crucia assumption here is that the retreat
of the winter mixed layer, or the formation of the sea-
sonal pycnocline, takes place in a relatively short time
period. As in the subtropical North Atlantic and North
Pacific, this condition is met satisfactorily in the sub-
tropical South Pacific. Maps of the monthly mixed layer
depth calculated from Levitus (1994) data indicate that
the mixed layer in the subtropical South Pacific reaches
its annual maximum in September and retreats to shal-
low depth in a period of less than 2 months.

The South Pacific mixed layer depth and density in
September show in addition to poleward trends astrong,
east—west asymmetry (Fig. 1). The mixed layer depth
exceeds 150 m in the eastern part of the subtropical
basin, whereas it is less than 50 m in the northwest
corner of the basin. Unlike the situation in the North
Pacific, continental influence over the South Pacific is
weak. The winter maximum surface heat flux from the
ocean to the atmosphere above the East Australian Cur-
rent is less than 150 W m~2 (Oberhuber 1988). Thisis
in great contrast to the North Pacific where the winter
maximum surface heat flux over the Kuroshio Extension
region can exceed 350 W m~2. Reduced cooling due to
the absence of continental cold, dry polar air resultsin
relatively shallow and spatially uniform mixed layers
near the western boundary of the subtropical South Pa-
cific. As will be discussed later, this leads to a small
lateral induction rate in the western boundary outflow
region, and a small subduction rate there.

A sharp transition in winter mixed layer thickness
exists across the South Pacific Subtropical Front (about
45°S), which is closely related to subantarctic mode
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a) Mixed layer depth (m) in September
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Fic. 1. September mixed layer depth (a) and density (b) of the
South Pacific Ocean. Here mixed layer depth is defined as the depth
at which o, is 0.125 greater than the surface o,. Calculated from
Levitus (1994) monthly climatology.

water formation (McCartney 1977). The winter mixed
layer depth in the South Pacific subpolar region is, in
general, much greater than in the subpolar North Pacific,
see Fig. 1 in Huang and Qiu (1994). This differencein
mixed layer depth reflects the remarkable differencein
vertical stratification in these two basins.

Since precipitation exceeds evaporation in the sub-
polar North Pacific, a shallow halocline develops that
restricts the winter convection to a relatively shallow
layer. On the other hand, due to the influence from both
the Atlantic and Indian Oceans, salinity in the ACC is
high (34-35 psu). The strong westerly over the ACC
induces strong vertical mixing and creates a relatively
weak stratification both in the ACC and near the sub-
antarctic front (both temperature and salinity gradients
are weak). As a result, winter cooling can penetrate
much deeper.

The density distribution of the winter mixed layer in
the South Pacific is clearly oriented zonally (Fig. 1b).
The exception appears in the southeast and north of the
ACC where low-salinity water is formed by the exces-
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sive precipitation and creates a shallow halocline. Since
this low-salinity water isrelatively light, it givesriseto
a slight SE-NW orientation of the isopycnals. In con-
trast, evaporation dominates in the North Atlantic, and
isopycnals have a NE-SW orientation in the eastern
subtropics. The maximum mixed layer density in the
South Pacific involved in the wind-driven ventilation is
about 27.40, (see Fig. 1b), which falls in between the
maximum density values of the North Pacific (26.60,)
and the North Atlantic (27.70,).

To estimate the annual mean subduction rate (S,,,) in
the South Pacific, we traced particles released at the
base of the winter mixed layer and used the definition
in Lagrangian coordinates:

0
S, = —(WEk - ?f v, dz) +u,-Vh,, (O
b
where the subscript m indicates the quantities for the
mixed layer and the term in parentheses on the right-
hand side denotes the contribution from vertical pump-
ing; the second term is from lateral induction. In the
vertical pumping term, wg, is the Ekman pumping ve-
locity and the B term gives a correction to the vertical
pumping velocity (at the base of the mixed layer) due
to the meridional velocity. The overbar indicates an av-
erage over the 1-yr trgectory. In Lagrangian coordi-
nates, the lateral induction term u,,-Vh,, is simply the
difference of the mixed layer depth at particle positions
separated in time by one year, h,,, — h,,. Qiu and
Huang (1995) recently compared various definitions for
S,., and discussed their differences; the reader isreferred
to their section 2 for details.

To obtain the velocities along isopycnal surfaces on
which particle trajectories are traced, we calculated the
acceleration potential values from the annual Levitus
(1994) dataset and converted them to isopycnal veloc-
ities assuming a zero-velocity surface at 2000-m depth
(Fig. 2). This reference level had been previously used
by Warren (1973) in his study of the deep circulation
in the South Pacific. One reason for choosing this level
was that it lies in the middle of the deep oxygen min-
imum layer, which can be interpreted as a layer of very
small horizontal velocity (Warren 1973). Although re-
cent studies indicate that this oxygen minimum layer
moves southward (Toole et al. 1994), choosing slightly
different zero-velocity surfaces, such as 2500 m, gives
almost the same subduction rate.

The annual-mean Ekman pumping velocity in Eq. (1)
is calculated from the Hellerman and Rosenstein (1983,
hereafter HR) wind stress data. There has been concern
expressed about the drag coefficient used in the HR
calculation. As pointed out by Harrison (1989) and Tren-
berth et al. (1990), the HR wind stress data are about
20% higher than the result based on a more accurate
bulk formulaby Large and Pond (1981). This conclusion
was also reached by Chelton et al. (1990) in their study
of the global wind stress using the Seasat scatterometer
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Fic. 2. Lagrangian trajectories over a 1-yr period. The starting points are indicated by crosses
where the particles are released from the base of the mixed layer in September.

data. Following these studies, we used the HR wind
stress data in this study with their magnitude reduced
by 20%. The maximum streamfunction value calculated
using these reduced HR data is 36 Sv (Sv = 10° m?
s1), Fig. 3.

a. Subduction

As we noted in Eg. (1), the annual-mean subduction
rate consists of two terms: the vertical pumping term at
the base of the winter mixed layer and the lateral in-
duction term due to slope of the mixed layer base. The
vertical pumping value is generally smaller than that of
the Ekman pumping due to meridional motion in the
mixed layer. In the subtropical South Pacific, however,
this difference is small (cf. Figs. 4a and 4b) because the
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FiG. 3. Sverdrup transport streamfunction calculated using the (re-
duced by 20%) annual surface wind stress climatology by Hellerman
and Rosenstein (1983).

winter mixed layer in most regions is no more than 100
m.

Because of the horizontal changes in depth of the
winter mixed layer, water can either leave or enter the
mixed layer from the permanent pycnocline. In the sub-
tropical South Pacific, the mixed layer depth increases
dlightly from west to east. Since there is no local mixed
layer depth maximum near the western boundary current
separation latitude, no strong lateral induction occurs
there (Fig. 4c). This is in sharp contrast to both the
North Pacific and the North Atlantic, where strong
mixed layer depth gradients in the western boundary
outflow regions cause a large lateral induction from the
mixed layer to the permanent pycnocline.

The estimated lateral induction rate in the South Pa-
cific is quite noisy with regionally alternating sign.
Regions of large, positive and negative values appear
primarily along the edge of the ACC (Fig. 4c). The
existence of such large features in the lateral induction
rate is a direct result of the large disturbances in the
mixed layer depth map (Fig. 1a) and is likely to be a
reflection of the noisy nature of the mixed layer depth
or the paucity of data in that area. The distribution of
the subduction rate (Fig. 4d) also contains many large
disturbances, a product of the noisy lateral induction
rate.

b. Vertical structure

Using the results from the diagnostic calculation, we
summarize the three-dimensional structure of the wind-
driven gyre in the South Pacific in a four-layer model,
Fig. 5. For a comparison between results from the di-
agnostic and analytical models, the subduction rate cal-
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b) Vertical pumping (m/year)
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Fic. 4. Subduction rate maps from the diagnostic model: (a) Ekman pumping rate, (b) vertical pumping rate at the base of the mixed
layer, (c) lateral induction rate at the base of the mixed layer, and (d) subduction rate.

culation hereisfor aregion from 48°Sto 16°S and from
160°E to the South American coast. The oceanisdivided
vertically into four layers. the Ekman layer on top, the
mixed layer (or the seasonal thermocline), the ventilated
thermocline, and the unventilated thermocline on the
bottom.

In our diagnostic model the Ekman layer is treated
as an infinitely thin layer, and its only function is to
produce the Ekman pumping required for driving the
geostrophic flow below. The geostrophic flux in the Ek-
man layer is regarded as a part of the geostrophic flow
in the mixed layer below. There is 18.1 Sv of Ekman
flux entering from the northern boundary, 7.2 Sv en-
tering from the southern boundary, and 1.3 Sv is en-
tering from the eastern boundary and leaving from the
western boundary, producing a total amount of Ekman
pumping of 25.3 Sv.

Below the Ekman layer lies the mixed layer, or the
seasonal thermocline, whose lower boundary is defined
as the annual mixed layer depth maximum. The base of
the seasonal thermocline is dlightly slanted, reflecting
the general feature of the September mixed layer depth
map in Fig. 1a. Ekman pumping from the top resultsin

a generally northward geostrophic motion. As a result,
there is a mass flux of 0.9 Sv entering the southern
boundary and 11.6 Sv leaving the northern boundary.
In addition, the counterclockwise geostrophic circula-
tion induces a mass flux of 6.2 Sv from the southern
part of the western boundary (from 48°S to 25°S). The
mass exchange rate between the seasonal thermocline
and the ventilated thermoclineis 21.6 Sv, including 18.1
Sv from vertical pumping [the first term in (1)] at the
base of the mixed layer and 3.5 Sv from lateral induction
[second term in (1)].

The ventilated thermocline in this simple four-layer
system is defined as between the annual mixed layer
depth maximum and the o, = 27.0 isopycnal surface.
The 21.6 Sv of mass flux from subduction enters the
ventilated thermocline and moves out through the north-
ern and western boundaries. There is a mass flux of 6.4
Sv entering this layer from the southern part of the
western boundary, 2.3 Sv from the southern boundary,
and 3.6 Sv from the eastern boundary. (Strictly speak-
ing, these mass fluxes should be classified as part of the
unventilated thermocline because they do not comefrom
the mixed layer.) Note that the directions of these mass
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Fic. 5. Mass flux (in Sverdrups) partition in the wind-driven sub-
tropical gyre of the South Pacific (48°-16°S, 160°E—South American
coast) from the diagnostic model. The transport values for the Ekman
layer are based on the HR climatological wind data. The transport
values through the lateral boundaries of the thermocline layers are
estimated from the geostrophic flows with a reference at 2000 m.

fluxes agree well with the flow directions derived by
Reid (1986, his Fig. 7) on the isopycnal surface o, =
26.4.

The unventilated thermocline is defined as below the
o, = 27.0 isopycnal surface. Mass fluxes in this layer
are calculated from the geostrophic velocity relative to
the 2000-m reference level (between o, = 27.0 and
2000 m). It is assumed that there is no mass exchange
across the upper and lower surfaces of the unventilated
thermocline. The lateral mass fluxes in this layer do not
balance; in fact, there is a net loss of 12.7 Sv. There
are two possible reasons for this imbalance. First, the
2000-m depth may not be a suitable reference level.
Although appropriate for the eastern part of the South
Pacific along 32°S, Toole et al. (1994) recently argued
that bottom velocity is southward on the western flank
of the East Pacific Rise, so the reference level should
be placed at the bottom of the ocean. Because of the
coarse vertical resolution of the L evitus data below 2000
m, the issue of using variable reference depths is not
addressed in this study. The existence of thermohaline
overturning cellsin the South Pacific, which isneglected
in this study of the wind-driven circulation, is another
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likely contributor to the mass flux imbalance in the un-
ventilated thermocline. The influence of the thermo-
haline circulation upon the unventilated thermocline
mass balance is beyond the scope of this study and is
left for future studies.

3. The analytical model

Our analytical approach is to solve a free-boundary
value problem in the density coordinates described by
Huang (1990) and Huang and Russell (1994). Accord-
ingly, the wind-driven circulation, including the density
and velocity structure in the upper ocean, can be cal-
culated by repeatedly solving an ordinary differential
equation at each station in a subtropical basin. The mod-
el treats the wind-driven circulation as a perturbation to
a specified background stratification for the abyssal wa-
ters and the potential vorticity for the unventilated ther-
mocline. As demonstrated by Huang (1990) and Huang
and Russell (1994), the calculation of the ideal-fluid
thermocline is reduced to repeatedly solving the follow-
ing free boundary value problem in density coordinates:

B = 5 @
with the constraints
B, = gh(x, y) ap=p (©)
B=Bp), B,=Bip ap=p°

(p° is unknown) (4)

pb pb 2 7f2 x€
- f B2 dp + J B2 dp = P J w,dx,  (5)
ps pbe B X

where B = p + pgz is the Bernoulli function; Q is the
potential vorticity; h(x, y) is the mixed layer depth,
which is specified; g is the gravitational acceleration;
W, is the Ekman pumping rate; subscript p indicates
partial derivative with respect to density; superscript s
indicates the sea surface; superscript b indicatesthe base
of moving water; and superscript a indicates abyss (be-
low the moving water in the thermocline).

This free boundary value problem is solved using a
shooting method by starting from a first guess at the
bottom of the moving water p® (the density at the bottom
of the moving water in an adjacent station can be used
as the first guess.) Integrating upward (toward lower
density) to the base of the mixed layer, we can determine
the potential vorticity of the uppermost ventilated layer
as q = fAp/Ah, where Ap is the density increment and
Ah is the thickness of the uppermost layer. The gen-
eralized Sverdrup relation is then checked. If it is not
satisfied, the base of the moving water, p®, is adjusted
until the integral constraint is met.

As the zero line of Ekman pumping in the South
Pacific closely follows the outcropping line of o, =
27.0, this isopycnal outcropping line is chosen as the
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southern boundary of the model, and thisisopycnal sur-
face is used to separate the ventilated thermocline from
the unventilated thermocline. For the ventilated ther-
mocline, we divided each isopycnal outcropping line
into 65 segments and applied our analytical method to
the 16 isopycnal outcropping lines (starting from o, =
27.0 with an increment of —0.207,). Notice that the iso-
pycnal outcropping lines in the South Pacific Ocean
have a fairly complex distribution (Fig. 1b). However,
as long as there is no closed outcropping line, solving
the boundary value problem as described above is
straightforward.

a. Forcing the model with Levitus data

The model requires the background stratification to
be specified for both the abyssal waters and the unven-
tilated thermocline. The background stratification used
in this study consists of two parts, so it is slightly dif-
ferent from that used by Huang and Russell (1994). The
shallow part was obtained by averaging the mean den-
sity profiles at two sections in the equatorial Pacific,
120°W and 140°W in the Levitus climatology. Both of
these density profiles were averaged between 15°N and
15°S. The deep part was obtained by averaging the strat-
ification below the winter mixed layer along 100°W and
between 15°S and 50°S. This is some distance from the
eastern boundary, so the effect of the coastal upwelling
on the stratification is minimized. The two profiles are
matched smoothly over the density range o, = 25.0—
25.4. Use of background stratification near the eastern
boundary reflects that wind-driven circulation there is
relatively shallow, the so-called shadow zone; thus, the
stratification there can be used as the undisturbed back-
ground stratification set up by the thermohaline circu-
lation.

Rhines and Young (1982a,b) showed that potential
vorticity in the unventilated thermoclineis homogenized
toward its value along the poleward boundary. Their
theory was extended to the circumpolar oceans by
Haynes (1985), who showed that in the case of a zonal
current, potential vorticity should be homogenized to-
ward the planetary vorticity at the latitude of the bound-
ary between the undisturbed zonal current and the am-
bient water. The northern edge of the circumpolar cur-
rent is rather difficult to define in our model. We first
smoothed the observed winter mixed-layer properties,
Fig. 6 (cf. Fig. 1). As noted above, the outcropping line
o, = 27.0 follows closely the zero-Ekman-pumping
line, and is thus chosen as the southern boundary of our
analytical model. Since this southern boundary is not
along a constant latitude, we have chosen the eastern
tip of the southern boundary along 54°S asthe reference
southern boundary, so the potential vorticity of the un-
ventilated thermocline is assumed to be homogenized
toward the value along this part of the southern bound-
ary.

The northern boundary consists of two parts. The
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a) Smoothed Mixed Layer Depth (m)
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Fic. 6. Smoothed mixed layer depth (a) and density (b) fields used
for the analytical model.

western section is along the isopycnal outcropping line
o, = 23.8, and the eastern section is along 15°S. The
eastern boundary is along 77.5°W and the western
boundary is at 153°E. To facilitate the analytical cal-
culation, al islands (such as New Zealand) and topo-
graphic features inside the model domain are ignored.

The model integration started from the isopycnal out-
cropping line of o, = 26.8 and moved northward line
by line. Although the program converged satisfactorily
for the first 14 outcropping lines, the model’s conver-
gence became poor for outcropping lines lighter than
24.40,. At some isolated stations, the program failed to
provide an exact solution for Eq. (5). To remedy this
problem, we seek solutionsin these isolated stationsthat
minimize the difference between the left-hand side and
the right-hand side of the generalized Sverdrup relation
[Eq. (5)]. Since these stations are isolated, they do not
affect the global structure of the solution.

This problem is also reflected in the map of potential
thickness for the uppermost layer (Fig. 7; here, potential
thicknessis defined astheinverse of potential vorticity).
From this map, it is clear that the upper-layer thickness
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Fic. 7. Upper-layer potential thickness, in 107° o cm~! s, deter-
mined from the analytical model. Here potential thickness is defined
as the inverse of the potentia vorticity.

gets progressively thinner as one approaches the north-
ern part of the basin. Apparently, layer thickness ob-
tained from the analytica model becomes negative in
the northeastern corner and along the northern bound-
ary. A negative thickness for the ventilated thermocline
is, of course, physically meaningless. Somehow, the
model could not keep up with more and more moving
layerswith finite thicknesses and started to give negative
thickness for the uppermost ventilated layer. The exact
cause of such peculiar behavior of the continuously
stratified model remains a mystery to us at this time.
One possible explanation is that the Levitus (1994) data
are inadequate in representing the climatology of the
South Pacific Ocean. The negative layer thickness near
the western coast of Peru may reflect that EI Nifio—
Southern Oscillation activity is such a strong component
of the oceanic circulation that the basic assumption of
the so-called climatological-mean steady circulation is
no longer valid here. Furthermore, the Levitus clima-
tology may inadequately estimate the time-mean density
fields. Nevertheless, the area of negative potential vor-
ticity occupies only a very small part of the basin, so
the global picture provided by our calculation may still
be useful.

b. The sea surface topography

The Bernoulli function in the mixed layer calculated
from the analytical model impliesaseasurfaceelevation

_B

g
Choosing a zero reference level at the southeast corner,
we find that the sea surface in the South Pacific has a
maximum elevation of 80 cm near the western boundary
in the center of the subtropical gyre (Fig. 8). The sea
surface topography suggests a generally eastward mo-

tion in the southern half of the subtropical basin and a
northeastward motion in the northern half. In the middle

n (6)
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FiG. 8. Sea surface topography (in cm) determined from the ana-
lytical model.

of the basin there seems to be the vague sign of alocal
maximum at 30°S between 150°W and 100°W.

The presence of the local maximum of sea surface
height can also be seen in the slope of subsurface iso-
pycnals. Along the 35°S section it is clear that the is-
opycnal slope reversal can reach as deep as 300 m east
of 100°W (Fig. 9). The reversed isopycnal slope indi-
cates v, < 0; thus it implies a subsurface equatorward
velocity maximum. In both cases, the surface motion
relative to that below resembles an eastern gyre. M. M.
Hall et al. (1989, unpublished manuscript) analyzed the
2-3-yr long current meter records at several stations
along 152°W and found a subsurface equatorward ve-
locity maximum at 100-200 m depth for a station at
35°N. The existence of an eastern gyre associated with
this isopycnal slope reversal was discussed by Hautala
et al. (1994). The isopycnal slope reversal and the as-
sociated subsurface meridional velocity maximum were
reproduced in the analytical model of the wind-driven
circulation in the North Pacific by Huang and Russell
(1994).

From a recent World Ocean Circulation Experiment
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Fic. 9. A zonal section along 35°S from the analytical model. The
short dashed line indicates the free surface elevation (exaggerated,
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dashed line indicates the z = O level.




JUNE 1998

(WOCE) hydrographic section taken along 32°S, Toole
et al. (1994) observed a clear isopycnal slope reversal
in the upper 500 m in the eastern South Pacific. With
a deep reference level, surface dynamic height has two
local maxima at 155°E and 120°W, respectively, and a
minimum near the dateline. The existence of the sea
surface height maximum in the eastern basin is also
confirmed in a recent study by C. J. Koblinsky et al.
(1995, personal communication), in which they showed
a local sea surface height maximum located east of
170°W in the South Pacific both from TOPEX altimeter
data and from WOCE hydrographic data along 32°S. In
comparison, the high-resolution numerical model shows
arelatively narrower local maximum east of 140°W.

A similar map of sea surface topography relative to
2000 db was aso generated from the Levitus (1994)
data, and it has a globa feature rather similar to the
analytic result discussed above and the adjusted steric
height map by Reid (1986). However, neither the map
from the Levitus data nor Reid’s map shows the local
sea surface maximum discussed above. Thisis probably
due to the shallow nature of this local surface height
maximum.

¢. The structure of the wind-driven gyre

In Welander’s (1971) work on the ideal-fluid ther-
mocline, the base of the moving water is assumed to
have constant density p=. In the LPS model and de
Szoeke's (1987) model each layer has its own shadow
zone, which is separated into many small subzones ac-
cording to the different functional relationship between
the potential vorticity and the Bernoulli function. In our
simple numerical approach, however, the shadow zones
appear naturally as the stagnant abyssal water below the
moving water (Fig. 10). In comparison with de Szoeke's
(1987) solution, our present model provides a much
more finely divided picture of the shadow zone. Con-
sider, for example, the o, = 27.3 isopycnal. Water to
the northeast of the line marked by 27.3 (Fig. 10a) is
stagnant, comprising the shadow zonefor thisisopycnal.

The base of the wind-driven gyre is relatively deep
in the subtropical South Pacific, having a maximum
depth of about 2.4 km (Fig. 10b). This is considerably
deeper than in the North Pacific [no more than 1.4 km,
Huang and Russell (1994)] and in the North Atlantic
[about 1.75 km, Huang (1990)]. Such a deep, wind-
driven circulation in the South Pacific is associated with
the large meridional gradient of winter mixed-layer
depth along the southern edge of the subtropical gyre.

Our estimates of the wind-driven gyre in these oceans
are based on the same analytical model; however, other
models' estimates may be different. For example, the
potential vorticity distribution in the North Pacific in-
dicates that the wind-driven gyre may penetrate down
to greater than 2000 m (e.g., Talley 1985, 1988) if one
assumes that regions of potential vorticity homogeni-
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Fic. 10. Base of the moving water determined from the analytical
model: (a) density in o, and (b) depth in kilometers.

zation in the ocean interior are linked to the wind-driven
circulation.

The three-dimensional structure of the wind-driven
circulation can be seen from layer depth maps and
streamline patterns (the Bernoulli function contours) on
each isopycnal surface, such asin Figs. 11 and 12. At
a shallow isopycnal surface, o, = 26.2, thereis avery
narrow shadow zone in the northeastern corner, not
shown in Fig. 11. The streamline pattern indicates the
passage of a water parcel after subduction along the
southern edge where the isopycnal o, = 26.2 outcrops,
as indicated by the dashed line. The shadow zone be-
comes much larger for the unventilated isopycnal sur-
faces, as shown in Fig. 12. Since this isopycnal is un-
ventilated, all water in this layer comes out through the
western boundary and returns through the western
boundary entirely.

The subduction rate map calculated from our analyt-
ical model is consistent with that from the diagnostic
model. Similar to the results shown in Fig. 4, large
disturbances appear along the southern edge of the sub-
tropical gyre, Fig. 13. If we calculate the subduction
rate by adding both positive and negative values, we
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Fic. 11. (a) Depth and (b) streamlines of the o, = 26.2 isopycnal
surface determined from the analytical model.

come to the conclusion that there is no subduction for
isopycnal surfaces o, = 26.6. Thus the model seemsto
miss the formation of Antarctic Intermediate Water
(AAIW).

However, if we separate obduction from subduction,
there is indeed some AAIW formed in the models, as
indicated by the thin solid line in Fig. 14c. Antarctic
Intermediate Water (AAIW) is one of the major types
of mode water in the Southern Ocean (McCartney
1977). One of its source regions is near the southern
tip of South America. There is no reliable climatologic
data on the mixed layer properties for this area. Rough
estimates inferred from nearby hydrographic sections
suggest that the winter mixed layer can reach about 800
m (McCartney 1977; M. S. McCartney 1996, personal
communication; L. D. Talley 1996, persona commu-
nication). Using a numerical model, England et al.
(1993) showed that winter convection reaches 1000-m
depth and AAIW spreads horizontally around thislevel.
Such deep convection is nearly smoothed out in the
Levitus (1994) dataset. In fact, the maximum winter
mixed layer depth in this location, calculated from the
Levitus data, is no more than 450 m. As a result, the

LI Bt et S B B et AL B B
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Fic. 12. (a) Depth and (b) streamlines of the o, = 27.2 isopycnal
surface determined from the analytical model. The shaded areas in-
dicate the shadow zone.

Antarctic Intermediate Water formation near the south-
ern tip of South America cannot be accurately simulated
using the Levitus dataset.

On the other hand, the large disturbances appearing
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FiG. 13. Subduction rate map calculated from the analytical model,
in meters per year. Negative contoursindicate obduction, that is, water
from the thermocline flows upward/laterally into the mixed layer.
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Fic. 14. Vertical pumping rate (a), lateral induction rate (b), and
subduction rate (c) for each 0.20, density interval, in Sverdrups. Solid
lines are from the data analysis and dashed lines from the analytical
model. Thin lines in (c) indicate the net subduction rate (solid thin
line) and obduction rate (dashed thin line).

in the winter mixed layer depth may not be entirely due
to the paucity of the dataset. There is a major topo-
graphic feature, the East Pacific Rise near 120°W, that
affects the Antarctic Circumpolar Current. As discussed
by Gille (1995), downstream of the East Pacific Rise
the jets associated with the ACC are less intense than
they are upstream of the mid-Pacific ridge. However,
the detailed dynamics of the interaction between the
mixed layer and the ACC is left for further study.
The annual mean subduction rates estimated from the
analytical and the diagnostic models show that there is
only a moderate amount of subtropical mode water be-
ing formed annually in the South Pacific, Fig. 14. The
water mass formation rate has a peak of 3 Sv in the
density range of o, = 25.3-25.5; in other density ranges
the water mass formation rate is well below 2 Sv. Sub-
tropic mode water (STMW) has been studied in the
North Atlantic (e.g., McCartney 1982) and in the North
Pacific (e.g., Masuzawa 1969, 1972; Suga et al. 1989;
Bingham 1992). In the South Pacific, STMW has re-
ceived little attention because the STMW thermostad
there is weak. A recent study by Roemmich and Cor-
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Fic. 15. Mass flux partition among the ventilated thermocline
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(Mix) from the analytical model. The sum of these three components
(Model) is indicated by the heavy dashed line on the top, compared
with the barotropic mass flux calculated by integrating the Ekman
pumping rate (Data) indicated by the heavy solid line.

nuelle (1992) identified the South Pacific STMW to be
within the temperature range of 15°-19°C. The isopyc-
nal surface of o, = 25.5 has a temperature around
16.5°C and lies in the core of the South Pacific STMW.
According to Roemmich and Cornuelle, the lifetime of
the South Pacific STMW is short so that, in spite of
being locally formed as a mode water, it is not traceable
to locations far from its formation zone.

The lack of strong subtropical mode water formation
in the South Pacific (lessthan 3 Sv per 0.2¢7,) isin sharp
contrast to the high subtropical mode water formation
rate (more than 4 Sv per 0.20,) in both the North At-
lantic and the North Pacific (Qiu and Huang 1995).

Our analytical model also provides a three-dimen-
sional view of thewind-driven gyrein the ocean interior.
The Sverdrup mass flux is divided into three compo-
nents, that is, the mass fluxes in the mixed layer, the
ventilated thermocline, and the unventilated thermo-
cline, Fig. 15. In previous studies, the term ventilation
ratio was defined as the ratio beween the total mass flux
in the ventilated thermocline and the total mass flux in
the thermocline (e.g., Huang 1990; Huang and Russell
1994). Because the wind-driven circulationisessentially
a three-dimensional feature, it may not be possible to
represent the structure with some simple numbers, such
as the ventilation ratio. In fact, if one defines the ven-
tilation ratio as the ratio of mass flux in the ventilated
thermocline to total mass flux in the thermocline, such
aventilation ratio apparently increases toward the equa-
torial boundary (Fig. 15). Mass flux in the unventilated
thermocline declines toward the equator; meanwhile,
the mass flux in the mixed layer remains almost con-
stant. The small discrepancy between the barotropic
Sverdrup flux and the sum of the baroclinic layers is
due to the errors accumulated in the numerical calcu-
lation.
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4. Summary

In this study we have applied both a diagnostic model
and asimple analytical model to an analysis of thewind-
driven circulation in the subtropical South Pacific. That
these two approaches provided similar results is en-
couraging. For example, the total amount of ventilation
and the contributions from vertical pumping and lateral
induction in these two approaches are the same within
the bounds of possible error.

The annual-mean subduction rate in the South Pacific
is estimated in this study from both the analytical and
diagnostic models. There are several sources of error in
calculating the subduction rate. They include errors in
the Ekman pumping rate, uncertainties in the mixed-
layer density and background stratification patterns, and
the assumption of the reference level. In the following,
we evaluate some of the errors.

Neglect of the seasonal cycle in the mixed layer in-
troduces errors. According to the definition, the sub-
duction rate calculated in the analytical model is alocal
property, whereas the rate calculated by the diagnostic
model involves averaging over 1-yr trajectories. By es-
timating subduction locally, the analytical model un-
derestimates the annual subduction rate in the southern
part of the subtropical basin but overestimates it in the
northern part of the basin because the definition neglects
changes in the Ekman pumping velocity along the 1-yr
trajectories. Nevertheless, results from the two models
arefairly similar. The major difference between the two
approaches actually stems from the smoothing of the
forcing fields used in the analytical model.

A major assumption of the Stommel demon is the
shortness of the subduction period. Along the equatorial
rim of the subtropical gyre, the base of the mixed layer
isshallow and flat. The seasonal cycleisrelatively weak
and the subduction period may not be very short, so the
subduction rate, especially the lateral induction term,
calculated from the models may not be accurate.

Possible errors in the subduction rate can be roughly
estimated as follows. The total amount of lateral in-
duction is 3.5 Sv, and the difference between the late
winter mixed layer depth maximum and minimum is
150 — 50 = 100 m. Assume that the mixed layer depth
maximum isincreased to 175 m and the minimum mixed
layer depth and the velocity at the base of the mixed
layer remain approximately the same. Then the total
amount of lateral induction in this case would increase
to

175 - 50
100

The total amount of vertical pumping at the base of the
mixed layer will be slightly reduced; thus the total
amount of subduction would increase less than 0.8 Sv.

There are two difficult issues associated with the ac-
curate estimation of the subduction rate in the South
Pacific. One is that there are few observations made in

35 X = 4.375 Sv.
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the Southern Ocean, so climatologies do not truly rep-
resent the time-mean ocean. The large variations in the
winter mixed layer depth (Fig. 1a) may come from av-
eraging over very limited observations. However, it is
also possible that such large disturbances are some kind
of permanent feature associated with bottom topogra-
phy; this issue is left for further study.

The second issue is that both approaches used in this
study assume the existence of a stagnant level some-
where above the ocean bottom. The diagnostic calcu-
lation is based on a reference level of 2000 m. As we
noted in the previous section, the recent study of the
hydrographic section along 32°S by Toole et al. (1994)
indicates that in order to balance tracersit is necessary
to put the reference level at the ocean bottom in the
middle of the basin (120°-155°W). The ambiguity about
the reference velocities may lead to the mass flux im-
balance in the unventilated thermocline layer of our
models.

A comparison between the ventilation in the North
Atlantic and the North Pacific has been carried out by
Qiu and Huang (1995). The differences between these
two oceans include: First, the thermohaline circulation
in the North Atlantic is quite strong, while that in the
North Pacific is very weak with the upper ocean dom-
inated by a shallow halocline. Second, the zero-Ekman-
pumping line has a strong SW—NE tilt in the North
Atlantic, while it is closer to a zonal line in the North
Pacific. These differences give rise to different mixed
layer properties and ventilation rates.

The present study provides an interesting comparison
between the wind-driven circulation in the South Pacific
and the Northern Hemisphere oceans (see Table 1). First,
the mixed layer depths in most parts of the North and
South Pacific are quite shallow and uniform. In the
South Peacific, this is due to the lack of strong surface
cooling (Oberhuber 1988), whereasin the North Pacific,
it is due to the weak thermohaline circulation. As a
result, contributions to the annual subduction rate due
to lateral induction are quite small, about 9 Sv in the
North Pacific and 3.5 Sv in the South Pacific. Relative
to the total subduction rate, the lateral induction con-
tributes about one-third in the North Pacific and one-
sixth in the South Pacific. In contrast, the latera in-
duction term contributes one-half of the subduction rate
in the North Atlantic.

Second, the wind-driven circulation in the South Pa-
cific extends relatively deep; maximum depth is about
2.5 km near the northern edge of the Antarctic Circum-
polar Current. In comparison, the wind-driven circula-
tion in the North Pacific reaches only 1.4 km while in
the North Atlantic it reaches 1.7 km (Huang 1990;
Huang and Russell 1994). The relatively deep wind-
driven circulation in the South Pacific is associated with
the deep late winter mixed layer along the southern edge
of the subtropical gyre.

Third, the mass flux in the unventilated thermocline
i$19.8 Sv, about the same asin the North Atlantic (17.5



JUNE 1998

HUANG AND QIlU

1185

TABLE 1. Mass flux partition, in Sv (10° m3s—1). Values of North Atlantic analytic are taken from Huang (1990) and those of North Pacific
data analysis from Huang and Qiu (1994).

North Atlantic North Pacific South Pecific
analytic data analysis data analysis
A) Ekman pumping 16.2 28.8 25.3
B) Sverdrup transport 42 48 36
C) Ventilated thermocline:
Vertical pumping 12.1 24.1 18.1
Lateral induction 12.7 9 35
Total subduction rate 24.8 311 21.6
D) Unventilated thermocline:
1) Shallow unventilated 11 14 12.3
2) Deep unventilated 6.5 17.3 7.5
Total mass flux in unventilated thermocline 17.5 311 19.8
Sv), which is much smaller than that in the North Pacific REFERENCES

(31.1 Sv). On the other hand, the total subduction rate
in the South Pacific is only 21.6 Sv, much smaller than
the 31.1 Sv in the North Pacific.

Fourth, the SE-NW tilted isopycnal outcropping lines
in the eastern South Pacific give rise to an isopycnal
slope reversal (i.e., shoaling of isopycnal surfaceswest-
ward), similar to the isopycnal outcropping line orien-
tation and the associated isopycnal slope reversal that
appear in the North Pacific subtropics (Hautala et al.
1994; Huang and Russell 1994).

The most serious problem in the South Pacific, par-
ticularly in the ACC region, is the lack of a reliable,
large-scale climatological dataset. Resultsfrom both the
diagnostic and analytical models provide a consistent
picture for the subtropical mode water formation. On
the other hand, neither approaches provides a reliable
estimate for the formation and spreading of AAIW.
Since our analytical model usesthe o, = 27.0 isopycnal
as the southern boundary, subduction of water heavier
than 27.0 cannot be resolved in the model. In addition,
the poor quality of the Levitus climatology in this area
makes any diagnosis of water mass formation and move-
ment vague. The results discussed in this study are our
first attempt to reveal the structure of the wind-driven
circulation there. Many uncertainties remain, as do
many scientific questions, especially the formation of
subantarctic mode water (SAMW) and AAIW, which
greatly contribute to the deep circulation in the South
Pacific. More observations are needed to improve our
understanding of the Southern Hemisphere ocean.
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