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ABSTRACT

The subduction rate is calculated for the North Pacific based on Levitus climatology data and Hellerman
and Rosenstein wind stress data. Because the period of effective subduction is rather short, subduction rates
calculated in Eulerian and Lagrangian coordinates are very close. The subduction rate defined in the Lagrangian
sense consists of two parts. The first part is due to the vertical pumping along the one-year trajectory, and the
second part is due to the difference in the winter mixed layer depth over the one-year trajectory. Since the
mixed layer is relatively shallow in the North Pacific, the vertical pumping term is very close to the Ekman
pumping, while the sloping mixed layer base enhances subduction, especially near the Kuroshio Extension. For
most of the subtropical North Pacific, the subduction rate is no more than 75 m yr™', slightly larger than the
Ekman pumping. The water mass volume and total amount of ventilation integrated for each interval of 0.2¢
unit is computed. The corresponding renewal time for each water mass is obtained. The inferred renewal time
is 5-6 years for the shallow water masses (o = 23.0-25.0), and about 10 years for the subtropical mode water
(o = 25.2-25.4).

Within the subtropical gyre the total amount of Ekman pumping is 28.8 Sv (Sv = 10 m® s ') and the total
subduction rate is 33.1 Sv, which is slightly larger than the Ekman pumping rate. To this 33.1 Sv, the vertical
pumping contributes 24.1 Sv and the lateral induction 9 Sv. The maximum barotropic mass flux of the subtropical
gyre is about 46 Sv (east of 135°E). This mass flux is partitioned as follows. The total horizontal mass flux in
the ventilated thermocline, the seasonal thermocline, and the Ekman layer is about 30 Sv, and the remaining
16 Sv is in the unventilated thermocline. Thus, about one-third of the mass flux in the wind-driven gyre is
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sheltered from direct air-sea interaction.

1. Introduction

Motion in the upper one kilometer of the ocean is
primarily wind driven. The horizontal and vertical
motion in this layer control the interaction between
the atmosphere and the oceans. Thus, the structure of
the wind-driven circulation is of vital importance for
our understanding of oceanic general circulation and
climate. In the early stages of developing the wind-
driven circulation theory, our understanding was pri-
marily two-dimensional in nature. For example, the
most frequently cited indices for the wind-driven cir-
culation are the total amount of Ekman flux across a
latitude circle, the total amount of Ekman pumping,
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and the maximum barotropic mass fluxes of the sub-
tropical /subpolar gyres. Although these indices give
useful information about the wind-driven circulation,
they convey little about atmosphere-ocean interaction.
For example, these indices do not show how deep the
wind-driven circulation can penetrate nor how fast the
climate anomalies at the sea surface can propagate into
subsurface layers. To answer these questions, one needs
to unravel the vertical structure of the wind-driven cir-
culation.

Before the 1980s, theories about the vertical structure
of the wind-driven circulation were mostly similarity
solutions. These theories treat the entire water column
of the wind-driven circulation indiscriminately. In the
1980s, theories about the baroclinic structure of the
wind-driven gyre advanced rapidly. The major differ-
ence from the old theories is the recognition of different
dynamic zones in the wind-driven circulation. Ac-
cording to the new theories, the thermocline can be
separated into the ventilated and unventilated regions.
The upper part of the thermocline is directly exposed
to the air-sea interaction through mass exchange with



JuLy 1994

the mixed layer, thus it is called the ventilated ther-
mocline. The lower part of the thermocline is isolated
from direct air—sea interaction, so it is called the un-
ventilated thermocline.

In a series of papers, Rhines and Young (1982a,b)
proposed the potential vorticity homogenization theory
and applied it to the deep part of the wind-driven cir-
culation, the unventilated thermocline. According to
their theory, in the inviscid limit potential vorticity is
homogenized for most of the unventilated thermocline
due to repeated motions along closed geostrophic con-
tours. Another major breakthrough was the multilayer
model for the ventilated thermocline by Luyten et al.
(1983). According to their theory, water is subducted
from the mixed layer into the upper part of the ther-
mocline, in which water particles continue their jour-
ney, preserving the potential vorticity forged during
the subduction process.

A major conceptional difficulty associated with the
subduction process was the complicated seasonal cycle
in the upper ocean. Stommel (1979) presented a simple
and elegant view of the subduction process, which is
now called the “Stommel demon.” Basically, the mixed
layer density and depth reach their local maxima at
late winter; since the mixed layer rapidly retreats in
early spring, water subducted into the permanent ther-
mocline is strongly biased toward the late winter value.
Although Iselin (1939) had found the connection be-
tween the winter conditions at the sea surface and the
water mass characters in the permanent thermocline
below, there was no simple dynamic theory to explain
their connection. The Stommel demon and the Luy-
ten-Pedlosky-Stommel model have provided a solid
dynamic framework for interpreting the water mass
formation processes in the upper ocean.

For simplicity, the mixed layer was neglected in the
original multilayer model of the ventilated thermocline.
The dynamic role of the mixed layer in the ventilation/
subduction process was emphasized by Woods (1985).
Most importantly, the horizontal gradient of mixed
layer depth can substantially enhance the subduction
rate. The enhancement of the subduction rate over the
Ekman pumping has been demonstrated by Sarmiento
(1983) and Jenkins (1982, 1987) through tracer dis-
tributions within the thermocline.

Theories for the ventilated and unventilated ther-
mocline were extended to form a unified theory for
the three-dimensional structure of a continuously
stratified ocean (Huang 1990). In the unified theory
the early work about ideal fluid thermocline by We-
lander (1959) and Needler (1971) is combined with
the new developments made by Rhines and Young
(1982a,b) and Luyten et al. (1983). Although the the-
ory provides much physical insight into the wind-
driven circulation in the upper ocean, the current the-
ory of the ideal-fluid thermocline primarily treats the
thermocline as a perturbation to a basic state that is
set up by the thermohaline process not explicitly sim-

HUANG AND QIU

1609

ulated in the model. Furthermore, most of the new
theories can only apply to the time-independent prob-
lem. In addition, the thermodynamic properties of the
mixed layer, such as the density and depth, are specified
as input data. For a comprehensive review of the prog-
ress on the structure of wind-driven circulation, the
reader is referred to Huang (1991). Although theories
about the vertical structure of the wind-driven circu-
lation have been developed, their application to the
world oceans has been slow at best. It is only very re-
cently that the vertical structure of the wind-driven
circulation in the North Atlantic has been analyzed in
light of the new theories (Huang 1990; Marshall et al.
1993; Williams et al. 1994),

It is well known that the general circulation in the
North Pacific is quite different from that in the North
Atlantic. For example, the thermohaline circulation in
the North Pacific is controlled by excess precipitation.
As a result, the mixed layer is relatively shallow. In
addition, the zero-Ekman-pumping line is very close
to a latitude circle. Thus, one expects that the vertical
structure of the wind-driven circulation in the North
Pacific is different from that in the North Atlantic.

Although the barotropic structure of the subtropical
gyre is easily obtained from a simple integration of the
wind stress curl, it is not clear how this mass flux is
partitioned among the isopycnals. Because the Pacific
covers a major part of the earth’s surface, clarifying
the baroclinic structure of the wind-driven circulation
is crucial to our understanding of global air-sea inter-
action. Thus, our goal is to examine the vertical struc-
ture of the subtropical North Pacific, especially the mass
exchange rate between the mixed layer and the per-
manent thermocline. This study is organized as follows.
The subduction rate is defined in section 2, where a
Lagrangian mean subduction rate is defined. The
structure of the wind-driven gyre in the subtropical
Pacific is analyzed based on the Levitus (1982) cli-
matology data and the Hellerman and Rosenstein
(1983, hereafter HR) wind stress data. Based on the
subduction rate and water mass volume, the renewal
time of subtropical water masses is calculated in section
3. Finally, we conclude in section 4.

2. The subduction rate

A key element in exploring the vertical structure of
the wind-driven circulation is the calculation of the
subduction rate. As pointed out by Stommel (1979),
although subduction happens most times of the year,
water subducted into the permanent thermocline is
strongly biased toward late winter properties. Such a
strong bias is due to the rapid shoaling of the mixed
layer in early spring; thus, the subducted water has the
properties typical of late winter, such as the temperature
and salinity. In addition, the potential vorticity of the
subducted water acquires the potential vorticity setup
at late winter by the combination of the mixed-layer
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boundary conditions and the large-scale geostrophic

flow beneath the mixed layer. As shown by Marshall
et al. (1993) and Williams et al. (1994), the subduction
period diagnosed from climatology or from numerical

results of a primitive equation model is rather short .

(about 1-2 months) for most of the subtropical basin.
Therefore, the subduction rate calculated based on the
Stommel demon is accurate enough as a practical way
of calculation. As shown in the Appendix, the sub-
duction rate calculated by the Eulerian and Lagrangian
coordinates gives similar results for general cases. Thus,
we use the Lagrangian definition following Woods and
Barkmann (1986).
The Lagrangian subduction rate is defined as

1 1
Sann = _f Wtrdl - f A\ thd[, (1 )
0 0 .

where the integration is taken ‘along the trajectory
starting from March of the first year and ending in
March of the second year, w;, is the vertical velocity
along the water parcel trajectory, 4,, is the depth of the
mixed layer. The trajectories are determined by inte-
grating the three-dimensional velocity of water parcels
released from the base of the mixed layer in March.
The first term represents the contribution from the
vertical pumping at the base of the mixed layer, and
the second term represents the contribution from the
lateral induction (due to the slope of the mixed layer
base). The above definition can be rewritten as

Sann = (d2 - dl) + (hm,l - hm,Z)’ (2)

where d; and d, are the depths of the trajectory in the
first and second March, and 4,, , and 4,, , are the mixed
layer depths in the first and second March along the
trajectory. However, downward heat flux in the upper
ocean reduces the density along the trajectory, so the
depth change along the trajectory tends to overestimate
the contribution due to vertical pumping. Our calcu-
lation indicates that in the middle of the subtropical
gyre, the (d, — d;) term can reach to 100 m/yr, which
is much larger than the maximum Ekman pumping
velocity of 60 m/yr. Thus, the error involved in this
approach is too large, and we have chosen the following
definition:

0
Sann = —(WEk _? Jid DdZ) + (’hm,l - hm,Z)’ (3)

where wg, is the Ekman pumping velocity calculated
from the Hellerman and Rosenstein (1983) wind stress
data, and the 8 term is a correction due to the merid-
ional velocity in the surface layer; the overbar indicates
an averaging over a one-year Lagrangian trajectory.
Note that (3) is equivalent to (2) for an ideal-fluid
ocean; however, they differ for the real oceans due to
mixing/diffusion. Equation (3) may not be very ac-
curate within the recirculation gyre because the inertial
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terms are important in this region, so the linear vorticity
equation is no longer valid.

Notice that our definition of annual mean subduc-
tion rate is strictly a Lagrangian mean averaged over
a one-year trajectory similar to that used by Woods

"~ and Barkmann, but slightly different from that used

by Marshall et al. (1993). In this definition the sub-
duction rate depends not only on the local properties,
but also on the alongtrajectory properties.

In our calculation the annual mean subduction rate
Sann 1s computed from (3) over the North Pacific sub-
tropical gyre as follows:

1) The March mixed layer density and mixed layer
depth are based on the Levitus climatology (Fig. 1),
where the mixed layer density is calculated using the
March temperature and winter salinity data, and the
mixed layer depth is defined as the depth at which o,
differs by 0.125 from the surface ¢,. The mixed layer
density distribution is mostly zonal, except in the east-
ern part of the subpolar basin where the excess precip-
itation creates a shallow halocline; thus, the low salinity
water is relatively light and gives rise to a northeastern
orientation of isopycnals. In most of the North Atlantic,
evaporation dominates so isopycnals have a south-
eastern orientation in the eastern basin. In the subpolar
basin where precipitation is somewhat stronger than
evaporation, however, isopycnals tilt slightly in the
northeastern direction.

The winter mixed layer depth (Fig. 1b) shows a gen-
eral poleward deepening. There is also a very strong
east-west asymmetry. In the southeast corner of the
basin the mixed layer depth is about 25 m. It is more
than 175 m in the northwest corner of the basin, where
the surface heat flux from the ocean to the atmosphere
reaches 200-300 W m™2 because very cold polar air
from the continent blows over the ocean in the winter
season. The mixed layer depth increases downstream
of the Kuroshio and south of the Kuroshio Extension.
The increase in the mixed layer depth downstream of
the Kuroshio is limited because the thermocline is
shallow and convection cannot penetrate deeply. South
of the Kuroshio Extension, however, the thermocline
is deep, so convection can penetrate to a greater depth.
As a result, the largest mixed layer depth is closely tied
to the recirculation zone south of the Kuroshio
(Bingham 1992).

In general, the mixed layer depth in the North Pacific
is substantially shallower than that in the North At-
lantic. The difference in mixed layer depth reflects the
subtle difference in the thermohaline circulation in
these two basins. Since in the North Pacific precipi-
tation exceeds evaporation, a halocline develops in the
upper ocean that confines the winter convection to a
relatively shallow layer. The low salinity also contrib-
utes to the less dense water masses formed in the North
Pacific, as seen from the winter mixed layer density
map (Fig. 1a).
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a) Surface o4 in March

60°N

50°N

40°N

30°N

20°N

10°N

120°E 140°E 160°E 180°

180°W 140°W 120°W 100°W

b) Mixed layer depth (m) in March

60°N

50°N

40°N

30°N

120°E

140°E

160°E 180°

160°W 140°W 120°W 100°W

FIG. 1. Winter (March) mixed layer density (a) and depth (b), using Levitus (1982) climatology.

We have followed Levitus (1982) by defining the
base of the mixed layer as the depth where the local
density is Agy; = 0.125 heavier than that on the sea
surface. Since density stratification in the oceans is

continuous, the depth of the mixed layer is not uniquely
defined. We have used a slightly different definition,
in which the depth of the mixed layer is defined as the
depth where the density increases to Ag, = 0.085; the
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Lagrangian trajectories for a year
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FIG. 2. Lagrangian trajectories over a one-year period. The starting points are indicated by crosses
where the particles are released from the base of the mixed layer in March.

map of the mixed layer depth looks very similar to the
one used in our calculation, except it shoals by about
30 m. This is relatively small compared with the max-
-imum depth of 175 m. Differences in data and methods
of processing the data may give rise to different sub-
duction rates; however, since our focus is on the gross
structure of the subduction/ventilation, such difference
is left for further study.

2) The annual mean horizontal velocity is calcu-
lated from.the annual Levitus (1982) climatology by
integrating the thermal wind equations from a reference
level of 2000 m. This level was shown by Roemmich
and McCallister (1989) to be appropriate for the sub-
tropical and subpolar North Pacific. To obtain the hor-
izontal velocity on a given isopycnal surface, the ac-
celeration potential 4 is calculated by integrating the
density anomaly from the reference level. The accel-
eration potential A4 is defined according to Montgomery
and Stroup (1962) as

]
A = ¢, + pé = podo +f pdb,
] b0

Po
o
p

is the geopotential, p; is the reference pressure, ¢ is the
specific volume anomaly, and 6 is the specific volume
anomaly at the reference pressure. From the equation

where

édp

above, the definition of geopotential is obtained by
changing the variable of integration.

After the acceleration potential is calculated, the
geostrophic velocity can be calculated by using

1 o4
2 smq&v a cos¢ dx (4)
1904
ZQcosqbu——za, (5)

where a is the radius of the earth, ¢ is latitude, A is
longitude, and Q is the rotation rate of the earth. The
horizontal trajectory of a water parcel released from
the base of the winter mixed layer can be calculated
accordingly. Figure 2 shows some typical Lagrangian
trajectories started from different locations in the ocean.
Figure 3 shows the contour maps of the acceleration
potential and the depth of the two isopycnal surfaces
gy = 25.0 and 26.2.

The geostrophic contours on ¢, = 25.0 and 26.2
reveal the general shape of the anticyclonic gyre in
the subtropical basin, including the recirculation
south of the Kuroshio Extension near 30°N, 145°E
(Fig. 3). In fact, the recirculation appears as two cells
separated by the Izu Ridge. Notice that the recircu-
lation appears in the form of a C-shape feature in a
high-resolution map (Tsuchiya 1982). Furthermore,
the recirculation cells have a strong barotropic struc-
ture as the centers of these cells are vertically aligned.
In the subtropical interior, the central latitude of the
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a) Acceleration potential on gy = 25.0 (m?s72)
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b) Acceleration potential on oy = 26.2 (m?s72)
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FIG. 3. Acceleration potential (solid lines, referenced to 2000 m) and depth contours (dashed lines)
for isopycnal surface o, = 25.0 (a) and o, = 26.2 (b).

circulation, defined as the latitude that separates the ample, the center of the gyre is at 26°N at ¢, = 25,
eastward motion from the westward motion, mi- but it moves to 31°N at ¢y = 26.2.

grates northward from shallow to deep isopycnal Assuming that the flow is geostrophic and diapycnal
surfaces, that is, the northern intensification. For ex- mixing is negligible, the acceleration potential isolines



1614

Sverdrup transport (108m3/s)

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 24

60°N

50°N

40°N

30°N

20°N

10°N

120°E 140°E 160°E 180°

1680°W 140°W 120°W 100°W

FIG. 4. Sverdrup transport streamfunction calculated using the (reduced by 20%)
annual surface wind stress climatology by Hellerman and Rosenstein (1983).

can serve as streamlines, which indicate the water tra-
Jjectories on each isopycnal surface. Within the northern
and southern edges of the subtropical gyre, particle tra-
jectories intersect the depth contours at small angles
because the vertical velocity is small. Only in the middle
of the subtropical gyre does the cross-isobath compo-
nent become large due to strong Ekman pumping.
Within the subpolar gyre particle trajectories actually
go upward along isopycnals due to the positive Ekman
velocity.

In the North Pacific, g, = 26.2 is the boundary be-
tween the ventilated thermocline and the unventilated
thermocline. This isopycnal surface reaches a maxi-
mum depth of 500 m. Compared with the maximum
depth of 800 m for the base of the ventilated thermo-
cline (g, = 27.1) in the North Atlantic (Huang 1990),
this is rather shallow. The shallowness of the ventilated
thermocline in the North Pacific is associated with the
strong stratification and the shallow mixed layer depth.

3) The annual-mean Ekman pumping velocity is
calculated from the HR data. There has been concern
about the drag coefficient used in the HR calculation.
As Harrison (1989) and Trenberth et al. (1990) pointed
out, the HR wind stress is about 20%-30% higher than
the new results based on a more accurate bulk formula
by Large and Pond (1981). For example, the maxi-
mum barotropic streamfunction in the subtropical
North Pacific is about 62 Sv (Sv = 10° m3s™!) ac-
cording to the HR data, but it is about 50 Sv according
to the new wind stress data by Trenberth et al. (1990).

The momentum flux across the air-sea interface is
a complicated function of the sea state and the atmo-
spheric stability as discussed by Large and Pond (1981)
and more recently by Huang et al. (1986). In this study
our concern is the global structure of the wind-driven
circulation, so the detailed structure of the wind stress
is only of secondary importance. Thus, we have used
the HR wind stress data reduced by a factor of 0.8, so
that the maximum barotropic streamfunction is about
50 Sv, which is the same as the result by Trenberth et
al. (1990). In addition, the factor of 0.8 is chosen to
balance the total mass flux for the upper two kilometers
of the North Pacific, as will be explained in detail in
the next section. The barotropic streamfunction thus
obtained is shown in Fig. 4.

Given the wind stress, the Ekman pumping velocity
in spherical coordinates is calculated by the following
equation:

or¢ o 7 )

1 1
ek = apy2€ sing (cos¢> N EE sing cos¢
(6)

The computed Ekman pumping velocity map is shown
in Fig. Sa. For most of the subtropical gyre interior,
the Ekman pumping rate is no larger than —50 m/yr,
except along the southern rim of the gyre where the
Ekman pumping rate can reach —75 m/yr.

From (3), the subduction rate consists of two terms,
the vertical pumping at the base of the mixed layer






