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ABSTRACT

Ventilation in the North Atlantic and North Pacific is examined by analyzing the Levitus climatological data
and the Hellerman and Rosenstein wind stress data. Ventilation between the permanent pycnocline and the
overlying seasonal pycnocline and mixed layer consists of two physical processes: subduction and obduction.
Subduction takes place mainly in the subtropical basin where surface water is irreversibly transferred into the
permanent pycnocline below. Obduction takes place in the subpolar basin where water from the permanent
pycnocline is irreversibly transferred into the mixed layer above.

Veatilation in the North Atlantic and North Pacific can be classified into four physically different regions: the
subductive region, the obductive region, the ambiductive region where both subduction and obduction take
place, and the insulated region where neither subduction nor obduction occurs. Although the total subduction
rates in these two oceans are comparable, the total obduction rates are considerably different. In the North
Atlantic, obduction is strong (23.5 Sv), consistent with the notion of the fast thermohaline circulation and the
relatively short renewal time of the subpolar water masses in the Atlantic basin. Obduction is weak in the North

Pacific (7.8 Sv); this is consistent with the sluggish thermohaline circulation and the slower renewal process of
the subpolar water masses there. Accordingly, the water mass renewal time based on the subduction/obduction
rate is calculated and compared with previous estimations.

1. Introduction

Motion in the upper ocean, which consists of the
mixed layer and the seasonal and permanent pycno-
clines, is dominated by wind forcing. Since the Ekman
flux divergence is the primary driving force, a key pa-
rameter commonly used in describing the upper-ocean
circulation has been the Ekman pumping rate. In order
to understand water mass formation and climate vari-
ability, however, it is important to know the water mass
exchange rate between the surface layer and the per-

- Inanent pycnocline below.

Iselin (1939) proposed the first conceptual model of
water mass formation. According to his model, Ekman
pumping in late winter forces water to cross the base
of the Ekman layer and to flow along isopycnals there-
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after. Since the physical processes involved in the sea-
sonal cycle are rather complicated, it was unclear why
the subsurface ocean selects only the late winter prop-
erties of the surface water. By analyzing hydrographic
data in the North Atlantic, Stommel (1979) studied the
physical processes involved in the selection. He
showed that if one is to examine the geostrophic region
below the seasonal pycnocline, the complicated sea-
sonal cycle can be avoided by simply taking a snapshot
of the mixed layer parameters, such as the mixed layer
depth and density, in late winter. So far, most of the
ideal-fluid pycnocline models and subduction rate di-
agnoses from climatological data are based upon this
hypothesis (aka the Stommel demon; see Williams et
al. 1994).

Woods (1985) emphasized the importance of the dy-
namic role of the mixed layer, especially the horizontal
gradient of the mixed layer depth and its seasonal cycle.
Figure 1 shows a modified version of his schematic
picture, illustrating the water mass movement. The up-
per ocean is divided vertically into four layers: the Ek-
man layer, the mixed layer, the seasonal pycnocline,
and the permanent pycnocline. For simplicity, density
is assumed vertically homogenized within the mixed
layer, and flows below the mixed layer are assumed
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F1G. 1. Schematic illustrating the subduction and obduction pro-
cesses. Within the permanent and seasonal pycnoclines, stratification
is assumed to be time independent and motions geostrophic. The
interface between the mixed layer and the seasonal pycnocline (de-
picted by the dotted—dashed line) moves up and down annually, as
depicted by alternating arrows. Detrainment (entrainment) takes
place at the base of the mixed layer. Only a part of the detrained
water eventually enters the permanent pycnocline and this is termed
subduction. Similarly, only a part of the entrained water actually orig-
inates from the permanent pycnocline, which is termed obduction.

geostrophic. Mass fluxes across the base of the mixed
layer are conventionally termed °‘detrainment’ or
“‘entrainment,’” depending on the sign of the flux.

For studies of the oceanic general circulation and
climate, a more important quantity is the annual mass
flux entering or leaving the permanent pycnocline (Fig.
1). In this study, subduction is used to indicate the mass
fluxes entering the permanent pycnocline from the
overlying seasonal pycnocline. If there were no sea-
sonal cycle, the base of the mixed layer would be fixed
and there would be no seasonal pycnocline; in this case,
the detrainment rate for waters leaving the mixed layer
would equal the subduction rate.

The existence of the seasonal cycle, however, alters
this balance significantly. The seasonal pycnocline
plays the role of a buffer between the mixed layer and
the permanent pycnocline. The subduction rate is quite
different from the detrainment rate because each rep-
resents mass flux crossing a different interface. Assum-
ing the flow in the permanent pycnocline is quasi-
steady, subduction across the upper surface of the pyc-
nocline takes place year round, as depicted in Fig. 2.
In the subtropical basin, the seasonal cycle prevails,
and detrainment/entrainment takes place alternately.
Since the annual excursion of the mixed layer depth
greatly exceeds the Ekman pumping term, the detrain-
ment (entrainment) rate is primarily controlled by the
rapid mixed layer shoaling (deepening) due to surface
buoyancy gain (loss). As a result, the instantaneous
detrainment rate can greatly exceed the subduction rate.
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It is, thus, preferable to discuss the annually averaged
amount of effective detrainment (which will be defined
more accurately below ) than the instantaneous detrain-
ment rate.

Although mixed layer detrainment takes place for a
long period of the seasonal cycle, only a part of this
period can be linked to subduction (Stommel 1979;
Woods 1985; Cushman-Roisin 1987). In the interior
subtropical basin, mixed layer detrainment starts in
spring when the surface buoyancy forcing changes
sign. As the water is detrained into the seasonal pyc-
nocline, it flows geostrophically as the diapycnal mix-
ing and turbulent stresses are negligible (Woods
1985). Notice that only a fraction of this detrained wa-
ter, as depicted in Fig. 2, may enter the permanent pyc-
nocline; the remaining part will return to the mixed
layer during the subsequent mixed layer entrainment
period.

The period of detrainment can, thus, be divided into
two phases. The first phase is the effective detrainment:
during this period, water from the mixed layer passes
through the seasonal pycnocline and eventually enters
the permanent pycnocline. The amount of detrainment
during the effective detrainment period is defined as
the annual mean subduction rate. The second phase is
the ineffective detrainment period, in which water from
the mixed layer enters the seasonal pycnocline and is
subsequently reentrained into the mixed layer down-
stream.

Entrainment dominates in subpolar basins. Like dur-
ing the ineffective detrainment period, water entrained
into the mixed layer may not actually originate from
the permanent pycnocline; instead, it may be the water
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Fic. 2. A conceptual model of subduction. The upper ocean is
divided into three layers: the mixed layer on the top, the permanent
pycnocline below the annual maximum depth of the mixed layer, and
the seasonal pycnocline in-between. Downward-pointing arrows de-
note along-isopycnal, geostrophic flows, which are continuous across
the seasonal and permanent pycnoclines. Abscissa indicates the
southward trajectory of a particle as the time passes on.
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previously detrained out of the mixed layer (Woods
1985; Cushman-Roisin 1987). In order to clarify the
physical processes involved in entrainment, we intro-
duce the term obduction to describe the process in
which water from the permanent pycnocline is trans-
ferred into the overlying seasonal pycnocline and even-
tually enters the mixed layer above. The term obduction
has been used in geology to describe the process of
upward thrusting of a crustal plate over the margin of
an adjacent plate. It is worth mentioning that the now
familiar term subduction was also borrowed from ge-
ology. Obduction, as it is defined, is the result of ef-
fective entrainment that occurs only during a part of
the entrainment period (see Fig. 3). During the rest of
the entrainment period, water entering the mixed layer
has been exposed to air—sea interactions over the past
year.

Using the special term, obduction, helps us in de-
scribing the irreversible mass flux from the permanent
pycnocline to the mixed layer. For example, although
mixed layer entrainment takes place in the subtropical
basins over a long period in the seasonal cycle, water
entrained into the mixed layer in most places is actually
the water detrained into the seasonal pycnocline in the
past year, suggesting no effective entrainment, or no
obduction. In fact, obduction takes place only within
the subpolar basins and the subtropical-subpolar
boundary regions, as will be shown through processing
the climatological data in this study.

Though an antonym of subduction, obduction is not
simply subduction with an opposite sign. They are dif-
ferent in many ways. First, the physical processes in-
volved in subduction and obduction are different. Sub-
duction takes place largely in subtropical basins, where
water flows geostrophically into the permanent pyc-
nocline from above. As a result, the subducted water
entering the permanent pycnocline carries the temper-
ature and salinity determined by the mixed layer pro-
cesses, and these properties are essentially conserved
during the motion after subduction. Obduction, how-
ever, takes place mainly in subpolar basins, where wa-
ter flows geostrophically and upward from the under-
lying permanent pycnocline. As this water enters the
mixed layer, it quickly loses its identity due to convec-
tive mixing, and it is impossible to keep track of the
trajectory of an individual water particle thereafter.

This difference in physics is also reflected in the
mathematical formulation of suitable boundary value
problems for the climatological mean pycnocline struc-
ture in the subtropical and subpolar basins (Huang
1988). The pycnocline equation is a nonlinear hyper-
bolic equation. In the subtropical basin, density is spec-
ified as an upper boundary condition because the base
of the mixed layer is the upstream boundary. In the
subpolar basin, on the other hand, the upper surface
density cannot be specified. In fact, the mixed layer
density is determined by the dynamics of the permanent
pycnocline, which is a part of the solution. The intro-
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FiG. 3. Same as Fig. 2 except for the conceptual model -
of obduction.

duction of seasonal boundary layer physics requires a
reformulation of the boundary conditions for the the-
ories of the pycnocline structure in the subtropical and
subpolar basins. Coupling the seasonal mixed layer
with the permanent pycnocline into simple analytical
models, however, remains a challenge.

The second major difference between subduction
and obduction is the time when effective detrainment
and effective entrainment occur. It is well known that
effective detrainment takes place after late winter when
the mixed layer reaches its annual maximum depth and
starts to retreat. By contrast, effective entrainment takes
place between late fall and early winter when the mixed
layer deepens quickly but has not yet reached its max-
imum depth and density.

Third, for the annual mean subduction rate calcula-
tion, one follows the trajectories of water particles
downstream for one year to ascertain whether they go
into the permanent pycnocline (Woods 1985). In cal-
culating the annual mean obduction rate, on the other
hand, one has to trace back to the origin of the entrained
water in order to make sure that it actually originates
from the permanent pycnocline.

An important application of the subduction/obduc-
tion rate is the determination of the average age of wa-
ter masses, which can be compared to the tracer age
obtained through geochemical tracer studies. Water
mass age or tracer age not only provide insight into the
circulation physics, they are also useful for inferring
the ocean circulation’s temporal variability. At the base
of the mixed layer, water masses are formed by sub-
duction and destroyed by obduction. A rough estima-
tion of the renewal time for a particular water mass can
be made by dividing the subduction (obduction) rate
by the water mass volume. These two estimates, how-
ever, need not be equal because diapycnal mixing and
mass exchange through lateral boundaries, such as the
southern boundary of our single-hemisphere model,
can also contribute to the water mass formation/con-
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version. A minimum of these two estimates can be used
as a useful indicator of the water mass renewal time.
In this study, the subduction and obduction rates in
the North Atlantic and the North Pacific are calculated
using the available climatological datasets. The term
ventilation is used to indicate the water mass exchange
between the permanent pycnocline and the seasonal
pycnocline; it can be either subduction or obduction.
Our calculation of the ventilation rate is based on a
simple formula defined in Lagrangian coordinates, as
discussed in section 2. This approach is applied to both
the North Atlantic and the North Pacific in sections 3
and 4. The results reflect the distinctive differences in
the thermohaline circulation and the mixed layer dy-
namics in these two oceans, as discussed in section 5.

2. The subduction/obduction rate

Although detrainment occurs during a substantial pe-
riod of the seasonal cycle, water subducted into the
permanent pycnocline is strongly biased toward the late
winter properties due to the rapid shoaling of the mixed
layer in early spring (Stommel 1979). The effective
detrainment period diagnosed from climatological data
is rather short, about 1 -2 months, for most of the North
Atlantic subtropical basin (Marshall et al. 1993).
Therefore, the subduction rate based on the winter
mixed layer properties, as first suggested by Stommel
(1979, the Stommel demon), provides a good approx-
imation to the annual mass flux from the mixed layer
to the permanent pycnocline.

The instant detrainment rate in three-dimensional
mixed layer models is defined as (e.g., De Szoeke
1980; Cushman-Roisin 1987)

h
D=_<wmb+umb'vhm+h), (1)

ot

where w,,, and u,,, are the vertical and horizontal ve-
locities at the base of the mixed layer, and h,, is the
depth of the mixed layer. Since only the effective de-
trainment contributes to subduction, the annual mean
subduction rate in Eulerian coordinates is

T

Dd,

Tﬁftl

S = 7 (2)

where T = 1 year and T¢ and T¢ are the times when
effective detrainment starts and ends, which are deter-
mined by tracing trajectories of particles (released at
the base of the mixed layer) downstream for one year.
Cushman-Roisin (1987) also discussed obduction in
Eulerian coordinates briefly, wherein he called it “‘en-
trainment of deep water.”” Similar to Eq. (2), the an-
nual mean obduction rate in Eulerian coordinates is

e
Te

1
Ozmn =T 4 Ddt,

T ) (3)
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where T¢° and T are the times when effective entrain-
ment starts and ends, which are determined by tracing
the trajectories upstream for one year. The advantage
of using Eulerian coordinates is that the subduction/
obduction rate is clearly defined at each station. Use of
Eulerian coordinates, however, requires detailed infor-
mation about the seasonal cycle, upon which defining
the effective detrainment/entrainment period depends.

The annual mean subduction rate can also be defined
in Lagrangian coordinates (see Woods 1985):

1 £ 1 J;T
= -7 i ' hmdt,
Sann Tyg() w,.dt T u, -V

V]

(4

where the integration is taken along the first effective
subducted trajectory starting typically from March of
the first year and ending in March of the second year.
In Eq. (4), w, and ©, are the vertical and horizontal
velocities along the trajectory. The first term in Eq. (4)
represents the contribution from vertical pumping at the
base of the mixed layer, and the second term the con-
tribution from lateral induction due to the slope of the
mixed layer base. Equation (4) has been used by
Woods (1985) to estimate the ventilation rate diagnos-
tically from the monthly climatological data of Rob-
inson et al. (1979). Woods and Barkmann (1986 ) have
further estimated the ventilation rate prognosticly by
Lagrangian integration of a mixed layer model driven
by surface fluxes. Using numerical results from a gen-
eral circulation model, Williams et al. (1994) have de-
termined the seasonal cycle and the subduction rate and
period in the North Atlantic.

In this study we propose that it is not necessary o
resolve the entire seasonal cycle if one is only inter-
ested in diagnosing the annual mean subduction (ob-
duction) rate. To avoid resolving the eniire seasonal
cycle, we will use a simplified version of Eq. (4) in
defining the annual mean subduction rate:

Sann = ~(M)Ek - ? ﬁhm UdZ) + %(hm() - hm.l)7 (5)

where wg, is the Ekman pumping velocity, which can
be estimated from wind stress data, and the 8 term de-
notes the vertical velocity reduction due to the merid-
ional velocity in the surface layer. The overbar indi-
cates an average over the one-year Lagrangian trajec-
tory, and h,, o and A, , indicate the mixed layer depths
in the first and second March, respectively. Notice that
because the Ekman layer is much shallower than the
winter mixed layer, the vertical pumping velocity at the
base of the winter mixed layer is generally smaller than
the Ekman pumping velocity in subtropical regions.
The physical interpretation of Eq. (5) is illustrated
in Fig. 2; it shows an idealized case simulating sub-
duction taking place along a meridional section. To
highlight the physics, the annual maximum depth of
the mixed layer is assumed to be a linear function of
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latitude, as indicated by the dotted—dashed line. In ad-
dition, we assume the mixed layer depth to have a sim-
ple sinusoidal seasonal cycle. The exact Lagrangian
subduction rate is calculated by following a particle
released at station a at the time when the effective de-
trainment starts (7% = —0.0244 in this case, with one
year equal to one unit in time and ¢ = O corresponding
to Mach 1); its corresponding trajectory in Fig. 2 is
labeled as A. At regular time intervals, water particles
detrained into the pycnocline are monitored and their
downstream trajectories followed. Not all these parti-
cles can enter the permanent pycnocline. As seen in
Fig. 2, trajectory B indicates the boundary between ef-
fective and ineffective detrainment; that is, water de-
trained later than T2/ will be overtaken by mixed layer
entrainment at a downstream location. The annual
mean subduction rate in Fig. 2 is equal to the vertical
distance between the two trajectories A and B at the
end of one year (at station b), '

T
Sann = f wdt + Ah.

0

Although this calculation is straightforward, it requires
detailed information about the seasonal cycle of the
mixed layer, which is usually ill-resolved by the cli-
matological datasets.

Our simplified definition of (5) substitutes the mixed
layer depth at T¢ by the maximum depth in winter.
Instead of starting the trajectory at t = —0.0244, the
particle is launched at ¢ = 0, and the annual mean sub-
duction rate S* is given by the vertical distance between
trajectory C and the March mixed layer depth at station
c. As indicated in Fig. 2, the difference between these
two subduction rates is rather small. Since the seasonal
cycle of the mixed layer depth in the real ocean has a
saw-tooth profile, the sharp change in the winter mixed
layer depth tends to further reduce the difference be-
tween the two definitions. Notice that other sources of
error also exist in calculating the annual mean subduc-
tion (obduction) rate. For example, the Levitus dataset
has only seasonal salinity values; this introduces an er-
ror in computing the March mixed layer properties.
Compared with these error sources, we expect the error
introduced in our simplified definition to be insignifi-
cant.

Similar to Eq. (5), the annual mean obduction rate
in Lagrangian coordinates can be simplified to

o B J“ L
Oann - (WEk f h UdZ) + T(hm,O hm.—l)7 (6)

where A, o is the mixed layer depth in the present win-
ter, and A,, _, is the mixed layer depth in the previous
winter. The difference in sign between Eq. (5) and Eq.
(6) reflects the downstream/upstream tracing ap-
proaches in detecting the effective detrainment/en-
trainment trajectories.
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Figure 3 illustrates the physical processes involved
in obduction (see Woods 1985). As we noted above,
obduction calculation requires upstream tracing of wa-
ter particles from the current winter at t = 0 to the
previous winter at + = —T. After the water from the
permanent pycnocline flows geostrophically into the
seasonal pycnocline, it eventually enters the mixed
layer in late fall and early winter. As shown in Fig. 3,
water entrained into the mixed layer before T¢ does
not originate from the permanent pycnocline; it is the
mixed layer water detrained to the seasonal pycnocline
at an upstream location. Note that a saw-tooth type of
mixed layer depth cycle has been assumed in this case,
so that the difference between the trajectory grazing the
base of the mixed layer in the current and previous
winters and the trajectory starting from the base of the
mixed layer on 1 March becomes indiscernible.

It is worth noting that the subduction/obduction
rates calculated in Eulerian or Lagrangian coordinates
should always be nonnegative because they are defined
only for the effectively detrained/entrained waters. A
negative rate of subduction (obduction) obtained by
the simplified definition (5) or (6) in Lagrangian co-
ordinates is meaningless. It only implies that no effec-
tively detrained (entrained ) trajectories exist. In such a
case, the annual mean subduction (obduction) rate
should be zero.

It is intuitive here to examine the ventilation rate at
the place where the Kuroshio (or the Gulf Stream) sep-
arates from the western boundary. A prominent maxi-
mum in the late winter mixed layer depth exists off the
coast of Japan due to strong cooling of cold, dry polar
air from the continent (see Fig. 9b). For simplicity, we
assume that the alongcurrent-path distribution of the
late winter mixed layer depth can be represented by the
profile shown in Fig. 4a. Also assume the seasonal cy-
cle of the mixed layer depth, f(¢), has the typical saw-
tooth profile shown in Fig. 4b (the thin line). The
mixed layer depth pattern in this case becomes

h,(x,t) = b, + [100(1 + 0.001x)
+ 100e~ ™20 — p 1f(0),  (7)

where A, = 40 m is the mixed layer depth minimum
and Ax is the width of the Cauchy profile.

Where the Kuroshio separates from the coast water
travels relatively fast, which combined with the strong
mixed layer depth gradient, makes a large contribution
to the ventilation rate. In comparison, the contribution
to ventilation due to Ekman pumping is negligible be-
cause this is close to the intergyre boundary. For this
intuitive example, we will neglect the vertical pumping
and assume water parcels travel 1000 km within one
year. Our focus is on the station at the center of the
winter mixed layer trough, x = 0. The instantaneous
Eulerian subduction/obduction rate calculated using
Eq. (1) is shown in Fig. 4b by the thick line. Effective
detrainment begins at 7 = 0 (1 March ) when the mixed
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FiG. 4. An intuitive example of ventilation taking place along the
path of the Kuroshio Extension. (a) Mixed layer depth in late winter
(solid curve) and in summer (dashed line). Trajectories of water par-
ticles are depicted by horizontal arrows. (b) Instantaneous detrain-
ment/entrainment rate at station x = 0 as a function of time. The thin
solid line indicates the seasonal cycle of the local mixed layer depth.
(c) Annual mean subduction (positive) and obduction (negative)
rates: heavy solid lines indicate the Lagrangian rates, long-dashed
lines the Eulerian rates, and the short-dashed line is the rate calculated
using the local winter mixed slope as defined in Eq. (8).
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layer starts to shoal rapidly. The end of the effective
detrainment, T¢' = 0.037, is determined by tracing wa-
ter particles released from this station regularly at a
time interval of A¢ = 0.001. The ineffective detrain-
ment period is between T¢? and T, = 0.336 because the
water subducted during this period is entrained into the
downstream mixed layer at a later time. Entrainment
starts at T',. The beginning of the effective entrainment
is determined by tracing water particles upstream for
one year. It occurs in this case at 7¢° = 0.716. Notice
that although detainment takes place for one-third of
the year, the duration of the effective detrainment is
rather short, about 13 days. Similarly, entrainment
takes place during the remaining two-thirds of the year,
but only the last half of this period, about 103 days, is
effective entrainment.

At x = 0 as shown in Fig. 4b, effective entrainment
takes place in winter. Near the end of winter, entrain-
ment slows down and is eventually overtaken by de-
trainment. Since the transition between these two pro-
cesses is relatively quick, water obducted into the
mixed layer remains close to the location where it
leaves the permanent pycnocline. During the rapid
mixed layer shoaling in spring, this same water is left
behind and it flows geostrophically into the permanent
pycnocline thereafter. Thus, obduction and subduction
can take place at the same location in different phases
of the seasonal cycle.

The spatial distribution of the annual mean ventila-
tion rates are shown in Fig. 4c, in which the subduction
rate is defined as positive and the obduction rate is de-
fined as negative. The solid lines denote the rates cal-
culated in Lagrangian coordinates [Egs. (5) and (6)],
while the long-dashed lines denote those calculated in
Eulerian coordinates [Eqgs. (2) and (3)]. Not surpris-
ingly, the subduction/obduction rates calculated using
these two formulas agree well both in magnitude and
in spatial distributions. A small difference arises be-
cause the two definitions use different weighting on the
annual means. Four dynamically distinctive regions ap-
pear in Fig. 4c. In the upstream, there is a region of
pure obduction because the mixed layer depth increases
monotonously downstream. In the middle of the mixed
layer depth trough there is an ambiductive region where
both subduction and obduction take place and compen-
sate for each other. There is a narrow band downstream,
where only subduction occurs. Farther downstream, an
insulated region exists where neither subduction nor
obduction occurs.

For comparison, the subduction/obduction rate cal-
culated using just the annual mean velocity and winter
mixed layer depth,

§= _ﬁ'vhwin!er (8)

(Woods 1985) is shown in Fig. 4c by the short-dashed
line. Such a formula is similar to the one used by Mar-
shall et al. (1993) in their data analysis of subduction
for the North Atlantic and by Huang and Russell
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(1994) in their analytical study for the subtropical
North Pacific. This definition represents the annual
mass flux across unit area at the upper surface of the
permanent pycnocline. In comparison, the definition
we used in this study represents the annual net effective
detrainment/entrainment across the base of the mixed
layer. Obviously, these two definitions are different be-
cause they are defined at different control surfaces. As
shown in Fig. 4c, definition (8) inflates the subduction/
obduction rate near the mixed layer depth fronts. In
addition, such a definition eliminates possible overlap-
ping and exclusion of subduction and obduction be-
cause it neglects the seasonal cycle and the along-tra-
jectory changes.

In the following, the Lagrangian definition for ven-
tilation is applied to the North Atlantic and the North
Pacific. The annual mean subduction/obduction rates
in these two oceans are calculated according to the fol-
lowing steps:

1) The mixed layer depth and density for March are
based on the Levitus climatology, where the mixed
. layer density is calculated using March temperature and
winter salinity data, and the mixed layer depth is de-
fined as the depth at which o, differs by 0.125 from the
surface oy.

2) The along-isopycnal horizontal velocities are cal-
culated from the annual Levitus climatology by inte-
grating the thermal wind equations from a reference
level of 2000 m. This reference level was shown by
Roemmich and McCallister (1989) to be adequate for
the North Pacific and it also appears to be appropriate
for the North Atlantic (Rintoul and Wunsch 1991). To
obtain the horizontal velocity on a given isopycnal sur-
face, we first computed the acceleration potential by
integrating the density anomaly from the reference
level; namely,

&

A = podo + f pdé, 9)
b0

where p, is the reference pressure, § the specific volume
anomaly, and §, the specific volume anomaly at the
reference pressure (Montgomery and Stroup 1962).
The along-isopycnal geostrophic velocities are esti-
mated from the acceleration potential as follows:

. 1 0OA
—2Q singv = — 2 c0s DN (10)
104
2Qcos¢u——;5$, (11)

where a is the radius of the earth, ¢ is latitude, \ is
longitude, and (2 is the rotation rate of the earth. Tra-
jectories of water particles released from the base of
the March mixed layer are then calculated accordingly.

3) The annual mean Ekman pumping velocity is es-
timated using the Hellerman and Rosenstein (1983,
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hereafter HR ) wind stress data. There has been concern
about the drag coefficients used in the HR calculation.
Harrison (1989) and Trenberth et al. (1990) pointed
out that the HR wind stress is about 20%—30% higher
than the results from a more accurate bulk formula used
by Large and Pond (1981): the maximum barotropic
streamfunction in the subtropical North Pacific, for ex-
ample, is 62 Sv (Sv = 10° m* s ') from the HR data,
but it is about 50 Sv according to the new wind stress
data by Trenberth et al. In the following analysis, we
used the HR wind stress data reduced by a factor of
0.8. In this case, the maximum barotropic streamfunc-
tions for the North Atlantic and North Pacific subtrop-
ical gyres are 28 and 50 Sv, agreeing with the result by
Trenberth et al. (1990).

3. Ventilation of the North Atlantic

Figure 5a shows the density at the base of the March
mixed layer in the North Atlantic. Note that this density
communicates with the permanent pycnocline and is
0.1250, heavier than the density at the surface. The
weak meridional density gradient oy between 26.2 and
26.4 located south of the Gulf Stream corresponds to
the site of the subtropical mode water formation.

The depth of the March mixed layer is shallow, about
50 m, along the southern rim of the North Atlantic sub-
tropical basin but becomes increasingly deeper toward
higher latitudes (Fig. 5b). The maximum mixed layer
depth exceeds 1000 m in the Labrador Sea and between
Greenland and Iceland. Because the monthly Levitus
data are only available for the upper 1000 meters and
the potential density referred to the sea surface is not
very. accurate for such a large depth change, we have
put an artificial limit of 1000 m on the mixed layer
depth. Around the British Isles and Iceland, small areas
exist where the mixed layer extends to the ocean floor
(see crosses in Fig. 5b); these areas are not included
in the following analysis. A remarkable feature in Fig.
5b is the existence of a trough of mixed layer depth
maximum extending all the way from south of Georges
Bank to the British Isles. This trough is due to the
strong atmospheric cooling over the path of the warm
and salty North Atlantic Current (NAC). The impact
of this trough on the ventilation rate will be discussed
in detail shortly.

The annual mean Ekman pumping rate calculated
from the scaled HR data is shown in Fig. 6a. Down-
welling dominates in the subtropical basin; its magni-
tude varies from O along the intergyre boundary to —60
m/yr along the southern rim of the subtropical basin.
In the subpolar basin, upwelling prevails increasing
from O near the intergyre boundary to 60 m/yr near
Greenland.

Figure 6b shows the one-year trajectories of particles
released at the base of the March mixed layer (small
crosses indicate starting points). As discussed in sec-
tion 2, the subduction rate is calculated by following
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a) Density at the base of the March mixed layer
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b) Mixed layer depth (m) in March
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FIG. 5. (a) Density in o, and (b) depth in meters of the March mixed layer in the North Atlantic.
Based on the Levitus (1982) March temperature and winter salinity data.

these trajectories. To calculate the obduction rate, how-
ever, one has to trace the particles upstream for one
year. These upstream trajectories are not shown in Fig.
6b in order to avoid confusion.

Ventilation rates for the North Atlantic are shown in
Fig. 7. To make the discussion complete we have in-
cluded the maps for subduction and its two constituent
terms. Marshall et al. (1993) have estimated the sub-
duction rates for the North Atlantic based on the Isemer
and Hasse (1987) annual mean wind stress dataset,
which is slightly different from the HR dataset. The
subduction rate from our calculation is smaller than that

a) Ekman pumping (m/year)
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found by Marshall et al. For example, the maximum
subduction rate south of the Gulf Stream extension re-
gion within oy = 26.0-26.8 (Fig. 5a) is about 100 m/
yr in this study, as compared to 150 m/yr from their
calculation. This difference is due to the different def-
initions for the annual mean subduction rate used in the
two studies. As we noted in the previous section, using
the simple definition of Eq. (8) tends to inflate the an-
nual mean ventilation rate near the mixed layer depth
fronts (see Fig. 4¢). In Fig. 7c, there are two isolated
locations in the subpolar basin where localized sub-
ductions take place. (These two localized subductions

b) Lagrangian trajectories for a year
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FiG. 6. (a) Ekman pumping rate in the North Atlantic, in m/yr, based on the scaled HR (1983) data. (b) One-year trajectories of water
particles in the North Atlantic released from the base of the March mixed layer. The along-isopycnal geostrophic velocities are calculated

using the 2000-m depth as the reference level.
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a ) Vertical pumping (m/year)
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d) Vertical pumping (m/year)
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f) Obduction rate (m/year)
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FIG. 7. Annual mean ventilation rate for the North Atlantic. Subduction rate and its two components are shown in (a) the vertical pumping
term, (b) the lateral induction term, and (c) the subduction rate. Stippled regions in (¢) indicate zero subduction rate. Obduction rate and its
two components are shown in (d) the vertical pumping term, (e) the lateral induction term, and (f) the obduction rate. Stippled regions in (f)
indicate zero obduction rate. The dotted line with crosses in (d) indicates the southern limit of the obduction zone.
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TABLE 1. Ventilation rates for the North Atlantic
and the North Pacific in Sverdrups (10° m* s™').

North North
Atlantic Pacific Sum

(A) Subduction

Ekman pumping (—-222) (—30.8) (—53.0)

Vertical pumping 17.5 25.1 42.6

Lateral induction 95 10.1 19.6

Total subduction 27.0 + 3.1° 352 65.3
(B) Obduction

Ekman pumping 2.8) (3.6) 6.4)

Vertical pumping -0.62 3.1 2.5

Lateral induction 24.1 4.7 28.8

Total obduction 235 7.8 313
(C) Local conversion 4.0 3.5 7.5

*3.1 Sv is the sum of localized subduction south of Iceland (1.9
Sv) and in the Labrador Sea (1.2 Sv).

are also seen in the map by Marshall et al. 1993.) The
total amount of subduction is 1.9 Sv south of Iceland
and 1.2 Sv south of Greenland.

The obduction rate also includes contributions from
the vertical pumping term and the lateral induction
term. It is readily seen from Fig. 7d that the vertical
pumping pattern for obduction is slightly different from
that of subduction seen in Fig. 7a. The lateral induction
pattern, Fig. 7e, is entirely different from its corre-
sponding pattern for subduction shown in Fig. 7b. The
sum of these two terms gives the annual mean obduc-
tion rate, Fig. 7f. The annual mean obduction rate
reaches a maximum, about 250 m yr~', along the paths
of the Gulf Stream and the NAC in the density range
of oy, = 26.6-27.2. For these geographical locations,
Marshall et al. (1993) obtained a negative subduction
rate of more than 350 m/yr. In the interior subpolar
gyre, their maximum is above 300 m/yr, which is much
larger than 200 m/yr estimated from our calculation.
These larger ventilation rates are again the result of
using the crude formula [Eq. (8)], which exaggerates
the contribution of the mixed layer depth gradient. In
most of the subtropical basin, the obduction rate is zero
because the water entering the mixed layer during the
entrainment phase (in fail) is the water that was de-
trained to the seasonal pycnocline somewhere up-
stream, not from the permanent pycnocline.

The total mass flux partition for the North Atlantic
is shown in the left column of Table 1. Within the sub-
tropical basin, the total amount of subduction is 27.0
Sv, to which vertical pumping contributes 17.5 Sv and
lateral induction contributes 9.5 Sv. In comparison,
Huang (1990) estimated the total subduction rate in the
North Atlantic to be 24.8 Sv, with 12.1 Sv from vertical
pumping and 12.7 Sv from lateral induction. The larger
value for the vertical pumping term from this study is
due to the inclusion of the domain down to 10°N, where
the Ekman pumping rate is large. Note that the total
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vertical pumping rate across the base of the annual
maximum depth of the mixed layer (17.5 Sv) is smaller
than the total Ekman pumping rate across the base of
the Ekman layer (22.2 Sv). This difference reflects the
reduction of vertical velocity due to the southward mo-
tion in the mixed layer, as indicated by the second term
on the right-hand side of Eq. (5).

The total obduction rate (23.5 Sv) is one order of
magnitude larger than the Ekman pumping rate and is
dictated by lateral induction (24.1 Sv), with a very
small negative contribution from the vertical pumping
term. The fact that vertical pumping makes a negative
contribution to obduction is interesting and unexpected.
To understand this result, we divide the domain of ob-
duction into three regions; the mass flux partitions
within each of these regions are listed in Table 2. Re-
gion I is defined by where the Ekman pumping is pos-
itive, so it makes a positive contribution to the total
obduction rate. Since water in the mixed layer moves
northward in this region (Fig. 6), vertical pumping is
substantially reduced from 4.1 Sv at the base of the
Ekman layer to 1.7 Sv at the base of the winter mixed
layer.

In region II, the Ekman pumping velocity is down-
ward and the meridional velocity in the mixed layer is
southward (see Fig. 6). As a result, vertical pumping
is slightly increased from —0.72 Sv at the base of the
Ekman layer to —0.67 Sv at the base of the winter
mixed layer. In region III, Ekman pumping velocity is
again downward, but the meridional velocity is now
poleward (Fig. 6b). This reduces the vertical pumping
rate from —0.6 Sv at the base of the Ekman layer to
~1.6 Sv at the base of the winter mixed layer. As a
result, the net contribution to the obduction rate over
the North Atlantic from vertical pumping is negative
(—0.6 Sv), a value much smaller than the contribution
from lateral induction (24.1 Sv).

The strong obduction in the North Atlantic is closely
related to the thermohaline circulation in the basin. Be-
cause of the deep-water formation in the Norwegian—
Greenland Sea, the warm and salty water of the Gulf
Stream is drawn into the subpolar basin in the form of
the North Atlantic Current, a part of the well-known
conveyor belt in the North Atlantic. Over a large part

TABLE 2. Mass flux partitions within the obduction region in the
North Atlantic, in Sverdrups (10° m* s™'). Note: The calculation
covers stations north of 30°N.

Region II  Region Il
w, <0 w. <0
RegionI  South of North of
w, >0 40°N 40°N Sum
Ekman pumping “4.1) (~0.72) (—0.57 (2.8)
Vertical pumping 1.7 ~-0.67 -1.6 -0.6
Lateral induction 13.2 4.1 6.7 24.1
Total obduction 149 34 52 235
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of the subpolar North Atlantic, the heat transported by
the NAC is released to the atmosphere, as can be seen
in Fig. 8 by the relatively large heat flux values (>60
W m™?) from ocean to atmosphere. Excessive evapo-
ration along the path of the NAC is associated with this
heat loss (e.g., Schmitt et al. 1989). The combination
of strong cooling and high salinity due to evaporation
gives rise to an outstanding trough in the winter mixed
layer depth that extends from south of Georges Bank
to the British Isles (Fig. 5b). The combination of the
fast-flowing NAC and the large depth gradient in the
winter mixed layer result in a strong lateral induction,
which dominates the obduction rate in the subpolar
North Atlantic.

Since the subduction and obduction processes in this
study are defined according to their different physics,
we now have new situations that would not have ap-
peared if the definition of Eq. (8) were used. In addi-
tion to the regions of pure subduction and pure obduc-
tion, there are now ambiductive regions where both
subduction and obduction take place (see the contoured
regions in Fig. 8) and insulated regions where neither
subduction nor obduction takes place (the shaded
regions in Fig. 8).

In the region of the Gulf Stream extension, the mixed
layer depth reaches its local maximum in late winter
due to strong atmospheric cooling (see the dashed con-
tours in Fig. 8). In this region, lateral induction is large
for both subduction and obduction. Starting from the
local mixed layer maximum and tracing the particle
upstream for a year, the rapid decline in the mixed layer
depth gives rise to a large obduction rate as shown in
Fig. 7f. Similarly, following the particle downstream
for a year gives a large subduction rate (Fig. 7c) due
again to the mixed layer depth declining along the tra-
Jjectories. As we noted from the example shown in Fig.
4, the ambiductive regions are characterized by a strong
seasonal cycle; in these regions, effective entrainment
takes place in late fall and early winter when the mixed
layer steadily deepens, while subduction takes over in
late winter and spring when the mixed layer rapidly
retreats. To quantify this dual process, we calculated
the local conversion rate, defined as the minimum of
the annual mean subduction and obduction rate. This
rate is shown by the solid contours in Fig. 8; the total
amount of the local conversion rate is 3.1 Sv.

It is worth noting that the local conversion is not a
pure kinematic process. On the contrary, mixed layer
properties change substantially between the effective
entrainment phase and the effective detrainment phase.
This is readily seen from the heat flux contours super-
imposed on Fig. 8 that the ambiductive region of the
Gulf Stream extension is very closely correlated with
the region where the atmospheric cooling is strongest.

The ambiductive spot south of Greenland can be
identified as the site of Labrador Sea Water formation
(McCartney and Talley 1982; Killworth 1983). The
total amount of subduction in this region is 1.2 Sv and
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Local conversion rate (m/year)
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FiG. 8. Local mass conversion rate in the North Atlantic, defined
within the ambiductive region, with contour interval of 40 m/yr. The
shaded areas are insulated regions where neither subduction nor ob-
duction takes place. The dashed lines indicate the annual heat loss
from the ocean to the atmosphere, in units of W m™2, adapted from
Hsiung (1985). ’
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the total conversion rate is 0.51 Sv. These numbers are
well below the estimated rate for Labrador Sea Water
formation of about 3.1 Sv by Clarke and Gascard
(1983) and 10 Sv by McCartney and Talley (1984).
This discrepancy is probably due to the limitation of
the Levitus data in this region because the Labrador
Sea Water formation can occur on a length scale of just
a few hundred kilometers (Clarke and Gascard 1983),
too short to be resolved by the highly smoothed Levitus
dataset. Rather than claiming these numbers, we hope
that our calculation demonstrates the physical pro-
cesses involved in this area and that the exact numbers
will be obtained in the future when more accurate da-
tasets become available.

South of Iceland, there is a third ambiductive region
in our calculation, where the total subduction rate is 1.9
Sv and the total conversion rate is 0.37 Sv. No previous
studies have indicated any significant water mass for-.
mation in this region; the source region of deep-water
formation is located to the north in the middle of the
Norwegian—Greenland Sea (Killworth 1983). Thus,
this feature is probably an artifact due to limitation of
existing data in this area.

The existence of insulated regions is an interesting
phenomenon; they appear where the March mixed layer
depth is locally minimum. For example, the March
mixed layer is very shallow near the western boundary
(Fig. 5b); since this is near the recirculation region,
one-year trajectories either downstream or upstream
end where the March mixed layer is deeper. As a result,
the lateral induction term is negative in both subduction
and obduction calculations (Figs. 7b and 7e), and no
effective ventilation occurs within this region.
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4. Ventilation of the North Pacific

Figure 9a shows the density at the base of the March
mixed layer in the North Pacific. Compared with the
North Atlantic, the meridional density gradient north
of 30°N in Fig. 9a is much stronger, reflecting that the
North Pacific is dominated by freshwater flux forcing.
The March mixed layer depth in the North Pacific (Fig.
9b) is quite shallow compared with the North Atlantic.
In fact, the maximum depth of the mixed layer near the
Kuroshio Extension is only about 175 m. In most of
the subpolar basin, the mixed layer depth gradually de-
creases from its maximum of 175 m to about 100 m
near the eastern boundary. The mixed layer depth max-
imum near the Kuroshio Extension is associated with
strong atmospheric cooling along the path of the warm
current. The shallow mixed layer in the subpolar basin
reflects the fact that the subpolar North Pacific is dom-
inated by an excess of precipitation over evaporation.
As a result, a strong halocline develops in the upper
ocean, preventing convective mixing from giving rise
to a deep winter mixed layer.

Figure 10a shows the Ekman pumping rate in the
North Pacific calculated from the scaled HR data. This
pattern is not much different from that in the North
Atlantic, except that upwelling in the subpolar basin is
weaker: the maximum Ekman pumping rate in the sub-
polar North Pacific is about 25 m/yr, as compared to
65 m/yr in the North Atlantic. In both basins, the zero-
Ekman-pumping lines are tilted in the SW—NE orien-
tation. A closer inspection, however, reveals that this
tilt is 50% larger in the North Atlantic than it is in the
North Pacific. To a certain degree, the slope of the zero-
Ekman-pumping line reflects the strength of the pole-
ward heat flux carried by the ocean. In the North At-
lantic, the poleward heat flux is larger. As a result, the

a) Density at the base of the March mixed layer
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surface water is warmer along the path of the NAC, so
that the wind stress pattern is altered by the warm cur-
rent as discussed by Behringer et al. (1979). In the
North Pacific, there is no such warm current across the
intergyre boundary, resulting in a smaller slope of the
zero-Ekman-pumping line. Trajectories of water par-
ticles released from the base of the March mixed layer
are depicted in Fig. 10b. As we have noted above, the
major difference between the trajectories in the North
Pacific and the North Atlantic (Fig. 6b) is the absence
of a fast current, like the NAC, across the intergyre
boundary in the North Pacific.

The annual mean subduction and obduction rates are
shown in Fig. 11. The subduction maps are essentially
the same as those of Huang and Qiu (1994); these
maps are included to complete the discussion. Our fo-
cus is again on the obduction maps. Figure 11d shows
the contribution from the vertical pumping term and
Fig. 11e, the lateral induction term. There is a positive
contribution from lateral induction along the Kuroshio
Extension path and in the northwestern part of the sub-
polar basin because of the large change in the mixed
layer depth. In the northeastern part of the basin, the
lateral induction rate is mostly negative, and the total
obduction rate (Fig. 11f) is more or less determined by
the vertical pumping rate. The obduction rate reaches
a maximum of 75 m/yr off the Japan coast, a result due
to the strong lateral induction associated with the large
gradient of the winter mixed layer depth. A second ob-
duction maximum of 75 m/yr is located in the vicinity
of the Bering Abyssal Plain, which is due to the com-
bination of the lateral induction and vertical pumping
terms.

As in the North Atlantic, ambiductive and insulated
regions also exist in the North Pacific, as shown in Fig.
12. The largest ambiductive region, which has a local

b) Mixed layer depth (m) in March
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FiG. 9. (a) Density in ¢, and (b) depth in meters of the March mixed layer in the North Pacific.
Based on the Levitus (1982) March temperature and winter salinity data.
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a ) Ekman pumping (m/year)
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b) Lagrangian trajectories for a year
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FiG. 10. (a) Ekman pumping rate in the North Pacific, in m/yr, based on the scaled HR (1983) data. (b) One-year trajectories of water
particles in the North Pacific released from the base of the March mixed layer. The along-isopycnal geostrophic velocities are calculated

using the 2000-m depth as the reference level.

conversion rate of up to 75 m/yr, is located in the Ku-
roshio Extension region. This ambiductive region is
again coincident with the location of the strongest heat
loss from the ocean to the atmosphere, as indicated by
the dashed contours in Fig. 12. A small ambiductive
region, with a local conversion rate of about 25 m/yr,
can algo be seen near the Bering Abyssal Plain.

The basin-integrated subduction rate in the North Pa-
cific.is 35.2 Sv, including 25.1 Sv from vertical pump-
ing and 10.1 Sv from lateral induction. These numbers
are slightly different from those (33.1 Sv, 24.1 Sv, and
9.0 Sv) presented by Huang and Qiu (1994); the dis-
crepancy is due to the different areas used in the sum-
mation. The total obduction rate in the North Pacific is
7.8 Sv, including 3.1 Sv from vertical pumping and 4.7
Sv from lateral induction. The total local conversion
rate is 3.5 Sv, about the same as that in the North At-
lantic.

5. Discussion

The purpose of the present study is to explore ven-
tilation in the Northern Hemisphere oceans. Subduction
in the subtropical basins has been discussed in many
previous studies. In comparison, obduction has re-
ceived much less attention. We have focused on ob-
duction in this study by first clarifying the similarities
and differences between the subductive and obductive
processes. Second, we analyzed the available climato-
logical data and estimated the subduction/obduction
rate in the North Atlantic and North Pacific. Because
the definition for obduction requires tracing water par-
ticles upstream for one year, the results are different
from those obtained by tracing the particles down-
stream for one year, a commonly used method for es-

timating the subduction rate in the subtropical basins.
One of the new features emerging from our calculation
is the existence of ambiductive and insulated regions
in oceans.

The ambiductive regions, where both subduction and
obduction occur, appear mainly along the paths of the
Gulf Stream and the Kuroshio Extension, and they are
closely associated with the maximum heat loss from
the ocean to the atmosphere. In these regions, rapid
mixed layer deepening in winter gives rise to a large
mass flux from the permanent pycnocline to the mixed
layer. In late winter, the process switches to the sub-
duction mode. By analyzing an idealized model and the
climatological data, we demonstrated that these two
processes may take place at the same location, but at
different phases of the seasonal cycle.

Notice that although the total subduction rates in
the North Atlantic and the North Pacific are compa-
rable (30.1 Sv vs 35.2 Sv), the characteristics of wa-
ter masses being annually subducted into the per-
manent pycnoclines are quite different. As indicated
in Fig. 13, subduction in the North Atlantic transfers
higher density water into the pycnocline than in the
North Pacific. The transfer has two peaks in the North
Atlantic. The peak around 26.2—-26.6 o, corresponds
to the formation of the subtropical mode water
(STMM), which is known for its large volume and
uniform properties near 18°C and 36.5 psu (Wor-
thington 1976). The total formation rate for STMW,
if defined between 26.0 and 27.0 0,, is 13.3 Sv (Ta-
ble 3) in this study. This rate agrees well with the
value of 14.1 Sv by Woods and Barkmann (1986),
who estimated the annual rate of STMW formation
by using a mixed layer model forced by surface heat
flux and Ekman pumping.
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a) Vertical pumping (m/year)
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d) Vertical pumping (m/year)
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Fic. 11. Annual mean ventilation rate for the North Pacific. Subduction rate and its two components are shown in (a) the vertical pumping
term, (b) the lateral induction term, and (c) the subduction rate. Stippled regions in (c) indicate zero subduction rate. Obduction rate and its
two components are shown in (d) the vertical pumping term, (¢) the lateral induction term, and (f) the obduction rate. Stippled regions in (f)
indicate zero obduction rate.
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FiG. 12. Local mass conversion rate in the North Atlantic, defined
within the ambiductive region, with contour interval of 25 m/yr. The
shaded areas are insulated regions where neither subduction nor ob-
duction takes place. The dashed lines indicate the annual heat loss
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from the ocean to the atmosphere, in units of W m~?, adapted from
Hsiung (1985).

Speer and Tziperman (1992) also calculated the wa-
ter mass formation rate. Their calculation was based on
surface heat and freshwater flux data, without consid-
ering the dynamic processes within the mixed layer nor
the exchange between the mixed layer and the perma-
nent pycnocline. The major difference between their
calculation and ours is that only part of the water mass
formed at the surface can penetrate into the permanent
pycnocline, and this portion corresponds to the sub-
duction rate calculated in our study. In addition, they
gave only a single water mass formation (destruction )
rate for a given density range, while our calculation
provides both the water formation rate due to subduc-
tion and the water mass destruction rate due to obduc-
tion. Nevertheless, the water mass formation rate of 14
Sv over the density range between 26.0 and 27.0 de-
rived by Speer and Tziperman is close to our estima-
tion.

The second subduction peak in Fig. 13a corresponds
to the formation of subpolar mode water, or Labrador
Sea Water (McCartney and Talley 1982). The forma-
tion rate for subpolar mode water, as we discussed in
section 3, is likely underestimated due to the limitation
of the Levitus data. In the North Atlantic, the obduction
rate peaks between 26.8 and 27.4 ¢4, where the sub-
duction rate is locally minimum. This result is consis-
tent with the observations that an oxygen minimum ex-
ists around 27.2 o, in the North Atlantic (Richards and
Redfield 1955).

In addition to the subduction rate, which indicates
how much new water is pumped into the permanent
pycnocline, we have also calculated the obduction rate,
which indicates how fast water in the permanent pyc-
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FiG. 13. Subduction/obduction rates per 0.2 o, interval as a func-
tion of density for the North Atlantic (upper) and the North Pacific
(lower). .

nocline is returned to the mixed layer after cycling
through the ocean’s interior. For the North Atlantic, the
total obduction rate between 26.0 and 27.0 o, is 10.1
Sv. Thus, there is a net gain of 3.2 Sv for this density
range; this net gain is probably balanced by cross-iso-
pycnal mixing and flows across the southern boundary
(10°N). Similarly, for the density range from 27.0 to
28.0 o, the total amount of subduction is 4.3 Sv, the
total obduction is 13.3 Sv, and the difference of —9 Sv

TABLE 3. Water mass conversion rates for the North Atlantic and
the North Pacific, in SV (10° m* s™").

Density in oy

22-23 23-24 24-25 25-26 26-27 27-28
(a) North Atlantic
Due to subduction 29 44 5.0 13.3 4.3
Due to obduction / ~0.03 -—10.1 —13.3
Net conversion 29 4.4 5.0 3.2 -9.0
(b) North Pacific
Due to subduction 1.9 6.1 12.2 12.1 33
Due to obduction -0.1 —~2.0 -5.8
Net conversion 1.9 6.1 12.1 10.1 -25
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should be balanced by cross-isopycnal mixing and
flows across the southern boundary.

In the North Pacific (Fig. 13b), the single subduction
peak around 25.0-25.2 ¢, corresponds to the formation
of North Pacific subtropical mode water. The North
Pacific STMW has typical water properties of 16.5°C
and 34.75 psu (Masuzawa 1969; Suga et al. 1989), and
it is clear that the freshness of the North Pacific is re-
sponsible for the lighter density of the subducted wa-
ters. The annual formation rate for the North Pacific
STMW, if defined between 24.8 and 25.6 gy, is 13.2
Sv. There exists no counterpart for subpolar mode wa-
ter in the North Pacific, a manifestation of the differ-
ence in the thermohaline circulation between the two
oceans, as we emphasized above.

Notice that with the exception of the heaviest iso-
pycnal layers with o, = 26.0-26.8, most isopycnal lay-
ers in the North Pacific gain a large volume of mass
flux through subduction because of weak obduction.
The total, excessive mass flux is about 27.7 Sv (see
Table 3). Since the thermohaline circulation is weak
in the North Pacific, most of this mass flux should leave
the domain of calculation through the southern bound-
ary (10°N). In fact, Huang and Qiu (1994) estimated
the total southward mass flux across 15°N to be about
19.3 Sv.

Given both subduction and obduction rates, two re-
newal timescales may be defined. For the North Atlan-
tic STMW (o, = 26.0-27.0), renewal times based on
the subduction and obduction rates are shown in Table
4 in the first and second rows, respectively. In the
lighter density range, the renewal time is shorter due to
subduction, whereas in the denser density range, the
renewal time is shorter due to obduction. Since other
processes, such as diapycnal mixing, also contribute to
the water mass renewal, the smaller value of the two is
a more appropriate scale for the renewal time. Accord-
ing to Table 4, the renewal time for the North Atlantic
STMW ranges from 10 to 30 years.

The large difference in obduction between the North
Atlantic and the North Pacific is attributable to the dif-
ference in the thermohaline circulation in these two
oceans. In the North Atlantic, deep-water formation oc-
curs in the Norwegian—Greenland Sea. This deep-wa-
ter source drives an energetic meridional overturning
in the North Atlantic. As a result, the permanent pyc-
nocline in the North Atlantic is renewed on a relatively
short time scale. In the present study, the rapid venti-
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lation of the subpolar North Atlantic is reflected by the
large value of the obduction rate, 23.5 Sv, which rep-
resents the total amount of water being transferred from
the permanent pycnocline into the mixed layer an-
nually. In comparison, the total amount of obduction
in the North Pacific is only 7.8 Sv, about one-third of
that in the North Atlantic.

One way of quantitatively estimating the difference
in the thermohaline circulation in these two oceans is
to look at the time required to renew a water mass that
outcrops in the subpolar basins. If we ignore the effects
due to diapycnal mixing and water mass exchange
through the southern boundaries (10°N), the renewal
time for the water mass of oy = 27.0-27.2 in the sub-
polar North Atlantic is 46 years and that of ¢y = 27.2—
27.4 is 71 years. Beyond o, = 27.4, the renewal time
can exceed 100 years, but these numbers are less reli-
able, because of the questionable quality of the data
used in estimating the obduction rate (see section 3).
In the subpolar North Pacific, the renewal time is longer
in general: about 80 years for the water mass of oy
= 26.2-26.4 and 96 years for that of o4 = 26.4-26.6.
It is well known that there is no deep-water formation
in the North Pacific (Warren 1983), and the global
thermohaline circulation is driven by deep-water
sources in the North Atlantic and the bottom-water
source in the Weddell Sea. Since these sources are re-
mote, the thermohaline circulation in the North Pacific
is weak and the subpolar water mass renewal rate is
likely to be small. These notions are consistent with the
above estimations.

The difference in the thermohaline circulation is also
reflected in the properties of the mixed layer. In the
North Atlantic, deep-water formation in the Norwe-
gian—Greenland Sea induces a strong cross-gyre North
Atlantic Current, which transports warm and salty wa-
ter from the subtropical basin all the way to the British
Isles. This warm current gives rise to more evaporation
and hence less salinity stratification in the upper layer.
As winter comes, heat loss to the atmosphere creates a
very deep mixed layer along the path of the North At-
lantic Current. The large horizontal gradient in the
mixed layer depth along the NAC’s path, in turn, gives
rise to a large value for lateral induction, which is the
dominant contributor to the obduction rate in the sub-
polar North Atlantic.

In contrast, there is no strong warm current across
the boundary of the subtropical and the subpolar gyres

TABLE 4. Water mass renewal time for the North Atlantic subtropical mode water, in years.

Density in o,

26.0-26.2 26.2-26.4 26.4-26.6 26.6-26.8 26.8-27.0
Due to subduction 16.0 11.4 18.0 33.7 74.0
Due to obduction 1016.1 33.8 22.6 329 279
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in the North Pacific because of the weak thermohaline
circulation. The surface temperature in the subpolar ba-
sin is low, limiting the amount of evaporation. As a
consequence, precipitation exceeds evaporation and a
strong, shallow halocline develops over most of the
subpolar basin. This strong stratification near the sur-
face prevents deep convection and limits the heat loss
from the ocean to the atmosphere. Thus, the mixed
layer in most of the subpolar North Pacific is more or
less uniform and no deeper than 125 m. The small
mixed layer depth gradient is directly responsible for
the small obduction rate there.

Finally, we note that our calculation is based on the
Levitus (1982) dataset. The possible poor quality of
this dataset at high latitudes raises questions about the
accuracy of our calculated maps. Although some de-
tails may be inaccurate, we believe that the global
structure of ventilation in these maps is appropriate. As
high quality in-situ data rapidly accumulate from the
on-going, various observational programs, our estima-
tion of the ventilation of the World Ocean will un-
doubtedly improve.
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