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ABSTRACT

Stommel argued that the seasonal cycle leads to a bias in the coupling between the surface mixed layer and
the main thermocline of the ocean. He suggested that a ‘‘demon’’ operated that effectively only allowed fluid
at the end of winter to pass from the mixed layer into the main thermoclire. In this study, Stommel’s hypothesis
is examined using diagnostics from a time-dependent coupled mixed layer—primitive equation model of the
North Atlantic (CME). The influence of the seasonal cycle on the properties of the main thermocline is inves-
tigated using two methods. In the first, the rate and timing of subduction into the main thermocline is diagnosed
using kinematic methods from the 1° resolution CME fields. In the second, tracer diagnostics of the CME and
idealized experiments using a ‘date’” tracer identifying the timing of subduction are performed. Over the sub-
tropical gyre, both approaches generally support Stommel’s hypothesis that fluid is only transferred from the
mixed layer into the main thermocline over a short period, ~1 month, in late winter/early spring. Tracer date
experiments are also conducted using the eddy-resolving 1/3° CME fields. Eddy stirring is found to enhance the
rate at which the tracer spreads into unventilated regions, but does not alter the seasonal bias of the Stommel
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demon mechanism.

1. Introduction

Subduction is the process by which fluid transfers
from the mixed layer into the thermocline. Iselin
(1939) noted that the T—S properties in the main ther-
mocline matched that of the winter mixed layer rather
than that of its annual-mean state. Stommel (1979) ex-
plained this biased coupling by arguing that subduction
into the main thermocline is an intermittent process,
which only acts at the end of winter rather than contin-
uously over the whole year. He suggested that a ‘‘de-
mon”’ effectively operated,’ selecting the properties of

* Woods Hole Oceanographic Institution Contribution Number
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' Stommel made an analogy with the ‘‘demons’’ introduced by
James Clerk Maxwell in his studies of the kinematic theory of gases.
The demons were placed in charge of trap doors in a partition divid-
ing a gas into two chambers. The demons were clever enough to
estimate the velocities of molecules and agile enough to open and
close the trap doors in time to allow or prevent the passage of any
particular molecule through the door, and so allow the fast molecules
to accumulate on one side of the partition.
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the mixed layer that pass into the underlying thermo-
cline. This selective transfer occurs whenever fluid par-
cels subducted from the mixed layer are advected only
a short distance compared with the seasonal migration
of density outcrops (Fig. 1).

Stommel’s hypothesis appears to be supported by the
short subduction period diagnosed from climatological
observations over the North Atlantic by Marshall et al.
(1993, henceforth referred to as MNW); however,
these diagnostics could be questioned due to uncertain-
ties in the observations. Stommel’s idea is assumed in
steady thermocline models that employ end of winter
boundary conditions. In contrast, climate models often
apply annual-mean boundary conditions, which may
misrepresent the coupling between the surface and deep
ocean. Luyten et al. (1983, henceforth LPS) first ex-
amined ventilation using a thermocline model with im-
posed density outcrops chosen from end of winter vari-
ations. This has been followed by thermocline models
incorporating end of winter variations in both the thick-
ness and density of the mixed layer (Williams 1989,
1991; Huang 1990; Marshall and Nurser 1991; Ped-
losky and Robbins 1991). The subduction process has
also been explicitly resolved and examined using a cou-
pled mixed layer—isopycnal model by Bleck et al.
(1989) and New et al. (1995), and with time-depen-
dent idealized thermocline models by Liu and Pedlosky
(1994) and Marshall and Marshall (1995).

In this study, we wish to focus on Stommel’s hy-
pothesis using diagnostics from the U.S. Community
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FIG. 1. A schematic diagram illustrating the Stomme] demon mech-
anism in (a) a plan view at the sea surface and (b) a meridional
section. Over the cooling season in the Northern Hemisphere the
outcrop of a density surface migrates equatorward from September
to March (dencted by dashed and full lines). Consider a fluid parcel
(circle) subducted from the vertically homogeneous mixed layer and
advected equatorward along this density surface: If the fluid parcel
is advected past the March outcrop during the year, then it is sub-
ducted in to the main thermocline [the upper extent of which is shown
by the dotted line in (b)].

Model (CME) of the North Atlantic. The study con-
centrates on the subduction associated with the large-
scale circulation of the gyre sweeping fluid to and from
a time-dependent mixed layer into the thermocline. It
extends previous analytical models based on the ther-
mocline equations by including the seasonal cycling of
the mixed layer and higher-order primitive equation
balances. In the present study, we focus our attention
on the 1° resolution CME calculation (briefly described
in section 2) but also present tracer results using model
fields from the 1/3° CME integration. The latter results
are important as it has been argued that eddy processes
could play a role in ventilating the main thermocline
across frontal regions (see, e.g., Pollard and Reiger
1992) .2

The impact of the seasonal cycle on the properties
of the main thermocline is diagnosed using two inde-

2 Eddy processes probably drive intense subduction locally along
a front. However, scaling arguments by Follows and Marshall (1994)
and modeling studies by Spall (1995) suggest that this frontal sub-
duction when globally averaged over a basin is smaller than the sub-
duction rates of ~100 m/yr from the mean circulation deduced from
climatological data by MNW.
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pendent methods applied to the model fields from the
CME. In the first, the rate and period over which fluid
is transferred from the mixed layer into the main ther-
mocline are found kinematically from the mixed layer
cycle and velocity fields from the CME (section 3). In
the second, the ventilation of tracers is examined by
conducting experiments with an idealized ‘‘date’’
tracer that highlights the exact timing of subduction, as
well as by diagnosing the traditional 7—S properties
and ‘‘age” tracer from the CME fields (section 4).
Finally, the role of eddy stirring is examined by re-
peating the date tracer experiments using the 1/3° CME
fields (section 5).

2. The CME Model

The subduction process is investigated using diagnos-
tics from the U.S. Community Model of the North Atlan-
tic integrated by Bryan and Holland (1989). The CME
is based on the finite-difference form of the primitive
equations presented by Bryan (1969) and documented by
Cox (1984), which is extended by Bryan and Holland
(1989) to include an embedded surface mixed layer
model and an implicit diffusive parameterization of the
vertical convection process. The turbulent mixing within
the surface boundary layer is parameterized in a similar
manner to the bulk kinetic energy model of Camp and
Elsberry (1978). The energy available for deepening of
the mixed layer from the surface forcing is converted into
potential energy and distributed over the depth of the
mixed layer. Detrainment of the mixed layer is included
such that if the mixed layer shallows the deeper remnants
of the old mixed layer remain.

The model domain extends from 15°S to 65°N in the
North Atlantic basin with 30 levels in the vertical. The
horizontal resolution is 1° in latitude and 1.2° in lon-
gitude in the noneddy resolving version. The model
was initialized with Levitus (1982) winter conditions
and integrated for 45 years with surface wind stress and
buoyancy forcing. The surface stress is from the
monthly mean climatology of Hellerman and Rosen-
stein (1983). The surface heat flux is derived by relax-
ing the surface temperature of the model to the apparent
atmospheric temperature with a restoring timescale of
typically 50 days, which varies with position, time of
year, and sea surface temperature. The net freshwater
flux at the surface is parameterized by relaxing the sur-
face salinity toward the monthly mean climatology of
Levitus (1982) with a timescale of 50 days. The model
fields from the last year of the 45-year integration are
used in the following subduction diagnostics.

The transport streamfunction of the model, Fig. 2,
shows anticyclonic and cyclonic circulations in the sub-
tropical and subpolar gyres with an intense western
boundary current. The horizontal velocities are typi-
cally 1 cm s~ in the interior of the subtropical gyre
with the transport concentrated in the upper 1 km. In
the 1° version of the model, geostrophic eddies are not
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FiG. 2. Annual-mean transport streamfunction
for the CME model (10° m® s™').

resolved, and the western recirculation appears rela-
tively weak.

The mixed layer depth, h, and oy fields at the spring
equinox, Fig. 3, generally become deeper and denser
with latitude due to the increasing annual surface buoy-
ancy loss; h is defined by the depth at which o, differs
by 0.05 from the surface o,. There is a striking front
in mixed layer depth* crossing the subtropical gyre,
though the front is not apparent in the surface density
and velocity fields. The sharp change in mixed layer
depth strongly influences the local subduction rate and
appears to be correlated with the underlying large-scale
potential vorticity Q (Fig. 4); however, it does not ap-
pear to significantly affect the seasonal coupling be-
tween the surface and deep ocean (see results in sec-
tions 3c and 4c¢). In reality, density fronts associated
with mesoscale processes are probably more significant
than these mixed layer depth fronts. Nonetheless, the
sharp changes in mixed layer depth revealed in Fig. 3
are probably more realistic than the smooth climatol-
ogy compiled in Levitus (1982).

3. Subduction rate and period
a. Lagrangian view

The subduction process is illustrated here by follow-
ing a parcel as it is swept around a subtropical gyre,
echoing previous studies with idealized mixed layer
models (e.g., Federiuk and Price 1985; Woods 1985;
Cushman-Roisin 1987). The parcel trajectory is found
by inverting the kinematic relation

* Similar mixed layer depth fronts are found in other models that
do not resolve the Rossby deformation radius, such as in the 1° iso-
pycnal model (New et al. 1995).
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X
dr u(x, ), (1)
using 3-day velocity fields of the CME with a fourth-
order Runge—Kautta scheme; here, x represents the po-
sition of the parcel at time 7, and u is the three-dimen-
sional velocity vector. When the parcel passes through
the mixed layer, vertical mixing is assumed to reset the
properties associated with the parcel, rather than
change the vertical position of the parcel.

The parcel is released in the summer (year 0.5) at a
depth of 50 m and at 40°N, 30°W in the subtropical
gyre and tracked for the subsequent 7.5 years (Fig. 3a).
The parcel glides downward under the influence of Ek-
man pumping while being swept around the gyre (Fig.
5a). The overlying mixed layer exhibits a seasonal cy-
cle due to the seasonal buoyancy forcing with an over-
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FiG. 3. (a) Mixed layer depth (m) and (b) density close to the spring
equinox (day 79). The path of a Lagrangian parcel introduced at
40°N, 30°W at year 0.5 and followed for 7.5 years is shown with
circles indicating the position on the trajectory at the start of each
year.
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FiG. 4. North—south section along 30°W close to the spring equi-
nox (day 079) showing the mixed layer depth (dashed line) with (a)
potential density and (b) the large-scale potential vorticity (107°
m~'s7").

all warming and shallowing as the parcel is swept
south.

During the first three years, the parcel is repeatedly
subducted into the seasonal thermocline and reen-
trained by the mixed layer in the following winter.
While in the thermocline, the parcel is cooler than the
overlying mixed layer and has a larger stratification and
associated potential vorticity (Figs. 5b,c). The mixed
layer shows a larger temperature cycle due to the sur-
face forcing, although the subducted parcel continues
to warm in summer and autumn through the vertical
diffusion of heat. When the parcel is reentrained, tem-
perature and stratification are reset to the values of the
mixed layer.

The parcel finally enters the main thermocline in
mid-April of the fourth year (year 3.4 at 35°N, 34°W)
and avoids being reentrained by the mixed layer in the
following winter. The temperature and potential vortic-
ity of the parcel are subsequently nearly conserved and
decoupled from the seasonal cycle of the overlying
mixed layer.

In this fourth year of the trajectory, subduction from
the mixed layer leads to an annual volume flux per unit
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horizontal area of 60 m/yr into the main thermocline.
The volume flux is comprised of 20 m/yr from the ver-
tical transfer and 40 m/yr from lateral transfer through
the shoaling mixed layer. Following this parcel, sub-
duction into the main thermocline only occurs over a
short period of 27 days extending from the end of win-
ter in mid-March until mid-April. Any parcels sub-
ducted after this period enter the seasonal thermocline
and are re-entrained into the mixed layer in the follow-
ing winter.

In summary, the Lagrangian study appears to gen-
erally support Stommel’s hypothesis that the mixed
layer and main thermocline are only coupled in late
winter. In the following section, we diagnose the sub-
duction rate and period over the modeled North At-
lantic.

b. Subduction rate

The instantaneous subduction rate, S(¢), or volume
flux of mixed layer fluid entering the thermocline (rel-
ative to the base of the instantaneous mixed layer) per
unit horizontal area (Cushman-Roisin 1987) is defined
by

Dh

S(t) = -w, — .
(1) Wy D,

(2)
The first term represents the vertical transfer of fluid,
and the second term the temporal and lateral transfer
in the Lagrangian frame; here, D/Dt, = /0t + u,-V,
and w, and u, are the vertical and horizontal velocities
at the base of the mixed layer.

In a Lagrangian frame, the annual flux into the main
thermocline, S,.,, can be defined as the instantaneous
subduction rate integrated over 1 year (., ) from the
end of the first winter W, to the second winter W,:

W,

Sann = S(t)dt

gyear W)

_ 1
a gyear

The Lagrangian frame is chosen to track parcels swept
around the gyre at the base of the instantaneous mixed
layer; following a different depth within the seasonal
thermocline changes the appropriate definition for S,
but only alters the detail of the results. As shown in
Fig. 6, the annual subduction in the Lagrangian frame
depends on the integrated vertical transfer and the
shoaling of the mixed layer between the end of winters
W| and Wz.

Here S.,, is inferred from the Lagrangian definition
using the velocity and mixed layer cycle in the CME
as revealed by 9-day dumps of the model fields. At
every grid point in the basin, the trajectory of a fluid
column is determined, which follows the flow at the
base of the instantaneous mixed layer. The trajectory

W
f wydt + h(W,) — h(W,)) . (3

w
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starts at the end of the first winter W, and finishes at
the second winter W, (the end of winter is defined by
a local maximum in the mixed layer density). Then
S.nn 15 evaluated along the trajectory using (3) by sum-
ming the vertical transfer and the lateral transfer be-
tween the start and end points W, and W,.

The derived subduction rate, S,,,, is shown in Fig.
7a with values plotted at the starting grid point of the
trajectory. We wish to focus on the broad patterns of
Sann, rather than detailed variations which are noisy and
possibly unrealistic (due to the combination of the La-
grangian method and model fields). In the subtropical
gyre, S, i typically 50 m/yr, increasing to over 200
m/yr across the mixed layer front. The vertical transfer
of fluid makes the largest contribution to the subduction
rate over most of the subtropical gyre (Fig. 7b). How-
ever, the lateral transfer of fluid dominates in the vi-
cinity of the front where the anticyclonic circulation
sweeps fluid from the shoaling mixed layer into the
stratified thermocline. The subduction signal of the
front extends laterally the distance a particle moves in
1 year, typically 500 km; using an Eulerian definition
for S,., of the volume flux through the base of the win-
ter mixed layer (as in MNW) leads to the subduction
signal, which is even more concentrated along the few
grid points resolving the front.

In the subpolar gyre, there is widespread entrainment
with fluid swept from the main thermocline into the
seasonal boundary layer; S,,, is typically —100 m/yr
to —300 m/yr. However, in the northwest corner of the
gyre, there is substantial subduction (although noisy)
due to the cyclonic circulation sweeping fluid from the
shoaling mixed layer into the thermocline.

In comparison, the climatological estimates of MNW
show widespread subduction in the subtropical gyre,
S.m, typically 50-100 m/yr, and conversely entrain-
ment over the subpolar gyre, S,.., typically —100 and
—300 m/yr (see their Fig. 5). These modeled subduc-
tion rates differ from the climatological estimates by
showing the frontal signal in the subtropical gyre and,
possibly more realistically, by showing subduction in
the northwest comer of the subpolar gyre.

c. Subduction period

The subduction period is defined by the time over
which fluid is irreversibly transferred from the mixed
layer into the main thermocline. In a Lagrangian frame,
the annual subduction into the main thermocline is
equivalent to the instantaneous subduction integrated

FiG. 5. Properties of a parcel following the trajectory shown in Fig.
3a from 0.5 to 8 years: (a) depth of parcel (solid line) and overlying
mixed layer (dashed line), (b) temperature of parcel (solid line) and
overlying mixed layer (dashed line), and (c) large-scale potential vor-
ticity of the parcel (107> m™' s™").
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FIG. 6. A schematic mixed layer cycle following a water column
in a Lagrangian frame over 1 year; the mixed layer depth and sub-
ducted isopycnals are indicated by full and dashed lines. The annual
subduction S,,, into the main thermocline depends on the integrated
vertical transfer and the shoaling of the mixed layer between the end
of winter W, and W,. Fluid enters the main thermocline during a
subduction period extending from the end of winter W, until a later
time S,.

over the effective period W, to S| (as shown in Fig. 6
and discussed in MNW):

S)

Sann =

S(t)dt. 4)

gyear W)

The effective subduction period is diagnosed in (4) us-
ing the previous estimate of S,,, and our knowledge of
the velocity and mixed layer depth cycle from the CME
fields. In the limit of no subduction, the subduction
period is zero (S, = W,), whereas in the limit of no
seasonal mixed layer cycle, the subduction period ex-
tends to 1 year (S, = W,).

The subduction period found in the model is short—
only 1 mo-—over most of the subtropical gyre (Fig.
8). In the vicinity of the front, where there is extensive
subduction, the period remains short because of the
rapid mixed layer shallowing following particles as
they traverse the front. The period lengthens to 2 or 3
mo in the Tropics because of the less pronounced cycle
in the mixed layer depth. In the subpolar gyre, the sub-
duction period reflects the time period over which fluid
is irreversibly entrained into the mixed layer. The en-
trainment period is typically 2—4 mo over the subpolar
gyre (indicated by negative values in Fig. 8).

The derived subduction period is in excellent agree-
ment with the climatological study of MNW (see their
Fig. 6). They diagnose the period from a kinematic
estimate of §,,, and by making use of S(¢) derived from
the buoyancy forcing. They find that the subduction
period is typically 1 mo over the subtropical gyre and
lengthens to 3 mo in the Tropics.

In summary, our kinematic diagnostics show a short
subduction period, which suggests that fluid is only
transferred from the mixed layer into the main ther-
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mocline over a short period after the end of winter—
supporting Stommel’s ‘‘demon’’ hypothesis.

4. Tracer fields

We now examine how subduction influences the
tracer distribution within the main thermocline.

a. Water mass properties

The tracers most readily available in the ocean are
the temperature—salinity (7-S) properties. Iselin
(1939) first noted the similarity between the 7S vari-
ation with depth in the subtropical gyre and that of the
winter mixed layer at high latitudes. We now examine
whether there is a similar correspondence in the 7-S
variation within the CME model. The modeled T-S
profile in the main thermocline at 30°N, 30°W is shown
as the full line in Fig. 9, which closely agrees with that

(a) 60

°N

20

FiG. 7. Kinematic calculation for (a) annual subduction rate Sy,
(m/yr) into the main thermocline, (b) annual vertical flux into the
main thermocline; positive values indicate subduction into the main
thermocline, whereas negative values indicate entrainment into the
seasonal boundary layer.
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FiG. 8. Subduction period in months inferred from the kinematic
estimate of the subduction rate and the seasonal mixed layer cycle;
positive values indicate a subduction period extending from the end
of winter, whereas negative values indicate an entrainment period
prior to the end of winter.

from the Levitus winter climatology (dashed line in
Fig. 9). The corresponding upstream 7S values in the
summer and winter mixed layer are shown as squares
and circles in Fig. 9. These upstream values are found
from where trajectories at 30°N, 30°W (over a depth
range of 90—370 m) thread back and intersect the sum-
mer or winter mixed layer. The T—S of the mixed layer
in summer is much warmer and saltier than the T-S
curve found in the main thermocline, as shown by the
displacement between the squares and full line in Fig.
9. In contrast, the T—S of the mixed layer in winter is
very close to that of the main thermocline over the tem-

temperature (°C)

36.0
salinity (ppt)

FIG. 9. A T-S curve within the main thermocline at 30°N, 30°W
with the solid line from the 1° degree model and dashed line from
the Levitus (1982) annual-mean climatology. The T—S properties at
the outcrop location in winter (circles) and summer (squares) are
shown for parcels now within the thermocline at 30°N, 30°W.

36.5
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FiG. 10. (a) Age tracer (years) of the parcel following the trajectory
shown in Fig. 3a from 0.5 to 8 years. (b) Subduction rate (m/yr)
derived from the vertical gradients in the age tracer for the same
parcel.

perature range of the North Atlantic Central Waters
(14.5°-18.5°C).

Fluid colder than 14.5°C is not subducted within the
subtropical gyre and lies within the unventilated pool.
The interface between the ventilated and unventilated
regions is marked by a change in slope of the T-§
curve, which has also been seen in hydrographic ob-
servations from the eastern North Atlantic (M. Mc-
Cartney 1993, personal communication).

b. Age tracer

An age tracer Jis carried in the CME integration and
effectively measures the elapsed time since fluid was
in the mixed layer. The age is set to zero at the surface
of the model, and is found elsewhere in the CME model
by solving an advection and diffusion equation.

The seasonal cycle of the age is shown in Fig. 10a
for the Lagrangian float discussed in section 2. During
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the first three years, the float repeatedly passes from the
mixed layer to the seasonal thermocline with the age
reset in the mixed layer and increasing with time in the
thermocline. Eventually, when the parcel is finally sub-
ducted into the main thermocline, the age continues to
increase and roughly measures the elapsed time since
subduction. However, the age tracer does increase at a
slightly faster rate than 1 yr/year due to an enhance-
ment by diffusion from poorly ventilated regions where
fluid is old.

The subduction rate implied by the age field is shown
in Fig. 10b using the diagnostic relationship by Jenkins

(1987):
_h (o)
Sg_f<82) ‘

This elegant relation connects the upstream subduction
rate with the vertical gradient in the age field, 89/0z,
observed downstream modulated by the change in the
planetary vorticity at the outcrop, f,, and at the site of
the observations, f; a derivation of this relation, which
did not appear obvious to us, is given in appendix A.
The subduction estimate based on (5) is noisy until the
float is well within the main thermocline with S5 ~ 50
m/yr in year 4 and slightly decreasing to 40 m/yr by
year 8. This estimate is reasonably close to the previous
kinematic estimate of 60 m/yr; in other cases, there is
similar agreement of within 30%, but it can be larger
or smaller than the kinematic estimate. These differ-
ences may be due to the difficulty in inferring S, due
to the rotation of the velocity field with depth and dif-
fusion of the age field.

The age distribution along the g, = 26.5 surface in
Martch is shown in Fig. 11. The age field appears con-
sistent with the ventilated picture of the gyre; fluid is
subducted in the northeast Atlantic and increasing in
age as it is swept around the subtropical gyre. On this
oy surface, ventilated fluid takes typically 10 years to
pass from the outcrop to the western boundary. Unven-
tilated regions in the western pool and Tropics are
clearly marked by their relatively large age, 10-15
years, which is probably set by the diffusion of younger
age from the surrounding ventilated regions (the max-
imum age in the model integration is 45 years). The
overall pattern of the age distribution is broadly in ac-
cord with that inferred from tritium—helium observa-
tions by Jenkins (1988), although the modeled values
are older than those observed on the o4 = 26.5 surface
and are closer to those on the o, = 26.75 surface. The
observations though do not clearly show the unventi-
lated western pool, perhaps due to insufficient resolu-
tion there or because it is masked by vigorous eddy
stirring (see section 5).

Ventilated fluid appears to have a relatively smooth
age distribution near the outcrop of the o, surface. The
age field does not show any fronts marking a transition
of subducted fluid from one winter to the next (Fig.

(3)
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FiG. 11. Age tracer (years) on the o, = 26.5 surface in March; the
outcrop is indicated by the thick dashed line and 1/7 year marks by
the short dashed lines.

11), whereas they are seen in a mixed layer model
study by Federiuk and Price (1985). Thus, the age dis-
tribution does not appear to show a signal supporting
Stommel’s hypothesis that fluid is only subducted at
the end of winter. The lack of these age fronts in both
the CME and the age observations of Jenkins (1987)
in the beta-triangle site is probably due to the relatively
coarse resolution and diffusive spreading of any age
fronts, rather than implying that subduction acts over
the entire year. This issue is explored further in the
following idealized tracer experiment.

c. Date tracer

We now examine ventilation using an idealized
‘‘date’’ tracer, A, that identifies the timing of subduc-
tion. We can imagine the tracer represents a rainbow
of colored dyes injected into the mixed layer, which
have a value set every year to O at the start of January
and increasing linearly to 1 by the end of December.
The tracer field in the underlying interior is initially set
to an unphysical value of —0.05 and subsequently
evolves as it is advected and diffused from the source
in the mixed layer:

A = —-V-(ud) + V(kVA).

o (6)

The tracer equation is integrated for 10 years using ve-
locity fields taken every 3 days from the final year of
the 1° CME integration; the integration uses an Euler-
forward scheme with “‘upwind’’ differencing, a small
explicit horizontal diffusion of 10 m’s ™', and no ver-
tical diffusion (further details are given in appendix B).

The tracer field on the o, = 25, 26.5, and 27 surfaces
in September of year 9 and the following March of year
10 are shown in Fig. 12. In the figure, the tracer values
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September March
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FIG. 12. Date tracer for the 1° degree model along (a) o, = 25 surface in September of year 9 and March of year 10,
(b) o4 = 26.5 surface in September of year 9 and March of year 10, and (c) o, = 27 surface in September of year 9 and
March of year 10. The date tracer is colored and identifies the time of year fluid is subducted from the mixed layer into
the underlying thermocline; white indicates regions of no tracer in poorly ventilated regions or where the g, surface
outcrops to the north.
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over the physical range 0—1 are colored to correspond
to months; for instance, blue refers to January, green

to March, and red from September to December. White

delineates tracer values less than O or regions where the
oy disappears through outcropping. For reference, the
depth of these o, surfaces are shown in the meridional
section in Fig. 4.

The date tracer on the o, surfaces in September gen-
erally show a broad range in values spanning most of
the year, whereas there is only a limited range appear-
ing in March (compare left and right columns of Fig.
12). In September, the date tracer shows January to
April values (blue to green) over much of the subtrop-
ical gyre with May to September values (light green
through to red) at higher latitudes close to where the
o, surface outcrops in summer and autumn. However,
the winter cooling leads to the mixed layer increasing
in density and the outcrops of the ¢, surfaces moving
equatorward by typically 2000 km from the September
to March positions. This migration of the outcrops is
much larger than the annual particle displacements of
typically 300 km. Consequently, any fluid subducted
in summer or autumn is not swept sufficiently far
downstream to escape being reentrained by the mixed
layer in the following winter—this is the essence of
the Stommel demon mechanism (see Fig. 1). In the
following March, the tracer shows a much reduced
range only extending from January to April (blue to
green in Fig. 12). Thus, the mixed layer in summer and
autumn is not directly coupled with the main thermo-
cline.

On the o, = 25 surface, the ventilation into the main
thermocline only occurs during March and April,
which leads to a broad green region covering the south-
ern edge of the subtropical gyre (Fig. 12a). On the
deeper surfaces, there are also lower tracer values
(blue) that cover the western pool and Tropics on the
oy = 26.5 surface and the interior of the subtropical
gyre on o, = 27 surface. These low tracer values (blue)
are not due to direct ventilation in January or February.
Instead, they are a consequence of the mixing and dif-
fusion between the initial conditions and the ventilated
waters (with typical values of —0.05 and 3/12 respec-
tively). These unventilated regions with spurious low
dates (blue) correspond to the high ages seen in Fig.
11. Therefore, ventilated fluid in the main thermocline
is subducted during the period of March and April. The
lack of a supporting signal in the age field is probably
due to any age fronts being smeared out by diffusion.

The ventilation of the tracer occurs over a decadal
timescale, rather than through a single event in one
year; the spreading of the green dye in Fig. 12, cov-
ering much of the subtropical gyre, is the result of 10
years of ventilation. Temporal variability in the main
thermocline may result from interannual changes in
these end of winter boundary conditions, even though
much of the seasonal cycle is decoupled from the main
thermocline.
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The patterns of the date tracer highlight the different
ventilated and unventilated regimes, as put forward in
the LPS model. The partition between these regimes
changes according to the o, surface in Fig. 12. On o,
= 25, ventilation occurs over most of the surface
(green). On g, = 26.5, there is still extensive ventila-
tion (green), but unventilated regions appear in the
western pool and Tropics (blue). On oy = 27, the ven-
tilation is now confined to a narrow plume (green) en-
tering the interior along the eastern boundary and the
unventilated region (white and blue) expands to fill
most of the gyre.

In the tracer integration, the distinction between the
ventilated and unventilated regimes must eventually
disappear as the whole of the o, surface takes up the
boundary values of March and April. This final state is
suggestive of observed tritium distributions (see Jen-
kins 1988) which after several decades in the ocean no
longer retain a ventilation signal; a decade is suffi-
ciently long for the mixing and diffusion to lead to a
homogeneous field (as argued by Rhines and Young
1982). In contrast, the tritium—helium age does show
a clear ventilation signal, as the helium concentration
is reset to nearly zero whenever it passes through the
mixed layer through outgassing to the atmosphere.

5. Role of eddy stirring

Tracer date experiments were also carried out using
velocity fields from the 1/3° CME calculation, which
had been integrated for 25 years by Bryan and Holland
(1989). At this resolution, the large-scale flow is hy-
drodynamically unstable and comprises a vigorous
geostrophic eddy field, which may stir any tracer fields.
Rhines and Young (1982) argue that lateral fluxes from
eddies homogenize tracers within closed geostrophic
streamlines in unventilated regions. This homogeniza-
tion of potential vorticity has been demonstrated in
quasigeostrophic eddy-resolving models. Cox (1985)
also showed that incorporating geostrophic eddies in a
primitive equation model leads to the potential vorticity
becoming more uniform in ventilated regions; note
though that ventilation alone may also lead to nearly
uniform potential vorticity (Williams 1991). In this
study, we wish now to examine how the eddies affect
the seasonal coupling between the surface and the in-
terior.

The date tracer experiment is carried out in the same
manner as before—the date is set within the mixed
layer and spreads into the interior through advection
and diffusion. The tracer advection uses velocities
taken every 6 days from an annual cycle derived from
the last 5 years of the 1/3° CME integration. The tracer
model is integrated for 10 years with the resulting date
fields for oy = 25, 26.5, and 27 surfaces in September
of year 9 and March of year 10 shown in Fig. 13; this
should be compared with the coarse-resolution results
in Fig. 12.
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FiG. 13. Date tracer for the 1/3° degree model along (a) o, = 25 surface in September of year 9 and March of year 10,
(b) o4 = 26.5 surface in September of year 9 and March of year 10, and (c) o, = 27 surface in September of year 9 and
March of year 10. The color scheme is the same as in Fig. 12.
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In September, there is again a broad range in the
values of the date tracer spanning the seasonal cycle.
The eddy stirring can be vividly seen in Fig. 13a around
the Gulf Stream through the striking ‘‘wind up’’ of the
tracer field. If this eddy stirring is the dominant venti-
lation mechanism, then one might expect to see fluid
from all seasons passing into the main thermocline—
there would either be a rainbow of colors entering the
thermocline or a smearing of the colors into the annual
mean. However, as in the 1° degree model, the seasonal
migration of the outcrops is so large that only March
and April fluid (green) succeed in passing into the main
thermocline; see the extensive green dye spreading
across the thermocline in March in Fig. 13. Therefore,
the seasonal bias in the coupling between the surface
and the interior remains the same, even in the presence
of strong eddy stirring.

The most striking effect of the eddies is the enhanced
tracer transfer into regions that were previously poorly
ventilated, such as the western pool, the shadow zone
along the southern edge of the subtropical gyre, and the
Tropics. Incorporating the eddies has increased the ex-
tent of the March/April fluid (green) on the denser
surfaces probably through a shear—dispersal mecha-
nism, where the tracer is diffused across mean stream-
lines by eddies and then advected by the mean flow
throughout the gyre. The eddy diffusivity is crudely
estimated here from k ~ L*/(wt), which gives k
~ O(1000 m* s "), assuming that L ~ 1000 km mea-
sures the distance the tracer spreads across streamlines
and ¢ ~ 10 years is the timescale of spreading. After a
decade, the pattern of the tracer field does not now
highlight the different dynamical regimes and makes it
difficult to identify where ventilation or eddy stirring
is the dominant process.

6. Conclusions

The seasonal coupling of the mixed layer and the
main thermocline has been studied with kinematic and
tracer diagnostics from a coupled mixed layer—primi-
tive equation model of the North Atlantic (CME). The
mixed layer cycle appears to act as a ‘‘trap door,”” al-
lowing only the late winter properties of the mixed
layer through into the main thermocline. Stommel drew
an analogy with the trap door operated by the demons
introduced by Maxwell in his investigation of the kine-
matic theory of gases. This process is certainly at work
within the CME.

Kinematic diagnostics of the subduction rates and
periods from the 1° CME model broadly resemble those
patterns deduced by MNW using climatological hydro-
graphic and surface fluxes. The subduction rate is en-
hanced over the Ekman pumping in the subtropical
gyre by the lateral induction of fluid through the shoal-
ing mixed layer. The subduction period is generally
short, lasting 1 month after the end of winter over the
subtropical gyre, and becoming somewhat longer to-
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ward the Tropics where the seasonal mixed layer cycle
is less pronounced.

The Stommel] demon mechanism is illustrated using
an idealized tracer experiment in which a rainbow of
colored dyes are added to the mixed layer and allowed
to advect or diffuse into the interior. The experiment
reveals that only tracers originating from the mixed
layer in March or April pass into the main thermocline,
which is due to the seasonal migration of the outcrops
being so much larger than the annual displacement of
fluid parcels. Any other tracer subducted during sum-
mer or autumn into the seasonal thermocline is reen-
trained during the winter cooling and deepening of the
mixed layer. This biased coupling is supported by di-
agnostics of the 7S relation in the CME that show the
properties of the main thermocline matching those of
the winter mixed layer. While the experiments suggest
that much of the seasonal variability in the mixed layer
is decoupled from the main thermocline, interannual
changes in the end of winter conditions may lead to
temporal variability penetrating into the main thermo-
cline.

The subduction process may be modified by the pres-
ence of geostrophic eddies and fronts, which may lo-
cally enhance the subduction rate and perhaps length-
ens the subduction period. However, the date tracer ex-
periments using velocity fields from the 1/3° degree
CME model show that, in an integral sense, gross as-
pects of the subduction process are unaffected. The
geostrophic eddies assist in the lateral spreading of the
tracer but do not alter the seasonal coupling with the
surface.

The transfer of gases between the atmosphere and
the main thermocline will be influenced by the inter-
play between the Stommel demon mechanism and the
air—sea equilibration timescale for the gas. The equil-
ibration timescale of oxygen, carbon dioxide, and ra-
diocarbon for the mixed layer are typically several
weeks, a year, and a decade, respectively (Broecker
and Peng 1982). Consequently, the Stommel demon
should directly infiuence the transfer of oxygen and, to
a lesser extent, that of carbon dioxide (Follows et al.
1995), but is not likely to be relevant for radiocarbon.

While this study has focused on the North Atlantic,
the Stommel demon mechanism is likely to operate
over other ocean basins. In each case, the main ther-
mocline will acquire the water mass properties of the
mixed layer at the end of winter, although this will
appear as ‘‘March’’ waters in the Northern Hemisphere
and ‘‘September’’ waters in the Southern Hemisphere.
Accordingly, climate models should resolve the sea-
sonal cycle or apply end of winter boundary conditions,
otherwise the modeled thermocline will acquire an in-
correct water mass structure.
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APPENDIX A
Tracer-Derived Subduction Relation

Consider the age distribution along a vertical section
in Fig. Al showing a mixed layer overlying a stratified
thermocline—the section is aligned with the back-
ground horizontal flow. For simplicity, assume that the
baroclinic shear is relatively small and that streamlines
connect fluid subducted at f, with downstream obser-
vations where the Coriolis parameter is f.

The vertical spacing Az, between a particle sub-
ducted along g, and the overlying mixed layer is given
by the product of the instantaneous subduction rate S
and the elapsed time, ¢, since the particle was in the
mixed layer. Assuming that the age exactly measures
the elapsed time ¢, then the subduction is given by

__An
g(pl’ﬁ)) ’

Assuming that baroclinic shear and diffusion are not
significant, then the age along streamlines on p,; and p,
should linearly increase with time between the bound-
ary values at f; and the downstream observations at f:

I, f) = Tp2, ) + Ipi, fo)- (A2)

Assuming that the large-scale potential vorticity is con-
served along the streamlines, then the vertical spacing
at fy and f are related by

S, (Al)

FiG. Al. A schematic diagram of a mixed layer and a stratified
thermocline, which shows the age distribution, &, and thickness, Az,
between isopycnals in the thermocline; the vertical section is aligned
with the background flow.
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AZO = %Q AZ.

(A3)
Combining (A1) to (A3) gives the Jenkins (1987) re-
lation between the subduction rate and the vertical gra-
dient in the age field at a downstream location where
the Coriolis parameter is f:

g\
oo B ()"
f \0z
The accuracy of the subduction relation is likely to de-
crease in time as diffusion and baroclinic shear distort

the age field, preventing the age field from being un-
ambiguously connected to the upstream values.

APPENDIX B
Tracer Integration

The date tracer field A, discussed in sections 4 and
5, identifies when fluid leaves the mixed layer and en-
ters the thermocline. The water column is separated
into a mixed layer overlying a stratified interior:

(i) Within the mixed layer, the tracer A is always
set to have the same value as the time of year: O indi-
cates the start of January and 1 the end of December
for every year.

(ii) In the stratified interior, the tracer field A is ini-
tially set to —0.05 and, subsequently, A is found by
solving the advection and diffusion equation:

O0A

B + V-(ud) - V(kVA) = 0.
The tracer spreads into the interior through advection
and diffusion from the source in the mixed layer.

The tracer integration uses 3 or 6 day fields of ve-
locity u, temperature T, and salinity S from annual cy-
cles derived from the 1° or 1/3° CME integrations. The
mixed layer thickness 4 is diagnosed over the year from
the density field, which is calculated from the T and §
fields; k is defined by the depth at which the density
increases by 0.125 kg m ™ from the surface.

The tracer equation is integrated with an Euler-for-
ward scheme using an ‘‘upwind’’ scheme, which is sta-
ble using a time step of 1/3 of a day to satisfy the CFL
condition. The advective and diffusive fluxes are both
set to zero on the coastal boundaries. At every grid
point, the advective flux of the tracer, uA, is found
through each face of a cube surrounding a mass point
using upwind differencing. The divergence of the ad-
vective flux, V- (nA), is then found with volume fluxes
evaluated as in the CME to ensure conservation of
volume.

The explicit diffusivity, k, is chosen to have a zero
vertical value and a horizontal value of 10 m*s™'.
However, there is a larger implicit diffusion from the
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upwind scheme that smears the tracer along streamlines
with a magnitude of 3UAx, which for a flow of U
~ 1 cm s~ and a grid spacing of Ax ~ 30 or 100 km
gives an implicit diffusion of 150 or 500 m? s ~' along
streamlines. '
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