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ABSTRACT

Air-sea interaction influences the ventilated thermocline by forcing the mixed layer to deepen and cool
polewards. When there is flow from the mixed layer into the interior, the mixed-layer depth and density fields
help to set the potential vorticity of the subducted fluid. The importance of this process is assessed by incorporating
a depth-varying mixed layer in a ventilation model which is forced by Ekman pumping and implied surface
heating. The formulation of the ventilation problem is simplified by only allowing density surfaces to outcrop
along latitude circles, and by assuming that there is no zonal inflow along the eastern boundary. The surface
heating enables a cross-isopycnal flow within the mixed layer. The volume of ventilated fluid within the subtropical
gyre is increased by including the depth-varying mixed layer, and this fluid partly originates from the western
boundary, as well as from the Ekman layer. The depth-varying mixed layer increases the depth at which isopycnals
are subducted and changes the value of the potential vorticity injected into the main thermocline. However,
the mixed layer only alters the detail of the general streamline pattern, with an increase in the subducted
potential vorticity leading to the surface flow strengthening and the deeper flow weakening.

1. Introduction

The midocean circulation has been elegantly ex-
plained in terms of a surface wind-stress curl pumping
fluid from an Ekman layer, with water parcels subse-
quently conserving their density and potential vorticity
in the stratified interior (Luyten et al. 1983; hereafter
LPS). The potential vorticity g is defined, with relative
vorticity neglected on the large-scale, by

dp
qa=—f Fyp
Here, f'is the planetary vorticity, z is the vertical co-
ordinate, and p is the density.

The potential vorticity of ventilated fluid may be
expressed in terms of fluid leaving a mixed layer and
entering a stratified interior (Fig. 1). The subducted
isopycnals have a density difference Ap = p, — p, that
is the same as the horizontal mixed-layer density

change p,,(s2) — pm(s1):

(D

9pm
Ap=AsLs. )

i}
Here, s is the horizontal coordinate parallel to the hor-
izontal velocity vector u,, As = s, — s, is the horizontal
change in position, and p,, is the vertically homoge-
neous mixed-layer density. The slope of the subducted
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isopycnals is set by the ratio of the vertical w;, and hor-
izontal u, velocities at the base of the mixed layer z
= —h. For a mixed layer with uniform thickness (Fig.
1a), the vertical spacing between the subducted iso-
pycnals Az = z(p,) — z(p,) is therefore given by

Az=—as22, 3)
Up

Pedlosky et al. (1984) examine this case of a mixed
layer with uniform thickness in an extension of the
LPS model. The subducted potential vorticity, using
(1) to (3), then depends on the planetary vorticity, the
velocity field at the base of the mixed layer, and the
mixed-layer density gradient:

w,° Vo,
Wp

=/ )

where by definition #;3p,,/0s = up+Vp,,. The sub-
ducted potential vorticity is determined in a ventilation
model after solving for the velocity field with an im-
posed Ekman pumping at the base of the Ekman-layer
and surface heating in the mixed layer (see section 3a).

However, air-sea interaction leads to spatial varia-
tions in both depth and density of the mixed layer. In
this more general case, the mixed-layer slope alters the
vertical spacing Az between the subducted isopycnals
p1 and p, (Fig. 1b):

Az = —As(ﬂ + 9—@) .
U, Os

(%)
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FI1G. 1. Schematic diagram showing isopycnals (solid lines) sub-
ducted from (a) mixed layer (dashed line) with uniform thickness (z
= —h), and (b) a depth-varying mixed layer, where the horizontal
coordinate s is aligned parallel to the horizontal flow. The slope of
the isopycnals depends on the ratio of the vertical w, and horizontal
u, velocities at the base of the mixed layer. The vertical spacing Az
between the isopycnals depends on the mixed-layer slope, as well as
the subducted isopycnal slope.

Therefore, the subducted potential vorticity now also
depends on the horizontal advection through the slop-
ing mixed layer (Woods 1985) fusing (1), (2) and (5)]:

_ Uy Vo,
=S o VR

Air-sea interaction also produces a seasonal varia-
tion in the depth and density of the mixed-layer. The
ventilating of the main thermocline is most influenced
by the winter mixed layer, as fluid leaving the winter
mixed layer in summer tends to be reentrained during
the mixed-layer deepening in winter (Stommel 1979).
In the subtropical gyre, the vertical velocity and mixed-
layer depth terms in (6) typically have the same sign
and magnitude assuming that w, ~ —30 m yr™!, the
meridional velocity v ~ —1 cm 57}, and the meridional
mixed-layer slope dh/dy ~ 100 m/1000 km (Fig. 2).
If there is the same velocity field at the base of the
mixed layer, then including this sloping mixed layer

(6)
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over the whole gyre should lead to the subducted po-
tential vorticity acquiring a lower value (6), than for a
mixed layer with a uniform thickness (4).

These mixed-layer hypotheses of Woods and Stom-
mel are illustrated in section 2 by considering the po-
tential vorticity change of an advected water column
(in a dynamically inactive limit) due to its seasonal
mixed-layer cycle, but without including either Ekman
pumping or changes in planetary vorticity.

The dynamical influence of a depth-varying mixed
layer on the velocity and potential vorticity fields is
then assessed using a ventilation model. A continuously
stratified model developed by Huang (1988) is applied,
which 1s an extension of the LPS model, and its con-
trolling equations are derived in section 3. The model
is used to solve for the flow in a subtropical gyre with
an imposed Ekman pumping and mixed-layer field,
which satisfies the requirement of no zonal flow along
the eastern wall (section 4). Although the imposed
mixed layer is rather artificial, the model results do
show how the mixed layer alters the proportion of ven-
tilated fluid, the density structure and the subducted
poteritial vorticity field within the subtropical gyre
(section 5).

'2. Mixed-layer physics

The influence of the mixed layer on the subduction
of potential vorticity is illustrated here by considering
the mixed-layer cycle for a moving water column (fol-
lowing Woods and Barkmann 1988). A one-dimen-
sional, Kraus—-Turner (1967) type, mixed-layer model
is used that solves the density and turbulent kinetic
energy equations for a seasonal timescale (further de-
tails are given in Williams 1988). The model is firstly
tuned for a reference site at 41°N, 27°W in the north-
east Atlantic, where the net annual surface heating is
close to zero, and the horizontal advection and vertical
motion may be neglected (Woods and Barkmann
1986). The model is forced by diurnal solar heating
and climatological monthly surface heat, water and
momentum fluxes. At this reference site, the model
gives a mixed-layer depth and temperature cycle which
is in reasonable agreement with climatological obser-
vations of Robinson et al. (1979) (Fig. 3).

The mixed-layer model is then integrated following
a water column moving from the reference site to a
warmer region. For simplicity, the dynamical changes
from both Ekman pumping and variations in planetary
vorticity are neglected in this section. In this Lagrangian
frame, the surface heating cycle is linearly increased in
time from that at the reference site by an additional
heating reaching 20 W m™2 after one year. This addi-
tional heating leads to the moving water column ac-
quiring a shallower and warmer mixed-layer cycle, as
it moves into the warmer environment (Fig. 4).

The depth of the isopycnals is initially set by the
warming and rapid shallowing of the mixed layer after
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FIG. 2. Observed climatological mixed-layer depth [m] at the end of winter (thin lines) in the
northeast Atlantic, and the annual mean Ekman pumping [m yr~!] (thick lines) in the subtropical

gyre (from Woods 1984).

the end of winter (occurring in March in Fig. 4). This
leads to the potential vorticity (1) being given by the
spring rates of change in the mixed-layer depth and
density (Killworth, personal communication):

dpm [0h
a=f % | 3" @)
Over the following year, most of this fluid remains
in the seasonal thermocline as it is reentrained by the
mixed-layer deepening during the subsequent winter.
However, in this warmer environment, some fluid es-
capes becoming reabsorbed into the mixed layer and
is subducted into the main thermocline.
This subducted layer is bound by density surfaces
from the mixed layer at the end of the current winter

(upper surface) and the previous winter (lower surface).
For example in Fig. 4, the o, = 26.85 layer is subducted
over the first year and is bound by the o; = 26.8 and
26.9 surfaces. This upper bounding ¢, = 26.8 surface
is now deeper, than in the previous spring, due to the
effect of the additional surface heating and the back-
ground turbulent mixing. The mean potential vorticity
over the subducted layer is then controlled by the winter
mixed-layer gradients, rather than by the spring changes
(7). In this case, if the vertical velocity is neglected in
(6), then the mean subducted potential vorticity is given
by

= 0pm
f Lom

dh ‘
3s /55‘— ’ @
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FI1G. 3. Mixed-layer model cycle at a reference site 41°N, 27°W
in the northeast Atlantic, where the net annual surface heating is
close to zero. The daily model values of (a) mixed-layer depth, and
(b) temperature (at 0600 LT), with the climatological Robinson et
al. (1979) monthly observations (crosses).

These different mixed-layer processes are illustrated in
Fig. 4 by the o, = 26.85 layer acquiring a potential
vorticity of g/p = 0.06 X 10~° m~! s™! after the spring
warming and shallowing of the mixed layer, but then
obtains a higher value of 0.13 X 10~ m~! s™! after the
following winter when it is subducted into the main
thermocline. The importance of the winter mixed-layer
fields in setting the mean subducted potential vorticity
is assessed in the following sections using a ventilation
model.

However, the potential vorticity variation within the
subducted layer entering the main thermocline is still
influenced by the spring warming and rapid shallowing
of the mixed layer (7). For the subducted o, = 26.85
layer in Fig. 4, the spring process sets the potential
vorticity within the deeper and denser part of this layer.
In contrast, the potential vorticity is much larger in
the upper part of this layer, through the ¢, = 26.8 sur-
face being deeper at the end of winter, than in the pre-
vious spring, and hence increasing the squashing of the
underlying density surfaces. The subduction of both
these spring and winter thermoclines should then lead
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to bands of low and high potential vorticity entering
the main thermocline. In reality, this variability in the
potential vorticity may help drive mesoscale eddies,
which in turn should eventually smooth out these
small-scale gradients.

3. Ventilation model formulation

The importance of air-sea interaction on the mid-
ocean circulation is assessed by incorporating an im-
posed depth-varying mixed-layer in a ventilation
model. The subducted potential vorticity is now set by
the winter mixed-layer depth and density fields, as well
as by the velocity field and the planetary vorticity (6).
The ventilation model follows the continuously strat-
ified model of Huang (1988), rather than the analytical
layered model of LPS, as it allows more realistic mixed-
layer density and depth changes to be incorporated.

a. Surface boundary layer

The water column consists of a shallow Ekman layer,
embedded within a deeper mixed layer, and a stratified
interior (Fig. 5) (Niiler and Dubbelday 1970). The ve-
locity field is separated into an Ekman flow within the
Ekman layer, and a geostrophic flow throughout the
whole of the moving fluid. The surface winds drive the
Ekman flow and their divergence induces a vertical
velocity w, at the base of the Ekman layer (z = —34).
This Ekman upwelling drives a meridional geostrophic |
transport that satisfies the Sverdrup balance for large-

scale flow:
0
f
vdz = = w,. 9
f 'z 5 w 9

-D

Here, D is the depth of the bowl of moving water, v
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FIG. 4. Mixed-layer model cycle in a Lagrangian frame, where the
water column moves from the reference site to a warmer region,
showing the mixed-layer depth [m] (solid line) and the depth of the
o, = 26.6 to 26.9 surfaces (dashed lines). Over the first year, the o,
= 26.65 and 26.75 layers remain within the seasonal thermocline,
whereas the o, = 26.85 layer is subducted into the main thermocline.
This subducted layer is bound by the o, = 26.9 and 26.8 surfaces,
which leave the winter mixed layer at the start and the end of the
first year, respectively.
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FIG. 5. Schematic north-south section showing the formulation
of the ventilation model (density surfaces are solid lines, depth surfaces
are dashed lines). The water column is separated into a shallow Ekman
layer (z = —8), within a deeper mixed layer (z = —#h), and with a
stratified interior. The Ekman upwelling w, and the surface heating
O, drive a diabatic flow in the mixed layer and an adiabatic flow in
the bowl of moving water (z = —D).

the meridional geostrophic velocity, and 8 the plane-
tary-vorticity gradient. In the mixed layer, the geo-
strophic balance is given by

1 9P

_iop

Um — =
ofay pfox

and the depth-integrated hydrostatic balance by

(10)

(1

Here, g is gravity, P, the surface pressure field, P the
depth-varying pressure field, # the zonal geostrophic
velocity, and p a reference density.

Diabatic heating leads to cross-isopycnal flow in the
vertically homogeneous mixed layer. For an annual
mean steady state, there is a local balance between the
net surface heat flux Q;, into the mixed layer and the
horizontal advection by the Ekman u, and geostrophic
u,, flows:

P(x, y, z) = Py(x, y) ~ pm&2.

0 0 o
f .- Vondz + f U Vomdz = — — Q. (12)
1] ~h Cw

Here, « is the density expansion coefficient for tem-
perature, and C,, is the heat capacity for seawater.
The vertical velocity w, at the base of the mixed
layer (Fig. 1) drives the geostrophic flow in the stratified
interior, and depends on the Ekman upwelling velocity
and the meridional geostrophic transport in the mixed
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layer [which is controlled by the surface heating from

(12)]:
Wy = we—fhﬁ—;dz.

b. Stratified interior

(13)

In the stratified interior, there is no diabatic forcing
and water-parcels conserve their density and potential
vorticity. In this region, the controlling equations are
written in isopycnal coordinates using the Montgomery
potential:

M(x, y, p) = P(x, y, 2) + pgz. (14)
The geostrophic and hydrostatic equations become

1 oM 1 oM
Uuyy=——-———-, UVi=——-7 15
of dy pf ox (13)
and
oM
— =gz (16)
dp

The potential vorticity (1) is related to the Montgomery

potential in isopycnal coordinates by
*M
oM _ e (17
ap q

¢. Boundary conditions

The controlling equations (9) to (17) may be solved
given appropriate upper, lower and lateral boundary
conditions. The lower boundary condition requires that
there is no flow at the base of the moving water (where
p = pg and z = —D). Continuity of pressure and the

-depth of isopycnals implies that the Montgomery po-

tential and its density gradient become the same as the
abyssal values (denoted by subscript @), which may be
written as

3 9
Mpg) = M,, — M(pg) = — M,. (18)
dp dp

The density and pressure are continuous across the
interface between the mixed layer and the stratified
interior. Applying (11) and (14) then gives the matching
boundary condition that the surface pressure is the
same as the Montgomery potential at the base of the
mixed layer:

M(py,) = Ps. (19)

At this interface, the mixed-layer depth is related to

the Montgomery potential from the hydrostatic relation
(16) by

a
— M(prm) = —gh.

% (20)
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In contrast, the LPS and Huang models assume that
the mixed-layer depth is the same as a uniform Ekman
depth (which is set to zero in their coordinate system).

The eastern boundary is assumed to be a wall with
no inflow at each depth level. This leads to the bowl
of moving water surfacing on the eastern wall (at x.),
producing an artificial singularity in potential vorticity,

" and the Montgomery potential satisfying

d 3
— M(x,) = — M,.
dp (xe) dp

M(x,) = M,, (21)
In the mixed layer, there is no geostrophic flow into
the wall, which requires that the mixed-layer depth be-
comes zero on the eastern wall. This boundary con-
dition is a severe constraint on the possible stratification
and the resulting velocity field. In the LPS model, this
leads to the deepest ventilated layer having a stagnant,
shadow zone and the upper ventilated layers having
zero thickness on the wall.

A less restrictive boundary condition is that there is
no depth-integrated inflow on the eastern wall (Ped-
losky 1983). This requirement leads to a surface geo-
strophic inflow and a deeper compensating outflow.
However, the potential vorticity of this outflow needs
to be arbitrarily chosen, which significantly alters the
baroclinic flow in the interior: Pedlosky obtains stag-
nant, shadow zones extending from the eastern bound-
ary in each layer. In this study, we choose to apply the
LPS boundary condition in order to concentrate on
the potential vorticity change from the mixed layer,
rather than that from the eastern boundary. Further
work is clearly necessary in order to have a more re-
alistic stratification on the eastern wall.

The western boundary, on the other hand, is simply
chosen to passively inject the required fluid to satisfy
the ventilated solutions. In reality, the western bound-
ary influences the interior by setting the potential vor-
ticity of unventilated fluid and by helping to control
the outcropping of density surfaces. Unventilated fluid
does not pass through the mixed layer and is assumed
to have homogenized potential vorticity in accord with
the eddy diffusion arguments of Rhines and Young
(1982), and Marshall and Nurser (1986): this fluid is
" either denser than the ventilated layer or is within the
recirculation “pool” along the western side of the gyre.

d. Sverdrup balance

The Sverdrup equation (9) may be written as a bal-
ance between the Ekman upwelling and the meridional
transports within (i) the mixed layer, and (ii) the strat-
ified interior:

P v; S
Udz + f —dp == w,.
‘[oh z fpmq p 6w

The geostrophic transport in the mixed layer is given
by invoking (10) and (11):

(22)
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0
l pm
Ve — 4+ - gh* =),
f_h dz = f(h 2 ¥ ax)
The transport in the stratified interior is obtained by
invoking (15) and (17), and integrating by parts:

s %
Pda

oM 8 a
gl ], oala) ]

Applying the upper and lower boundary conditions
(18) and (20) implies that

oM aM e _
ax dp A

(23)

oM

2
ox - (25)

This horizontal gradient may be transformed from iso-
pycnal to depth coordinates, and then applying rela-

tions (19) and (20) gives
| M| _ 9P,
ax - ox

9bm

p (26)

The Sverdrup transport (22) may be evaluated using
(23) to (26), and rewritten using the hydrostatic equa-
tion dM/dp = gZ, thus

op Pd g
—pr =

ox om ax

£ 2200 =L
bel ax” d”] A
If written this way, the Ekman upwelling balances the
transports associated with (i) the shear within the mixed
layer from its horizontal density gradient, and (ii) the
shear from the deformation of the interior density field
(with an Ekman pumping leading to a southwards flow
and isopycnals deepening westwards).

Integrating the Sverdrup equation (27) from the
eastern wall along latitude circles, applying the no in-
flow boundary condition on the eastern wall [pz(x,)
= pm{Xxc) = pol, and rearranging gives

od i Ipy 2p/? f Xe
2 2 —dx=- dx.
fpm Z%dp +J; Zpa) o dx 28 Jx We

(28)

27

The mixed-layer term in (27) is now absorbed within
the first integral in (28), and the second integral in (28)
may be rewritten in terms of the vertical position Z,
of isopycnals on the eastern wall:

3 pd(Xe) )
f Z%p,) ””dx= f Z2dp.
pd(x)

Then, the zonally integrated Sverdrup equation (28)
becomes

pd pd(X)
[z
om pd(xe)

(29)

Zldp = —

22 (=
26 J; wedx. (30)
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Now, the zonally integrated Ekman upwelling balances
the integrated transport due to the difference between
the shears from the deformation of the interior density
field and that on the eastern wall. This is clearly anal-
ogous to the LPS forcing equation (2.9):

2’—)f2 J*x,
H> - H}?=-
8BAp Jx

where H and H, are the depths of the ventilated layer
in the interior and on the eastern wall, and Ap is the
density difference between the LPS density layers.

Following Huang, the zonally integrated Sverdrup
equation (30) may be further modified for technical
convenience to help obtain ventilated solutions. The
deep unventilated fluid (with p; = p = po) is assumed
to have homogenized potential vorticity gy = —fodpa/
dz, where fj is the planetary vorticity along the northern
edge of the subtropical gyre and dp,/dz is the abyssal
stratification. Integrating the potential vorticity relation
(17) in this homogenized potential vorticity layer (from
the base of the ventilated layer, which has a density po
and a vertical position Z) gives

Wedx

Z=Zo—f-(p—po)- (31)
do

Then, applying the no flow boundary condition on the
eastern wall (21) and ensuring continuity in the depth
of isopycnals leads to

__b, _ S
Zy = qo(Pd Po)(l ﬁ))

Z,= - b (o — po)- (32)
do

The zonally integrated Sverdrup equation (30), after
substituting (31) and (32), becomes

P0 A
[ a0 + %2 11 - 1 - gy
Pm 3 f
_ 2
&B
This is the key equation to be solved in order to obtain
ventilated solutions.

L " wedv. (33)

4. Method of solution

Ventilated solutions are obtained in the subtropical
gyre by imposing the Ekman pumping, the mixed-layer
depth and density fields, and deducing the required
surface heating. The Ekman pumping is chosen to vary
sinusoidally with latitude over a rectangular basin, ex-
tending from 15° to 48°N, 68° to 15°W:

W, = —w, sin(yy). (34)
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Here, w; is the maximum Ekman upwelling, y is zero
on the southern boundary and equals y, on the north-
ern boundary, and v = w/y,.

The mixed-layer density is chosen to vary linearly
with latitude from o, = 25.8 to 27.0 on the southern
and northern boundaries, and to outcrop along latitude
circles. In contrast, Pedlosky et al. (1984) more real-
istically allow the surface heat balance to determine
the outcropping pattern (although with a uniform
mixed-layer thickness). The model parameters are
chosen to roughly correspond to observations of the
subtropical gyre (Table 1).

The imposed mixed-layer depth has to vanish on
the eastern wall in order to satisfy the no inflow bound-
ary condition. As there is no Ekman pumping on the
northern and southern boundaries, the mixed-layer
depth also has to have the same value as on the eastern
wall. In addition, the mixed-layer slope is limited by
the method of solution requiring that there is a south-
wards flow throughout the bowl for Ekman pumping:
if the mixed-layer depth increased too rapidly west-
wards, there would have to be an underlying north-
wards flow in order to satisfy the Sverdrup balance.
The mixed-layer depth is chosen to satisfy these con-
straints and vary in the following way:

h(x, y) = h(y)1 — x/L)'*?

where Ah(y) varies from zero on the northern and
southern boundaries to a maximum interior value of
275 m (Fig. 6), and L is the lateral extent of the gyre.
This imposed mixed-layer depth field is still rather ar-
tificial compared with the observed variation (Fig. 2),
and so the model is most useful for comparison with
other thermocline models, such as the LPS layered
model, the continuous version by Huang, or the sim-
tlarity solution approach of Killworth (1987).

In the model, the ventilated fluid is separated into
discrete density layers that outcrop into the mixed layer.
Following Huang, the model integration is started at
the most northern outcropping surface within the sub-
tropical gyre (Fig. 7a), with only a single ventilated
density layer. The vertical position Z, of the base of
the ventilated layer is obtained at each gridpoint by
solving the zonally integrated Sverdrup balance (33):

(35)

TABLE 1. Model parameters.

Variable Symbol Value

Maximum Ekman upwelling Wo 60 m yr~!
Zonal extent L 5000 km
Meridional extent Vn 3670 km
Maximum mixed-layer depth h 275 m
Homogenized potential vorticity G0/ 10X 1079 m™! 57!
Relative meridional positions:

maximum mixed-layer depth Yl Vn 0.74

maximum Sverdrup transport Yoo/ Vn 0.59

maximum Ekman pumping Yex/Vn 0.50
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FIG. 6. The imposed mixed-layer depth field [m], which is con-
strained to be zero on the eastern wall in order to satisfy the no inflow
boundary condition.

f Z2dp +q° X [1— -7/

= £2 X,
== 2pf f Wedx.
g8 Jx

In this ventilated density layer (Fig. 7b), the Mont-
gomery potential M, is obtained by ensuring continuity
in M along the interface between the ventilated and
unventilated fluid [integrating relations (31) and (32),
and applying the no flow eastern boundary condition
(21)] to give

doZo”

g
M= ((ﬁ) s

The subducted potential vorticity is deduced from the
vertical spacing between the mixed layer and the un-
derlying density surface:

ApZo) . (36)

Ap
[Zi—a| = h°

Here, the vertical position of the underlying density
surface is Z;_,, k is a vertical counter, and Ap is the
density difference between the ventilated density layers.
The functional relationship between the Montgomery
potential M, and the potential vorticity g, is then set
for this density surface.

The integration is continued further south along ev-
ery outcrop surface in the gyre and an iterative ap-
proach is applied at each gridpoint:

a=f 37

(1) the vertical position Z, of the base of the venti-
lated-layer is estimated,

(ii) this is related to the Montgomery potential M,
in the deepest ventilated density layer by applying the
lower boundary condition (36),

(iii) the Montgomery potential for shallower density
layers is obtained by integrating upwards using (17)

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 19

where the relationship between M and g for each p
surface is found according to their values subducted at
a higher latitude (Fig. 7c) (like LPS, this applies the
conservation of g and p along trajectories for adiabatic
flow); any shallow unventilated fluid (with p < p) that

. does not pass through the mixed layer is assumed to

have the same ¢ as on the most western, ventilated
trajectory for that density surface (this is the western
“pool” region of the LPS solutions),

(iv) the implied transports are calculated from the
Montgomery potential field and are compared with
the zonally integrated Sverdrup balance (33), if this
constraint is not satisfied, then the choice in the depth
of the ventilated layer is adjusted and the process is
repeated,

a)

b) y=y,
mixed .
layer ’%Pm(yo /
/7
(.
ventilated P,
layer
L]
z z=-D
X
c)y=Ya
7
mixed /( )
layer ? //’“ Yz
-h

ventilated Z,
layer

Zo
|

X

FiG. 7. Schematic diagram illustrating the method of solution: (a)
a plan view of the subtropical gyre, showing the northern outcropping
density surfaces along y; and y, (thick solid lines) with their streamlines
(thin solid and dashed lines), (b) a vertical section at y,, where the
¢, and M, values for the p, layer are obtained after solving the Sverdrup
equation, (c) a vertical section at y,, where the ¢, and M, values for
thie p, layer are obtained after solving the Sverdrup equation and
using the functional relationship between ¢, and M.
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(v) the potential vorticity subducted at this outcrop
is deduced from the upper boundary condition (37),
which again sets the functional relationship between
M and g for this density surface,

(vi) the implied heat input (12) is finally deduced
from the meridional cross-isopycnal flow in the surface
boundary layer,

0 0 dp,, o
(J‘—a v.dz + f_h vde) d_y = 'CTinn

where the imposed meridional Ekman volume flux per
unit length is given by

(38)

0 Wo
f v.dz = 7 cos(vy).

-6

5. Ventilation model results
a. Partition of flow

The moving fluid in the subtropical gyre may be
separated into that originating from the Ekman layer
and that from the western boundary. The volume flux
from the Ekman layer into the subtropical gyre is given

by
Yn  [Xe
F,=— f f Wedxdy.
0 0

The volume flux from the western boundary is given
by

(39)

0 Vn
F, = f unwdydz. (40)
—D Vyu(2)
Here, the zonal inflow u,(y, z) from the western
boundary vanishes at a position y,(z) along the western
edge of the gyre.
The ratio of the flux from the Ekman layer to the
total flux into the whole gyre is given by the recircu-
lation index:

—— Fe
F,+F,’

The recirculation index varies principally with the
planetary vorticity change across the gyre and the pat-
tern of the wind-forcing. In this study, the recirculation
index is only O(2/5) with the Ekman flux smaller than
the flux from the western boundary (Table 2); here, a

R, 41)

TABLE 2. Partition of flow in the subtropical gyre.

Volume flux into the gyre Variable Value (10° m®s™')
Ekman pumping flux F, 22
Western boundary flux F, 33
Total flux F,+ F, 55
Ventilated flux F,+ R,,F, 30
Unventilated flux (1 = R,)F, 25
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FIG. 8. Schematic diagram showing the partition of the western
inflow in the subtropical gyre. The flow from the western boundary
u,(y, z) may be separated into ventilated fluid, which passes through
the mixed layer (dashed line) and has its potential vorticity set upon
leaving it, and unventilated fluid that has its potential vorticity set
by the western boundary.

beta-plane approximation and a sinusoidal wind-forc-
ing are applied.

Rhines (1986) therefore argues that LPS overem-
phasize the importance of the ventilated fluid origi-

G
-
ol
Q
[
o
600 L 1 1
3000 2000 1000 0
<«— Y (km)
®) o -
\ ’A
N -
100} \. e
N .
SN LT
E 200¢ N PR
~ | . P
€ 300}
[«
2 I
T 400
500}
600 1 1 1 "
3000 2000 1000 0
<«— Y (km)

HG. 9. North-south section showing the depth of the o, = 27.0,
26.7, 26.4 and 26.1 surfaces (solid lines) within the ventilated layer
along the western edge of the subtropical gyre with (a) no mixed
layer, and (b) a depth-varying mixed layer (dashed line). The deepest
isopycnal shown is at the base of the ventilated layer.



1264

nating from the Ekman layer, as most of the moving
fluid in fact comes from the western boundary. How-
ever, when there is a depth-varying mixed layer, ven-
tilated fluid partly comes from the western boundary,
as well as from the Ekman layer. The ventilated pro-
portion of the zonal inflow that passes through the
mixed layer (Fig. 8) is given by

'Vn '"Yn
R, = fo f u.dydz / fo f u,dydz (42)
~h Jye(2) —D Jya(2)

with the imposed mixed-layer depth being a maximum
along the western edge of the gyre.

This ratio varies almost linearly with changes in the
imposed mixed-layer depth, and is O(1/4) for a max-
imum mixed-layer depth of 275 m. Consequently, the
ventilation ratio now becomes different to the recir-
culation index (41) and is given by

R, = F,+ R,F,

, *  F.+F,
The ventilation ratio becomes O(11/20) here, and this
fraction of the total flow into the gyre passes through

the mixed layer and has its potential vorticity set upon
leaving it (Table 2).

43)

(a)

(b)

FG. 10. Perturbation Montgomery potential (solid line) {10° N
m™2] and depth contours (dashed line) [m] along the o, = 26.7 surface
in the ventilated layer of the subtropical gyre with (a) no mixed layer,
and (b) a depth-varying mixed layer.
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(a)

(b)

FIG. 11. As in Fig. 10, except for the o, = 26.4 surface.

b. Ventilated layer results

In the subtropical gyre, the Ekman pumping drives
a southwards Sverdrup transport and forces the ven-
tilated layer to dome downwards reaching a maximum
depth along the western edge of the center of the gyre.
In the LPS and Huang models, isopycnals outcrop at
the surface (or into a mixed layer with uniform thick-
ness), whereas more realistically they outcrop into a
depth-varying mixed layer (Fig. 9). In the depth-varying
case, the isopycnals are subducted at much greater
depths within the ventilated layer, although the depth .
of the moving fluid and the base of the ventilated layer
(deepest isopycnal shown in Fig. 9) become slightly
shallower in compensation. This leads to a net
“squashing” of isopycnals, which increases the sub-
ducted potential vorticity by typically up to a factor of
2 within the ventilated layer.

The general streamline pattern shows a western in-
flow into the northern part of the subtropical gyre, and
an outflow from the rest of the gyre. The Montgomery
potential field along the subducted density surfaces is
hardly changed by the depth-varying mixed layer, even
though the depth of the density surfaces is increased
by typically 100 m (Figs. 10 and 11). The Montgomery
potential increases westwards along the subducted
density surfaces, whereas the potential vorticity gen-
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erally decreases westwards away from an infinite value
on the eastern wall. The depth-varying mixed layer al-
ters their functional relationship by increasing the value
of the subducted potential vorticity (Fig. 12); in fact,
the imposed mixed layer deepens westwards so rapidly
along the o, = 26.7 surface that the potential vorticity
unusually increases westwards along part of this surface.

The depth-varying mixed layer alters the baroclinic
flow by increasing the depth of isopycnals within the
ventilated layer. This increases the vertical shear, which
strengthens the surface flow and in compensation
weakens the deeper flow (Fig. 13). The surface flow
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FG. 12. Perturbation Montgomery potential [N m™2] and potential
vorticity Q = q/p [m~! s~'] relationship with no mixed layer (dashed
line) and a depth-varying mixed layer (full line) along (a) o, = 26.98,
(b) ¢, = 26.7, and (c) o, = 26.4 surfaces, which outcrop at y/y, = 0.98,
0.75 and 0.5 in the subtropical gyre.
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(a)

(b)

FIG. 13. The perturbation pressure fields at the surface (solid line)
and a depth of 500 m (dashed line) [10° N m™?] in the subtropical
gyre with (a) no mixed layer, and (b) a depth-varying mixed layer.

appears to swing to the west sooner from the increase
in the subducted potential vorticity, which is consistent
with the heating experiments of Pedlosky (1986). These

u {cm/s) —»
-0.5 [¢]

- T T T T

v (cm/s) —»

RG. 14. The beta spiral in the center of the subtropical gyre with
the depths marked in units of 200 m over the upper 1'km for (a) no
mixed layer (dashed line), and (b) a depth-varying mixed layer (full
line).
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FIG. 15. The implied surface heat flux from the atmosphere into the
depth-varying mixed layer [W m™2].,

velocity changes correspondingly alter the beta spiral
of the flow (Fig. 14).

The surface flow is diabatically modified by the sur-
face heating, which leads to the meridional cross-iso-
pycnal flow within the mixed layer (Fig. 15). The hor-
izontal Ekman flux enhances the southwards geo-
strophic flux in the northern half of the gyre, but
opposes it in the southern half. Consequently, there is
an implied surface heating of the cooler water moving
south over most of the subtropical gyre, but there is
also a cooling of the warmer water forced northwards
along the southern edge of the gyre. The implied max-
imum surface heating of 18 W m™2 is consistent with
the annual mean climatological observations (Isemer
and Hasse 1987), however this may be fortuitous given
the simplicity of the ventilation model.

6. Discussion and conclusion

Air-sea interaction influences the ventilation of the
main thermocline by making the mixed layer deepen
and cool polewards. In the subtropical gyre, ventilated
fluid has its potential vorticity set upon leaving the
mixed layer and entering the stratified interior. The
ventilation of the main thermocline is most influenced
by the winter mixed-layer fields, as water-parcels leav-
ing the summer mixed layer tend to be reentrained
during the winter mixed-layer deepening. The sub-
ducted potential vorticity in the main thermocline is
then set by the winter mixed-layer depth and density
gradients, as well as by the Ekman pumping, the geo-
strophic flow and the planetary vorticity. This potential
vorticity field helps to determine the baroclinic struc-
ture of the gyre, although there will be competition
from eddy processes tending to homogenize the poten-
tial vorticity. This ventilation mechanism must also
be important in controlling the injection of passive
tracers, such as CO; and tritium, from the mixed layer
into the main thermocline. In contrast, the mixed layer
is relatively passive in the subpolar gyre, as the Ekman
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upwelling leads to a flow from the interior into the
mixed layer, ard the potential vorticity field is set en-
tirely by the western boundary.

A ventilation model is used to assess the influence
of an imposed mixed layer on the geostrophic flow in
a subtropical gyre. The ventilated fluid passes through
the mixed layer and partly originates from the western
boundary, as well as from the Ekman layer. In this
study, the ratio.of the ventilated flow and the total flow
into the gyre is increased from O(2/5) for a mixed layer
with a uniform thickness to over O(1/2) for a depth-
varying mixed layer. The isopycnals are now subducted
at much greater depths from the depth-varying mixed
layer, and the base of the ventilated layer becomes
slightly shallower in compensation, which increases the
value of the subducted potential vorticity. However,
the potential vorticity change surprisingly only modifies
the detail of the general streamline pattern. Instead,
the functional relationship between the Montgomery
potential and the potential vorticity is substantially
changed along each subducted density surface. The in-
crease in the subducted potential vorticity does slightly
increase the baroclinic shear, with the surface flow be-
coming stronger and the deeper flow weaker.

The ventilation model results are strongly con-
strained by the applied boundary conditions. The im-
posed mixed-layer depth field is limited by the choice
of no inflow on the eastern wall, which requires that
the mixed-layer depth vanish there. The density sur-
faces are also only allowed to outcrop along latitude
circles. In reality, there are higher order dynamical bal-
ances along the eastern wall producing a more realistic
stratification, and the flow may advect the mixed-layer
density field leading to a different outcropping pattern.
Including these processes that allow a more realistic
mixed layer (such as deepening polewards throughout
the gyre) may lead to a different subducted potential
vorticity field and perhaps larger changes in the baro-
clinic structure of the gyre.
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