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Buoyancy-driven circulation as horizontal convection
on B-plane

by Nobuo Suginohara' and Shigeaki Aoki’

ABSTRACT

The nature of the steady buoyancy-driven circulation is investigated using multi-level
numerical models. An ocean which extends over the northern and southern hemispheres is
forced by cooling in a confined region and heating in the rest of the ocean through the sea
surface. As is already known, the circulation and associated thermal structure strongly depend
upon the effect of the vertical diffusivity. This nature of the buoyancy-driven circulation is
found in the thermodynamic balance. The vertical diffusion plays an essential role in the whole
ocean domain. In counterbalancing the vertical diffusion, the horizontal advection at the
deepest levels and the vertical advection in the rest of the interior region plays a dominant
role. Thus, horizontal transport of cold water from the convective (cooling) to the diffusive
(heating) region occurs mainly in the lowest part of the deep water. It is a natural consequence
of predominance of the vertical diffusion that the buoyancy-driven circulation has a significant
vertical shear well below the thermocline; the Stommel and Arons pattern for the deep
circulation tends to be confined in the lower part of the deep water.

Details of a set of alternating zonal jets along the equator and associated meridional
circulation are obtained and discussed, and dependence on diffusivity and viscosity is also
discussed.

1. Introduction

The ocean general circulation may be divided into wind-driven and thermohaline
circulations in terms of the forcing agencies, although superposition is not possible
due to nonlinearity of the system. Progress on the development of a theory for the
thermohaline circulation has lagged behind that for the wind-driven circulation. This
can be attributed to a number of the fundamental features of the thermohaline
circulation which inhibit both observations and analysis of the appropriate systems of
equations. These include the extreme asymmetry between the downwelling and
upwelling branches, the extremely long time scales and essential nonlinearity of the
thermodynamic balance. The asymmetry is a fundamental characteristic of the
thermally driven circulation in the ocean or analogous laboratory systems (Stommel,
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1962; Rossby, 1965). Sinking motions occur in very confined regions, and in fact are
very rarely observed in the ocean. Consider an ocean where heat enters and leaves
through the sea surface. It is in effect added by conduction and eliminated by
convection. Thus, the asymmetry is maintained by relative efficiencies of heat
transfer by convection to that by conduction, and the thermocline is a natural
consequence of the thermohaline circulation. Heat is carried horizontally from the
diffusive (heating) to the convective (cooling) region. This certainly indicates the
importance of nonlinearity in the thermodynamic balance.

There are several forerunners of the present work. Among them the following
works are particularly informative. Bryan (1987) demonstrated strong dependence of
circulation on the effect of vertical diffusivity in a general circulation model, i.e., with
increasing diffusivity, the thermocline deepens and the circulation becomes stronger.
Colin de Verdiére (1988) studied the thermohaline circulation within the context of
planetary geostrophy, and demonstrated detailed dependence on the diffusivity
although a convincing explanation for its physics was not given. Suginohara and
Fukasawa (1988) (hereafter referred to as SF) intended to interpret and improve the
far-reaching idea of the deep circulations of Stommel and Arons (1960). Using a
multi-level numerical model, they studied an ocean initially filled with a homogenous
warm water driven by a prescribed cold water formation inside the ocean in the
southern part of the southern hemisphere. Set-up of deep circulation is clearly
demonstrated in their model as follows. Density currents which tend to conserve
potential vorticity play an essential role in establishing the thermal structure. Cooling
of the whole ocean starts with introduction of the cold water from the formation
region into the deepest part of the ocean in the equatorial and eastern boundary
regions by Kelvin wave-type density currents. The cold water along the eastern
boundary extends westward as a Rossby wave-type density current setting up the
interior poleward flow, and hits the western boundary to form a northward flowing
boundary current in the northern hemisphere. Only then does the western boundary
current cross the equator. Cooling of the rest of the ocean basin is accomplished by
upwelling in the interior and also along the coasts. An important result of their
model is that the thermal structure is formed even in the deep water as the cold water
is mixed with surrounding warm waters during the introduction, and the resulting
circulation at a steady state has a significant vertical structure such that the maximum
upwelling in the interior occurs in the mid-depths. Thus, they indicate that the
Stommel and Arons pattern tends to be confined in the lower part of the deep water.
Also they pointed out that cooling in the equatorial region occurs in a different way
from off the equator, i.e., higher vertical mode motions dominate forming a set of
alternating zonal jets along the equator, since motions in the equatorial region are
free from the geostrophic vorticity constraint. However, the thermal structure
obtained in their model cannot be directly compared with that of the real ocean,
because the upper part of the model ocean is poorly resolved.
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Figure 1. Schematic view of the model ocean.

Thus, the works of Bryan, Colin de Verdiére and SF indicate that it is necessary to
investigate the nature of the thermohaline circulation more thoroughly by taking
finer vertical resolution for both the upper and lower parts of the ocean as well as fine
resolution in the horizontal directions. And the new findings of SF such as a set of
alternating zonal jets along the equator and the significant vertical shear in circula-
tion in the deep water need to be clarified.

In the present paper, using multi-level numerical models constructed in the way
discussed above, a thorough discussion of the steady thermohaline circulation will be
given though effects of salinity are not considered. We regard the buoyancy-driven
circulation as horizontal convection on a B-plane. An ocean which extends over the
northern and southern hemispheres is forced by differential heating through the sea
surface. Cooling in the confined region and uniform heating in the rest of the ocean is
imposed. The uniform and broad heating will help to avoid complexities which
originate from the differential heating distributed over the whole ocean surface.
Several case-studies are made to understand dependence on diffusivity and viscosity.
A case where the cold water is formed inside the ocean as in SF is also studied, and
an intuitive picture of the basic dynamics of the horizontal convection will be
presented. Only the steady state solution will be discussed because the essential
features of set-up of deep circulation have already been given in SF.

2. Model

We consider a rectangular ocean which extends over the southern and northern
hemispheres as shown in Figure 1. The latitudinal width is 3000 km and the
longitudinal width is 6000 km. The ocean has a flat bottom and is 4000 m deep. We
use a rectangular coordinate system on an equatorial B-plane with x eastward, y
northward and z vertically upward from the mean sea surface level. Let u, v and w be
the components of velocity in the x, y and z directions, respectively, P the pressure
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and p the density. The equation of motion and the hydrostatic relation under the
Boussinesq approximation are

ou u ou ou 1 9P Aa AV
at+u8x+v6 +waz— —poa+ V82+ ni,
v v v v 1 9P AaZv AT
PR +vay+w +fu= an+ vt
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and the continuity equation is

u ov ow

atyta=l
where 4, and A, are coefficients of the vertical and horizontal eddy viscosity,
respectively, p, the mean density over the whole depth, g the acceleration of gravity,
V, the horizontal gradient operator, and f(=8y) the Coriolis parameter. The
equation of density under the assumption that density and temperature have a linear
relation is

6p ap ap ip K, 0 ap
—tu—Hv—t+w—=—
e TVt =5 o H KuVie,
where K, and K, are coefficients of the vertical and horizontal eddy diffusivity,
respectively. And 8, a convective adjustment parameter used to maintain a stable
stratification, is defined by

1,if dp/oz < 0
0, if p/az > 0.

At the sea surface, the density flux

Y.
poc,,(p p)

is imposed, where C, is the specific heat at constant volume, p the density at the sea
surface and vy, = 50 cal (°C cm’ day) . The reference density, p* is a function only of
latitude and is distributed such that cooling takes place in the confined region (Fig.
2). The maximum value of p* at the southern edge of the basin is 30.0 in ¢, units, and
the uniform value outside the formation region is 24.0 in ¢, units. On the side walls
and bottom the normal gradient of density is zero so that there is no density flux
across these boundaries.
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Figure 2. Meridional distribution of the reference density, p* in o, units.

At the sea surface the wind stress is not taken into consideration. Friction is
considered at the bottom (see SF). The side walls are the no-slip boundaries.

As the initial condition a weakly stratified ocean is considered to suppress density
currents with large amplitude as discussed in SF. It should be remarked that a steady
state solution does not depend on the initial condition at least within our parameter
range.

The numerical method used in this study is that of SF. It should be remarked that a
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Figure 4. (a) Meridional circulation, zonal flow and density fields along the meridional
sections, x = 50 and 1500 km (b) the zonal circulation, meridional flow and density fields
along the zonal sections, y — 1000, 0, 1000 and 2000 km. For the zonal flow, the contour
interval is 0.5 cm s™! and the shaded areas indicate the westward flow. For the meridional
flow, the contour interval is 0.5 cm s~ and the shaded areas indicate the southward flow. For
the density, the contour interval is 0.2 in o, units, and shaded areas indicate o, greater than
28.03.

weighted upcurrent scheme is taken for the vertical advection term in the density
equation, where the weight which is constant in the whole domain is determined
empirically not to induce false increase or decrease of density at every grid point.
Weaver and Sarachik (1990) pointed out that insufficient vertical resolution for the
centered difference scheme sometimes leads to computational equatorial cells.
Adoption of the weighted upcurrent scheme can avoid this as discussed in Sugino-
hara et al. (1991a). Also the density grid points are located on the equator to obtain
better horizontal resolution for equatorial phenomena.
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Figure 4. (Continued)

In the horizontal directions, the grid interval is taken to be 100 km. There are
twelve levels in the vertical direction as shown in Figure 3. To accelerate the
calculation and to reach a steady state efficiently, Bryan’s accelerating method
(Bryan, 1984) is adopted except in the initial transient stage. Calculations are carried
out until a thermally and dynamically steady balance is established.

The following values are used for the numerical calculation: p, = 1.0gcm™; g =
2x10 % em™ s, K, =4 x 107 cm?s™, and A,, = 8 x 10" cm*s™". The coefficients K,
and A, are taken to be 0.2 cm’ s for weakly diffusive (viscous) experiments and
1.5 cm®s™* for diffusive (viscous) experiments.

3. Result
a. Case of K, = A, = 1.5 cm’ 5. Calculation was made for more than 4,000 years to
entirely cover the vertical diffusion time scale. At the end of the calculation, the net
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Figure 4. (Continued)

density flux through the sea surface is almost zero and no trends can be seen in
density and velocity fields.

To see the basic features of the steady state solution for the present model, the
density and velocity fields along the meridional sections (a) and those along the zonal
sections (b) are shown in Figures 4a and b. Also plotted are the horizontal velocity
fields (a) and horizontal distributions of density (b) and vertical velocity (c) in
Figures 5a, b and c. As is clearly seen in the meridional sections, the heaviest water
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Figure 4. (Continued)

which is formed at the southern end of the ocean occupies most of the ocean basin.
Above the deep water at depths shallower than 300 m the thermocline is formed and
uniformly distributed except in the differential cooling region. The maximum vertical
gradient of density is present at the surface and decays monotonically below.

The flow pattern at the depth 3750 m in Figure 5a represents the circulation in the
lower part of the deep water (see also Figs. 4a and b). In the deep convection region
where the deep water forms, the westward flow dominates and feeds the northward
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Figure 5. (a) Horizontal velocity fields at the depths 85 m, 525 m and 3750 m; (b) horizontal
distribution of density at the depths 525 m and 3750 m and (c) and vertical velocity at the
depth 650 m. For the density the contour interval is 0.02 in o, units for 525 m and 0.002 for
3750 m. For the vertical velocity, the contour interval is 5 X 107" em s™! and shaded areas
indicate upwelling.

flowing western boundary current which crosses the equator feeding the interior
eastward flow with the poleward component. In the northern part of the northern
hemisphere, there exists a cyclonic circulation where the western boundary current
flows southward. The latitude at which the northward and southward flowing
western boundary currents meet is the center of the northern hemisphere. This is a
case where the interior upwelling velocity is almost uniformly distributed and the
flow is in geostrophic balance (Kawase, 1987). The western boundary current
accompanied by the offshore countercurrent looks like that of the Munk layer type
(Munk, 1950), i.e., the width is O((4,/B)"*) and is independent of latitudes (see also
Fig. 4b). The boundary current also accompanies marked vertical motions in the
region close to the coast as seen in Figure 4a. That is, the northward flowing current
accompanies upwelling in the southern hemisphere and downwelling in the northern
hemisphere, and the southward flowing current accompanies upwelling. It also
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accompanies vertical motions in the offshore region whose sense is opposite to that in
the inshore region as seen in Figure 4b. The western boundary current from the
southern hemisphere feeds the concentrated eastward jet along the equator at the
bottom level when it crosses the equator. The horizontal distribution of density at the
depth 3750 m in Figure 5b leaves traces of the way the ocean was cooled as
demonstrated in SF.

In the upper part of the deep water even well below the thermocline, the flows
reverse, which is clearly seen in the flow pattern at the depth 525 m in Figure 5a.
This, with the meridional and zonal sections, demonstrates that the circulation in the
deep water has a significant vertical structure such that the maximum upwelling in
the interior occurs not within the thermocline but in the mid-depths. The southward
flowing boundary current feeds the eastward flow along the equator. The horizontal
field of density at the depth 525 m in Figure 5b shows that the flow is in thermal-wind
balance. The circulation in the thermocline which is represented by that at the depth
85 m in Figure 5a is stronger and tends to compensate flows in the lower part of the
deep water. In the deep convection region in the southern part of the basin, the
eastward flow dominates and is a continuation of the southward flowing western
boundary current which extends to the northern hemisphere crossing the equator
and is fed by the interior westward flow with the equatorward component (see Fig.
5a). In the northern part of the northern hemisphere, there exists an anticyclonic
circulation. The total transport is almost zero except in the western boundary current
and the zonal jets along the equator, which reflect the fact that the motion in the
interior is in geostrophic balance and satisfies the geostrophic vorticity balance,
Bv = f aw/dz. As seen in the horizontal distribution of the vertical velocity at the
depth 650 m in Figure Sc, the vertical velocity in the interior is, in general, upward
(upwelling) except in the formation region where strong downwelling occurs espe-
cially along the southern and eastern boundaries. Waters upwelled in the interior
flow back to the deep convection region as the southward flowing western boundary
current in the upper part of the ocean, and go down to the lower part along these
boundaries. It is also seen at this depth that the western boundary current has the
double structure with respect to the vertical motion.

The zonal section along the equator and also the meridional sections (Fig. 4)
clearly show that a set of alternating zonal jets along the equator forms. The eastward
jets are fed by the western boundary currents (see Fig. 5Sa). The lower westward jet is
fed by the strong upwelling from below and weak downwelling from above along the
equator, and the upper westward flow is fed by the interior flows (see Fig. 5a). The
speed of the jets is stronger on the western side. As clearly seen in the meridional
section at the center of the basin, the lower two jets are associated with a pair of small
overturning cells close to the equator, i.e. the strong upwelling at the equator and
downwellings on both sides of it. The meridional flow is convergent at the bottom
level which is the core of the eastward jet and divergent at depth 2000 m where the
core of the westward jet is. The convergence and divergence are linked by the strong
upwelling all along the equator. As for the upper two jets, they are associated with
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Figure 6. Terms in the density equation alongy = 1000 km (upper) and along x = 1500 km
(lower) at the depths 525 m (a) and 3750 m (b). HA and HD are for the horizontal advection
and diffusion term, and VA and VD for the vertical advection and diffusion term. The unit
of the ordinate is 10 s™ + o, for the depth 525 m, and 107"*s™" - o, for the zonal section and
10™"'s™" - ¢, for the meridional section for 3750 m.
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Figure 7. Terms in the vorticity balance at the depth 3250 m alongy = 1000 km (upper) and
alongx = 1500 km (lower). P is for the planetary vorticity advection, Bv, S for the vorticity

stretching, fow/az, D for the horizontal diffusion of the vorticity, and N for the nonlinear
terms. The unit of the ordinate is 107 s™2

convergent meridional flows. It should be remarked that there exists a marked zonal
density gradient even in the deep water (see Fig. 5b).

Each of the terms in the density equation is plotted in Figures 6a and b for the
zonal section in the northern hemisphere and for the meridional section at the center
of the ocean at the depths 525 m (a) and 3750 m (b). For most of the interior, at the
thermocline depths, the dominant balance is between the vertical diffusion and
vertical advection terms, although only the advection terms dominate in the balance
for the flux type representation of the density equation in SF. This balance, wap/dz =
K,0%p/0z* explains why the maximum upwelling occurs not within but below the
thermocline. The bottom level has a different balance from that at the thermocline
depths; the balance is between the horizontal advection and vertical and lateral
diffusion terms. Importance of the horizontal advection is also understood when
comparison is made between the flow pattern and the density distribution at the
bottom level (Figs. Sa and b). The horizontal advection also plays a role at the level
just above the bottom level. Near the lateral boundaries, the lateral diffusion plays an
important role in the balance, which may suggest the existence of the boundary layer
of Warren (1976). The vertical advection at the thermocline depths and the horizon-
tal advection at the bottom level makes a major contribution to the balance against
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For the zonal flow, the contour interval is 0.5 cm s™' and the shaded areas indicate the
westward flow. For the density, the contour interval is 0.2 in o, units and the shaded areas
indicate g, greater than 28.03.

the lateral diffusion. In the equatorial region, the enhanced vertical advection and/or
horizontal advection is counterbalanced by the lateral diffusion. In the southern
hemisphere where the differential cooling takes place, the lateral diffusion counter-
balances the enhanced vertical and horizontal advection. It is understood that the
vertical diffusion plays an essential role in the whole ccean domain.

The terms in the vorticity balance at the depth 3250 m are plotted in Figure 7 along
y = 1000 km and along x = 1500 km. For most of the interior, the geostrophic
vorticity balance, Bv = f ow/dz holds. Near the western boundary, lateral friction
plays an essential role. In the equatorial region the lateral friction becomes impor-
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Figure 9. As in Figure 8 but for the case of 4, = K, = 0.2 cm’ s™". For the density the shaded
areas indicate o, greater than 28.973.

tant. It should be remarked that the vertical friction is not important in the balance.
As for the momentum balance in the equatorial region, the flow is basically in
geostrophic balance except at the equator where the vertical and lateral friction
counterbalances the zonal pressure gradient.

The zonally integrated continuity equation allows us to define a stream function
for the meridional circulation,

- ap — Y

= — — L = —

vL e 3y’
where the over-bar denotes the zonal average and L is the zonal extent of the ocean.
Figure 8 shows the zonal-mean meridional circulation, and zonal averages of density
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Figure 10. Horizontal distribution of the density flux through the sea surface for the case of

A, =K, = 1.5 cm®s™* (left) and for the case of 4, = K,, = 0.2 cm® s™* (right). The contour
interval is 5 X 107 cm s™' - o, units. Shaded areas indicate the density flux out of the ocean.

and zonal flow. Strong upwelling in the southern hemisphere is almost entirely due to
the western boundary current, while the upwelling in the northern hemisphere
reflects the interior flows because the western boundary current in the southern part
of the northern hemisphere flows northward with marked downwelling. It is easily
recognized that the pattern of the stream function represents the basic nature of the
circulation induced by the surface cooling. The deep water forms in the very confined
region at the southern end of the ocean and spreads toward the north gradually
upwelling; there is a singularity in the equatorial region where a pair of small
overturning cells form. It should be remarked that there is a southward return flow
well below the thermocline. Also the zonally average fields for density and zonal flow
reflect the characteristics of the thermohaline circulation (compare with Fig. 4a).

b. Case of K, = A, = 0.2 cm’ s™'. A calculation was made with the smaller values of
the coefficients of the vertical diffusivity and viscosity. A steady state is obtained after
calculation for more than 6,000 years. The meridional circulation, density and zonal
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Figure 11. As in Figure 8 for the cases of the cold water formation inside the ocean. 4, = K, =
1.5cm?s™" (a) and 4, = K, = 0.2 cm’s™' (b). For the stream function, the contour interval is
5 x 10° cm®s . For the zonal flow, the contour intervals are 0.1 cm s™' for (a) and 0.05 cms™
for (b) and the shaded areas indicate the westward flow. For the density, the contour
interval is 0.2 in ¢, units and the shaded areas indicate o, greater than 27.995.

flow for the zonal averaged fields are shown in Figure 9. As expected, the deep water
which is colder occupies more of the ocean basin and the thermocline is concentrated
at the shallower depths. The meridional circulation and zonal flows become signifi-
cantly weaker, say one half of the previous case. It should be emphasized that the
flows well below the thermocline are southward even in this case. A set of alternating
zonal jets along the equator also forms though the horizontal extent of the flow is
smaller and the magnitude is weaker. The vertical scale of the lower two jets is larger.
The pair of small overturning cells close to the equator are weaker in strength, but
the relative strengths of the main and equatorial cells remain fairly stable (compare
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Figure 11. (Continued)

with Fig. 8). As for the density balance (not shown here), the same balance as in the
previous case holds, although the magnitude of each term is smaller. The vertical
diffusion plays an essential role in the whole ocean domain even in this case.

It is useful to show the horizontal distribution of the density flux through the sea
surface (Fig. 10) for illustrating the efficiency of the density (also heat) transport.
Although the patterns are quite similar, the magnitude for the weakly diffusive case
is about half of that for the diffusive case. Therefore, as the vertical diffusivity
increases, the ocean is more effectively cooled and heated through the sea surface.
The thermocline deepens and the circulation becomes stronger so as to carry heat
from the heating to cooling region effectively.

c. Other cases. To understand dependence on each of the vertical diffusivity and
viscosity, cases where A4, is taken to be 0.2 cm*s™* for K, = 1.5 cm? s™* and 4, is taken
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to be 1.5 cm®s™' for K, = 0.2 cm® 57! are also calculated. The results show that the
effects of viscosity are insignificant. In fact, the results for 4, = 0.2 cm? s™' and
K, = 1.5 cm*s™! are almost same as those for4, = 1.5cm’s'and K, = 1.5cm’s™". A
set of alternating zonal jets along the equator associated with meridional circulation
and the significant vertical shear in circulation well below the thermocline are the
same. Thus, as was expected from the vorticity balance shown in Figure 7, the
thermohaline circulation is controlled mainly by effects of vertical diffusivity, not by
vertical viscosity at least within our parameter range.

The horizontal viscosity is not important for the thermohaline circulation except
along the western boundary and the equator. The results of a case for 4, = K, =
1.5em?s™, 4, =4 x 10°cm’s™, and K, = 4 x 10’ cm®s™" (4, is five times larger than
the first case) show insignificant changes in circulation and density structure in the
interior, while the western boundary current becomes wider and weaker in magni-

tude as expected for the Munk layer. The alternating zonal jets along the equator are
also significantly weaker and broader though the vertical structure is not changed.

In contrast to the horizontal viscosity, the horizontal diffusivity affects the circula-
tion and density structure especially around the deep convection region. The results
of an experiment with 4, = K, = 1.5 cm’s™, 4, = 8 x 10" cm’s™" and K, = 2 x
10°* em? s™' (K, is five times larger) show that the circulation pattern and density
structure are significantly modified in the southern hemisphere, while those in the
northern hemisphere show very small changes. A set of alternating zonal jets along
the equator also forms though it looks more like that for the case of weak vertical
diffusivity. In summary, it may be concluded that the thermohaline circulation is
controlled mainly by the effect of the diapycnal mixing, and a set of alternating zonal
jets along the equator and the significant vertical shear in circulation well below the
thermocline are important ingredients of the thermohaline circulation.

d. Cases where the cold water is formed inside the ocean. Cases where the cold water is
formed inside the ocean as in SF are also calculated. The cold water formation is
made at depths deeper than 650 m in the southern part of the southern hemisphere
by including a mass source term which is proportional to (p, — p) in the density
equation, where p, is the reference density and is taken to be 28.0 in ¢, units (for the
details, see SF). At the sea surface, the reference density for heating is set to be
constant, 24.0 in o, units. The zonal averaged fields for cases of K, = 4, = 1.5 cm*s™"
and K, = A, = 0.2 cm’s™" are shown in Figures 11a and b, respectively. As expected,
with increasing diffusivity, the thermocline tends to spread down to the deeper
depths, i.e., depths deeper than the top of the cold water formation, and the
meridional circulation and zonal flows become stronger. The waters in the thermo-
cline flow southward and the depth of the maximum vertical velocity is well below the
thermocline. That is, meridional circulation tends to be confined at depths below the
top of the cold water formation. This feature may be understood as follows. The
ocean is uniformly heated through the sea surface, which leads to no horizontal
distribution of density, hence no motion near the surface. At the deeper levels
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introduction of cold water leads to creation of horizontal density contrasts and hence
circulation since the cold water is formed on one side of the ocean and is subjected to
vertical diffusion. It should be remarked that in the density balance, the vertical
diffusion plays an essential role in the whole ocean domain. For the surface cooling
case, the same things occur, although the thermal structure caused by vertical
diffusion between the sea surface and the top of the cold water changes its shape into
the upper themocline. It is concluded that the significant vertical shear below the
thermocline is an essential nature of the thermohaline circulation.

4. Discussion

a. Nature of the thermohaline circulation. Here we discuss the basic nature of the
steady thermohaline circulation as horizontal convection on a B-plane. Suppose that
the sea water is an ideal fluid, i.e. a nonviscous and nondiffusive fluid. Further,
consider a case where the cold water is formed inside the ocean in the southern part
of the southern hemisphere just like we did in 3d. For this case, it is intuitively
understood that the depths deeper than the top of the deep water formation are
occupied by the deep water and no circulation exists. Next, let the depths for the cold
water formation thicken so as to cool the whole depths. Then the whole of the ocean
is occupied by the cold water and again no motion exists. We extend this intuition to
the case where the ocean is heated and cooled through the sea surface. Although no
heat enters and exits without diffusion, the convective overturning process can take
place in the cooling region (if any small diffusion exists). This overturning process
corresponds to the cold water formation in the whole depths, then, we can easily
imagine that the ocean basin is occupied by the cold water except the top thin shear
layer and is motionless. In short, for an almost ideal fluid ocean, the ocean tends to
be occupied by the coldest water formed in the deep convection region and to be at
rest, even when differential cooling at the sea surface, however it is distributed, is
imposed. Therefore it is understood that it is essential for the ocean water to be a
nonideal fluid to have significant motions.

b. A set of alternating zonal jets along the equator. The equatorial radius of deformation
for the vertical modes lower than the eighth obtained in the present experiment is
larger than the horizontal grid size, 100 km. Suginohara et al. (1991a) calculated a
case where the vertical resolution is doubled for the deep water and obtained a set of
alternating zonal jets along the equator whose structure is not changed. Thus the
horizontal and vertical grid sizes used in the present model yield sufficient resolution
for the jets and associated meridional circulation.

For all of the cases studied in the present paper, three zonal jets form below the
thermocline. Thickness, width and strength are different among the cases. The width
of the jets is basically related to the equatorial radius of deformation of several
vertical modes which is determined by the global thermohaline circulation. The
vertical modal structure of the horizontal flow in the off-equator region apparently
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takes that of the first baroclinic mode. However, close examination of the modal
structure of the western boundary current in the southern hemisphere shows that it
consists of many higher modes. Changes in this modal structure seem to yield those
in thickness and width of the jets.

A simple explanation for the formation of a set of alternating zonal jets (stacked
jets) along the equator may be possible if pre-existence of the stratification is
assumed and superposition of the results for a single vertical mode model like
Kawase’s (1987) is made. For the single mode model, he showed that damping of
Rossby and Kelvin waves leads to the eastward jet along the equator when the
Newtonian cooling works effectively. For simplicity, consider a two-mode model
where the lower mode has a very high wave speed and the higher mode a very low
speed. For the western boundary current in the southern hemisphere, we assume
that it consists of two modes but the lower mode motion dominates as was found in
the present model. We further assume that we may be able to take parameters such
that significant wave damping takes place for the higher mode but not for the lower
mode in the equatorial region. For the lower mode response, there are insignificant
flows along the equator due to insignificant wave damping, while for the higher mode
response, significant wave damping occurs, and zonal jets are formed along the
equator. Consequently, we observe predominance of the higher mode motion along
the equator. Thus, the formation of the stacked jets may be a necessary consequence
of the selective damping for the vertical higher mode waves.

A pair of overturning cells associated with the stacked jets occurs all the way along
the equator. The meridional flow is convergent at the bottom level which is the core
of the eastward jet and divergent at the depth where the core of the westward jet is.
The convergence and divergence are linked by an upwelling flow all along the
equator. The result that the eastward jet is associated with convergent meridional
flows all along the equator yields a marked difference from experiments using an
inverted reduced gravity model (Kawase, 1987). From case-studies where wider
range of parameters such as the equivalent depth and vertical diffusivity and viscosity
coefficients are considered and the horizontal diffusivity and viscosity are newly
included, it is shown that the eastward jet is always associated with divergent
meridional flows. The difference may be because in the present multi-level model a
marked zonal density gradient along the equator is created, and in fact the eigen-
value for the vertical modes higher than the seventh is several tens percent different
between the western and eastern sides along the equator. The associated geostrophic
flows just outside the equator are equatorward. Therefore, prescribing the basic
stratification may not be appropriate for modeling details of the stacked jets and
associated meridional circulation.

Here we also give an intuitive explanation for the formation of the stacked jets
along the equator following the set-up experiment of SF. Consider an ideal fluid
ocean forced by the body cooling in 3d (see Fig. 12). First, it is noted that as discussed
in 4a, at the steady state, the depths deeper than the top of the cold water formation
are occupied by the cold water, and no circulation exists. Next, we considcr a set-up
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Figure 12. Schematic view for formation process of a set of alternating zonal jets along the
equator. The shaded area is for the cold water formation. At the steady state the depths
deeper than the top of the cold water formation are occupied by the cold water. The curves
represent the top of the depths where the cold water is introduced only by the density
currents which tend to conserve potential vorticity. The arrows indicate the movement of
the cold water introduced into the upper levels by the upwelling at the eastern boundary.

process. As studied in SF, introduction of the cold water into the ocean is performed
by the Kelvin and Rossby wave-type density currents which tend to conserve
potential vorticity, i.e., ({ + f )/ in a layer-model expression, where { is relative
vorticity which is only for resolving singularity at the equator and 4 the thickness of
the cold water. Due to this constraint, the cold water introduced by the density
currents cannot occupy whole of the domain attained at the steady state. Our
problem is how the rest of the domain is occupied by the cold water. SF clearly
demonstrated that when the equatorial Kelvin wave-type density current hits the
eastern boundary, upwelling occurs. By this upwelling, the cold water is introduced
into the upper levels and flows to the west along the equator. Then at the western
boundary, the upwelling occurs, and the cold water is introduced into further upper
levels and flows to the east. And the Rossby dispersion follows, and occupation of the
whole domain by the cold water is completed. When the effect of vertical diffusion is
taken into consideration, damping of the equatorial Kelvin and Rossby waves leads
to the existence of the zonal pressure gradient along the equator even at the steady
state. Therefore, it may be said that a set of alternating zonal jets along the equator is
a reminiscence of the set-up process.

As for the equatorial undercurrent, McCreary (1981) showed that the effect of the
vertical diffusivity is essential for the formation, and higher baroclinic modes
contribute to the current. But, in spite of the simplicity in forcing mechanism and the
prescribed basic stratification, detailed sensitivity of the vertical and horizontal
scales of the current to the diffusivity was not clarified. In the present model, the
stacked jets are associated with the thermal structure in the equatorial region which
itself is determined by the global thermohaline circulation. Therefore, it is really a
difficult problem to clarify details of its dynamics. However, we believe that a set of
alternating zonal jets along the equator is a realistic feature and is an essential nature
of the thermohaline circulation.
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¢. Deep western boundary current. The deep western boundary current accompanied
by the offshore countercurrent looks like that of the Munk layer type, i.e., the width is
O((4,/8)"”) and is independent of latitudes. However, it accompanies significant
vertical motions. For example, the northward flowing current in the southern
hemisphere accompanies upwelling on the inshore side and downwelling on the
offshore side. This double structure with respect to vertical motion has a resem-
blance with that obtained by Warren (1976) where effects of the lateral diffusion play
an essential role. But, for the horizontal flows no countercurrent exists in Warren’s
model. This difference may be explained by the work of Masuda and Uehara (1991)
where characteristics of the boundary layer are examined using a reduced gravity
model with horizontal diffusion and viscosity. They classify the dynamics of the
boundary layer into viscous and diffusive regimes. In both regimes, the lateral
diffusion dominates to determine the distribution of vertical velocity. The criterion
dividing the two regimes is given by

3AH1/‘2 2AH1/3
Kyl " \BJ”

where L, denotes the radius of deformation. When the left-hand side is larger than
the right-hand side, the boundary layer is in the viscous regime. For this regime, the
boundary current accompanies the offshore countercurrent, and an intense vertical
motion in a narrow layer adjacent to the coast and an opposite vertical motion on the
offshore side take place. The width is close to that of the Munk layer. In contrast,
when the left-hand side is smaller than the right-hand side, the boundary layer is in
the diffusive regime. This is the layer which Warren (1976) obtained, i.e., the
boundary current accompanies no countercurrent. In the present model, as dis-
cussed in 4b, the gravest baroclinic mode motions dominate, and this yields a
boundary layer of the viscous regime, i.e. the deep western boundary current
accompanied by the offshore countercurrent and a double structure for the vertical
motion. It is noted that in addition to motions associated with the first baroclinic
mode, we can observe characteristics of the diffusive regime for the higher modes in
Figure 4b.

For the results obtained in the present model, the inshore boundary layer may be
too narrow and vertical motion there may be too strong to be realistic. As was
pointed out by Veronis (1975) and Warren (1976), this is due to the fact that the tilt
of isopycnals associated with the boundary current yields strong diapycnal mixing. A
quantitative estimate of these features requires further studies on oceanic mixing,

The occurrence of the interior downwelling in Holland’s model (1971) is surely
due to effects of horizontal diffusion as was discussed by Veronis (1975). But, the
interior downwelling is not a motion associated with the boundary layer. Masuda and
Uehara (1991) clearly demonstrated that cold water formation situated at the
northeast corner of the basin leads to the interior downwelling when effects of the
horizontal diffusion are dominant.
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5. Concluding remarks

The steady buoyancy-driven circulation forced by the concentrated cooling and
broad heating at the sea surface has been investigated using multi-level numerical
models. As already demonstrated (Bryan, 1987; SF; and Colin de Verdiére, 1988),
the circulation and associated thermal structure strongly depend upon the effect of
the vertical diffusivity. As the vertical diffusivity increases, the ocean is more
effectively cooled and heated through the sea surface, and consequently the thermo-
cline deepens and the circulation becomes stronger to effectively carry heat from the
heating to cooling regions. In the limit of an ideal fluid, no influx and efflux of heat
through the sea surface takes place and no motion exists. It can be said that the
steady buoyancy-driven circulation is maintained by the effect of the vertical diffu-
sion. The effects of advection and lateral diffusion serve to remove the horizontal
density gradient and therefore to slow down the circulation; the latter is driven by the
horizontal gradient which is maintained only by the vertical diffusion. Thus, in the
thermodynamic balance, the vertical diffusion plays an essential role in the whole
ocean domain. In counterbalancing vertical diffusion, horizontal advection at the
deepest levels and vertical advection in the rest of the interior region plays a
dominant role. Thus, horizontal transport of the cold water from the convective
(cooling) to the diffusive (heating) region is made mainly in the lowest part of the
deep water. This may be due to the fact that the water at the deepest levels is
subjected only to heating from above by the vertical diffusion since the ocean bottom
prohibits vertical motion and is thermally insulated. The significant shear in the deep
circulation is a necessary consequence of the predominance of vertical diffusion.
Thus the Stommel and Arons pattern for the deep circulation tends to be confined to
the lower part of the deep water, which is consistent with the fact that the
stratification forms from the deepest part of the ocean to shallower depths as
demonstrated in SF.

In the present model, a set of alternating zonal jets along the equator predicted in
SF has been reproduced, and details of the jets and associated meridional circulation
have been clearly demonstrated. Direct current measurements in the equatorial
Pacific show that a set of alternating zonal jets exists and these jets are steady (Firing,
1989). The distribution of Freon in the equatorial Atlantic (Weiss et al., 1985 and
Weiss, personal communication) cannot be accounted for without the existence of
these jets.

In the present experiment, to simplify the model, differential cooling which is
distributed over the whole ocean surface is not considered. As long as the deep water
is not formed in other regions, the circulation and thermal structure below the
mid-thermocline are essentially the same, even when differential cooling over the
whole ocean is taken into account (Suginohara et al., 1991b).

The present study ignored effects of wind stresses, i.e. the surface gyres. Distribu-
tions of the wind stresses cause deformation of the thermocline and lead to a realistic
thermal structure (Suginohara et al, 1991b). However, as demonstrated in the
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present study, the formation of the thermocline as a characteristic feature of the
ocean thermal structure is performed by the differential cooling through the sea
surface. Effects of the wind stresses deform it.
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