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3-dimensional models (e.g., Marotzke et al., 1988; Stocker and
Wright, 1991). However, we will show that in the case (e) when
convective adjustment is removed in our model, the reversal of the
sign of the east-west pressure gradient means that this constraint
no longer holds. This means that experiments using 2zonally
averaged models in which the convective overturning is suppressed
(e.g., Marotzke et al., 1988) are not valid.

The zonally averaged pressure distributions (not shown) for
the control case (a) and case (e) are quite similar, despite the
reversed thermohaline circulation of the latter case. This is
because of the strong constraint imposed by the surface forcing.
Due to this forcing, the high latitudes are cold with a lower
baroclinic pressure; the north-south pressure gradient thus remains
qualitatively the same 1in the two cases. According to the
frictional balance expressed by Eq. (9), this pressure gradient
would result in a thermohaline circulation with cold water sinking
at high latitudes, as in the control simulation. The bottom water
thus created also maintains the thermocline shape similar to that
in the control case. This is the reason why the 2-dimensional
results remain qualitatively identical when convection is removed
(e.g., Marotzke et al., 1988). However, the results are totally
modified for the case (e) with no convection in our 3-dimensional
model.

We show in Figure 11 the baroclinic pressure fields at levels
1, 5 and 9, for cases (a) and (e). These are obtained by vertical
integration of the hydrostatic equation, with the integration
constant determined by the requirement that the vertical mean be

zero. The velocity fields at levels 1 and 8 have already been
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examined in Figures 9 and 10. As noted earlier, the sense of the
north-south pressure gradient remains the same in the two cases,
due to the unchanged surface forcing. However, the sense of the
east-west pressure gradient, as revealed by the horizontal slope of
the isobars in Figure 11, is reversed in case (e). The southwest-
northeast tilt in case (a) is changed to a northwest-southeast tilt
in case (e). This means that Eq. (11) is not satisfied in the
latter case. Frictional effects can turn the velocity toward lower
pressure (i.e., high 1latitudes), but unrealistically strong
friction is needed to reverse back the sense of the tilt of case
(e).

Figure 12 shows the meridionally averaged distributions of
temperature, pressure, meridional velocity, and zonal circulation,
for the two cases. Through thermal wind balance, the forced north-
south surface pressure gradient leads to a meridionally averaged
west to east surface flow in both cases, resulting in upwelling in
the western part of the basin, and downwelling in the eastern part.
These vertical motions advect bottom water upward in the west, and
surface waters downward in the east. However, because bottom water
is formed at different locations in the two cases (Figure 8), the
bottom water is denser relative to the surface water in case (a),
and lighter in case (e). This vertical water mass distribution
results in a reversed east-west surface pressure gradient for case
(e) in Figures 11 and 12, which in turn leads to a reversed zonally
averaged thermohaline circulation on the vertical plane, as shown
already in Figure 8. The meridional overturning circulation can
thus be regarded as a secondary circulation satisfying geostrophic

balance as expressed by (10); it is secondary as the east-west
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surface pressure gradient is not directly constrained by the
surface forcing. on the other hand, the 2zonal overturning
circulation is directly forced by the north-south surface pressure
gradient, and thus may be termed the primary circulation. The
sense of the secondary circulation is determined by the vertical
distribution of water mass. In case (a), it is toward the north at
the surface when lighter water is on top; while it is southward
when denser water is on top, as in case (e) with convective
adjustment suppressed.

We noted at the end of section 3 that as the vertical
diffusivity is increased, the thermocline depth increases and so
does the strength of the meridional overturning circulation. The
connection between the thermocline depth and the strength of the
meridional overturning circulation can be understood in terms of
the mechanism of the secondary circulation described above. Recall
the baroclinic horizontal pressure gradient is determined by the
vertical integration of the horizontal density gradient. The
north-south density gradient at the surface is forced and cannot
vary much. As the thermocline depth increases, this density
gradient extends to greater depths leading to an enhanced north-
south pressure gradient and a stronger east-west primary
circulation. This drives the secondary, meridional overturning
circulation, as described above. In particular, the east-west
pressure difference is again determined by the isopycnal
displacements due to advection by the primary east-west
circulation. The deeper the thermocline the stronger the east-west
pressure difference and hence the stronger the meridional

overturning circulation. The wind stress and vertical diffusivity
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can increase the depth of the thermocline; this explains the
sensitivity of the overturning circulation to these parameters
found in Bryan and Cox (1967), Cox and Bryan (1984), Bryan (1987),

as well as in our study.
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6. Conclusions

We have formulated a multi-level spherical model using the
planetary geostrophic (PG) system of equations. The PG system
takes advantage of the large scale separation in the ocean between
the internal Rossby radius of deformation and the basin scale. The
use of the PG system means that the time step is limited only by
the ocean current speed. This leads to a computationally efficient
model, compared to primitive equation models, without the need to
use asynchronous integration techniques (e.g., Bryan (1984)).

Comparison of the PG to primitive equation (PE) model results
show that PG dynamics is capable of reproducing many of the
features (thermocline structure, meridional streamfunction, tracer
and potential vorticity distributions) of primitive equation
models. With a larger value of the vertical diffusivity and
coarser horizontal resolution than PE models, the PG model
simulates a thermocline of comparable depth, as well as velocities
on the meridional plane of comparable magnitudes. The need to use
a larger vertical diffusivity is attributed to the large horizontal
eddy viscosity in PE models, which is absent in the PG model. Both
models show a similar sensitivity to the value of the vertical
diffusivity.

Additional numerical experiments have been performed in order
to determine the major processes that determine the model
circulation. An interesting result is the crucial role of
convective overturning in maintaining the thermocline distribution
by providing a source of cold, dense water at depth. Removal of
convective overturning dramatically alters the circulation in the

model, as the thermohaline circulation reverses direction and a
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hydrostatically unstable thermocline develops at high latitudes.
Through geostrophy, the sense of the former is determined by the
east-west pressure gradient, which in turn is determined by the
water mass distribution. In particular, we have shown how the sign
of the east-west pressure gradient is reversed in the presence of
a hydrostatically unstable thermocline, leading to the reversed
thermohaline circulation. This is unlike 2-dimensional zonally
averaged models, where the east-west gradient is constrained by the
north-south gradient. The latter is in turn determined by the
surface forcing and is essentially the same whether convective
overturning is included or not. This means results of experiments
with 2-dimensional models where convective overturning is
suppressed are not valid.

Finally, we note that the use of a long time step with the PG
model means that it is ideally suited for ocean-climate studies.
Problems such as interannual variability and the effect of
seansonally varying forcing can be addressed using our model

without the use of asynchronous time stepping methods.
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layer 10-level l4-level
1 68 m 28 m
2 164 65
3 300 114
4 492 179
5 764 265
6 1148 378
7 1692 528
8 2460 726
] 3230 989
10 4000 1336
11 - 1796
12 - 2404
13 - 3202
14 - 4000

Table 1: The depths of the bottom of each level,

14-level versions of the model.

for the 10- and
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domain AN, A¢ level A, A, p?

Section 3

CB 0-65°N, 0-60°E 1%%1° 15 1x10’cm?s™? 0.3cm?s™! 10 d
PG (as CB) 20%2° 10 2 0.4 50
cX 0-65°N, 0-60°E 1°%1° 18 1 0.3 50
PG (as CX) 2%x2° 14 1.5 0.4 32

Sections 4, 5

10°-60°N, 0-50°E 2°x2° 10 2.5 0.75 50

Table 2: A summary of the model parameters used in the numerical

experiments.
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case €1 €5 CON Is
a. control 0 1 yes yes
b. wind only 0 0 yes yes
C. buoyancy only 0 1 yes no
d. baroclinic damping 1 1 yes yes
e. no convection 0 1 no yes

Table 3: Summary of experiments conducted in Sections 4 and 5 to
examine the role of different processes in the model simulation of

the thermocline structure and thermohaline circulation.
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Fiqure Captions

Figure 1: The latitudinal (¢, °N) distributions of the surface wind
stress (r, dynes/cm?; solid), and buoyancy (¢*, o-units; dashed)
boundary conditions. (a) Used in Section 3; CB and CX denote Cox
and Bryan (1984) and Cox (1985) respectively. (b) Used in Sections
4 and 5. Curves labelled S and T denote respectively the salinity

and temperature contributions to the buoyancy forcing.

Figure 2: Meridional sections, averaged zonally across the western,
central, and eastern 12° of the basin (shown by hatching in the
inset), for the primitive equation model of CB. The (v, W)
velocity components are shown by vectors, and u is contoured by
solid lines at an interval of 1 cm/s, with stippling indicating
westward flow. Isopycnals are indicated by dashed lines at 0.4 o-

unit intervals.

Figure 3: As Figure 2, but for the PG model.

Figure 4: Quantities evaluated on the 0=26.0 surface, from the CX
and PG models. (a) Tracer concentration (time-since-ventilation in
years, in parentheses for CX). (b) Potential vorticity (10°° cm™
s!). The continental shelf in the western basin is absent in the

PG model. The data in (a) was four point averaged before plotting.
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Figure 5: Quantities averaged between longitudes A=24° and x=36°,
from the CX and PG models. The dashed lines indicate isopycnals at
0.4 o-unit intervals, with 0=26.0 emphasized. Solid lines are
contours of (a) tracer concentration; and (b) potential vorticity

(10°° cm™? s7Y).

Figure 6: The horizontal distribution of quantities in the top
model level, for vertical diffusivities Ay=0.1, 0.4, and 1.6 cm? s,
(these are cases marked (a), (b) and (c) respectively). The top
panels show the density in o-units, while the bottom panels show
the horizontal velocity vectors. The scale for the latter is

indicated by the arrow in the lower right.

Figure 7: Basin wide zonally averaged quantities for vertical
diffusivities A,=0.1, 0.4 and 1.6 cm? s!, (these are cases marked
(a), (b) and (c) respectively). The left panels show the potential
density distribution (o-units), and the right panels show the

meridional overturning streamfunction (Sv).

Figure 8: Basin wide zonally averaged quantities for cases (a)-(e)
of Table 3. The left panels show the temperature distribution
(°c), and the right panels show the meridional overturning

streamfunction (Sv).

Figure 9: The horizontal circulation (m s™!) at the top model level

centered at a depth of 34 m, for cases (a) to (e) of Table 3.
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Figure 10: As Figure 9, but for the eighth model level centered at

a depth of 2076 m.

Figure 11: The horizontal distribution of the baroclinic pressure
fields, in units of 100 N m?, at vertical levels 1, 5, and 9. The
top panels are for the control case (a) of Table 3, while the

bottom panels are for the case (e) without convective overturning.

Figure 12: The basin wide meridionally averaged sections for cases
(a) and (e) of Table 3. The bottom panels show the isotherms (°C,
dashed lines), the (u, w) velocity vectors, and the meridional
velocity component (v; contour interval is 1 cm s™!, shading
indicates negative values and is to the south). The top panels

show the baroclinic pressure field, with a contour interval of 200

N m32,
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