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ABSTRACT

Experiments with a low resolution, primitive equation ocean general circulation model with idealized basin
geometry and surface forcing have been carried out in order to identify the processes controlling the climatically
important aspects of the circulation. Emphasis was placed on the sensitivity of the model solutions to the
magnitude of the vertical diffusivity. Scaling arguments suggest, and the numerical experiments confirm, that
the solutions are most sensitive to the magnitudes of the wind stress curl and the vertical diffusivity. For small
vertical diffusivity, wind forcing dominates the solution. The vertical scale of the thermocline is set by the
strength of the Ekman pumping, and there is a multiple gyre circulation in the upper layers. For large vertical
diffusivity, diabatic surface forcing dominates the solution. Vertical diffusion controls the vertical scale of the
thermocline, and there is a single large anticyclonic gyre in the upper layers. Both the meridionally and zonally
integrated overturning circulations are sensitive to the vertical diffusivity, though not to the same degree. The
poleward heat transport is dominated by the zonally integrated meridional overturning circulation and, hence,
also shows a sensitivity to the vertical diffusivity. The maximum poleward heat transport for the model used
in this study varies by an order of magnitude as the vertical diffusivity is varied over a range comparable to that
of estimates based on observations. The sensitivity to the prescription of the surface diabatic forcing and to
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other closure parameters is also described.

1. Introduction

The physical processes involved in the thermohaline-
driven circulation are very poorly understood, yet are
of great importance in questions of climate sensitivity
and variability. Primitive equation ocean general cir-
culation models (OGCMs) are one of the few tools cur-
rently available for studying the thermohaline circu-
lation. In this study, the sensitivity of the climatically
important properties (surface heat flux, poleward heat
transport, water mass formation, etc . . .) of OGCMs
to changes in closure parameters and surface diabatic
boundary condition specification are determined by
examining a series of solutions which span a broad
range of parameter space. In addition to providing in-
sight into the fundamental dynamics of the thermo-
haline circulation, these results give an indication of
the reliability of numerical model results and those
aspects of the model that will most profitably benefit
from further developmental efforts.

The model used in this study is described in section
2. The philosophy adopted in its implementation was
to retain the most general dynamical and physical pro-
cesses of realistic OGCMs, but to use a relatively simple
basin geometry and surface forcing distributions. The
resolution is typical of that used in world ocean and
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coupled ocean—-atmosphere models, and does not re-
solve mesoscale eddy processes. The result is a model
that is economical to run, so that a large number of
experiments can be integrated to equilibrium, yet the
sensitivity should reflect that of larger models.
Preliminary estimates of the model sensitivity based
on scaling arguments, are presented in section 3. They
indicate that the model should be most sensitive to the
magnitudes of the wind stress curl and the vertical dif-
fusivity. Since the sensitivity of very similar models to
variations in wind stress strength has been considered
elsewhere (Bryan and Cox, 1967; Cox and Bryan,
1984), the emphasis in this study is placed on the role
of vertical diffusion. While previous authors (Bryan
and Lewis, 1979; Meehl et al., 1982) have carried out
extensive parameter sensitivity studies with primitive
equation models, there has been little discussion of the
role of vertical diffusion. Further, these experiments
were generally not integrated to equilibrium and did
not resolve the long thermal response time scale of the
deep ocean. In section 4, a series of experiments in
which the vertical diffusivity was varied over a range
comparable to that of estimates based on observations
[(0.1 to 5.0) X 10~* m? s™!] are described. The numer-
ical results agree with the estimates of the sensitivity
to this parameter based on scaling arguments.
Additional experiments in which the form of the
surface diabatic boundary conditions or other closure
parameters are varied, have also been carried out and
are described in sections 5 and 6. A summary of the
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parameter values used in each of the experiments is
given in Table 1.

2. Description of the model

This section gives a cursory description of the model
and the features unique to this study. For a more com-
prehensive discussion, the reader is referred to the
technical reports of Semtner (1974) and Cox (1984).

The model is based on the primitive equations cast
in spherical coordinates (), ¢, z), where A is longitude,
¢ is latitude, and z is height relative to the earth’s mean
radius, a (measured positive upwards). The model do-
main is a 60° wide sector of the sphere, extending from
equator to pole, with a constant depth of 5000 m.

The equations of the model (the notation is standard)
are given by

u,+ L(u)— (f+ u tang/a)

= —(1/a cosp}(p/polr+ Amviiz.+ F*  (12)

v, + L(v)+ (f+ u tang/a)u
= —(1/a)(p/po)s + Auyvz+ F?* (1b)
P:=—pg (1)
T+ L(T)=ApyTp,+ AggV T+ CA(T) (1d)
S+ L(S)=ApyS,, + AuuV:S+ CA(S)  (le)
p=p(S, T, p) (1f)
(1/a cosg)[u + (v cosp),] + w, = 0. (1g)

Here,

S=2Qsin¢g ¥))

is the Coriolis parameter, F* and F* represent the effect
of horizontal eddy stresses.

F= Apy[V?u+ (1 —tan’p)u/a*
— (2 tang/a’® cosp)v,] (3a)
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F?= Ay [V* + (1 — tan’p)v/a?
+ (2 tang/a® cos¢)u,] (3b)

L( ) denotes the advection operator,

L(0) = (1/a cos)[(uo)r+ (va cosp)y] +(wo). (4)
and the horizontal Laplacian V? is given by
V2 =(1/a? cos*¢) o+ cosp(cospay)sl; - (5)

Aprr, Agrr, Arv and Ay are the lateral eddy viscosity,
lateral eddy diffusivity, vertical eddy viscosity and ver-
tical eddy diffusivity, respectively. The term CA in the
heat and salt equations schematically represents con-
vective adjustment. The model cannot explicitly treat
gravitational instabilities, so an implicit convection
scheme is used. When the model predicts a statically
stable stratification it has no effect, but when a gravi-
tational instability is predicted, the water column is
mixed vertically until stability is restored. The poly-
nomial equation of state of Bryan and Cox (1972) is
used for (1f).

The east and west walls of the basin are insulating,
nonslip, impermeable boundaries:

u=U=T)\=S)\=0. (6)
At the equator a symmetry condition is applied:
u¢=v=T¢=S¢=0. (7)

Note that there is no northern boundary, as the basin
extends to the pole. The bottom is taken to be insu-

lating, free-slip, and impermeable:
U,=v,=w=71,=85,=0.

®

The surface boundary conditions for temperature
and salinity can be written as

Ap/(T,S),= (QT» QS),

where the fluxes of temperature Q7 and salt Q° may

(%9a, b)

TABLE 1. Summary of parameter values used in the sensitivity experiments. Entries are made only where the values differ from the
reference case (experiment 1). 4., Horizontal viscosity, A,.: Vertical viscosity, Ay Horizontal diffusivity, Ay, Vertical diffusivity, 74:

Restoration time scale for surface thermal boundary condition.

Length of
AMH AMV A”” AHV TR integraﬁon
Experiment (m?s7) (m?s7) (m?s™) (m?s™) (days) (years)

1 2.5%10° 1.0 x 10™* 1.0Xx 107 0.5x 107 25 1172
2 0.1x10™* 800
3 1.0X 107 1028
4 2.5%X107* 787
5 50X 1074 821
6 90 1025
7 25x107* 90 821
8 0.1 xX10™* * 821
9 2.5%10°* * 821
10 0.2% 107 821
11 5.0 x 107 821

* Flux boundary condition used.
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take one of two forms. In the reference case, and most
of the sensitivity studies a linear damping condition is
used for both temperature and salt,

QT = Azy(T*(¢) — T))/7r (10a)
Q5= Az(SX) — Si)/7x (10b)

where Az, is the thickness of the uppermost model
level, 7 is the damping time constant, 7*(¢) and S*(¢)
are the reference temperature and salinity, and 7 and
S| are the temperature and salinity of the uppermost
model level. For T*(¢) and S*(¢), observed (Levitus,
1982) zonally-annually averaged sea surface temper-
atures and salinities, composited from both hemi-
spheres are used. In addition, the profiles (Fig. 1) have
been slightly smoothed.

The second form which the surface thermal and sa-

" linity boundary conditions may take is a specified flux.

The flux fields used in Experiments 8 and 9 were ob-
tained by computing the surface fluxes implied by an
equilibrium solution of the model obtained with linear
damping conditions. These will generally be functions
of longitude as well as latitude. -

The wind stress applied to the surface has only a
zonal component, and is a function only of latitude,

Apv(u,v); = (7, 0)/po. (11)

The wind stress profile (Fig. 1) used in this study is
given by a simple analytic expression that captures the
major features of the observed zonally averaged zonal
wind stress.
A rigid lid condition is used for vertical velocity at
the surface,
(12)

The method of Bryan (1969) is used to integrate the

w=0.
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FIG. 1. Surface boundary conditions. Temperature and salinity
profiles used in Newtonian damping condition (7 and S) and surface
~wind stress (7))
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model equations. The details of the finite difference
equations and the proofs of their conservative prop-
erties may be found in Bryan (1969), Semtner (1974),
and Cox (1984). The horizontal resolution is 3.75°
longitude and 4.5° latitude. There are 12 levels in the
vertical, with resolution varying from 50 m near the
surface to about 850 m near the bottom. The method
described by Bryan (1984) for accelerating the conver-
gence of the model, in which the momentum and ther-
modynamic equations are integrated asynchronously,
was used in all the experiments.

While the latitude-longitude configuration of the
model finite difference grid simplifies the equations and
has been shown to have certain computational advan-
tages (Holloway et al., 1973), the convergence of me-
ridians near the pole places a severe restriction on the
length of the time step allowed for computational sta-
bility. This restriction is overcome by Fourier filtering
the prognostic fields in the zonal direction in order to
suppress the shortest wavelength components. The
technique used is based on that of Bryan et al. (1975).
In the initial configuration of the model, all prognostic
variables were filtered poleward of 45°. It was found,
however, that filtering the horizontal velocity compo-
nents introduced large amplitude noise in the vertical
velocity field in the form of alternating cells of upward
and downward motion, the number of cells being just
equal to the number of harmonics retained in the Fou-
rier recomposition. This is easy to understand, as the
truncated expansion of an initially nondivergent hor-
izontal velocity field need not be nondivergent. To su-
press these undesirable side effects, the velocity was
filtered only poleward of 80° latitude. While this did
not eliminate the problem, it did relegate it to a rather
quiescent region of the basin that did not strongly affect
the rest of the solution.

3. Preliminary considerations

Before examining the results of the general circula-
tion model it is useful to make some preliminary es-
timates of the response to changes in the model param-
eters. We do this by considering some simple scaling
relationships for the velocity and thermal fields based
on classical thermocline theory (Veronis, 1969; We-
lander, 1971). We scale the model equations for flow
characterized by geostrophic~hydrostatic balance:

(Ux, U, W) = U(u, v, Dw/a) (13a)
Dx =2QUapop (13b)
P+ = po(22Ua/gD)p, (13¢)

where the asterisk subscript denotes a dimensional
quantity, U is the characteristic horizontal velocity scale
and D is the depth scale of the motion. Estimates of
these scales may be obtained from the imposed bound-
ary conditions and the model parameters. If the vertical
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velocity is scaled by the magnitude of the Ekman
pumping, :
W,.= At/po2Qa (14)

where Ar is a measure of the range of magnitude of
the zonal wind stress, we obtain a horizontal velocity
scaling corresponding to Sverdrup balance

U= W,.a/D = Ar/pe2QD. (15)

If we scale density variations by the range of density
imposed at the surface Ap*, then

Ap*/po=2QUa/gD = Ara/pegD*. (16)

This relation yields an “advective” depth scale D,;
D,=[(A7/po)a/g(Bp*[po)]'?, (17

and the associated “wind driven” velocity scale Uy;
U, = [A18(A0*/po)/ pod @ a)' /2. (18)
Alternatively, we can choose the advective-diffusive
depth scale (e.g. Munk, 1966) as the appropriate vertical

scaling:

D=AHV/W=AHVG/UD. (19)

Utilizing the thermal wind scaling (13c) to eliminate
U yields a “diffusive” depth scale Dy
Dy=[2Qa*Apv/g(Ap*/po)] . (20)

Finally, substituting back into (13c) we get the “ther-
mally driven” velocity scale U,:

U, =[(gAp*/2Qp0)*Anv/a)®. @1)

For the reference case Ar/pp = 1.5 X 107" m? 572, Ap*/
po =4 X 1073, and Ayy = 0.5 X 107* m? 57! yielding

U;=0.7X10"2ms™?! U,=08X1072ms'
D,=156m D;=196 m.
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We see that for the reference case, the wind and buoy-
ancy forcing result in velocities of equal magnitude.
Further, the advective and diffusive thermocline scale
depths are comparable. A useful measure of the relative
strengths of the wind and thermal forcings is the ratio
of the two velocity scales, v:

v=UdU,.

Several previous studies have used these scalings or
ones similar to them to characterize their experiments
(e.g., Bryan and Cox, 1967, 1968; Gill and Bryan, 1971;
Holland, 1971, 1975). Table 2 summarizes the velocity
and depth scales, and the values of several nondimen-
sional parameters for each experiment in the present
study, as well as several of the studies cited previously.
The flow in the experiments of this study is very vis-
cous, which can be seen by comparing the Reynolds
number (Table 2) with those in the previous studies.
The relative strengths of the thermal and wind forcings
are close to unity for all the experiments, however. For
Experiments 2 and 1 [Ayy = (0.1-0.5) X 10~ m®s7'],
the wind driven velocity scale slight exceeds the thermal
velocity scale, while for Experiments 3-5 [4gy = (1.0-
5.0) X 107* m? s™!], the thermal velocity scale exceeds
the wind driven velocity scale. Only for Experiment 2
does the advective thermocline depth scale exceed the
diffusive depth scale. Thus we can expect to see a tran-
sition in the behavior of the model between Experi-
ments 1 and 2 and the rest of the experiments.

4. Sensitivity to vertical mixing

a. The reference solution

The reference case (Experiment 1) was started from
a resting homogeneous state with a temperature of 5°C
and salinity 33.0%e, and integrated forward in time for

TABLE 2. Velocity and depth scales, and nondimensional parameters for the experiments in this study and several previous studies.

_ v, U, Dy D, R, Eky, Eky
Experiment (cms™ (cms™) (m) (m) (X107%) R, (X107%) (X107%) Rey Rey, ¥
1 0.7 0.8 196 156 0.8 0.2 4.2 1.8 44.5 0.8 1.1
2 0.5 0.8 115 156 0.5 0.1 4.2 5.1 31.8 2.1 1.6
3 1.1 0.8 247 156 1.2 0.3 4.2 1.1 70.0 1.0 0.7
4 1.5 0.8 335 156 1.6 0.4 4.2 0.6 95.5 0.7 0.5
5 1.9 0.8 422 156 20 0.5 4.2 0.4 121.0 0.6 04
6 0.7 0.8 196 156 0.8 0.2 4.2 1.8 44.5 0.8 1.1
7 1.5 0.8 335 156 1.6 0.4 4.2 0.6 95.5 0.7 0.5
8 * 0.8 * *
9 * 0.8 * *
10 0.7 0.8 196 156 0.8 0.2 . 4.2 1.8 89.0 0.8 1.1
11 0.7 0.8 196 156 0.8 0.2 4.2 1.8 222.5 0.8 1.1
Bl:yan and Cox (1968) 20.0 150.0 0.1 0.2 150.0 0.01 1.0
Gill and Bryan (1971) 200.0 220 9.0 2.4 320 0.01 1.1
Holland (1971) 1.5 1.8 8.0 0.004 18.0 0.002 34
Holland (1975) 1 1.5 0.9 1.7 90.0 34
Holland (1975) 2 1.5 1.8 0.8 18.0 0.0

* Fixed flux boundary conditions preclude a priori estimate.
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nearly 1200 years. The solution at this stage will be
referred to as the equilibrium solution, even though
there were still some very slight trends in the thermal
fields. The mean surface heat flux was —0.1 W m™2,
corresponding to a cooling of the basin mean temper-
ature of 0.14°C per century. There were no discernible
trends in the basin mean kinetic energy. Each of the
sensitivity experiments was initialized with this refer-
ence equilibrium solution or that of another experi-
ment which was parametrically closer. Since the em-
phasis of this study is the nature of the sensitivity of
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the equilibrium solutions rather than the adjustment
processes leading to equilibrium, little analysis has been
performed on the intermediate stages of the integra-
tions.

The surface (25 m) temperature and salinity fields
for Experiment 1 are shown in Fig. 2a-b. Over most
of the interior of the basin, surface values are very close
to their reference values T*(¢) and S*(¢), indicating
that the surface advective and diffusive time scales in
the interior of the basin are much longer than the 25
day restoring time scale of the boundary conditions.

- 90. T T T a , T , b
32.0
7> E 0.0 1 F 33.0
L)
Oy 60. F = - -
D — | ~—
s E—100—o Ee——mio———
Z 10 % 20.0 - .0
-1
[
5. - — 35.0 =
0. | 1 | | em— 1 1 1
90.

LATITUDE

=~

/—l-....,_..-—

1

_

C1— 7™

.‘.ﬁ ]

LONGT TUDE

0. 15. 30,

LONGI TUDE

45, 60,

FIG. 2. Solution for Experiment 1 at 25 m. (a) Temperature (coritour interval = 2°C), (t?)
Salinity (c.i. = 0.2%v), (c) Horizontal velocity (vector 1° long = 0.15 cm s7!) and pressure (c.i.
= 0.1 db), (d) Vertical velocity (c.i. =2 X 10 cm s7").
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In the western boundary layer and near the equator,
advection is sufficiently strong to cause the surface val-
ues to deviate significantly from their reference values.

An important implication of the zonality in the sur-
face temperature and salinity (and hence density) ficlds
is that it will lead to a strong zonal-vertical circulation
through the thermal wind relationship. The horizontal
velocity field at 25 m is shown in Fig. 2¢ superimposed
on the pressure distribution. The western boundary
current has maximum velocities of about 0.15 m s,
This is an order of magnitude less than those observed
in nature. The vertical velocity at the base of the surface
layer (51 m) is shown in Fig. 2d. Except along the west-
ern and eastern boundaries, the vertical velocity is
about equal to the Ekman pumping velocity. The
downwelling along the eastern boundary, and upwell-
ing along the western boundary are associated with the
thermal wind field described above.

The thermocline for this solution is confined to the
upper 500 m. Within this depth interval, the temper-
ature and salinity fields show more east-west structure

FRANK BRYAN
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‘than at the surface, and the flow is very geostrophic.

Below the thermocline, the water is nearly homoge-
neous with a temperature of about 1°C and salinity
of 33%..

b. Thermocline structure and circulation

While the water mass properties below the ther-
mocline are very homogeneous and do not vary sig-
nificantly among the experiments considered in this
study, the depth and structure of the thermocline itself
do change. The zonally averaged potential density in
the upper 1000 m is shown in Fig. 3 for Experiments
2, 1,and 4 [4zy = (0.1 t0 2.5) X 107 m? 5™']. As the
vertical diffusivity increases, the thermocline deepens
and thickens. This is just what is expected from the
scaling considerations leading to (20). The deepening
is strongest at lower latitudes, so the thermocline also
becomes flatter at higher diffusivities, losing its bowl
structure in the subtropics.

An e-folding depth for the potential densuy, Zes

200.
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1000. L 1
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800.
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DEPTH

800.

1000.

LATITUDE

FIG. 3. Zonal average potential density in upper 1000 m for (a) Ayy = 0.1,
(b) Agy = 0.5, (c) Ay = 2.5. (c.i. = 0.25 kg m").
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which we can identify as a scale depth for the ther-
mocline, was computed at each location according to

0e(z.) = ao(—H) + [04(0) + o4(—H)]/e.

The zonally averaged scale depths are plotted as a
function of 44y for selected latitudes in Fig. 4. At higher
diffusivities, scale depth increases as approximately the
15 power of Ayy as predicted by the scaling for D,. At
lower diffusivities (0.1 X 107 to 0.5 X 107* m? s™"),
however, the sensitivity is decreased. The advective
scaling for the thermocline depth must come into play
here, maintaining a minimum thermocline depth. Note
that Experiment 2 (4gy = 0.1 X 107 m? s7!) is the
only case with « significantly greater than one, indi-
cating a predominance of wind forcing over thermal
forcing. The profile of the zonally averaged thermocline
depth was also qualitatively different in the subpolar
gyre region for this case compared to the other cases,
showing a doming of the thermocline in response to
the Ekman suction.

Since the momentum balances in the model are
highly geostrophic, we can expect the changes in the
thermocline shape to be reflected in the circulation.
The horizontal velocity fields near the surface for Ex-
periments 2 (low vertical diffusivity) and 4 (high vertical
diffusivity) are shown in Figs. 5b and 6b. In the low
mixing case, the western boundary current separates
from the coast near the zero wind stress curl line, and
-a weak but still distinct subpolar gyre is present. In the
high mixing case, the western boundary current is much
stronger and penetrates to higher latitudes. The interior
circulation in the high mixing case is also very zonal
and there is no evidence of a subpolar gyre. These
changes can be understood in terms of the changes in
the topography of the thermocline discussed above.

DEPTH (m)

1o Ll 1 1

0.1 1.0
A,y (em2s1)

100 "

11 1 i

10.0

FIG. 4. Dependence of thermocline e-folding scale depth on
vertical diffusivity at selected latitudes.
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Since the latitude of density surface outcrops are closely
constrained by the surface boundary conditions, the
deepening of the subtropical and tropical thermocline
results in an increase in the mean meridional slope of
isopycnal surfaces. This implies that the vertical shear
of the zonal current must increase by the thermal wind
relationship. Since the meridional buoyancy gradient
has the same sign over most of the basin and is nearly
zonally symmetric, the thermally induced flow will be
eastward in the surface layers and nearly zonally sym-
metric. For the higher mixing cases, the shear is large
enough to overcome the tendency of the wind forcing
to form counterrotating gyres in the upper layers (note
that the vertically integrated circulation is unchanged).

The changes in the strength of the western boundary
current with increasing diffusivity lead to an increase
in the degree of deviation of the isotherms and isoha-
lines from their reference values in the western bound-
ary region (Figs. 5a and 6a). We can anticipate that
this will lead to significant changes in the surface heat
and salt fluxes. The increased zonal circulation in the
surface layers of the high diffusivity case is accompanied
by an increase in the magnitude of the vertical velocity
on the meridional boundaries to satisfy mass balance.

These changes in the surface circulation are very
similar to changes in the solutions of Bryan and Cox
(1967) and Cox and Bryan (1984) as the magnitude of
the wind stress curl was varied. For a purely thermally
driven circulation, they obtained a solution similar to
the higher diffusivity cases with a single anticyclonic
gyre with very zonal interior flow. As the wind stress
was turned on, then doubled, the circulation took on
a multiple gyre structure, similar to the lowest diffu-
sivity case of the present study. Thus, increasing the
magnitude of the vertical diffusivity has similar effects
to decreasing the Ekman pumping. This relationship
is embodied in the parameter v, which is a function
of both. For v > 1, the wind driven circulation dom-
inates, while for v < 1, the thermally driven circulation
dominates.

On the other hand, these results do not agree with
previous estimates of the sensitivity of the circulation
to changes in vertical diffusivity made from similarity
type solutions to the classical thermocline equations
(Alexander, 1971). These solutions respond to in-
creased diffusivity with an increase in upwelling from
depth, but little change in the horizontal structure of
the circulation. This results from the use of a single
scale factor in the exponential vertical structure of the
solution, thus preventing changes in the mean merid-
ional slope of the thermocline; as indicated previously,
this is a key element in the sensitivity of the full three
dimensional model.

¢. Integral circulations

A streamfunction for the zonally integrated mass
transport or ‘“meridional overturning” circulation can
be defined as
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FIG. 5. Solution for Experiment 2 at 25 m. (a) Temperature (contour interval = 2°C),
(b) Horizontal velocity (vector 1° long = 0.15 cm s~!) and pressure (c.i. = 0.1 db).
I creases in magnitude from about 7.5 X 10° to 30
®.= N va cospdA (223) % 105 m3 s~!. Deep water forms, and sinks near 70°
" latitude and upwells more or less uniformly over the
e [ i 22b remainder of the basin. A much shallower circulation
—a %= | wacospdh, (22b)  driven by Ekman pumping is present near the equator.

w

Deeper on the equator, there is a counterrotating cell
and is shown in Fig. 7 for Experiments 2, 1, and 4 [4;;r  that decreases in magnitude with increasing diffusivity
= (0.1, 0.5, and 2.5) X 107* m® s, respectively]. The and is absent in the higher diffusivity cases. Inspection
predominant feature is an overturning cell that in- of the vertical velocity fields shows that this cell is pri-

LATITUDE

L ONGI TUDE LONGITUDE
FIG. 6. As in Fig. 5 except for Experiment 4 (4yy = 2.5 X 107* m?s™!).
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FI1G. 7. Meridional overturning streamfunction for (a) Ay = 0.1, (b) Ayy = 0.5, (¢) Agy = 2.5
(ci. = 2.5 X 10 m? s™!, solid contours indicate counterclockwise circulation).

marily due to downwelling on the eastern boundary at
the equator. The physical processes driving this cir-
culation are difficult to determine and need further
study. Similar features are present in the models of
Takano (1981) and Cox and Bryan (1984). Cox and
Bryan attribute it to unspecified numerical difficulties.
The dependence of the strength of the primary merid-
ional overturning cell on the magnitude of the vertical
diffusivity is shown in Fig. 8. The overturning shows
an approximately cube root dependence on the diffu-
sivity.

In an analogous manner, we can integrate the con-
tinuity equation meridionally, and define a zonal-ver-
tical plane mass transport streamfunction. This quan-
tity is plotted for Experiments 2, 1 and 4 in Fig. 9. The
changes in the surface circulation patterns discussed
above are very visible here. The increased zonal flow
at high diffusivity leads to a much stronger zonal over-
turning circulation. Further, the upper branch of the
circulation extends to greater depth in the high diffu-
sivity case. The dependence of the primary zonal over-
turning cell on the diffusivity is shown in Fig. 10, in-
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dicating a % power dependence. This agrees with the
diffusive scaling relationships, since the mass transport
should be proportional to the product of U, and D,,
which both have cube root dependence on Ayy. Ap-
parently, the meridional overturning does not follow
the same scaling and is not quite as sensitive to the
magnitude of the diffusivity. Previous authors (Bryan
and Cox, 1967) have not made this distinction, and a
physical basis for the 13 power dependence of the me-
ridional overturning remains to be found.

d. Energetics
The basin mean kinetic energy equation is
(W + 12y, = —(pgw)+ H 'y,
~ o mv U2 + 0.2y + po(uF* + vF®y  (23)

where {( )) represents a basin volume mean, ()
represents a mean over the horizontal area of the basin,
and u; is the zonal component of the surface velocity.
In deriving the potential energy equation, we make the
simplifying assumption that the density obeys the same
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conservation equation and boundary conditions as do
the temperature and salinity individually. This is not
strictly true, due to the nonlinearity of the equation of
state. The resulting equation for the basin mean po-
tential energy is

(p82"y:={pgw) — 80 ~ gAn(ps— ps)/ H + (CAgZ').
(24)

It is sometimes useful to consider the available potential
energy, instead of the full potential energy. An estimate,
which is adequate for the purposes of this study, is

given by
(APE) = ~(gp"/2(8p/92)). (25)

In equilibrium, the left-hand sides of (23) and (24)
vanish. Further, the mean surface heat flux O must be
identically equal to zero, so the second term on the
right-hand side of (24) vanishes. A convenient way of
presenting the terms in the equilibrium energy equa-
tions is as an energy cycle block diagram as depicted
schematically at the top of Fig. 11. The energy cycles
for Experiments 1-4 are presented in the same figure.

As the vertical diffusivity increases, the available po-
tential energy (APE) increases. Once again, the changes
in the shape of the thermocline enter into the problem.
The increase in the mean meridional slope of isopycnal
surfaces causes the variance of density on a level sur-
face, p? to increase. The overall thickening of the ther-
mocline results in a slight decrease in the mean strat-
ification p,. Both of these effects contribute to an in-
crease in the APE.

The total potential energy (P) is many orders of
magnitude greater than the APE, and is almost entirely
associated with the stratification of the level mean state.
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FIG. 10. Dependence of zonal overturning streamfunction
on vertical diffusivity.
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The generation of potential energy is seen to increase
in direct proportion to the vertical diffusivity. Since
the deep water density and the mean surface density
are nearly constant for all the experiments, the top-to-
bottom stratification p; — pp is invariant to changes in
vertical diffusivity. Thus, the generation term is simply
linearly proportional to Ayy. A large fraction of the
potential energy generation is directly compensated by
dissipation by convection.

For the large scale ocean circulation, the available
potential energy exceeds the kinetic energy by a factor
approximately equal to the ratio of the basin scale to
the internal radius of deformation (Gill et al., 1974).
This is the case here with the ratio of APE to KE equal
to 350-400. As the vertical diffusivity increases and
the thermally forced circulation becomes stronger, the
kinetic energy increases. Since the changes in the cir-
culation in these experiments are thermally induced,
the increase in kinetic energy must be supported by an
increase in the buoyancy work. In the lowest diffusivity
experiment, the sign of the buoyancy work is negative;
i.e., there is a net conversion of kinetic to potential
energy. For this case, the wind forcing is helping to
maintain the thermocline structure. For the higher dif-
fusivity cases the buoyancy work is positive and in-
creases with increasing diffusivity; i.e., the thermal
forcing is driving a more vigorous flow. The changes
in the buoyancy work can be related to the changes in
the integral circulations discussed in the previous sec-
tion. The increase in the meridional overturning results
in more cold water sinking, and more warm water ris-
ing, thereby increasing the correlation —w'p’. There is
also a slight increase in the wind work as the diffusivity
increases and the surface flow becomes stronger and
more aligned with the wind stress.

Holland (1975) presented the energy cycles for two
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experiments in which the parameter v was varied by
changing the wind forcing. He obtained similar results
to those here, with a net conversion of kinetic to po-
tential energy for v > 1, and vice versa for ¥ < 1. Thus,
we again see that the character of the model solution
depends strongly on this parameter.

e. Surface heat fluxes and poleward heat transport

As discussed above, the deviation of the surface
temperature and salinity fields from their reference
values in the western boundary region increases with
increasing diffusivity and the strengthening of the
boundary current. The surface heat fluxes thus increase
in magnitude in this region (Figs. 12a—c). There are
also qualitative changes in the pattern of the surface
heat flux. In Experiment 2 there is a region of heat
gain along the western boundary between 50° and 70°
latitude, where the boundary current of the subpolar
gyre flows equatorward. In contrast, the heat flux is
out of the ocean everywhere poleward of 25° along the
western boundary in the high diffusivity case. The pat-
tern and magnitude of the surface salt flux undergoes
similar changes and will not be discussed here.

A quantity of primary interest in studies of the
ocean’s role in the global climate system is the poleward
heat transport. Numerical models provide one method
for estimating these transports. There are considerable
discrepancies between the estimates obtained from
quite similar models (e.g., Bryan and Lewis, 1979 vs
Meehl et al., 1982), however, and it is not clear how
sensitive the computed transports are to various mod-
eling assumptions.

The total northward heat transport through a zonal—
vertical section extending across the entire basin from
top to bottom is

FH = HLpoc, [T~ Apa™ T,

(26)

where [( )] denotes a zonal average, ( ) a vertical
average, and L = a cos¢. In order to aid the interpre-
tation of the model results, it is useful to divide (26)
into contributions due to various modes of the total
circulation. Writing v and 7 in terms of their averages,
and deviations therefrom, (4) becomes -«

FH=HLpoc, {[0][T]+ [0*T*] + [v'1][T’]

+[0*T™*] — Agya™'[T1,} (27)
where ( )* denotes a deviation from the zonal mean,
and () denotes a deviation from the vertical mean.
For a basin with at least one closed zonal boundary,
the net mass transport through any section [v] must
vanish, so the first term on the right-hand side of (29)
is identically zero. The second term is associated with
the vertically averaged barotropic circulation, the third
with the zonally averaged meridional overturning cir-
culation.
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The components of the poleward heat transport are
shown in Fig. 13 for the reference case. The meridional
overturning is the dominant term at most latitudes. At
low latitudes the shallow Ekman driven circulation
makes the dominant contribution, while at mid- and
high-latitudes the primary meridional overturning cell
is dominant. The total transport is poleward every-
where with a maximum magnitude of about 0.4 X 10"
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FIG. 13. Components of poleward heat transport
for experiment 1.

W. This is somewhat less than, but of the same order
of magnitude, as estimates of the poleward heat trans-
port in world ocean models.

As shown above, the meridional overturning is sen-
sitive to the magnitude of the vertical diffusivity, so we
can expect this sensitivity to extend to the poleward
heat and salt transports. The total heat transports for
Experiments 1-4 are shown in Fig. 14. For this range
of the vertical diffusivity, the poleward heat transport
increases by almost an order of magnitude. The dif-
ferences between the heat transports obtained by Bryan
and Lewis (1979) and Meehl et al. (1982), may be par-
tially due to the differences in their choices of the mag-
nitude of vertical diffusion. While Bryan and Lewis
specified the vertical diffusivity as an increasing func-
tion of depth, its magnitude in the thermocline was
between 0.3 and 0.5 (X10™* m? s™!). Meehl et al. chose
the vertical diffusivity as 107 m? s, and obtained an
annual average maximum poleward heat transport
about 75% higher than Bryan and Lewis. As discussed
by Meehl et al., differences in the specification of the
surface wind stress may have also contributed to the
differences in the heat transport results.

5. The role of surface thermal boundary conditions
a. Sensitivity to restoring time scale

In the previous section, the model solution changed
both qualitatively and quantitatively in response to
changes in the magnitude of the vertical diffusivity,
and the sensitivity was well described by simple scaling
relationships. To derive these scaling relationships the
surface thermal boundary condition was treated as if
a fixed meridional density gradient was imposed, rather
than merely restoring towards one. Since the restoring
time scale was sufficiently short to keep the surface
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isopycnals close to their reference latitudes, this was a
good approximation. It is of interest, however, to de-
termine the sensitivity of the model solution and of
the scaling relationships to the time scale used in the
restoring boundary condition. In Experiments 6 and
7, this was done by increasing the time scale from 25
to 90 days.

The surface temperature distribution for Experiment
6 is shown in Fig. 15. The principle difference from
the reference case is an increased displacement of iso-
therms from their reference positions, which, as dis-
cussed in the previous section, results in an increase
in the magnitude of the surface heat flux. This case is
somewhat different from the previous cases, however,
in that compensating positive and negative displace-
ments occur at the same latitude, so there is little change
in the net surface heat flux at a particular latitude. Thus,
the poleward heat transport is relatively insensitive to
the change in 74.

There is little change in the horizontal or vertical
velocity fields with increasing 7. At levels below the
surface, the changes are quite small. There are apparent
differences when integral circulations are considered
however. The meridional overturning decreases in
magnitude by about 30% with the increase in 7 from
25 to 90 days, but the sensitivity to changes in Ayy
remains the same. Cox and Bryan (1984) tested the
sensitivity of their model to changes in this parameter,
as well. They reported a decrease in convective activity
as the time scale was increased.

b. Sensitivity to vertical diffusivity with specified surface
Sfluxes

As shown in section 4, the magnitudes of the surface
heat and salt fluxes increased with increasing diffusivity.

5o 80° 700 e0r 50°
LATITUDE
FIG. 14. Dependence of poleward heat transport on vertical diffusivity.
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In this sense, the diabatic forcing at the surface, as well
as the internal diabatic forcing (through cross-isopycnal
mixing), changed from one experiment to the next. To
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try to isolate these two effects, another set of experi-
ments (8-9) was carried out in which the vertical dif-
fusivity was varied, but the surface fluxes were held
constant and equal to those in the reference case.

With a fixed flux boundary condition, there is no
longer a strict constraint on the range of surface tem-
perature or salinity (though the basin mean values are
constant). The equator to pole temperature difference
exceeds 50°C for the low diffusivity case, while it is
only about 15°C for the high diffusivity case. The
enormous variability in Experiment 8 causes problems
for the model because the equation of state employed
is valid only inside a range of oceanographically rele-
vant temperatures and salinities. We can still compare
the response qualitatively, however. For both ex-
periments, the surface thermal fields are much less
zonal than in the corresponding cases with linear
damping boundary conditions. The zonality of the
surface flow at high latitudes in the high diffusivity case
is also broken.

The changes in the structure of the thermocline in
response to changes in vertical diffusivity when fixed
flux boundary conditions are used are similar to those
that occurred using restoring boundary conditions. The
vertical scale of the thermocline decreases and the
stratification increases with decreasing diffusivity. An
exception is that the thermocline in the high diffusivity
case has a stronger bowl-like structure than the lower
diffusivity case.

The strength of the meridional overturning remains
roughly the same for either type of boundary condition.
Since the heat transport is fixed when the surface fluxes
‘are specified, the sensitivity is not reflected in that
quantity. An increase in the meridional overturning is
compensated by a decrease in the vertical temperature
differential to keep the poleward heat transport con-
stant.

6. Sensitivity to other parameters

The magnitudes of the vertical diffusivity and the
wind stress curl have been identified as controlling fac-
tors in the character of the model solution. These were
the two quantities that arose naturally in the scale
analysis of the model equations. The question remains
as to whether any of the remaining closure parameters
have as strong an influence on the model solutions.
Holland (1975) identified a certain ratio of the hori-
zontal diffusivity and horizontal viscosity as being im-
portant in determining the nature of the energy cycle.
In order to compare the sensitivity of the model to this
quantity and that described previously, two experi-
ments were carried out in which the magnitude of
the horizontal diffusivity was varied (Experiments 10
and 11).

The first notable effect of increasing the horizontal
diffusivity is that the horizontal temperature and salin-
ity fields are smoothed out. Zonal cross sections of
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temperature in the subtropical gyre region (Fig. 16)
show that the warm core on the western boundary is
considerably broadened. This is reflected in the surface
circulation as a weakening of the boundary current
and a nearly complete disappearance of the tight re-
circulation. Also, the western boundary current sepa-
rates from the coast at a lower latitude and there is a
more distinct subpolar gyre in the higher horizontal
diffusivity case. Apparently the increase in horizontal
diffusion has diminished the isopycnal slopes such that
the wind forcing of the multiple gyre system becomes
more pronounced.

In and below the thermocline there is an important
difference in the vertical velocity distribution. While
the vertical motion in the interior is primarily upward
in the lower diffusivity case, there is a large region of
downwelling in the western half of the basin at higher
diffusivity. Veronis (1975) pointed out a similar feature
in the model results of Holland (1971) and noted that
large-scale downwelling in the interior was contrary to
accepted ideas about the thermal balance of the abyssal
ocean. He offered an explanation for the model results
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based on Holland’s published figures that is substan-
tiated quantitatively with the current model. In the
western boundary region, warming of waters on the
inshore side of the boundary current by horizontal dif-
fusion is balanced primarily by upward advection of
cold bottom water. As the horizontal diffusivity in-
creases, the upwelling along the western boundary in-
creases. When the western boundary upwelling be-
comes sufficiently strong, the deep water formation is
insufficient to supply both the boundary upwelling and
interior upwelling. Thus, water is forced to sink in the
interior to satisfy mass balance for the deep ocean.

Changes in the horizontal diffusivity can result in
some significant changes in the circulation, but not to
the degree seen with changes in vertical diffusivity. The
sensitivity to horizontal diffusivity results from its effect
on cross isopycnal mixing. A reformulation of the
model mixing parameterization in terms of isopycnal/
diapycnal mixing coefficients would remove a large part
of the sensitivity to this parameter. ‘

A number of other experiments were carried out in
which vertical viscosity was varied, or several param-
eters were varied in combination. Changes in vertical
viscosity resulted in slight quantitative changes in re-
gions of large vertical shears (especially the equator),
but did not change the qualitative nature of the solu-

tion. Unfortunately, computational restrictions on the

horizontal viscosity prevented direct testing of the sen-
sitivity of the model to this parameter. Decreasing the
viscosity can be expected to result in an increase in the
strength of the time mean flow. The changes in the
circulation resulting from changes in the ratio of the
. viscous and thermal boundary layers in the western
boundary region, as described above, would occur in
this case as well. Once the viscosity was decreased below
some value however, barotropic and baroclinic insta-
bility would start to occur and eddies would begin to
form. The role of eddies in the thermohaline circulation
is beyond the scope of the current study.

7. Conclusions

This study considered the sensitivity of a numerical
ocean general circulation model to changes in some of
the closure parameters, with particular emphasis on
the response of the thermohaline circulation. Sensitivity
studies are a necessary and important part of the de-
velopment of mathematical models of geophysical fluid
systems. They can help to reveal aspects of the model
that will most profitably benefit from further refine-
ment, as well as to provide insights into the funda-
mental dynamics of these complicated fluid systems.

The primitive equation model used in the present
study shows a great sensitivity to the magnitude of the
vertical diffusivity. As the vertical diffusivity increases,
the thermocline scale depth increases. This, in turn,
results in an increase in the mean meridional slope of
the thermocline, and hence the shear of the zonal cur-
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rent. The circulation thus becomes more zonal and
intense with increasing diffusivity.

Scaling relationships based on geostrophic dynamics
and advective-diffusive thermal balances provide a
good description of this sensitivity. The fundamental
parameter describing the response of the circulation is
7, the ratio of the Sverdrup and-thermal wind velocity
scales. This parameter is proportional to the square
root of the Ekman pumping, and inversely proportional
to the cube root of the vertical diffusivity. As v in-
creases, the circulation is dominated by wind forcing,
and takes on a multiple gyre structure. At large «, the
thermocline scale depth is set by the wind forcing at
the advective scale D,, which is independent of the
vertical diffusivity. As vy decreases, the circulation con-
sists of a single gyre with very zonal interior flow. At
small v, the thermocline scale depth is given by the
diffusive scale Dy, which is proportional to the cube
root of the vertical diffusivity. The same dependence
on this parameter has been observed in previous sen-
sitivity studies in which the wind forcing was varied
while the vertical diffusivity was held fixed.

The enhancement of the vertical shear of the zonal
flow causes the meridionally integrated zonal mass
transport to increase. The transport was shown to be
proportional to the product of the thermal wind ve-
locity scale and the diffusive depth scale. The zonally
integrated meridional mass transport also increases
with increasing vertical diffusivity, but not to the same
degree as the zonal circulation. The transition from
wind forcing dominated to thermal forcing dominated
circulations is also evident in the energy cycles. At small
v, there is a net conversion of kinetic to potential en-
ergy, so that the wind forcing is helping to maintain
the thermocline structure. At small v, the buoyancy
work changes sign, and the thermal forcing drives a
more vigorous circulation.

The poleward heat transport in this model, and other
OGCMs, is dominated by the meridional overturning
circulation. When a linear restoring boundary condi-
tion on the surface temperature is used, the increased
meridional overturning results in a increase in the
poleward heat transport. When the surface heat fluxes,
and thus the poleward heat transport, are specified as
boundary conditions, the sensitivity appears in the
meridional and vertical temperature gradients.

This sensitivity of OGCMs is somewhat discouraging
from the point of view of climate modeling. While we
can expect reliable estimates of the wind stress to be-
come available with the advent of satellite-borne in-
struments, the prospects for determining the vertical
diffusivity are not so bright. Estimates of the magnitude
of the vertical diffusivity in the ocean vary by almost
two orders of magnitude. The physical processes re-
sponsible for mixing in the interior of the ocean are
perhaps the most poorly understood in physical ocean-
ography. While the horizontal resolution of the next
generation of models will be adequate to resolve the
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energetic eddies responsible for mixing along isopycnal
surfaces, the eddies responsible for cross-isopycnal
mixing have vertical scales much too small to be re-
solved in large-scale models. The turbulent motions
responsible for cross-isopycnal (or approximately ver-
tical mixing) will therefore continue to be parameter-
ized for the foreseeable future.

Two of the deficiencies of the current generation of
OGCMs are that the thermocline tends to be too deep,
and the poleward heat transport too small. As we have
seen, reducing the vertical diffusivity in order to im-
prove the simulation of the thermocline results in a
lower, and less realistic, poleward heat transport. Re-
cent results with higher resolution models (K. Bryan,
personal communication) indicate that the sensitivity
of these quantities to vertical mixing is the same but
that it may be possible to obtain a better overall so-
lution. In viscous, low resolution models a very large
store of available potential energy is required to drive
a circulation strong enough to have a realistic poleward
heat transport. Increasing the vertical diffusivity results
in a larger APE supply. In models with lower dissipa-
tion, the size of the APE pool need not be as large, so
itis not necessary to sacrifice the thermocline structure
for realistic heat transports. Nonetheless, the sensitivity
remains large and requires that we better quantify the
parameterization of vertical mixing processes if we are
to use ocean general circulation models as tools to in-
vestigate the role of the ocean in climate change. The
results of the present study should help to provide a
basis of understanding for the changes that will occur
in the solutions when new mixing parameterizations
are incorporated in future generations of ocean general
circulation models.
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