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ABSTRACT

A primitive equation model of an idealized ocean basin, driven by simple, steady wind and buoyancy forcing
at the surface, is used to study the dynamics of mesoscale eddies. Model statistics of a six-year integration using
a fine grid (1/6° X 0.2°), with reduced coefficients of horizontal friction, are compared to those using a coarser
grid (1/3° X 0.4°), but otherwise identical configuration. Eddy generation in both model cases is primarily
due to the release of mean potential energy by baroclinic instability. Horizontal Reynolds stresses become
significant near the midlatitude jet of the fine-grid case, with a tendency for preferred energy transfers from the
eddies to the mean flow. Using the finer resolution, eddy kinetic energy nearly doubles at the surface of the
subtropical gyre, and increases by factors of 3—4 over the jet region and in higher latitudes. The spatial characteristics
of the mesoscale fluctuations are examined by calculating zonal wavenumber spectra and velocity autocorrelation
functions. With the higher resolution, the dominant eddy scale remains approximately the same in the subtropical
gyre but decreases by a factor of 2 in the subpolar areas. The wavenumber spectra indicate a strong influence
of the model friction in the coarse-grid case, especially in higher latitudes. Using the coarse grid, there is almost
no separation between the energetic eddy scale and the scale where friction begins to dominate, leading to steep
spectra beyond the cutoff wavenumber. Using the finer resolution an inertial subrange with a k™ power law
begins to emerge in all model regions outside the equatorial belt.

Despite the large increase of eddy intensity in the fine-grid model, effects on the mean northward transport
of heat are negligible. Strong eddy fluxes of heat across the midlatitude jet are almost exactly compensated by
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changes of the heat transport due to the mean flow.

1. Introduction

The kinetic energy of the geostrophic flow field in
the ocean is dominated by mesoscale eddies with spatial
scales of about, in midlatitudes, 50-200 km. A question
of particular importance to the ocean’s role in climate
is the influence of the energetic fluctuations on the
large-scale transports of heat and momentum. During
the past 15 years it has been a primary objective of
eddy-resolving general circulation models (EGCMs)
to understand the role of the eddies in the mean dy-
namic balances. However, examination of the influence
of the oceanic eddies on large-scale transport processes
still suffers from the compromises that have to be made
due to the heavy demands of computing power nec-
essary to represent the mesoscale variability in nu-
merical models of planetary scale.

One option is to favor gridpoint resolution and
compromise potentially important physics of the ocean
dynamics by adopting a simpler set of equations and
choose basin sizes small compared to the real oceans.
Extensive use has been made of quasigeostrophic (QG)
models to investigate the generation of mesoscale eddies
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in simplified ocean basins and their dynamical inter-
action with the mean flow. Reviews are given by Hol-
land et al. (1983) and Holland (1985). A crucial pa-
rameter in these models is the horizontal grid spacing;
it implies, for numerical reasons, a minimum value
for the coefficient of horizontal friction. Substantial
effects on mean flow and eddy properties are found
even when decreasing the grid size from 20 to 10 km
(Barnier et al. 1991).

A still simplified, but geophysically sized basin, and
the more complete physics of the primitive equations
(PE), were used by Cox (1985; hereafter C85) in a
study of eddy effects on transport processes in the sub-
tropical thermocline. Eddies generated by baroclinic
instability in the westward-flowing portion of the gyre
led to strongly enhanced mixing of the ventilated water
masses and homogenization of properties over large
areas of the thermocline (Boning and Cox 1988). Bryan
(1987) has pointed out that the inclusion of thermo-
haline dynamics led to fundamental differences in the
distribution of isopycnal potential vorticity compared
to the QG case, and noted various common features
with oceanic fields in the PE solution. However, the
model generalization had to come at the expense of
grid resolution (1/3° meridional X 0.4° zonal), allow-
ing the representation of only the upper range of the
mesoscale eddies.
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Recently, several investigations into the role of eddies
in the circulation of realistic ocean basins, driven by
realistic forcing fields, had been initiated: the U.K. fine-
resolution model of the Southern Ocean (FRAM
Group 1991); the model of the World Ocean of
Semtner and Chervin (1988); and the “community
modeling effort” (CME) of the World Ocean Circu-
lation Experiment (WOCE). The first experiment
within that effort, a simulation of the North and equa-
torial Atlantic Ocean, had been set up by Bryan and
Holland (1989), based on the same PE code (Bryan
1969), the same grid size (1/3° X 0.4°), and similar
values for the coeflicients of horizontal friction as in
the box model of C85 (Table 1). A sequence of ex-
periments using this configuration, with different
choices for the forcing functions and frictional param-
eters, had been performed at NCAR and at If M Kiel
(Boning et al. 1991). Evaluations of various aspects of
the model solutions show that this model configuration
is quite successful in reproducing many details of the
hydrographic structure and current fields of the Atlantic
Ocean (Spall 1990; Schott and Boning 1991; Didden
and Schott 1992; Boning et al. 1991). One of the major
deficiencies is the weakness of mesoscale fluctuations
in middle and higher latitudes ( Treguier 1991; Stam-
mer and Boning 1992). The most plausible reason for
the small intensity of the midlatitude eddy fields ap-
pears to be the rather coarse grid size used in the first
CME runs, corresponding to a rather strong frictional
control of the eddy generation.

In this paper, results from a sensitivity experiment
directed at the effects of horizontal resolution /friction
shall be reported. The experiment is based on the box
model configuration of Cox, in the version with iso-
tropic bottom roughness described by Boning (1989,
hereafter B89). The “coarse”-grid (1/3° X 0.4°) ex-
periment of B89 is repeated here with a finer grid size
(1/6° X 0.2°) and appropriately reduced coefficients
of horizontal friction. The sequence of experiments
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(Table 1) with this PE model in simplified geometry,
driven by a steady wind stress and buoyancy flux,
should provide a useful frame of reference for inter-
preting the solutions of geometrically more complex
models with seasonally or daily varying forcing func-
tions.

The outline of the paper is as follows. In section 2
a description of the numerical model is given. Com-
parison of the coarse- and fine-grid solutions begins
with section 3 where the patterns of eddy energy are
discussed. Section 4 deals with the generation mech-
anisms of eddy variability in different parts of the flow
regime. The spatial structure of the eddies is discussed
in section 5, based on wavenumber spectra and auto-
correlation functions. The question of the role of the
eddy variability for the meridional transport of heat is
addressed in section 6, and conclusions are given in
section 7.

2. Description of the numerical experiment

The experiment is based on the primitive equation,
multilevel numerical model of Bryan (1969) in the
version described by Cox (1984). The continuous
equations of motion and continuity can be written as

av av,,
—atﬁ+.cv,,+wa—;+ £Xv,
62
- —Vp+ Kp 24+ F, (1)
Po 0z
dp
2~ —pg )
3
Ve + = =0 (3)
a9z

Potential density p is a linear function of the single
state variable T only, that is, p = 1 — 2.5 X 107*T.

TABLE 1. Parameters of various eddy-resolving primitive equation models.

Idealized geometry (Box)

Atlantic Ocean (CME) World Ocean

Cox (1985) Boning (1989) Bryan and Holland Boning et al. Semtner and
C85 B&9 This study (1989) (1991) Chervin (1988)
Basin Idealized: 0°-65°N, 0°-60° “E” Atlantic: 15°S-65°N, 100°W-14°E World Ocean
Bottom topography flat rough rough real topography real topography
Grid size
(meridional X zonal) 1/3° X 0.4° 1/3° X 0.4° 1/6° X 0.2° 1/3° X 0.4° 1/2° X 1/2°
Vertical levels 18 21 21 30 20
Number of grid points 197 X 152 X 18 197 X 152 X 21 393 X 303 X 21 240 X 220 X 30 720 X 280 X 20
Vertical :
diffusivity 0.3 0.3 0.3 0.3 0.3
viscosity (cm?® s™") 10 10 10 30 10
Horizontal
diffusivity 24 24 0.4 2.5 2.5 7.5
viscosity
[(—=1) X 10" cm* 7] 0.8 0.8 0.1 2.5 2.5 2.5
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With p = 1 + 10~3g, the conservation equation for ¢
is

%\ fotwo-K o+ F

- o g, = -y .

ot P2 T
The V operator and the nonlinear advection operator
L apply to horizontal variations only; v, is the vector
of horizontal velocity, with components (u, v). The
terms in F represent the effects of lateral turbulent
mixing, given in biharmonic form,

Fp= —AV%, F;=—A4,9%. (5)

Here A4,,, A, are the horizontal and K,,, K, are the
vertical mixing coefficients corresponding to m: mo-
mentum, d: density. Convection is incorporated into
the model through the convective adjustment proce-
dure described in Bryan (1969).

The model ocean is forced by a steady zonal wind
stress 7 and by a surface buoyancy flux proportional
to the deviation of the current surface density ¢ from
a reference density o*. Both ¢* and T are functions of
latitude only and are shown in Fig, la.

In C85 the model was applied to a basin of 60° lon-
gitudinal width, extending from the equator to 65°N
(Fig. 1b). Following a spinup phase of 540 years with
a coarser, noneddy-resolving grid (1° X 1.2°), which
resulted in a near steady-state solution, the 1/3° X 0.4°
case was initialized and integrated another 24 years.
In C85 a flat bottom was used, except for an idealized
coast and shelf along the western wall. In B89 an ideal-
ized bottom topography, with a specified isotropic
spectrum, was incorporated in the interior of the basin.
In order to allow the representation of the topograph-
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ically induced small flow scales on the numerical grid,
the topographic spectrum was truncated at twice the
smallest wavelength representable by the numerical
grid. Interaction of the eddies with the bottom rough-
ness reduced the strong barotropization tendency found
in the flat-bottom case and led to more realistic vertical
profiles of eddy kinetic energy (EKE). The present
high-resolution experiment was initialized with the final
density field of the rough-bottom case of B89, linearly
interpolated to the new grid; initial velocities were set
to zero. The truncation of the topographic spectrum
was kept the same; that is, it is now four times the
smallest wavelength. With the new grid size of 1/6°
X 0.2° the model was integrated for 6 years.

In Table 1 the grid sizes and mixing coeflicients used -
in the different versions of the box model are compared
with the corresponding numbers used for the first ex-
periments with the CME model of the North Atlantic.
Also listed are the numbers used in the semiprognostic
World Ocean model of Semtner and Chervin (1988).
For the present fine-grid experiment with the box
model, the same number of vertical levels (21) and
the same vertical mixing coefficients (K,, = 10
cm?s™!, K; = 0.3 cm?s™!) were used as in the coarser-
grid case of B89. The horizontal mixing coefficients of
the coarse-grid case,

A, =—-08X10", A;=-24X%X10"cm*s™!
were reduced to

Ap=—0.1 X10"%, A4,=-04X%X10"° cm*s™!

in the fine-grid case. As may be seen in Table 1, the
same horizontal grid size and similar horizontal mixing

MEAN SURFACE DISPLACEMENT

40° E

F1G. 1. The idealized model configuration of Cox (1985): (a) Zonal wind stress (solid line)
and reference density (dashed line) at the surface, (b) 5-yr mean equivalent surface elevation
of the coarse-grid (1/3° X 0.4°) model with contour interval = 10 cm.
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coefficients as in the coarse-grid box experiments had
been adopted for the CME North Atlantic model. The
time step of 43.8 min used in the coarse-grid box was
reduced to 21.9 min for the fine-grid case.

The integration period of 6 years with the high-res-
olution model is certainly not sufficient to allow the
large-scale features of the deep ocean circulation to
readjust to altered dynamics of the upper ocean due
to the emergence of smaller flow scales. The main focus
of this study is on the upper-layer flow, and on the
nature of the eddy field in the solutions which react on
a much shorter time scale. An indication of the ad-
Justment process after initialization of the fine-grid case
is provided by the temporal change of the basin-aver-
aged kinetic energy (Fig. 2). After about 1 year of in-
tegration with the fine grid, a new, mean level of kinetic
energy is reached that exceeds the energy of the coarse-
grid solution by about 50%. As noted by Cox (1987)
and B89 for the coarse-grid case, the kinetic energy is
not constant even after a longer integration time; in-
stead, a vacillation between kinetic and potential energy
occurs, on a time scale of O(3 yr). In general, the pres-
ence of such low-frequency oscillations in the solution
somewhat obscures a quantitative analysis of mean en-
ergy budgets over a certain period of time. For the pur-
pose of this study, however, it is reasonable to assume
that effects of these low-frequency fluctuations, for ex-
ample, on EKE, are small compared to the effects
caused by the different grid size.

In the following section the flow fields and eddy
fluxes from the final S years of the fine-grid experiment
will be compared with the coarse-grid solution of B89.

3. Eddy energy

The mean flow in the basin can be understood in
terms of a meridional overturning cell driven by the
differential buoyancy flux at the surface, superimposed
by a wind-driven double gyre pattern with concentrated
outflow at about 35°N. The surface geostrophic flow
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FIG. 2. Basin integrated kinetic energy vs integration time of the
fine-grid (1/6° X 0.2°) model. The model was initialized with the
final density field of the coarse-grid (1/3° X 0.4°) case; the mean
energy of the coarse-grid solution is indicated.
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field, given in Fig. 1b, crudely approximates the main
characteristics of midlatitude ocean circulation. The
model is not intended as a simulation of a real ocean,
however. Though basin dimensions are similar to those
of the North Atlantic, significant deviations from a re-
alistic flow pattern cannot be avoided with the simple
geometry and the idealized forcing functions. In par-
ticular, the actual nonzonal course of the zero wind-
stress curl line is not represented by the purely zonal
wind stress used in the model. As outlined by C85, the
peak in westerlies had been moved to 35°N, corre-
sponding to the latitude of zero curl in the western
North Atlantic. The independence of longitude causes
a nearly zonal boundary between the subtropical and
subpolar gyre, probably more representative of North
Pacific than of North Atlantic conditions. These ideal-
izations have to be kept in mind when interpreting the
patterns of eddy variability occurring in the model.

Linear theory requires a changing sign of the merid-
ional gradient of potential vorticity g as a necessary
condition for baroclinic instability (Green 1960; Char-
ney and Stern 1962). A northward decrease in g has
been found as a striking feature of the upper thermo-
cline (o = 26.3 — 26.5) on the equatorward side of the
subtropical gyre in the North Atlantic (McDowell et
al. 1982). Since deeper layers are generally character-
ized by a northward increase in g, a large region in the
North Atlantic, between 10° and 30°N, is potentially
susceptible to baroclinic instability. The strongest re-
versal of the potential vorticity gradient is associated
with the North Equatorial Current (NEC) at 12°-
18°N, in 200-350 m. The NEC was suggested by Gill
et al. (1974) as a potential region for baroclinic gen-
eration of eddies; the stability of this region was dis-
cussed by Keffer (1983). The time-mean density strat-
ification and potential vorticity in the central/eastern
part of the model basin is illustrated in Fig. 3a,b where
meridional sections between 5° and 60°N are shown
for the two box cases. Also shown (Fig. 3¢) are the 5-
yr mean fields of ¢ and g in the winter season of the
WOCE Atlantic model. Potential vorticity is defined
as g = —({ + f)o,, where { is the relative vorticity of
the flow. The general pattern of g is basically similar
in all solutions. The ventilated portion of the subtrop-
ical gyre is characterized by a minimum of ¢, extending
downward and southward from the convection areas
in the northern portion of the gyre. This tongue of low
g water separates two maxima of g associated with the
main subtropical thermocline and with the shallow
tropical thermocline and leads to a southward gradient
of g in the upper layer of the subtropical gyre.

There are no significant differences between the
stratification patterns of the coarse- and fine-grid so-
lutions of the box model. However, there is only a
rough correspondence to the solution of the Atlantic
model. The meridional displacement of the wind forc-
ing function and the idealization of the surface buoy-
ancy fluxes cause a distortion of the stratification pat-
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FIG. 3. Time-mean density and potential vorticity for (a) the coarse-grid case, (b) the fine-grid case of
the box model, both averaged between 40° and 50°E; (c) the Atlantic model, averaged between longitudes

30° and 40°W. Solid lines represent ¢ in units of 10~° ¢

sigma units.

tern in the box models, such as a much shallower ther-
mocline than in the Atlantic case. It is obvious that
these differences are of significance to the Charney-
Stern conditions for baroclinic instability, which should
caution against a quantitative comparison of the box
results with observations.

The pattern of eddy kinetic energy density (EKE)
at the surface of the box is given in Fig. 4a,b for the
coarse- and the fine-grid case. Highest eddy variability
is associated with the central jet at about 35°N. Very
weak energies are found in the eastern part of the basin
between 30° and 45°N. A band of moderate eddy ac-
tivity extends across the basin along the westward-
flowing portion of the subtropical gyre, between 15°
and 20°N. In the fine-grid case, nearly the whole basin
has become more energetic. Over the subtropical gyre,
EKE is roughly twice as high as in the coarse-grid case:
more than 2000 cm? s~ are obtained in the jet area,
and 200 cm? 572 are reached at the southeastern flank
of the gyre. New instability areas seem to be emerging
in the northern part of the basin, where variability was
rather weak in the coarse-grid case.

There are at least two main departures from the eddy

m~' s™', dashed lines represent ¢ in intervals of 0.2

variability pattern obtained with the CME model
(Treguier 1991; Stammer and B6ning 1992) that have
to be related to the distortions of the basin and forcing
geometries mentioned above. In the box models there
are no counterparts for the high-energy densities along
the North Atlantic Current that exceed 600 cm? s~
east of Newfoundland, at 50°N (Krauss and Kise
1984 ). On the other hand, eddy intensities in the North
Equatorial Current (NEC) are much larger than both
the values obtained in the CME and the values sug-
gested by current measurements (Fu et al. 1982).
However, while the box model values of EKE in the
subtropics are probably exaggerated due to the distorted
forcing geometry, the pattern of eddy variability, with
a minimum in the center of the subtropical gyre and
an increased energy level along the westward-flowing
portion of the gyre, does not appear inconsistent with
existing data. An increase of eddy activity into the NEC,
from a broad zonal minimum between 24° and 30°N,
is shown by the maps of temperature variance and eddy
potential energy that were obtained from expendable
bathythermograph records by Dantzler (1977) and
Emery (1983).
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FIG. 4. Eddy kinetic energy in units of cm? s™2 at the surface for (a) the coarse-grid case and (b) the fine-grid case.

Another perspective of the distribution of eddy vari-
ability and its sensitivity to the horizontal grid size is
given in Fig. 5, where meridional sections of eddy ki-
netic energy and temperature standard deviation, Ty
= T'T''/? are shown for zonal averages between 40°
and 50°E. The section through the eastern part of the
basin is the same as that used for the potential vorticity
section of Fig. 3. Two areas of intensified eddy vari-
ability are revealed: the larger one in the southern por-
tion of the subtropical thermocline where the saddle-
shaped pattern of ¢ indicated favorable conditions for
baroclinic instability, and a weaker maximum in the
subpolar area, centered at about 50°-55°N. (As may
be seen in the horizontal map of Fig. 4, another band
of intense eddy activity occurs near the equator. It will
not be examined further here, since the flow behavior
is probably influenced very much by the presence of
the southern wall.)

With the finer grid the maximum EKE in the sub-
tropical thermocline becomes roughly twice as large as
in the coarse-grid case. Surface EKE in the subpolar
region increases by a factor of 4. In both cases these
areas of moderate eddy activity are separated by a zone
of very weak energy, roughly associated with the region
of broad eastward flow at about 40°N. The latitude
ranges of enhanced EKE correspond to enhanced val-
ues of rms temperature. South of 25°N, a shallow
maximum of T is associated with the tropical ther-
mocline; another broad maximum occurs in the main
thermocline between 15° and 30°N, with highest values
at depths of 400-500 m. The temperature standard
deviations found in the model zone from 15° to 30°N,
between 0.5° and 1.0°C, are in rough agreement with
the values given by Emery for the zonal bands of en-

hanced eddy activity in the subtropical North Atlantic
(between 15° and 22°N) and the North Pacific (be-
tween 20° and 30°N).

An interesting feature of the eddy variability patterns
is the different sensitivity of EKE and T, to the hor-
izontal grid resolution and friction. This situation is
exemplified in Fig. 6, where mean vertical profiles of
EKE and eddy available potential energy (EPE) are
shown for 10° X 10° regions in the subtropical and
subpolar eddy fields. Eddy potential energy is related
to the temperature variance, normalized by the stability
of a mean reference state [see section 4, Eq. (10)].
While EKE decreases with increasing depth through
the main thermocline, maximum values of temperature
variance, and, accordingly, EPE are found at subsurface
levels. In general, this model feature reflects the ob-
served pattern; for example, the POLYMODE moor-
ings in the NEC at 16°N indicated local maxima of
EPE above 200 m and between 320-540 m (Fu et al.
1982). However, the most important point to note in
the box model solutions is probably the different change
of EKE and EPE between the coarse- and fine-grid case.
Especially in the subpolar area, temperature variance
and EPE appear as much more robust model quantities
than EKE. The different changes of EKE and EPE
when going from coarse to fine resolution imply dif-
ferent ratios of EKE to EPE in the two solutions. As
will be discussed below, this is consistent with a decrease
of the energetic eddy scales in the fine-grid case.

While the generation of eddy variability in the east-
ern part of the basin, as will be shown in section 4, can
be understood in terms of a baroclinic instability
mechanism, the influence of the Reynolds stresses is
not negligible in the strong shear zones associated with
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FIG. 5. Eddy kinetic energy (in units of cm? s~2) for (a) the coarse- and (b) the fine-grid case; and standard
deviation of temperature (in °C) for (c) the coarse- and (d) the fine-grid case. Quantities are averaged

between 40° and 50°E.

the central eastward jet. Meridional sections through
the energetic jet regime are given in Fig. 7 showing the
mean density, potential vorticity, eddy Kinetic energy,
and temperature variance for zonal averages between
10° and 20°E. There seem to be only small differences
in the density structure of the coarse- and fine-grid so-
lutions. The 350-400-m deep part of the density front
is associated with a pronounced maximum of potential
vorticity; below this maximum, gradients of g are very
weak along the isopycnals. The g pattern implies that
favorable conditions for baroclinic instability should
occur in a zonal strip centered at about 34°-36°N.
The difference in eddy variability between the two so-
lutions is stronger than in the eastern part of the basin:
the maximum temperature variance of 6 (°C)? in the
coarse-grid case increases to 9 (°C)? in the fine-grid
case; correspondingly, the maximum values of EPE in
the front increase from 5000 to 8000 cm? s 2. A dif-
ference of more than a factor of 2 in this zonal average
is obtained for the EKE maximum: at the surface 600
cm? 572 are found in the coarse- and 1300 cm? s 2 in
the fine-grid case.

4. Eddy-mean flow interaction

In this section we shall seek information on the gen-
eration and the dynamical role of the time-variant
(eddy) part of the flow by a consideration of the energy
cycle in various regions. After giving some necessary
definitions, energy budgets will be presented in the form
of the box diagram introduced by Lorenz (1955)
showing the energy transfer terms acting upon the var-
ious components of the total energy of the system.

The available potential energy participating in the
energy cycle was defined by Lorenz as the difference
between the total potential energy in the actual state
and that of an isentropically leveled state. Though in-
ternal energy (= [ [ [ p* ¢,7dV, where p* is the in situ
density and ¢, the specific heat at constant pressure)
represents a large fraction of the total potential energy
of the ocean (Qort et al. 1989), the available part of it
appears negligible compared to the available gravita-
tional potential energy (Reid et al. 1981). Under the
usual assumption that horizontal gradients in density
are much smaller than vertical gradients, the available
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FIG. 6. Vertical profiles, averaged over 10° by 10° subregions, of eddy kinetic energy for (a) the subtropical and (b) the subpolar
gyre; and eddy available potential energy for (c) the subtropical and (d) the subpolar gyre. Solid lines represent the fine-grid case, dashed

lines the coarse-grid case.

potential energy per unit mass in a volume element V
may then be approximated by (e.g., Oort et al. 1989)

f f f (p— p)2

dp/ dz
or, using the linear relation between potential density
and potential temperature, p = po(1 — aT),

P=la ” -1,
2

dT/dz

The reference state, 5 (z), is obtained here as the hor-
izontal average over the time-mean density distribu-
tion.

Neglecting the contribution of vertical velocity w,
the kinetic energy per unit mass is given by

K=%fff(u2+v2)dV.

(6)

dv. (7)

(8)

Separating the actual flow variables into time mean
and transient parts, ¥ = # + 1/, etc., the time-mean
energy of the system may be divided into four com-
ponents:

mean available potential energy (PEM)

(T - T)2
3 8@ fff afrdz ‘" ©)
eddy available potential energy (EPE)
T"?
180 ffde/d (10)
mean kinetic energy (KEM)
%fff(u +9%)dV, (11)
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%fff CEETRYILS

(12)

If integrated over a closed domain, an energy com-
ponent can change by the work of external forces on

and (f) the fine-grid case; interval is 200 cm? s~2 for values higher than 200

the system, that is, wind work (W) and buoyancy work
(B), by diffusion (D) and frictional dissipation (F),
or by energy transfers due to interactions with other
components (7;). The energy cycle in this case may
be presented in the form of an energy box diagram, as
shown in Fig. 8.
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OCEANIC ENERGY CYCLE
(STEADY FORCING)
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HEATING/COOL ING

FIG. 8. Schematic diagram indicating the mean energy cycle for a
closed oceanic basin, driven by steady wind and buoyancy forcing,
Definitions for the energy components and energy transfers are given
in the text.

The energy transfers, per unit mass, in a closed vol-
ume J are given by

T, =agfff wTdv (13)

N w'T'0T/ox + v'T'9T/dy
e [ [[ TS 1y
T3=—agffJWdV (15)

—— 0 | —— (3 i

n——fff{uu 3x+uv(6x+8y)
+u—'ai’ﬁ]dv (16)

dy

where T'; represents the conversion of mean kinetic to
mean potential energy by the work of the mean buoy-
ancy forces, T, the conversion of mean to eddy poten-
tial energy (baroclinic instability), T3 the conversion
from eddy potential to eddy kinetic energy, and 7', the
work of the Reynolds stresses against the mean shear
(which, if positive, represents barotropic instability).
The situation becomes considerably more complex
when energy budgets of subregions of a turbulent flow
are considered. Energy in an arbitrary volume of fluid
isenhanced also by transports of energy into the region
due to mean flow and mean eddy advection and due
to the divergence of mean and eddy pressure work. In
addition, the Reynolds interaction work no longer rep-
resents a conversion of energy between KEM and EKE:
that is, T represents the effect of eddy-mean flow in-
teraction on EKE, but not its effect on KEM. Kinetic
energy budgets over various subregions of wind-driven
model gyres have been examined by Harrison and
Robinson (1978) and Hall (1986). Treguier (1991)
computed kinetic energy balances for subregions of the
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CME Atlantic model and compared the results with
previous QG models of idealized, wind-driven ocean
basins. ~

A complete analysis of the energy cycle in open
subregions is beyond the scope of the present study.
The focus here shall be on the eddy generation mech-
anism and its dependence on grid resolution. Motivated
by the eddy energy patterns as described in the previous
section, three major flow regimes will be distinguished:

(i) the subpolar region, 40°-60°N, 25°-60°E,

(ii) the southern portion of the subtropical gyre,
10°~30°N, 25°~60°E, and

(iii) the central jet regime, 32°-38°N, 8°-25°E.

For each of these regions, the four components of en-
ergy and the four interaction terms, 7;, have been
computed. The results for the central jet (iii), and the
two “interior” regions (i), (ii) will be discussed sepa-
rately, beginning with the latter.

For the purpose of an easier comparison, the num-
bers for the subpolar and subtropical gyre are displayed
in Fig. 9 in the form of an energy budget as shown in
Fig. 8. If we assume that the solution is near statistical
equilibrium, the imbalance between each pair of in-
teraction terms T; represents the sum of all other energy
fluxes into or out of the subregion. The so-defined en-
ergy cycle is illustrated in Fig. 9 by arrows whose widths
characterize the strength of the particular flux term.

0.001

SUBPOLAR

SUBTROPICAL

FIG. 9. Values of the energy components (in cm? s~?) and inter-
action terms (in 1075 cm? 57%) for two subregions of flow, schemat-
ically displayed in the form of an energy cycle diagram. The width
of the arrows is proportional to the strength of the corresponding
energy flux. The imbalance between each pair of interaction terms
is indicated by a flux into or out of the corresponding energy box,
and represents the net effect of forcing, dissipation, and energy trans-
port across the boundaries of the subregion. (Values marked by an
asterisk are strongly sensitive to the particular choice of the subregion.)
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(It should be noted, however, that the meaning of the
residual fluxes is different than in the basin-averaged
diagram shown in Fig. 8 due to the presence of pressure
work and advective fluxes.)

Two basically different types of the energy cycle can
be distinguished in the model ocean. In the subtropical
gyre the energy input is to KEM, balanced by a transfer
of energy to PEM. This can be understood as the effect
of the wind-driven gyre on the density stratification. It
implies a net negative correlation between vertical mo-
tion and temperature over the gyre; that is, upward
motion is associated with denser water and sinking
motion with less dense water. The transfer from the
pool of kinetic energy maintains the mean potential
energy of the subtropical gyre against the work of the
buoyancy forces; that is, mean heating at the surface
and baroclinic instability. In general, wind-driven QG
oceans are controlled by a similar type of energy cycle
(with widely varying ratios of baroclinic to barotropic
instability transfers). The dynamics of the subpolar
area is characterized by a fundamentally different en-
ergy cycle. The main energy input is to PEM (most
plausibly interpreted as the effect of the buoyancy fluxes
at the surface). Kinetic energy is generated mainly by
a conversion of potential energy associated with the
downward motion of denser water, and not by wind
work. Apparently, there can be no counterpart of such
an energy cycle in wind-driven, adiabatic QG models.

In both flow regimes, eddy energy is generated pri-
marily by conversion from mean potential energy, that
is, by baroclinic instability, and interaction between
KEM and EKE is negligible. Everywhere in the basin
the transfers between mean potential and eddy poten-
tial energy take a much stronger role in the mean energy
balance when going from the coarse to the fine grid.
This is especially the case in the subpolar region, where
the interaction with eddies appears of rather minor im-
portance for the mean energetics in the coarse-grid so-
lution: the loss of PEM by the baroclinic instability
processes is only 14% of the energy conversion to KEM.
In this area, doubling the resolution enhances the
baroclinic instability transfer by a factor of 3.5. The
corresponding factor is 1.4 for the subtropical gyre,
and, as shown later, 3.2 for the central jet. These values
roughly correspond to the increase of EKE from the
coarse- to the fine-grid solution: 3.5 in the subpolar,
3.8 in the jet, and 1.7 in the subtropical region. It should
be noted that all values depend to some degree on the
actual choice of the subregion. This is especially the
case for the buoyancy work terms, T, and T3, which
have a rather noisy spatial dependency. [ Transfer terms
marked by an asterisk (#) should therefore be inter-
preted in a qualitative way only.]

As noted in the previous section, the potential energy
of the transients is much less sensitive to grid resolution
than the kinetic energy, except for the jet area. In the
subpolar and the subtropical region there is roughly a
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10% increase of EPE, and a decrease of PEM by a sim-
ilar percentage. Theoretically, the ratio of available po-
tential to kinetic energy should correspond to (L/Lp)?,
where L is the scale of the flow and Lp the radius of
deformation (e.g., Pedlosky 1979). The energy ratios,
(PEM/KEM)'/? and (EPE/EKE)'/?, are evaluated in
Table 2 for the coarse- and the fine-grid case. In all
regions, the change of eddy energy corresponds to a
decrease of the eddy scale relative to the deformation
radius. The change of the eddy scale between the coarse-
and the fine-grid case is smallest in the subtropical gyre,
and strongest (L decreases by a factor of 2) in the sub-
polar region. It is interesting to note that in the fine-
grid case the scale ratio is nearly constant throughout
the basin. Changes in the mean energy ratios are rather
small. The available potential energy stored in the sub-
tropical gyre exceeds the kinetic energy of the mean
flow by a factor of 500. Gill et al. (1974) estimated an
energy ratio of O(1000) for the subtropical North At-
lantic.

Box diagrams appear as a less useful means of char-
acterizing the energy cycle in the region of the central
jet because of a much stronger spatial variability of the
energy transfer terms than in interior of the basin. The
meridional structure over the jet axis of the baroclinic
and barotropic transfer terms, T, and T, is illustrated
in Fig. 10, in relation to the pattern of KEM and EKE.
The meridional profiles represent averages between 10°
and 20° longitude, and over the top 980 m of the jet.
Some caution should be executed in interpreting these
profiles, since there is variability also along the jet. Al-
though the zonal structure appears generally weaker
than the cross-jet variation, it implies that a zonal-mean
profile is not quantitatively representative of any in-
dividual section, and depends to some degree on the
extent of the zonal-averaging interval. Both effects
contribute to the mean energy profiles displayed in Fig.
10. Due to the presence of permanent meanders in the
mean field, the zonally averaged mean jet is less sharp
than at individual sections; the meridional displace-
ment of the jet axis is partly an effect of the particular
averaging interval, which cuts the meanders of the
coarse- and fine-grid solution at a somewhat different

TABLE 2. Ratio of mean eddy available potential to mean eddy
kinetic energy in different subregions for the coarse- and fine-grid
case. (The values for the mean energy ratio in the central jet, marked
by an asterisk, are strongly dependent on the meridional extent of
the averaging area.)

(PEM/KEM)'/? (EPE/EKE)'?
Coarse grid  Fine grid  Coarse grid  Fine grid
Subpolar 47.6 424 4.1 2.3
Central jet 7.7% 8.5* 3.0 2.4
Subtropical 22.1 22.7 2.7 2.1
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TABLE 3. Kinetic energy densities (in cm? s72) of mean flow (KEM)
and eddies (EKE), and energy transfer terms (in 107 cm? s73), T,
(baroclinic instability), and 7 (barotropic instability), for the central
jet region. The values are obtained by averaging over the depth range
0-980 m, the zonal interval 10°-20°E, and the latitudes 33°L-38°N
(for the coarse-grid case), 31°-36°N (fine-grid case).

Coarse grid Fine grid
KEM 103 150
EKE 135 518
T 1.8 5.8
T, 0.2 -0.4

phase. Apart from this apparent southward displace-
ment, the mean jet in the fine-grid case shows a similar
structure to that in the coarse-grid solution; integrated
over the region the mean kinetic energy increases by
about 50% (Table 3). In contrast, the kinetic energy
of the eddies averaged over the same interval increases
by a factor of 3.8. .

Probably the most prominent feature of the sections
is the strong difference between the energy transfer
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terms of the two solutions. In the coarse-grid case, the
barotropic interaction term T, appears generally neg-
ligible compared to the baroclinic transfer 74. As may
be seen also in Table 3, the baroclinic transfer remains
the dominant source of eddy variability in the fine-grid
case; the section average of 7', increases by a factor of
3.2, roughly corresponding to the increase of EKE. An
inspection of vertical sections shows that nearly all of
this conversion between mean and eddy potential en-
ergy takes place in the upper 400 m. An even stronger
tendency is shown by the barotropic interaction term
T4, which increases by an order of magnitude in the
fine-grid case. Particularly interesting is the meridional
structure of this term. The large negative values near
the jet axis correspond to an energy loss of the eddies
by the Reynolds interaction work. Though the inter-
action term T4, as noted above, in an open subregion
of flow does not exactly represent the effect of the fluc-
tuations on the mean flow, the pattern suggests that
the eddies act to maintain the mean shear of the flow.
Due to the sign reversals in the meridional direction,
the net section-averaged value of the fine-grid solution
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FiG. 10. Energetics of the midlatitude jet: (a) kinetic energy of the mean flow, (b) eddy kinetic energy, (c) barotropic
instability, and (d) baroclinic instability. Quantities are averaged between 10° and 20°E, and 0-980 m.
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as shown in Table 3 does not express the strong dif-
ference to the coarse-grid case.

The interaction work T4 comprises the work of the
Reynolds stresses against the gradients of the mean flow
in both along- and cross-stream directions. Due to the
presence of quasi-stationary meanders of the (nearly)
zonal jet, there is a contribution from all three terms
u'u' du/dx, v'v’' dv/dy, and u'v’ du/dy, respectively.
The structure of the latter term in the fine grid is il-
lustrated in Fig. 11 showing a latitude-depth section
of the momentum flux »'v’, superimposed on the #
= 20 cm s ! isotach. In contrast to the coarse-grid case
(not shown), where the momentum flux is very weak
and less organized, there is a systematic pattern with
a strong northward flux of zonal momentum south of
the jet axis, and vice versa. Even in this zonally averaged
section, the extrema at both sides of the jet are about
+150 cm? 572,

A basically similar pattern of a zonal momentum
flux convergence was indicated by field investigations
in the Gulf Stream and Kuroshio Extension. The cur-
rent meter results of Schmitz (1977), along 55°W and
70°W, suggested a tendency of the off-diagonal Reyn-
olds stress component to intensify the mean Gulf
Stream. A similar pattern, with positive values of
u’v’ south and negative values north of the jet axis,
was found over the Kuroshio Extension, based on XBT
data (Nishida and White 1982), current meter results
(Schmitz et al. 1982), and Geosat altimeter data (Tai
and White 1990).

The direction of the eddy momentum flux in baro-
clinic instability had been investigated by Held and
Andrews (1983). Their perturbation theory indicated
that the momentum flux tends to be into the jet if the
scale of the horizontal shear is not smaller than the
radius of deformation. Results from QG experiments

DEPTH (m)

uyv
| |
30° 35° N 40°

__FiG. 11. The off-diagonal component of the Reynolds stress tensor,
u'v’, for the fine-grid case; averaged between 10° and 20°E. Contour
interval is 50 cm? s, stippling denotes negative values. The heavy
dashed line represents the 20 cm s ! isotach of the mean zonal flow.

BONING AND BUDICH

373

with a limited number of vertical layers have generally
been found highly dependent on parameter choices and
showed either barotropic, baroclinic, or mixed insta-
bilities of the midlatitude jet (Holland et al. 1983). An
idealized PE model of the meandering Gulf Stream by
Wood (1988) showed baroclinic instability as the pre-
dominant energy source for the transients, and a ten-
dency for the momentum flux to reinforce the mean
jet. The present results suggest that the PE model begins
to simulate this characteristic pattern of the horizontal
eddy fluxes near open-ocean jets, provided the grid res-
olution, as in the 1/6° case, is high enough.

Whether there is a net impact of the altered eddy
dynamics on the downstream structure of the jet is
examined in Fig. 12. It shows the zonal variation of
the mean and eddy kinetic energy, averaged between
31° and 38°N, and over the upper 980 m. Probably
the most interesting feature here is the rather small
difference between the zonal penetration scale of the
1/3° and 1/6° model jets, despite their strongly dif-
ferent eddy intensities. The mean flow in the fine-grid
case is intensified between 9° and 15° east of the west-
ern boundary; beyond that there is no significant dif-
ference. A similar insensitivity of the mean jet had been
obtained when bottom roughness was incorporated in
the originally flat-bottomed C85 model (B89). While
this had a strong influence on the vertical structure of
EKE, effects on the mean flow were negligible. The
rather robust nature of the mean jet in the PE solutions
stands in contrast to model results based on the QG
approximation. The zonal jet scale of QG models has
generally been found very sensitive to various model
parameters (Holland and Schmitz 1985). A 6-layer
model forced by a symmetrical (double-gyre) wind
stress showed a 40% increase of the central jet’s pen-
etration scale when the grid spacing was reduced from
20 to 10 km (Barnier et al. 1991). Whether the insen-
sitivity of the PE jet to the strongly enhanced eddy field
is a special result of the particular model configuration
used here has to remain open. It is interesting to note,
however, that a similar insensitivity is shown by the
mean heat transport across the jet (see section 6); both
features would have to be expected as a consequence
of the “nonacceleration theorem” (Andrews and
Mclntyre 1976).

5. Spatial scales

In this section the spatial characteristics of the eddy
field, as simulated by the different model grids, shall
be examined. Snapshots of the instantaneous flow in
different model regions are given in Fig. 13, for the
fine-grid solution. The meandering jet sheds and in-
teracts with eddies of about 250 km diameter (Fig.
13a). Ringlike vortices also characterize the flow field
in the interior of the subtropical gyre (Fig. 13b). An
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FIG. 12. Zonal variation of (a) mean flow and (b) eddy kinetic
energy in the central jet regime, averaged between 31° and 38°N,
and 0-980 m depth.

analysis of the space-time structure of the model so-
lution in B89 showed a pronounced tendency of the
fluctuations in the subtropical thermocline to become
concentrated in singular energetic structures, propa-
gating westward with typical phase speeds of 6 cm s™F.
In particular, the anticyclonic eddies appeared very
stable and generally retained their identity for a year
or more. In contrast to the ringlike structures of the
jet regime and in the subtropical gyre, the velocity fluc-
tuations in the subpolar model area appear much less
organized, and are of substantially smaller scale
(Fig. 13¢).

In order to allow a comparison between the spatial
characteristics of the coarse- and fine-grid solutions,
one-dimensional wavenumber spectra were calculated
from more than 50 individual realizations of the in-
stantaneous velocity field during the last 5 years of each
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experiment. In an attempt to avoid effects of statistical
inhomogeneity, which are especially obvious in the
meridional direction, spectra were estimated along
zonal sections over the interior of the basin only, and
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FIG. 13. Maps of instantaneous flow fields in the fine-grid model:
(a) central jet regime, (b) subtropical gyre, (c¢) a subpolar region.
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averaged over certain latitude bands. Zonal variation
of flow statistics is especially weak in the subtropics,
and it may be acceptable in parts of the subpolar area.
Accordingly, spectra will be presented for the latitudinal
bands 12°-24°N, 24°-30°N, and 52°-60°N. Since it
is difficuit to find any statistically homogeneous subre-
gion significantly exceeding the eddy scale in the regime
of the central jet, this area was omitted from the spectral
analysis. Instead, and to provide a contrast to the char-
acteristics of the turbulent eddy field in midlatitudes,
spectra are presented for the near-equatorial fluctua-
tions in the tropical band 2.5°-5.5°N. No spectral
smoothing was applied, except for averaging the indi-
vidual zonal spectra over the latitude ranges, and over
the ensemble of realizations.

Figure 14 depicts the zonal wavenumber spectra
characterizing the surface velocity field of both model
cases. In general, all regions exhibit red spectra beyond
a certain cutoff wavenumber; the corresponding wave-
length, indicated at the top of each frame, decreases
with latitude. The near equatorial region appears dis-
tinct from the others with a much steeper spectral slope;
the fluctuations in this region are apparently of a largely
monochromatic nature. In this tropical band a differ-
ence between the model solutions is confined to the
energy density near the preferred wavelength of about
770 km, which becomes significantly more excited in
the fine-grid case. Influences on higher wavenumbers
are obviously negligible, except for the smallest scales
resolved by the model grids. (In contrast to the extra-
tropical regions, the scale-selective friction mechanism
seems barely effective enough here to control the grid-
scale noise, especially in the coarse-grid model. This
indicates the need for more frictional control in models
that attempt a simulation of the equatorial currents.)

Energy spectra do not differ much between the two
subtropical bands (Fig. 14b,c). In contrast to the more

A 170 km
|
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wavelike equatorial regime, effects of higher resolution
are not confined to the excitation scale of the eddies
but distributed over all wavenumbers. Particularly in
the fine-grid case, three wavenumber regimes may be
distinguished: an energy-containing band with a very
flat spectrum at lower wavenumbers, an inertial range
with a power-law dependency close to —3, and a dis-
sipation range at higher wavenumbers where spectral
density becomes a more rapidly decreasing function of
wavenumber. The latter transition is rather gradual,
but frictional control seems to become dominant for
wavelengths shorter than about 80-100 km in the fine-
grid case, and twice that value in the coarse-grid case.
The different resolution seems to have little influence
on the cutoff wavenumber, indicating that the energetic
fluctuations of 450-500-km wavelength are rather well
resolved even by the coarser 1/3° grid. However, the
spectral separation between the energetic eddy scale
and the scale where friction becomes important is much
narrower with the coarse grid and leads to a less clear
development of an inertial subrange. This is even more
obvious in the subpolar area (Fig. 14a) where the ener-
getic scale is about 170 km, that is, already strongly
influenced by the model friction in the coarse-grid case.
A tendency toward a k> subrange begins to show up
with the opening of the spectral window between the
eddy and the frictional scale in the fine-grid solution,
The cutoff wavelength (A,) of 450-500 km in the
subtropics is slightly less than twice the wavelength
(27R,) of the first-mode Rossby radius (R,), being
40-50 km in the subtropical model gyre (see Cox
1987); the latitudinal decrease of A\, corresponds to the
decrease of R,. The spectral characteristics of the model
appear analogous to the properties of the Kraichnan
(1967) and Batchelor (1969) analyses of two-dimen-
sional turbulent decay, and Charney’s (1971) gener-
alized theory of geostrophic turbulence. The model
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FIG. 14. Energy density of instantaneous velocity as function of zonal wavenumber, derived along zonal sections
and averaged in time, for the fine-grid case (solid lines) and the coarse-grid case (dashed lines).
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spectra are consistent with the assumption of an eddy
generation by baroclinic instability near the principal
energy-containing scale, and a kinetic energy spectrum
proportional to the —3 power due to an enstrophy cas-
cade to smaller scales. There is abundant evidence for
the existence of a spectral dependence close to k> for
atmospheric motions at synoptic-scale wavelengths
(e.g., Boer and Shepherd 1983). Evidence for the ocean
is rather sparse, but surface height spectra consistent
with the predictions of geostrophic turbulence were in-
dicated by the satellite altimeter analysis of Fu (1983)
and Fu and Zlotnicki (1989), for the more energetic
areas of the World Ocean. These studies and a similar
analysis for the North Atlantic by LeTraon et al. (1990)
indicate smaller spectral slopes in less energetic areas.
However, a recent evaluation of Geosat data for the
Atlantic Ocean by Stammer and Boning (1992) sug-
gests that deviations from K 3 spectral shapes are con-
fined to those regions where the oceanic signal is not
significantly larger than the measurement noise.

A quantitative measure of the dominant eddy scales
in the model basins may be obtained from the velocity
autocorrelation functions, which were calculated along
the same zonal sections as the spectra. (Very similar
values are obtained when basing the analysis on the
lag of the first zero crossing of the transverse velocity
correlations.) Figures 15a and 15b show the integral
scales of the longitudinal velocity correlation for two
regions as function of depth: the subtropical latitude
band between 24° and 30°N, and the subpolar band
between 52° and 60°N. In the subtropical gyre there
is a sharp decrease of the eddy scales below the main
thermocline, probably an effect of the rough-bottom
topography that leads to a decoupling of the thermo-
cline and deeper flow field (B89); vertical coherence
is larger in the weakly stratified subpolar area. Figure
15¢ shows the average length scale of the upper 500-
m depth, from all four regions, as a function of latitude.
The general feature is that the discrepancy between the
model cases is growing with latitude. The coarse-grid
model reproduces the energetic scale of the fine-grid
solution in the subtropics, but clearly fails to simulate
the smaller scales at higher latitudes. This appears con-
sistent with the behavior of the 1/3° North Atlantic
model. Figure 15d reproduces the latitudinal depen-
dence of the CME model scales in comparison to the
numbers derived from the Geosat altimeter data by
Stammer and Boning (1992). There is a close model-
data correspondence in the subtropics, but a growing
discrepancy poleward of about 35° latitude.

6. Poleward heat transport

Since the effect of salinity on density is ignored in
the box models, the transport of heat is equivalent to
the transport of buoyancy. Both terms will be used
synonymously here. Mesoscale eddies can contribute
to the mean northward transport of heat, v7, in two
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F1G. 15. Characteristic eddy length scales for the coarse- and fine-
grid case, calculated from autocorrelation functions of instantaneous
velocity along the same zonal sections as in Fig. 14. Shown is (a) the
depth dependence in the subtropical gyre, (b) in the subpolar gyre,
and (c) the latitudinal dependence of the length scale, vertically av-
eraged over the upper 500 m. The eddy scales are defined here as
integral length scales of the longitudinal (zonal ) velocity component;
results are very similar for the lag of the first zero crossing of the
transverse ( meridional } velocity component. In (d) the scales of the
surface height anomalies found in the 1/3° X 0.4° CME mode! are
compared with scales derived from the Geosat altimeter data for the
North Atlantic (adapted from Stammer and Béning 1992). The length
scale shown represents the lag of the first zero crossing of alongtrack
{Geosat) and meridional (model) autocorrelation over 10° X 10°
areas, zonally averaged across the width of the basin.

ways: by mean eddy fluxes, v'T’; and by mean mo-
mentum fluxes, which may affect the mean velocity
field ¥ and, thereby, lead to alterations of the heat
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transport by the mean flow, 7. In C835, notable con-
tributions of the eddy fluxes were confined to the sub-
tropical gyre region between 10° and 30°N. A re-
markable feature of Cox’s model solution was that the
total heat transport, v7, remained nearly the same as
in a reference solution of lower resolution (1° X 1.2°)
without eddies: The eddy transports v'T’ in the 1/3°
model were nearly exactly compensated by an addi-
tional transport due to the mean flow, 7. In an anal-
ysis of that model, Bryan (1986) noted similarities of
the nonbuoyancy transport behavior of the model ed-
dies with the dynamics of transient disturbances in the
lower stratosphere. In both cases (and in contrast to
tropospheric conditions), nonadiabatic processes can
generally be considered as weak, that is, having much
longer time scales than the transients. Under adiabatic
conditions the nonacceleration theorem applies, and
there is no net effect of transients on the mean flow
(Andrews and MclIntyre 1976).

Figure 16 gives a comparison between the coarse-
and fine-grid solutions with respect to the meridional
eddy flux of heat. Figures 16a,b show the meridional
distribution of v'T" in the eastern portion of the basin,
zonally averaged between 40° and 50°E. Heat flux by
the eddies is generally weak except for the areas of en-
hanced eddy activity between 10° and 30°N, and near
50°N. In both areas the eddy fluxes are mainly down-
gradient across the sloping isotherms (see Fig. 3), cor-
responding to the release of mean potential energy by
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baroclinic energy transfers in these regions. Eddy fluxes
in the southern part of the subtropical thermocline are
equatorward, except for the shallowest levels (<100 m
depth). Both depth ranges show an only moderate in-
crease of eddy fluxes in the fine-grid case. Differences
between the model cases are more pronounced in the
subpolar region. Here the eddy fluxes are generally
northward and are only weakly depth dependent in the
upper 300 or 400 m. Averaged over the area 45°-55°N,
40°-50°E, the eddy flux of 0.17°C ¢cm s ! in the coarse-
grid case increases to 0.26°C ¢m s™! in the fine-grid
case, that is, by about 50%.

Much higher eddy heat fluxes are associated with
the central jet regime. The meridional pattern of
v'T’, zonally averaged between 10° and 20°E, is illus-
trated in Fig. 16c,d for the coarse- and fine-grid case,
along with an indication of the position of the mean
jet axis. In both solutions, eddy fluxes are generally
equatorward in the thermocline south of the jet; the
southward flux in the fine-grid case (—6°C cm s~ ') is
about twice the flux found in the coarse-grid model.
However, largest differences occur near the jet axis
where the very weak values of the coarse-grid solution
are re[l)laced by intense northward fluxes, up to 8°C
cms .

The contribution of eddy fluxes to the net northward
transport of heat, integrated zonally and vertically over
the basin, is shown in Fig. 17a for both model cases.
The transports in the coarse-grid solution of B89 are
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FIG. 16. Eddy flux of heat, 07", (in units of °C cm s™"), for a meridional section in the eastern part of
the basin, averaged between 40° and 50°E, for (a) the coarse- and (b) the fine-grid case; and for a section
across the central jet, averaged between 10° and 20°E, for (¢) the coarse- and (d) the fine-grid case. The
heavy dashed line represents the = 20 cm s™' contour.
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FIG. 17. Northward heat transport in the basin: () the contribution
of mean flow, 9, T, and eddies, v'T"’, and (b) the total heat transport,
vT, for the coarse- and fine-grid solution.

The transports in the coarse-grid solution of B89 are
very similar to the flat-bottom model of C85. With the
finer grid, the eddy transports v'7”’ over the subtropical
gyre become not very different, indicating some can-
cellation between the larger southward transports in
the main thermocline and the larger northward trans-
ports in the surface layer. The stronger fluxes in the jet
area do have an influence on the net eddy transports
in the basin. However, the meridional pattern of
v'T’, a negative bump at 30°-31°N and a positive
bump at 33°-34°N, has a mirror image in the pattern
of the heat transport by the mean flow, 27 Figure 17b
indicates an almost perfect compensation between the
changes of v'T"' and 0T, leading to a nearly identical
heat transport pattern of both model cases south of
about 35°N. _

The differences in the mean flow leading to the 97
patterns of Fig. 17a are examined in Fig. 18, which
.shows the zonally integrated, mean meridional trans-
port in the model basin. Figure 18a reveals two basic
patterns of overturning motion in the meridional-ver-
tical plane: a signature of the “thermohaline” circu-
lation with deep sinking at the northern wall and max-
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imum strength of 12 Sv (1 Sv=10°m>s~'); and two
counterrotating shallow cells, associated with the wind-
driven Ekman transport. The meridional heat transport
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F1G. 18. Mean meridional volume transport for the fine-grid case
(a) as function of latitude and depth, (b) as function of latitude and
temperature, and (c) its deviation from the coarse-grid solution. Units
are 108 m3s~!.
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of these closed cells is proportional to the temperature
difference between the upper and lower branches. As
shown by Bryan and Sarmiento (1985), this may be
illustrated by plotting the meridional circulation using
temperature instead of depth as the ordinate. Figure
18b demonstrates that the northward heat transport in
the subtropics is mainly due to the shallow wind-driven
cell, with maximum strength of 16 Sv, and a relatively
large temperature difference between the northward-
flowing water and the southward return flow. The re-
gion between 30° and 35°N is characterized by strong
transports across isotherms reflecting intense convec-
tion near the northern boundary of the subtropical gyre.
The difference between the fine- and coarse-grid pat-
terns, shown in Fig. 18c, is strongest in this region. The
positive transport anomaly south of the jet axis and
the negative anomaly north of the jet region lead to
the changes of heat transport v7, which compensate
the stronger eddy heat fluxes in the fine-grid case. An-
other difference between the overturning patterns ex-
tends along the surface of the subpolar gyre. The de-
crease of heat transport by the mean flow, v7, is not
compensated here by the somewhat increasing eddy
transports of the fine-grid model.

7. Conclusions

The comparison between the coarse- (1/3° X 0.4°)
and fine-grid (1/6° X 0.2°) solutions of the primitive
equation model reveals a strong increase of the eddy
activity, particularly in the central jet regime and over
parts of the subpolar gyre. In all extratropical model
regions, including the central jet, release of mean avail-
able potential energy by baroclinic instability is the
dominant mechanism for eddy generation. The work
of horizontal Reynolds stresses is significant only near
the midlatitude jet and indicates, in the fine-grid case,
a tendency for energy transfers preferentially from the
eddies to the mean flow.

In general, the sensitivity to grid resolution is higher
for the kinetic energy of the fluctuations than for their
available potential energy. Whereas in the coarse-grid
case the ratio (EPE/EKE)'/? varies between 2 (in the
subtropical gyre) and 4 (in the subpolar gyre), there
is a striking tendency toward a constant ratio of about
2 in all regions of the fine-grid model, suggesting a
fixed relation between the dominant eddy scale and
the deformation radius. This behavior corresponds to
changes of the eddy length scale as estimated from zonal
autocorrelation functions. The coarse-grid model does
resolve the scale of the energetic eddies in the subtrop-
ical gyre, but obviously fails in higher latitudes where
the eddy scale of the fine-grid case is smaller by a factor
of 2. '

Though the basin dimensions of the model are
roughly representative of the North Atlantic Ocean,
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several idealizations, like the simplified basin geometry
and forcing functions, lead to severe distortions of the
mean flow and eddy pattern and prohibit a quantitative
validation of the model results by comparison of these
fields with corresponding observations. However, there
are some apparently “universal” features of the oceanic
mesoscale variability of strong dynamical implication
that may be used to differentiate between the solutions
and assess the importance of grid resolution:

e Alongtrack wavenumber spectra from altimeter
analysis indicate spectral slopes corresponding to the
theory of geostrophic turbulence (Charney 1971) as a
universal characteristic of mesoscale variability in the
Atlantic Ocean; exceptions are found only in regions
with small signal to noise ratios and thus may not rep-
resent an oceanic signal (Stammer and Boning 1992).
Except for the near-equatorial belt, the model generally
predicts zonal wavenumber spectra with slopes close
to —3 if resolution is high enough to provide a sufficient
separation between the energetic scale and the scale
where friction becomes important. In the subtropical
gyre this is true for both the fine-grid and the coarse-
grid case, and in higher latitudes only for the fine-grid
case.

e Both in situ data (Nishida and White 1982;
Schmitz 1977, Schmitz et al. 1982) and altimeter ob-
servations ( Tai and White 1990) suggest a general ten-
dency for the off-diagonal component of the Reynolds
stress tensor to obtain positive values south and neg-
ative values north of open ocean jets like the Kuroshio
and Gulf Stream extensions. The present model shows
a similar pattern of #'v’ only in the fine-grid case.

Despite the strong differences in these signatures of
eddy dynamics between the model cases, there seems
to be no substantial effect of the fluctuations on the
mean northward transport of heat. The stronger eddy
intensity in the fine-grid case leads to only small
changes of the equatorward heat transport in the sub-
tropics. Strongest eddy fluxes occur across the midlat-
itude jet, but are almost totally compensated by changes
in the mean flow, leaving the total heat transport ba-
sically unchanged as compared to the noneddy-resolv-
ing reference solution of C85. However, results of the
present model can be considered only as preliminary
in this respect and have to be interpreted with much
caution. As noted by Bryan (1986), heat transport in
the idealized model is identical with buoyancy trans-
port. Hence, eddy mixing along isopycnals can lead
only to transport of heat in the presence of temperature
gradients on the isopycnal surface. To which extent the
salinity effect on density, especially in higher latitudes,
might exert a significant influence on the transport
properties of the eddies remains to be examined. As
demonstrated by the model experiments presented
here, examination of the role of eddies in middle and
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higher latitudes requires a model of the thermohaline
circulation with a grid size significantly smaller than
1/3°. Moreover, the quantitative differences between
the two solutions in the subtropical gyre—where the
1/3° grid does resolve the first mode Rossby radius—
suggests that even a 1/6° model—which does so up to
about 45°N—might seriously underestimate the ener-
getic eddy field of the North Atlantic Current.
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