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ABSTRACT

Global mean and eddy fields from a four-year experiment with a 145° X 1/5° horizontal resolution implementa-
tion of the CME North Atlantic model are presented. The time-averaged wind-driven and thermohaline circulation
in the model is compared to the results of a 13° X %/s° model run in very similar configuration. In general, the
higher resolution results are found to confirm that the resolution of previous CME experiments is sufficient to
describe many features of the large-scale circulation and water mass distribution quite well. While the increased
resolution does not lead to large changes in the mean flow patterns, the variability in the model is enhanced
significantly. On the other hand, however, not all aspects of the circulation have improved with resolution. The
Azores Current Frontal Zone with its variability in the eastern basin is still represented very poorly. Particular
attention is also directed toward the unrealistic stationary anticyclones north of Cape Hatteras and in the Guif

of Mexico.

1. Introduction

In recent years, the Community Modeling Effort
(CME), utilizing a 1/3° X 2/5° horizontal resolution
model of the North Atlantic Ocean between 15°S and
65°N, with 30 levels in the vertical, realistic coastline
and topography, has led to the existence and availability
of a variety of high-resolution mode! products. The
experimental design, first described by Bryan and Hol-
land (1989), is considered very successful in

(i) setting a first state-of-the-art ‘‘reference simu-
lation™ of the North Atlantic circulation,

(ii) reproducing many details of the hydrographic
structure and velocity fields, and

(iii) by systematically varying selected model pa-
rameters, improving our understanding of unresolved
modeling issues and physical processes.

The experiments, performed both at NCAR and at
IfM Kiel (Boning et al. 1991a) clearly demonstrate
the need for very high horizontal resolution to ade-
quately simulate the mesoscale eddy field and its con-
tribution to the energy cycle. With 1/3° resolution a
level of model eddy energy consistent with observations
is still not achieved in middle and high latitudes (Tre-
guier 1992), So far, a wide spectrum of investigations
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have made use of the model data (e.g., Boning et al.
1991b; Didden and Schott 1992; Schott and Boning
1991; Spall 1990, 1992; Stammer and Boning 1992)
or are currently under way (Boning and Herrmann
1994),

While most of the model mean currents and the
variability in the equatorial Atlantic compare quite fa-
vorably with observations (Didden and Schott 1992;
Schott and Boning 1991), the representation of the
mean frontal structures and eddy variability associated
with the North Atlantic Current (NAC) and Azores
Current (AC) is still far from being satisfactory. Other
deficiencies of the simulations include the flow pattern
in the Gulf Stream separation area, the intensity of
mean flow and fluctuations in the eastern basin (Tre-
guier 1992; Stammer and B6ning 1992), the strength
of the meridional overturning and the representation
of several water masses {€.g., arctic overflow and Med-
iterrancan Water).

In some of the studies mentioned above, it was spec-
ulated or concluded that the 1/3° X 2/5° grid spacing is
only marginally sufficient to represent the dynamically
important mesoscale processes in the ocean, especially
in the subpolar gyre (north of 50°N). These consid-
erations led directly to the present study, focusing on
the single aspect of increased horizontal resolution (and
reduced horizontal friction) in the CME model frame-
work. As a first report, this paper describes details of
the initialization of the 1/s° X 1/5° model and presents
the mean circulation (and its variability ) of the North
Atlantic Ocean obtained from averaging over four years
of model data.

As noted previously about the CME (Bryan and
Holland 1989), there are quite a number of details
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about the model that were chosen in a “traditional”
and “conservative” manner, or for the sake of sim-
plicity and easy accessibility. Although this was cer-
tainly a reasonable choice for the first reference exper-
iment, it also directly points to uncertainties and
weaknesses in our present knowledge (see below).
Nevertheless, with the few exceptions being wind cli-
matology and frictional coefficients, all parameteriza-
tions have been kept unchanged relative to the original
NCAR experiment. This model version therefore fo-
cuses on one particular aspect, that is, the represen-
tation of sharp frontal features and mesoscale eddies;
it is not intended to improve other known deficiencies,
for example, the large-scale thermohaline circulation.

This paper is organized as follows: after a short pre-
sentation of the experimental configuration in section
2, important features of the model’s time-mean cir-
culation (both wind driven and thermohaline) are dis-
cussed in section 3. A first description of the fluctuating
fields is given in section 4 and the effects of horizontal
resolution on the meridional heat transport is inves-
tigated in section 5. A separate section (section 6) ad-
dresses the western boundary current structure of the
CME model. Finally, section 7 offers summarizing re-
marks and an outlook. Further (regionally limited or
process-oriented ) intercomparisons between the 1/3°
and 1/6° model results will be presented in forthcoming
papers.

2. Experimental configuration

One of the important objectives in the implemen-
tation of this variant of the CME model was to guar-
antee continued comparability with the standard eddy
resolving runs. To achieve this, changes to model for-
mulation and parameters have been applied only very
cautiously. Even where obvious deficiencies had been
identified before, no corrective action was taken.

The basic idea was to exclusively change the hori-
zontal resolution (and, subsequently the lateral diffu-
sivity and viscosity in the model) in order to isolate
the effects of those improvements on the results. The
starting point was one of the 15° sensitivity experiments
conducted at If M Kiel. This chapter outlines several
technical aspects relevant to the 1/° implementation
of the CME model.

a. Grid and topography

The finer 1/¢° X 1/5° grid was constructed from the
standard 1/3° X 2/5° grid by leaving the horizontal lo-
cation of the velocity points on the Arakawa B grid in
place and subdividing each tracer cell into four new
ones (see Fig. 1a). Thus, the surface area of the two
models is the same. However, the topography was
specified independently for all new tracer points; as the
model topography for the 1/3° X 2/5° version, it was
derived from a 1/2° dataset (W. Holland 1990, personal
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FIG. 1. (a) Horizontal arrangement of grid boxes for the 1/3° model
and the 1/s° implementation; (b) topographic gradients derived for
the steplike representation of water depth in the CME model of dif-
ferent resolution. Locally, the gradients can be larger by a factor
of 2.

communication). The model topography was not
smoothed except for a filtering to remove all isolated
single point extrema. Also, a minimum of two model
levels (72 m) were specified at all ocean points. As
in the 1/3° model, only the two largest Caribbean is-
lands are treated as such, all other islands are sub-
merged. The total volume of the two models differs by
about 0.1%

Since the vertical discretization was not changed,
the increase in horizontal resolution led to significant
changes of local topographic slopes, a fact that was
originally not intended but merely unavoidable for the
model formulation. While the very steep slopes from
the coarse (1/3°) grid were approximated better (see
Fig. 1b), there are also many regions where the rep-
resentation of the topographic slope on the 1/3° grid
was already adequate with one vertical grid box per
horizontal grid distance; these locations then became
areas with twice the topographic slope and were found
to be responsible for an increased amount of grid-scale
noise in the vertical velocity and tracer fields at depth.
Thus, the vertical resolution imposed limitations on
the choice of the frictional parameters (see below).

b. Hydrographic data and forcing fields

In contrast to the topography, the initial fields of
potential temperature # and salinity .S were derived
from an instantaneous state of an experiment with
1/3° resolution (K13-4). A linear interpolation was
performed for all interior points and any additional
points on the boundaries were extrapolated by setting
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them to the value of their nearest neighbors. The three-
dimensional velocity field was initially set to zero.

In addition to earlier versions of the 1/3° model, ex-
periment K 13-4 (see Boning and Herrmann 1994) in-
cluded a simple scheme for wind induced mixing fol-
lowing the parametrization of Camp and Elsberry
(1978). The turbulent kinetic energy flux W available
for entrainment at the base of the mixed layer D,, is
W = aW e PP The atmospheric flux of kinetic en-
ergy W, is taken from the monthly values of Hellerman
and Rosenstein (1983). The scale depth D, is taken as
50 m, and « = 0.01. The surface boundary conditions
for heat and freshwater fluxes are implemented via lin-
ear damping of model surface temperature and salinity
toward an effective atmospheric temperature (accord-
ing to Han 1984) and Levitus (1982) salinity clima-
tology, respectively.

Both the 1/3° and 1/¢° experiments used restoring
zones of 4/3° width at the northern and southern walls
where the domain was artificially closed. Within these
regions, the Newtonian damping time scale varied lin-
early with distance from the model boundary from five
to forty days (10 to 25 days for the 1/3° case). Buffer
zones like these (similar ones are applied for the Med-
iterranean Water and over the Labrador continental
shelf, see Bryan and Holland 1989) are now being
widely used in basin-scale numerical modeling (e.g.,
Sarmiento 1986; Semtner and Chervin 1992). It had
been shown in a number of sensitivity experiments
with a 1° version of the model (W. Holland 1991, per-
sonal communication) that the water mass transfor-
mations taking place in the restoring areas have a strong
effect on the thermohaline circulation and mean heat
meridional transport. In this study, however, we are

mainly interested in the structure of the upper-layer:

circulation and its interaction with eddies, so the exact
formulation of the buffer zones is believed not to be
crucial for these experiments. :

¢. Course of the experiment

For the spinup period of one year, the frictional coef-
ficients for momentum and tracers were held fixed at
the values from a 1/3° predecessor, Ay, = —0.8 X 10!!
m?*s™!,and 47= ~2.4 X 10'' m* s™'. During this first
year of integration, the model gradually approached
and exceeded the level of kinetic energy of the 1/3°
model; thereafter the friction was set to Auy
= Ar = —0.5 X 10" m*s~'. A further reduction of
these coefficients (which seemed desirable) was at-
tempted but eventually rejected; it became obvious that
smaller values led to an accumulation of numerical
noise in the equatorial regions where the resolution of
the CME model is most coarse. As a result, numerical
dispersion effects were beginning to generate unrealistic
water masses (see also Gerdes et al. 1991). A possible
solution for this problem in future experiments would
be to introduce horizontally varying coefficients in the
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model, tied to the local grid spacing and the regional
dynamics.

A time-averaging procedure for the model analysis
was initiated at the beginning of the second year, sum-
ming up the complete model state every three days,
thus accumulating 488 individual fields to- make up
the mean. Figure 2 shows the evolution of the basin-
averaged kinetic energy during the five years of inte-
gration. While the amplitude of the seasonal variation
in both model versions is very similar, basically indi-
cating the response of the tropical ocean to the seasonal
forcing, the overall energy level of the higher-resolution
run is increased by a factor of 1.5, giving a first indi-
cation of larger model velocities.

On a CRAY-2, the computation of the 1/5° model
(6.3 million grid points, with approximately 50% being
active) over one year took approximately 500 hours
of CPU, for a 60 Mword core-contained model code.

3. The time-mean circulation

Any description of a high-resolution model has to
remain incomplete to some degree considering the
enormous amount of model data and physical /geo-
graphical situations available. The emphasis of the
present study lies on a first description of global time-
mean and eddy fields and comparisons with the cor-
responding 1/3° run. Several ‘“standard™ test regions
will be examined and physically important processes
will be addressed.

a. Wind-driven circulation and vertically integrated
transport
The vertically integrated transport in the North At-
lantic is expected to be relatively independent of the
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FIG. 2. Time series of the basin-integrated kinetic energy during
five years of the increased resolution experiment. For comparison,
the curve from the two previous years of the 14° calculation was
added. The averaging period is also indicated.
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model resolutions discussed here. The wind stress was
interpolated from a 1° X 1° dataset (Isemer and Hasse
1987); therefore, no additional spatial details of the
forcing fields are used for the increased resolution case.
The linear Sverdrup relation gives a maximum trans-
port of about 35 Sv (1 Sv =1 X 10 m®s™!) at the
eastern edge of the western boundary current system
in the subtropical North Atlantic. Differences in time-
averaged transport should only occur in regions where
the local dynamics are far from being linear or where
the topography has changed significantly.

The four-year mean mass transport streamfunction
of the 1/¢° resolution model is displayed in Fig. 3a. In
accordance with the above considerations, the general
impression is that differences relative to the 1/3° results
(see Bryan and Holland 1989; Treguier 1992) are only
of minor importance. The transport through the Gulf
of Mexico reaches about 25 Sv, increasing along the
path of the Gulf Stream to 40-50 Sv at Cape Hatteras;
an anticyclonic cell fills most of the Mid-Atlantic Bight.
This unrealistic Gulf Stream separation from the coast
is common to many primitive equation model exper-
iments and will be investigated in more detail in section
6 below. Farther downstream, the boundary current
separates from the coast and shows large stationary
meanders, but then “disintegrates”™ into a broad east-
ward flow, before forming another western boundary
current that sets northward through Flemish Pass (the
gap between Newfoundland and Flemish Cap). Here,
at 50°N, the NAC is formed in the model by unification
of this flow and the counterclockwise subpolar circu-
lation (the Labrador Current). The eastward penetra-
tion of the NAC as a sharp frontal jet is limited to the
area west of the Mid-Atlantic Ridge (MAR), feeding
directly into the East and West Greenland Currents.
In general, the 1/5° model reproduces many elements
of the wind-driven circulation in very much the same
way as the coarser 1/3° model runs did.

From the difference plot (1/6° — 1/3°; Fig. 3b), how-
ever, it becomes clear that local changes are substantial:
the unrealistic anticyclonic cell north of Cape Hatteras
has almost doubled its strength, from 45 to 90 Sv, and,
even more dramatically, a similar cell has developed
from 25 to 80 Sv in the Gulf of Mexico; the NAC in
the 1/6° case is completely confined to Flemish Pass—
the branching into flow around both sides of this to-
pographic obstacle from the 1/3° model is no longer
present in the higher-resolution run. The subpolar gyre
is stronger in most areas, indicating that eddy activity
and flow topography interaction must have changed
with resolution. Even more pronounced than in the
1/3° run, the model favors flow concentrated along the
shelf break. It is important to note that the differences
tend to strengthen the preexisting flow patterns, like
the Cape Hatteras cell and the Loop Current cell. The
magnitude of the differences can reach 55 Sv in closed
circulations along the western boundary (Fig. 3b),
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FIG. 3. (a) Four-year averaged mass transport streamfunction for
the 1/5° simulation; (b) difference field !/6° model — 1/3° model. Con-
tour interval: 5 Sv.

while other structures like the equatorial circulation
are much less influenced by the increase in resolution.

The kinetic energy of the mean flow (MKE) for a
1/3° run (N13-2) was investigated by Treguier (1992).
The Kiel 4 experiment produced a very similar pattern,
with values exceeding 1000 cm? s~2 being limited to
the western boundary current (WBC) between 20° and
40°N and the equatorial circulation system. In both
areas, the MKE has not changed very much with dou-
bled resolution; maximum values of MKE in the Gulf
Stream (including the separation anticyclone) are 7000
cm? s 72 for the coarser and 8000 cm? s 2 for the finer
resolution case; maximum values of 14 000 c¢cm? s~2
occur in the 16° Gulf of Mexico Loop Current anti-
cyclone. We will return to this in section 6.

A closer look at the geographical distribution of
MKE concentrates on the central North Atlantic (Fig.
4), away from those areas. With both model resolu-
tions, the penetration of the Gulf Stream into the
ocean’s interior is rather limited. Although the overall
level of MKE is higher in the 1/5° model, there is no
indication that a significantly larger portion of it is ad-
vected eastward into the interior of the ocean.
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F1G. 4. Mean kinetic energy (MKE) in the central North Atlantic in 100-m depth
for (a) the 1/5° model; and (b) the 1/3° model.

The occurrence of mainly zonal bands of increased  inant feature in the central and eastern subtropical gyre.
MKE in the open ocean in both model resolutions (but  Their exact location differs by a few degrees latitude
with increased intensity in the 1/6° model) is the dom- with changing model resolution. Most of those struc-
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tures cannot be related to observed phenomena; some
of them in the 1/6° model, however, seem to be tied to
topographic features, like the Atlantis Fracture Zone
at 30°N, 42.5°W and the Maxwell Fracture Zone at
47.5°N, 27°W. Similar concentrated bands of zonal
time-mean flow in numerical experiments have been
reported by Cox (1987). The underlying dynamical
processes are not completely understood; their merid-
ional scale of 100-200 km is consistent with both low-
frequency waves radiating from unstable regions of
westward flow in the southern subtropical gyre (see
Spall 1992, 1993) and mean flow generation by the
mesoscale variability, a manifestation of the energy
cascade in quasi-homogeneous turbulence.

Relative to the 1/3° model the MKE of the 1/4° run
is generally increased by a factor of 2 for the “back-
ground” energy and up to a factor of 1.5 for jet regions.
Still, the subtropical gyre east of the MAR is far too
“quiet” as compared to observations (e.g., Krauss and
Kise 1984). The eastward AC at 35°N and the equa-
torward Portugal Current (PC) are clearly underrep-
resented. Two regions of the North Atlantic Ocean are
chosen here to demonstrate the ability (or lack thereof)
of the CME model to reproduce the observed surface
flow patterns: the western boundary current system
(Fig. 5a) and the more “quiet” Canary Basin in the
northeast Atlantic (Fig. 5b).

Originating with 25 Sv in the Gulf of Mexico, the
model Gulf Stream stays close to the shelf break be-
tween Florida and 40°N, setting up an enormous re-
circulation cell in the Mid-Atlantic Bight (see section
6 for a more detailed discussion ). The connection with
the NAC is somewhat obscure, since the jet stream
loses its integrity at 55°W. A series of wavelike jets fills
the North Atlantic between 65° and 50°W. A more
defined current is reestablished in the Grand Banks
region where the Labrador Current should flow south-
ward along the continental slope (Greenberg and Petrie
1988). In the 1/s° model, however, the flow through
Flemish Pass is entirely northward, joining the Lab-
rador Current north of Flemish Cap to form a main
front at about 50°N. Again, the model boundary cur-
rent seems unable to separate properly from the coast.
Maximum velocities at 100-m depth are found to be
150 cm s~!; however, these values are not occurring
in the proper Gulf Stream but in the Cape Hatteras
anticyclone.

On the eastern side of the basin we find various cur-
rent branches with O(10) cm s ™! mean flow. One may
attempt to identify observed current bands as proposed
by Krauss (1986): at 46°N a branch that had separated
from the NAC continues zonally to reach into the Bay
of Biscay, then turning southward as a PC. Another
zonal flow band can be found in 34°N, somewhat to
the south of the observed latitude of the AC. However,
there is no obvious connection to the NAC source re-
gion at Newfoundland and the velocities are an order
of magnitude too weak to be a realistic representation
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of the Azores Front. We have to conclude that impor-
tant dynamical properties of the circulation responsible
for the real Azores Current Frontal Zone (ACFZ) are
not represented adequately in the present model. The
ACFZ is considered to be a major source of variability
in the eastern basin, and the implications of the weak
AC regime on the eddy kinetic energy level in this re-
gion will be investigated in more detail in section 4.

b. Meridional overturning and thermohaline
circulation

It seems useful to begin the examination of the ther-
mohaline circulation in the model with the inspection
of the basinwide zonally integrated meridional over-
turning (Fig. 6). (It is important to emphasize here
that none of these experiments have been carried out
to thermodynamic equilibrium and that, consequently,
conclusions on the final strength and pattern of the
thermohaline circulation cannot be drawn.) In the ver-
tical, the three well-known overturning cells can be
identified: the relatively shallow (200-300 m deep)
wind-induced Ekman cells, the North Atlantic Deep
Water (NADW) cell in the upper ocean, mainly driven
by downwelling in the north, and the deep Antarctic
Bottom Water (AABW) cell below.

While the Ekman and bottom water cells in the finer
resolution model are slightly enhanced in size and
strength, the rate of meridional overturning in the
NADW cell is found to decrease with increasing model
resolution: the maximum transport of the 1/3° case is
12 Sv, for the 1/4° case only 9 Sv. At the same time,
the lower boundary of the cell is shifted upward from
2500 to 2250-m depth. Interestingly, this tendency also
persists for even coarser horizontal resolution; for ex-
ample, the maximum transport of a coarse (1° X 6/5°)
resolution experiment with the same forcing, geometry,
and topography (R. Déscher 1991, personal commu-
nication) is 16 Sv. The non-eddy resolving experiment
therefore appears to be much closer to estimates from
observations, which give values of about 17 £ 5 Sv in
the subtropical North Atlantic (see Hall and Bryden
1982; Roemmich and Wunsch 1985).

Attempts to explain these model results have to ad-
dress some of the incompletely known sensitivities of
this type of numerical simulation. Besides resolution
and friction, the choice of other parameters may be
crucial to the resulting circulation as well. First, we are
faced with the fundamental difficulty to exclusively
change the resolution of a numerical model. For in-
stance, it is conceivable [judged from 1° model exper-
iments by W. Holland (1991, personal communica-
tion )] that the efficiency of the restoring zones deter-
mine the amount and maximum depth of the
downwelling to a significant extent; since its efficiency
is determined both by the damping time scales, the
number of points, and by the physical width of the
layer, the northern boundary condition in both model
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FIG. 5. Horizontal mean velocities in 100-m depth (a) in the northwest Atlantic, featuring the
Gulf Stream and the North Atlantic Current, maximum vector length: 150 cm s™}; (b) in the

Canary Basin, maximum vector length: 20 cm s~

versions (eight points for the 1/° and four points for
the 1/3° experiment) cannot be considered identical
even though both span the same physical distance.

It is also obvious from the figures that the model
AABW cell extends too far north. This can be attributed
to the fact that the lower NADW is not properly pre-
scribed in the northern restoring zone where the hy-
drographic fields are ‘““nudged” toward monthly mean
climatology. While the upper core of the NADW
[ flowing southward along the western boundary as a
deep western boundary current (DWBC)] has a clear
signature in the zonally integrated field in lower and

1

midlatitudes (at depths around 2000 m), the lower core
is missing completely from the models. This, of course,
is true irrespective of horizontal resolution. Recent
experiments with 1° and 1/3° models (Dé&scher
et al. 1993) show that the water masses specified as the
northern boundary condition do have a large influence
on the strength of the overturning: an improved rep-
resentation of the overflow water masses leads to in-
creased transports. The presented results might there-
fore be explained by the strong sensitivity of the ther-
mohaline circulation in the model on details of the
implementation of the northern boundary condition.
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FIG. 6. Zonally integrated meridional mass transport for (a) the 15° model; and (b) the 15°
model. Contour interval: | Sv. Note that the isolated “fault” at 19°N in the overturning streamfunction
of the 1/5° model is related to extremely large vertical velocities at the flanks of the Puerto Rico
Trench, not present in this magnitude in the standard resolution CME model.

This implies that conclusions about the effect of the
higher resolution in the model’s interior should be
drawn with caution.

As a quantitative example of the combined ther-
mohaline and wind-driven components of the flow in

the model, the meridional transport balance along a
zonal section at 25°N is considered next (Fig. 7). In
this simple schematic diagram the Sverdrup regime was
assumed to extend from the eastern boundary to
72.5°W and down to 1000-m depth. The western
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boundary current system in the model is subdivided
into four members, based on the above considerations:
the Florida Current between Florida and the Bahamas,
the Antilles Current in the upper 1000 m east of the
Bahamas, the southward DWBC in the interior, and a
northward deep flow below 3500 m. In general, both
models give a very similar picture. The differences are
small enough to be attributed to the specific choice of
regime boundaries, whose exact location is arbitrary
to some degree. The only exception is the transport
through the Florida Straits, which is completely con-
fined by topography. Its time-mean amplitude is re-
duced from 25.4 Sv in the K 13-4 run to 22.8 Sv in the
higher-resolution experiment. This may be interpreted
as the result of the larger variability due to the reduced
friction (see Boning et al. 1991a), which tends to di-
minish the net transport. The resulting 10% change is
comparable in magnitude to differences produced by
different wind products (see Béning et al. 1991b).

On the other hand, both model resolutions give a
much smaller northward transport than the 30.5 Sv of
the purely wind driven model of Anderson and Corry
(1985). A more detailed analysis shows that model
results intimately depend on the degree of realism in
the representation of the complicated topographical
situation in the western Atlantic. For example, the flow
through the passage between Cuba and the Bahamas
is negligible in the CME calculations, in accordance
with recent observations by Schmitz and Richardson
(1991) but in contrast to the Anderson-Corry model
where the coarser resolution introduces artificially wide
and deep passages.

To obtain an idea of the total northward transport
the Antilles Current east of the Bahamas has to be taken
into account. Combined, the upper-ocean northward
transport in the 1/6° model yields about 35.5 Sv, dis-
tinctively less than the 38.0 Sv of the corresponding
1/3° run. Thus, the total transport of the WBC seems
to be in better agreement with estimates from obser-
vations, that is with the sum of 30~32 Sv of northward
transport for the Florida Current (e.g., Schott et al.
1988) and the about 4 Sv for the Antilles Current (Ol-
son et al. 1984).

Applying our present knowledge of the thermohaline
component at this latitude [17 Sv basinwide by Roem-
mich and Wunsch (1985) and 13 Sv for the thermo-
haline contribution to the transport through the Florida
Straits by Schmitz and Richardson (1991)]; however,
the 5-6 Sv at 25°N in both models must be seen as a
severe underestimation of the overturning. It seems
quite possible that a more realistic meridional over-
turning will increase the strength of the Florida/ Antilles
Current system by another 6 Sv, again farther away
from observations. This would indicate that the mean
wind stress curl of the Isemer—Hasse climatology for
the subtropical North Atlantic is too strong. This line
of arguments, however, does not take into account any
nonlinear effects caused by an altered thermohaline
circulation.

4. Eddy variability

The most important reason for conducting a higher
horizontal resolution experiment in the CME config-
uration was the expected increase of eddy energy to a
more realistic level, which is needed to assess the role
of the variability in the general circulation. For the
present study, all deviations from the 4-year mean are
included in the term “eddy variability’’; that is, inter-
annual, seasonal, and all high frequency fluctuations
are not considered separately.

A horizontal map of eddy kinetic energy (EKE) in
the near-surface levels (100 m) of the model is displayed
in Fig. 8, again for both the 1/¢° and the 1/3° case. From
the figures, three differences are immediately visible:
in the higher-resolution case the maximum values close
to the western boundary are higher by a factor of three,
regions of high variability are larger, and the eastern
basin is much more energetic than in the 1/3° run. This
general result is especially true for the regions north of
50°N, where patches of increased EKE now exist from
boundary to boundary. Most of the centers of eddy
activity in the fine-resolution case are closely related
to the regions of enhanced mean flow (cf. Fig. 4). These
fluctuations can be explained as meandering or weak
instabilities of the background flow. In many places,
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Fi1G. 8. Eddy kinetic energy (EKE) in the central North Atlantic in 100-m depth
for (a) the 1/5° model and (b) the 1/3° model.

the MAR represents a region of reduced variability. flow to cross the ridge. However, despite the overall
Exceptions are those fracture zones, where the reso- increase, the level of EKE is still not satisfactory in
lution is fine enough to allow for an appreciable mean many regions of the 1/4° model.
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A meridional section of the upper-ocean variability
(values from 100-m depth of the model were taken as
representative) along 30°W is presented to illustrate
this (Fig. 9). The section was chosen because it is un-
disturbed by continents and should exhibit three major
bands of variability, well known from field studies: the
NEC, the AC, and the NAC. Added to the figure as a
reference are the most recent results from the surface
drifting buoy dataset obtained by If M Kiel over the
past ten years (Krauss and Kése 1984; B. Briigge 1992,
personal communication). The buoys are drogued in
100 m; data from buoys with lost drogues are elimi-
nated according to the procedure described by Briigge
and Dengg (1991). Both the buoy and model EKE
values are zonally averaged from 25°W to 35°W and
over one degree in meridional direction. In general,
the 1/6° model has a larger and therefore more realistic
EKE level than the lower-resolution case; remarkably,

" the peak associated with the NAC is almost doubled
in amplitude. The signature of a fluctuating AC, how-
ever, is hardly identifiable in the EKE field of either
model version; both models fail completely to generate
the observed variability in this region. An interpretation
of the peak at 60°N in the 1/4° data is difficult due to
the close proximity of the northern boundary layer.

Recent results of Stammer and Boning (1992) con-
firm the idea that a linear relationship between the first
internal Rossby radius of deformation R; and the eddy
length scales L exists in the North Atlantic. Conse-
quently, it seems plausible that for a successful simu-
lation of the eddy field and the observed level of EKE
in a numerical model, the local horizontal scale 27 R;
has to be resolved properly (i.e., by at least several grid
points). Accepting this view, and assuming that six
‘grid points per wavelength represent a sufficiently ac-
curate approximation, realistic EKE values can be ex-
pected equatorward of 28° and 42°N for the 1/3° and
14° model, respectively. The 1/¢° results show that both
increase and overall level of EKE is higher north of
50°N rather than in midlatitudes between 30° and
40°N. This indicates that resolution alone, while nec-
essary, is not sufficient to successfully model the ob-
served variability patterns and levels. With the ACFZ
as an important source of baroclinic instability in the
eastern basin being essentially absent from the CME
models, the only remaining mechanisms for EKE gen-
eration are the monthly mean climatological wind
forcing and radiation from other regions. This has not
changed significantly with increased resolution.

The horizontal patterns of eddy potential energy
(EPE, not shown ) inferred from the distribution of 7y
in the upper ocean is very similar to the corresponding
field of the 1/3° model. Especially in the eastern basin,
the increased near-surface EKE does not go hand in
hand with a more variable temperature field, thus in-
dicating that the reservoir of mean available potential
energy is not accessed by more vigorous and/or more
frequent baroclinic instability processes. Close to New-
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F1G. 9. Meridional section of EKE along 30°W (averaged zonally
over ten degrees from 25°W to 35°W and meridionally over one
degree) for the 1/¢° and 1/3° models and observations from IfM
surface drifting buoys (B. Briigge, personal communication ).

foundland, at 50°N, where the maximum values of
EKE appear, the EPE is increased significantly, now
reaching the level of observations. Unfortunately, this
occurs at the “‘wrong” location, that is, northwest in-
stead of east of the Flemish Cap along the main path
of the model mean flow.

The vertical penetration scale of the increased vari-
ability is limited to the upper 1000-1200 m. Figure 10
shows the typical vertical distribution of MKE and
EKE for both model resolutions in several different
dynamical regimes: a 3° X 3° average of the Gulf
Stream area (including parts of the adjacent western
subtropical gyre), and 10° X 10° boxes in the central
eastern basin, the NEC and NAC areas. Despite large
differences in the absolute value of mean and eddy
energies all subdomains show a similar relative increase
for doubled resolution, fairly small for the mean but
significant (roughly a factor of 2) for the eddy com-
ponent. This tendency seems to be universally valid
[see also results from the box model experiments by
Boning and Budich (1992)]; the same increase is found
for basinwide-averaged profiles. An increase in EKE
toward the bottom is found in areas with large topo-
graphic variations (e.g., the Azores region), an indi-
cation for strong but variable bottom-trapped flow,
presumably topographic Rossby waves.

A more detailed intercomparison between the upper-
ocean model variability and observed fields from sur-
face drifters and satellite altimetry will be presented in
a separate study by Beckmann et al. (1993).

5. Meridional heat transport

Overturning in the meridional-depth plane is a key
mechanism for the meridional transport of heat. Both
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FI1G. 10. Vertical profiles of mean and eddy kinetic energy, for both the 1/5° and the 1/3° model, representative of four dynamically different
geographical regions and the domainwide average. Thin (fat) lines represent data from the 13° (1/5°) model.

thermohaline and Ekman cells contribute to the ob-
served midlatitude maximum of the northward heat
flux of 1.2 PW (Hall and Bryden 1982). Figure 11
shows the net (zonally and vertically integrated ) heat
transport for both model resolutions, and its decom-
position into mean and fluctuating component. The
total transport curves from both models have a very
similar shape, with negative heat transport (directed
southward into the buffer zone) south of the equator.
This can be explained by the fact that the net meridi-
onal heat transport in that area is given by a delicate
balance between northward transport due to the deeper
NADW cell, and the southward transport due to the
shallow, wind-driven overturning cell in the upper 200
m. A 1/3° sensitivity study performed in Kiel has shown
a strong dependence of the net meridional transport
in the equatorial Atlantic on details of the mixed-layer
formulation as well as the southern sponge layer. For
example, experiments K13-1, 2 and 3 without a mixed
layer have a positive (poleward) heat transport
throughout the domain. Again, this result points to
relatively unexplored sensitivities in connection with
common parametrization approaches.

North of the equator, the overall shape of the total
heat transport curve and the maximum values in both
cases are also very close (HT = poc, [ [ v0 a cos¢drdz
= 0.68 PW and 0.65 PW, respectively, at 36°N). This
fact, in connection with the reduced time-mean me-

ridional overturning (see section 3 and Fig. 6) raises
the question about the role of the eddy heat flux (EHT
= poCp f f v'0" a cospdAdz) and the obvious compen-
sation by a transport of the mean flow field (MHT
= poCp f f D6 a cos ¢d Adz) of opposite sign. This result,
the “no additional net heat transport by eddies,” 1s not
completely unexpected, since it has been reported from
numerical experiments before (Cox 1985; Boning and
Budich 1992). In a hierarchy of single state variable
models (effects of salinity on density neglected) with
increasing resolution the net poleward heat transport
was insensitive to the presence of eddies; that is, there
was a compensation between the meridional eddy flux
of heat and the additional flux by eddy-induced mean
flow (Bryan 1991); recently the same result was found
for an isopycnic coordinate model (Drijfhout 1994).
As was pointed out by Bryan (1986), to the extent that
eddy trajectories are largely excursions on isopycnal
surfaces, a net eddy heat transport requires the existence
of temperature gradients on those surfaces, which was
not the case in the idealized models. Our results indi-
cate, however, that the inclusion of salinity does not
significantly enhance the heat transport by eddies to
alter the general picture.

In both model resolutions, the eddy part of the heat
transport is negative between the equator and 34°N
and positive poleward of this region. The typical mag-
nitude of 0.1-0.2 PW for the EHT has not changed
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FIG. 11. Zonally and vertically integrated meridional heat transport
decomposed into mean and eddy components for (a) the 1/4° model
and (b) the 13° model.

with resolution either; there are, however, increased
transports north of 50°N, the area that is believed to
have gained most from the increase in resolution. This
result is in contrast to the box model results by Boning
and Budich (1992), who find a more general increase
in EHT with resolution. One reason might be that the
main fronts in the North Atlantic model are not pre-
dominantly zonal, such that a cross frontal eddy heat
transport does not coincide with a meridional heat
transport, and that the penetration of the NAC in both
CME model versions is still too small. Note that the
effects of the unrealistically strong anticyclones are
clearly visible in the eddy heat transport (at 23° and
37°N). Due to their sheer strength, even relatively
small fluctuations in amplitude and position can and
do lead to a significant heat transport. Those peaks
have to be considered as spurious.

A complete investigation of the eddy heat transport
issue is beyond the scope of this paper but some facts
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may contribute to the discussion: Although it appears
(from Fig. 11) that the change in net meridional heat
transport introduced by the eddy activity is a small
fraction of the total, which could be balanced by a
modified surface heat flux, this might not be the case.
To get an idea of the horizontal distribution of EHT
the divergence of the vertically integrated heat transport
(pocy/(acose) [ (uB)X + (v6 cosd)ydz) was calculated
and decomposed into its mean and eddy part. A map
of this quantity (not shown ) reveals that the significant
contributions from eddy heat flux are limited to very
few relatively small regions in connection with the
western boundary current. There, the heat flux diver-
gence introduced locally by the eddy terms can reach
up to 10 000 W m~2 and therefore cannot be balanced
by the surface Newtonian restoring term ( which would
require hundreds of degrees difference between the
surface and equivalent atmospheric temperature).
Consequently, it has to be balanced by the mean flux
divergence, such that the actual eddy contribution is
limited to one that can be locally compensated by the
eddy-induced changes in mean transport. This may
explain the general tendency toward decreased over-
turning with increasing resolution and eddy activity.
The predominantly local character of the eddy fluxes
are also responsible the nonsmoothness in the merid-
ional overturning streamfunction (see Fig. 6).

Regardless of what the reasons are, the results ob-
tained point to the conclusion that the effect of eddies
on the net meridional heat transport in this kind of
numerical models is very small. But as long as no feed-
back from an active atmosphere and Arctic Ocean is
allowed, the relative contributions of mean and fluc-
tuating part of the meridional heat transport cannot
be quantified.

6. Western boundary current structure

The (optically and, in part, dynamically ) dominating
features of the model runs are the anticyclones in the
Mid-Atlantic- Bight [the Cape Hatteras cell (CHC)]
and in the Gulf of Mexico [the Loop Current cell
(LCC)]; they deserve a more detailed description. This
subsection will compile several aspects of the occur-
rence and maintenance of strong anticyclones in mod-
els of the CME type, although no conclusive expla-
nation can be given at this time. One important ques-
tion to ask is whether the anticyclones at both ends of
the WBC are the result or the cause of particular model
deficiencies.

a. How does the Gulf Stream look prior
to separation?

The mean boundary current axis is determined from
the position of the maximum mean kinetic energy (Fig.
12) in 100-m depth. (The often referred to classical
definition of the 15°C isotherm in 200 m lies right
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along the shelf break front and is therefore not very
illustrative here. This indicates again the fact that the
model Gulf Stream is by far too close to the coast ev-
erywhere.) For comparison, the 1/3° results are also
presented. It is quite obvious that the mean path in
both model resolutions looks reasonable from the Gulf
of Mexico to Cape Hatteras, where the jet curvature
begins to deviate from the observed. While in reality
the Gulf Stream continues on a straight path at 35°N
(thus turning away from the continent), it bends to-
ward the coast in the model, falling into the strong
anticyclone. Cross sections of the alongjet velocity
through the current (Fig. 13) exhibit that the maxi-
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mum flow velocities are shifted offshore with depth, a
characteristic of the real Gulf Stream as well. It is ob-
vious from these figures that the boundary current leans
against the topography all the way from Florida to Cape
Hatteras, with the maximum located above the shelf
break. The secondary circulation (normal to the jet)
maintains constant upwelling along the continental
slope, thus creating a strong shelf break front. Leaman
et al. (1989) report Gulf Stream velocities of 160-190
cm s”! in the long-term mean. While maximum time-
mean surface velocities in the model are found in the
LCC (163 cm s™!) the boundary current only reaches
113 cm s™!, before “disappearing” at 70°W in currents
of less than 40 cm s~!. The maximum velocity is too
small by a factor of 1.5 and this has not changed sig-
nificantly with increasing resolution. In addition, the
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FIG. 13. Cross-jet sections through the boundary current (a)

alongcoast average between 26° and 30°N and (b) alongcoast average
between 32° and 35°N. Contour interval: 10 cm s~



340

spatial scales are twice larger than in observations,
which leads to a current shear reduced by a factor of
three in both the horizontal and vertical direction.
These specific structural differences point to a possible
cause of the nonseparation: the model Gulf Stream is
most likely too linear for “inertial separation.” In ad-
dition it is too barotropic. A consideration of boundary-
layer width and damping time scales might serve as an
explanation for the unchanged boundary current width
for both horizontal resolutions: for the biharmonic
friction used in the CME model, the boundary-layer
widths are L;;; = 26 km and L, = 19 km, respec-
tively—a scale that is not at all resolved by the corre-
sponding horizontal grids. The damping time scales in
the boundary current region are 7, = 200 days for

-4 =-0.5X%X10" m*s™" and Tyouom = 30 days for U
= 7.5 cm s !; that is, the boundary current region is
dynamically dominated by bottom friction, which was
not changed for this very high resolution run.

b. What is the structure of the anticyclonic cells?

First, it is important to note that the newly developed
LCC, just like the CHC, is a truly stationary feature
(with only relatively small time variations) and not
Just the time-mean expression of a fluctuating loop
current with growing meanders and detaching eddies.
A close examination of LCC and CHC show remark-
able similarities (Fig. 14). Both cells are nearly sym-
metric (the asymmetry, being about 10% of the radius,
is mainly related to the nonrecirculating flow at the
western and northern flanks), extend down to the bot-
tom with velocities of a few cm s~! (there is no flow
reversal in the vertical), and have a decreasing radius
with depth. The radius (measured from the center to
the middepth velocity maximum) of both anticyclones
is about 100 km and both are obviously in close in-
teraction with topography. These similarities are even
more surprising since the hydrographic situation in
both areas is very different. A typical Rossby radius of
deformation is 48 (28 ) km for the area of LCC (CHC).
Although the presence of the anticyclones alters the
stratification to give a Rossby radius of 57 (37) km in
the center of LCC (CHC), it is obviously not the strat-
ification but rather the nonlinearity that determines
the size of these structures.

Symmetric ring vortices in gradient balance ([v?/r]
+ fov = [dp/dr]) represent a special stationary solution
of the nonlinear equations of motion on an f plane,
independent of their strength. On the sphere, a west-
ward drift is introduced due to the variation of the
Coriolis parameter. This asymmetry leads to a slow
evolution: changes of strength and shape, or a trans-
lation of the center of mass. The latter may be blocked
by topography and coastal geometry, that is, a vorticity
balance between 8 and the topographic interaction term
[joint effect of baroclinicity and bottom relief (JE-
BAR)]. The two dominating anticyclones in the model
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show this balance in good approximation if the non-
recirculating flow along the western and northern edge
is subtracted. There is a strong (5 m day ™) topograph-
ically induced net upwelling in the northwestern half
of the cells and a corresponding downwelling of similar
strength in the southeast, which balances the opposite
tendency introduced by the variable Coriolis param-
eter. It is therefore concluded that the large barotropic
component of these cells is responsible for their sta-
tionary character.

The increase in basin-averaged kinetic energy (see
Fig. 2) can be almost completely attributed to the
striking increase in strength of the two cells. Although
covering only 2% of the model’s area, LCC and CHC
combined contain 25% of the MKE: most of the ad-
ditional €nergy in the higher-resolution case available
from reduced friction is “stored” in the anticyclones.
They constitute a very special and robust circulation
pattern that is resistant and absorbent relative to most
perturbation energy.

The reason for this unrealistic CME model behavior,
first mentioned by Bryan and Holland (1989), has ever
since been a matter of speculation. [It should be em-
phasized that these structures are not a problem of the
specific model used here; they can be found in many
simulations of the North Atlantic (e.g., Semtner and
Chervin 1992; Thompson and Schmitz 1989).] In a
kinetic energy analysis of the 1/3° model N13-2, Tre-
guier (1992) lists several possible causes for the defi-
ciencies of the model vis-a-vis too low levels of eddy
kinetic energy, one being the existence of the CHC.
The other arguments concern model resolution, mixed-
layer parameterization, numerical formulation, missing
Mediterranean Water influence, and frictional param-
eters, some of which also apply here.

e The existence of the stationary anticyclones could
be caused by the interplay between local bottom to-
pography and stratification; although 1/s° is currently
the best achievable resolution for a North Atlantic-
wide simulation, it is certainly far from adequately re-
solving processes such as topographic shelf waves, de-
tails of wind-induced upwelling, and 1ocally generated
equatorward undercurrents at the western boundary.
Regional models, especially designed for simulating
processes along the continental shelves, usually require
a resolution of less than 10 km. Therefore it seems
possible that even higher horizontal (and, in addition,
vertical ) resolution might reduce and, finally, eliminate
these structures.

e Another class of possible causes is that parame-
terizations are suboptimal for some regions. In partic-
ular, one could certainly give reasons for choosing dif-
ferent coefficients for lateral, vertical, and bottom fric-
tion in the shelf area off the North American East Coast.
At present, however, both an increase and a decrease
of these coeflicients could be argued for (a question
that is, in fact, under debate in the modeling com-
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FI1G. 14. Upper-ocean vertical structure of the anticyclonic cells in the Gulf of Mexico at 23°N (LCC: a,b) and at Cape Hatteras
at 37°N (CHC; c,d). Sections through the anticyclone’s center of (a), (¢) the meridional velocity field (contour interval: 20 cm s™!

and 10 cm s™!

munity). A reduction of friction will certainly lead to
more nonlinearity, thus favoring an advective regime
that could sweep the stationary cells away (see Dengg
1993), while more friction near the wall and the bottom
is expected to move the axis of the core of the WBC
offshore and thus to reduce the interaction with the
topography. Also, the most appropriate form of the
dissipative operators (Laplacian, biharmonic) in the
model and the corresponding boundary conditions are
open questions, too.

e One obvious reason for the unrealistically strong
barotropic nature of most model flows might be a mis-
representation of the deep thermohaline structure and
circulation in the model, which allows the surface
structures to extend further down than in reality. De-
ficiencies of the climatological initial and forcing data
as well as the artificial boundary conditions (in the
northern and southern sponge layers) could be assumed
responsible.

e Local deficiencies in the forcing fields (unrealistic
wind and/or thermohaline forcing) could be [and have
been, see Ezer and Mellor (1992)] made responsible
for incorrect circulation over the shelf. While this might

, respectively) and (b), (d) the temperature field (contour interval: 1°C).

seem plausible for the CHC region, it is less likely that
similar mechanisms can be made responsible for the
Loop Current region in the Gulf of Mexico.

e The similarities in structure and scale of both
anticyclonic cells despite their different geographical
and dynamical environment could be interpreted as
an indication of a ““numerical” origin. Potentially
problematic is the nonequidistant vertical grid, which
can introduce additional vertical diffusion (Yin and
Fung 1991) and thus contribute to a more barotropic
flow field. The time-mean vertical velocity creates a
numerical vertical diffusion of kyum = 2103 m? s},
thus reaching and exceeding the explicitly prescribed
values of k3 = 107> m? s~! for momentum and k7
=3 X 107> m? s™! for tracers. Instantaneous values
are higher by a factor of 5 to 10. In addition, the
treatment of topography and the formulation of the
advection operators (see Gerdes et al. 1991) are not
fully investigated for spurious effects on model re-
sults. Likewise, the orientation of the grid with re-
spect to major frontal features, and the aspect ratio
of horizontal grid boxes might also influence the
quality of a simulation.
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Supporting evidence for the idea that deficiencies in
the vertical structure and the thermohaline circulation
may cause the unrealistic Gulf Stream separation
comes from a series of runs with wind-driven dynamics
only. For these sensitivity studies, the CME model code
is used in a vertically integrated version, keeping the
same geometry and numerical representation, but
eliminating all thermodynamics and assuming a flat
bottom at 1000-m depth (roughly coinciding with the
basin-averaged thermocline depth). Variation of the
coefficients for biharmonic viscosity, bottom friction,
Laplacian friction, the strength of forcing and the for-
mulation of the advection operator show only little
effect on the western boundary current structure and
the separation pattern; a more or less intense anticy-
clone in the Mid-Atlantic Bight persists through all pa-
rameter changes. If the full three-dimensional CME
model behaves qualitatively like this simplified and
purely wind-driven two-dimensional, it seems likely
that an underrepresentation of the thermohaline cir-
culation in the CME models may cause the lack of
realism in connection with the boundary current sep-
aration. This, however, cannot easily explain the ex-
istence of the LCC.

7. Summary and discussion

The lack of numerical resolution has long been con-
sidered to be one of the major limiting factors in basin-
scale numerical modeling, especially with primitive
equation models. With today’s computer resources it
is possible to perform basinwide (CME) and worldwide
(Semtner and Chervin 1992) “eddy-resolving” calcu-
lations. Common to all these approaches, however, are
certain deficiencies in the representation of important
phenomena. The first systematic approach, the CME,
is characterized by several unrealistic features (Bryan
and Holland 1989; Treguier 1992), in connection with
the boundary current separation, the short penetration
scale of the NAC, and the nonexistence of the ACFZ
and the low overall level of EKE. It was repeatedly
speculated (and hoped) that increasing resolution
would increase the fluctuating component of the flow
considerably and at the same time cure both the
boundary current separation and the penetration de-
ficiencies of the model. Unfortunately, the latter could
not be confirmed with this increased horizontal reso-
lution experiment; even the opposite could be regarded
as being true for certain aspects of the mean circulation.

This paper has concentrated on an (admittedly in-
complete ) description of the time-mean circulation and
its variability in a 1/6° X 1/5° North Atlantic model. In
general, as effects of the higher resolution on the mean
hydrographic fields are small (which seems plausible,
since the time scales needed for such changes are gen-
erally much longer than the present calculation was
carried out), the increased resolution of this model
version tends to confirm results from the 1/3° run; that
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is, there is no fundamentally different behavior. The
horizontal velocities are only slightly higher, fronts tend
to be a little sharper, and the mean circulation is only
moderately more energetic. With a few exceptions,
these being the strength of the anticyclonic cells along
the western boundary, no dramatic changes in time-
mean patterns have developed. This is in part surprising
(after all, the highly energetic scales are represented
twice as well compared to the 1/3° runs), but also re-
assuring in that a lot can be learned from further studies
with the 1/3° model. On the other hand, the present
run clearly demonstrates that very high horizontal res-
olution is a prerequisite if a realistic representation of
the ocean’s variability in a numerical model is to be
obtained. And although the observed values are still
not reached in this 1/6° resolution model, the increase
in EKE as compared to the 1/3° is substantial.

The previously noted (and so far unexplained) trend
toward smaller values of the mean meridional over-
turning with increased resolution continues. The net
heat transport, however, remains almost unaffected by
this reduced overturning, because the eddy-induced
drop in mean transport constitutes a compensation for
the eddy transport. Unfortunately, this precludes de-
finitive statements about the relative importance of
eddy versus mean transport of heat in the ocean. The
resulting range of values for these integral quantities is
indicative of how moderate changes in wind climatol-
ogy, mixed layer, and subgrid-scale parameterization
influence the model results, and, given the present
knowledge of how these parameters and forcing func-
tions have to be specified appropriately, of the reduced
conclusiveness from single simulation experiments.

At this stage in global-scale modeling, the strategy
should be to systematically eliminate these uncertain-
ties in parameterization, forcing, boundary conditions,
etc. Investigations of the influence of the boundary
conditions in the northern restoring zone are currently
under way for a coarse resolution (1°) version of this
model (Doscher et al. 1993). They indicate a relatively
fast and far-reaching response to changes in the §-S
distribution along the (artificial) northern wall. Anal-
ogous results were obtained by R. Gerdes (1992, per-
sonal communication), who also modified the water
mass properties in the Denmark Strait to be signifi-
cantly different from Levitus. One effect of a more re-
alistic (denser) water in the overflow region noted in
these studies is a Gulf Stream that is shifted toward the
south (away from the North American coast) by a few
degrees. Future experiments should consider the fol-
lowing modifications:

1) an improved treatment of the Arctic overflow
and Mediterranean Water masses to obtain a more re-
alistic circulation of the middepth and deep ocean, ei-
ther by inclusion of an inflow—outflow boundary con-
dition, or by a more effective parameterization, which
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mimics the salt and temperature flux into the North
Atlantic in a more realistic way;

2) adifferent (horizontally varying) lateral friction,
to further reduce the diffusion in the poleward areas
of the model; and

3) higher vertical resolution and/or a more uniform
vertical grid (possibly in combination with a depth de-
pendent vertical viscosity) to improve the representa-
tion of the vertical structure.
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