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Abstract. The North Atlantic circulation and sea surface height, determined from hydrographic
and wind stress data are calculated with a free surface, primitive equation ocean model. The model
grid, a vertical sigma - coordinate and horizontal curvilinear orthogonal system, makes it possible
to resolve coastal regions with complicated topography that were unresolved in previous
calculations. When running in a diagnostic mode, in which the temperature and the salinity fields
are fixed and equal to the Levitus annual mean fields, the vertically integrated North Atlantic
circulation is very similar to though more detailed than that obtained from previous calculations
using simpler diagnostic models. On the other hand, the meridional, zonally averaged flows and
the poleward heat transport from the purely diagnostic calculations are noisy and unrealistic.
However, short prognostic calculations of only 30 days following the diagnostic run allow
intensification of the western boundary current and removal of noise due to inconsistencies
between the hydrographic data and bottom topography and produce a more realistic meridional
circulation and poleward heat transport, with a maximum value of 1.2x10'> W which is,
comparable to estimates based on observations. The calculated sea level along the North America
continent agrees with previous estimates but provides more spatial detail. Analysis of the dynamic
adjustment process shows that this process is dominated by the effect of bottom topography
through the action of the bottom pressure torque. This study is a first step in applying a realistic
numerical model, previously used primarily for estuaries and coastal regions, to basin-scale ocean

problems.

1. Introduction

For many years, oceanographers sought to determine the
thermohaline and wind-driven circulation of the ocean from ob-
served hydrographic and wind stress measurements. A recent
study by Marotzke and Wunsch [1993], however, questions the
existence of such a state which is consistent with the observed
hydrography and forcing. Calculations of this type, which ne-
glect time-dependent processes and assume a steady state solu-
tion, are sometimes called diagnostic calculations. The differ-
ent approaches for such calculations range from a simple
geostrophic calculation to more complicated models. To calcu-
late the North Atlantic circulation, Holland and Hirschman
[1972] used a primitive equation model integrated to steady
state. Sarmiento and Bryan [1982] used a robust diagnostic
model based on a numerical dynamic model together with a
Newtonian damping term which constrains the model fields
back to the observed climatology. This methodology has also
been used recently by Fujio et al. [1992] for global ocean circu-
lation studies and by Saunders and Thompson [1993] for diag-
nostic calculations of the Southern Ocean. Another approach to
estimating the ocean state due to forcing constraints is the op-
timization technique using inverse methods [Wunsch, 1978;
Tziperman et al., 1992; Marotzke and Wunsch, 1993].
However, the latter technique is computationally quite expen-
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sive and thus often requires the use of simplified models with
coarse resolution. A simpler method is the diagnostic model
applied by Kantha et al. [1982] to the circulation of the South
Atlantic Bight, by Mellor et al. [1982] to the Atlantic Ocean,
and by Greatbatch et al. [1991] to climatic changes in the
North Atlantic circulation due to changes in observed thermal
structure and winds. The model calculates the circulation from
hydrography and wind stress (t) data by integrating the vortic-
ity balance equation
J (¥, f/H) =] (®, 1/H) + 1/p,curl(vH) (¢))
along potential vorticity (f/H) contours (f is the Coriolis pa-
rameter; H(A,9) is bottom topography). Here W is the total
stream function; @ is the potential energy per unit area of the
water column; J(A,B) = cos '(¢)R2[(FA/00)(IB/IA) -
(dA/9))(dB/9¢)] is the Jacobian operator; and A, ¢, p, and R are
the longitude, latitude, reference density, and Earth radius, re-
spectively. The first term on the right-hand side of (1) is the
joint effect of baroclinicity and bottom relief (the so-called
JEBAR effect [Sarkisyan and Ivanov, 1971; Holland, 1973).
The JEBAR term can be separated into two parts; one is associ-
ated with the bottom pressure torque (discussed later) corre-
sponding to the interaction of bottom pressure and bottom to-
pography, and the second is associated with the compensation
by the density stratification for the effect of variable bottom
topography (see Greatbatch et al. [1991] for more detail).
Figure 1 shows the North Atlantic circulation as calculated
by Mellor et al. [1982] using an early release of the Levitus
[1982] hydrographic data and the Hellerman and Rosenstein
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Figure 1. The vertically integrated horizontal transport of the North Atlantic calculated from a diagnostic
model [Mellor et al., 1982] using (1). The contour interval of the total stream function is 10 Sv.

[1983] wind stress data. Although this diagnostic model is
quite simple and is based on a coarse resolution (1° x 1°) data,
it nevertheless produced a fairly detailed description of the cir-
culation and compares well with observations. For example,
the Gulf Stream transport is about 90 Sv (1 Sv = 10° m?® s'!), and
about 25 Sv of this transport derived from a southwestward cur-
rent that flows along the continental slope and is entrained
into the Gulf Stream. The existence of the latter feature, known
now as the northern recirculation gyre, has been confirmed by
observations [e.g., Richardson, 1985; Hogg et al., 1986] but
was missing from some other diagnostic models [Holland and
Hirschman, 1972; Sarmiento and Bryan, 1982]. This recircula-
tion gyre plays an important role in the separation of the Gulf
Stream from the coast, as indicated by the study by Ezer and
Mellor [1992]. Limitations of the Mellor et al. [1982] model
are that for equatorial regions, where f is small, and regions
with complicated topography (e.g., the Caribbean Sea) calcula-
tions could not be done. We will evaluate the diagnostic model
presented above, based on (1), by comparing it to the solution
based on the full three-dimensional, primitive equation model.

The approach taken here is to apply a primitive equation
model, the Princeton ocean model [Blumberg and Mellor,
1987; Mellor, 1992], to make a diagnostic calculation
(temperature and salinity held constant) followed by a short-
term prognostic calculation to adjust the observed density field
to the topography and surface forcing by using the model dy-
namics. A similar approach has been suggested before [Demin
et al., 1990], and the timescale for such an adjustment was
shown to be relatively short compared with seasonal and advec-
tive time scales, (about 30-40 days in equatorial regions and
only 5-7 days in middle latitudes) based on the time-dependent
behavior of kinetic energy and enstrophy.

Using a primitive equation, free surface ocean model for di-
agnostic calculations yields dynamically adjusted (nearly

geostrophic) velocities and surface elevations. Mellor and Ezer
[1991] and Ezer and Mellor [1992] used this type of diagnostic
calculations together with climatological data to initialize a
regional western North Atlantic model and to study altimetric
data assimilation techniques and Gulf Stream separation.
Diagnostic calculations with synoptic data (representing satel-
lite observations taken around a specific day) have also been
used by Ezer et al. [1992, 1993] for initialization of nowcast
and forecast experiments. This, however, is the first attempt to
implement a realistic model of this type (i.e., with a second-or-
der turbulence scheme, free surface, and coastal topography) for
the entire North Atlantic basin. Other basin-scale and global
eddy-resolving models [e.g., Bryan and Holland, 1989;
Treguier, 1992; Semtner and Chervin, 1992; Oberhuber, 1993]
do not at this time resolve the continental shelf and slope re-
gions and may have difficulties simulating realistic Gulf Stream
separation. Meridional circulation and heat transport in ocean
models may also have some deficiencies; for example, models
tend to underestimate the poleward heat transport in the North
Atlantic [Bryan, 1982; Bryan and Holland, 1989; Boning and
Budich, 1992].

The first goal of this study is to test the sigma - coordinate
model, previously used only for modeling of coastal areas and
estuaries, for a basin-scale problem. We want to compare the
model calculations with calculations of simpler diagnostic
models (i.e., Figure 1) and with calculations of other numerical
models, with emphasis on issues concerning climate studies
such as the meridional circulation and the heat transport in the
ocean. The other goals of the paper are to demonstrate the mod-
el’s dynamic behavior in adjusting the hydrographic data to to-
pography and forcing and to study the physics of the adjust-
ment process.

In section 2 the ocean model and numerical experiments are
described. Then in section 3, results from the diagnostic and
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prognostic calculations are discussed and compared with obser-
vations and other models. The dynamics of the adjustment pro-
cess is discussed in section 4. Summary and conclusions are of-
fered in section 5.

2. The Ocean Model

The Princeton ocean model used here is described in detail by
Blumberg and Mellor [1987] and Mellor [1992]; it is a three-
dimensional, free surface ocean model with a second - moment
turbulence closure scheme [Mellor and Yamada, 1982] to pro-
vide vertical mixing coefficients. The model has been used, for
example, in the study of bays and estuaries and in many process
studies of coastal regions. Recently, modeling studies have
focued on different aspects of the Gulf Stream system [Mellor
and Ezer, 1991; Oey et al., 1992; Ezer and Mellor, 1992, 1994;
Ezer et al., 1992, 1993; Ezer, 1994].

The prognostic variables of the model are the free surface 7,
potential temperature 7, salinity S (hence density p), velocity
components U,V, and W and turbulence energy and length
scale. The initial 7 and S are obtained from the Levitus [1982]
annual climatology data. The numerical scheme has a split time
step, an external mode which solves the vertically integrated
momentum equation, and an internal mode which solves the
three-dimensional momentum equations. The horizontal diffu-
sion uses the Smagorinsky formulation [Smagorinsky et al.,
1965], in which horizontal viscosity coefficients depend on
the grid size and velocity gradients. The climatological mean
temperature and salinity fields are subtracted before the hori-
zontal diffusion is calculated, so artificial diapycnal mixing due
to the along-sigma-level diffusion is minimized (see also
Mellor and Blumberg [1985] for more detail on the horizontal
diffusion formulation with sigma - coordinate systems).
Bottom friction is formulated through the bottom boundary
condition, wherein velocity is matched to the “law of the wall”
by using a roughness parameter zo which varies from 1 cm in
the deep ocean to 10 cm in the shallowest regions. However,
except for the shallowest regions on the continental shelf, bot-
tom boundary layers are not resolved with the current vertical
resolution. Further details of the numerical model are given by
Blumberg and Mellor [1987] and Mellor [1992] and in the pa-
pers mentioned above.

The vertical grid uses 15 sigma levels, where 6 = (z—1) /
(H +m); o ranges from ¢ =0 at z =1 (at the surface) to ¢ =-1
at z =-H (at the bottom). The horizontal grid uses a coast-fol-
lowing, curvilinear orthogonal system. Figure 2a shows the
grid for every other grid point, and Figure 2b shows the bottom
topography. The topography has been slightly smoothed in
areas of steep topography to minimize truncation errors asso-
ciated with sigma-coordinate models [Haney, 1991]; however,
Mellor et al. [1994] show that these errors are almost com-
pletely eliminated by subtraction of the area mean density field
before calculation of the pressure gradient terms in the model.
Note that the resolution is much higher in the western Atlantic
(20-30 km) than in the eastern Atlantic (80-100 km), so that
the Gulf Stream, the Gulf of Mexico, and the east coast of the
United States will be resolved. This is the main advantage of
the irregular grid: computational resources are more efficiently
used by increasing resolution in areas with strong gradients and
minimizing the number of grid points over land.

The surface boundary conditions include heat flux and wind
stress obtained from 2°x2° annually averaged climatologies of
the Comprehensive Ocean-Atmosphere Data Set (COADS) ana-
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Figure 2. (a) The curvilinear orthogonal model grid. For
clarity, only every other grid point is plotted. The thick line
represents a cross section discussed in the legend to Figure 11.
(b) The bottom topography of the model. The contour interval
of the topography is 500 m; the thick line is the 4000-m con-
tour.

lyzed by Oberhuber [1988]; the formulation of the surface forc-
ing fields in the model are described in detail by Ezer and
Mellor [1992]. Zero salinity fluxes are specified at the ocean
surface. (For the diagnostic and short prognostic calculations
here, surface heat and salt fluxes are not very significant.) The
wind stress calculated from the COADS wind velocity using
variable drag coefficient and the formulation used by Ezer and
Mellor [1992] is consistent with that of Hellerman and
Rosenstein [1983], which has been used in several other diag-
nostic models mentioned before.

The north and south open boundaries of the model are gov-
erned by the Sommerfeld radiation condition. Therefore al-
though the total transport (the vertically averaged velocity
perpendicular to the boundary) on the open boundaries is set to
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zero, the internal velocities at each level are free to adjust
geostrophically to the density field. Temperature and salinity
on the open boundaries are locally upwinded, so under inflow
conditions, prescribed climatological values are advected into
the model domain. More detail on the open boundary condi-
tions in the model can be found in the papers mentioned before.

3. Results from Diagnostic and Prognostic
Calculations

3.1. Horizontal Circulation and Surface
Elevation

The model was first run for 30 days in a purely diagnostic
mode (holding T and S unchanged and equal to those in the
Levitus data) and then continued in a prognostic mode. The sur-
face elevation and the total stream function after 30 days of di-
agnostic calculations and after an additional 30 days of prog-
nostic calculations are shown in Figure 3. Although the diag-
nostic calculation uses a computational algorithm very differ-
ent from the one in the Mellor et al. [1982] model (based on
(1)), Figures 1 and 3c are quite similar. The structures of the
subtropical gyre and the subpolar gyre, including the recircula-
tion gyres on both sides of the Gulf Stream and the anticy-
clonic circulation over the Mid-Atlantic ridge are similar in

(A) SURFACE ELEVATION — 30 DAYS
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both calculations. Subtropical regions are quite noisy in both
cases. Here, however, the northern recirculation gyre off Nova
Scotia is somewhat weaker than the more realistic gyre de-
scribed by Mellor et al. [1982]. This gyre north of the Gulf
Stream may play a crucial role in maintaining Gulf Stream sepa-
ration at Cape Hatteras in numerical models [Ezer and Mellor,
1992]. The diagnostic surface elevation after 30 days shows a
realistic 1-m change across the Gulf Stream (Figure 3a), but the
Gulf Stream is too wide (about 400 km), a reflection of the
overly smoothed Levitus climatology. Experiments (not
shown) with different horizontal resolutions show only in-
significant differences in the diagnostic circulation, a result of
the large-scale averaging of the Levitus data; however, prog-
nostic calculations (described below) are more sensitive to
model resolution.

The fields after 60 days (30 days diagnostic and 30 days
prognostic) are shown in Figures 3b and 3d; they are very simi-
lar to those after 90 days (a discussion of the adjustment time -
scale is given later). During the prognostic calculation, surface
elevation does not change much (Figure 3b), but the total
stream function shows a more organized flow in the subtropical
region, through the Caribbean Sea, and into the Gulf of Mexico
(Figure 3d). The fact that the flow is less noisy after the short
prognostic run indicates that noise due to errors in the hydro-
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Figure 3. Surface elevation (a) after 30 days of diagnostic run and (b) after an additional 30 days of prognos-
tic run, with contour interval of 10 cm; vertically integrated total stream function (c) after 30 days of diagnos-
tic run, and (d) after an additional 30 days of prognostic runs, with contour interval of 10 Sv.
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graphic data or inconsistencies between the data and the bot-
tom topography, as suggested by Sarmiento and Bryan [1982],
is removed by advection and diffusion. Generally, the compari-
son with the simpler model used by Mellor et al. [1982] and
Greatbatch et al. [1991] shows that the simple model is capable
of producing the essence of the North Atlantic circulation,
though some of the smaller circulation patterns in the latter
model may be associated with noise because of data inconsis-
tencies.

3.2. Coastal Sea Level

The model used here is a general circulation ocean model as
well as a coastal ocean model, and provides a dynamic
connection between the general circulation of the deep ocean
and variations of coastal sea level. According to previous
model calculations, temporal variations in coastal sea level due
to mesoscale activity of the Gulf Stream are of the order of 10
cm [Mellor and Ezer, 1991; Oey et al., 1992]. While long-term
records of coastal sea level may provide an indicator of climate
change, those records may also include large spatial and tempo-
ral variations associated with changes in the open-ocean circu-
lation. It is a difficult task to measure the spatial changes of sea
level along the coast; for example, Sturges [1968] suggested
that the sea level obtained by a geodetic leveling method was
inconsistent with the observed Gulf Stream flow. Geopotential
calculations using hydrographic data may give a better estimate
of coastal sea level, but they cannot apply directly to the con-
tinental shelf [Sturges 1974]. On the other hand, with the aid of
a free surface coastal ocean model, those variations can be
modeled.

The coastal sea level in the model is defined as the model sea
surface height near the closed boundaries (i.e., at 10-m depth
on the continental shelf). Figure 4a shows the coastal sea level
change along the North America coast derived from the diag-
nostic and prognostic calculations and forced by the annual
mean winds. Estimates of steric sea level from different
sources, summarized by Sturges [1974], yield an 80-cm drop in
sea level along the western continental boundary of the North
Atlantic from the equator to 40°N. Our model calculations pro-
duce very similar results (Figure 4a). Moreover, the model cal-
culations here show much more detailed information than can
be gained by observation. The change in coastal sea level re-
flects boundary current dynamics, wind stress, and variations in
the coastline. Note, for example, the large drop in sea level be-
tween the Florida Straits and Cape Hatteras and downstream of
Cape Hatteras. The intensification of the Gulf Stream there
must be supported by an increasing sea surface gradient across
the Gulf Stream and consequently a downstream sea level drop,
as was previously shown by observations and models [Oey et
al., 1992]. Note also the sudden change of sea level where the
coastline changes (e.g., Cape Hatteras and Newfoundland) and
in straits (e.g., Yucatan and Florida Straits). The increasing sea
level at high latitude is evident also in observations [Sturges,
1974] and is probably related to the southward flow of the
Labrador Current. The sea level after 90 days (not shown) does
not differ significantly from that after 60 days.

Figure 4b shows the difference between the sea level ob-
tained from the above run with annual wind forcing and that ob-
tained from a run with zero wind forcing. The direct effect of
the wind is tp increase sea level at low latitudes by almost 10
cm and decrease sea level at high latitudes by as much as 17 cm
at 40°N. This is a result of the local wind effect in those re-
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gions and the wind-driven component of the deep ocean trans-
port. Greatbatch et al. [1990] simulate the coastal sea level on
the Newfoundland and Labrador shelf and try to separate local
and remote effects. Their study shows that the contribution to
coastal sea level from the open ocean circulation may be more
significant in some regions than in others.

3.3. Velocity Fields

The velocity fields before and after the prognostic calcula-
tion are shown in Figures 5 and 6, for 50 m and 2500 m, respec-
tively. After 30 days of diagnostic calculation (Figure 5a), the
flow at 50 m shows a fairly realistic Gulf Stream and Labrador
Current but noisy and unorganized flow elsewhere, with espe-
cially strong velocities in the Caribbean Sea. After an addi-
tional 30 days of prognostic calculation (Figure 5b), much of
the noisy flow in the interior disappears, and a more realistic
western boundary current through the Caribbean and the loop
current in the Gulf of Mexico and into the Gulf Stream are now
apparent. Similarly, the deep flow at 2500 m changes by the
prognostic calculation from noisy and unorganized flow field
(Figure 6a) into a more coherent deep flow pattern (Figure 6b)
with the Deep Western Boundary Current (DWBC) flowing
southward along the continent from the Labrador Sea into the
equatorial region. Some of the deep flows that remain in the in-
terior (e.g., at 30°W, 20°N) seem to follow the isobaths of the
Middle Atlantic Ridge.

The interpretation of the change in the horizontal velocity
fields from the diagnostic to the prognostic calculation is that
sampling errors and inconsistencies between the hydrography
and bottom topography produce erroneous velocities in the di-
agnostic calculation. However, advection and diffusion in the
prognostic calculation restore the dynamical balance that is
consistent with large-scale ocean circulation, which is still
governed by the coarse-resolution hydrographic data. For ex-
ample, the general structure of the temperature field after 60
days (not shown) is very similar to that of the initial field ex-
cept for small, random-looking changes of the order of 0.1° to
0.59C at many grid points. In the interior the vertical velocity
field (not shown) also indicates a random-looking noise with
values in the diagnostic calculation 1 order of magnitude larger
than those in the prognostic calculation.

3.4. Meridional Circulation and Heat Transport

Important processes in climate studies are deep water forma-
tion at high latitudes and meridional heat transfer between high
and low latitudes as inferred from the zonal mean meridional
circulation. Hall and Bryden [1982] measured as much as 1.2
PW (1 PW = 10'> W) of poleward heat transport in the North
Atlantic, while Isemer et al. [1989] estimated the latitudinal
variations in poleward heat transport based on air-sea fluxes;
the latter calculations were constrained to 1 PW at 24°N. Ocean
models and inverse calculations with ocean models tend to have
a relatively weak thermohaline circulation and thus often esti-
mate poleward heat transport with a maximum value around 0.5-
0.8 PW [Bryan, 1982; Manabe and Stouffer, 1988; Bryan and
Holland, 1989; Boning and Budich, 1992; Tziperman et al.
1992; Marotzke and Wunsch, 1993]. All the above studies use
different versions of the Bryan-Cox z - level model. Recent
studies indicate that neither optimizing the surface heat fluxes
[Tziperman and Bryan, 1993] nor increasing the horizontal
resolution [Beckmann et al., 1994] led to improvement in the
model heat transport. However, new studies have indicated that
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Figure 4. (a) Coastal sea level along the North American continent obtained from the diagnostic (30 days)
and prognostic (60 days) calculations with annual wind forcing. Five selected locations along the coast are in-
dicated in (a). (b) The sea level difference between the run with annual winds and the run with zero winds. Sea
levels after 30 and 60 days are indicated by solid and dashed curves respectively.

inaccurate temperatures imposed at high latitudes (R. Gerdes, interesting to see if the sigma - level model suffers from the
personal communication 1994) and formulation of the horizon- same problem. ;

tal mixing (C.W. Boning , personal communication 1994) may In our curvilinear grid, an accurate integration across the
be partly to blame for the model deficiencies. In any case, it is  basin is done by summing fluxes calculated by the model on the
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Figure 5. Velocity vectors at depth of 50 m (a) after 30 days
of diagnostic calculation and (b) after an additional 30 days of
prognostic calculation. The vector at the bottom left corner in-
dicates the largest arrow that is plotted; velocities larger than
the indicated value (0.5 m s’!) are truncated to the size of this
vector; velocities smaller than 10% of this value (0.05 m s!)
are not plotted.

model grid; this results in a zigzag contour around an average
latitude circle. The results for 30 and 60 days are shown in
Figures 7a and 7b, respectively. Although the diagnostic calcu-
lation shows reasonable horizontal general circulation patterns
(Figures 3a and 3c), the diagnostic meridional circulation of
Figure 7a is very noisy and unrealistic. This is consistent,
however, with similar results obtained by Sarmiento and Bryan
[1982] and Tziperman ef al. [1992], using the same Levitus
[1982] data set used here; thus this noise is inherent in the data
and is not a result of the model type.

The meridional circulation after 60 days as shown in Figure
7b is, however, more reasonable. (The meridional circulation
after 1 year is almost the same but will probably change for
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longer simulations with more realistic forcing.) The ~20-Sv
transport of the overturning cell at 60°N is quite realistic, but
the southward deep flow near the southern boundary at 10°N is
too weak owing to the effect of the model boundary condition.
Experiments (not shown) with different open-boundary condi-
tions indicate possible improvement of the flow near the
boundary but have little effect on the interior circulation,
which is dominated by the density fields and surface wind forc-
ing.

The thermohaline circulation in Figure 7b produces a pole-
ward flow of warm water in the upper ocean and an equatorward
flow of cold water in the deep ocean, thus a net positive heat
transport in the North Atlantic, as shown in Figure 8. Also
shown (heavy curve) is the heat transport estimated by Isemer
et al. [1989] on the basis of observed air-sea fluxes and direct
oceanic measurements. Note again that the purely diagnostic
calculation gives a very noisy and unrealistic heat flux (Figure
8a), owing to. the noisy flow field discussed before. After a 30-
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Figure 6. Same as Figure 5 but for velocity vectors at 2500
m. The scale for the maximum vector is 0.2 m s”!, and veloci-
ties smaller than 0.02 m s'! are not plotted.
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Figure 7. Meridional (zonally averaged) stream function (a) after 30 days of diagnostic calculation, and (b)
after an additional 30 days of prognostic calculation. Contour interval (CI) is 5 Sv; dashed curves represent

negative values.

day prognostic run, flow fields are adjusted, and the heat trans-
port agrees quite well with the observed transport (Figure 8b);
with further diagnostic calculation up to day 180 (Figure 8c),
model calculations improve even more. Near the south bound-
ary, model heat transport is too small because of the imposed
boundary condition. At middle latitudes the model gives heat
transport values of up to 1.2 PW, which is somewhat larger
than those of Isemer et al. [1989] but very similar to the values
estimated from the measurements reported by Hall and Bryden
[1982].

4. Dynamics of the Adjustment Process

The adjustment process from the initial state to the diagnos-
tic and prognostic states is shown in the changes of volume-
averaged mean kinetic energy (Figure 9); the calculations made
without considering wind are also included for comparison. The
decrease in mean kinetic energy after the switch to the prog-

nostic calculation (after 30 days) indicates removal of noise
from the initial hydrographic data (as seen before, for example,
in Figures 5, 6, 7, and 8) by advection and diffusion and the dy-
namic adjustment of the flow to the bottom topography and
wind. The adjustment seems very fast, with an e-folding time
scale of about 5 days. The effect of the wind is, as expected,
larger at the surface layer (the sigma layer is 0.002 the thick-
ness of the water depth) (Figure 9a) where the kinetic energy is
reduced by a factor of 4 when winds are neglected. A negligible
wind effect can be seen at the bottom layer (the sigma layer is
0.125 thie thickness of the water depth) (Figure 9b).

In the previous sections, we have discussed how the model
dynamics are used to adjust the observed density field to topog-
raphy and forcing. Now we look in more detail into the dynam-
ics of the adjustment process by analyzing the temporal and
spatial variations of the terms of the vertically integrated vor-
ticity balance equation. The momentum equations for the verti-
cally averaged velocity components (indicated by the overbars)
can be written as follows:
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Figure 8. Poleward meridional heat transport (in petawatts) (1 PW=10"W) as a function of latitude after (a)
30 days (diagnostic), (b) 60 days and (c) 180 days. Thin curves represent the model calculations; heavy curves

(indicated by IHW) are from Isemer et al. [1989].

ouD an . bottom stress terms. The pressure gradient terms are
P +Ax—f17D=—Dg—a——<I>x+1x0—1:xb (2a)
’ * . n n ob'
D 3 o = _[ ‘[EdZ' dz (32)
n .
—;+Ay—ﬁD=—Dg-a7—®y+1yo—1yb (2b) -H 2
1’ " U
- b
where Ay and Ay are horizontal advection ana diffusion terms, P, = j J‘gy—dz' dz (3b)
z

respectively, and T, T, are surface stress terms, and Tu» Ty are -H
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Figure 9. The volume-averaged mean kinetic energy as a
function of time for the model forced with annual winds (solid
curves) and with no winds (dashed curves). (a) Surface layer; (b)
bottom layer; (c) all layers.

where b=pg is the buoyancy. It can be shown that

- an oD oP,

o +Dg—=—+D—,
ox dx

- an oP dP
& +pg 22, pZt

’ dy Oy oy

where

n
® = [zbd:
-H
is the potential energy and
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n
P, =gn+ Jbdz
-H

is the bottom pressure.
Now, cross-differentiate (2a) and (2b) to obtain the
vertically integrated vorticity balance equation

z(@ a»w) RN
ot dx oy ox dy
o(fuD) . o(rvD)
ox dy
_ 9P, oD OB, D
S ox &y o
+ a(TyO" Tyb) i a(rxo" Txb) @
ox dy

On the left side of (4) are the tendency term, advection and
diffusion terms, and Coriolis term. On the right side are the
bottom pressure torque term and the surface and bottom stress
curl terms. For steady flow, d(#D)/ dx + d(vD)/ dy = 0, and
the Coriolis-dominated term becomes the beta term VD,
where B = df/dy. In the numerical implementation of (4), the
vorticity is calculated, using Stokes theorem, by taking a line
integral of (2a) and (2b) around each grid cell and then dividing
by the area of the cell. First, the temporal variations of the
terms in (4) are discussed, and then their spatial distributions
are discussed.

Figure 10 shows the average (over the entire model domain)
absolute values of the terms in (4); these simulations include
30 days of diagnostic calculation followed by 150 days of
prognostic calculation. Advection and diffusion terms are com-
bined together here, as is done in the numerical model.
However, here advection is about 1 order of magnitude larger
than diffusion (when integrating over the model domain); diffu-
sion will become more significant, though, in a model with
coarser resolution, as a grid-dependent horizontal diffusion is
used in the model. The adjustment after the prognostic calcula-
tion starts is characterized by two different time scales. The
first scale is a short timescale (about 10 days) of fast adjust-
ment of the flow field to forcing and topography and the relax-
ation of fast-moving barotropic waves. Note the large change
in the amplitude of the bottom pressure torque term after 30
days (curve 4 in Figure 10). The second scale is a long
timescale (months and possibly several years), indicated by the
tendency term (curve 6 in Figure 10). The long timescale is due
mostly to the relaxation of baroclinic Rossby waves propagat-
ing across the basin and slow advection in the deep layers.
Note that Figure 10 shows only the area-averaged absolute
value of each term; however, at each model grid cell the terms
may have positive or negative values and add up to zero. The
local balance is discussed later in more detail. The magnitude
of the terms indicates that the flow is dominated by topogra-
phy, as the largest term is the bottom pressure torque term. The
magnitudes of the wind stress and the bottom stress terms are
comparable to each other but smaller than the magnitudes of
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Figure 10. The change with time of the absolute values of
the terms of the vorticity balance equation (4) averaged over
the model domain. The terms are noted as follows: 1, surface
stress; 2, bottom stress; 3, beta term; 4, bottom pressure
torque; 5, advection and diffusion; 6, tendency. The first 30
days are the diagnostic calculations.

the other terms. While the classical Sverdrup balance BV D =
curl (7)) prevails in some regions in the interior of the domain,
the magnitude of the terms here is dominated by topography
and western boundary current dynamics.

An example of the balance of the dominant terms across the
continental slope and across the Gulf Stream (in the cross sec-
tion indicated in Figure 2a) is plotted in Figures 11a and 11b
for 30 days and 60 days of calculations (after 180 days the dis-
tribution is quite similar to that in Figure 11b). Only the beta
term, the bottom pressure torque, and the advection and diffu-
sion term (actually this term is dominated by advection) are
shown; the magnitudes of the other terms (not shown in Figure
11) are at least an order of magnitude smaller in this region. All
terms are larger and noisier during the diagnostic calculation,
with the consequences, shown before, of noisy horizontal and
vertical velocity fields, and large eddy kinetic energy. After 60
days, terms are especially large in three distinct regions (going
from right to left in Figure 11b) which are controlled by differ-
ent processes: the continental slope, the Gulf Stream, and areas
near topographic features in the deep ocean. On the continental
slope, where' the flow follows the bathymetry, the dominant
terms with similar amplitudes are the bottom pressure term, the
advection term, and the beta term. This flow includes the deep
western boundary current and the northern recirculation gyre
north of the Gulf Stream. Near the Gulf Stream, the strong flow
is indicated by the large beta term, which is balanced by
horizontal advection (which is large there owing to the large
velocities in the Gulf Stream). Topographic features in the deep
ocean (e.g., the peaks at 1000-km distance are near the New
England Seamount Chain) cause an increase in the bottom
pressure torque which is balanced by the beta term. The in-
tensification of the flow and the meandering of the Gulf Stream
due to the effects of the New England Seamounts have been re-
cently simulated by Ezer [1994]. The balances seem compli-
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cated and region dependent; however, other cross sections indi-
cate patterns similar to those of Figure 11.

5. Discussion and Conclusions

The first goals of this study were to derive ocean circulation
from hydrographic and wind stress data, using the primitive
equation, sigma - coordinate Princeton ocean model, and to
compare the circulation thus derived with that derived by sim-
pler diagnostic methods and other models. This is the first test
of this model for basin-scale problems; it has been used before
primarily for coastal regions and estuaries. The second goal
was to study the process of adjustment of density and flow
fields from initial conditions obtained from climatological hy-
drography data; this initialization has become a standard for
most numerical ocean simulations.

The comparison between this model, which uses the full non-
linear, primitive equation formulation, and the simpler diag-
nostic model, based on (1), used by Mellor et al. [1982] and
Greatbatch et al. [1991] shows that the general horizontal cir-
culations of the two schemes are quite similar. However,
coastal regions and regions with complicated topographies
that could not be resolved before are now included in the calcu-
lation. The simple diagnostic models are based on vertically
averaged dynamics and thus could not produce the vertical detail
of the flow. A problem that arises, however, is that the purely
diagnostic calculation (keeping the density field unchanged and
equal to that in the Levitus data) produces an unphysical merid-
ional circulation and heat transport. Similar results of other
studies [Sarmiento and Bryan, 1982; Tziperman et al., 1992]
suggest that this is the result of inconsistencies between the
hydrographic data and the bottom topography rather than a re-
sult of problems associated with a particular model. While
other diagnostic models use techniques such as filtering the
data, adding damping terms to the prognostic equations, or us-
ing inverse optimization to correct this problem, here we use a
dynamic approach in which short prognostic runs following
the diagnostic calculations are used to correct the density field.
In this method (described also by Demin et al.. [1990]) the
large-scale ocean circulation remains unaffected, while only
small-scale noise is removed. The results show a rapid dynamic
adjustment (in about 10-30 days) of the density fields, yielding
narrower boundary currents, more realistic velocity fields, and
consequently meridional circulation consistent with results ob-
tained by other models. The use of model dynamics through
short prognostic calculations to obtain a flow field consistent
with topography and forcing has some advantages over opti-
mization techniques [Wunsch, 1978; Tziperman et al., 1992;
Marotzke and Wunsch, 1993], which may require simplifica-
tion of the dynamics and the use of coarse-resolution models
owing to the large computational load of inverse methods.

One of the major findings of the study is that even the overly
smoothed Levitus [1982] data set contains much information
about the thermohaline circulation, and after some inconsis-
tencies and noise are removed, realistic meridional circulation
with about 20-Sv transport in the overturning cell and realistic
poleward heat transport with a maximum value of about 1.2 PW
are produced by the model. The difference between our results
with the sigma - coordinate model and pervious simulations
with z - level models, which often estimate relatively weaker
thermohaline circulation, can be attributed to several
differences in the numerical techniques and parameterization.
For example, sigma-level models may resolve bottom
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Figure 11. The spatial distribution of the leading terms of the vorticity balance equation. (a) After 30 days

of diagnostic calculation and (b) after an additional 30 days of prognostic calculation. The cross section, indi-
cated in Figure 2a, is from south to north along the curvilinear model grid. The beta term, the bottom pressure
torque, and the advection and diffusion term are indicated by dashed (curve 1), dotted (curve 2), and solid (curve
3) curves, respectively; bottom topography is indicated by the thick line.

topography better than z - level models [Gerdes, 1993];
parameterization of horizontal and vertical mixing and open
boundary conditions are also different in each model.

The technique used here will be used in the future for studies of
climate change. For example, one can extend and verify the re-
sults of Greatbatch et al. [1991] concerning the dramatic
changes in circulation between the pentads 1955-1959 and
1970-1974, by using the Levitus data for those periods. Longer
simulations for elimatological time scales are planned, and the
altimetric data assimilation technique of Mellor and Ezer
[1991] and Ezer and Mellor [1994], which has been used with
this model for nowcasting the Gulf Stream region, will be ex-
tended to the entire Atlantic Ocean.
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