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ABSTRACT

A primitive equation regional model is used to study the effects of surface and lateral forcing on the variability
and the climatology of the Gulif Stream system. The model is an eddy-resolving, coastal ocean model that
includes thermohaline dynamics and a second-order turbulence closure scheme to provide vertical mixing. The
surface forcing consists of wind stress and heat fluxes obtained from the Comprehensive Ocean-Atmosphere
Data Set (COADS). Sensitivity studies are performed by driving the model with different forcing (e.g., annual
versus zero surface forcing or monthly versus annual forcing). The model climatology, obtained from a five-
year simulation of each case, is then compared to observed climatologies obtained from satellite-derived SST
and hydrocast data.

The experiments in which surface heat flux and wind stress were neglected show less realistic Gulf Stream
separation and variability, compared with experiments in which annual or seasonal forcing are used. A similar
unrealistic Gulf Stream separation is also obtained when the slope-water inflow at the northeast boundary is
neglected. The experiments suggest that maintaining the density structure and the concomitant geostrophic
flow in the northern recirculation gyre plays an important role in the separation of the Guif Stream. The
maintenance of the recirculation gyre is affected by heat transfer, wind stress, and slope-water inflow. The heat
transfer involves several processes: lateral eddy transfer, surface heat flux, and vertical mixing. Further improve-
ment of the Gulf Stream separation and climatology are obtained when seasonal changes in the lateral temperature
and salinity boundary conditions are included.

The seasonal climatology of the model calculations compare reasonably well with the observed climatology.
Although total transports on open boundaries are maintained at climatological values, there are, nevertheless,
large seasonal and spatial variations of Gulf Stream transport between Cape Hatteras and 62°W. These changes

VOLUME 22

A Numerical Study of the Variability and the Separation of the Gulf Stream,

are accompanied by transport changes in the northern recirculation gyre.

1. Introduction

Despite extensive observational and numerical
studies in recent years, our understanding of the small-
to mesoscale dynamics of western boundary currents
and the Gulf Stream in particular is not complete. One
reason is the difficulty of simulating all the processes
affecting these jets. Bottom topography, nonlinear in-
stabilities, mesoscale eddy activity, horizontal and ver-
tical mixing, and air-sea interaction are a few of the
processes that influence the Gulf Stream.

Eddy-resolving, quasigeostrophic models have been
used to study the dynamics of eddies and meanders
and their effect on the mean circulation in the vicinity
of the Gulf Stream (e.g., Holland and Schmitz 1985;
Robinson et al. 1988 ). These models are simple enough
to allow high grid resolution so that mesoscale eddies
are resolved. However, they lack some degree of real-
ism; they neglect, for example, thermodynamics, in-
ternal and external gravity waves, and the direct effect
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of bottom topography and coastal dynamics. Spall and
Robinson (1990) demonstrated some of the deficien-
cies of quasigeostrophic dynamics—for example, the
restrictions of small Rossby number—by comparing a
quasigeostrophic model of the Gulf Stream to a prim-
itive equation model. Nevertheless, primitive equation
models also fall short of providing realistic climatology
and variability for the Gulf Stream area.

One of the major unsettied problems in numerical
simulations of the Guif Stream is the separation of the
jet from the coast at Cape Hatteras; modeled Guif
Streams tend to separate from the coast farther north
than does the observed stream. Thompson and Schmitz
(1989), using a two-layer primitive equation regional
model, demonstrate the sensitivity of the separation
process to the bottom topography and to an imposed
deep western boundary current (DWBC). They suggest
that increasing the vertical resolution and allowing
surfacing of temperature interfaces (which was not
possible in their layered model) should improve the
separation. Indeed, analytical models have shown that
the ventilation of the thermocline plays an important
role in the dynamics of western boundary currents
(Luyten et al. 1983; Veronis 1981). Moreover, the
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ventilated thermocline may be strongly affected by
surface heat flux transfer (Cushman-Roisin 1987).
Therefore, it seems that primitive-equation numerical
models should take into account more realistic air-sea
interaction, including wind stress and heat flux ex-
change. The North Atlantic numerical model presented
by Bryan and Holland ( 1989) has most of these ingre-
dients, including 30 vertical levels and surface heat and
salt fluxes. The latter model simulates the circulation
in the North Atlantic reasonably well. However, in the
Gulf Stream area the temperatures predicted by the
model are significantly larger, by as much as 5°-10°C
north of the Gulf Stream, than the observed temper-
atures, and the separation point is farther north than
that observed.

Mellor and Ezer (1991 ) show that starting from ob-
served temperature and salinity fields and without sur-
face heat flux, their primitive equation model generated
realistic climatology and separation for up to a year or
more; later, the separation point moved north as in
other models. As will be shown here, realistic separation
of the Gulf Stream can be achieved if surface heat flux
and wind stress are included in the same model.
Therefore, we perform sensitivity studies to indicate
the effect of different forcing on the separation of the
Gulf Stream.

Although not all the processes affecting the separa-
tion of the Gulf Stream are understood, it seems that
the dynamics of the slope water (Zheng et al. 1984)
and the DWBC (Thompson and Schmitz 1989) have
an important role. The effects of surface cooling on
possible shifting in the Gulf Stream path have been
demonstrated in analytical models (e.g., Nof 1983;
Nurser and Williams 1990) and may be evident in the
interannual shifting of the Gulf Stream as observed,
for example, by Ionov et al. (1986) and Auer (1987).
While it is obvious that wind stress and heat flux are
important to the large-scale general circulation of
oceanic gyres and jets, a question, however, exists as
to whether or not local atmospheric forcing has any
effect on simulations of the Gulf Stream in a regional
model. Moreover, can regional models simulate the
seasonal variations of the Gulf Stream? Such variations
have been observed for the Gulf Stream sea surface
height (Fu et al. 1987), transport (Worthington 1976),
and even for the near-bottom flow under the Gulf
Stream (Ezer and Weatherly 1991).

It is difficult to compare different models. For ex-
ample, compared to the Bryan and Holland (1989)
model, the model used here includes the coastal ocean,
a second-order turbulence closure scheme, and a heat
flux scheme that includes a feedback term. This model
is also a regional model which, in contrast to a basin-
scale model, is greatly affected by lateral boundary
conditions.

In recent years, data assimilation (altimetry data in
particular) in ocean models promises possible nowcast
and forecast capability. However, data assimilation
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may depend on the model climatology (as with the
data assimilation technique of Mellor and Ezer 1991),
thus improving the realism of the model climatology
is important. Moreover, if the model tends to depart
from reality (as in the case of the Gulf Stream sepa-
ration problem) its forecast capability is probably de-
graded. Thus, we study hére the annual and seasonal
climatologies of the model and compare them with
observed climatologies in order to understand the
dominant elements needed for realistic numerical sim-
ulations of the Gulf Stream.

In sections 2 and 3 we first briefly describe the model
and the numerical experiments. Next, in section 4, we
describe and discuss sensitivity studies to understand
the effects of surface heat flux and wind stress forcing
on Gulf Stream separation. In section 5, sensitivity
studies of the effects of lateral boundary conditions are
presented. In section 6, the simulated seasonal varia-
tions of the Gulf Stream are compared with observed
climatologies, and finally, in section 7, we offer con-
clusions.

2. The ocean model
a. The model grid and initialization

The numerical ocean model that is used in this study
is the one described in detail by Blumberg and Mellor
(1987). It has been previously used in the South At-
lantic Bight (Blumberg and Mellor 1983), Delaware
Bay (Galperin and Mellor 1990a,b), the Hudson-Rar-
itan estuary (Oey et al. 1985a,b), the Gulf of Mexico
(Blumberg and Mellor 1985), and the Gulf Stream
(Mellor and Ezer 1991), and is actively being applied
in other regions of the World Ocean. The model do-
main and the boundary conditions in the current study
are the same as in the study of Mellor and Ezer (1991)
with three exceptions. First, the number of vertical lay-
ers is now 15 instead of 12 (the resolution in the upper
mixed layer is increased such that the sigma levels are
0, —0.002, —0.004, —0.008, ~0.016, —0.031, —0.063,
-0.125, -0.25, —0.375, 0.5, —0.625, -0.75, —0.875,
—1). Second, the vertical mixing coefficients are now
provided by the turbulence closure scheme of Mellor
and Yamada (1982) instead of fixed coefficients. Third,
the surface boundary condition now includes heat flux
exchange between the ocean and the atmosphere. The
effect of these changes will be discussed in this paper.

The model has a bottom-following, vertical sigma
coordinate system and a coastal-following, horizontal
curvilinear orthogonal grid. Further aspects of the
sigma coordinates are discussed by Mellor and Blum-
berg (1985). The horizontal resolution downstream of
Cape Hatteras is about 20 km. The prognostic variables
of the model are the free surface 7, potential temper-
ature T, salinity S, and velocity (u, v, w). The density,
p(T, S, p), is calculated from the potential temperature,
salinity, and pressure, using an equation of state devised
by Mellor (1991), which agrees with the UNESCO
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formulas but is computationally simpler. Figure la
shows the model grid and the lateral inflow/outflow
discussed below. Figure 1b shows the bottom topog-
raphy in the region. Further aspects of the numerical
techniques and the dynamic equations can be found
in the aforementioned papers.

b. The lateral boundary conditions

At the southern boundary of the model, at the Flor-
ida Straits, a constant inflow transport of 30 Sv (1 Sv
= 10° m® s ') is prescribed and is distributed according
to measurements obtained during the Subtropical At-
lantic Climate Studies (STACS: Leaman et al. 1987).
At the northeastern boundary of the model, along the
continental slope, a constant barotropic inflow trans-
port of 40 Sv is prescribed. This flow is part of the
northern recirculation gyre (Mellor et al. 1982; Rich-
ardson 1985; Hogg et al. 1986). An additional transport
of 30 Sv is distributed along the model’s southeastern
boundary from 27°N to 32°N, wherein the vertically
averaged inflow velocity is constant. This inflow is the
continuation of the subtropical recirculation gyre south
of the Gulf Stream (Worthington 1962; Mellor et al.
1982). The total of 100 Sv is allowed to exit the domain
on the eastern boundary between 36° and 39°N. The
locations of these inflow / outflows are indicated in Fig.
ta. Except for the Florida Straits and the northeastern
slope flow, the rest of the open boundaries are governed
by the Sommerfeld radiation condition. Therefore, al-
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though the total transport on the open boundaries is
prescribed, the internal velocities are free to adjust
geostrophically to the density field. Temperature and
salinity on the open boundaries are locally upwinded.
When flow is into the model domain, they are pre-
scribed from the observed climatologies, and boundary
information is advected into the model domain.

¢. The surface boundary conditions

The surface boundary conditions are zero salinity
flux, but nonzero heat flux and wind stress. We describe
here only the surface boundary conditions for heat flux
and wind stress; the bottom-flux boundary conditions
are adiabatic; the stress condition can be found in the
papers cited in section 2a. The surface heat flux is ob-
tained from the 2° X 2° monthly averaged climatolo-
gies of the Comprehensive Ocean-Atmosphere Data
Set (COADS) analyzed by Oberhuber (1988), together
with a one-way model feedback scheme. We discuss
next the case of monthly forcing. The net downward
heat flux at the surface of the model, Q(x, y, ?), is
calculated by

Y

Q=Qobs+(_) (T = Tobs) (1)
obs

oT

where Q. is the observed climatological, net down-
ward heat flux excluding the shortwave radiation, Q.
The second term in (1) is a feedback term such that
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FIG. 1. (a) The curvilinear orthogonal model grid. Prescribed inflow/outflow transport boundary conditions are indicated. (b) The bottom !
topography of the model; the contour interval is 200 m; the thick contour is the land boundary of the model at 20-m depth.
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additional local cooling or heating is applied where
model surface temperature, T, is greater or less than
the observed climatology, Tops. This allows, for ex-
ample, cooling of warm core eddies. The observed net
heat flux Qus + Qs and the observed surface temper-
ature T, (interpolated into the model grid) for Jan-
uary, July, and their annual averages are shown in Fig.
2. All the observed fields, including (8Q/8T )os and
Q;, are obtained from the COADS and can be found
in Oberhuber’s atlas. An approximate average value
for (80Q/0T Yobs is —50 W m 2 K !, The use of Eq. (1)
is equivalent to a calculation of heat flux wherein air
temperature, humidity, and cloud cover are fixed cli-
matologically but the SST is derived from the model.
Note that along the Gulf Stream path, there is maxi-
mum cooling in the winter (e.g., in January) and rel-
atively less warming in the summer (e.g., in July).
At the model surface,

oT
Q=KH—3

0z 2)

z=>n(x, y,1)
where K} is the vertical diffusivity. The shortwave ra-
diation QJ; in the model is absorbed in the upper several
meters and is added directly to the heat equation,

aT . o s dR
— = (advective and diffusive terms) + —
ot 0z

R = Qs exp(Az) (3b)

where the coefficient, A, is chosen to fit the tabulated
attenuation function of Jerlov (1976). In this study,
surface salinity fluxes are neglected. However, more
recent experiments in which surface salinity fluxes and
river runoff are added show a small effect on the Gulf
Stream climatology.

The surface wind stress is calculated from the
monthly climatologies of winds obtained from the
COADS (Wright 1988). The magnitude of the wind
stress at a given time and position is |7| = pCpV?>
where V is the synoptic wind speed. To estimate the
synoptic wind from the climatological wind velocity
data [which is averaged in time (monthly) and space
(2° X 2°)], we approximate the synoptic wind by V
=V + V’,where V' is the perturbation about the mean
¥V, and neglect cross correlation between the mean and
the perturbation. Therefore, the wind stress compo-
nents are taken as

(3a)

Tx = APOCsz

(@ + oY) (4a)
= ApoCpV? v
7y = ApoCoV " Gr oy (4b)

where V, u, D are the climatological averages of the
wind speed and velocity components and 4 = 1 + o2/
V2; the ratio between the variance and the average
wind speed squared is taken as 0.25 (Wright 1988).
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The drag coefficient Cp is calculated from the observed
wind speed according to Garratt (1977) and includes
a stability factor that depends on the difference between
the observed air temperature and the model surface
temperature according to Kondo (1975). Therefore,
there is a one-way feedback effect in the transfer of
momentum from the atmosphere to the ocean such
that the wind stress increases over areas of relatively
warmer water. The resulting wind stress over the model
domain is comparable to previous studies (e.g., Hell-
erman and Rosenstein 1983; Trenberth et al. 1990)
and is shown in Fig. 3 (using the observed air and sea
temperatures to calculate the drag coefficient). Note
the maximum wind stress and convergence along the
Gulf Stream path, which may be the result of strong
convection in the atmospheric boundary layer. The
boundary condition at the surface is

1 i}
_(Tx, Ty)= KM (u, v): z TI(X, ¥, t) (5)
Po 0z

where pg and K}, are the water density at the surface
and the vertical kinematic viscosity, respectively. Here,
u and v are the model velocity components near the
surface and should not to be confused with the wind
components in Eq. (4). The monthly climatological
wind speed and wind components are linearly inter-
polated into each model time step.

3. The numerical experiments

The model is initialized with climatological tem-
peratures and salinities analyzed by Kantha et al.
(1986) on 30 vertical levels and a 1/4° X 1/4° grid and
then interpolated to the model grid. The initial fields
are shown in Mellor and Ezer (1991). The model then
runs for 10 days diagnostically ( 7 and S held constant)
and then prognostically (with constant wind stress and
heat flux) for 30 days. During the latter period, the
Gulf Stream narrows and meanders, and eddies start
to form. All the experiments described in this paper
were initialized with the fields obtained after these 40
days. In the case of monthly forcing, this initial day
corresponds to Julian day 90 (1 April), where 30 days
in a month and 360 days in a year are stipulated.

In section 4, the inflow/ outflow boundary conditions
are held fixed while only surface boundary conditions
vary in the experiments. Therefore, we study the re-
sponse of the numerical model to local atmospheric
forcing. Changes in the large-scale circulation of the
subtropical gyre or seasonal variations in the flow at
the Florida Straits are neglected here and will be dis-
cussed in section 5. All of these runs start from the
same initial conditions, and include five years of sim-
ulation. We define the model climatology of each run
as the average over five years. Ten-year experiments
{not reported here) indicate that the 5-year climatology
is not significantly different from the 10-year clima-
tology.
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FIG. 2. The net downward heat flux (left panel) and the surface sea temperature (right panel) for January (upper panet),
July (middle panel), and annual average (lower panel), obtained from the COADS and interpolated to the model grid.
The contour intervals are 20 W m™2 and 1°C for the heat flux and the temperature, respectively.
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In Fig. 4, the rms elevation is obtained from the
Geosat altimetry data and will be compared with the
model data later. The altimetry data of the areas deeper
than 1000 m were interpolated into the model grid,
using the optimal interpolation scheme described by
Mellor and Ezer (1991). Because of the smoothing na-
ture of the optimal interpolation, Mellor and Ezer
(1991) show that the rms elevation obtained by inter-
polating data sampled along Geosat tracks is only about
70% of the rms elevation obtained from data sampled
at all model grid points. This, together with the fact
that analysis of the raw data also involves smoothing,
produces rms elevations that are smaller than reality.
The general shape should be retained, however, and
consists of maximum variability along the Gulf Stream
path, with three maxima at 72°, 67.5°W, and at the
eastern boundary. The latter coincides with the max-
imum in eddy kinetic energy west of the New England
Seamounts as indicated by Richardson (1983). The
two maxima south of the stream at ~35°N could be
the result of cold-core eddy activity. As was shown by
Mellor and Ezer (1991), there is significant similarity
between the rms of surface elevation in the model and
the eddy kinetic energy of the upper layers. Therefore,
although we will restrict discussion to variability in
surface elevation, similar results apply also to the sur-
face eddy kinetic energy.

The experiments discussed in this paper are sum-
marized in Table 1. Each simulation (with different
surface or lateral boundary conditions) is for 5 years.

GEOSAT RMS ELEV.

45N [
40N
35N
30N R —
g o= jzom
80W 75W 70W 65W  60W

FI1G. 4. The rms surface elevation obtained from Geosat altimetry
data, collected between November 1986 and November 1988, and
interpolated into the model grid. The thick line shows the 1000-m
isobath; only data where the ocean depth is greater than 1000 m are
used. The contour interval is 2 cm.
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TABLE 1. The numerical experiments.

Experiment  Surface heat  Surface wind  Lateral Lateral

(Fig.) flux stress TS uv

1 (5a) Zero annual annual annual

2 (5b) annual Zero annual annual

3(7a) annual annual annual annual

4 (7b) monthly monthly annual annual
5(12a) monthly monthly annual no slope

6 (12b) monthly monthly seasonal  annual

4. The effects of surface heat flux and wind stress

In the first three experiments, we study the effects
of neglecting either surface heat flux or wind stress.
The lateral boundary conditions are fixed now at the
annual values as described in section 2b. In experiment
1 the model is forced at the surface by annual wind
stress while surface heat flux is set to zero. In experi-
ment 2, the annual atmospheric heat flux (including
the feedback effect) is used at the surface boundary of
the model while wind stress is set to zero. Both wind
stress and surface heat flux are included in experiment
3. The total streamfunction and the mean and rms
surface elevation for these three experiments are shown
in Fig. 5a, Fig. 5b, and Fig. 7a, respectively. In exper-
iments 1 and 2, a large anticyclonic meander dominates
the circulation north and east of Cape Hatteras. This
area is also associated with a large maximum rms ele-
vation of about 40 cm. To understand the mechanism
responsible for the peculiarity of the circulation with
no heat flux or no wind stress, we examine some syn-
optic realizations. Figure 6 shows the surface elevation
for the period 1 September to 16 November of the
third year of experiment 1. On 1 September, a warm-
core eddy is seen at 38°N, 72°W. Two weeks later, the
eddy starts to decay, but on 1 October it interacts with
the Gulf Stream and then separates again into a larger
eddy on 16 October. It interacts with the Gulf Stream
again to form a meander on 16 November. Similar
events occur several times during the 5-year period.
Warm-core eddies drift westward and become trapped
in the western corner of the recirculation gyre. Since
these eddies are warmer than the interior, they are sub-
ject to intense cooling.

We now call attention to the fact that, in all of our
simulations, fairly realistic separation of the Gulf
Stream at Cape Hatteras prevails for the first year.
Then, in the beginning of the second year, the previ-
ously cold and denser recirculation gyre north of the
stream warms and breaks down in the case of experi-
ments 1 and 2. The gyre is warmed by eddy transfer
of heat which, as we interpret the simulations, is in-
hibited by local wind-stress dynamics~Ekman south-
ward transport near the surface and classical wind-stress
curl reinforcement of the deeper gyre water (experi-
ments | and 3) and by direct cooling of the gyre (ex-
periments 2 and 3). The wind mixing may also par-
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ticipate in the penetration of surface cooling into the
water column. Experiment 3, forced by surface wind
stress and heat flux, resembles the observed Gulf
Stream structure.

Comparing the variability of the surface elevation
in experiments 1 and 2 (Fig. 5) to the observed vari-
ability (Fig. 4), we note the following differences. Near
the open eastern boundary the variability of the surface
elevation in the model is smaller than that observed.
The boundary conditions suppress variability; eddies
that might form east of 60°W and propagate westward
are, of course, not represented in this regional model.
Along the Florida shelf there is a maximum in the
model variability, the result of the interaction of the
stream with the topographic feature known as the
“Charleston Bump.” The Geosat data does not include
this shallow area. However, the increase in variability,
as well as the deflection of the modeled Gulf Stream
by the bump, agrees with observations (e.g., Bane 1983;
Olson et al. 1983). Downstream of Cape Hatteras there
are three maxima of high variability in experiment 1
of the model simulation. Proceeding from west to east,
the first high is the result of the unrealistic meander
off Cape Hatteras. The second and the third maxima,
at 71°W and at 64°W, are offset eastward by a few
degrees, compared with the location of similar maxima
in the observed variability. The maximum rms of sur-
face elevation in the model is ~40 c¢cm, while the ob-
served maximum is 20-30 cm. Note that the rms ob-
tained from the altimeter data is smaller than the true
rms, as discussed in section 3. Although the mean Gulf
Stream separation of experiment 3 is much more re-
alistic compared to experiments 1 and 2, the variability
off Cape Hatteras is still somewhat too large. This is
the result of the fact that there are still periods of large
meanders developing off the separation point, though
not as frequently as in the previous experiments. Sat-
ellite-derived surface temperature data indicate that
such meander events north of Cape Hatteras do occur
from time to time, but on average, such events seem
to be more frequent in the model than in the ocean.
However, we are now able to report that experiments
(not shown) duplicative of experiment 3 but with 20
vertical levels instead of 15 further improve the sepa-
ration and variability patterns.

We now discuss some of the effects of the monthly
forcing in experiment 4. The forcing has little effect on
the mean flow between the Florida Straits and Cape
Hatteras, where the bottom topography seems to con-
trol the Gulf Stream path. Downstream of Cape Hat-
teras, the Gulf Stream is on average wider and has larger
permanent meanders in the monthly forced case (Fig.
7b) compared with the annually forced case (Fig. 7a).
The variable wind and heat flux increase the variability
of the stream by generating a seasonal shift in the Gulf
Stream path. This can be seen in the rms elevation,
where the area of large variability is wider in experiment
4. Note also the fact that the locations of the maxima
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in rms clevation are similar to their location in the
observed rms elevation.

Since the heat flux seems to play an important role
in the structure of the Gulf Stream, we now discuss it
in more detail. The surface heat flux in the model in-
cludes the two terms in Eq. (1); one is due to the ob-
served heat flux and the other is the feedback term that
depends on the difference between the observed SST
and the model SST. Figure 8 shows the 5-year average
net heat flux of the model in experiment 3. The model
heat flux, although larger by a factor of <2 than the
observed heat flux without the feedback (i.e., Fig. 2),
may not be unrealistic. It is quite possible that the
COADS climatological heat flux underestimates the
instantaneous heat flux in this area. For example, ob-
servations indicate very large cooling ( more than 1000
W m™?) during short periods of time when a cold air
outbreak from the continent passes over the Gulf
Stream during winter (Grossman and Betts 1990).
Such events may not be represented in the smooth 2°
X 2° monthly averages. Another test of the model sur-
face forcing will be a comparison (shown later) with
satellite-derived SST; we will see if the surface forcing
produces some of the features that are clearly missing
in the smoothed COADS SST shown in Fig. 2 and
used in the heat flux feedback term.

Another aspect of the surface forcing is its possible
effect on the deep circulation. There is observational
evidence that seasonal variations of the Gulf Stream
may be detected even in the abyssal near-bottom flow
(Ezer and Weatherly 1991). Moreover, the seasonal
changes in the upper mixed layer affect the ventilation
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of the thermocline, which plays an important role in
the dynamics of western boundary currents ( Luyten
et al. 1983; Veronis 1981; Cushman-Roisin 1987). For
example, it is important to know the period of time in
which winter cooling and upper-ocean mixing are suf-
ficient to allow possible subduction. Therefore, we ex-
amine the penetration of the surface forcing into deeper
layers. Figure 9 shows the area-averaged temperature
at four depths for experiments 1 to 4. The averages are
over the model area where the bottom depth is greater

AREA AVERAGED TEMP.
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than 1000 m, that is, the extension of the Gulf Stream
and the recirculation gyre, excluding the continental
shelf and slope. In the deep layers (say below 500 m)
the variations seem barotropic and related probably to
the meandering of the Gulf Stream. The upper 100 m
is highly stratified in the case of zero heat flux (Fig.
9a) with surface temperature higher by about 2°C than
the cases of annual heat flux. There is slightly less mix-
ing in the case of zero wind stress (Fig. 9b) than the
case of annual wind stress (Fig. 9¢). Monthly heat flux
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results in the most stratified ocean during the summer
and a deep mixed layer during the winter (Fig. 9d).
The amplitude of the seasonal variations is about 6°C
at the surface and about 2°-3°C at 100 m. Note that
since this region has, on average, negative net surface
heat flux (Fig. 2), it implies a positive heat flux through
the lateral boundaries (mostly by advection of warm
water from the Florida Straits and the subtropical gyre).
Thus, if surface heat flux is neglected, warming of the
domain as in Fig. 9a is expected.

The area-averaged velocities are less affected by the

AREA AVERAGED VELOCITY
A

60

n
~
=
(&)
20 1"’ 2 4'.\ M 4
A Y ~ N A .
,"' g “.”"\,ﬂj ‘V\,,r' WM \.‘\\,v/\,-.»wr‘..ﬂ\‘,' 1
0 360 720 1080 1440
TIME (DAY)
C
60
%]
~
=
(&)
w\j\d\ y AR " IJ"
.m,,r ‘\\,t/ Sy \."'\\,"\’\-“’\'\'I Y
0 360 720 1080 1440
TIME (DAY)

JOURNAL OF PHYSICAL OCEANOGRAPHY

1800

1800

VOLUME 22

surface conditions than are temperatures (Fig. 10). The
largest surface velocities are found in the run with no
heat flux and annual winds (Fig. 10a) and not in the
run with the stronger monthly winds (Fig. 10d). This
is the result of the fact that, in experiment 1, the winds
drive a much shallower upper mixed layer, and there
is less loss of energy by mixing because of the stably
stratified upper layer. Unlike the simulated temperature
field (Fig. 9d), no apparent annual pattern in the ve-
locity field is seen in the simulation with the monthly
forcing (Fig. 10d); the flow variability is dominated by
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the meandering Gulf Stream with coherent structures
penetrating to at least 1000 m.

A more detailed look at the mixed layer for exper-
iments 3 and 4 is shown in Fig. 11. The stratification
of the upper layer shows an ~80-m thick mixed layer
in the annual forcing case and ~150-m thick mixed
layer during the winter in the monthly forcing case.
During the summer, the stably stratified seasonal ther-
mocline extends from the surface to a depth of about
100 m. Note that the maximum surface temperature
is obtained in August and September, while the max-
imum temperature at 100 m is obtained about two
months later. Below the mixed layer, vertical mixing
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and downward advection along density surfaces trans-
port the surface winter water to deeper layers. We note
also that the fluctuations of the temperature decay
downward in the monthly forcing case, but decay up-
ward in the annual forcing case. Probably, the source
of the deep fluctuations are fluctuations in velocities
on the lateral boundaries.

5. The effects of lateral forcing
a. The effect of slope-water inflow

The current regional model does not contain the
entire northern recirculation gyre, which extends
farther east of the model domain (Hogg et al. 1986).
Therefore, the circulation north of the Gulf Stream
depends on the imposed boundary conditions as dem-
onstrated by Thompson and Schmitz (1989). In their
study, imposing large outflow (representing the
DWBC) on the south boundary of the lower layer re-
sults in southward shift of the Gulf Stream path though,
even with 40 Sv of the DWBC, the Gulf Stream still
tends to overshoot and shows a large unrealistic mean-
der downstream of Cape Hatteras. We follow their
study; however, in our case, the DWBC is not imposed
as outflow, but is generated by the model as a contin-
uation of the slope-water inflow at the northeastern
boundary as shown by Mellor and Ezer (1991).

In experiment 5, the model was forced at the surface
by monthly heat flux and wind stress, but the 40 Sv of
slope-water inflow at the northeastern boundary (Fig.
1a) is shut off. Thus, only 60 Sv exit the model on the
eastern boundary. The total streamfunction (calculated
from the vertically averaged horizontal velocity) and
the surface elevation (both averaged over five years)
show a wide meander downstream of Cape Hatteras;
only a limited recirculation gyre is seen north of the
Gulf Stream (Fig. 12a). The rms surface elevation in
this experiment has a dominant but unrealistic maxi-
mum at 72°W (compared with Fig. 4) that is associated
with the location of the large meander downstream of
Cape Hatteras. We note that the DWBC is developed
by the model even without the imposed inflow (not
shown), although it is weaker than the cases of imposed
slope-water flow. Although the separation looks qual-
itatively similar to the results of Thompson and
Schmitz (1989), there are some differences. Their study
shows that the addition of 40-Sv DWBC shifts the entire
Gulf Stream at least 2° south and changes considerably
the eddy kinetic energy, while when we compare ex-
periment 5 to the case where slope-water inflow is rein-
stated, we observe more of a local effect, the generation
of a meander near the separation point. The important
role of the cold slope-water inflow in the dynamics of
the Gulf Stream is evident in observations, as shown
by Zheng et al. (1984). In our experiments, neglecting
the slope-water inflow results in a warming of the
northern recirculation gyre and a weakening of the
DWBC; both affect the separation of the Gulf Stream.
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We conclude that the recirculation gyre and mainte-
nance of its thermodynamic structure is necessary to
Gulf Stream separation at Cape Hatteras.

b. The effect of seasonal lateral boundary conditions

In all of the experiments discussed thus far, the tem-
perature and the salinity on the open boundaries were
held fixed at the annual observed climatological values.
In experiment 4, seasonal variations were obtained only
through the surface heat flux and wind stress. However,
seasonal variations at the lateral boundaries may play
an important role in the dynamics of the Gulf Stream,
especially at the Florida Straits ( Niiler and Richardson
1973; Schott et al. 1988) and at the northeastern
boundary where the slope water is found (Zheng et al.
1984). Therefore, we now add experiment 6 in which
seasonal variations of temperature and salinity are in-
cluded on the boundaries. We use the climatology of
four seasons (Kantha et al. 1986), defined as follows:
Winter is January to March; spring is April to June;
summer is July to September; fall is October to De-
cember. The temperature and salinity on the bound-
aries are now time dependent, linearly interpolated be-
tween seasons. The surface forcing is monthly as in
experiment 4.

The 5-year climatology of the total streamfunction,
the surface elevation, and the rms surface elevation of
experiment 6 are shown in Fig. 12b, and should be
compared with experiment 4 (Fig. 7b). With seasonal
thermal boundary conditions, the Gulf Stream sepa-
ration is improved, and the meander downstream of
Cape Hatteras almost disappears. The Gulf Stream is
more robust, having a larger elevation gradient across
the stream, and the variability seems more realistic as
well. The effects of the seasonal boundary conditions
are especially important in the southern portion of the
domain, along the Florida shelf. We should keep in
mind that the seasonal variations at the Florida Straits
are imposed on the temperature and the salinity and
not on the velocities; thus, changes are due to the nearly
geostrophic adjustment of the flow field to the baro-
clinic structure. The Gulf Stream shifts shoreward, is
closer to the continental slope, and is in closer agree-
ment with observations. The area of large variability
in the southern portion of the model is now concen-
trated downstream of the Charleston Bump, an indi-
cation of the disturbances induced by this topographic
feature.

6. The seasonal variations of the Gulf Stream

We now examine the monthly surface forcing and
seasonal lateral forcing calculations and compare the
seasonal climatology of experiment 6 with observa-
tions. The satellite Multi-channel Sea Surface Tem-
perature (MCSST), obtained from the WNational
Oceanographic Data Center and analyzed by the In-
stitute for Naval Oceanography, is used. It includes
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two years of data, archived twice a week from January
1987 to December 1988, interpolated from the 1/3°
X 1/g° grid to the model grid. These data are indepen-
dent of the COADS used in the feedback of the heat
flux calculations. They have much better resolution
and more realistically represent the Gulf Stream region.

The seasonal climatology is defined as the average
over all the records included in each of the four seasons.
Only data north of 30°N is used. The seasonal observed
surface temperatures are shown in Fig. 13, and the sea-
sonal model surface temperatures are shown in Fig.
14. Generally, the agreement is quite good, but some
differences are apparent. For example, the maximum
temperature gradient in the model is found farther
north in the west and farther south in the east, com-
pared with the observed SST. Along the Florida shelf
in the south and in the Gulf of Maine in the north, the
observed SST is lower than the model SST by a few
degrees. With the smoothed COADS data on a 2°
X 2° grid one cannot expect realistic cooling in the
shallow areas of the model. However, the model pro-
duces a tongue of warm water from the Florida Straits
to Cape Hatteras, which is in good agreement with the
observed SST. In the winter and spring, the area north-
east of Cape Hatteras is somewhat warmer in the model
than the observations, an indication of the mechanism
of heat transfer by eddies as discussed before. The ob-
served spring climatology indicates more northward
separation than other seasons, in agreement with the
model climatology. During the summer, the larger
temperature gradients are observed much farther north
of the Gulf Stream, which makes it difficult to identify
the Gulf Stream path from surface temperature. Cor-
nillon and Watts (1987) discuss this problem.

In Fig. 15, we plot the seasonal surface temperature
from COADS. It is fairly obvious that the model SST
resembles the satellite SST much better than it does
the smoothed COADS SST. The difference between
the model heat flux (Fig. 8) and the COADS heat flux
(Fig. 2) is due to the difference in the model SST and
the COADS SST through Eq. (1).

To evaluate the model in the deep ocean, we com-
pare the area-averaged temperature profiles for each
season with the average observed profiles (calculated
from the seasonal climatologies of Kantha et al. 1986)
in Fig. 16. In the deep ocean, the difference between
the model and the observed climatologies are smaller
than 0.1°C in all seasons. At the surface, the model
temperature is larger by about 1°C than the observed
temperature in the winter, but almost the same as the
observed temperature in the other seasons. Again, it is
demonstrated that more winter cooling is needed. Cold
air masses advected from the continent during winter
can strongly affect the air-sea interaction, but cannot
be simulated if atmospheric climatological data are
used. As a result, the main thermocline in the model
is also warmer by ~1°C in all seasons.

We now discuss the seasonal variations in the Gulf
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Stream path and transport as simulated by the model
in experiment 6. Figure 17 shows the total stream-
function averaged over each season. Differences are
evident in the circulation of each season. The northern
recirculation gyre seems to be divided into two
subgyres, centered around 70° and 65°N; the intensity
of these subgyres changes seasonally. These subgyres
intensify during the spring, when surface cooling is rel-
atively large, widening the recirculation zone and
pushing the Gulf Stream farther south. During fall and
winter, the recirculation zone narrows, the Gulf Stream

moves northward, and its transport decreases. This ex-
periment suggests that the Gulf Stream transport can
change considerably from one cross section to another,
and from one season to another, due to local intensi-
fication of the recirculation. This could explain some
of the discrepancies between the different estimates of
the Gulf Stream transport. For example, Richardson
(1985) references different estimates of the Gulf Stream
transport that range from ~70 to ~200 Sv. When we
discuss the Gulf Stream transport calculated by the
model, we should keep in mind that because of the
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FIG. 14. As in Fig. 13 but for the seasonal climatology obtained from the model (experiment 6).

imposed boundary conditions, the Gulf Stream trans-
port is fixed with 60 Sv entering at Cape Hatteras and
100 Sv leaving the eastern boundary. In between,
changes are due to the time-dependent forcing and the
thermodynamics. The increase in transport between
Cape Hatteras and 62°W includes some of the 40 Sv
of the slope-water inflow that joins the Gulf Stream
(the other part crosses under the stream as DWBC),
and local subgyre recirculation. Spatial variations in
the transport are ~70 Sv, and seasonal variations are
~20 Sv. The latter number agrees with Worthington

(1976), who estimated the seasonal variations as
~30 Sv.

Altimetry data indicates largest sea level differences
during the springtime and smallest during fall (Fu et
al. 1987). The 15-cm peak-to-peak amplitude of the
sea level difference across the Gulf Stream, as calculated
by Fu et al. (1987), corresponds roughly to about 5
cm s~' amplitude in surface velocity. We find some-
what larger, about 10-20 cm s™!, seasonal amplitude
in surface velocity. As suggested by many studies be-
fore, both thermal (through surface heat flux) and me-
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FiG. 15. As in Fig. 13 but for the seasonal climatology obtained from the COADS.

chanical (through wind stress) mechanisms are re-
sponsible for the seasonal variations of the Gulf Stream.
Thus, the present study suggests that it is possible to
simulate these variations with a regional eddy-resolving
model that has realistic thermodynamics and mixing,
even when the seasonal variation of transport on the
boundaries is neglected.

7. Discussion and conclusions

In numerical simulations, the Gulf Stream tends to
separate north of the observed location (Thompson

and Schmitz 1989; Bryan and Holland 1989). To un-
derstand the factors governing Gulf Stream separation
we have, in this paper, eliminated much of the natural
variability of the system by obtaining S-year averages;
the (smoothed) location of the Gulf Stream is deter-
mined by the streamfunction representing the vertically
averaged flow and the surface elevation, the gradients
of which represent the surface geostrophic velocities.
Overall, as the boundary conditions become more re-
alistic, so does the resultant Gulf Stream location. Thus,
experiment 6 is most in accord with the expected
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FIG. 16. Area-averaged (for regions where depth is greater than 1000 m) vertical temperature profiles of the seasonal climatologies.
Solid and dashed lines represent the observed and the model climatologies, respectively.

stream location, and, for example, is in good agreement
with the dynamic height calculations of Levitus (1990)
and the diagnostic and geostrophic streamfunction and
surface elevation calculation of Mellor et al. (1982).
The latter calculation included the effects of topogra-
phy, surface wind stress, and the density fields obtained
from the Levitus (1982) dataset.

This paper was organized so that sensitivity calcu-
lations relative to surface forcing were first presented,
followed by calculations where the lateral boundary
conditions were varied. To understand the elements
governing separation, let us now consider either ex-
periments 3 or 4, shown in Fig. 7, as the standard
against which to compare the other experiments: we



680

STREAM FUNC. (WINTER JAN-MAR)

45N [y} S;y}
x d ?

40N

35N

30N

80w 70W 65W 60W

STREAM FUNC. (SUMMER JUL-SEP)

45N |4y

40N

35N

30N

70W 65W 60W

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 22

STREAM FUNC. (SPRING APR-JUN)

45N %

40N

35N

30N

75W 7T0W 65W 60w

STREAM FUNC. (FALL OCT-DEC)

45N [

40N

35N

30N

80w 75W 70W 65W 60w

FIG. 17. Seasonal total streamfunction of experiment 6. Contour interval is 10 Sv.

ignore the relatively small difference in streamfunction
and surface elevation due to seasonal versus monthly
surface forcing,

First we observe that, if the slope-water inflow is
removed as in experiment 5 and shown in the top pan-
els of Fig. 12, then the model Gulf Stream continues
past Cape Hatteras and climatologically separates in
a diffuse manner farther to the north. Thus, the exis-
tence of the slope-water gyre consisting of a cyclonic
transport of 30 to 40 Sv is necessary to the maintenance

of model Gulf Stream separation at Hatteras. We ex-
pect that ageostrophic inertial effects together with local
topography play a role, but these elements have not
been identified explicitly in this paper. Note that
Thompson and Schmitz (1989) imposed ‘“western
boundary current” inflow and outflow lateral boundary
conditions on the bottom layer of their two-layer model
and suggested that southward drag induced by that
layer on the upper layer was a process that retarded
northward migration of the Gulf Stream. Some portion
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of that process may prevail here although the conve-
nient separation of interacting layers is conceptually
more difficult in the present model and in the real
ocean. Furthermore, our slope current gyre is an ap-
proximately barotropic flow (Mellor et al. 1982; Rich-
ardson 1985; Hogg et al. 1986). At Hatteras the lower
portion does flow under the stream and is the western
boundary undercurrent (which is not visible in the total
streamfunction plots; see, however, Mellor and Ezer
1991), whereas the upper portion is entrained in the
Gulf Stream and plays an essential role in defining the
north wall, the narrow region of strong thermal and
density contrast between the slope current gyre and the
Gulf Stream.

Now, in experiment 1, we removed the heat flux. In
the first year, the flow, on average, is much like that
in the standard experiments, 3 and 4. Then, warm-
core eddies begin to transfer heat into the recirculation
gyre and then sometime into the second year, the region
north of the Gulf Stream warms. Simultaneously, the
geostrophic velocity field moves north; thereafter, the
stream flows along the shelf break north of Hatteras,
after which it does separate at an unrealistically north-
ward location. In contrast, in experiments 3 and 4, the
warm eddies were cooled through the surface, partic-
ularly in the winter months, and the inflow slope cur-
rent was able to maintain cooler temperatures and
higher densities in the recirculating, slope-water gyre.

In comparing the standard experiments with exper-
iment 2, which appears to be remarkably like experi-
ment 1, we surmise that familiar mechanisms are at
work in the former case; namely, southward Ekman
transport, which inhibits northward meander and eddy
intrusions, and the wind stress curl field, which rein-
forces the overall structure of the recirculation gyre.

Thus, our view of the maintenance of separation at
Cape Hatteras is primarily thermodynamic; so long as
the initial observed density fields are maintained, so
are the resulting velocity fields. We note that theories
of Gulf Stream separation often involve potential vor-
ticity conservation. Plots of potential vorticity in, say,
experiment 6 show that potential vorticity does indeed
track the Gulf Stream, but, in our view, do not explain
maintenance of these tracks.

Although, in these experiments, the imposed lateral
inflow/outflow, vertically mean velocity boundary
conditions were held fixed at the annual observed flows,
time-dependent surface heat flux and wind stress were
sufficiently realistic to produce some of the observed
(e.g., Worthington 1976; Fu et al. 1987) seasonal vari-
ations of the Gulf Stream. For instance, seasonal vari-
ations of about 20 Sv in total transport and 10 to 20
cm s~ in surface velocity were calculated. During
spring, the Gulf Stream seems to be the most energetic,
and during fall it is the least energetic.

Although the model has many realistic characteris-
tics, such as bottom topography including the conti-
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nental shelf, a turbulence closure scheme, thermohaline
dynamics, and surface heat fluxes, the comparison be-
tween model and observed climatologies reveals some
deficiencies. The model domain should be extended
farther east; we see an unrealistic decrease in the vari-
ability near the open eastern boundary. Higher-reso-
lution atmospheric forcing is needed. For example, the
coarse-resolution, surface heat flux, and wind stress do
not provide for sufficient winter cooling or summer
heating in nearshore regions. (To add further realism
to the present model, freshwater river runoff and sur-
face salt fluxes have been added in more recent exper-
iments. These changes affect the salinity structure on
the shelf but are not important to the structure of the
slope-water gyre and the Gulf Stream.) Overall, how-
ever, model calculations do seem rather realistic, and
one should expect more realism in the future with im-
proved resolution and forcing.
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