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Effects of along-shore wind stress and surface cooling on the
formation of shelf sea fronts in a simple air-sea interaction model
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This paper presents numerical simulation results from a set of control and sensitivity experiments on the effects of winter-time
air-sea interaction on the variability of sea surface temperature (SST) on a two-dimensional continental shelf which is uniform in
the along-shore direction and is bounded to the west by a straight coast and to the east by a prescribed Gulf Stream front. In
the control experiment, the model ocean circulation is driven by a time-dependent wind forcing which is parametericaily coupled
to the cross-shelf SST gradient. In the sensitivity experiments, wind stress, diabatic cooling and air—sea coupling are turned on
separately to estimate the individual contribution of each effect to the cross-shelf SST variation. Experiments have also been car-
ried out for different coupling strengths and diabatic cooling rates to examine the model sensitivity to these parameters. The
model results indicate that air—sea interaction could induce a secondary SST front on the shelf. Comparisons of model results with
observations obtained during the Genesis of Atlantic Lows Experiment conducted off the east coasts of the Carolinas during Jan-

uary and February 1986 qualitatively confirm our finding.

1 Introduction

Sea surface temperature (SST) fronts or discontinuities
of cross-shelf SST gradient often occur in coastal waters
on the continental shelf margin off the southeast coast
of the United States (known as the South Atlantic Bight,
or SAB) during autumn and winter. These oceanic fron-
tal structures can strongly influence both oceanographic
and atmospheric processes in the SAB’s environment.
For example, SST fronts affect the coastal marine sys-
tem by modifying cross-shelf transport of water masses
[17], and influence coastal atmospheric frontogenesis
[3,10,21], cyclogenesis [7,12], and low-level jetogenesis
[8,23] by modifying the marine atmospheric boundary
layer (MABL). Thus, modeling the formation and main-
tenance of SST fronts on the SAB shelf is extremely
important for understanding coastal oceanic and atmos-
pheric processes in that region.

SST frontogenesis on the SAB shelf has been simu-
lated previously by Oey [16] using a two-dimensional,
southeast coast ocean model uniform in the along-shore,
meridional direction. He concluded that persistent
northerly winds may promote SST frontogenesis on the
SAB shelf in winter by driving upper Gulf Stream water
onto the shelf. The mechanism is that the cross-shelf SST
contrast is accentuated in the SAB region because the
Gulf Stream provides a continual supply of warm water.
Thus, even if offshore shelf and Gulf Stream waters
were cooled by a loss of latent and sensible heat to the
atmosphere, this loss is compensated for, in the stream
proper, by more warm water advected from upstream.
The result is that while shelf waters may cool to 5° to
10°C, waters just a few kilometers offshore in the Gulf
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Stream frontal region cool to only about 20°C., This dif-
ferential cooling combined with onshore transport of
upper Gulf Stream waters due to several days of south-
ward winds would cause SST fronts on the middle shelf.

In the study of Oey [16], the interaction between the
atmospheric flow and the SST front was not considered.
However, observations and numerical simulations indi-
cate that SST fronts on the shelf are conducive to the de-
velopment of coastal mesoscale weather systems
including fronts, cyclones and low-level jets [8,10,21].
Thus, when properly specifying the wind forcing for the
ocean model, changes of wind conditions induced by
SST should not be neglected.

In this study, we will apply a simple numerical model
to investigate the impact of a time-dependent surface
wind stress, which is parameterically coupled to the
cross-shelf SST gradient, on the evolution of the cross-
shelf SST distribution, over an idealized two-dimen-
sional shelf. The text is organized as follows. In section
2, a simple two-dimensional model for SST frontogen-
esis on an idealized shelf will be described. Then, in sec-
tion 3, we will present the results from a series of
numerical simulations using the simple model. Qualita-
tive comparisons of model results with observations are
discussed in section 4 followed by a summary of conclu-
sions in section 5.

2 Development of a simple two-dimensional model
We consider an initially uniform, motionless shelf water

which is bounded to the west by a straight north-south
coast and to the east by a sharp SST front (figure 1). The
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Figure 1. The initial SST distribution.

entire shelf is assumed to be 75 km wide. For conveni-
ence of discussion, the shelf is divided into three cross-
shelf zones according to the distance from the coast: the
inner (0-20 km), middle (20-45 km) and outer (> 45 km)
shelves. The equations governing the changes of SST
and surface currents will be presented below.

2.1 SST

The change of SST (T') is assumed to be caused by advec-
tion and diabatic cooling according to the following
equation:
0T /0t + udT [dx = —vdT /8y — wOT [0z — Q@ = Qnes
(1)
where u, v, and w denote, respectively, the cross-shelf
(x), along-shelf (y) and vertical (z) velocity components,
O represents the rate of diabatic surface cooling and
Ore: 1s the rate of SST change due to the net effect of
along-shore  advection (—vdT/dy), upwelling
(—w8T/0z) and diabatic cooling (Q). In a two-dimen-
sional system uniform in the along-shore direction, the
along-shore advectionis zero, i.e.,

vdT /3y =0,

and if the shelf waters are also well-mixed in the vertical
(2), then,

woT [0z =0.

In this case, 8T/t + udT /Ox = —Q = Qye;. Mathema-
tically, this results in a very simple equation for SST,

8T /8t = —udT[0x — Q. (1a)

The physical meaning of (1a) is that the local change of
SST is caused by cross-shelf advection and diabatic
cooling. These two effects are essential to frontogenesis
in shelf waters as found by previous studies [2,16]. In
addition, upwelling may be significant near the shelf
break [11], and along-shore advection may be important
near the coast and along the Gulf Stream [20]. To
include the effects of upwelling and along-shore advec-
tion while still keeping a very simple equation for SST,
we will use equation (1) and consider the effects of
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along-shore advection and upwelling as part of Q.
which is represented by a simple analytical function to
be described below.

(i) Along-shore advection (—vdT /dy): Along-shore
advection is important in the vicinity of the Gulf Stream.
This results in very little change of SST in the along-
stream direction near the Gulf Stream velocity core.

(i) Upwelling (—w0T/8z): This term is usually
small over the inner- and mid-shelves due to weak tem-
perature stratification [1], but it may be important near
the shelf break since both vertical velocity (w) and tem-
perature stratification (87/9z) are often significant
there [11]. However, as pointed out by these authors, the
magnitude of this term varies considerably depending
on the location of the Gulf Stream.

(iii) Diabatic surface cooling (Q): This term is pro-
portional to the air-sea temperature differential and sur-
face wind speed. As pointed out by Riordan [21], Q is
also proportional to the SST gradient in the direction of
the airflow since surface air temperature is strongly
influenced by SST along the upstream path of the air-
flow. As a result, during cold-air outbreaks when cold
and dry northwesterly airflow moves offshore, maxi-
mum sea-to-air heat flux occurs near oceanic frontal fea-
tures. Computations by Bane and Osgood [4] showed
that during the second intensive observing period (IOP
2) of the Genesis of Atlantic Lows Experiment (GALE)
conducted off the southeast U.S. coast in January 1986,
the surface fluxes of both sensible and latent heat were
largest over the Gulf Stream front. Their estimate
showed that from January 25 to 30, 1986, the average
heat loss to the atmosphere from the Gulf Stream mixed
layer (where Q is expected to be a maximum) could
have been sufficient to cool the Gulf Stream mixed-layer
water by an average of 0.62°C. This is equivalent to a
mean cooling rate of 0.1°C/day for the Gulf Stream
mixed layerin the GALE study area.

Since both upwelling induced surface cooling and dia-
batic cooling increase from the shelf toward the shelf
break (where the Gulf Stream front is often located), the
combined effects of upwelling and diabatic cooling
result in a maximum SST reduction near the shelf break.
However, this reduction of SST is largely compensated
for by the along-shore advection in the Gulf Stream
proper. As a result, the net effect (Qy.,) of upwelling,
advection and diabatic cooling is a maximum SST reduc-
tion over the outer shelf.

To represent this combined effect of along-front
advection, upwelling and diabatic cooling, we assume a
Qe of the form:

Ot = {Qo exp[(x — xar)*/25 km)?) if x >25km,
"7 Qo exp[(25 km — x30)?/(25 km)?]  if x <25 km,
)

where Qp = 0.5°C/day, and xp; = 50 km representing
the location of maximum SST reduction due to Qy,;.
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Equation (2) gives a qualitatively reasonable approxi-
mation of the SST cooling pattern across the SAB shelf,
but, quantitatively, itis a simple estimate of the net effect
of along-shore advection, upwelling and diabatic cool-
ing. Our goal in this study is limited to a qualitative illus-
tration of the air-sea interaction processes on the SAB
shelf. For this limited goal, a more accurate quantitative
estimate of Q. is not warranted. Results from a more
comprehensive model which does not involve the above
approximation will be presented in a separate paper.

2.2 Cross-shelf current

In order to solve (1) for SST on the shelf, we need to esti-
mate the cross-shelf surface current (). Observations
indicate that wind-driven subtidal frequency currents on
continental shelves around the coastline of the continen-
tal U.S. display a near surface Ekman current response
to local, along-shore wind forcing and opposite return
flow near the bottom [5,11,13]. This is the so-called
Ekman frictional equilibrium response (EFER). Con-
ceptually, it is manifested over the southeast U.S. conti-
nental margin during southward along-shore winds as a
cross-shelf onshore Ekman transport in a surface layer
of thickness § with an opposite (offshore) return flowina
bottom boundary of thickness layer §p. Based on the
estimates of Pietrafesa [18], § ~ 1.4 x 10~%v,/f, where
v, is the magnitude of the along-shore wind component
and f is the local Coriolis frequency, and
dg ~ 3.5 x 1075y, /f. The offshore flow in layer dp is
induced by a barotropic, parabathic along-shore current
which was estimated as V; ~ 7¥/(8zfpy) Or approxi-
mately ~ 0.06v, and is geostrophically driven by a cross-
shelf pressure gradient affected from a cross-shelf sea
level slope [18].

The EFER of shelf circulation observed on the SAB
shelf is analyzed by Xie and Raman [24] in a coupled
low-order model. It was shown that a SST front near the
shelf break can induce a northerly wind on the shelf.
This northerly wind then drives a shoreward surface cur-
rent and a seaward bottom current in the ocean. The sur-
face-layer cross-shelf current (u4) and the along-shore
coastal current (v) are in general agreement with the
solutions to wind-driven circulation on a well-mixed
shelf [9]:

u = ug[l — exp(—x/xo)], 3)
v = (7y/HE) exp(—x/xo)t, 4)

where ug = 7,/(fHg) is the Ekman drift velocity for
waters sufficiently far away from the coast, Hg is the
depth of the upper Ekman layer and 7, is the southward
wind stress. In this study, Hg is assumed as the upper
boundary layer depth é estimated by

Hg =6=14x10"%,/f, (5)

as proposed by Pietrafesa [18], and 7, will be calculated
according to the following quadratic stress law,

(6)

where v, is the surface wind speed, p’ is the air-to-water
density ratio and ¢y is the drag coefficient. In all calcula-
tions, p'cgistakenas 1.7 x 1076,

Equation (3) shows that the u component of the
wind-driven current is onshore under northerly winds.
It decreases in magnitude toward the coast within a
characteristic distance of x; from the coast, and
approaches ur when x> xp. The v component is a
geostrophic current caused by the diabathic pressure
gradient set up via ug driven by 7, acting through the
upper boundary (Hg). In the following calculation, we
assume xp = 20 km, which is approximately the cross-
shelf distance of the inner shelf. Within this region,
surface wind stress drives a steady cross-shelf current
and accelerates an along-shore geostrophic current (v).
When bottom friction is considered, surface wind
stress will ultimately be balanced by the friction and
lead to a steady geostrophic along-shore current. Out-
side this region, the Ekman drift velocity uz is the
maximum cross-shelf surface current a constant wind
would drive. Under our assumption, ug represents the
cross-shelf surface layer current over the middle and
outer-shelf.

7y = p'¢alvs|va,

2.3 Surface wind

It has been suggested that SST fronts tend to form on
the shelf off the southeast U.S. coast during persistent
northerly, i.e. downwelling favorable winds in winter
(e.g., [2,16,19]). Thus, a northerly (7, or northeasterly
basic wind is often used in numerical simulations of
forced responses in the coastal sea—air system [10,22,26].
Xie and Raman [24] have pointed out that because of
air—sea coupling, it is more realistic to also consider a
mesoscale wind component (v}) in addition to a uniform
basic wind than considering the basic wind alone. This
mesoscale wind component ¢/, is significantly affected by
the SST gradient on the shelf and thus may be parameter-
ized by the latter. For example, assume v/, as a function
of the SST gradient. Such simple parameterization tech-
niques have been widely used to parameterize the atmos-
pheric response to SST anomalies [15]. Here, we will
simply assume that the mesoscale component of the
along-shelf wind speed (v,) is a Gaussian function of the
cross-shelf SST gradient:

,U; —a e-(a,T—J,TM,)’/s;,

o
where 6, Tjnqx is the maximum cross-shelf SST gradient
on the shelf, 67 is a constant which determines the cross-
shelf length scale for v}, (in the following calculations
67 = 1°C/km s used). The value of « sets the upper limit
of the perturbation wind speed induced by the cross-shelf
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SST gradient. Observations and numerical experiments
suggest that o ~ 10 m/s{10,23].

Since v/ is correlated to the SST gradient through
(7), and the SST gradient is caused by v/, through (1), (3)
and (6), the atmosphere-ocean system described by (1)-
(7) is a coupled system. However, since the dynamics of
the atmosphere are not explicitly considered, the above
system will be referred to as a parametrically-coupled
system. To find a solution for this system, we start with a
uniform northerly basic wind and assume the total
along-shore wind speed (v,) is the sum of the basic wind
(7,) and the perturbation wind (v}) which is initially
zero and determined by (7) during the model integration.
The surface wind stress is then computed from (6). After
that, we allow this wind stress to act on the sea surface
for 6 hours, and assume the surface current can be
described by equation (3) with an air-sea coupling coef-
ficient ¢, i.e.,

Uy = euE[l - exp(_x/xO)] ) (8)

where t; = 6 hr, and 0 < € < 1. After ,, is obtained, T,
can be solved from equation (1). We then compute §7 at
T =1, and calculate a new v at t = t; from equation
(7). Next, we hold v/, constant in time for the next 6
hours, and repeat the above computation to get SST
valuesatf = 12hr,and soon.

The value of ¢, which represents the ratio of actual
surface drift velocity to the fully established Ekman drift
speed, is difficult to determine precisely. In general, a

larger ¢ value corresponds to a stronger coupling
between the atmosphere and the ocean. Janowitz and
Pietrafesa [11] showed that coastal sea level from Char-
leston, SC to Cape Hatteras, NC, the Carolina Capes
region, is fully set up by the northerly, along-shore wind
component within an 8-10 hour period over 2-10 day
event time scales. Lee et al. [14] showed that the response
time of wind driven surface currents is roughly 6 hours
over the Georgia Bight mid-shelf and is less than 6 hours
in the inner shelf and longer in the outer shelf. Thus
over each 6 hr interval, the Ekman drift should be nearly
established over the mid-shelf, but not yet established
over the outer shelf. This implies that the value for ¢ is
close to one over the mid-shelf but less than one over the
outer shelf. For convenience, we choose a constant
€ = 0.75 for the entire shelf. The sensitivity of the model
results to e is discussed later.

3 Results

A total of eight experiments have been conducted. The
input parameters of SST and surface wind for Experi-
ments 1-6 as well as the purpose of each experiment are
listed in table 1. The first (control) experiment is carried
out with the set of model equations described in section
2 without further simplification. Experiments 2-6 are
designed to estimate the respective contributions from
basic wind, surface cooling and air-sea coupling to the

Purpose

Well-mixed shelf with a surface cool-
ing specified by equation (2)

Well-mixed shelf without diabatic

No diabatic cooling as in Case 2

Nodiabatic cooling asin Case 2

With diabatic cooling as in Case 2

Table 1
Case # Atmosphere Ocean
1 U, = T, + v, wWhere v/, is parameteri-

cally coupled to SST via equation (7)
2 Weak basic wind case: v, = —5m/s

cooling

3 Strong basic wind case: v, = —15m/

s
4 Parameterically coupled wind as in

Case 1
5 Weak basic wind as in Case 2
6 Strong basic wind as in Case 3

With diabatic cooling as in Case 2

Control experiment: Examine the
combined effects of surface cooling
and Ekman transport induced by a
parametrically coupled wind

Sensitivity experiment: Estimate
SST variation caused by the Ekman
drift induced by a weak basic wind.

Sensitivity experiment: Estimate
SST variation caused by the Ekman
drift induced by a strong constant
wind.

Sensitivity experiment: Examine the
feedback effect of SST-induced me-
soscale wind on SST

Sensitivity experiment: Examine the
combined effect of Ekman drift and
surface cooling under a weak basic
wind

Sensitivity experiment: Examine the
combined effect of Ekman drift and
surface cooling under a strong basic
wind
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SST variation on the shelf. Finally, the sensitivity of the
model to the coupling strength (¢) and diabatic cooling
rate (Qp) are examined in Experiments 7 and 8.

3.1 Control experiment

Consider first the combined effect of cross-shelf differ-
ential cooling and air—sea coupling. Equation (1) is inte-
grated in time for three days with surface currents
determined by equations (4)—(8). During the integration,
air-sea coupling, which is described by equations (7)
and (8), comes into effect every 6 hours. The simulated
cross-shelf SST evolution is shown in figure 2a. It can be
seen that the SST front, which is located near x = 50
km initially, progresses steadily shoreward and reaches
x = 37 km at the end of Day 3. This leads to an increase
of SST on the middle shelf between x = 38 km and 58
km as shown in figure 2b. Contemporaneously, waters
shoreward of x = 37 km and seaward of x = 58 km are
cooled as indicated by the decreases of SST in these two
locations. It is worth noting that a secondary front,
reflected by a kink in the SST curve near x = 43 km in
figure 2a, formed on the middle shelf after Day 2. This is
in agreement with the observed multiple frontal struc-
tures shown by Oey [16].

3.2 Sensitivity experiments

In order to understand the physical meaning of the
model solution shown in figure 2, it is necessary to con-
sider each and every effect involved in the model sepa-
rately. In the following, the effect of basic wind, surface
cooling and air—sea coupling will be discussed individu-
ally.

3.2.1 Basic wind

To isolate the effect of basic wind, we set the diabatic
term Q to 0. In this slightly simplified problem, the local
SST tendency is determined only by the cross-shelf
advection of SST by the cross-shelf Ekman drift induced
by a constant northerly wind. In this case, equation (1)
becomes

0T /0t +udT/0x=0. 9)

Substituting equation (3) into equation (9) we can solve
for SST (7). The solutions are illustrated in figures 3a
and 3b corresponding to wind speeds of 5 m/s (Case 2)
and 15 m/s (Case 3), respectively. Since no damping has
been considered for either momentum or temperature,
the initial (Gulf Stream) front has simply drifted shore-
ward “inviscidly”. In the weak basic wind case, the .

SST (Deg C)

SST Anomaly (Deg C)

80

Distance from Coast {km)

Figure 2. The evolutions of cross-shelf SST distribution and anomaly computed in the control experiment (Case 1): (a) SST; (b) SST anomaly.
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Figure 3. The evolutions of cross-shelf SST distribution induced by a uniform northerly wind: (a) v, = —5 m/s (Case 2); (b) v, = —15 m/s
(Case 3).

Ekman drift velocity is on the order of 2cm/s, or roughly
1.7 km/day. This gives an onshore penetration distance
of less than 6 km by the end of Day 3. In the strong basic
wind case, the initial frontal structure is advected rapidly
toward the middle shelf at an average speed of roughly
11 cm/s or 9.4 km/day (figure 3b). In both cases, the
cross-shelf temperature structure is almost unchanged
by the end of Day 3. Thus, uniform basic wind alone
does not induce any secondary frontal structure on the
mid-shelf, at least in our simple model. So, what process
has actually caused the secondary front in the control
experiment (Case 1, figure 2)? Is it the air—sea coupling
or the cross-shelf differential cooling? These questions
will be addressed next.

3.2.2 Uniform wind and surface cooling

The experiments conducted in Cases 4 and 5 are, respec-
tively, the same as that in Cases 2 and 3 except with a
non-zero net cooling rate (Q,.;) specified by equation
(2). Figure 4a shows the evolution of the cross-shelf SST
distribution in the case of weak basic wind (Case 4).
Since the surface layer Ekman drift is very weak, the
change in SST shown in figure 4a basically represents the
net effect of surface cooling. This effect modulates the
SST gradient near its initial location. Figure 4b shows

the evolution of the cross-shelf SST distribution in the
case of strong basic wind (Case 5). The difference
between the weak and strong wind cases is that the for-
mer modifies the initial front near the shelf break since
the front moves little over the period of model integra-
tion, but the latter modifies the front as it progresses
shoreward. In both cases, the frontal structure resembles
its initial shape except with some SST reduction both
shoreward and seaward of the front. In either case, no
secondary front formed on the middle shelf. This sug-
gests that air-sea coupling, other than differential cool-
ing, may be the cause of the secondary front formed in
our control experiment. We will investigate this below.

3.2.3 Coupled wind without surface cooling

Here, we consider the effect of air-sea coupling in the
absence of diabatic cooling (Case 6). The simulated evo-
lution of cross-shelf SST distribution is shown in
figure 5a, and the corresponding SST anomaly is shown
in figure 5b. Clearly, a secondary front starts to form on
the middle shelf near x = 45 km by the end of Day 2
and becomes evident by the end of Day 3 (figure 5a),
similar to that shown in the control experiment (figure
2a). The corresponding mid-shelf warming shown in fig-
ure 5b also shows a secondary maximum on the mid-
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Figure 4. The evolutions of cross-shelf SST distribution induced by a uniform northerly wind and surface cooling: (a) for Case 4; (b) for Case 5.

shelf (between x = 40 and 45 km) on Day 3. Thus, the
secondary temperature gradient on the middle shelf is
apparently due to the correlation between the wind speed
and the SST front. Therefore, air-sea coupling plays an
important role in oceanic frontogenesis on the middle
shelf.

3.2.4 Sensitivity to e and Qg

The air—sea coupling strength in our simple model is
influenced by the choice of the two model parameters ¢
and Q. In Cases 7 and 8, a reduced surface cooling rate
(Qo = 0.25°C/day), a reduced coupling coefficient
(e = 0.5) and an increased coupling coefficient (e = 1)
have been used, respectively. The resulting SST anoma-
lies in each case are shown in figures 6a-c, respectively.
The cross-shelf distributions of SST anomaly in figures
6a and ¢ show a secondary maximum on the middle shelf
similar to that seen in the control experiment, suggesting
that reducing the copling rate or increasing the coupling
coefficient would still result in the formation of second-
ary frontal structures on the shelf. However, a reduced
coupling coefficient has apparently smoothed out the
secondary maximum of the SST anomaly. Therefore,
cross-shelf SST distribution is sensitive to air-sea cou-
pling, at least in our simple model.

4 Evidence of air—sea interaction during mid-shelf
frontal genesis

Because mid-shelf fronts are mesoscale features with
cross-shelf scales generally less than 20 km, high resolu-
tion observations of meteorological and oceanographic
parameters are required to study air—sea interactions
across a mid-shelf front. GALE experiment provided,
for the first time, high-resolution observations of both
meteorological and oceanographic data over the conti-
nental shelf off the southeast U.S. coast. For example,
the temperature section (in °C) observed over the conti-
nental shelf region off Charleston, South Carolina on 24
January, 1986 shows a well-defined mid-shelf front at
approximately 30 km offshore where the water depth is
about 30 m (figure 7). Prior to the formation of this mid-
shelf front (23-24 January), the along-shelf winds at
inner and mid-shelf buoys deployed in the vicinity of the
above-mentioned temperature section had shifted from
northward to southward (figure 8a). Atkinson et al. [2]
analyzed this case in detail and suggested that the transi-
ent northerly winds observed on the shelf were an impor-
tant factor for the formation of the observed mid-shelf
front. After the formation of the mid-shelf front, wind
speeds over the inner and mid-shelf increased signifi-
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Figure 5. Same as figure 2 except no surface cooling (Case 6): (a) SST; (b) SST anomaly.

cantly (from about 5 m/s before 24 January to 12-15
m/son 25 January). This suggests the existence of a feed-
back effect from the ocean to the atmosphere. Using
the observed mid-shelf front on 24 January 1986 as a
lower boundary forcing for a mesoscale atmospheric
model, Huang and Raman [10] demonstrated that north-
erly surface winds could strengthen from approximately
7 m/s to 18 m/s in 6 hours (figure 8b). Therefore, on
one hand, the atmospheric forcing played an important
role in the formation of the mid-shelf front observed on
24 January 1986 as suggested by Atkinson et al. [2], and
on the other hand, the mid-shelf front, in turn, caused a
significant feedback effect on the surface wind field as
shown by Huang and Raman [10]. This interaction
between mid-shelf front and along-shore surface winds
is consistent with our model result which indicates that
air-sea coupling is important for mid-shelf frontogen-
esis off the East Coast of the Carolinas.

The simulated cross-shelf SST frontal structure which
is characterized by a secondary front over the mid-shelf
and a main front farther offshore (figure 2a) is also con-
sistent with observations. Multiple, cross-shelf frontal
structures on the Carolinas shelf similar to that shown in
figure 2a have been reported previously by Oey [16].
Our data obtained on February 9, 1986 during GALE
also shows a ;?)od agreement between the cross-shelf

SST and along-shore wind distributions in the vicinity of
an observed mid-shelf front. In this case, the National
Center for Atmospheric Research research aircraft,
King Air, had flown from A to C (figure 9a) to take wind
and SST measurements. The wind speed measurements
were taken at approximately 40 m altitude from A to C
for a distance of 120 km at approximately 1620 UTC.
The observed wind speed (southward) is plotted in figure
9b. The corresponding cross-shelf SST distribution is
shown in figure 9¢. A buoy data located near the coast
(DUCK) is added to the section after adjusting the wind
speed to the flight level. The wind section shows a speed
increase from 3.5 m/s near the coast (DUCK) to
approximately 6.5 m/s near point A, then to roughly 8
m/s 5 km east of A. It then increased gradually to 9 m/s
near the Gulf Stream edge just west of B. When the air-
craft crossed the Gulf Stream edge, the wind speed
jumped up to 10.5 m/s. It then decreased rapidly on the
eastern side of the Gulf Stream. The corresponding SST
section shows that SST increased from approximately
5°C near the coast to a secondary maximum of 12°C at
the mid-shelf (near A), and then decreased to a minimum
of about 6°C before increasing sharply to more than
22°C at the edge of the Gulf Stream. Although it is not
clear what caused the decrease of SST just west of the
Gulf Stream edge, comparison of the SST section and
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Figure 6. Sensitivity of model results to eand Qy. (a) Qp = 0.25°C/day; (b)e = 0.5;(c)e = 1.

the along-shore wind section clearly suggests a mid-shelf
signature in both surface wind and SST fields. This indi-
cates that the mid-shelf front and along-shore surface
winds are perhaps coupled, as suggested by results from
our simple model.

5 Conclusions

Results presented above indicate that a secondary SST
frontal structure may form on the shelf through coupling
of the along-shore wind stress and the cross-shelf SST
gradient. A weak, uncoupled wind is, by itself, insuffi-
cient to cause ocean, mid-shelf front formation via sur-

face Ekman drift. However, it should be cautioned that
the calculations carried out in this study involve several
simple parameterizations and the results are sensitive to
the strength of the coupling. In a complementary study,
we have found that mid-shelf frontogenesis can also
involve forcing from bottom topography [26]. Thus,
although simple models can help us to understand the
basic physics associated with mid-shelf frontogenesis,
realistic simulations of the mean and transient air-sea
environments over the continental shelf require three-
dimensional models with comprehensive physics and
accurateinitial and boundary conditions.

The intention of this study is to illustrate that air—sea
interactions over a mid-continental shelf can signifi-
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Figure 7. Observed temperature section on the shelf region off

Charleston, South Carolina on 24 January 1986 (after Atkinson et al.

[2D. It shows the existence of 2 mid-shelf front at 25-30 km off the
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Figure 8. Surface wind speed over the continental shelf. (a) Along-
shore wind speeds at buoy stations and cross-shelf pressure gradient in
the GALE study area during January 15-31, 1986 (after Blanton et al.
[6]). Buoy SVLS1 is located at 14 m depth (inner shelf) off Savannah,
GA; Buoy 6 is at 26 m depth (mid-shelf) off Charleston, SC and Buoy 5
is at 32 m depth (mid-shelf) just north of Charleston. (b) Model simu-
lated wind speed over the mid-shelf in response to the mid-shelf front
during January 24-25, 1986 (after Huang and Raman [10]).
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Figure 9. Cross-shelf distribution of along-shore wind speed and SST

observed on 9 February, 1986. (a) Aircraft flight track during wind

measurement; (b) observed wind speed at the flight level (40 m); and
(c) observed SST.

cantly influence the structure of the cross-shelf SST dis-
tribution and may actually cause secondary SST fronts
on the shelf. The concept of coastal air—sea interaction
illustrated here using a simple model can be more con-
vincingly studied using a three-dimensional coupled
atmosphere-ocean model that is supported by well-
designed field experiments. This will be the focus of
future efforts.
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