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ABSTRACT

Numerical simulations are used to study the response of Long Bay, South Carolina, a typical coastal em-

bayment with curved coastline located on the South Atlantic Bight, to realistic, climatologically defined,

synoptic storm forcing. Synoptic storms, consisting of cold and warm fronts as well as tropical storms, are used

as forcing under bothmixed and stratified initial conditions. The analysis focuses on the development of cross-

shore shelf circulation and the relative contributions of regionally defined cross-shore winds and alongshore

bathymetric variation. The simulation results show that, under stratified conditions, the regionally defined

offshore-directed wind component promotes upwelling during the developing stage of the cold front and

enhances mixing during the decaying stage. No significant effect is found for warm front and tropical storm

forcing conditions. Net cross-shore transports are induced at the southern and northern sides of the em-

bayment that have opposing signs. Besides the surface and bottom Ekman transports, geostrophic transport

due to alongshore shelf bed slope and horizontal advection are found to be important contributors to cross-

shore flow development. Sea level variability along the curved coastline is driven by the regional alongshore

wind, but a spatial variability is identified from the locally defined components of along- and cross-shore winds

controlled by coastline orientation.

1. Introduction

The dynamic region extending from the surf zone to

the outer shelf is the conduit between the coastline and

the open ocean. Material exchange (e.g., pollutants, lar-

vae, and biota) within this region is controlled by cross-

shore flows driven by winds, waves, tides, and buoyancy.

In the mid- to outer shelf, alongshore wind forcing con-

tributes to the development of a surface and a bottom

Ekman layer (e.g., Lentz and Fewings 2012; Brink 2016)

that are separated by a distinct intermediate layer (Lentz

2008). In the inner shelf, the surface and bottom

boundary layers overlap, and the alongshore wind-

driven Ekman transport decreases toward the shoreline

(Mitchum and Clarke 1986; Lentz and Fewings 2012).

Cross-shore shelf flows can also develop in response

to cross-shore winds (e.g., Tilburg 2003; Fewings et al.

2008; Horwitz and Lentz 2014; Horwitz and Lentz 2016),

although with a magnitude smaller than that attributed

to alongshore wind forcing. In such a case, a two-layer

cross-shore circulation develops with a wind-following

flow in the upper water column and a compensating

return flow near the seabed (e.g., Fewings et al. 2008).

Surface waves, when present, can either enhance or re-

duce vertical shear in cross-shore flow depending on the

cross-shore wind direction (Fewings et al. 2008).

Under stratified shelf conditions, a reduction in ver-

tical transfer of momentum leads to a thinner Ekman

layer, limiting the horizontal extent of the inner shelf

(e.g., Lentz 2001; Austin and Lentz 2002). In the pres-

ence of a horizontal density gradient (higher offshore

density), offshore-directed winds can enhance vertical

stratification and thus increase cross-shore circulation

within the inner shelf. In contrast, shoreward-directed

winds enhance vertical mixing and tend to reduce cross-

shore circulation (Horwitz and Lentz 2014). Under

downwelling-favorable winds, downwelling of surface,

light water contributes to vertical mixing. In this case,

the cross-shore wind component, if present, controls the

transport within themixed inner shelf. In contrast, underCorresponding author: Xiaodong Wu, xwu@email.sc.edu
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upwelling-favorable winds, the inner shelf can become

stratified and both the along- and cross-shore wind

components contribute to the development of cross-

shore circulation (Horwitz and Lentz 2016).

The wind forcing relevant to shelf circulation broadly

falls within both the meso- and synoptic scales of meteo-

rological phenomena. Sea breeze, for example, a meso-

scale, diurnal event, can enhance shelf circulation in

latitudes with a near-diurnal inertial period and under

stratified conditions (e.g., Zhang et al. 2009). It can also

contribute to the development of upwelling events (e.g.,

Walter et al. 2017). Synoptic-scale meteorological events

have horizontal scales of 1000–6000km, and they have

been categorized into frontal systems (cold and warm

fronts) and tropical storms (Mather et al. 1964; Dirks et al.

1988; Muller and Stone 2001; Keim et al. 2004). Although

frontal events are less energetic than tropical storms,

they occur more frequently and are usually associated with

unsteady, rotatory wind velocities (Wu et al. 2017). Pre-

vious studies have focused on the broad impacts of these

storms on the coastline, especially on their role in devel-

oping damaging waves (e.g., Davis and Dolan 1993; Fan

et al. 2005), and shelf flows (Austin and Lentz 1999;

Gutierrez et al. 2006; among others).

Multiple studies have contributed to our under-

standing of shelf circulation, yet most of them have fo-

cused primarily on steady/quasi-steady wind conditions

and have assumed a relatively straight coastline with

alongshore-uniform bathymetry. Earlier studies (e.g.,

Crépon et al. 1984;Whitney and Allen 2009; Kumar et al.

2013) have shown that changes in coastline orientation

can introduce alongshore variability in the relative mag-

nitudes of local along- and cross-shore wind components.

Additionally, changes in shelf width or other bathymet-

ric perturbations (i.e., isobath convergence/divergence)

can induce alongshore flow veering and the development

of cross-shore currents (Arthur 1965). Typical examples

are upwelling enhancement downstreamof capes (Blanton

et al. 1981; Gan and Allen 2002) or before the flows en-

counter an increase in shelf width (Pringle 2002).

In this study, we examine shelf circulation dynamics

focusing on cross-shore flows, under nonsteady wind

forcing conditions associated with realistic storm events.

The study is conducted in Long Bay (see Fig. 1), a

coastal embayment with a curved coastline located in

the South Atlantic Bight (SAB), which frequently ex-

periences cyclogenesis (Bradbury et al. 2003). Our goal

is to examine cross-shore flow development and the

relative contributions of the along- and cross-shore

components of wind forcing and that of bathymetric

effects. Numerical simulations of shelf circulation,

forced with winds associated with types of storms that

dominate the wind forcing in this location, are utilized

for this analysis. The results are used to examine the

alongshore variation of the cross-shore transport within

the embayment and to reveal the underlying mecha-

nisms. The numerical model configuration, verification,

and utilization are presented in section 2, while section 3

describes the shelf circulation patterns induced by the

variable wind forcing under both mixed and stratified

shelf conditions. Flow dynamics as revealed through the

modeling andmomentum balance analysis are discussed

in section 4. Finally, a summary and conclusions are

given in section 5.

2. Methodology

a. Model configuration

Shelf circulation is simulated using the Regional

Ocean Modeling System (ROMS) under the framework

FIG. 1. (a) The study site and the model grid outlines. (b) Close-up of the inner domain (Long Bay) and ba-

thymetry. The green squares show the NOAA/NOS meteorological stations (B1: Springmaid Pier; B2: Frying Pan

Shoaling buoy), and the black triangles (sites S1 and S2) are the locations where the data used in model verification

were collected. The black dots (sites P1 and P2) are chosen for the current dynamics analysis (see text for details).
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of the Coupled Ocean–Atmosphere–Wave–Sediment–

Transport (COAWST) modeling system (Warner et al.

2010; Kumar et al. 2012). ROMS is a three-dimensional,

free-surface, hydrostatic numerical model that has a

stretched terrain-following vertical coordinate (Shchepetkin

and McWilliams 2005). In the present implementation, a

domain much larger than the area of interest (see Fig. 1)

is used to avoid boundary effects. This domain extends

over a large portion of the SAB (see Fig. 1a), covering an

area of 301 km 3 597 km with horizontal resolutions of

720 and 830m in the cross-shore x and alongshore y di-

rections, respectively. Hereinafter, cross-shore is de-

fined as in the x direction, unless otherwise specified.

The stretched vertical domain consists of 30 sigma

levels. Closure of the vertical mixing of momentum and

tracer is achieved via a k–« turbulence closure scheme

(Umlauf and Burchard 2003). Barotropic (depth in-

dependent) velocity and sea level boundary condi-

tions are defined using a combination of Chapman

and Flather radiation conditions (Marchesiello et al.

2001), while the standard Orlanski radiation bound-

ary condition (Raymond and Kuo 1984) is used for the

depth-dependent flow. Bottom friction is calculated

using a linear bottom drag scheme, with a drag coefficient

r05 33 1024m s21. The latterwas determined during the

model verification process described in section 2b.

Surface stress is estimated from the formulation of

Large and Pond (1981) using wind velocity time series.

The wind velocity vectorUw was recorded at two sites

[NOAA/National Ocean Service (NOS) Springmaid

Pier, South Carolina, station 8661070 and NOAA/

NDBC Frying Pan Shoaling buoy, station 41013] lo-

cated on the coastline and some 50 km offshore, re-

spectively (see stations B1 and B2 in Fig. 1b). A

comparison of the two wind records (Wu et al. 2017)

revealed that offshorewind speeds are consistently higher

than those recorded on the coastline. In addition, there

is a phase difference between the two locations, exhibited

as a variation in wind direction. Here, an empirically

derived cross-shore weighed interpolation is used to re-

solve the cross-shore variable wind velocity vector:

U
w
(x)5

8<
:
(12 x)8U

B1
1 12 (12 x)8

h i
U

B2
, if x, 1

U
B2
, if x$ 1

,

(2.1)

where Uw is the wind velocity vector at normalized

cross-shore distance x (with 0 and 1 corresponding to

the onshore and offshore boundaries of the area of in-

terest, respectively; see Fig. 1b). The UB1 and UB2 are

the wind velocity vectors recorded at stations B1 (on-

shore) and B2 (offshore), respectively. Equation (2.1)

provides an accurate representation of the observed

rapid weakening of wind velocity close to the coastline

(Wu et al. 2017). Its application provides a change in

wind speed toward the shoreline resembling that of an

exponential decay found in boundary layer flows, in-

dicating the role of the coastline as a lateral boundary

for the wind field (Smith and MacPherson 1987).

b. Model verification

Prior to its application, the model was verified by com-

paring its resultswith in situ currentmeasurements obtained

at two nearshore sites (S1 and S2; see Fig. 1b) during a 28-

day period (1–28 February 2004). The corresponding wind

velocities for that period are shown in Fig. 2a. Tidal forcing

along the open boundaries is prescribed analytically using

the tidal constituent values interpolated from theADCIRC

tidal database (Mukai et al. 2002). Water temperature and

salinity are kept constant and invariable at the open

boundaries during this 28-day period. The simulations were

initialized at rest, with the wind and tidal forcing being

ramped up over a period of 24h.

The simulated horizontal currents and sea surface

level are compared with the measured values at sites S1

and S2, at water depths of 10 and 9m, respectively (see

Fig. 1b). The subtidal component of both the simulated

and measured quantities was estimated using a low-pass

filter with a cut-off period of 33 h. The higher-frequency

(hereafter referred to as tidal) component was estimated

by removing the subtidal signal from the total signal. As

the emphasis is on wind-driven currents, the subtidal

flow variability, at z521:2 and z524:2m below the

sea surface, and the sea level for both the measured and

simulated data are shown in Fig. 2. The subtidal circu-

lation patterns at S2 are similar to those at S1 and

therefore are not shown here. The corresponding root-

mean-square (rms) errors and correlation coefficients r,

including those for the tidal components, are listed in

Table 1. Here, cross-shore is defined as the direction

normal to the local bathymetric contour, with the scale

defined over a distance of 4 times the alongshore grid

size (i.e., 3.2 km). This scale was chosen as it provides the

minimum number of grid cells required to define a

general local contour direction; however, the direction

did not change when larger length scales (up to 10 grid

cells) were used. During the verification period, the area

experienced several storm events, including two cold

front (CF), onewarm front (WF), and one tropical storm

(TS) event (see Fig. 2a). At both sites, the simulated

tidal components are well correlated with the estimates

from the measurements (r’ 0.8). The subtidal sea level

fluctuations are less than 0.4m at this site (Fig. 2b),

and the simulated and observed sea levels agree well for

the first CF and WF events. During the periods of the
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second CF and the TS events, the sea level is under-

estimated (,0.2m) by the model, although its temporal

variability is captured well. The subtidal alongshore

component of the flow shows a higher correlation than

the cross-shore flow component (Figs. 2c–f and Table 1).

For site S1, the correlation coefficients of simulated and

measured cross-shore velocities, at 1.2 and 4.2m below

sea surface, were increased significantly by rotating the

instrument coordinate system by few degrees (a coun-

terclockwise rotation by 88 provides the maximum cor-

relation coefficient), while the correlation coefficients

of alongshore velocities showed negligible change.

Such a result is not surprising as cross-shore flows are

much smaller in magnitude (,4 cm s21) and measure-

ments of such small currents are easily affected by local

bathymetric irregularities and/or small errors in the in-

strument’s compass record.

Overall, we consider the agreement between the

simulated and measured values of each parameter sat-

isfactory to allow use of the model to diagnose flow

dynamics over the domain.

c. Modeling storm-induced circulation

Following verification, themodel was used to simulate

shelf circulations in response to climatologically defined

storms (Wu et al. 2017). The wind vector temporal

FIG. 2. Comparison of subtidal signal from model (red lines) results and in situ (blue lines)

measurements. (a) Wind velocity vectors used for forcing as recorded at the stations B1 (blue)

and B2 (black). (b) Sea surface elevation h, (c) cross-shore and (d) alongshore velocity at

21.2m below the surface, and (e) cross-shore and (f) alongshore velocity at24.2m below the

surface. Vertical lines delineate the periods of individual storm event.

2536 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 48

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 01/16/24 05:03 PM UTC



variability for each type of storm, at stations B1 and B2,

was identified using a phase-averaging method. The

time step of each recorded storm event was normalized

by its duration and an averaged wind stress value was

estimated at each normalized time step. The time-

normalized, event-averaged winds showed that (see

Figs. 5–7 in Wu et al. 2017) during a CF (WF) event, the

wind is initially northward (southward) directed and

then rotates clockwise to southward (northward). For

the periods corresponding to opposing directions, wind

speed first increases and then decreases. During a TS

event, the wind is persistently southward, and its speed

increases first and subsequently decreases. Following

Wu et al. (2017), the time steps corresponding to

changes in wind direction during the frontal (i.e., CF and

WF) events and when wind speed attains its maximum

value during the TS event are used to define the ‘‘central

point’’ of each event. This central point separates the

developing and decaying phases of the particular event.

For the CF andWF events, each phase (i.e., developing/

decaying) has a local wind speed maximum, while only a

single maximum is present during the TS event. The

mean duration is approximately 85, 90, and 72h, with the

standard deviations being 40, 43, and 47h for the CF,

WF, and TS events, respectively.

To simulate the most energetic shelf circulation

driven by storms, the wind forcing representing each

storm type is reconstructed considering the most in-

tense condition recorded (see Fig. 3, left). The time-

normalized, event-averaged wind vectors at each station

are converted to a maximum-strength event by multi-

plying the mean wind speed by a factor. The factor was

determined empirically by scaling the two local maxima

of wind speed for a CF or WF event and the maximum

wind speed for a TS event to the correspondingmaximum

values ever recorded within the 10-yr study period in

Wu et al. (2017).

To isolate the effects of regional (i.e., spatial scale

larger than that of the embayment) winds, a compara-

tive wind pattern is also created for each storm type

that consists of only the regional alongshore (i.e., along

the y axis) wind component (see Fig. 3, right). This 1D

(i.e., uniform wind direction over the domain) wind

field has a smaller magnitude than the full 2D (i.e., both

wind speed and direction vary in space) winds; the wind

direction is along the y axis of the domain and is

aligned with the isobaths at water depths h. 20m (see

Fig. 1b). At shallower water depths, this 1D wind field

is at an angle to the curved isobaths and coastline. The

normalized time steps are converted into time units by

multiplying them by the corresponding mean event

duration (Fig. 3). The cross-shore spatial variability of

wind velocity across the domain is estimated using

Eq. (2.1).

The effects of stratification are examined using two

numerical experiments with identical wind forcing (i.e.,

full 2D or 1D) but with initially well-mixed and stratified

shelf conditions. Shelf water climatology at the study

area indicates the presence of vertical stratification from

late spring to summer and the development of a pro-

nounced cross-shore density gradient in winter (Blanton

et al. 2003). Here, only the former condition is consid-

ered, and the cross-shore mean of the climatologically

defined summer vertical temperature structure is used.

This structure consists of three layers (Blanton et al.

2003; Castelao 2011): a surface mixed layer (288C) ex-
tending to 20m below the sea surface, a colder (228C)
bottom layer (.60m), and an intermediate layer with a

linearly decreasing temperature. For the mixed condi-

tion runs, the temperature and salinity were set constant

vertically (228C and 35, respectively) and throughout

the domain. The effects of tides and the Gulf Stream are

not considered in these simulations. Each simulation

started at rest, and the wind speed was ramped up over a

period of 24 h.

3. Results

This section presents the general circulation patterns

under the full 2D wind forcing of each event. Emphasis

is placed on the effects of stratification and the spatial

variability of the shelf circulation. Then, these results

TABLE 1. The rms errors and correlation coefficient r of tidal and subtidal sea surface elevation and cross-shore u and alongshore y velocity

components at sites S1 and S2 and at elevations 21.2 and 21.4m below the sea surface.

S1 S2

Tidal Subtidal Tidal Subtidal

rms error r rms error r rms error r rms error r

h (m) 0.16 0.96 0.13 0.65 0.16 0.96 0.14 0.43

u21:2 (cm s21) 3.28 0.78 1.84 0.36 4.58 0.66 2.87 0.52

y21:2 (cm s21) 5.94 0.81 4.71 0.89 5.92 0.73 4.53 0.81

u24:2 (cm s21) 2.21 0.89 1.15 20.10 2.93 0.83 1.37 0.68

y24:2 (cm s21) 5.27 0.79 4.21 0.86 5.80 0.67 4.95 0.73
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are compared with the results from the simulations

driven by the 1D wind forcing.

a. Event-driven circulation patterns

1) COLD FRONTS

Figure 4 shows the circulation patterns near the sea

surface (red vectors) and at midwater depth (black

vectors), for both mixed (Fig. 4, left column) and strat-

ified (Fig. 4, center and right columns) conditions and

for five different time steps of the CF event. For the

stratified conditions, the spatial variability of bottom

temperature is also shown in Fig. 4 (center column). The

cross-shore and vertical variabilities of cross-shore flow

and temperature are shown in Fig. 4 (right column)

along a transect in the center of the domain [see white

line in Fig. 4a(2)]. The selected time steps correspond

to the developing (10 and 20h) phase, central point

(45 h), and decaying (70 and 80 h) phase of the storm

[see Fig. 3a(1)]. During the developing phase, the

northeastward-directed flow enters the embayment in

the south and diverges as a result of isobath diversion.

This pattern is present in both barotropic and baro-

clinic runs [see Figs. 4a(1) and 4b(1) and Figs. 4a(2) and

4b(2)]. Farther downstream, as the flow approaches the

northern cusp, it converges and deflects slightly offshore

owing to presence of the shoals. During the decaying

phase, the wind forcing is downwelling/offshore directed

[see wind vector in Figs. 4d(1) and 4e(1)] and the current

reverses direction. As the current flows into the em-

bayment from the north, it also experiences divergence

and convergence at the northern and southern sides of

the embayment, respectively [see Figs. 4d(1) and 4d(2)

and Figs. 4e(1) and 4e(2)].

During the developing phase, the near-surface

(midwater column) flows under stratified conditions

exhibit a more intensified offshore (onshore) flow

component than that found under mixed conditions;

this is more pronounced in water depths . 40m

[cf. Figs. 4b(1) and 4b(2)]. In shallow waters [h , 30m;

FIG. 3. (left) The original full 2D wind field as defined climatologically at the onshore UB1 and offshore UB2

stations during the (a) CF, (b) WF, and (c) TS events. Vertical lines indicate the time steps corresponding to the

results shown in Figs. 4, 5, and 6. (right) The 1Dwind field along the regional alongshore direction derived from the

2D wind field.
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see Figs. 4a(3) and 4b(3)], the initially stratified water

column becomes well mixed, while upwelling develops

farther offshore (h . 30m). During the decaying phase

[Figs. 4d(3) and 4e(3)], the downwelling/offshore winds

tend to extend mixing farther offshore, to a water depth

of 35m. In deeper waters (h . 35m), a two-layer

downwelling circulation is evident with offshore flows

near the bottom [Fig. 4d(3)]. Prior to downwelling

[Fig. 4c(2)], the bottom 258C isotherm (white line) is

displaced farther onshore at the southern part of the

embayment relative to the northern part. During down-

welling [Figs. 4d(2) and 4e(2)], the offshore displacement

of the same isotherm is larger at the southern location

than that at the northern. These isotherm displacements

indicate enhancement of upwelling (downwelling) at the

southern part during the developing (decaying) phase. At

the central point of the CF event [Fig. 4c(3)], the offshore

directed wind velocity component diminishes and the

cross-shore currents are offshore directed over the entire

water column.

2) WARM FRONTS

The WF simulation results are shown in Fig. 5. In

contrast to the CF case, the full 2D wind forcing is

downwelling/offshore directed during the developing

phase [see Figs. 3b(1) and 5b(1)], and it reverses to

upwelling/onshore directed during the decaying phase

[see Fig. 5d(1)]. For both mixed and stratified condi-

tions, the flowdivergence/convergence patterns described

earlier for the CF event are also present here (see Fig. 5,

left and center). Under mixed conditions, the simulation

results resemble those described in section 3a(1) for the

CF event. Under stratified conditions, downwelling (up-

welling) develops during the developing (decaying) phase

[Figs. 5a(3), 5b(3), and 5d(3)]. Upwelling moves the bot-

tom 258C isotherm slightly onshore [Figs. 5d(2) and 5e(2)].

Inwater depths. 30m, stratification persists for thewhole

duration of the event. Toward the end of the decaying

phase with weakening winds, near-bottom flow in water

depths . 30m is offshore directed [Fig. 5e(3)]; this is

opposite to the onshore flows at the previous time step

[T 5 66h; Fig. 5d(3)].

3) TROPICAL STORMS

The simulated horizontal flows and associated tem-

perature structure under TS forcing are shown in Fig. 6.

The circulation patterns driven by downwelling/offshore

winds resemble those found during the WF developing

phase (see Fig. 5). Under stratified conditions and

shortly after the onset of the event, the water column

becomes well mixed. This is particularly the case in

shallow (h , 30m) waters [see Figs. 6a(2), 6a(3), 6b(2),

and 6b(3)]. Current veering in the vertical develops

around the central point of the storm, especially at the

northern side of the domain [see Figs. 6b(1) and 6b(2)],

and it extends to shallow waters (h , 20m). Such

veering is also observed during the CF and WF events

[see Figs. 4d(2) and 5b(2)] but to a lesser extent. As the

currents enter into the embayment from the north, on-

shore flow develops at and below midwater, while the

surface currents are well aligned with the generally

alongshore-directed wind forcing.

b. Cross-shore flows

The simulated cross-shore currents at the mid-/outer

shelf, and for each type of storm, are examined at a

single location (site P1) at a water depth of 40m (see

Fig. 1). The simulation results for stratified and mixed

conditions are compared in Fig. 7. In the latter case

and during the developing stages of both CF and TS

(Figs. 7a,e) and the WF run (Fig. 7c), a nearly uniform

cross-shore current develops that extends throughout

the water column. For initially stratified conditions, a

two-layer flow develops during the developing phase of

all event types. The CF simulation shows the develop-

ment of a two-layer cross-shore upwelling circulation

(Fig. 7b) during the developing phase. During the initial

stage of the decaying phase (hours 42–47) an offshore-

directed cross-shore flow develops that persists through-

out the water column [as also shown in Fig. 4c(3)]. This is

followed by the development of a two-layer downwelling

circulation pattern. For the WF simulation, the model

results reveal downwelling circulation during the de-

veloping phase, and a two-layer upwelling circulation

during the decaying phase. A persistent downwelling

circulation and a more homogeneous water column are

found for the TS simulation. Overall, under stratified

conditions, smaller vertical temperature gradients are

present for the WF than the CF run, although stratifica-

tion persists for both events. During the TS simulation,

stratification is present only during the developing phase,

and the water column becomes well mixed during the

decaying phase.

c. Alongshore variability of upwelling/downwelling

In addition to the temporal variability, the simula-

tions reveal an alongshore variability of the upwelling/

downwelling flow structure [Figs. 4c(2) and 4d(2)]. This is

quantified using the horizontal position of the bottom

258C isotherm. In the CF run, after T 5 45h, the wind is

downwelling favorable (Fig. 4); however, the near-

bottom flow at the southern side of the embayment per-

sists to be onshore directed until T 5 60h, the time the

bottom 258C isotherm reaches its farthest onshore posi-

tion. For theWF run, upwelling flows develop during the

last 45 h of theWF event (i.e., T5 40–85 h), and the 2D
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FIG. 4. Spatial and temporal circulation patterns during the CF event at five different time steps [10, 20, 45, 70,

and 80 h; see Fig. 3a(1)]. (left) Surface (red) and midwater (black) current vectors under mixed conditions.

(center) As in the left panels, but for stratified conditions; near-bed sea temperature is also shown (filled color)

with the white contour denoting the 258C isotherm. (right) Cross-shore and vertical variability of cross-shore

velocity (vectors) and water temperature along a transect in the middle of the embayment (for location see white
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wind forcing is primarily upwelling/onshore directed

[see Fig. 3b(1)]. Downwelling flows develop during

the last 20 h (T 5 60–80 h) of the CF event, a period

dominated by regional downwelling/offshore-directed

winds [Fig. 3a(1)]. Figure 8 shows the horizontal posi-

tions of the bottom 258C isotherm at selected time steps

(solid lines). Displacement of the isotherm can be at-

tributed to (i) downstream advection in the alongshore

direction, (ii) wind-induced upwelling (or downwelling),

and (iii) topographically induced cross-shore flows.

The cross-shore displacement induced by the latter

two components is revealed after compensating for

alongshore advection. The shape of the bottom 258C
isotherm (defined by its x, y coordinates) is compared

at selected time steps using cross-correlation analysis.

The alongshore distance lag Dy, corresponding to the

highest correlation, is used to define the alongshore

displacement of the isotherm due to advection within

the period DT between two adjacent time steps. The

isotherm is then shifted in the alongshore by this dis-

tance, and the net cross-shore displacement of the

isotherm is estimated.

During the CF upwelling phase, isotherm alongshore

displacements of 4.2 and 8.2 km are estimated for the

first (i.e., 0–30 h) and second half (i.e., 30–60 h) of the

60-h period, respectively [Fig. 8a(1)]. The corresponding

values for upwelling during the WF simulation are 0.8

(for 40–60h) and 1.6 km (for 60–85h), respectively

[Fig. 8b(1)]. Using the compensated isotherm positions

[Figs. 8a(2) and 8b(2)], differences in upwelling intensity

at three locations (y5 44, 104, and 164km) representing

the southern, middle, and northern parts of the embay-

ment are estimated. For the CF upwelling, the isotherm

displacements in the onshore direction are 52.4, 18.7 and

4.7 km, respectively. The corresponding displacements

during the WF upwelling phase are 14.5, 12.2, and

4.4 km. This larger isotherm displacement at the south-

ern side suggests that upwelling is promoted there, while

the relatively smaller displacement at the northern side

suggests an inhibition of the upwelling.

For downwelling, the cross-shore (offshore) dis-

placements of the isotherm are 39.2, 7.1, and 3.2 km at

the southern, middle, and northern locations, respec-

tively [Fig. 8c(2)]. Thus, downwelling is seemingly

promoted at the southern site. However, in this case

the effect of wind-induced mixing becomes important

(see below).

In an attempt to further isolate the effects of the re-

gionally defined cross-shore wind component, the re-

sults from the full 2D (Fig. 3, left) and the regionally

defined 1D wind (Fig. 3, right) fields are compared. The

positions of the bottom 258C isotherm in the latter runs

are shown in Fig. 8 as dashed lines. In deep waters (h .
20m), the isobaths are relatively straight and no cross-

shore wind component is present during the 1D wind

forcing runs. During the first 30 h of the CF run, the

isotherm locations for the 2D and 1D runs are similar

[Fig. 8a(2)]. However, during the following 30h, as the

isotherm enters into water depths , 30m, the regional,

offshore-directed wind component in the 2D wind

forcing appears to promote the onshore advancement of

the isotherm along the entire coastline. This result is

consistent with the findings of Horwitz and Lentz (2016)

that, in the inner shelf, upwelling/offshore-directed

winds promote stratification and cross-shore transport.

During the CF downwelling phase [Fig. 8c(2)], the

downwelling/offshore-directed winds result in a much

larger cross-shore retreat of the isotherm. This is ex-

pected, as the wind-induced mixing under such condi-

tions is more intense than that under 1D (i.e., purely

alongshore directed, downwelling favorable) wind

forcing. During the downwelling and subsequent up-

welling [Fig. 8b(2)] phases of the WF event, the 258C
isotherm remains at the same location for these two

wind forcing conditions. This is also the case during the

TS downwelling phase. These results are attributed to

the well-mixed conditions of the inner shelf (h , 30m)

and the negligible effects of the regional cross-shore

wind component.

4. Discussion

The simulation of the CF event revealed an along-

shore variability in the intensity of the upwelling/

downwelling circulation. This alongshore variability is

investigated here. In addition, the change of coastline

orientation in the alongshore contributes to the devel-

opment of a locally defined cross-shore wind compo-

nent, the effect of which is discussed below.

a. Momentum balance analysis

To better understand the enhanced upwelling at the

southern embayment, the momentum balance diag-

nostics are first presented. The three-dimensional

 
line in center panels). The 20-, 30-, 40-, and 50-m isobaths are shown as black contours. Wind forcing at each time

step is shown as a velocity vector on the upper right of the model domain. The white star (center column) marks

the location of site P1 (see section 3b).
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FIG. 5. As in Fig. 4, but for theWF event. The time steps shown correspond to 6, 16, 36, 66, and 76 h since the onset

of the WF event [see Fig. 3b(1)].
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momentum balance along the x and y directions can be

expressed as follows:
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wherew is the vertical current component, r is the water

density, p is total pressure, and Km is the vertical eddy

viscosity. The two terms on the LHS of each equation

represent local acceleration (LA) and advective accel-

eration (AA), while the three terms on the RHS are

the pressure gradient (PG), Coriolis forcing (CA), and

vertical mixing (VM), respectively.

In the cross-shore direction the balance is predominantly

geostrophic at water depths . 20m, consistent with pre-

vious results (Lee et al. 1989; Lentz et al. 1999) and is not

shown here. The alongshore y variability of the alongshore

momentum balance terms is examined along an along-

shore transect located at approximately 40-m depth, an

area with relative straight isobaths. The spatial variability

of the terms along the transect from the CF event simu-

lation, under the full 2D wind forcing is shown in Fig. 9 for

T5 30h.Although this time step is arbitrarily selected, the

results are representative for the entire event. The analysis

reveals that the balance is primarily between VM and the

sum of CA and PG (Figs. 9c,d,e). The term AA has no-

table contribution at the southern (y , 50 km) and

northern (140km, y, 160km) parts of the embayment,

while within the embayment (50km , y , 140km) it is

less important (Fig. 9b). LA is insignificant over the entire

shelf and not shown in Fig. 9. Both CA and VM terms

FIG. 6. As in Fig. 4, but for the TS event. The time steps shown correspond to 10, 30, and 50 h since the onset of the

event [see Fig. 3c(1)].
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change signs within the surface and bottom boundary

layers (Figs. 9c,e). The alongshore PG has a larger mag-

nitude in locations with y , 60km, and it balances the

alongshore CA at depth within this area (Fig. 9d). The

alongshore momentum balance pattern described above

also holds in shallower waters (i.e., ;30m; not shown

here). The balance between alongshore PG and CA

at depth was also reported for simulations indicat-

ing enhanced upwelling downstream of capes (Gan and

Allen 2002). However, the gradual increase in the

downstream sea level (Fig. 9a) was not identified in Gan

and Allen (2002), and instead a local sea level minimum

was revealed at the cape location.

Farther onshore in the region where the isobaths

start curving (i.e., h, 20m), the water is well mixed. In the

cross-shore direction (defined as the normal to the bathy-

metric contours; same as that used in section 2b), in addi-

tion to the CA and PG terms, the VM (not shown here)

associated with the locally defined cross-shore wind com-

ponent becomes important because of the alongshore var-

iation of the coastline orientation. This is particularly

the case at the northern part of the domain (where the 2D

CF winds are more aligned with the local cross-shore di-

rection). The alongshore variability of the cross-shore PG

and its relation to the local along-/cross-shorewind stress are

further discussed in section 4c.

FIG. 7. Temporal evolution of cross-shore velocity u (filled colors) and temperature

(contours) at site P1 (for location, see Fig. 1) for the CF, WF, and TS events. Simulation

results (a),(c),(e) under mixed conditions and (b),(d),(f) under stratified conditions. The

vertical line corresponds to the central point of each event, while the triangles mark the

time steps shown in Figs. 4, 5, and 6.
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b. Cross-shore transport

Pringle (2002) has shown that alongshore variation

of shelf width affects wind-driven circulation. For

example, a downstream widening shelf, when sub-

jected to upwelling favorable wind forcing, experi-

ences enhanced onshore flow within the bottom layer

at the wider side of the shelf. In the case of down-

welling, the same study showed that the offshore flow

within the bottom layer is inhibited on the wider

side of the shelf. In our case, the morphology of the

embayment leads to a widening and narrowing of the

shelf with the maximum width being attained in

the middle of the embayment. Following the approach

used in Pringle (2002), we quantify cross-shore

transport using the depth integrated shallow water

equations:
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where (U, V) are the cross- and alongshore components

of the depth-averaged current velocity, (tsx, tsy) and

(tbx, tby) are the two components of surface ts, and

bottom tb stress, respectively. In the equations above,

the baroclinic pressure gradient has been ignored.

Here, an orthogonal, rather than a curvilinear (Pringle

2002), coordinate system is used to be consistent with

the model coordinate system. Using Eqs. (4.3) and (4.4)

the potential vorticity equation is derived, and after

FIG. 8. (left) Position of bottom 258C isotherm at specific time steps (for times see legends) during the

upwelling phase of the (a) CF and (b) WF events and (c) downwelling phase of the CF event. (right) As in the

left panels, but with the alongshore y position of the isotherm displaced to account for alongshore advection

(see section 3c). Solid and dashed lines denote simulations driven by the full 2D and regionally defined 1D

wind forcing, respectively. The bathymetry (contours) and the coastline (black line) are shown for reference.

The three vertical lines in the right panels show the net cross-shore displacements of the isotherm at those

locations.
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rearranging the terms, the cross-shore (x direction)

transport can be estimated using

Q
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whereQx andQy are the depth-integrated cross-shore and

alongshore transport components and A�(5U›U/›x1
V›U/›y, U›V/›x1V›V/›y) is the nonlinear term. The

first two terms on the rhs of Eq. (4.5) represent surface

(QES) and bottom (QEB) Ekman transport, respectively.

The third term represents the geostrophic transport (QGS),

and it develops over the entire water column. In a curvi-

linear isobath-following coordinate system (e.g., Pringle

2002)QGS would become zero. As our analysis is based on

an orthogonal coordinate system, this term is nonzero

because of a nonzero alongshore shelf slope ›h/›y. The

fourth term (hereafter denoted as QLA) is induced by the

local change of relative vorticity, while the last term is as-

sociated with horizontal advection (hereafter denoted

asQAA). All terms of Eq. (4.5) are estimated using the

model diagnostics.

Figure 10 shows the planar distribution of each term

averaged over the first 30 h during the upwelling stage of

the 2D CF run. The first 30 h correspond to a period

when the effect of the regional cross-shore wind com-

ponent is found to be insignificant (see Fig. 8 and section

3c). The Qx and Qy are calculated from the simulated

cross-shore and alongshore velocity components, re-

spectively, while QLA is combined with QAA as the

former is much smaller than the latter. The fine-

scale variability (see contours in Figs. 10b–f) may be

FIG. 9. Alongshore variability of (a) surface sea level and vertical structures of alongshore

(b) AA, (c) CA, (d) PG, and (e) VM at T5 40 h during the CF event and along the 40-m isobath.
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attributed to local bathymetric variations. In the down-

stream (from left to right in Fig. 10) direction, the net

cross-shore transport Qx changes from negative

(shoreward) to positive (seaward) values (Fig. 10a),

indicative of the enhanced upwelling (i.e., relatively

strong near-bottom onshore flow) seen at the southern

side of the embayment. In Pringle (2002), the bottom

Ekman transport QEB decreases as the shelf widens in

the downstream direction. Here, no obvious alongshore

change ofQEB is found within the embayment (Fig. 10d).

This is possibly due to the subtle change of the shelf

width (i.e., from 90km at the southern side to 102 km at

the middle of the embayment). The geostrophic trans-

port QGS is spatially variable (Fig. 10e); it is primarily

negative (shoreward) for y , 90km, and it becomes

positive (seaward) for 110 km, y, 150 km. TheQGS is

largely compensated by QAA (Figs. 10e,f), and overall

Qx is well reproduced by the sum of QES, QEB, QGS,

and QAA (Figs. 10a,b). We speculate that, under up-

welling conditions, the enhanced onshore-directed

near-bottom flow at the southern embayment is pri-

marily caused by the onshore geostrophic transport

QGS and the response term QAA. This is supported by

the higher alongshore PG seen at the region y ,
60 km, when compared with that at y . 60 km (see

Fig. 9d). This higher PG value is balanced by the

alongshore CA at depth that is associated with the

near-bottom onshore flow. Under the downwelling

period of the CF (or WF) run, QAA also has notable

contribution. The main differences are as follows:

FIG. 10. Horizontal distribution of the simulated (a) net cross-shore transportQx; (b) the sum ofQES,QEB,QGS,QAA,

andQLA; (c)QES; (d)QEB; (e)QGS; and (f) the sum ofQAA andQLA. The white line in (a) and (b) denotes the 0m2 s21

contour. All terms are averaged over the first 30 h of the CF event. The isobaths are shown as black contours (m).
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1) moving from the southern to northern parts of the

embayment, Qx shifts from positive (seaward) to

negative (shoreward), and 2) the sign of QES reverses

as the alongshore transport Qy reverses [see Eq. (4.5)].

The near-bottom downwelling flow displaces the

bottom 258C isotherm offshore, and no onshore dis-

placement of the isotherm is seen at the northern side

of the embayment, even though the geostrophic

transport QGS is shoreward at this location. The off-

shore flows over the entire water column, shown in

Figs. 4c(3) and 5e(3) during the weakening of the

wind forcing, most likely, are related to the terms

QGS and QAA.

c. Alongshore variation of cross-shore pressure
gradient and sea level

Given a constant wind forcing on a curved coastline,

the locally defined along- and cross-shore wind velocity

components will vary spatially, leading to a spatially

varying local cross-shore pressure gradient and corre-

sponding sea level. In an attempt to quantify the spatial

variability of the local along-/cross-shore wind stress,

the temporal variation of cross-shore PG and sea level

and their correlations with wind stress are investigated.

Following Tilburg (2003), the local cross-shore PG

(›P/›n, where P5 gh; n is the direction normal to the

isobath and positive seaward) can be decomposed into

two parts (denoted as ›PLA/›n and ›PLC/›n, respec-

tively) that represent the response to the local along-

and cross-shore components of wind stress separately.

If the cross angle between the local isobath and

wind vector is denoted as u (0# u, 2p, with u5 0

for upwelling-favorable winds and p/2 for onshore-

directed winds), then using simple geometrical argu-

ments, we can assume that ›PLA/›n and ›PLC/›n are

proportional to the local cross-shore component of

Coriolis forcing and the cross-shore wind stress, re-

spectively. Following Tilburg (2003), these relation-

ships can be expressed as follows:
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where a0, aLA, and aLC are coefficients of proportion-

ality (.0);Vc is the along-isobath current velocity, and it

is assumed to be proportional to the alongshore wind

velocity [Vc 5 (aLA/a0)Uw cosu; e.g., Weber 1983]; DTLA

and DTLC are the time lags (.0) between wind forcing

and the corresponding cross-shore pressure gradient

components.

The coastal sea level can be calculated after in-

tegrating ›P/›n in the cross-shore direction. Here,

along a curved coastline, we assume that sea level

variation is driven by local alongshore and cross-shore

wind components that act close to the curved coastline

and by the regional alongshore wind component that

acts in the offshore region where the effect of coastline

orientation is not important. A background sea level

is set up by the regional alongshore wind, while the

local wind components induce more variability along

the coastline. The cross-shore pressure gradient in-

duced by the regional alongshore wind, denoted as

›PRA/›n, can be expressed as
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where aRA is a coefficient of proportionality (.0)

and u1 is the cross angle between the wind vector

and the y axis. In the following analysis, aRA and the

time lag DTRA in Eq. (4.8) are considered to be

the same as aLA and DTLA, respectively. By in-

tegrating Eqs. (4.6), (4.7), and (4.8) in the cross-shore

direction, the resulting sea level can be expressed as

follows:
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where bLA, bLC, and bRA represent the cross-shore

length scales the corresponding wind components act

on; h0 (58m) denotes the water depth along a chosen

isobath, and s (533 1024) is the mean shelf slope.

The regional alongshore PG [Eq. (4.8)] is constant over

the shelf. Here we neglect the cross-shore variation of u,

and the local alongshore PG [Eq. (4.6)] is assumed to be

constant in the cross-shore direction. Along a straight

coastline,bLA is zero andbRA represents the cross-shore

length scale that the alongshore wind component acts
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on. The sum of bLA and bRA represents the cross-shore

scale over which both coastline curvature and along-

shore wind component affect the shelf dynamics.

A least squares linear-fitting analysis is conducted

using the wind forcing at the central site P2 (see Fig. 1

for location), the simulated cross-shore PG, and

the simulated sea surface level along the 8-m isobath.

Unlike Tilburg (2003), here the sea surface level at

the shelf edge is not considered to be zero, and bLA,

bLC, andbRAare calculated from the least squares fitting.

The sum of Eqs. (4.6) and (4.7) and Eq. (4.9) are first

normalized using typical values of the cross-shore PG

and sea surface level (i.e., 5 3 1025 m s22 and 0.3m,

respectively). The least squares fitting analysis then

minimizes the fitting error that can be expressed as

Error5�
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where the prime denotes normalized values, and the

subscripts m and f denote simulated and fitted values,

respectively. The results of this regression analysis

are aLA 5 0:03, aLC 5 0:60, bLA 5 16:97 km, bLC 5
27:34 km, bRA 5 80:06 km, DTLA 5 7 h, and DTLC 5 3 h,

with an overall correlation coefficient r5 0.88. The rms

errors of the fitting are 1.68 3 1025m s22 and 8.3 3
1022m for the cross-shore PG and sea surface level,

respectively.

The temporal and alongshore variability of both sim-

ulated and fitted cross-shore PG, along the 8-m isobath,

is shown in Fig. 11 for each type of storm. The distance

Ys, along the 8-m isobath, increases from zero at the

southwestern end of the embayment (Fig. 1b) to 122km

at the northeastern end. Identical results are found for the

runs under initially stratified conditions as the region in

shallow water depths like along the 8-m isobath is always

wellmixed. The horizontal stripes in the simulated results

(Figs. 11a,c,e) are local perturbations due to the along-

shore nonuniform bathymetry. It can be seen that the

temporal variability of the cross-isobath pressure gradi-

ent along the isobath and for each simulation is well

captured by the sum of Eqs. (4.6) and (4.7).

Figure 12 shows the temporal and spatial (along the

8-m isobath) variability of the sea level for each storm

type under mixed conditions. During the CF event

(Fig. 12a), a water level set down develops initially;

subsequently as the wind reverses it converts to a setup.

A reversed pattern of sea level variability is seen under

WF forcing (Fig. 12c). During the TS event, a sea level

setup develops (Fig. 12e). Similar spatiotemporal vari-

ation of the surface sea level is revealed by Eq. (4.9), as

shown in Fig. 12. The time lag between sea level and

alongshore wind component is larger than that with the

local cross-shore wind component indicating a faster

response to this local forcing. On spatial scales, the re-

gional alongshore wind component influences shelf

circulation over larger cross-shore distances than the

local along-/cross-shore wind component. The sum of

bLA and bLC (’ 97 km) is close to the distance from the

coastline to the shelf edge [’ 102 km; along the central

transect shown in Fig. 4a(3)]. The scales over which the

local cross-shore wind component acts can reach a

water depth of 17m. We suggest that the individual

values of bLA or bLC, as defined, depend on coastline

curvature, and possibly the degree of stratification

within the inner shelf. However, additional work is

required to develop a theoretical framework for ex-

plaining the precise role and dependences of these

parameters.

d. Storm-driven shelf circulation

The temporal variation of wind forcing, as repre-

sented through our climatically defined forcing, is criti-

cal to better quantify cross-shore circulation. In

particular, our results suggest that from the three storm

events, it is only during a CF event that the regional

cross-shore wind becomes important. The offshore-

directed wind component promotes upwelling during

the CF developing phase, as the inner shelf (h , 30m)

becomes stratified [see Figs. 8a(1) and 8a(2)], while

during the decaying phase it enhances vertical mixing.

For theWF and TS events, the inner shelf is always well

mixed and the effects of cross-shore winds are hardly

detectable.

Although the effects of tidal forcing on cross-shore

circulation are not considered in this work, regional

studies in the SAB have shown that tides contribute

substantially to both the along- and cross-shore shelf

current variabilities (Blanton et al. 2004) and that they

can increase mixing (Castelao et al. 2010; Suanda et al.

2017). Inclusion of tidal stirring may change the position

of the 258C isotherm near the bed and weaken the in-

tensity of the cross-shore flows presented here, but the

main patterns might not change significantly.

The storm forcing used in this study represents the

most severe conditions; thus, the simulated shelf

stratification conditions might not reflect those de-

scribed in the mean climatology. In addition, only the

climatologically defined summer stratification on the

SAB has been used in this study. Under realistic

conditions a wider range of variability is expected that

will depend on river discharge, solar radiation, and po-

sition of the Gulf Stream. For instance, a two-layer flow

under stratified conditions was observed in the spring,

under weak/moderate wind forcing, on the inner shelf
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at a depth of 12m of the study site (Gutierrez et al.

2006). A typical stratification observed on the SAB by

Austin and Lentz (2002) was characterized by a strong

pycnocline present at water depths 8–12m that was de-

veloped underneath the surface mixed layer. Although

all these circumstances have not been considered in this

work, the general mechanisms described in here are

expected to be valid.

5. Summary and conclusions

Responses of the shelf to the three types of storms

occurring in the SAB were simulated using a numerical

model under both mixed and stratified shelf conditions.

Our analysis has shown that persistent upwelling-

favorable winds during the cold front (CF) stratify

the inner shelf; the presence of a regional offshore-

directed wind component promotes upwelling during

the developing phase and enhances mixing during the

decaying phase of the event. Under warm front (WF)

and tropical storm (TS) conditions, this regional cross-

shore wind component becomes insignificant as the

inner shelf is always well mixed. In an orthogonal co-

ordinate system, net cross-shore transports are induced

at the southern and northern sides of the embayment.

Besides the surface and bottom Ekman transports,

FIG. 11. Alongshore and temporal variability of (a),(c),(e) simulated and (b),(d),(f) analyt-

ical cross-shore pressure gradient ›P/›n along the 8-m isobath for the CF, WF, and TS events,

respectively. The vertical line identifies the central point of each storm. The Ys is the along-

shore distance along the entire concave coastline starting from the southwestern endpoint as

shown in Fig. 1b.
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geostrophic transport due to alongshore shelf slope

and transport associated with horizontal advection are

found to be important cross-shore transport contributors.

The alongshore variability in coastline orientation in-

duces variations of the local along-/cross-shore wind

component. Variation of the associated coastal sea level

is the combined effect of the regional alongshore wind

component and local along- and cross-shore wind com-

ponents. The cross-shore length scales on which each

wind component acts are around 80, 17, and 27 km,

respectively.

In this work, variations of the wind velocity, storm

duration, and the initial stratification are not considered.

Impacts of tides and the Gulf Stream are also ignored.

Further work is necessary to reliably assess the effects of

these processes.
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