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ABSTRACT

This study reveals the dynamics behind the intensified, downslope, cross-isobath transport over a widened

shelf (narrowing downwave) in the northeastern South China Sea (NSCS) during a downwelling event.

Utilizing a three-dimensional numerical model over an idealized NSCS shelf, this study identified the forcing

process and derived an analytical understanding of the invoked dynamics for the intensified downslope cross-

isobath transport. This study found that the transport was formed by an amplified geostrophic transport

because of an increased positive along-isobath pressure gradient force (PGF), PY*, and by an enhanced

bottom Ekman transport due to converging flow over the widened shelf. Based on the depth-integrated

vorticity dynamics, PY* was linked with net frictional stress curl in the water column and the curl was pri-

marily associated with the shear vorticity field induced by downwelling jet. The increased positive vorticity

seaside of the jet provided positive PY* for the downslope geostrophic transport. The cross-isobath PGF,

PX*, which was geostrophically formed and shaped by the spatially asymmetric isobaths of the widened shelf,

determined the intensities of the jet and thus the associated shear vorticity that quantified the respective

bottom friction transport and PY* for the intensified cross-isobath transport. It was found that the downslope

transport over the widened shelf was strengthened in a stratified flow by the linked intensifications of baro-

tropic PX* or the concurrent downwelling jet, shear vorticity field, PY*, and bottom friction because of an

increase of volume flux upstream of the widened shelf.

1. Introduction

Wind-driven coastal downwelling over the continental

shelf has been generally described as two-dimensional

circulation in which water mass piles up against the coast

because of surface Ekman transport. It forms a geo-

strophic coastal jet and a compensating seaward bottom

Ekman transport. The cross-shelf gradient of isobaths

over the shelf tightly controls the intensity of the

alongshore flow and the ensuing cross-shore bottom

friction transport in the two-dimensional downwelling

paradigm (Allen and Newberger 1996). Although the

theory of cross-shelf, two-dimensional circulation is the

basis of the fundamental dynamics for coastal down-

welling circulation, it neglects the coastal dynamics in

the alongshore direction and is dynamically insufficient to

depict the cross-shelf transport over a variable shelf.More

and more studies have shown that a three-dimensional

coastal circulation can deviate substantially from a two-

dimensional flow regime in which variable shelf topog-

raphy in the alongshore direction greatly constrains the

orientation of alongshore flow and geostrophically mod-

ulates the intensity of the cross-shelf transport (e.g., Lentz

et al. 1999; Gan and Allen 2002; Weisberg et al. 2005).

Based on the zeroth-order solution of barotropic dy-

namics, Janowitz and Pietrafesa (1982) showed that

diverging shelf isobaths produced a variation in the

vorticity and led to the formation of a vertical vorticity

as well as a cross-isobath flow. However, their assump-

tion of the nonlinear advection, instead of friction, in the

ageostrophic momentum balance is not consistent with

the realistic dynamics in the shelf sea. From the steady,

linear barotropic potential vorticity dynamics, Pringle

(2002) provided the dynamic interpretation for the en-

hanced onshore cross-isobath transport in the upwelling

circulation over a shelf narrowing in the direction of

long coastal trapped wave (defined as the widened shelf

in this study). He also showed the absence of enhanced

cross-isobath transport of downwelling circulation in
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a shelf that widens downwave. Based on observational

and three-dimensional modeling studies, Gan et al.

(2009a) also found an intensified upslope cross-isobath

transport of upwelling circulation over a widened shelf.

Although previous studies have identified the enhanced

cross-isobath geostrophic and bottom frictional transports

as the major contributors to the intensified cross-shelf

transport over the widened shelf, many of its dynamical

rationalization remain unclear. For example, solidly

based explanations for the nature and origin of the force

that drives the enhanced cross-isobath geostrophic trans-

port and the response of the transport in stratified flow

have not been provided. In addition, most of the pre-

vious studies mainly focused on the wind-driven up-

welling shelf circulation. The cross-isobath transport in

the coastal downwelling circulation that is not a com-

plete asymmetric response to the upwelling circulation

has not been adequately discussed.

We were motivated in this current study by the ob-

served evidence of the intensified downslope cross-shelf

transport over a widened shelf in the northeastern South

China Sea (NSCS, Fig. 1). The widened shelf is charac-

terized by the existence of a prominent eastward wid-

ening that is indicated by an abrupt offshore extension of

the 50-m isobath east of the 1158E. In winter and fall, the

prevailing northeasterly downwelling favorable mon-

soon forms coastal downwelling circulation over the

NSCS shelf. The near-shore water of the NSCS is cooled

by the corresponding southwestward advection of colder

coastal water from the East China Sea. This cooler water

extends offshore over the widened shelf, but it is con-

strained shoreward around the 50-m isobath (Fig. 2).

Three conductivity–temperature–depth (CTD) cross-

shelf transects (lines C, S4, and S6 in Fig. 1) were

performed during the winter of 2008 and the fall of 2011,

and the data showed the strong alongshore variability of

the cross-shelf transport (Fig. 3). An intensified seaward,

downslope, cross-isobath transport of the shelf water

distinctly occurred along transect S4 over the widened

shelf. This strong transport created vertically stratified

bottom water underneath the well-mixed water column

above. Similar conditions were absent from the two

other transects (lines C and S6) away from the widened

shelf where the water columns were vertically uniform

and low/high temperatures were located in near-shore/

offshore waters, respectively. The intensified seaward

cross-shelf transport over the widened shelf in NSCS

that narrows downwave is a robust coastal phenomenon

that has never been reported. In this study, we examine

the forcing process and underlying dynamics of wind-

driven downwelling circulation over the NSCS widened

shelf, based on the result of a three-dimensional nu-

merical model.

2. Ocean model

The ocean model that we used was the Regional

Ocean Modeling System (ROMS) (Shchepetkin and

McWilliams 2005) for three-dimensional, time-dependent

flows governed by hydrostatic primitive equations. We

adopted a local closure scheme in the vertical mixing

parameterization that was based on the level-2.5 tur-

bulent kinetic energy equations by Mellor and Yamada

(1982). To extract and identify fundamental dynamic

response to various physical forcing such as topography

and stratification, we first utilized the barotropic mode

of the ROMS with a vertically nonstratified water col-

umn, and, subsequently, a baroclinic mode with a verti-

cally stratified water column over an idealized widened

FIG. 1. Bathymetry and the CTD sampling stations in the NSCS.

The solid circles are CTD stations and the red, blue, purple, and

brown contour lines are the 30-, 50-, 75-, and 100-m isobaths, re-

spectively. The widened shelf is between 115.58 and 1188E.

FIG. 2.ModerateResolution Imaging Spectroradiometer (MODIS)

sea surface temperatures (SST, 8C) averaged during a cruise in

2009. The red and blue contours are the 30- and 50-m isobaths,

respectively.
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shelf (Fig. 4). The idealized widened shelf is chosen to

mimic the one in the NSCS (Fig. 1) and to specifically

focus on the fundamental process of cross-isobath trans-

port over a widened shelf. The shelf width was 66 km at

the western end and it gradually widened to 152 km at its

eastern end. The water depth linearly increased from

10 m at the coast to the 200-m isobath offshore where

we defined the isobath to be parallel to the coastline. The

water depth then continues to increase to the maximum

water depth of 1000 m in the domain. Both the length

and the width of the idealized shelf (shown by the

rectangular box in Fig. 4) are analogous to the NSCS

widened shelf between 1158 and 117.58E (Fig. 1). The

computational model domain extended farther west-

ward about 300 km from the existing western boundary

of the NSCS widened shelf. To apply a cyclic boundary

condition at the eastern and western boundaries, the

width of the shelf increased linearly from the existing

66 to 152 km over additional westward extended shelf of

200 km (the portion is not shown in Fig. 4), such that the

shelf topography in the western boundary completely

matched that of the eastern boundary. For limited time

integration, the cyclic boundary condition can be approx-

imately treated as a ‘‘well-defined’’ solution (Gan et al.

2005). The extended artificial shelf, which allows the

utilization of cyclic condition, is long enough such that

any possible spurious signal has a minimized effect on

the widened shelf.We found that themodel solution was

quasi two-dimensional ;50 km in the upwave and

;350 km in the downwave directions of the concerned

widened shelf.A radiation condition is used at the southern

open boundary. The grid size was 3 km in the cross-shore

and alongshore directions. In the case of the stratified

water column, we adopted stretched generalized terrain-

following coordinate with 30 levels in the vertical direc-

tion. Higher vertical resolution was distributed at the

surface (grid size, 1 m) and bottom (grid size, 1.5 m)

boundary layers over the widened shelf, respectively.

FIG. 3. CTD cross-self transects of temperature (8C) along lineC off the Pearl River Estuary, line S4 across thewidened shelf, and line S6

over Taiwan Shoals (see Fig. 1), forced by northeasterly downwelling favorable winds in (top) the winter of 2008 and (bottom) the fall of

2010. Compared to lines C and S6, line S4 distinctly shows an intensified seaward cross-isobath over the widened shelf.

FIG. 4. Model grid with an embedded widened shelf (green

rectangular box) that mimics the region in the northeastern South

China Sea. (x, y) are the alongshore coordinates and (x*, y*) are the

along-isobath coordinates. The computational domain extended

westward 300 km from the existing western boundary such that

cyclic boundary conditions could be applied in the western and

eastern open boundaries. The grid size is 3 km.
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In this process-oriented study of the downwelling

circulation, we forced themodel with a spatially uniform

northeasterly wind stress (0.1 Pa) that represented the

winter northeasterly wind stress in the NSCS. In the

stratified case, we initialized themodel with horizontally

uniform World Ocean Atlas (WOA) temperature and

salinity profiles from about 150-m depth off Hong Kong.

For simplicity, we set atmospheric heat and buoyancy

fluxes to zero. The model was spun up from a motionless

ocean until it reached a quasi-steady state in ;13 days.

3. Barotropic dynamics

a. Barotropic circulation

The characteristic responses of downwelling circula-

tion over a nonstratified shelf are shown in Fig. 5. Forced

by a downwelling favorable wind, surface Ekman drift

geostrophically established a westward coastal down-

welling jet. Stronger shelf currents occurred over the shal-

lower water shoreward of the 50-m isobath and the weaker

currents existed in the deeper waters off the widened shelf.

The strongest (weakest) currents appeared shoreward

(seaward) of the 50-m isobath near the head of the

widened shelf because of converging (diverging) cur-

rents that followed the local isobaths. Meanwhile, sub-

stantial deviation of currents from isobaths occurred

over the widened shelf. A relatively large deviation

between the isobaths and streamlines occurred over the

widened shelf along the 50-m isobath. A band of that

intensified seaward transport elongated roughly along

the direction of the 50-m isobath and decreased from

a maximum value at the head toward the tail. The wid-

ened shelf region was distinct from the rest of the shelf

because of this unique intensified seaward transport that

was analogous to the results inferred from the field

measurements.

b. Barotropic potential vorticity dynamics

The underlying dynamics for the intensified seaward

transport over the widened shelf can be illustrated by

a steady, barotropic PV dynamics:

J

�
f 1 z

H
,C

�
1$3

�
ts

r0H

�
2$ �

�
cdk$Ck

H3
$C

�
5 0,

(1)

where J is the Jacobian determinant, C is the transport

streamfunction, andU52Cy and V5Cx. Here,U and

V are depth-integrated across-shelf and along-shelf ve-

locities, respectively, ts is the surface stress, H is water

depth, ro is the reference density, cd is the frictional drag

coefficient, and f and z are planetary and vertical com-

ponents of the relative vorticity, respectively. The last

term in the left side is the curl of bottom stress term

when a quadratic drag law is applied and the near-bottom

velocity is set to be the depth-integrated velocity divided

by the water depth. Equation (1) states that the advection

of absolute vorticity is balanced by the input of both the

PV from wind stress curl $3 [ts/(r0H)] and the dissipa-

tion of vorticity due to friction 2$ � [(cdk$Ck/H3)$C].

Figure 6 shows the term balance of Eq. (1) on day 15

over the widened shelf. As expected from the flow field

in Fig. 5, PV advection was relatively small away from

the widened shelf where isobaths and streamlines co-

incide. The negative residual between 2$ � [(cdk$Ck
/H3)$C] and $3 [ts/(r0H)] balanced the positive PV

advection term; it suggested that the net frictional re-

moval of PV lowered the positive PV to the seaside of

the downwelling jet and veered the flow offshore. When

the Rossby number is small, we can illustrate the cross-

isobath transport better by expressing the PV advection

term with rotated rectangular coordinates (x*, y*), in

which y* is along the isobaths and is positive eastward

FIG. 5. (top to bottom) Depth-averaged velocity vectors and

their magnitudes (m s21, color contours); depth-averaged velocity

vectors normal to the isobaths and their magnitudes (m s21, color

contours); and barotropic streamlines (contour interval: 22 3
1025 m3 s21) for nonstratified flow on day 15.
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(Fig. 4). The coordinate x* is normal to the isobaths and

directs offshore. Thus,

J

�
f

H
,C

�
5

›C

›y*

›

›x*

�
f

H

�
52U*

›

›x*

�
f

H

�
. (2)

Here, U* is the velocity normal to the isobaths and is

positive seaward. As shown in Fig. 6, Eq. (2). 0 in the f

plane during downwelling, and

2U*
›

›x*

�
f

H

�
5U*

f

H2

›H

›x*
. 0. (3)

Because ›H/›x*5Hx* . 0, U* . 0 directed seaward

across the isobaths or

U*5

H2

�
$ �
�
cdk$Ck

H3
$C

�
2$3

ts
roH

�
fHx*

. (4)

Equation (4) shows that seaward cross-isobath transport

is induced by frictional removal of PV when the wind

stress curl is absent.

c. Nonlinearity and component contribution

Because the current detoured around the widened

shelf, itmay be useful to examine the effect of nonlinearity

on the flow variation. By subtracting the results of the

model case without nonlinear advection from the one

with it (Fig. 7), we found that it affected the flow field

mainly at the head and tail of the widened shelf. How-

ever, the effect of nonlinear advection on the intensity of

flow was very weak (,1 cm s21) in the entire domain.

The effect of the nonlinear advection is expected to be

amplified over the shelf with stronger curving isobaths.

The gradient wind-like balance states

V2
s

R
1 f Vs 52

1

r0

›p

›n
, (5)

where n is normal to the horizontal velocity and positive

to the left of the flow direction; R is the radius of cur-

vature of the streamlines and is positive in the direction

of n. Here,Vs is the along streamline velocity, and ›p/›n is

the pressure gradient normal to the streamline. With dom-

inant geostrophic current, we have 2(1/r0)(›p/›n) . 0.

Because the flow tends to turn toward the left (R. 0) at

the head and toward the right (R , 0) at the tail fol-

lowing the isobaths, locally amplified Vs
2/R due to small

kRk is positive and negative, respectively. Thus, ac-

cording to Eq. (5), it tended to be balanced by an in-

creasing2(1/r0)(›p/›n) at the head and by a decreasing

one at the tail. This is equivalent to have a large surface

elevation increase near the head where Vs is strong and

a relatively small increase of surface elevation near the

tail. The gradient of surface elevation change or $(Dh)
induced by nonlinear advection then geostrophically

FIG. 6. (top to bottom)Advection of absolute vorticity, the input

of potential vorticity from wind stress curl and the dissipation of

vorticity by friction in the barotropic potential vorticity equation

for nonstratified flow on day 15 (s22 m21).

FIG. 7. (top to bottom) Differences of velocity vectors (m s21),

velocity across the 50-m isobath (m s21) and surface elevation (m)

between the cases with and without nonlinear advection terms for

nonstratified flow on day 15. Blue arrows are the radius of curva-

ture (R) of the streamline.
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formed a clockwise circulation over the widened shelf.

The effect of nonlinear advection will be further illus-

trated by PV balance in section 5.

While the balance in Eq. (1) provides PV dynamics for

the cross-isobath flow, the detailed dynamic processes

involved in the flow–topography interaction for the in-

tensified downslope transport over the widened shelf

can be elaborated from the associated momentum bal-

ance. With a small contribution from nonlinearity, the

total cross-isobath transport (Tt) was contributed by geo-

strophic current (Tg), surface (Ts) and bottom (Tb) Ekman

transports. Figure 8 shows the contribution from each

component along the 25- and 50-m isobaths, representing

the respective conditions in the inner and outer parts of

the widened shelf, and it displays considerable variation

of Tt in both along- and cross-isobath directions.

Along the 25-m isobath, the seawardTt amplified in the

region of the widened shelf as bottom Ekman transport

exceeded the surface Ekman transport in the horizontally

converging flow over the widened shelf (see also Fig. 5).

Here,Tgwasgenerally small andnegative, and thusTt,Tb.

Beyond the widened shelf, Tt was very weak because of

the balance between the surface and bottom Ekman

transport, and Tg was generally small while the currents

mainly followed the isobaths. In the deeper waters, along

the 50-m isobath, Tb was smaller than that in the near-

shore waters over the widened shelf, but Tg increased

substantially and contributed most to the net seaward

transport over the widened shelf. The net positive (sea-

ward) contributionof the frictional transport led toTt.Tg.

With the steep shelf at the head directly linking the shelf to

the deep water, the intensified cross-isobath Tt effectively

moved the shelf water downslope into the deeper ocean as

observed inNSCS (Fig. 3). The cross-shelf variation ofTg is

associated with the corresponding variation of along-iso-

bath pressures gradient force PY*, which we know little

about the dynamical rationalization for its formation.

4. Baroclinic downwelling transport

a. Development of downslope transport

The coastal downwelling circulation in the stratified

shelf water behaved differently from that in the non-

stratified case. Stratification may constrain the de-

velopment of a bottom frictional layer over a sloping shelf

because of the dynamics of arrested Ekman layers

(MacCready and Rhines 1991), although the arrested

bottom Ekman transport was not obvious in the highly

variable alongshore topography of thewidened shelf in this

study. The stratification may modify the bottom boundary

layer flow and flow above it by redistributing the buoy-

ancy (Chapman and Lentz 1994, 1997). In our case, the

baroclinicity strengthens the alongshore downwelling

flow upstream due to weakening of the bottom frictional

stress. This subsequently leads to an amplification of

cross-shore transport of both Tg and Tb over the wid-

ened shelf (Fig. 9 and Section 5 below), while all fields

qualitatively resembled those in Fig. 5.

Spatiotemporal variation of downwelling circulation

in the stratified flow is illustrated by the cross-isobath

density section along lineA across the central part of the

widened shelf and density section along the 50-m isobath

on days 5 and 15 (Fig. 10). On day 5, the downslope

density advection advanced gradually seaward, bended

isopycnals downward to form a density front, leaving be-

hind an inshore region of a relatively less-stratified water

column. By day 15, the front reached a water depth of

;50 m at the edge of the widened shelf. Our results

indicated that the front was trapped at the depth since

day 10 and thereafter. The mechanism of the front

trapping is likely caused by balance between the cross-

shelf buoyancy flux and the vertical density diffusion, as

a result of the modification of bottom boundary flow by

density redistribution (Chapman and Lentz 1994, 1997).

In the along-isobath section, the seaward, downslope

density advection formed a funnel-shaped less dense

plume at the head of the widened shelf on day 5. This

formed a positive and a negative along-isobath density

gradient to the east and to the west of the plume, re-

spectively. The subsequent arrival of the less dense water

in the bottom layer on day 15 strengthened the stratifica-

tion in the entire bottom layer on day 15. As a result of

variation of cross-isobath velocity (u*) along the isobaths

(Fig. 9), and the variable shelf width, the magnitude of

seaward density flux that reached the 50-m isobath

FIG. 8. Depth-integrated transports across the isobaths (m3 s21)

at (top) 25 m and (bottom) 50 m for nonstratified flow on day 15.

Surface and bottom Ekman transports, nonlinear advection, and

geostrophic currents contributed to the total transport. Positive

values refer to the seaward transport. The areas between the two

pairs of vertical solid lines are the locations of the head and tail of

the widened shelf. The thin rectangular boxes mark the region

extending 35 km from the head and tail.
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weakened from the head toward the tail. This formed an

eastward uplifting of isopycnals or a negative barotropic

along-isobath pressure gradient force. Although the geo-

strophic transport due to the variable cross-isobath density

flux had a very limited effect on the cross-isobath transport

in the case presented here, its effectmay be amplified over

the shelf with stronger alongshore variation.

b. Along-isobath momentum balance

The spatial variation of the cross-isobath transport

over the widened shelf was governed by the corre-

sponding variation in the balance of the along-isobath

depth-dependent momentum balance

yt*52NL2 fu*2
1

r
Py*

1HVIS1VVIS, (6)

where yt* refers to along-isobath velocity acceleration.

The terms on the right side of Eq. (6) are nonlinear ad-

vection (NL), Coriolis force (COR), pressure gradient

force (PGF), and horizontal (HVIS) and vertical (VVIS)

viscous terms. Subscript y* represents the partial differ-

entiation in the along-isobath direction. We may neglect

the acceleration, NL, and HVIS terms since they are at

least one order of magnitude smaller than the other terms

and add AGE52fu*2 (1/r)Py* to assess the ageos-

trophy. Characteristics of y*, u* (or shown by –COR) and

vertical velocity (w*) are correlated with the corre-

sponding balance of terms in Eq. (6) on day 15 (Fig. 11).

Here, y* reached its maximum near the head of the

widened shelf because of the confluence of current. It

was vertically variable and decreased in both upstream

and downstream from the head of the widened shelf,

forming horizontal divergence/convergence upstream/

downstream of the widened shelf. A downslope trans-

port (u*. 0 orCOR, 0) formed in the bottomboundary

layer to compensate for the onshore Ekman transport

(u* , 0 or COR . 0) in the surface layer. Similar to y*,

u* varied along the isobath in the bottom boundary

layer, and maximum u* coincided with maximum y* at

the head of the widened shelf. Meanwhile,w* had a very

similar spatial structure to u*, and the sinking (w* , 0)

in the bottom layer as u* . 0 indicated a strong down-

slope transport over the widened shelf.

The balance of Eq. (6) along the isobath was mainly

among the COR, PGF, and VVIS and exhibited a strong

along-isobath variation. The prominent feature of the

balance is highlighted by the existence of a barotropic

positive along-isobath PGF (or PY*) over the widened

shelf that weakened gradually from a maximum value at

the head to a smaller one at the tail. Here, PY* geo-

strophically correlated with u* . 0 in the entire water

column over the widened shelf and contributed to a

great portion of the cross-isobath transport over the

widened shelf. The net transport between the surface and

bottom boundary layers contributed to the remaining

portion of cross-isobath transport, as indicated by the

balance betweenVVIS andAGE. The frictional dynamics

evidently determined the vertical structure of u* in the

boundary layers. VVIS weakened in the upper layer over

the widened shelf as the alongshore current strengthened,

because of the reduction of surface Ekman transport by

the positive vorticity in the downwelling jet (Niller 1969).

5. Discussions and analyses

a. PGF

As shown, the intensified downslope cross-isobath

transport was mainly contributed by the intensified

geostrophic current (or PY*) over the widened shelf, in

both stratified and nonstratified flows. This cross-isobath

geostrophic transport directed seaward on the seaside of

the downwelling jet and shoreward on the shore-side of

it (Figs. 5 and 8). The dynamical rationalization and

FIG. 9. (top to bottom) Depth-averaged velocity vectors (m s21)

and their magnitudes (m s21, color contours); depth-averaged ve-

locity vectors normal to the isobaths and their magnitudes (m s21,

color contours); and barotropic streamlines for stratified flow on

day 15. The thick line in the top panel refers to a cross-isobath line

A in the central part of the widened shelf.
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characteristics of PY* over the widened shelf, thus, is

crucial to identify the processes invoked in the inten-

sified cross-isobath transport.

In the nonstratified flow, PY* may be linked with net

stress curl from the steady, linear depth-integrated

vorticity equation (see appendix) as derived in the result

of the geostrophic cross-isobath transport by Ho and

Gan (2012, manuscript submitted to J. Mar. Res.)

PYb*52
1

ro
Pb
y*
5

$3 tb 2$3 ts
roHx*

, (7)

where Pb
y*
is the along-isobath bottom pressure gradient

and PYb* is the corresponding PGF or cross-isobath

geostrophic transport. Equation (7) states that PYb*

was formed by the net stress curl in the water column.

With the result of Eq. (7), the total cross-shore velocity

in Eq. (4) can be readily expanded into the summation of

bottom Ekman and geostrophic components. Under the

quadratic drag law of bottom stress approximation, the

bottom stress curl can be expressed as bottom vorticity or

$3 tb 5 rocd($3 kybkyb). Thus, when wind stress curl

was absent as adopted in this study, Eq. (7) becomes

PYb*5
cd($3 kybkyb)

Hx*

, (8)

and when curvature vorticity is small, it can be approx-

imately by

PYb*’
2cdkybk($3 yb)

Hx*

, (9)

where yb is bottom velocity vector. Equation (8) or (9)

states that the PYb* is proportional to vertical stress

shear or to bottom vorticity when wind stress curl is ab-

sent. This correlation is clearly illustrated by the simi-

larity between the bottom vorticity in Fig. 12 and PYb*

Fig. 13. Since PGF was largely depth-independent

(Fig. 11), PYb* ’ PY*, where PY* is depth-integrated

along-isobath PGF. In fact, it can be shown that PY* is

equal to PYb* when density stratification is weak [see

Eq. (12) below]. We found that the shear vorticity, rather

than curvature vorticity, in the downwelling jet was the

dominant vorticity that contributed to PY*. Since shear

vorticity in the jet was largely determined by the intensity

of the jet, there was a clear connection between the

magnitude of PY* and the corresponding magnitude of

cross-isobath PGF (PX*), as to be shown below. In ad-

dition, since the vorticity in the jet, and, thus, PY*, were

induced by thewidening of the shelf, theirmagnitudes are

expected to increase when the degree of shelf wideness

increases. The respective negative PY* near-shore and

FIG. 10. (top) Cross-isobath section of st (kg m23) along line A (Fig. 9) in the central part of the widened shelf, and

(bottom) st (kg m23) in the water column along the 50-m isobath in the stratified flow on days (left) 5 and (right) 15.
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positive PY* offshore, roughly separated by the 30-m

isobath (Fig. 13), were largely associated with the vor-

ticity formed by the downwelling jet over the widened

shelf (Fig. 12) and consistent with the cross-shelf varia-

tion of the cross-isobath geostrophic transport in Fig. 8.

When wind stress curl was spatially uniform as in the

case here, PYb* (Fig. 13) was mainly balanced by

bottom stress curl in Fig. 14, which greatly resembled

the bottom vorticity. The PY* . 0 elongated from the

head of the widened shelf and decreased slowly toward

the tail, but it weakened swiftly westward of the head.

Away from the widened shelf, kPY*k was generally

small.

When nonlinear advection was included, Eq. (7) be-

comes (also see appendix)

PYb*5
$3 (tb 2 ts)

roHx*

1
1

Hx*

J(C,$3V)1
1

2
(kV2k)y* .

(10)

The second term on the right side of Eq. (10) is the

contribution due to relative vorticity advection. The

third term arises from the gradient of momentum flux

and it forms alongshore pressure gradient for the irro-

tational ideal flow or

PYb*5
1

2
(kV2k)y* . (11)

This effect may be important in deep water or where

nonlinearity of flow is strong such as at the head and tail

FIG. 11. (top to bottom) Velocity (y*, m s21), vertical velocity

(w*, 1025 m s21), and terms of COR, PGF, AGE, and VVIS (1027

m s22) of Eq. (6) in the water column along the 50-m isobath for

the stratified flow on day 15.

FIG. 12. (top) Bottom vorticity (1026 s21) of the nonstratified

flow and (bottom) bottom vorticity of the stratified flow on day 15.

The red contour lines refer to the 50-, 100-, and 200-m isobaths.
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of the widened shelf. It is, however, relatively small

when friction is important.

In stratified flow, we have PYb* ’ PY* because of

relatively well-mixed water over the widened shelf. PY*

is expected to be altered by The Joint Effect of Baro-

clinicity and Relief (JEBAR) term when flow is highly

stratified. Figure 13 shows that PY* in the stratified flow

was qualitatively similar to the one in the nonstratified

flow. Its magnitude, however, strengthened in the

stratified flow (Fig. 13). According to Mertz and Wright

(1992), the bottom pressure torque can be expressed as

1

ro
$3 (Pb$H)5

1

ro
$3 (P$H)2$3

�
x$H
H

�
, (12)

where x5 g/r0
Ð 0
2H zr dz, and P is the depth-averaged

pressure gradient. By writing Eq. (12) in rotated co-

ordinates locally aligned to the isobaths, Eq. (12) be-

comes

Pb
y*
5Py*

2
r0xy*
H

. (13)

It implies that the along-isobath bottom pressure gra-

dient is equivalent to the depth-averaged along-isobath

pressure gradient (first term on the right) andmodulated

by the JEBAR term (second term on the right) when

flow is stratified. In NSCS during downwelling, the effect

of the JEBAR on PY* was generally weak (see below).

The increase of PY* (Fig. 13) in the stratified flow over

the widened shelf was primarily due to the in-

tensifications of the coastal downwelling jet and the as-

sociated shear vorticity (Fig. 12) on both sides of the jet

over the central part of the widened shelf. This can also

be shown by the high correlation between PY* (Fig. 13)

and and PX* (Fig. 15), in which both PY* (cross-isobath

current) and PX* (along-isobath downwelling jet)

elongated southeastward over the widened shelf.

b. Baroclinic PV balance

The baroclinic correction to the stratified flow due to

density variation can be examined using the barotropic

PV equation. The equation is obtained by taking curl of

depth-average momentum equation (e.g., Haidvogel

and Beckmann 1999),

$ �
$
›C

›t
H

5$3

ðh
2H

NLdz

H
1 J

�
f

H
,C

�
1 J

�
x,

1

H

�

1$3

�
ts

roH

�
2$3

�
tb
r0H

�
. (14)

The term on the left side of Eq. (14) is the acceleration

of PV. The terms on the right side are as follows: the first

and second terms are PV advection; the third term is the

JEBAR term; and the fourth and fifth terms are surface

and bottom stress curls, respectively. The major balance

FIG. 13. Depth-integrated along-isobath pressure gradient force

(PY*, 1026 m2 s22) in the (top) nonstratified, (middle) stratified

flows, and (bottom) the difference between PY* (stratified) and

PY* (non-stratified) on day 15.

FIG. 14. Bottom stress curl (1026, m2 s22) 2$ 3 tb for (top) non-

stratified and (bottom) stratified flows on day 15.
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of Eq. (14) (Fig. 16) was generally between the PV ad-

vection and net PV dissipation by frictional curls. It was

qualitatively similar to the barotropic PV balance (Fig. 6),

although the magnitudes of the terms were larger in the

stratified flow. By day 15, the acceleration term became

very small. The nonlinear curl [term 2 in Eq. (14)] was

generally small except at the head and tail of the widened

shelf; its alternating positive/negative values or gain/loss of

PV were consistent with the shoreward/seaward currents

induced by nonlinear advection at the head/tail (Fig. 7).

The JEBAR term was also about one order of magnitude

smaller than the terms of the major balance, with the ex-

ception around the region along the 50-m isobath over the

widened shelf where front was located (Fig. 10). Relatively

large negative JEBAR may locally enhance the seaward

transport. Positive JEBAR, farther offshore, played the

opposite role.We found that themagnitude of the JEBAR

had no dramatic change after day 10. The increase of

seaward cross-isobath transport by the increase in PV

advection/dissipation was several times larger than the

JEBAR in this downwelling study, but the effect of

JEBARmay be greatly amplified when the crossing angle

between isopycnal lines and isobaths becomes large (Gan

and Qu 2008).

c. Contrasting transport

The importance of the stratification on the cross-isobath

transport can be further illustrated by the contrasting

component transport between stratified and non-

stratified flow. By taking the curl of the depth-averaged

FIG. 15. Depth-integrated cross-isobath pressure gradient force

(PX*, 1026 m2 s22) in the (top) nonstratified, (middle) stratified

flows, and (bottom) the difference between PX* (stratified flow)

and PX* (non-stratified flow) on day 15.

FIG. 16. (top to bottom) Vorticity acceleration, curl of nonlinear

advection, advection of vorticity, the input of potential vorticity

from wind stress curl, and the dissipation of vorticity by friction in

the barotropic potential vorticity equation for stratified flow on day

15 (10211 s22 m21).
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momentum equation, the depth-averaged cross-isobath

transport of Eq. (4) in the stratified flow becomes (Mertz

and Wright 1992)

U*5

H2

�
$3

tb
r0H

2$3
ts

roH
1$3

$x
H

�
fHx

. (15)

Equation (15) shows that the JEBAR term, acting like

surface and bottom stresses, forces the flow across f/H.

As we showed before, the JEBAR effect on the cross-

isobath transport of the downwelling flow in this study

is much smaller than that arose from the bottom stress

term in (15) when wind stress is absent. The invoked

effect other than the one from the JEBAR was ex-

plored by simply finding the difference of each com-

ponent in the cross-isobath transport between the

stratified and nonstratified flows on day 5 during spinup

and on day 15 when a quasi-steady state had been es-

tablished (Fig. 17). Interestingly, the effect of stratifi-

cation on the transport was obviously asymmetric in

the along-isobath and cross-isobath directions, before

and after the quasi-steady state. On both days 5 and 15,

transports in the stratified flow differed from ones in

the nonstratified flow mainly in Tg and Tb, and the re-

sponses of Tg and Tb to the stratification were not

identical. In general, the spatial distribution of the total

cross-isobath transports (Tt) in the nonstratified flow

(Fig. 8) and the stratified flow (not shown) were

qualitatively similar in nature. The difference of Tg

between stratified and nonstratified flow (defined as

DTg 5Tgstratified 2Tgnonstratified ), also had the same along-

isobath pattern as the transport itself, but the pattern of

the difference in Tb (defined as DTb) was substantially

different from the pattern of Tb itself. The depth-in-

tegrated Ts was independent of stratification although

the surface Ekman velocity was enhanced (Lentz 2001;

Gan et al. 2009b).

Along the 25-m isobath, the flows swiftly reached

a steady state by day 5. DTgwas shoreward (negative) or

stratified flow increased shoreward geostrophic trans-

port on the western side of the head; it turned seaward

(positive) at the eastern side of the head. Very similar

condition occurred on day 15. Differently, DTb was

mainly positive with maximum value near the head,

decreased away from the head and turned negative

around the tail. These along-isobath variations of DTg

and DTb amplified along the 50-m isobath. DTg became

strongly positive to the west of the widened shelf. On the

other hand, DTbwas largely asymmetric on both sides of

the head with positive at the western side and mainly

negative values at the eastern side, respectively. Unlike

what occurred in the shallower waters along the 25-m

isobath, the stratified flow accelerated along the 50-m

isobath on day 5, which led to an increase of seaward

transport. By day 15, flows reached a quasi-steady state.

The processes that formed the differences are, in fact,

associated with the flow field change over the entire

FIG. 17. Differences of depth-integrated transports (m3 s21) across the isobaths 25 m (first row), and 50 m (second

row) between the stratified and barotropic flow on days (left) 5 and (right) 15. Surface and bottomEkman transports,

nonlinear advection, and geostrophic currents contributed to the total transport differences. Negative values refer to

the seaward transport. The areas between two pairs of vertical solid lines are the locations of the head and tail of the

widened shelf. Two thin red rectangular boxes mark the region extending 35 km from the head and tail of the

widened shelf.
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shelf by stratification, which may be better associated

with changes in PX* and PY*. The increase of Tg was

determined by the variations of the along-isobath pres-

sure gradient or vorticity field in the stratified flow and

the change inTbwasmainly associated with the intensity

of the along-isobath current. These were, in turn, closely

controlled by the change of the cross-isobath pressure

gradient (DPX*) by stratification. For example, DTg, 0 im-

plies weaker negative PY* in the stratified flow, whileDTb.
indicates stronger alongshore velocity in the stratified

flow. Both of them are connected with the intensity of

downwelling jet or magnitude of DPX*. In fact, the in-

crease of PX* around the head in stratified flow (Fig. 15)

was because of increased intensity of confluence flow, in

response to the increase of volume transport upstream of

the widened shelf (east of the tail). Stratification weak-

ened bottom friction and speeded up the inflow up-

stream of the widened shelf, as shown by negative DTb

in Fig. 17. The increased volume flux into the widened

shelf gradually strengthened the intensity of the change

in the along-isobath velocity or PX* toward the head as

the flow was converged by the narrowing shelf. When

the flow speed exceeded the one in the nonstratified

flow over the widened shelf, DTb turned positive,

reached maximum value at the head and decreased

farther downstream. The positive DTb may reduce the

along-isobath velocity, which, in turn, creates the feed-

back effect between the friction layer and interior flow

(Chapman and Lentz 1997) and subsequently thickens

bottom friction layer to strengthen the along-isobath

flow. However, the positive DPX* (Fig. 15) suggested

that the decrease of along-isobath flow by the increase

of Tb could not offset the increase of along-isobath flow

by the enhanced upstream volume flux input. The de-

gree of shelf wideness or intensity of flow confluence

largely controls the intensity of along-isobath flow or

along-isobath PX*. Indeed, these are the fundamental

processes that lead to the intensified downwelling over

the widened shelf: the Tt was determined by Tb and Tg,

which were governed by the flow speed or PX* and by

associated shear vorticity or PY*; that is, by the intrinsic

dynamics of flow–topography interactions over the wid-

ened shelf.

6. Summary and conclusions

Motivated by an observed intensified seaward cross-

isobath transport over the widened shelf in the NSCS

during downwelling, this study provided a general

dynamics for the intensified cross-isobath transport

over the shelf that varies in the alongshore direction.

We utilized a three-dimensional circulation model

over an idealized NSCS widened shelf, to identify the

process of this prominent coastal circulation and to

validate the general dynamics in both nonstratified and

stratified flows.

By the analyses that combined momentum balance

with corresponding dynamics of the depth-integrated

vorticity equation, we showed that the spatial strength-

ening of PV advection due to concurrent dissipation

by net frictional stress curl over the widened shelf lead

to the intensified downslope cross-isobath transport.

Alternatively, the intensified transport was considered

to be induced by the enhanced seaward cross-isobath

geostrophic transport and bottom friction transport. It is

found that the geostrophic cross-isobath transport is the

dominant contributor to the intensified downslope trans-

port in the downwelling circulation over the widened

shelf; and the formation of the associated along-isobath

pressure gradient force, PY*, characterizes the unique

process of flow-topography interaction for cross-isobath

transport over the variable shelf topography.

Unlike the enhanced bottom Ekman transport over

the widened shelf, dynamical rationalization for the

formation of PY* was not as obvious. Based on the

depth-integrated vorticity dynamics, it was found that

the vertically uniform PY* was formed as a result of the

net frictional stress curl in the water column. In the ab-

sence of the wind stress curl, the frictional stress curl was

generated by the shear vorticity of the downwelling

coastal jet. This finding naturally correlated the magni-

tude of PY* with the topographically controlled PX*

that governed the intensity of the flow. The asymmetric

topography over the widened shelf generated an ellip-

tically shaped PX*, which sustained the spatially vari-

able downwelling jet, provided the shear vorticity for the

formation of PY* and governed the magnitude of the

bottom frictional transport.

With a generally weak JBAR term due to well-mixed

water during downwelling in this study, the effect of

stratification on the downslope cross-isobath transport

was mainly induced by PX* increase because of the en-

hanced inflow upstream where bottom friction was di-

minished in the stratified flow. It asymmetrically changed

the downslope cross-isobath transport in the along-isobath

and cross-isobath directions, governed by the corre-

sponding asymmetric response of vorticity and intensity

of the downwelling jet over the widened shelf to the

stratification-enhanced inflow upstream. It should be

noted that the effect of JEBAR can be significant in

many stratified shelves.

The general dynamics presented in this study neces-

sitated the creation of a topographically controlled shelf

circulation. Although it has qualitatively generality in

the shelf circulation dynamics, the quantitative nature of

the circulation may vary with different characteristic
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conditions of shelf, such as its length scale, magnitude of

forcing, and strength of stratification.
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APPENDIX

Bottom Pressure Gradient Force

Equations (7) and (10) of bottom pressure gradient

force will be derived here. We start with the depth-

integrated form of a steady linearized two-dimensional

momentum equation:

f

ð0
2H

�
2y

u

�
dz52

1

r0

ð0
2H

 
Px
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!
dz1

ts
r0

2
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Using a horizontal curl,
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on both sides of Eq. (A1), the Coriolis term becomes

f [(
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2H udz)x 1 (

Ð 0
2H v dz)y] on an f plane and vanishes

because of the conservation of volume. Using the chain

rule, the pressure gradient term is differentiated to give

two terms:
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The first term of (A2) vanishes. The second term is the

bottom pressure torque 21/r0(2HyP
b
x 1HxP

b
y). By

choosing the direction of y 5 y* to be the along-isobath

direction at the point being analyzed, the result is
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This also holds true for a baroclinic ocean.

Now we turn to the case of including nonlinear ad-

vection in a barotropic ocean Nonlinear advection can

be rewritten by the identity
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Equation (A1) becomes
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where j is the vorticity, yx 2 uy. Applying a horizontal

curl gives

J
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Rotating the rectangular coordinates so that y 5 y* is

along-isobath, and then dividing Hx* on both sides, re-

sults in Eq. (10) becoming
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