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ABSTRACT: We used a high-resolution cross-shelf two-dimensional numerical model to investigate the response of
coastal wind-driven upwelling circulation to barotropic tidal forcing and lateral buoyant discharge over a broad continental
shelf. We found that the tidally amplified asymmetric friction effect arising from the interaction between tidal and subtidal
currents modulated the upwelling structure across the shelf. The interaction weakened the water outcropping (upwelling)
in the inner shelf due to tidally amplified mixing, but enhanced cross-shore velocity offshore due to tidally induced asym-
metric friction effect and nonlinear advection. The enhanced mixing changed the density in the bottom boundary layer and
subsequently in the upwelling front, which eventually weakened the geostrophic alongshore flow. The mass and stratifica-
tion inputs of the lateral buoyant discharge weakened or even reversed geostrophic dynamics for alongshore and upslope
transports. The reversed cross-shore density and elevation gradient induced by the buoyant influx weakened the along-
shore current and the associated bottom friction effect. The upslope cross-shore transport was reduced due to weakened
alongshore flow and the associated bottom Ekman transport. The mass of buoyant influx compensated for the wind-driven
offshore transport in the upper layer. The upwelling could be reversed to downwelling when the transport of lateral influx
exceeded the wind-driven offshore transport. The responses of upwelling circulation to tidal and lateral buoyancy forcing
highlighted in this process-oriented study are fundamental for interpreting more complex wind-driven shelf circulation.
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1. Introduction

Coastal ocean dynamics are mainly governed by the dy-
namics of a wind-driven current interacting with shelf topo-
graphy. Involved with the complex boundary layer (BL) diffusion
and advection dynamics (Garrett et al. 1993; Trowbridge and
Lentz 1991), the alongshore and cross-shelf circulations and
transports respond uniquely to different shelf geometry (Allen
et al. 1995), which may be further modulated by the plume and
tidal dynamics.

The characteristics of the wind-driven upwelling circulation
over the shelf change with Burger number (S5 aN/f, where a
is the bottom slope, N is the buoyancy frequency, and f is the
Coriolis parameter). For example, the bottom boundary layer
(BBL) over a broad shelf (or small S) develops more quickly
compared to a BBL over a steep shelf (or stronger S). The
magnitude of the bottom stress is larger over a broad shelf
and closer to the value of the wind stress, which induces a
larger fraction of the onshore bottom flow and limits the ac-
celeration of an alongshore upwelling jet (Allen et al. 1995;
Lentz and Chapman 2004). On the other hand, a well-mixed
turbulent inner shelf forms when the surface boundary layer
(SBL) overlaps the BBL (Lentz 1995), shutting down the
cross-shore transport and leading to divergence in the cross-
shore direction (Austin and Lentz 2002; Estrade et al. 2008;
Kirincich 2005). The bottom dense water outcrops to the sur-
face within the inner shelf and generates a cross-shore density
front and alongshore geostrophic jet. Mixing and stratification

intensity is important to the development of the BLs (Lentz
and Trowbridge 1991; Taylor and Sarkar 2008) in the inner
shelf, and to cross-shore transport near shore (Lentz 2001).

Tidal forcing alters coastal mixing, and, thus, upwelling dy-
namics. Tidal currents interact with the topography and gen-
erate a net cross-shore transport (Chegini et al. 2018; Gu et al.
2012; Tee et al. 1993). Tidally enhanced mixing can directly
mix the deep cold water into the surface layer (Jiang et al.
2011; Wang et al. 2015), or set up a baroclinic pressure gradi-
ent force near the tidal mixing front to drive the offshore (on-
shore) flow at the surface (bottom) (Li et al. 2020; Lü et al.
2006). Similarly, a two-dimensional study by Castelao et al.
(2010) showed that tidal forcing enhanced mixing within the
inner shelf and decreased the cross-shore transport near the
coast due to offshore extension of the inner shelf. These stud-
ies focus on the effects of the enhanced subtidal mixing, while
the intratidal interactions between the tidal currents and back-
ground upwelling circulation have seldom been discussed. The
intratidal varying interactions affect not only the density mixing
but also the momentum balance within the BLs, and subse-
quently change the subtidal upwelling circulation.

Buoyant discharge enhances stratification within the surface
layer and shoals the SBL (Fong and Geyer 2001; Lentz 2001).
The buoyant discharge also encourages the SBL and BBL to
separate in the nearshore region and leads to a more developed
cross-shore Ekman transport (Lentz 2004). The plume-enhanced
stratification confines the wind energy and surface Ekman off-
shore transport within the SBL and strengthens the offshore ve-
locity, while not changing the compensated onshore transport
and velocity within the BBL (Gan et al. 2009a). At the head of
the alongshore spreading plume, the alongshore density gradientCorresponding author: Jianping Gan, magan@ust.hk
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generates geostrophic cross-shore flow and enhances cross-shore
transport (Chen et al. 2019). For alongshore circulation, the lat-
eral pressure gradient between the plume and ambient seawater
geostrophically accelerates (decelerates) the velocity of the wind-
driven currents on the shore side (offshore side) of the plume
(Chen et al. 2019; Gan et al. 2009a). These studies focused on
the wind–plume interactions in the far field of the lateral
buoyancy source, where the buoyancy alters the mixing pro-
cesses or thermal-wind dynamics. Close to the source area,
the persistent influx of buoyant water will cap the upwelled
dense water. The outcropping of the upwelled water rather
than the upwelling circulation dynamics associated with
buoyant influx was addressed in previous studies (Chao 1987;
Hickey et al. 2005; Wang et al. 2015; Wang et al. 2012; Wang
and Yin 2021; Whitney and Garvine 2005). Besides the buoy-
ancy alteration, the mass influx also leads to the geostrophic re-
sponse of the shelf current in the near-source area. How the
persistent lateral buoyant influx changed mixing and geostrophic
alteration influences BL dynamics in the near-source area, and
subsequently, the upwelling cross-shore and alongshore circula-
tion is a subject for further research.

The broad shelf in the northern South China Sea (NSCS) is
an outstanding example of a coastal sea (Gan et al. 2009a; Zu
and Gan 2015) where the wind-driven upwelling circulation
interacts with tidal forcing and a large amount of freshwater
from the Pearl River Estuary (PRE) during the summer. These
interactions play an important role in the cross-shelf ex-
change of terrestrial and oceanic materials in the coastal area
and influence the local biogeochemical processes. In this
study, based on the situations of the NSCS, we conducted a
process-oriented modeling study to investigate the intrinsic
response of the upwelling circulation to tidal forcing and lat-
eral buoyant influx over a broad shelf. We focused on the is-
sues of 1) how the oscillating tidal currents interact with the
upwelling circulation, modulate the mixing processes within
the BLs, and subsequently change the subtidal upwelling cir-
culation; and 2) responses of the alongshore and cross-shore

circulations to the buoyancy and mass alteration from the
persistent lateral buoyant input.

2. Model configuration

We adopted the Regional Ocean Modeling System (ROMS;
Shchepetkin McWilliams 2005) for our numerical study.
ROMS is a primitive equation dynamic model with mixing de-
termined by the MY2.5 turbulent closure scheme (Mellor and
Yamada 1982). We configured a two-dimensional (2D) cross-
shelf model that had already been widely used in other
process-oriented shelf circulation studies (e.g., Allen et al.
1995; Austin and Lentz 2002; Castelao et al. 2010; Estrade et al.
2008; Lentz 1995; Lentz and Chapman 2004). In this classic
process-oriented modeling study, we included tidal and lateral
buoyant forcing to identify how complex the responses of the
upwelling circulation and BL dynamics were. Although our
model was simplified, the 2D model isolated the individual
processes in the responses and identified the complex interac-
tions, which might not have been feasible with a more complex
three-dimensional (3D) rendering.

Cartesian coordinates were introduced with the x axis directed
offshore and z axis upward, leaving the y axis in the same direc-
tion as the upwelling favorable wind (UFW) in the Northern
Hemisphere. The horizontal grid resolution of our simple model
was 200 m, and the model had 50 terrain-following vertical levels
on sigma coordinates. The resolution near the surface and the
bottom was higher than in the middle so that we could better re-
solve the respective boundary layers. We configured the model’s
bathymetry from a cross-shelf topography profile over the shelf
outside the PRE. We set the minimum depth as 5 m at the
shore, and the depth gradually increased to 70 m over a distance
of about 100 km (Fig. 1). We extended the model domain 50 km
farther offshore with a uniform depth of 70 m to avoid influence
from the open offshore boundary. At the open boundary, the
surface elevation satisfied an implicit gravity wave radiation con-
dition (Chapman 1985), and the depth-averaged velocity satis-
fied a Flather radiation scheme (Davies and Flather 1978). We

FIG. 1. Initial density field (colored shading) along a cross-shore section and the vertical pro-
files of initial density (r) and buoyancy frequency (N). Arrows schematically represent the differ-
ent external forcings.
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used radiation boundary conditions (Marchesiello et al. 2001)
for the depth-dependent velocities, temperature, and salinity.

We initialized the model with temperature and salinity pro-
files obtained from field measurements over the shelf of the
NSCS. The profiles typified summer conditions in the region
(Gan et al. 2009b). The vertical density profile and cross-shore
distribution are shown in Fig. 1. We estimated the bottom
stress using a quadratic formula with a drag coefficient of
Cd 5 2.5 3 1023. We defined the constant Coriolis parameter
to be f5 5.453 1025 s21 with an inertial period Tini5 2p/f5 32 h
for a latitude of 228, which is the latitude of the PRE. The initial
elevation and velocity of the model were zero. Taking the
depth-mean buoyancy frequency (N) to be 0.02 s21 and with
the mean slope a 5 0.65 3 1023, the Burger number was esti-
mated to be S 5 aN/f ’ 0.24. In this case, the bottom stress
plays a dominant role in balancing the surface wind stress in the
alongshore momentum balance (Lentz and Chapman 2004).

In line with the objectives of our process-oriented study, we
focused on numerical experiments with different external
forcings to investigate how the upwelling circulation would re-
spond to 1) wind, 2) tidal forcing, and 3) lateral buoyant flux.
The experiments included a baseline case with upwelling fa-
vorable wind (UFW) forcing (Case W) for which we applied a
steady and spatially uniform along-shelf wind stress (tsy) of
0.025 Pa (Gan et al. 2009b) over the whole domain. Over the
shelf of the NSCS, irregular semidiurnal constituents domi-
nate the tides, and the peak depth-mean tidal currents are
0.2–0.6 m s21, varying from neap tide to spring tide (Mao et al.
2004). To better identify the underlying dynamics of how tides
influence upwelling circulation, we applied a barotropic S1
(Ttide 5 24 h) tidal current with a semimajor axes equal to
0.3 m s21 at the open boundary in the second experiment as
the tidal case (Case WT). The third experiment was a river
case (Case WR) where we discharged buoyant water of 30 psu
salinity and 28.68C (the same as the surface temperature of the
initial field) from the coast through the whole water column
into the model domain. For simplicity, we used a freshwater
flux of 40 m3 s21 (Vb 5 40 m3 s21/200 m5 0.2 m2 s21) with no
atmospheric fluxes. In this third experiment, the river dis-
charge first entered the domain after 4 days with wind forcing
only. Then, the discharge linearly increased from 0 to the de-
sired flux value over 24 h and stayed constant for the rest of
the simulation. After the characteristic responses and back-
ground physics were identified, additional experiments with dif-
ferent tidal amplitudes and discharge rates were also conducted
to verify the results and mechanisms. Unless otherwise noted,
all the variables we presented were daily-averaged values (also
tidally averaged) so we could extract the subtidal responses.

3. Fundamental response to wind forcing

The characteristics of the wind-driven upwelling circulation
over the shelf in Case W are illustrated in Figs. 2a–e. We
focused on the region within 70 km of the coast where the ac-
tive dynamics were (which we define as D 5 70 km). To iden-
tify the response to the forcing, we used the results from the
quasi-steady state reached on day 20, when the bottom shear

stress and surface wind stress were in the first-order balance
over the entire shelf (Lentz and Chapman 2004).

Driven by the UFW, a strong alongshore jet developed with
a jet core at D 5 35 km with maximum velocity y 5 0.47 m s21

(Fig. 2a). The alongshore flow was mainly geostrophic except
within the inner shelf and close to the bottom (Fig. 3), where
the surface and bottom stress played an important role in the
momentum balance, similar to that found by Allen et al. (1995).
The jet core formed strong horizontal and vertical velocity shears.
The upwelled bottom water extended onto the inner shelf (shore-
side of D 5 8 km), where the SBL and BBL overlapped due to
the shallowness of the water. The outcropping water formed a
high-density dome at the surface, with low-density water on both
sides of the dome (Fig. 2c). We identified D 5 8 km as the up-
welling front that separated the inner shelf from the middle
shelf. The SBL was thickest where the jet was located, and
the thickness of the BBL was uniform offshore from the inner
shelf. In this study, we identified the turbulent SBL and BBL re-
gions as the points where the vertical viscosity coefficient (KM)
was greater than 1024 m2 s21 near the surface or the bottom.

Strong upslope and vertical motions occurred in the BBL
and SBL, as shown by the transport streamlines (Fig. 2b).
We normalized the streamfunction values (C; u 5 C/z and
w 5 2C/x indicate the cross-shore and vertical velocities,
respectively) with the theoretical wind-induced Ekman trans-
port, VE 5 tsy/(r0f) 5 0.45 m2 s21, where r0 5 1025 kg m23 is
the reference density. The cross-shore flow was concentrated
within the BLs. Due to the enhanced alongshore bottom
stress at the location of the upwelling front (not shown), the
frictional onshore transport increased, and was compensated
by the locally strengthened offshore transport at the surface
layer, which led to the surface offshore transport convergence
on the seaward side of the upwelling front and formed the deep-
ened SBL. Seaward of the upwelling front, there was a strong
horizontal density gradient that induced a baroclinic pressure
gradient force that sustained the alongshore surface jet.

The water was well mixed within the BLs and weakly strati-
fied over the inner shelf due to the continuous upwelling of
dense water. There was a strong pycnocline that separated the
SBL and BBL (Fig. 2d) shoreward of the jet, which limited
the development of the BLs. An undisturbed inviscid middle
layer existed on the seaward side of the jet.

In the MY2.5 mixing scheme, the turbulent kinetic
energy [TKE; (1/2)q2], the turbulent mixing length scale
(l), and the stability coefficient Sm nonlinearly determine
KM (KM 5 qlSm 1 KMbackground

). The shear production term

{Ps 5KM[(u/z)2 1 (y/z)2]} is the source term, and the tur-
bulent dissipation term (jd 5 q3/(B1l), where B1 is a constant)
and the buoyancy production term (Pb 5 KHN

2, where KH is
the vertical diffusion coefficient) are the sink terms in the
TKE balance, respectively. The value of l is limited by the
presence of the physical boundary and vertical stratification
(Scully et al. 2011). The strengthened pycnocline above the
BBL constrained the developments of the BBL and KM due to
the increased magnitude of Pb along the bottom pycnocline.
Within the SBL, the maximum KM was on the seaward side
of the jet (Fig. 2e). Although the velocity vertical shear was
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FIG. 2. (left) Day 20 cross-shore distribution of the basic characteristics of CaseW, and the influence of (center) the tide and (right) buoyant
discharge. (a) Alongshore velocity (y), (b) cross-shore velocity (colored shading) and streamlines (black contour lines; values normalized with
the theoretical Ekman transport), (c) density (s 5 r 2 1000), (d) buoyancy frequency (N), and (e) vertical viscosity (KM) for Case W. Also
shown are (f) alongshore velocity difference between Case WT and Case W (colored shading), and alongshore velocity (black contour lines)
of Case WT; (g) cross-shore velocity difference (colored shading) and streamlines (black contour lines) of Case WT; (h) density difference
(colored shading) and density (red contour lines) of CaseWT; (i) buoyancy frequency difference; (j) vertical viscosity difference (colored shad-
ing) and vertical viscosity (black contour lines) of CaseWT. (k)–(o) As in (e)–(j), but for CaseWR. Black solid lines in (c), (d), (i), and (n) rep-
resent the boundaries of the SBL and BBL defined by the intensity of vertical viscosity (KM 5 1024 m2 s21) of Case W. Black dashed lines in
(h) and (i) and in (m) and (n) represent the boundaries of the SBL and BBL of CaseWT and CaseWR, respectively.
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stronger (larger Ps) in the inner shelf and below the jet core,
the shallow water and strong pycnocline limited l in these two
regions, respectively.

These dynamics within the SBL and BBL that we identified
for the baseline case were critical to identifying the responses
of the upwelling to the tide and lateral buoyant flux in the
other two experiments.

4. Effects of tidal forcing

Compared to those in Case W, the barotropic tidal currents
weakened the alongshore current (Fig. 2f), decreased the den-
sity in the BBL, and decreased the density of the upwelled
water (Fig. 2h). Furthermore, the pycnocline above the BBL

thickened but its maximum intensity weakened (Fig. 2i). The
general structure and magnitude of KM in Case WT was like
that in Case W (Fig. 2j), and we attribute the differences be-
tween Case W and Case WT to the seaward shift of the jet.
These distinct differences, which we describe in this section,
were the response to tidally induced processes, particularly
the changes in the density structure because of tidal mixing.
We discuss the background physics of these different re-
sponses between the two scenarios in section 6.

a. Weakened geostrophic alongshore jet

Compared with Case W, the alongshore velocity (y) in Case
WT was smaller, especially on the shoreward side of the jet
(Fig. 2f). Maximum y was about 0.08 m s21 smaller, and the
jet core was farther offshore. To understand the influence of
different forcing on the geostrophic alongshore flow, we de-
composed the geostrophic flow into barotropic [induced by
the cross-shore elevation gradient, ybt 5 (g/f )(h/x)] and bar-
oclinic parts (ybc 5 2[g/(fr0)]

�h
2h

r/x dz). The cross-shore
variations of the surface geostrophic velocities are shown in
Fig. 4a. Although ybc was one order of magnitude smaller
than ybt, these two components varied consistently and
reached their maxima at the same location, which indicated
an intrinsic link between ybc and ybt. The locations of the sur-
face density front (defined as the location of the maximum
negative cross-shore density gradient, r/x) and the surface
jet (Fig. 4b) confirmed that the alongshore velocity was linked
to the density field. In Case W and Case WT, the alongshore
jet moved offshore with the density front as a result of the sur-
face Ekman offshore transport in the SBL. The enhanced off-
shore flow within the SBL (Fig. 2g) moved the density front
further offshore in Case WT compared to Case W, which led

FIG. 3. Cross-shore distribution of the difference between total
alongshore velocity and the geostrophic component of Case W on
day 20.

FIG. 4. (a) Barotropic (ybt; solid lines; left y axis) and baroclinic (ybc; dashed lines; right y axis) pressure gradient
contributions to the surface alongshore velocity for each case on day 20. The baroclinic velocity component was inte-
grated from the bottom to the surface. (b) Temporal variations of the locations of the surface alongshore jet (solid
lines) and surface density front (dashed lines) for the different cases.
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to the shift in the location of the surface jet when tides were
present.

The cross-shore distributions of r/x in Case W (Fig. 5a)
and Case WT (Fig. 5b) had similar patterns. There was a posi-
tive r/x within the inner shelf and the BBL, a negative
r/x within the SBL on the seaward side of the upwelling
front, and a much stronger negative r/x at the bottom pyc-
nocline to reflect the response to the upwelling. In addition,
the gradients were less intense in Case WT.

The vertical profile of the baroclinic velocity component is
ybc(Z)5 2[g/(fr0)]

�Z
2h

r/x dz, where Z is the vertical loca-
tion in the water column. We display ybc(Z) at the location of
the surface jet of each case in Fig. 5d to demonstrate the baroclinic
effect on the alongshore velocity. Above the BBL, the strong hori-
zontal density gradient from the bottom pycnocline contributed to
strong positive vertical shear in ybc, and in the SBL, the negative
r/x contributed to relatively weak positive velocity shear over a
larger vertical extent. In CaseWT, the intensity of the bottom pyc-
nocline and horizontal density gradient within the SBL decreased
(Figs. 2h,i) due to the enhanced density mixing near the bottom.
As a result, the vertical shear of ybc within the whole water column
was smaller compared to that in Case W (Fig. 5d), and the total
velocity of the alongshore jet varied with ybc (Fig. 4a).

Previous studies (e.g., Kurapov et al. 2010) suggested that
the speed of the alongshore velocity in the upwelling circula-
tion can be weaker under the influence of tides because of the
smaller tendency term due to the enhanced bottom stress.

However, we did not find a significant change in the subtidal bot-
tom stress magnitude, but the tidally enhanced vertical density
mixing changed the horizontal density gradient. The weakened
cross-shore geostrophic balance reduced the alongshore velocity.

b. Cross-shore residual flow

The onshore velocity was slightly weakened in Case WT
compared to Case W within the BBL (Figs. 2b,g). Above the
BBL, there was significant onshore flow at 10–60 km from
shore, which could be attributed to the intratidal friction and
nonlinear advection effect (discussed in section 6). The off-
shore velocity was strengthened within the SBL or above the
pycnocline on the seaward side of the upwelling front, moving
the density front and associated alongshore jet farther off-
shore compared to Case W (Fig. 4b).

Since the alongshore pressure gradient is absent in this
2D model, the offshore flux within the SBL should equal
the wind-driven Ekman transport [VE 5 tsy/(r0f)]. However,
there was relatively small cross-shore transport close to shore
(with the inner shelf at D , 8 km) in Case W due to the
overlapping SBL and BBL in the shallow water (Austin and
Lentz 2002; Estrade et al. 2008) (Fig. 6). In the middle shelf
(8 km , D , 40 km in Case W) the cross-shore transport
was about 90% of the VE, because the SBL and BBL were
separated by a strong pycnocline (Fig. 2d) and neither BL
could be fully developed. Thus, the cross-shore flux was
smaller than VE. Further offshore, when the water was deep

FIG. 5. (a)–(c) Horizontal density gradient for each case on day 20. (d) Vertical profiles of alongshore velocity in-
duced by the baroclinic pressure gradient (ybc) at the jet location of each case on day 20. The jet location of each case
is indicated by the vertical red dashed line in (a)–(c).
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enough for the BLs to fully develop, the cross-shore trans-
port increased and was close to VE.

The onshore and offshore transport in Case WT were
slightly smaller than those in Case W on the shoreward side
of D 5 10 km. In addition, the maximum onshore and off-
shore transports were located farther offshore due to the ex-
tended inner shelf because of the tidally enhanced mixing,
which agreed with the results of Castelao et al. (2010). Farther
offshore, the onshore velocity in Case WT was smaller but the
BBL thickness was larger compared with Case W, making the
onshore transport within the BBL similar in both cases. With
tidal forcing in Case WT, a stronger surface offshore transport
was required to compensate for additional onshore transport
induced by the residual onshore flow above the BBL.

In general, tidally enhanced mixing enlarged the inner shelf
and weakened the cross-shore transport close to the shore.
Seaward of the upwelling front, the tide induced an onshore
flux above the BBL and was compensated for by the offshore
flux within the SBL, strengthening the cross-shore exchange.

5. Effect of buoyant discharge

The buoyant discharge from the coast weakened the along-
shore velocity and shifted the jet core shoreward (Fig. 2k) by
decreasing the cross-shore elevation gradient (indicated by ybt,
in Fig. 4a). WithinD5 5 km, y was negative because the buoy-
ant discharge created a strong pressure gradient so that an up-
wind flow formed. The low-salinity water occupied the surface
layer, generating strong stratification between the SBL and
the lower layer (Figs. 2m,n), and the thickness of the SBL de-
creased greatly. The buoyant waters were transported offshore
with the advected plume, and the thickness of the freshwater
layer increased from the shore to D 5 40 km but decreased
farther offshore, which was similar to the cross-shore structure
of the freshwater layer observed by Yankovsky and Voulgaris
(2019). Note that KM was greatly weakened within and below

the SBL because of the strong stratification (enhanced Pb)
(Figs. 2n,o). The thickness of the BBL also decreased in Case
WR because of the weakened alongshore flow, which led to a
less developed bottom Ekman layer. Unlike Case W and Case
WT, two maximum buoyancy frequencies (pycnoclines) ex-
isted at the lower and upper boundaries of the shoaled SBL
and BBL (Fig. 2n), respectively. The upwelled water mixed
with the buoyant water, and the upwelling density front at
the surface, which favored the upwelling alongshore jet,
disappeared.

a. Shoreward trap of the jet

The upwelling surface jet in Case WR did not continue to
move offshore as in Case W and Case WT (Fig. 4b). Instead,
the upwelling surface jet was quasi-stationary by day 10
(5 days after the freshwater discharge input). The two key fac-
tors that prevented the offshore migration of the jet were the
following. 1) The buoyant flux, particularly at the subsurface,
formed a positive r/x offshore of D 5 45 km and con-
strained the development of the surface velocity, and there
was a negative r/x shoreward (Fig. 5c). 2) While the wind
energy was confined within the SBL, the shoreward tilting
pycnoclines above the BBL covered a much larger vertical ex-
tent betweenD5 5 andD5 30 km and formed a correspond-
ing broad band of negative r/x at the subsurface layer with
a relatively large contribution of ybc to the total alongshore
velocity (Figs. 4a, 5c, and 5d). The positive r/x induced by
the lateral buoyant water input generated a negative velocity
shear near the surface, leaving the maximum alongshore ve-
locity at the subsurface layer.

Gan et al. (2009a) found that freshwater discharge over the
shelf in the form of a detached (from the coast) river plume
enhances (weakens) the upwelling jet on the shoreward (sea-
ward) side due to a reversed pressure gradient force at the
two sides of the plume. In this study, we found that the buoy-
ant water in the source area adhered to the coast. In the
source area, the buoyant water raised the water level at the
shore side, weakened the alongshore flow by partly canceling
the wind-driven cross-shore elevation gradient, and trapped
the jet shoreward due to the dual strong r/x in the surface
and bottom pycnoclines.

b. Weakened upwelling

In Case WR, the wind-driven surface offshore transport
was confined to a much thinner SBL, and the velocity was
much larger compared to Case W (Fig. 2l). However, the on-
shore velocity within the thinner BBL decreased. Compared
to Case W and Case WT for which the waters upwelled within
the narrow inner shelf, the bottom water in Case WR upw-
elled starting from D 5 25 km with a much smaller vertical
velocity but over a much wider horizontal extent, as the
streamlines indicated.

The lateral buoyant discharge changed the magnitude and
variation of the cross-shore transport (Fig. 6). The lateral dis-
charge in the source area limited the nearshore BBL and re-
duced the bottom onshore flow, which shifted the bottom
convergence zone offshore, contributing to a wider upwelling

FIG. 6. Cross-shore variations of the offshore transport (solid line)/
onshore transport (dashed line) within the SBL/BBL for each case on
day 20. The black line represents the value of the theoretical surface
Ekman transport. The red line represents the value of the theoretical
Ekman transport minus the river discharge rate.
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extent and the stronger tilting of the bottom pycnocline. Shore-
ward of D 5 25 km, the cross-shore transports within both BLs
were much smaller than that on the seaward side because the
onshore transported water upwelled and turned offshore with-
out reaching the shoreward side. Seaward of D 5 25 km, the
surface offshore transport was close to the Ekman transport
and larger than that in Case W and Case WT, as the develop-
ment of the SBL did not interact with the BBL. However, the
bottom onshore transport decreased significantly, which was
attributed to the weakened alongshore geostrophic flow. The
weakened alongshore flow led to the smaller bottom stress and
cross-shore Ekman transport. The cross-shore water balance
needed to include the additional mass input from the discharge.

Clearly, the response of the wind-driven cross-shore trans-
port to the buoyant flux in the BBL was different from the re-
sponse in the SBL. The weakened alongshore flow reduced the
friction-induced upwelling intensity within the BBL. In the SBL
the plume strengthened the stratification, separated the BLs,
and favored offshore Ekman transport.

6. Discussion

Without the forcing arising from the alongshore variation
of the circulation, the dynamic responses in the SBL and BBL
were largely regulated by the upwelling circulation, as the
characteristic structures in the BLs show. In Case W, the well-
mixed SBL thickened with time, while the BBL reached a
quasi-steady state after day 10 due to the onshore dense water
transport within the BBL (Fig. 7a). The effects of tide and
buoyancy alter these BL dynamics. In this section, we investi-
gate how the intratidal frictional processes within the BBL

modulated the subtidal mixing intensity and momentum bal-
ance that further regulated the alongshore and cross-shore
transport. Then we discuss the characteristic responses of
cross-shore geostrophic and density structure, which would
modulate the boundary layer dynamics and shelf circulation,
to the different discharge rates.

a. Tidally induced bottom frictional dynamics

As we showed in section 4, the water density within (above)
the thickened BBL in Case WT was less (greater) than in

FIG. 7. Temporal variations of density over the whole water col-
umn at D 5 50 km: (a) density (s) for Case W and (b) the density
difference between Case WT and Case W (sWT 2 sW). Black
dashed lines in (a) and (b) represent the boundaries of the SBL
and BBL for Case W. Red dashed lines in (b) represent the bound-
aries of the SBL and BBL for CaseWT.

FIG. 8. Intratidal variations of the mixing parameters on day 20 at
D5 50 km. (a) Bottom stress and net TKE changing rate (TKEnet)
integrated over the BBL, where the solid lines are for Case WT and
the dashed lines are for Case W. The alongshore (ty) and cross-
shore (tx) stresses are plotted in the flow direction. (b) Variation of
stratification for Case WT. (c) Difference of velocity shear intensity
between Case WT and Case W. (d) Differences of temperature ver-
tical diffusion rate between Case WT and Case W. The horizontal
red and black dashed lines in (b)–(d) represent the BBL boundary
for Case WT and Case W, respectively.
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Case W (Fig. 7b). The intratidal variations of the mixing dy-
namics are shown in Figs. 8 and 9 to identify the tidal influ-
ence on the upwelling dynamics.

In Case WT, we found that the depth-integrated net TKE
changing rate (TKEnet 5 PS 2 jd 2 PB) within the BBL
(Fig. 8a) was positive at the end of the ebb tide and during
most of the flood tide, and negative during the rest of the tidal
cycle. The turbulent BBL thickened (thinned) during flood
(ebb) tide (Fig. 8b) in response to net TKE generation (dis-
sipation) while the location of the bottom pycnocline was
relatively steady (Fig. 8b) and located at a higher location
compared with that in Case W. Tide-induced velocity verti-
cal shear was found near the nonslip seabed (referred to as
bottom shear) and at the pycnocline bordering the BBL [re-
ferred to as interior shear, reported by Werner (2003) and
Sakamoto and Akitomo (2009)] (Fig. 8c) but had only a
small influence on the SBL (not shown in the figures). Dur-
ing the flood tide, both alongshore and cross-shore bottom
stresses were strengthened as the tidal and wind-driven cur-
rents were in the same phase (Fig. 8a), and enhanced the
bottom shear intensity. The opposite conditions occurred
during ebb tide. The vertical location of maximum interior
shear followed the pycnocline. Interacting with the wind-
driven upwelling circulation, the flood (ebb) currents weak-
ened (enhanced) the interior shear, similar to the results of
Fernández-Castro et al. (2018). The combined effect of bot-
tom and interior shear contributed to the variations of
TKEnet and BBL thickness. The vertical temperature mix-
ing between the BBL and the middle layer was mainly mod-
ulated by the interior shear intensity. Temperature vertical
diffusion rate was strengthened during the second half of
flood tide and during ebb tide (when the interior shear was

enhanced) but weakened during the first half of flood tide
(Fig. 8d). Overall, the tide-induced mixing decreased (increased)
the density within (above) the BBL (Fig. 7b). As a result, a
weaker vertical density gradient in the pycnocline above the
BBL, and a lower density in the upwelled water occurred in
Case WT, as compared to those in Case W (Fig. 2h).

The enhanced subtidal cross-shore transports within SBL
and BBL in Case WT were also attributed to the asymmet-
ric intratidal process. Without tidal forcing, the viscous term
(VVISC) balanced the Coriolis term (COR 5 2fu where u
is the cross-shore velocity) in the subtidal alongshore mo-
mentum balance (Fig. 9a), and the total advection term
(ADV) was close to zero. The tide-induced nonlinear advec-
tion modulated the momentum balance over the slope
(Kurapov et al. 2010). Above the BBL, the magnitude of
the negative ADV term during ebb tide was greater than
the positive magnitude during flood tide, while the situation
reversed within the BBL (Fig. 9b). As a result, the tidally
averaged ADV term was negative (positive) above (within)
the BBL (Fig. 9a). Furthermore, the negative VVISC term
was significantly strengthened in the upper part of the BBL
during flood tide but weakened in the middle part of the
BBL during ebb tide (Fig. 9c) due to the variation of the
bottom stress. Therefore, the subtidal negative VVISC term
was weakened (strengthened) above (within) the tidally
averaged BBL. In response to the variations of ADV and
VVISC terms, the positive COR term was strengthened
(weakened) above (within) the BBL. As a result, the intratidal
asymmetric friction and nonlinear advection effect intensified
(weakened) onshore velocity above (within) the thickened
BBL and increased the total subtidal onshore transport on the
offshore side of the upwelling front.

FIG. 9. Comparison of the alongshore momentum terms between Case WT and Case W on day 20 at D 5 50 km.
(a) Daily (tidally) averaged vertical profile of different terms, where the solid lines are for Case W (y/t) and the
dashed lines show the differences between Case WT and Case W (Dy/t). Intratidal variations of the differences be-
tween the two cases for the (a) total advection term and (b) vertical viscous term. Red dashed lines in (b) and (c)
show the boundary of BBL for Case WT.
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Additional experiments with different tidal amplitudes showed
that a stronger tidal forcing thickened the BBL (Fig. 10a) and de-
creased (increased) the density within (above) the BBL, which
weakened the intensity of the bottom pycnocline and horizontal
density front in the surface (Fig. 10b), and, subsequently, the
geostrophic and total alongshore flow (Fig. 10c).

b. Geostrophic modulation by buoyant discharge

The lateral buoyant discharge in Case WR mainly altered
the cross-shore density (pressure) and enhanced the stratifica-
tion that confined the input wind energy to the SBL (Chen
et al. 2019; Gan et al. 2009a). Unlike the bottom-advected
plume in the buoyancy-only forcing case (Chapman and Lentz
1994), the effects of wind-driven surface-advected buoyant
water on BBL dynamics and upwelling circulation were indi-
rect. In our results, the buoyant discharge barotropically mod-
ulated alongshore circulation by decreasing the cross-shore
elevation gradient (Fig. 4a or Fig. 11a). As a result, the weaker
alongshore flow formed a less-developed BBL over the entire
shelf compared to Case W. This weakened the bottom onshore
flow and upwelling intensity.

The fate of a plume under the influence of ambient shelf
flow has received much attention in the literature regarding
plume studies. The plume is transported by wind-driven cur-
rents, and, in turn, alters the circulation (Chen et al. 2017;

Garcı́a Berdeal et al. 2002; O’Donnell 1990). We expect that
the intensity of the circulation alteration varies with the mag-
nitude of the buoyant discharge rate, particularly in the source
area. We conducted additional experiments with different
buoyant discharge rates (Vb) of 0.05 m

2 s21, 0.45 m2 s21 (close
to the wind-driven Ekman transport, VE), and 0.55 m2 s21, de-
noted as Case WR-1, WR-2, and WR-3, respectively. In Case
WR-1, with a low discharge rate (about 11% of VE), there was
a negative r/x induced by dense upwelled water (Fig. 11b)
and an alongshore jet centered at D 5 30 km (Fig. 11c). The
response in WR-1 was qualitatively the same as the response
in Case W. In Case WR-2, when Vb was close to VE, all the
discharged waters were transported offshore by surface Ek-
man transport and flattened cross-shore elevation gradient
(Fig. 11a). The geostrophic alongshore flow was almost shut
down, and the BBL and the frictional transport were absent
(Fig. 11d). Further increasing the discharge rate (Case WR-3)
caused the cross-shore pressure gradient to reverse direc-
tion, and the alongshore flow turned upwind. In this case,
downwelling circulation occurred when the flux of buoyant
discharge exceeded the wind-driven offshore flux (Fig. 11d).

FIG. 11. Responses of the upwelling circulation to different buoy-
ant discharge rates on day 20: (a) elevation, (b) surface density,
(c) surface alongshore velocity, and (d) cross-shore velocity profiles
at D 5 50 km. The black circles in (d) denote the boundaries of
the SBL and BBL for each case.

FIG. 10. Responses of upwelling circulation to different ampli-
tudes of tidal current on day 20: (a) density profiles at D 5 50 km,
(b) surface horizontal density gradient, and (c) surface alongshore
velocity, where solid lines are the total velocity, and dashed lines
are the geostrophic velocity. The black circles in (a) denote the
boundaries of the SBL and BBL for each case.
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The phenomenon that the alongshore flow direction in the
nearshore area is determined by the relative intensity of
wind stress and buoyant water influx was identified in the
South Atlantic Bight with many lateral discharge sources
(Kourafalou et al. 1996), and near an estuary with a wide en-
trance connecting to a coastal shelf, such as the PRE (Chen
et al. 2017; Ou 2007; Xu et al. 2019). However, the back-
ground mechanism was not clear. This study found that the
relative magnitude between the lateral buoyant discharge
rates and wind-driven Ekman transport modulated the
cross-shore elevation gradient and the intensity/direction of
alongshore geostrophic flow in the near-source area.

7. Summary and conclusions

We conducted a process-oriented study to illustrate the dif-
ferent responses of the wind-driven coastal upwelling circula-
tion to two important forcings in a coastal area: tides and
buoyant discharge. We utilized an idealized cross-shelf two-
dimensional model to isolate the characteristic responses
within the BLs, and their influence on the upwelling circula-
tion over a broad shelf (small Burger number) where the bot-
tom stress played an important role and where the dynamics
within the SBL and BBL were linked closely in the inner
shelf. The schematic pictures in Fig. 12 present our major
findings.

The tidal currents changed the vertical shear of velocity not
only along the no-slip seabed but also along the bottom pyc-
nocline bordering the turbulent BBL and interior water. The
shear intensity and BBL thickness varied with the tidal phase,
but overall the tide strengthened density mixing and thick-
ened the BBL (Fig. 12a) but had a negligible influence on the
mixing dynamics within the SBL. The enhanced bottom den-
sity mixing decreased the intensity of the shoreward tilting
bottom pycnocline and lowered the density of the upwelled
water, which further decreased the horizontal density gra-
dients within the SBL. The weakened density front and tilting
bottom pycnocline baroclinically reduced the geostrophic
alongshore flow. For cross-shore circulation, tidal mixing
broadened the inner shelf and weakened the corresponding
cross-shore transport. Seaward of the upwelling front, the in-
tratidal variations of friction and nonlinear advection effects
in the bottom layer formed a residual onshore flow above the
BBL. The enhanced onshore transport was compensated for
by the enhanced offshore flow within the SBL, which shifted
the density front and the alongshore jet farther offshore.

The continuous lateral buoyant influx in the source area
greatly modulated the cross-shore pressure (density) gradient
and the geostrophic alongshore flow intensity, which changed
the frictional Ekman cross-shore flux within the BBL. The
additional discharged volume needed to be included in the
cross-shore transport balance. Figure 12b shows that when
the discharge rate was high enough to reverse the upwelling-
induced surface density gradient but lower than the wind-
driven Ekman transport, the lateral buoyant discharge weakened
the cross-shore pressure gradient and alongshore geostrophic
flow created by the upwelling favorable wind, thereby limiting
upwelling and BBL development. The buoyant water capped

the signals of the upwelling water, and the density front,
which favored the alongshore jet, disappeared. However, as
the wind energy was confined to the shoaled SBL, the shore-
ward tilting pycnoclines generated vertical and horizontal
density gradients over a large nearshore extent, sustaining
and trapping the subsurface alongshore jet near the coast. If
the buoyant discharge rate had been greater than the wind-
driven offshore transport (Fig. 12c), the water level would
have been higher on the shoreward side and would have
generated upwind geostrophic alongshore flow or downwel-
ling circulation.

FIG. 12. Schematic representation of the wind-driven upwelling
circulation (blue color notations) and responses to (a) tidal forcing,
(b) moderate buoyant water input, and (c) large buoyant water in-
put (red color notations). The distinct characteristic responses in-
clude enhanced bottom mixing, broadened inner shelf, weakened
surface density front, offshore-shifted jet, and strengthened (weak-
ened) cross-shore transport cell on the seaward (shoreward) side of
the upwelling front in (a); decreased cross-shore pressure gradient,
shoaling of the SBL and BBL, widened upwelling, trapped subsur-
face jet over the inner shelf, and weakened onshore transport
within the BBL in (b); and higher water elevation on the shore-
ward side, upwind alongshore flow, and downwelling within the
BBL in (c).
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In conclusion, this process-oriented study enriches the un-
derstanding of the dynamics of upwelling circulation and
characteristic responses (including the boundary layer dynam-
ics, vertical density mixing, alongshore flow intensity, and
cross-shore transport) to the intratidal varying interactions
and the buoyancy and mass input from the lateral influx.
Knowledge of these factors will contribute to a more accurate
and comprehensive interpretation of the physics in wind-
driven shelf circulation over any variable shelf under complex
forcing.
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