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Abstract Observational and numerical modeling studies are conducted to investigate the coupled
circulation between Mirs Bay to the east of Hong Kong and the adjacent shelf sea during an upwelling
season. Long- and short-term observations are synthesized to characterize the circulations in the bay-shelf
region. A three-dimensional-coupled bay-shelf-estuary circulation model was developed with realistic
topography and forced with time-dependent wind, tides, and lateral fluxes to investigate the processes and
physics in the circulation of the coupled bay-shelf regime. Based on the validated model, it was found
that a strong northeastward coastal upwelling jet persisted over the shelf with highly variable topography
outside the bay, and a strong upslope current occurred where the topography was sharply convex. This
upslope current intruded into the bay in the lower layer (>10 m) as a cold-water stream. A horizontal
anticyclonic circulation formed inside the bay with a seaward outflow in the upper layer (<10 m). Momentum
and vorticity analyses showed that a southwestward along-isobath pressure gradient force over the
convex isobaths off the bay intensified that bay-ward intrusion. Negative relative vorticity advection from the
jet was responsible for this pressure gradient force. The horizontal anticyclonic circulation and elevation
fluctuation inside the bay were determined by the interaction between the intruding shelf current and the
topographic trough inside the bay, and they were also baroclinically modulated by the intrusion of denser
shelf waters. Winds over Mirs Bay intensified exchange flow across its entrance but suppressed the
anticyclonic circulation inside the bay.

1. Introduction

The circulation in a coastal bay is generally characterized by the wind-driven flow over the bay topography.
However, this circulation often interacts in a complex manner with the adjacent shelf circulation. In this
paper, the process and dynamics of a coupled bay-shelf circulation system between Mirs Bay (Hong Kong)
and the neighboring shelf sea in the northeastern South China Sea (NSCS; Figure 1) is investigated, and
the summer circulation, when the currents are driven by the southwesterly upwelling favorable monsoon
winds (Gan, Cheung, et al., 2009), is the focus of this research.

Figure 1 shows the bottom topography of the shelves southeast of Guangdong and near Hong Kong. The
waters in the study area are generally shallower than 70 m, and the isobaths extend mainly northeastward,
parallel to the coast (~22.8° east; Figure 1a). The seaward convex coastline of Hong Kong features a unique
coastal promontory along the Guangdong coast (Figure 1b). Mirs Bay lies northeast of this promontory
and is generally shallower than 20m. It has a bell-shaped isobath and forms a trough topography with a deep
channel along the central axis of the bay. On the lee side of Hong Kong in summer, the 20- to 30-m isobaths
extend northeastward towardMirs Bay and form a topographic trough (Figure 1b). To the west of Hong Kong,
the trapezoid-shaped Pearl River Estuary (PRE) penetrates northwestward from the shelf. The PRE discharges
freshwaters at ~15,000 m3/s onto the shelf and modulates the wind-driven upwelling circulation in the sum-
mer (Gan, Li, et al., 2009).

Few studies exist on the circulation in Mirs Bay and upwelling circulation in the adjacent shelf. Chau and
Abesser (1958) reported that waters in the bay were not greatly affected by the prolonged eastward buoyant
plume from the PRE. Both Yin (2002) and Lee et al. (2006) mentioned a shoreward invasion of oceanic deep
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shelf waters in the lower layer of Mirs Bay’s entrance. However, the characteristics of the circulation in the bay
and its coupling with the intrusive shelf current have never been investigated.

Onshore intrusion of coastal waters under upwelling-favorable circumstances can be amplified on the lee
side of promontories due to alongshore variations in coastal topography (Song et al., 2001; Tee et al., 1993;
Weisberg et al., 2000). As the promontory naturally exists at the entrance of the bay, the intrusion of the shelf
water provides external flux for the circulation in the bay. Gan and Allen (2002) found that the promontory
topography usually induces a countercurrent pressure gradient force downstream of the shelf current. This
pressure gradient force makes the onshore invasion of deep shelf waters much stronger than the current
induced by bottom friction. Gan et al. (2013) and Liu and Gan (2014) suggested that this countercurrent pres-
sure gradient force originates mainly from a net stress curl and the nonlinear advection of the relative vorti-
city in the water column.

The shoreward intrusion of deep shelf waters, which is often related to the dynamics of local cross-
isobath transport, also alters the flow pattern in bays located landward of the upwelling circulation.
For example, Klinck et al. (1981) found that the intrusion of deep and denser shelf water affected
the surface elevation and pycnocline displacement near the entrance of a fjord and the circulation
in the fjord. This research reports that the geostrophic alongshore current, forced by the southwesterly
wind stress on the shelf off the fjord, is responsible for the intensified intrusion of the deep shelf
waters. The impact of the shelf current on bay circulation was also found to impose a nonlocally
forced current fluctuation in the Chesapeake Bay (Wang & Elliott, 1978) and the Delaware Estuary
(Wong & Garvine, 1984). Observational and numerical modeling studies conducted in the Ría de
Muros (northwest Spain) suggested that when upwelling-favorable winds prevailed, the upper-layered
waters inside the bay were transported seaward, and an upslope shelf water was formed in the lower
layer to compensate the outflow in the upper layer. This process formed a two-layer exchange flow at
the bay entrance when an upwelling-favorable wind prevailed (Souto et al., 2003). The generation of
this exchange flow was mainly due to wind forcing and buoyancy discharges inside the bay
(Carballo et al., 2009). Moraga-Opazo et al. (2011) observed that bay-shelf interactions during an upwel-
ling period triggered a cyclonic recirculation inside the Tongoy Bay in Chile. Most of these previous
researches on bay-shelf interactions considered mainly the circulation inside bays or estuaries without
adequately linking it with the shelf circulation and dynamics. The coupled forcing processes in the
shelf-bay circulation as well have attracted little attention.

This study investigates the coupled bay-shelf circulation and the associated dynamics by linking the shelf
circulation in the NSCS with the flow field in the Mirs Bay. The cross-isobath transport for bay-ward intrusion
during an upwelling period and the bay circulation in response to local wind forcing and the intrusion are
explored. We combine field observations with a numerical model to investigate the underlying dynamics.
Section 2 of this paper describes the implementations of observation and the numerical model.
Characteristics of the upwelling circulation and the coupled bay-shelf circulation, based on long- and
short-term observations, as well as results from the numerical model are presented in section 3. The

Figure 1. (a) The model domain and bathymetry (m; color contours with black contour lines); and (b) magnified view of the
shelf topography near Hong Kong. MM13, MM14, MM15, MM16, and MM5 denote the Water Quality Monitoring Stations in
Mirs Bay. The solid red square in (b) indicates the location of Waglan Island. PRE refers to the Pearl River Estuary.
NSCS = northeastern South China Sea.
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forcing mechanisms that govern the onshore intrusion over the shelf and the response of circulation in Mirs
Bay are discussed in section 4. Section 5 summarizes the finding.

2. Observations and Ocean Model
2.1. The Climatological Records

Figure 2a uses a wind rose to illustrate the statistical characteristics of the wind stress in the summer (June to
August), 1991–2011. We calculate the wind stress, according to Large and Pond (1981), at 10 m above the sea
surface at Station MM13 off the bay entrance (Figure 1b). The wind field is obtained from the satellite-
observed, cross-calibrated, multiplatform ocean surface wind velocity released by the Jet Propulsion
Laboratory (JPL) of NASA.

The long-term (1991–2013) observed temperature profiles from the Marine Water Quality Monitoring
Stations (Figure 1b) are analyzed to illustrate the general characteristics of ocean circulation in the Mirs
Bay and the adjacent shelf sea. These stations are operated by the Environmental Protection Department
of Hong Kong. The hydrographic properties at those stations were sampled by using the conductivity-
temperature-depth (CTD) profiler, and the observation was conducted once in the middle of June, July,
and August of each year. Their bottom depths (hs) and observation periods are summarized in Figure 2b.
These stations were generally positioned northward over the shelf between the 20- and 30-m isobaths,
and the samplings were conducted at depths of the surface (0.0 × hs), middle (0.5 × hs), and bottom
(1.0 × hs) in the water column.

Figure 2c demonstrates the long-term averaged sea surface temperature (SST) observations in Hong
Kong waters during summer. These SST observations were retrieved from the daily, global, multiscale,
ultrahigh resolution SST data set with 1-km resolution and provided by JPL of NASA. Figure 2d shows
the summer-averaged temperature structure along the cross-shore transect extended from the shelf to
the bay.

2.2. Field Observations

High-resolution field measurements of velocity, temperature, and salinity along transects in the bay are con-
ducted from 22 to 26 July 2011 to better reveal the detailed structure of the circulation and hydrographic
properties. Figure 3 illustrates the atmospheric, buoyancy, and tidal forcing conditions in June and July
2011. The time series of wind stress at 10 m above the sea surface (Figures 3a and 3b) at Station MM13
was from the JPL data set of NASA. The Pearl River discharge data (Figure 3c) were obtained from a hydro-
graphic monitoring station in the upstream of the Pearl River. The hydrographic station is operated by the
Chinese Ministry of Water Resources. The Hong Kong Observatory provided the tidal elevations measured
by the tide gauge at the Waglan Island, southwest of Mirs Bay (Figure 1b).

An hourly sampling of velocities and CTD profiling at the entrance of the bay (station MBT, Figure 4a) during
the cruise period were conducted, and a simultaneous mapping over the along-bay transect (A) and cross-
bay transects (B to E) inside the bay (Figure 4a) were performed. In order to increase the spatial resolution
of the sampling, we established five stations along the transects B to E and 10 stations along the longer trans-
ect A. A precruise numerical simulation is conducted to optimize the location and time of the mapping sur-
vey. At each station, a Seabird CTD profiler was deployed during flooding and ebbing tides to measure the
vertical profiles of temperature and salinity during these periods, respectively. The temperature observations
during the ebbing and flooding tides are then averaged to mitigate the variation caused by the oscillating
tidal current.

2.3. Ocean Model

The Regional Ocean Modeling System (Shchepetkin & McWilliams, 2005), which has three-dimensional and
time-dependent primitive equations with a free surface, was used in this study. The parameterization of
vertical mixing process of the submodel is based on Mellor and Yamada (1982), which solves the 2.5-layered
turbulent kinetic energy equations.

The model domain, shown in Figure 1a, extended northeastward and covered the PRE and the shelves off
Guangdong in the NSCS. The study area was discretized into an Arakawa C-grid system with 1-km horizontal
resolution. The bottom topography was retrieved from the navigation maps provided by the Hong Kong
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Maritime Department and the China Maritime Safety Administration. The model had 30 vertical levels with
terrain-following s coordinates (Song & Haidvogel, 1994) and adopted higher resolutions (<0.2 m) in both
the surface and bottom boundary layers to better resolve the dynamics inside these boundary layers. A
detailed description of model implementation and validation are described in Zu and Gan (2015).

The model was nested within an NSCS model with a coarser resolution (~3 km; Gan et al., 2015). This NSCS
model was further downscaled from a hindcast simulation in the China Seas Multiscale Modeling System
(Gan et al., 2016). This downscaling system ensured that the remote effect from the NSCS circulation during
the cruise period can be well resolved.

The model was initialized with temperature and salinity on 15 June 2011 from the NSCS simulation, and the
remote forcing of velocities and hydrographic variables from the NSCS model along the three open bound-
aries (OBs) were imposed (Figure 1a) by using the OB conditions of Gan and Allen (2005). Tidal forcing along
the OBs was derived from the harmonic constants based on the Oregon State University Tidal Inversion
Software (Egbert & Erofeeva, 2002), which has been validated by Zu et al. (2008), which was implemented
along the OBs by an active Flather (1976)-type OB condition. We included eight tidal constituents, M2, K1,

Figure 2. (a) Wind rose of summer (June–August) wind stress at station MM13 during 1991–2011; (b) water depth and
hydrographic observation period at the Water Quality Monitoring Stations shown in (c). (c) Long-term-averaged (2002–
2015) summer sea surface temperature (°C) for Hong Kong waters; and (d) long-term-averaged (1991–2013) summer
temperature (°C) profile along the section dotted by the Water Quality Monitoring Stations.
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Figure 3. (a) Time series of wind stress (Pa) at station MM13 in June and July 2011; and (b) variation of wind stress (Pa) dur-
ing the cruise (22–26 July 2011); (c) river discharge (×104 m3/s) observed at the hydrological station at Gaoyao upstream of
the Pearl River; and (d) time series of observed tidal elevation (m) at the tide gauge at Waglan Island (red dots) and the
simulated tidal elevation (black line). HKO = Hong Kong Observatory.

Figure 4. (a–c) The simulated horizontal velocity (m/s) vectors on the shelf neighboring Mirs Bay and averaged over the (a) upper (0–10 m), (b) intermediate (10–
20 m), and (c) lower (20 m–bottom) layers. The velocity (m/s) component in the cross-isobath direction is illustrated in (d)–(f). A positive value in (d)–(f) represents
a shoreward velocity component crossing the isobath. The color scale in (a) is larger than that in (b) and (c). The contour lines are the 30-, 25-, 20-, and 15-m isobaths
from the shelf toward the bay. The cruise transects and time-series observations for station MBT are illustrated in (a).
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S2, O1, N2, P1, K2, and Q1 and used Hong Kong Observatory meteorological variables observed at the weather
station on Waglan Island to calculate bulk heat flux.

3. Processes of Shelf-Bay Circulation
3.1. The Climatological Hydrographic Fingerprint

A southeasterly wind directed northeastward (~60.27° east) prevailed for ~55.7% of the days for those
summer months during 1991–2011 (Figure 2a). The alongshore wind stress, which blew northeastward
(~22.8° east) along the isobaths/coastlines of Guangdong, was ~0.017 Pa in the summer.

A notable lower surface temperature centered on the shelf near Station MM14 off the bay was the result of
intensified upwelling on the lee side of Hong Kong (Figure 2c), as a result of coastal promontory dynamics
(Gan & Allen, 2002; Liu & Gan, 2014). These surface upwelling waters elongated northeastward and bypassed
the entrance of Mirs Bay. However, a large amount of the cold shelf waters in the intermediate and lower
layers advanced bay-ward, where the isothermals were uplifted and temperature increased progressively
from the entrance toward the interior of the bay (Figure 2d).

3.2. Shelf-Bay Circulations

Figure 3 shows that southwesterly winds prevailed in June and July 2011. The along- and cross-shore com-
ponents of the wind stress were ~0.010 and ~0.007 Pa, respectively. The discharge rate of the Pearl River
decreased in June 2011. The observed mean runoff during the cruise period was ~7,400 m3/s, and the cruise
took place on 22–26 July 2011 during a neap tide.

The simulated circulation, averaged over the cruise period, in the upper (0–10 m), intermediate (10–20 m),
and lower (20 m–bottom) layers is shown in Figures 4a–4c. The colors of the arrow indicate magnitude of
the shelf current. The cross-shore component of the shelf velocity, perpendicular to the isobaths, is shown
in Figures 4d–4f to illustrate the intensity of the cross-shore intrusion, and a positive value represents a
shoreward current.

An extensive northeastward-flowing upwelling jet characterized the shelf circulation off the bay throughout
the entire water column (Figures 4a–4c). The core of this jet positioned over the 30-m isobath largely because
of the effect of the buoyant plume from the PRE (Gan, Li, et al., 2009). The main stream of the jet bypassed the
entrance of Mirs Bay and flowed northeastward without entering the bay in the upper layer. The intrusion
occurred in the intermediate and lower layers (Figures 4b and 4c), similar to observations in Figure 2d.

Inside the Mirs Bay, the current rotated in an anticyclonic direction in the upper layer. The offshore outflow in
the upper layer (Figure 4a) and an extensive onshore intrusion of the deep shelf waters below formed a two-
layer exchange (Figures 4b and 4c). The intrusive shelf water was originated from the intensified bay-ward
cross-isobath velocity (>0 m/s) over the trough offshore at ~22.2°N (Figures 4d–4f). This onshore transport
occurred in the entire water column, implying the strong influence of local topography.

The three-dimensional characteristics of shelf circulation and the exchange flow are shown by the along- and
cross-shore velocity transects over the shelf upstream (Us in Figure 4c) and downstream (Ds in Figure 4c) of
Mirs Bay and along transects A and E inside the bay in Figure 5, respectively. The alongshore velocity showed
that the northeastward coastal jet occupied mainly the upper 20 m of the water column and maintained its
intensity from the upstream to the downstream along the bay entrance. In response to the alongshore jet, a
strong shoreward transport across the entrance of Mirs Bay (Figures 5e–5g) was generated. A much larger
shoreward velocity occurred along line Us as a result of the intensified shoreward cross-isobath transport over
the topographic trough. This intensified intrusion was also clearly shown by the velocity normal to transect
E (Figure 5h).

At the entrance of the Mirs Bay (transect E, Figure 5h), we noticed that there was a two-layer exchange flow,
which is consistent with observations. This two-layer exchange flow also characterizes the circulation in Mirs
Bay, with seaward export in the upper layer and bay-ward invasion in the lower layer over transect
A (Figure 5f).

Both the observed and simulated time series of velocity fields at the MBT station (Figure 4a) suggest that the
two-layer flow existed at the entrance of Mirs Bay, where there was a seaward outflow of bay waters above
10 m and a persistent bay-ward current beneath it (Figures 6a–6d). This finding showed that, although tidal
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forcing provided the strongest periodic variation (Figure 3d), the dominant shelf circulation and the
exchange flow were mainly determined by the subtidal dynamics.

3.3. Hydrographic Response to Circulation

Both the observed and the simulated SST anomalies (calculated by subtracting the horizontal mean SST from
the SST observations) showed that a cold-water stream elongated along the shelf off the entrance of Mirs Bay
(Figures 7a and 7d). This surface cold-water stream persisted in the shelf segment of transect A during the
cruise period (Figures 7b and 7e), when the southwesterly monsoon prevailed. The cold water extended
northeastward following local isobaths without clear bay-ward intrusion. At the bottom, however, the deep
cold shelf water intruded into the bay, as shown by the bottom temperature anomaly calculated from both
the field data and the numerical simulation (Figures 7c and 7f). These detailed features are consistent with the
observed upwelling characteristics in section 3.1.

Figure 5. (a–d) The simulated alongshore velocity (m/s) profiles over the transects (a) upstream (transect Us) and
(c) downstream (transect Ds) of Mirs Bay, as well as over the transects (b) A and (d) E inside the bay. (e)–(h) illustrate the
cross-shore velocity (m/s) profiles over these transects. A positive value represents a northeastward flow in (a)–(d) and a
northwestward flow in (e)–(h). The locations of the transects are shown in Figures 4a and 4c.
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The temperature field in the upper, intermediate, and lower layers (Figures 7g–7i) suggests that both the sur-
face cold-water stream and the strengthened onshore intruding deep shelf waters originated from the inten-
sified upslope transport over the northeastward-oriented trough off the bay entrance. The bay-ward cold
tongue below 10 m was mainly guided by the trough isobaths on the lee side of the Hong Kong Island
and farther offshore. These trough isobaths, together with the effect of the coastal promontory, intensified
the bay-ward intrusion.

In response to the two-layer exchange flow (Figures 6a and 6b), the time series of temperature exhibited a
prominent-layered structure. The deep cold water constantly flowed shoreward in the lower layer, while a
diurnal heating-cooling cycle, which is mainly exerted by the diurnal variation of atmospheric heat flux over
the sea surface, existed in the upper layer (Figures 8a and 8b). The upper and intermediate layers at the bay
entrance were well separated at 10 m. A similar case appeared along the transect A, which extended south-
eastward from Mirs Bay to the shelf (Figures 8c and 8d). The cold shelf waters below 10 m advanced shore-
ward and entered Mirs Bay. Apparently, this observed flow exchange between the shelf and bay prevailed in
the summer, as also shown in section 3.1.

Inside the bay, the temperature profiles for transect E (Figures 8e and 8f) showed that there was a cold-water
dome at the entrance of the bay, where the 22 °C isotherm had risen. This dome was associated with the core
of the upslope cold-water intrusion from the shelf (Figures 4d–4f) and coincided with bay-ward protruded
trough isobaths.

Warm water inside the bay flowed mainly southeastward in the upper layer. Compared with transect E, the
bay-ward intrusion of deep shelf water is extensively diminished along transect D (Figures 8g and 8h), as
shown by the subducted 22 °C isotherm.

4. Physics of the Coupled Bay-Shelf Circulation

Observational and modeling studies have shown that the coupled bay-shelf circulation, in which the inten-
sified upslope deep shelf current followed the trough isobaths, intruded into Mirs Bay and formed an antic-
yclonic bay circulation. In this section, the underlying physics that govern this coupled bay-shelf circulation
will be investigated. Sensitivity experiments are conducted to distinguish the local and remote forcings for

Figure 6. Observed (a) north-south and (c) east-west velocity profiles (ms�1) at the MBT station (Figure 4a) during the
cruise. The simulated time series of velocity profiles at the MBT station for the north-south and east-west directions are
illustrated in (b) and (d), respectively.
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the bay circulation, as well as the role of the trough isobaths over the shelf on the bay-ward transport on the
lee side of Hong Kong. The case, whose results are presented in the section 3, is defined as standard case.

4.1. Characteristics of the Bay Circulation

The depth-averaged relative vorticity (ξ) over the shelf and inside Mirs Bay is calculated and decomposed into

shear (ξ s ¼ � ∂V
∂n) and curvature (ξc ¼ V

Rs
) components (Figures 9a and 9b) in the natural coordinate (n, s) to

better reveal the bay-shelf circulation shown in Figures 4a–4c. V is magnitude of the velocity field, and Rs
denotes the radius of curvature of the streamline. Figure 10 shows the time series of alongshore (oriented
~22.8° east) upwelling wind stress at station MM13, the time series of surface elevation (η), and the time series
of ξ averaged over a bay area (purple curve in Figure 9a). Figure 10 also displays the net transport and
exchange flow across the bay entrance over section Bn (Figure 4c) in July 2011. A 3-day low-pass filter is
applied to these time series to better identify their relationships.

Figures 9a and 9b clearly show that the circulation in Mirs Bay is characterized by an anticyclonic circulation
attributed to both ξs and ξc. This anticyclonic circulation weakened over the trough isobaths at the bay

Figure 7. (a) Averaged SST anomaly (SSTA, °C) from satellite remote sensing; (b) time series of SSTA (°C) along transect A; (c) field measurement of bottom tempera-
ture during the cruise (22–26 July 2011). The corresponding simulated SSTA (°C), time series of SSTA (°C) along transect A, and bottom temperature (°C) distribution
during the cruise are exhibited in (d) to (f), respectively. Temperature (°C) averaged for the cruise period and in the upper (0–10 m), intermediate (10–20 m), and
lower (20–bottom) layers on the shelf neighboring Mirs Bay is shown in (g)–(i). The color scale in (g) is smaller than that in (h) and (i). SST = sea surface temperature.
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entrance, where ξc was positive. The denser shelf waters, guided by the trough isobaths, intruded into the
Mirs Bay (also see Figure 4b). Over the shelf on the lee side of Hong Kong, a positive ξs on the shoreside of
the shelf current and a negative ξc due to the eastward flow over the local isobaths were observed (also see
Figure 4a).

The anticyclonic bay circulation was jointly determined by local and remote forcings. The alongshore wind
stress (Figure 10a) intensified the rise in η (Figure 10b) through increasing the net bay-ward transport. The
correlation coefficient (CC) between the net bay-ward transport and the alongshore wind stress was ~0.84
(95% confidence interval). The rise in η occurred 1 day after the wind burst. During this process, a stretching
of the vortex tube inside the bay occurred, and the anticyclonic circulation, shown in Figures 9a and 9b, was
suppressed (Figure 10c). The reduction in ξ (<0) or strengthening of the anticyclonic circulation occurred
2 days after η changed, and the lag CC was ~0.82 (95% confidence interval). The coherent changes of η
and ξ inside the bay indicate a general conservation of potential vorticity, which was also reported in
Whitney and Allen (2009). The net intrusive current through the bay entrance weakened with the onset of
a higher η in the bay (Figure 10d). The CC of the reduction in the intrusive current with the ξ variation was
~0.76 (95% confidence interval). These results confirm that the anticyclonic bay circulation was locally regu-
lated by trough isobaths and wind forcing inside the bay and remotely controlled by the intrusive shelf
current. The respective impacts of these forcings will be investigated below.

Figure 8. Observed (left) and simulated (right) time series of 3-hourly temperature (°C; a, b) at station MBT and profiles
along (c, d) transect A, (e, f) transect E, and (g, h) transect D. The cruise stations and transects are shown in Figure 4a.
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Figure 9. Horizontal distribution of depth-averaged (top) shear vorticity (×10�5 s�1) and (bottom) curvature vorticity (×10�5 s�1) in Mirs Bay and the neighboring
shelf. The model results are averaged over the month of July 2011. (a) and (b) illustrate shear and curvature vorticity from the standard case with realistic
topography and wind forcing. (c) and (d) are from the sensitivity experiment with a flattened trough inside Mirs Bay. (e) and (f) present results from the sensitivity
experiment without wind forcing inside the bay, and (g) and (h) are from the sensitivity experiment with the entrance of Mirs Bay closed off. The area inside the pink
line in (a) is the region where the surface elevation and relative vorticity are averaged.

Figure 10. Time series of (a) alongshore (oriented ~22.8° east) wind stress at station MM13 in Figure 1b and net depth-inte-
grated velocity at the bay entrance (section Bn in Figure 4c; a positive value indicates a bay-ward direction), (b) horizontally
averaged surface elevation and (c) relative vorticity fluctuation inside the bay, and (d) depth-integrated bay-ward velocity
at the bay entrance. The results presented include those from the standard case and sensitivity experiments of the flat-
tened trough case, the windless Mirs Bay case, and the closed bay entrance case. The area used to calculate surface ele-
vation and relative vorticity fluctuation is shown in Figure 9a.
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4.2. Effects of Local Wind and Topographic Forcings

Two sensitivity experiments using the same numerical implementation as the standard case were conducted.
These experiments are (1) a flat bottom inside the bay by setting the water depth as 20 m to study the role of
local topography on the bay circulation; and (2) no-wind forcing inside the bay to investigate the wind effect
on the bay circulation. Results from these sensitivity experiments are then compared with those from the
standard case in Figures 9 and 10, and the differences in flow fields among them are demonstrated in
Figure 11.
4.2.1. Topographic Forcing
Figures 9c and 9d demonstrate that, without trough isobaths inside the bay, the general bay circulation
becomes cyclonic. The shelf waters are guided by the trough isobaths near the entrance and flow northeast-
ward along the east bank of Mirs Bay (Figures 11a–11c). This cyclonic bay circulation persists throughout the
study period as shown in Figure 10c. However, the time series of net transport (Figure 10a) and the time series
of influx (Figure 10d) through the bay entrance, as well as the time series of η inside the bay (Figure 10b), are
not different from the standard case. These findings suggest that the anticyclonic bay circulation in the stan-
dard experiment is regulated by the bay topography. The respective roles of shelf water intrusion and local
wind forcing in determining the exchange flow at the bay entrance will be further investigated below.
4.2.2. Wind Forcing
The horizontal distributions of ξs and ξc (Figures 9e and 9f) and velocity vectors (Figures 11d–11f) from the
second sensitivity case (no-wind forcing inside the bay) are generally consistent with those from the standard
experiment (Figures 9a and 9b). This sensitivity case shows an anticyclonic bay circulation and the intrusive
shelf waters flow northwestward along the west bank of the bay (Figure 11e). The fact that changes in net
transport (Figure 10a) and η (Figure 10b) are similar to those in the standard case confirms that the fluctuation
of η inside Mirs Bay is determined by intrusion of shelf waters along the trough inside the bay, instead of local
wind forcing. The local wind forcing amplified the influx at the bay entrance (Figure 10d) and weakened ξ
inside the bay (Figure 10c).

4.3. Effect of Shelf Current Intrusion

A sensitivity experiment by disconnecting the bay circulation from the intrusive current through closing the
bay entrance was conducted. In addition to the properties shown in Figures 9–11, we show domain-averaged
profiles of ξ , divergence of PGF (∇ · PGF), and its respective barotropic (∇ · PGFT) and baroclinic (∇ · PGFC) com-
ponents, as well as potential density anomaly along section A in Figure 12 to better illustrate the buoyant
effect imposed by the intrusive denser shelf waters on the circulation in the bay. ∇ · PGFT and ∇ · PGFC are
expressed as

∇·PGFT ¼ ∇· � 1
ρ0
g∇η

� �

∇·PGFC ¼ ∇· � 1
ρ0
∫η�hg∇ρdz

� � ;

8>>><
>>>: (1)

where g is gravitational acceleration, ρ is density, and ∇· is the divergence operator. It is now clear that with ξ

inside Mirs Bay is 1.0–5.0 × 10�6 s�1 (Figure 9), and Coriolis parameter (f ) is ~5.5 × 10�5 s�1; Rossby number (ξf)

is much smaller than 1.0 inside the bay, and the circulation was mainly regulated by its geostrophic
component:

u; vð Þ ¼ � 1
fρ

∂P
∂y

;� ∂P
∂x

� �
: (2)

Thereby, under the assumption of small Rossby number, ξ can be dynamically linked to ∇ · PGF by substitu-

tingthe equation (2) into ξ ¼ ∂u
∂x � ∂y

∂y. It should also be pointed out that due to the disconnected bay and shelf

circulations, the volume inside Mirs Bay is conserved with the area-averaged η = 0, and there are not influx
and outflux at the entrance in Figure 10.

The horizontal distributions of ξs and ξc in Figures 9g and 9h and velocity vectors in the upper and intermedi-
ate layers (Figures 11g and 11h) show that without shelf current intrusion, the flow alternates between a
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cyclonic and an anticyclonic circulation, while the averaged vorticity becomes cyclonic, as a result of local
wind forcing (Figure 10c). This further indicates that the bay circulation is regulated by the intruded shelf
current and the bay topography itself, instead of wind.

Figures 12a and 12b further reveal that in the water column, the circulation in the lower half of Mirs Bay
showed a two-layer structure, that is, anticyclonic in the upper layer and cyclonic in the intermediate layer.
This flow pattern is consistent with the vertical distribution of ∇ · PGF, which is composed of the
positive/negative contribution from ∇ · PGFT/∇ · PGFC in the standard case (Figures 12b–12d) and the sensi-
tivity experiment (Figures 12f–12h). The intrusive shelf waters intensify both the anticyclonic circulation in
the upper layer through increasing η inside the bay (Figure 10b) and the cyclonic circulation in the intermedi-
ate layer through importing denser waters and increasing stratification inside Mirs Bay (Figure 12d). Without
the denser intrusive shelf water, the anticyclonic circulation in the upper layer is weakened, while the inter-
mediate cyclonic circulation is intensified (Figure 12e) as the denser intrusive water is trapped near the bay
entrance (Figure 12h).

Figure 11. Similar to Figures 4a–4c but for sensitivity experiments with (a–c) a flattened trough inside Mirs Bay, (d–e) no wind forcing inside the bay, and (g–i) a
closed bay entrance.
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4.4. Bay-Ward Cross-Isobath Transport Over the Shelf

Observational andmodeling results showed that the intensified cross-isobath transport over the topographic
trough provided the bay-ward intrusion and governed largely the bay circulation. In this section, the forcing
mechanism for the cross-isobath transport is examined based on analyses of terms in a depth-averaged
momentum and depth-integrated vorticity equation.

The depth-averaged along-isobath momentum (equation (3)) and depth-integrated vorticity equations
(equation (4)) are used to determine the dynamics of the shelf current cross-shore intrusion. In these
equations, the subscripts (x * , y*) represent the balances in the cross- and along-isobath directions, respec-
tively. The along-isobath momentum equation (3) is composed by acceleration (ACCELy*), Coriolis force
(CORy*) due to earth rotation, horizontal nonlinear advection (HADVy*), pressure gradient force (PGFy*),

Figure 12. Transects of (a, e) relative vorticity, (b, f) ∇ · PGF, (c, g) ∇ · PGFT, and (d, h) ∇ · PGFC along section A in Figure 4a. The
model results are from the (a–d) standard case and (e–h) sensitivity experiments of the case with a closed Mirs Bay
entrance. The results are averaged over the month of July 2011. Transects of potential density anomaly for the standard
case and sensitivity experiments are superimposed in (d, h) as purple contour lines.
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wind stress (SSTRy*), frictional bottom stress (BSTRy*), and the horizontal viscous term (HVISCy*). Equation (3)
can be expressed as

∂v
∂t

z}|{ACCELy�

¼ �f u
z}|{CORy�

� u; vð Þ·∇½ �v
zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{HADVy�

� Py�
ρ0D

zfflffl}|fflffl{PGFy�

þ τsy�
ρ0D

z}|{SSTRy�

� τby�
ρ0D

zfflffl}|fflffl{BSTRy�

þ Kh∇2v
zfflffl}|fflffl{HVISCy�

: (3)

The PGFy* can be further decomposed by using the following depth-integrated vorticity equation (4) pro-
posed by Gan et al. (2013). The terms in this equation are along-isobath PGFy*, which is also the pressure gra-
dient force term in the right-hand side of the equation (3), joint effect of baroclinic and relief (JEBAR), net
stress curl of the bottom stress curl (BSC), surface stress curl (SSC), nonlinear advection of relative vorticity
(RVA), and gradient of momentum flux (GMF). Equation (4) formed by these terms are

�1
ρ0

Py�

zfflfflffl}|fflfflffl{PGFy�

¼ 1
Dx�

∇�
g
ρ0
∫0�H zρdz∇H

H

 !zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{JEBAR

þ 1
Dx�

∇� τb
ρ0

� �zfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflffl{BSC

þ 1
Dx�

∇� � τs
ρ0

� �zfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflffl{SSC

þ 1
Dx�

J ψ; ξð Þ
zfflfflfflfflfflffl}|fflfflfflfflfflffl{RVA

þ v!�� ��2
2

 !
y�

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{GMF

: (4)

The BSC term in equation (4) can be further decomposed into contributions from the curvature (ξbc) and
shear (ξbs) vorticity by using the law of quadratic friction as

1
Dx�

∇� τb
ρ0

zfflfflfflfflfflffl}|fflfflfflfflfflffl{BSC

¼ Cd

Dx�
Vbk kξbc

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{BSCc

þ 2Cd

Dx�
Vbk kξbs

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{BSCs

: (5)

Thus, the ξbc and ξbs contribution to the BSC are expressed as BSCc and BSCs, as shown in equation (5).

The time series of these terms in the along-isobath direction by averaging them in the area bordered by
sections Us, Ds, Cr, and Bn in Figure 4c, where extensive upwelling circulation occurred, were shown in
Figures 4d–4f. The time series of terms in equations (3)–(5) are shown in Figures 13a–13c, respectively. We
illustrate the monthly averaged horizontal distribution of the terms that make up the first-order balances
in equations (3)–(5) in Figure 13d.

The time series of the volume-averaged momentum terms from equation (3) demonstrate the importance of
the negative along-isobath PGFy* over the trough for the geostrophic upslope intrusion of deep shelf water
off the entrance of Mirs Bay (Figure 13a). The geostrophic cross-shore intrusion, associated with this PGFy*,
was remarkably stronger (~10 times) than the intrusion attributed to the surface (SSTRy*) and bottom
(BSTRx*) Ekman transport as well as to the nonlinearity of the shelf current (HADVy*). Contributions to this
onshore intrusion from the other processes (ACCELy* and HVISCy*) were negligible. The monthly averaged
horizontal distributions of this PGFy* in equation (3) had a pattern similar to that in the bottom layers, on
the shelf off the bay entrance (Figure 13d). The PGFy* in the bottom layer is named as PYB. This consistency
between PYB and PGFy* suggests that JEBAR was insignificant.

Over the trough isobaths over the shelf, we observed that the major contributor to PGFy* was RVA, caused
by a negative ξ advection on the shelf near the concave trough, where both ξs and ξc decreased
(Figures 9a and 9b) and the velocity intensified downstream of the shelf current (Figures 4a–4c and 5). The
downstream decreases in ξs, and ξc occurred when the shelf current flowed over the trough (Figures 9a
and 9b). The vortex tube, associated with this shelf current, was stretched at the west bank of the trough,
while it was squeezed at the east bank to weaken the ξ , for example, at 114.42°E and 23.32°N. The dominant
role of RVA can also be seen clearly from themonthly averaged horizontal distributions in Figure 13d, where a
stream of negative RVA manifested over the trough.

SSC in equation (4) occasionally contributed to the formation of this PGFy* when there was a positive wind
stress curl, for example, on 14–24 July 2011. Different from what Liu and Gan (2014; 2015) reported, BSC
was not critical in determining the formation of the negative PGFy* in the study area. The positive BSC offsets
the negative PGFy* and was mainly formed by the positive ξs on the shore side of the coastal jet. The location
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of the jet was largely determined by the lateral density gradient in the river plume over the shelf.
Decomposing the BSCc and BSCs contributions (Figure 13c) following equation (5) reveals the contribution
of BSC to PGFy* and the dynamic differences between the upwelling in this study and what previous
studies in the East China Sea reported (Liu & Gan, 2014). In response to the offshore positioning of the shelf
current, a notable positive ξbs led to a remarkable consumption of the negative PGFy* on the lee side of Hong
Kong. Although there was a negative ξbc, due to the anticyclonic rotation of the shelf current, its intensity was
much smaller than ξbs (Figure 13d). A positive BSCs controlled the formation of BSC as shown in Figures 13c
and 13d. This positive BSC suppressed the geostrophic onshore intrusion of shelf water.

5. Summary

The processes and dynamics governing the formation of an intensified summer upwelling circulation off Mirs
Bay, Hong Kong, and its control on the circulation in the adjacent coastal bay are investigated in this research.
Based on analyses of long- and short-term hydrographic observations and a validated numerical model, the
underlying forcing processes of the shelf-bay coupled circulation is studied.

The shelf circulation was characterized by persistent upwelling. A surface cold-water stream extended north-
eastward and bypassed the entrance of Mirs Bay. The intrusion of deep shelf water into the bay, as a result of
the upwelling circulation mainly occurred below 10 m. Field observations of hydrographic properties and
time-series monitoring revealed the existence of a northeast bay-ward current on the lee side of Hong
Kong with a two-layer exchange flow between the shelf and the bay.

Figure 13. Time series of terms (×10�6 m/s2) from (a) equation (3), (b) equation (4), and (c) equation (5). These terms are in the along-isobath direction and horizon-
tally averaged over the shelf southeast of the bay entrance, bounded by transects Bn, Us, Ds, and Cr shown in Figure 4c. (d) Horizontal distribution of the dominant
along-isobath PGFy* (×10

�6 m/s2, first row) in the surface layer and in equation (3) and the dominant terms (×10�6 m/s2, second row) in equation (4) and
(×10�6 m s�2, third row) equation (5). The horizontal distributions of the terms in (d) were averaged over the month of July 2011. ACCEL = acceleration;
HADV = horizontal nonlinear advection; COR = Coriolis force; PGF = pressure gradient force; SSTR = wind stress; BSTR = frictional bottom stress; HVISC = horizontal
viscous term; RVA = nonlinear advection of relative vorticity; SSC = surface stress curl; BSC = bottom stress curl; JEBAR = joint effect of baroclinic and relief;
PYB = bottom layer pressure gradient force.
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A high-resolution-coupled bay-shelf-estuary numerical model was conducted to simulate observed features
and to investigate the self-bay circulation. The model was coupled to a larger-scale NSCS model, and the
NSCS model was subsequently nested within a China Sea model. The model results captured the observed
features satisfactorily.

The northeastward flowing upwelling jet over the shelf southeast of Hong Kong showed enhanced bay-ward
intrusion over the trough isobaths. The cold deep shelf waters moved shoreward, guided by the trough iso-
baths that protruded all the way from the shelf toward the bay and intruded into the bay. The current in the
bay circulates anticyclonically, with a two-layered exchange flow over the bay’s entrance. The shelf and bay
circulations interacted with each other. The bay circulation tended to deter the current intrusion from the
shelf due to the bay-ward pressure gradient that was setup by the anticyclonic and upwelling circulations
in the bay and adjacent shelf, respectively.

Numerical experiments identified the relative importance of local topography, wind forcing, and remote shelf
current intrusion for the coupled shelf-bay circulation. The anticyclonic bay circulation was regulated by the
intruding shelf current over the bay topography. Wind increased the exchange flow at the bay entrance but
imposed a positive vorticity to offset the anticyclonic bay circulation. Without intrusion from the upwelling
circulation over the shelf, the wind-driven circulation in the bay would be cyclonic. In addition, the intrusion
of denser shelf waters baroclinically modulated the pressure gradient field in the anticyclonic circulation in
the bay.

The strengthened intrusive deep shelf water over trough isobaths, which was critical to the formation of the
anticyclonic circulation in the bay, was induced by the intensified southwestward along-isobath pressure
gradient force over the isobaths. The origin of this pressure gradient force was the negative relative vorticity
advection due to the decreased relative vorticity and the intensified upwelling jet to the downstream of the
bay entrance.
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