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Abstract satellite-derived chlorophyll data, in situ measurements, and time series buoy monitoring
revealed the persistent and deteriorating seasonal eutrophication and hypoxia with two distinct centers in
the coastal transition zone (CTZ) between the Pearl River Estuary and the adjacent continental shelf off
Hong Kong. We used a process-oriented coupled physical-biogeochemical numerical model to investigate
the intrinsic physical and biogeochemical dynamics under the extrinsic forcing of wind, river discharge,
and tides for the hypoxia formation in the CTZ. We found that the convergence induced by cyclonic vortices
in the CTZ, which were formed by the buoyancy-driven currents and wind-driven shelf currents, created the
stable water column with weak mixing and long residence time and accumulated nutrients and organic
matter for the eutrophication and hypoxia development. The biophysical responses to spring-neap cycle
further demonstrated the coherent linkages of oceanic currents, vortex formation, and convergence of
organic matter within the CTZ and indicated the critical role of mixing in the dissolved oxygen (DO) budgets
during the spring-neap tidal cycle. The study found that biogeochemical substances and processes are
necessary conditions for eutrophication and hypoxia formation, and when these necessary conditions are
combined with the favorable hydrodynamic conditions, they form a sufficient condition for eutrophication
and hypoxia formation in the CTZ.

Plain Language Summary Observations show that eutrophication and persistent hypoxia
(dissolved oxygen less than 2 mg L") existed at the bottom of the coastal transition zone (CTZ) between
the Pearl River Estuary and adjacent continental shelf. We found that rich nutrients from river discharge and
sufficient light stimulated the primary production, which was the necessary condition for hypoxia to form in
the CTZ. Cyclonic vortices and centers of convergence in the CTZ were favorable for the accumulation of
nutrients and organic matter and were characterized by longer residence time, strong stratification, and
weak mixing. Combined with the necessary condition, they provided a sufficient condition for the
eutrophication/hypoxia to form in the CTZ.

1. Introduction

Due to eutrophication, hypoxia (dissolved oxygen [DO] less than 2 mg L™") has frequently been observed in
more than 400 coastal waters affecting a total area of more than 245,000 km? (Diaz & Rosenberg, 2008).
Hypoxia reduces benthic biomass and disrupts the sustainability of marine ecosystem by altering commu-
nity structure, phytoplankton stoichiometry, nutrient cycling, and consequently, trophic efficiency (Seitz
et al., 2009).

High primary productivity induced by elevated nutrients in river plumes leads to high organic matter (OM)
deposition and, subsequently, reduces the DO in the bottom layer (Testa & Kemp, 2011). Although excess
nutrients and associated biogeochemical processes are well-known necessary conditions for eutrophication
and hypoxia (Breitburg et al., 2018), the remaining challenge is to delineate the combined dynamics between
hydrodynamic conditions and biogeochemical dynamics that provide a sufficient biophysical condition and
a closure understanding for eutrophication and hypoxia formation in a complex estuarine and coastal region
(Rabouille et al., 2008). Hypoxia varies in different estuarine systems because of different nutrient loading
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Figure 1. Map of the model domain showing topography and isobaths (in meters), and the enlarged area (enclosed in the
red lines) is the Pearl River Estuary (PRE) and adjacent shelf. MC, Macao; HK, Hong Kong. Magenta arrows show the
general summer circulation. W and E in the subdivided boxes represent the western and eastern coastal transition
zone (CTZ). The yellow cross shows the location of Station A7. The red star denotes the location of buoy mooring station.
The red square shows the location of Waglan Island (WGL). The red triangles indicate the location of Humen,
Modaomen, and Yamen.

and physically forced circulations, which critically regulate transport, accumulation, and the residence time
of biogeochemical substances.

Pearl River is the 17th largest river in the world and has a freshwater discharge of 2.85 x 10"'m? yr™*, and

78% of the discharge occurs during the flood season (April to September) (Dai et al., 2014). The Pearl
River Estuary (PRE), surrounded by several urban centers such as Hong Kong and Macao (Figure 1),
receives high concentrations of nutrients, with annual ammonia, nitrate, and phosphate loads of
(2.64 = 0.76) x 10" tons, (4.30 + 0.67) X 10° tons, and (2.55 + 0.15) x 10* tons, respectively (Governmental
Report on the Marine Environmental Quality, Guangdong Province, 2013-2017).

We know that extensive biogeochemical processes such as the aerobic respiration and nitrification are the
main drivers of the persistent hypoxia in the Pearl River and upper PRE (He et al., 2014). However, recent
observations showed that deteriorating eutrophication/hypoxia occurred over several thousand km? in the
coastal transition zone (CTZ) (Lu et al., 2018; Zhao et al., 2020), which is the transition region between
the lower PRE and the adjacent shelf (Figure 1).

Despite the evidence that physical processes are controlling the underlying biogeochemical processes
responsible for eutrophication/hypoxia, previous eutrophication/hypoxia studies in the PRE mainly focused
on general biogeochemical processes regarding cycling of excess nutrients and OM over the specific region in
the CTZ (Su et al., 2017; Zhao et al., 2020). However, as shown by the observed spatiotemporally varying
eutrophication/hypoxia in the CTZ in Lu et al. (2018) and this study, only the combined physical and biogeo-
chemical processes could form a sufficient condition for the development of eutrophication/hypoxia.

The hydrodynamic control of the biogeochemical processes that form eutrophication/hypoxia has been
widely reported in many regional seas around the world. Vortex or rotational flow, which is mainly formed
by flow-topography interaction, vortex stretching, and squashing of water column (Wu et al., 2007), gener-
ates water convergence for the accumulation of OM and for the increase of water residence time and
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provides a favorable condition for the formation of eutrophication and hypoxia. Ranasinghe et al. (2006)
showed that strong convergence occurs over locations with unique topography (such as the salient edge of
a coastal cape or the lee of islands). In these regions, nutrients and other biogeochemical substances con-
verge because of forming vortices. Topographically sheltered seafloors were proved to be prone to hypoxia
formation in the northern Baltic Sea (Virtanen et al., 2019). Other examples are the northern Gulf of
Mexico, Changjiang Estuary, and Bohai Sea, where the distribution of hypoxia is closely linked with coastal
shallow shoals, submerged valley, and mesoscale anticyclonic vortex, respectively (Chen et al., 2017;
DiMarco et al., 2010; Wei et al., 2019). Lu et al. (2018) found that currents interacting with bottom topogra-
phy regulate the distribution of OM and hypoxia in the west off the PRE. All these studies showed how
important hydrodynamics are in forming hypoxia.

The circulation in the estuary-coast-shelf system around the PRE is more complex than the circulation in the
Baltic Sea or the Gulf of Mexico. The circulation around the PRE is driven by the estuarine circulation in the
PRE, a plume-driven offshore buoyant current, and a monsoon-driven northeastward shelf current
(Figure 1). Superimposed by high-frequency tidal currents, the multiforcing currents exhibit complex pat-
terns constrained by the local coastline and shelf topography (Zu & Gan, 2015). The seaward surface grav-
itational current from the PRE converges with the northeastward wind-driven shelf current and the
associated shoreward geostrophic cross-shelf transport. In addition, the spring-neap tidal cycle also contri-
butes to the changes in the vertical stratification, turbulent mixing, as well as distribution and cycling of bio-
geochemical substances (Zhang et al., 2007). However, despite these previous studies, the effect of the
coupled physical-biogeochemical dynamics that determines eutrophication/hypoxia in coastal seas such
as the CTZ off the PRE remains underinvestigated.

Most of the previous studies have been paying more attention to the biogeochemical mechanism and less to
the important role of hydrodynamics in formation of eutrophication and hypoxia. Water column stability,
residence time, and circulation play critical roles in the transport and accumulation of nutrients and OM
for eutrophication and hypoxia. Pieces of evidence suggest that eutrophication and hypoxia cannot be
achieved by biogeochemical process alone, and they are formed by coupled physical and biogeochemical
processes, which is true in PRE as well as in other hypoxic zones globally (Breitburg et al., 2018; Lu
et al., 2018; Rabouille et al., 2008).

In this study, we found that the unique hydrodynamics, such as vortex-induced convergence resulting from
the interactions of topography with buoyancy-driven estuarine current and the wind-driven shelf current,
provided a biophysical-favorable environment for the eutrophication/hypoxia formation. We utilized multi-
year in situ observations and a coupled physical-biogeochemical model to identify the vortex features and
their biophysical effect on hypoxia formation in the CTZ. The observations and numerical model implemen-
tations are introduced in section 2. In section 3, we use the observed data and the model results to describe
the characteristic distribution and response of eutrophication/hypoxia. Biophysical dynamics of
eutrophication/hypoxia formation are described in section 5. In section 5, we illustrate the dynamics further
by examining how the hypoxia responds to the varying hydrodynamic and biogeochemical processes during
a spring-neap tidal cycle. Finally, the summary and conclusions are presented in section 6.

2. Observations and Ocean Model
2.1. Observed Data

For our study, we analyzed observed data collected from 10 summer cruises, a buoy monitoring station,
satellite remote sensing data, river hydrometric stations, and from the Hong Kong Observatory. In this sec-
tion, we describe these data.

Ten cruises (Table 1) were conducted in the PRE and over the adjacent shelf during each summer from 2014
to 2018 (Figure 2). The sampling regions covered the region from outside Huangmaohai to southeast of
Hong Kong, from the vicinity of Humen to 50 m isobath over the shelf. In situ salinity, temperature, chlor-
ophyll, and DO were measured with a calibrated Sea-Bird SBE17plus conductivity-temperature-depth (CTD)
profiling system. The CTD has a precision of +0.0005 S m™" and +0.005°C. We calibrated the DO and chlor-
ophyll data from sensors with the onboard or laboratory measurements, of which DO was determined
onboard by the Winkler titration method and chlorophyll was measured by the standard fluorometric
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Table 1

Observation Time, River Discharge Rate, and Wind Stress at Waglan Island for 10 Summer Cruises From 2014 to 2018

Cruise number

Year

Leg symbol Period Alongshore wind stress (Pa)  Cross-shore wind stress (Pa)  River discharge rate (m3 s_l)

O 00O U Hh Wi

—
(=)

2014
2015
2015
2016
2017
2017
2017
2018
2018
2018

L1
L1
L2
L1
L1
L2
L3
L1
L2
L3

6 Jul to 29 Jul 0.006 0.014 13,687
6 Jul to 15 Jul —0.002 —0.005 10,812
15 Jul to 24 Jul 0.024 0.029 8,515
17 Jun to 20 Jun 0.008 0.015 37,093
11 Jul to 22 Jul —0.027 —0.007 28,328
22 Jul to 28 Jul —0.029 —0.017 17,250
28 Jul to 30 Jul 0.003 —0.003 12,389
6 Jul to 14 Jul —0.028 —0.012 12,012
20 Jul to 25 Jul —0.013 0.007 7,074
28 Jul to 31 Jul 0.011 0.013 8,369

method (Parsons, 2013). Nutrient samples were run on a Technicon AA3 Auto-Analyzer (BranLube,
GmbH), and nitrate was analyzed using the copper-cadmium column reduction method as previously
described (Han et al., 2012) with a detection limit of 0.1 wmol L™".

In addition to the cruise data, we used data from a real-time marine monitoring buoy system deployed at a
water depth of 12 m south of Hong Kong waters (22.153°N, 113.900°E, Figure 1). The buoy had a
HydroCAT-EP that collected the temperature, salinity, and DO every 15 min at the surface, middle, and bot-
tom layers. The buoy also had downward-looking ADCP that measured velocity at 1-m vertical bins (https://
ocean.ust.hk/progress-and-update/real-time-observation/). Hourly-smoothed buoy data between 1 July
2018 and 6 July 2018 were used to examine the variation of water column stability, vertical shear, and DO
from the spring tide to neap tide.

Long-term summer surface chlorophyll was examined by the data derived from high-resolution (4 km)
merged L3 Ocean Color products (Saulquin et al., 2010) from 1998 to 2018 (http://www.globcolour.info/).

We obtained daily Pearl River discharge rate at hydrological stations covering streams of total river flow
entering the PRE from the Information Center of Water Resources (Bureau of Hydrology, the Ministry of
Water Resources of PR China).

Lastly, hourly wind and water elevation data in Waglan Island (WGL; Figure 1) were obtained from the
Hong Kong Observatory (https://www.hko.gov.hk/tc/cis/form/online_reqform.htm#).

2.2. Numerical Coupled Model and Implementation

The coupled physical-biogeochemical model is based on the Regional Ocean Modeling System (ROMS)
(Shchepetkin & McWilliams, 2005). To link the PRE with the adjacent shelf systems, our model domain
extended from 112.3°E, 20.9°N in the southwest to 114.3°E, 23.1°N in the northeast and was discretized into
a matrix with 400 x 441 cells using an orthogonal curvilinear grid system (Figure 1). The grid size at the
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2018 L3
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Figure 2. (a) Hypoxia area and (b) hypoxia frequency ([Hypoxia occurrences]/[Total cruises] x 100%) observed during
cruises from 2014 to 2018 in the Pearl River Estuary and adjacent shelf sea. The gray points represent the sampling
station locations.
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Figure 3. Schematic of the coupled nitrogen, phosphorus, phytoplankton,
zooplankton, and detritus (NPPZD) in the oxygen model. Specifically, the
model includes two species of inorganic nitrogen (nitrate and ammonium) and
phosphate, one phytoplankton group to allow to uptake nutrient and release O,
through photosynthesis, one functional zooplankton group to graze
phytoplankton and conduct excretion and metabolism, and two pools of detritus
to represent the sink and coagulation of organic matter from the mortality of
phytoplankton and zooplankton. The detritus consumes O, and releases
ammonium and phosphate through remineralization or is converted to N,
through denitrification. The ammonium subsequently consumes O, and is
transformed to nitrate through nitrification.

southern open boundary was ~1 km and gradually decreased to less
than ~0.1 km in the estuary and inner shelf around Hong Kong.
The model had 30 terrain-following vertical layers on S-coordinate,
with higher resolution near the surface and the bottom. The model
used a Level 2.5 turbulent closure scheme for vertical mixing pro-
vided by Mellor and Yamada (1982), a third-order upwind-biased
scheme for horizontal momentum advection, and a multidimen-
sional positive definite advection transport algorithm (MPDATA) to
approximate the advection terms of tracers (Smolarkiewicz &
Margolin, 1998). Details of how the model was implemented and vali-
dated are in Liu and Gan (2020).

We coupled a nitrogen, phosphorus, phytoplankton, zooplankton,
and detritus (NPPZD) model (Gan et al., 2014) and a DO model
(Fennel et al., 2006) to our physical model (Figure 3). In the biological
model, the governing DO balance equation is expressed as

Rate = HADV + VADV + HDIF + VDIF + Phot + Nitrif (1)

+ Remin + Metab + Rea + SOD

Terms on the right side of the equation represent the horizontal
advection (HADV), vertical advection (VADV), horizontal diffusion
(HDIF), vertical diffusion (VDIF), photosynthesis (Phot), nitrifica-
tion (Nitri), metabolism (Metab), remineralization (Remin),
re-aeration (Rea), and sediment oxygen demanding (SOD). We

defined the biological parameters based on previous hypoxia modeling studies, especially those in the
PRE (Gan et al., 2014; Lu et al., 2018).

The model was initialized with the temperature, salinity, nitrate, phosphate, DO, and chlorophyll profile
data at Station A7 (Figure 1) as in Gan et al. (2010, 2014). The initial values of phytoplankton, zooplankton,
and detritus were calculated from chlorophyll data by assuming the ratios of 1.59, 0.3, and 0.7 (Evans &
Gargon, 1997) for chlorophyll/phytoplankton, zooplankton/phytoplankton, and detritus/phytoplankton,

respectively.

In this process-oriented study aiming to identify the fundamental physical-biogeochemical response to
key forcing processes of winds, buoyancy, and tides in the CTZ, we used simplified but representative
forcing. A multiyear summer averaged river discharge rate, 18,400 m® s™', was proportionally applied
at eight river outlets (Lu et al., 2018). Salinity, temperature, NO3;, PO4, and DO of the river discharge

were set to 3 PSU, 28.6°C, 90 mmol m~>, 1.5 mmol m~
We set daily average solar radiation to 195 W m

3 and 3 mg L, respectively (Cai et al., 2004).

~2 with a diurnal cycle distribution and neglected other

buoyant fluxes from atmosphere. Spatial uniform southwesterly wind stress (0.025 Pa, 23° anticlockwise
from true east) that represented the typical summer monsoon was applied over the domain (Gan

et al., 2009).

Tidal forcing extracted from the Oregon State University Tidal Inversion Software (OTIS) (Egbert &
Erofeeva, 2002) was imposed at the open boundaries (OBs). Tidal waves from the Northwest Pacific
Ocean determined the tidal currents for our study area (Zu et al., 2008). We applied a tidal-subtidal active
open boundary condition (OBC) (Liu & Gan, 2016) to all physical variables along the open boundaries
and a passive OBC (i.e., gradient boundary condition) to biogeochemical variables to exclude external bio-
geochemical fluxes beyond the PRE domain in this process-oriented study.

2.3. Physical Descriptors of Circulation

To characterize the physical properties and oceanographic features of circulation in the PRE, the
circulation-related relative vorticity and divergence, stratification related buoyancy frequency, vertical shear
and Richardson number, and residence time were calculated from the ROMS outputs.
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Figure 4. (a) Wind stress rose of the wind stress (Pa) measured at Waglan Island (WGL) during summer (June, July, and
August) from 1998 to 2018; horizontal distributions of (b) average chlorophyll (ug Lfl); (c) frequency (%) of chlorophyll
>5 g L_l; and (d) standard deviations (STD) of summer chlorophyll from 1998 to 2018. The chlorophyll values are
derived from satellite data.

ou @ ou @
Relative vorticity (§ = _6_; + a—;) and divergence (DIV = a—z + a—;) were used to describe the local rotation
and the flux of the water mass, where u and v are the eastward and northward velocity, respectively. A nega-

tive DIV means the convergence of the water mass. We described the local circulation based on Stokes's the-

orem: I’ = <§7d1 = ﬁ;fdA, where I is the circulation, V is the velocity vector, and £ is the vertical relative
vorticity. A positive I" represents cyclonic circulation, while a negative value represents anticyclonic
circulations.

_8%

Po 92
uate the water column stability, where p, is the mean water density, p is seawater density, g is gravity
acceleration, and z is the vertical coordinate with positive upwards. The gradient Richardson number

gop

2
(RI = PR N—) defines the ratio between the buoyancy frequency and the vertical velocity

2 2=
CRC

shear. The condition RI > 0.25 indicates a stable regime (Miles, 1961).

2 2
The buoyancy frequency (N? = ) and vertical velocity shear (VS = (giz‘) + (%‘Z’) ) were used to eval-

The time that water masses stay in a specific region defines their residence time for the region. We used a
parcel-tracking Euler technique (Liu & Gan, 2017) to record residence time of water masses in the PRE.

3. Observed Biogeochemical Features
3.1. Mean Characteristics

The statistical characteristics of the summer wind stress measured at 10 m above the surface at WGL
Station from 1998 to 2018 are shown in Figure 4a. The prevailing southwesterly wind occurred for 48%
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3.2. Persisting Hypoxia

Figure 5. Time series of simulated depth-averaged salinity (Salt.), nitrate (NO3), ~ The 10 cruises were conducted under different biophysical forcing

phytoplankton (Phyto), and detritus in the CTZ.

from 2014 to 2018 (Table 1 and Figure 2). There was a strong variabil-
ity in summer freshwater discharge rates among the surveyed peri-
ods, with a peak discharge rate of 37,093 m> s7! in June 2016, which was ~5 times larger than the
discharge in July 2018. Five field measurements, excluding L1 in 2015, L1-L2 in 2017, and L1-L2 in 2018,
were conducted under the upwelling favorable wind conditions (i.e., the positive alongshore wind stress that
blows northeastward [23° anticlockwise from true east] along the coastlines).

We observed hypoxia events during all the cruises except during L2 in 2018 when the tropical storm
Son-Tinh caused intense mixing. The location and hypoxia area varied among the cruises, but almost all
of the hypoxia occurred within the CTZ (Figure 2). From the cruise data, we observed that hypoxia was
mainly formed in two subregions of the CTZ, dividing the CTZ into western and eastern hypoxia centers
(Figure 2a). The hypoxia frequency is calculated based on the ratio between the hypoxia occurrences and
the total cruise number (Figure 2b). High hypoxia frequency was observed in the entire CTZ with higher fre-
quency (>50%) in the west and relatively lower frequency (>30%) in the east. These two hypoxia centers
observed from in situ measurements geographically matched with the high surface chlorophyll centers
observed from remote sensing data (Figure 4b), suggesting that hypoxia was mainly eutrophication-
induced in the CTZ. In this study, we conducted the process-oriented investigation of the underlying
biophysical mechanism for the eutrophication/hypoxia formation in the CTZ based on the coupled
physical-biogeochemical model.

4. Model Results
4.1. Biogeochemical Response in the CTZ

Figure 5 shows how the simulated biogeochemical processes evolved in the CTZ. After the onset of the
southwesterly upwelling-favorable wind on Day 1, river freshwater discharge with high nutrient loading
decreased the salinity and increased NO; until they reached a quasi-equilibrium state after Day 20. The phy-
toplankton biomass bloom lagged after the sharp increase in NO3. Due to metabolism and mortality, detritus
increased as the phytoplankton and zooplankton (not shown) increased.

We averaged the simulated surface salinity, NOs, chlorophyll, and bottom DO over a spring-neap tidal cycle
from Day 38 (neap tide) to Day 45 (spring tide) and calculated the corresponding observed data and mini-
mum bottom DO over all 10 cruises from 2014 to 2018 (Figure 6). Low-salinity surface water (<18 PSU) cov-
ered the vicinity of the river outlets and the upper and middle reaches of the PRE. The freshwater discharge
had spatially asymmetric distribution with lower salinity water along the west coast because of the river out-
lets which are on the west coast. In addition, the Coriolis effect kept the fresher water on the western shore.
Over the shelf, the northeastward wind-driven currents forced the river plume eastward. The distribution of
NOj; decreased from upper PRE (~90 mmol m™>) to the entrance (~60 mmol m™~>) and further over the adja-
cent shelf (<10 mmol m™>) due to the combined effect of dilution, mixing, and biological processes. The dis-
tribution patterns of simulated surface salinity and NO; agreed well with those from the field observations
(Figure 6).

Relatively high surface chlorophyll (>10 ug L™") within the CTZ was downstream of the river outlets, and
the chlorophyll concentration was relatively low in the upper and middle PRE (Figures 6e and 6f) due to
light limitation and short residence time (Lu & Gan, 2015). These features are the same in the in situ
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Figure 6. Horizontal distributions of the mean (a, b) surface salinity (Salt., PSU), (c, d) surface nitrate (NO3) (mmol N m_s), (e, f) surface chlorophyll (ug L_l),
and (g, h) minimum bottom dissolved oxygen (DO) (mg L_l) from in situ measurements from 2014 to 2018 (left column) and model results averaged over a
spring-neap tidal cycle (right column).
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Figure 7. The simulated horizontal distributions of depth-averaged (a) velocity vectors and velocity magnitude (colored contour, ms_l). The blue and red arrows
represent the southward and northward flow, representatively; (b) relative vorticity (&, s™1); The inset figure in panel (b) is I" (m* s_l) over western, eastern, and
entire CTZ; (c) divergence (DIV, s_l); (d) residence time (ResT, day); (e) logarithm of the Richardson number (RI); and (f) logarithm of the vertical mixing

coefficient (AKV, m? s_l). Black arrows in panel (a) show the general circulation in the PRE. Green contours in panels (b)-(f) depict the bottom hypoxia centers

averaged from Day 38 to Day 45.

observations and the simulations. The most severe bottom oxygen depletion occurred underneath the
surface eutrophication in the CTZ, where the two distinct hypoxia centers (<2 mg L™") occurred in the
western and eastern parts. Away from the CTZ, bottom DO concentrations were relatively high
(>5mg L") in the middle PRE and over the farther shelf region.

Overall, the eutrophication-induced hypoxia within the CTZ characterized the biogeochemical response to
river plume and wind-driven upwelling circulation in the PRE. The coherent biophysical variables and
hypoxia are well captured by both cruise data and our simulations, which established a level of confidence
in biophysical capability of model for us to conduct the investigation of the underlying coupled
physical-biogeochemical dynamics that formed hypoxia in the CTZ.

4.2. Physically Favorable Conditions for Hypoxia

The eutrophication/hypoxia in the CTZ is a combined effect of hydrodynamics and biogeochemical pro-
cesses. We expected that the unique hydrodynamics would provide a biophysical-favorable environment
to form eutrophication/hypoxia. The favorable environment would be characterized by the stable water col-
umn, long residence time, converging water mass, and accumulating nutrients and OM.

4.2.1. Circulation, Vortex, and Residence Time

The circulation, vortex, and associated residence time can be shown by the depth-averaged velocity vectors,
& and DIV in Figures 7a-7c. We filtered the tidal signals by averaging model outputs from Day 38 to Day 45.
Because of the influence of variable topography, the direction and strength of the current were not spatially
uniform, which led to the spatial variations in £ and DIV. The depth-averaged currents flowed seaward from
the PRE, and the shelf currents flowed mainly in the along-shore direction but veered landward to converge
with the buoyant seaward jet from the PRE within the CTZ (Figure 7a). Over the shelf, the eastward upwel-
ling jet advected the river freshwater eastward after exiting the estuary and formed buoyant and
nutrient-rich plume.

Within the CTZ, the circulations formed dominant cyclonic vortices with positive £ and convergence zones
with negative DIV (Figures 7b and 7c), where the hypoxia centers occurred (green contours). The I" (shown
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Figure 8. The horizontal distributions of the variables averaged over the bottom 2 m. (a) Relative vorticity (¢, sHandr
(m s_l, inset figure) over the western, eastern, and entire CTZ; (b) divergence (DIV, s_l), (c) detritus (mmol N m_3),
and (d) logarithm of the Richardson number (RI). Green contours in panels (a), (b), and (d) show the bottom

hypoxia zone averaged from Day 38 to day 45. Magenta line in panel (b) shows the location of Transect A in Figure 9.

in the inset chart in Figure 7b) within the western (I'=5,389 m?s™), eastern (I'=10,073 m? s™!), and entire
CTZ (I'=15,462 m” s ') shows that there were cyclonic circulations in these regions. The strongest
convergence (<—1 x 107> s™) was found at the salient edge of the western coastal cape where a seaward
buoyant current and northeastward shelf current formed a cyclonic vortex over the inner shelf.
Meanwhile, the high-velocity flow at the southern shelf and low-velocity flow at the lee side of the Lantau
Island formed the positive & south of Hong Kong. These cyclonic vortices caused the convergence of the
water masses.

Qualitatively similar responses occurred at the bottom. Figures 8a and 8b show that over the bottom 2 m,
where hypoxia is firstly developed, & and DIV resembled the depth-averaged & and DIV. However, unlike
the water-column-averaged values in Figures 7b and 7c, the bottom cyclonic circulations (positive I') and
DIV were stronger in the western CTZ with I'=3,876 m* s~ and '=895 m” s~ " in the western and eastern
CTZ, representatively.

The depth-averaged residence time (Figure 7d) of more than 15 days existed in the western CTZ and south-
east of Lantau Island. The vortices-induced convergence and the long residence time of the water mass col-
lected the nutrients and provided sufficient time for the growth of phytoplankton and sinking of detritus
within the CTZ. The detritus, a result of the coagulation, mortality, and ejection of planktons based on
the detritus equation, was accumulated within the bottom layer of the CTZ, as shown in Figure 8c. These
physical conditions contributed to high productivity in the surface and a high abundance of OM for the con-
sumption of DO.

4.2.2. Stratification and Mixing

In addition to the favorable circulations, vertical mixing and water column stability influence the DO. The
depth-averaged Richardson number (RI) shows the relatively high RI values (>10) in the CTZ, both in the
entire water column (Figure 7e) and at the bottom layer (Figure 8d). The higher RI was mainly caused
the surface plume water and bottom dense seawater in the CTZ, producing a strong buoyancy frequency.
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Figure 9. The vertical distributions of (a) eastward velocity (U, ms_l), (b) northward velocity (V, m s_l), (c) buoyancy frequency (s_z), (d) Richardson number
(RI), (e) vertical mixing coefficient (AKV, m? s_l), and (f) detritus (mmol N m_3) along Transect A (Figure 8b) averaged from Day 38 to Day 45. Green and
magenta lines in panel (f) represent the contours of DO = 2 mg L' and DO = 4 mg L_l, respectively.

Two low vertical mixing coefficient (AKV) zones, caused by the stratification suppression of turbulent
mixing (Geyer, 1993), were located in the regions, particularly within the western (<107* m? s7') and
eastern zones (<10™> m? s, Figure 7f). The more stable water column contributed to the larger HA in
the western CTZ.

We also presented the response along Transect A (shown in Figure 8b) to show the vertical biophysical char-
acteristics within the CTZ in Figure 9. The vertically sheared flows (Figures 9a and 9b) clearly reflected the
three-dimensional upwelling circulation under the influence of stratification. The small N* (<1072 52,
Figure 9c) and large velocity shear (Figures 9a and 9b) with low RI (<1, Figure 9d) and high AKV
(>1072 m? s™*, Figure 9e) occurred in the surface boundary layer, whereas a stable regime with large RI
(>10) existed in the intermediate. These physical conditions led to a high concentration of detritus
(>2 mmol N m™>, Figure 9f) and created a biophysical environment sufficient for hypoxia to occur along
the CTZ. In particular, the relatively strong stratification and weak AKV (<10~ m? s™*) were coherently
found in the western and eastern hypoxia centers, while relatively strong mixing, indicated by the large
AKV (>107° m® s7"), explained the relatively high bottom DO in the middle CTZ between the western
and eastern hypoxia centers.

5. Biophysical Dynamics and the Hypoxia During a Tidal Cycle
5.1. Spring-Neap Cycling DO

In order to further demonstrate the coherent linkages among the currents, vortices, and biogeochemical pro-
cesses in the CTZ and understand the variation of hypoxia, we examined the response of detritus, mixing,
and hypoxia during the spring-neap cycle, based on both the time-series buoy data and simulation. Even
though the effect of the tides on the subtidal circulation is limited compared to the effect of wind (Zu &
Gan, 2015), the tidally induced circulation modulates the mixing, vortex, and resulting convergence of
OM, similar to those responses to wind-driven circulation but varying within the high-frequency tidal cycle.

During a spring-neap cycle with a relatively steady wind and a slightly decreasing river discharge
(Figures 10a-10c), time series measurements of vertical shear of the water column, surface and bottom den-
sity difference (Ap), and bottom DO from the buoy mooring (Figures 10d-10f) show that the water column
was highly stratified with the Ap varying from 7 to 15 kg m™> at a depth of 12 m; vertical shear was very
intense at the surface layer but weak vertical shear occurred at the subsurface, which led to the low DO
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Figure 10. Time series of (a) tidal elevation at WGL, (b) wind stress at WGL, (c) river discharge, (d) logarithm of water
column vertical shear (VS, 5_2), (e) surface and bottom density difference, and (f) bottom DO at the monitoring buoy
near Hong Kong (Figure 1) from 1-6 July in 2018. The blue dashed line and red solid line in panels (e) and (f) are daily
smoothed data and trends, respectively.

(~2mg L) at the bottom. The decreasing vertical shear (Figure 10d) and increasing Ap (Figure 10e) indicate
that the water column stability was enhanced from spring tide to neap tide under the steady
upwelling-favorable wind (Figure 10b) in spite of the slightly declining river discharge rate (Figure 10c).
At the same time, the bottom DO (Figure 10f) decreased from 2.2 to 1.7 mg L' at a rate of
0.09 mg L™ day™* and shows that DO was closely related to the spring-neap tidal cycle.

Similarly, simulated results show that the western and eastern hypoxia centers occurred in the CTZ during
both neap and spring tides (Figure 11). The bottom hypoxia area peaked during the neap tide on Day 38 and
decreased from neap to spring tide on Day 45. The spring-neap tidal current had an impact on the variation
of the coupled vortex dynamics and biogeochemical processes and thus the bottom DO variation.

22.8 8
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4
22
2
21.6 | 0
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Figure 11. Horizontal distributions of simulated bottom DO (mg L_l) on (a) Day 38 during the neap tide and (b) Day 45
during the spring tide.
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Figure 12. Time series of bottom 2 m depth-averaged vorticity (&, s_l, blue line), divergence (DIV, s_l, black line), detritus (mmol N m_3, magenta line), and the
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5.2. Circulation and DO Balance During Spring-Neap Tidal Cycle

Figure 12 shows the time series of bottom 2 m depth-averaged &, DIV, detritus, and hypoxia area within the
western and eastern hypoxia centers during a spring-neap cycle. As the ocean currents were strengthening
from neap to spring tide, the magnitude of £ and DIV in these two centers were increasing, which was also
amplifying the cyclonic vortices and convergence to enhance detritus accumulation. These processes are
similar to those found in the subtidal current, which are favorable for the formation of hypoxia. However,
unlike the subtidal current, the simultaneously enhanced mixing and vertical DO diffusion (Figure 13)
had a more significant impact on weakening the hypoxia during the spring tide. As a result, hypoxia area
followed the spring-neap cycle in both western and eastern centers and had a maximum area of 338 km?
in the west and 108 km? in the east during the neap tide. During the spring tide, the hypoxia area decreased
by 70% in the west and 51% in the east, respectively.

The time series of DO term balance from Equation 1 demonstrates the relative importance of different pro-
cesses during the neap-spring cycle. Figure 13 shows the DO terms averaged over the bottom 2 m within the
respective two hypoxia centers. In both hypoxia centers, the major balance was between the DO sink due to
net oxygen consumption (NOC) through photosynthesis, nitrification, metabolism, and remineralization in
the water column and bottom sediment and the DO source due to VDIF. The effect of HADV offsets the
effect of VADV, and their difference balanced the residual of NOC and VDIF at the bottom. The relatively
large NOC during the spring tide further shows that the enhanced vorticity increased the convergence of

Western center Eastern center
4 S N -— 4 — N -
’_—\__/- ——HADV
> 2 2 L
E —
3
=Y e \/DIF
Eo0 0 ———————r
g —//«\\-—, Rate
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J\ \/_\
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Figure 13. Time series of the DO terms from Equation 1, averaged over the bottom 2 m, in the western (left) and eastern
(right) hypoxia centers. HADV: horizontal advection; VADV: vertical advection; VDIF: vertical diffusion; Rate: change
rate of DO; NOC: net oxygen consumption. “S” and “N” refer to the spring and neap tides, respectively.
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Figure 14. Conceptual model of the coupled physical and biogeochemical dynamics that control the summer hypoxia in
the coastal transition zone off the Pearl River Estuary.

the OM and, subsequently, the consumption of DO, as those found in the subtidal circulation. Similarly,
both the magnitudes and variations of both VDIF and NOC were much stronger in the western center than
those in the eastern center, which was consistent with different magnitudes of vorticity, convergence, and
detritus shown in Figure 12.

The biophysical and the bottom DO responses to spring-neap cycle further demonstrate the coherent
linkages among the oceanic currents, vortex formation and convergence of OM, and the role of tidally
induced mixing in the hypoxia within the CTZ. They also demonstrated that although the amplified effect
of vertical DO diffusion dominated the bottom DO budget during the spring-neap cycle, the vortex dynamics
associated with the subtidal circulation and biogeochemical processes determined the formation of hypoxia
within the CTZ.

6. Summary and Conclusions

More and more evidence has suggested that the formation of coastal eutrophication and hypoxia is not solely
determined by biogeochemical process, but by coupled physical-biogeochemical process. The coupled pro-
cess is essential to determine the spatiotemporal variation of eutrophication and hypoxia that have been
reported in the coastal waters around the world. In this study, we illustrated the coupled physical-
biogeochemical mechanisms for the formation of hypoxia in the CTZ off the PRE based on observed data
and results from a validated high-resolution process-oriented numerical model. Figure 14 sketches the sum-
mary of the physical dynamics and biogeochemical processes that caused hypoxia within the CTZ.Rich
nutrients from river discharge and sufficient light stimulated the primary production and provided the
necessary condition for the hypoxia to form. After exiting the PRE, the river plume flowed eastward with
the wind-driven shelf current in the surface layer. The seaward flow from the PRE and shoreward veering
shelf currents converged in the CTZ and characterized the zone with positive cyclonic vorticity and negative
divergence and with long residence time. In particular, horizontal shear flows between the shoreward veer-
ing shelf current and seaward flowing buoyancy jet near the salient edge of the west coastal cape, and
between the shelf current and the flow near the lee of Lantau Island, formed the distinct western and eastern
cyclonic vortices and convergence centers in the CTZ, respectively. These hydrodynamics were favorable to
cause nutrients and OM to converge and accumulate. With strong stratification and weak mixing caused by
the freshwaters in the plume, the CTZ provides a biophysical environment favorable for forming hypoxia.

The biophysical processes and the bottom DO responses to the spring-neap cycle further demonstrate the
coherent linkages among the oceanic currents, vortex formation and convergence of OM, and the role of
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tidally induced mixing in the hypoxia within the CTZ. Although the increasing VDIF in bottom DO exceed
the enhanced NOC and led to a 70% and 51% decrease of HA in the western and eastern CTZ from neap to
spring tide, the enhanced vorticity, convergence, and NOC during spring tide further proved the significant
role of the cyclonic vortex in the transport and accumulation of nutrient and OM.

We found that the biogeochemical substances and processes provide the necessary conditions for the forma-
tion of eutrophication/hypoxia in the CTZ off the PRE. The combination of this necessary condition and
unique hydrodynamic conditions that favorably strengthen biological productivity, OM accumulation,
and the ensuing DO degradation provides a sufficient condition for eutrophication/hypoxia to form.
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