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The contrast in suspended
particle dynamics at surface
and near bottom on the river-
dominated northern South
China Sea shelf in summer:
implication on physics and
biogeochemistry coupling

Jay Lee1, James T. Liu1*, Yu-Shih Lin1, Chen-Tung Arthur Chen1

and Bo-Shian Wang2,3

1Department of Oceanography, National Sun Yat-sen University, Kaohsiung, Taiwan, 2National
Academy of Marine Research, Ocean Affairs Council, Kaohsiung, Taiwan, 3Taiwan Ocean Research
Institute, National Applied Research Laboratories, Kaohsiung, Taiwan
To understand the process-response relations among physical forcing and

biogeochemical properties of suspended particles (SPs) in the river-dominated

northern South China Sea shelf, a 5-day shipboard observation was conducted at

a fixed location on the dispersal pathway of the Zhujiang (Pearl) River plume (ZRP)

in the summer of 2016. Instrumented moorings were deployed near the

sampling site to record the flow and wave fields every 10 minutes.

Hydrographic properties were measured hourly to identify different water

masses. Water and SPs samples at the surface (3 m) and near the bottom (3 m

above the bed) were taken every 3 h for the analyses of nutrients, chlorophyll-a

(Chl-a), and particulate organic matter (POM including POC, PN, and d13CPOC).

Meanwhile, the grain-size composition of SPs and seafloor sediment were also

analyzed. Results showed that monsoon winds drove cold upwelling and ZRP

waters at the surface. Both the upwelling and ZRP regimes contained newly

produced marine phytoplankton based on low POC/Chl-a ratio (PC ratio) and

enriched d13CPOC. However, SPs in the ZRP regime were smaller (<153 µm),

having denser particle bulk density, and less enriched d13CPOC, indicating

different bio-communities from the upwelling regime. EOF analysis of the

surface data suggested that mixing processes and the dispersal of the ZRP

regime were mainly controlled by far-field storm winds, tidal modulation, and

strength of mixing. On the other hand, a bottom nepheloid layer (BNL) was

observed, mainly consisting of SPs<63 mm with higher bulk density than SPs at

the surface. POM in the BNL was degraded and d13CPOC-depleted according to

the PC ratio and d13CPOC. EOF analysis of the near-bottom data indicated that the

dominant physical processes influencing the biogeochemical properties of SPs in

the BNL were jointly the upwelling-associated lateral transport (first order) and
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tide-related resuspension (second order). Our study identified the contrast

between the surface and near-bottom regimes with the coupling patterns

among physical forcing and physiochemical properties of SPs using good

constraints on particle dynamics and particle sources.
KEYWORDS

Zhujiang River (Pearl River) plume, benthic nepheloid layer (BNL), far-field storm wind,
tidal modulation, landward transport, PC ratio, particulate organic matter
1 Introduction

RiOMars systems (river-dominated ocean margins; McKee

et al., 2004) receive a variety of terrestrial and marine substances

delivered by rivers or coastal currents (Mittelstaedt, 1991; Lacan

and Jeandel, 2005; Jeandel, 2016; Liu et al., 2021). The diversity of

particles in these systems includes bio-aggregates or flocs on the

Amazon shelf (Gibbs, 1977; Nittrouer and DeMaster, 1996; Berhane

et al., 1997), terrestrially-derived organic carbon from the

Mississippi River (Bianchi et al., 2007), and lithogenic particles

delivered from the Changjiang (Yangtze) River (Jiang et al., 2015;

Liu et al., 2021). Terrestrial particles are initially dispersed from the

river mouth (Wright and Nittrouer, 1995) and carried by the river

plume, which generally contains abundant nutrients that enhance

the phytoplankton production in the coastal sea (Yin et al., 2001;

Isobe and Matsuno, 2008; Xu et al., 2008; Yang et al., 2021). The

delivered particles follow a source-to-sink pathway of initial

deposition, then resuspension and lateral transport (physical

processes), which lead to the final accumulation and burial (sink)

(Wright and Nittrouer, 1995). Meanwhile, the offshore marine

dissolved (e.g., nutrients) and particulate matters could be carried

inshore by landward currents as part of the upwelling circulation

(D’Croz and O’Dea, 2007; Lu et al., 2010; Gao et al., 2018; Yang

et al., 2021). Therefore, the physiochemical properties of suspended

particles (SPs) are complex because of complicated particle

dynamics occupying the water column in the coastal region

(Dagg et al., 2004; McKee et al., 2004; Liu et al., 2021).

The physicochemical characteristics of SPs undergo

transformation while en route, which influences the nature of

particles (Turner and Millward, 2002; McKee et al., 2004; Liu

et al., 2021). Three direct or indirect processes are involved,

including water-particle interactions (e.g., flocculation/

deflocculation; Gibbs and Konwar, 1986; Lee et al., 2016; Du

et al., 2021); benthic sediment processes (e.g., resuspension;

Thorne et al., 2009; O’Hara Murray et al., 2012); and biological

processes (e.g., egestion and excretion; Turner and Millward, 2002;

Myklestad, 2005; Castillo et al., 2010). For example, water mixing

facilitates aggregation of biogenic substances (e.g., transparent

exopolymer particles) with inorganic terrestrial particles to obtain

high bulk densities (Passow et al., 2001; Ho et al., 2022). Then, the

aggregated substances settle to the seafloor because of the ballast

effect (McKee et al., 2004; Passow et al., 2014; Rixen et al., 2019).

Next, the aggregated particles on the seabed are re-disturbed by
02
current-induced or wave-induced turbulence and become sorted

according to the corresponding density and size (Jarvis et al., 2005;

Liu et al., 2021; Tian Z. et al., 2022).

Therefore, the physicochemical properties of the SP are

conventionally used as indicators or proxies because particles are

imprinted with the properties of the ambient environment in the

transport processes (Gibbs, 1973; Linders et al., 2018; Liu et al.,

2021; Lee et al., 2022). Particulate organic matter (POM) is

prevalent in determining the source of SPs and reconstructing the

biogeochemical pathways in two-end member systems (Guo et al.,

2019; Liu et al., 2021). The relation between the organic carbon

stable isotope ratio (d13CPOC) and C/N (atomic carbon and nitrogen

ratio) was utilized to identify signatures of terrestrial plants and

marine algae (Lamb et al., 2006). The high Chl-a concentration at

the surface of the oligotrophic ocean was regarded as an indication

of the upwelling water mass, which carries nutrients from the

subsurface water (Xu et al., 2009; Liu et al., 2019).

However, the low weight proportion of the POM and the bio-

decomposition could affect the reliability of the source

identification, which increases the difficulty of deciphering the

target’s provenance (Asada et al., 2005; Harrison et al., 2008; Guo

et al., 2015). Thus, multiple measurements of different attributes

must be applied to constrain the source interpretation of SPs. For

instance, the high Chl-a concentration in the coastal region links to

the phytoplankton growth, which could result from the

eutrophication related either to upwellings or river runoff

(Dickson and Wheele, 1995; Yin et al., 2001; Hong et al., 2009;

Liu et al., 2019). The origin can be distinguished according to the

nutrient composition because upwellings usually carry a high

silicate concentration, whereas river runoffs always have a high

N/P ratio (the ratio of inorganic total N to phosphate; Malakoff,

1998; Yin et al., 2001). One of the physical characteristics of the

particle, particle bulk density, is also applicable to identifying the

species of the SP (e.g., fluffy flocs, biogenic particles, and solid

detrital; Hsu and Liu, 2010; Lee et al., 2016; Du et al., 2022). With

corresponding observations of flow fields, salinity, and temperature,

the physical mechanisms and water masses that transport SPs can

be determined (Liu et al., 2019).

The SP in the northern South China Sea (NSCS) shelf was

targeted in this study because of the various origins of particles. The

largest terrestrial source is the Zhujiang (Pearl) River, of which the

annual river discharge is 3:3� 1011m3 yr-1 with annual sediment

load of 64.5 Mt (Wu et al., 2012). Almost 80% of the river runoff
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occurs in the wet season (Zhang et al., 2012; Wu et al., 2016). Land-

sourced substances are carried northeastward by the Zhujiang river

plume (ZRP) in the surface due to the wind-driven current parallel

to the Guangdong coastline in summer (Zu and Gan, 2015).

Different approaches have been used to identify the dispersing

ZRP (Chen et al., 2017; Zhi et al., 2022). According to the in-situ

hydrographic measurements, the ZRP was recognized as low

salinity water with a high N/P ratio (Yin et al., 2001; Yu et al.,

2020). Satellite images show that a band-shaped Chl-a pattern from

the Zhujiang river mouth dispersed into the N-limited NSCS,

further spreading into the southern Taiwan Strait (Yin et al.,

2001; Bai et al., 2015). Another well-known physical process that

transports particles in the NSCS is the upwelling circulation which

can be recognized as the low sea-surface temperature along the

Guangdong coast (Chen et al., 2017; Zhang et al., 2018). The

upwelling system is a substantial nutrient pump in the coastal

region for the marine food web and enhances the biomass and the

particulate organic flux (Kämpf and Chapman, 2016; Zhang

et al., 2019).

Although previous research has studied the spatial distribution

of biogeochemical properties of SPs on the inner shelf of the NSCS

(Yu et al., 2010; Guo et al., 2015; Cao et al., 2020; Huang et al.,

2021), the interpretation of these observations may be subject to

aliasing over time due to hydrodynamic forcing such as tidal flows.

Furthermore, the influence of the physical forcing on the

biogeochemical properties of SPs has yet to be well-established in

the existing literature. Therefore, our work intends to characterize

and quantify the temporal coupling between physical forcing and

the biogeochemistry of SPs on the NSCS shelf in summer. This

study focuses on contrasting regimes of physical processes, water

masses, and SPs from diverse origins on the pathway of the ZRP

dispersal. Interdisciplinary approaches were designed to constrain

the source of the SP, based on the observation by Lee et al. (2021).

We aim to elucidate the source-to-sink nature of the particle

transport pathways and improve the knowledge of particle

dynamics, including the sediment routing systems (Wright and

Coleman, 1973; Gao et al., 2015; Liu et al., 2016; Zhong et al., 2017),

sedimentology (Kuehl et al., 1986; Heise et al., 2013; Zhang et al.,

2013), and biogeochemical cycles (Cai et al., 2004; Bauer et al., 2013;

Wei et al., 2020) in the river-dominated environments on the

continental shelf.
2 Material and methods

2.1 Hydrodynamic measurements

R/V Ocean Researcher I was used for the fieldwork on July 24-

29, 2016, at Sta. ZHJ2, where the average water depth was ~41 m

(Figure 1A). Two taut-line moorings were deployed nearby to

record the wave and flow fields (Figure 1B). One mooring was

mounted with an AQUAdopp (at 8 m) whose wave mode had 10

minute-bursts, each containing wave height, period, and incident

angle averaged over 512 measurements sampled at 1 Hz.

WAVEWATCH III (Tolman, 1991) was used for the quality

control of the in-situ wave measurement (Supplementary
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Figure 1). The upward-looking AQUAdopp had a bin size of

0.1 m with a central frequency of 1 MHz. The other mooring was

mounted with two RDI ADCPs, one upward-looking (1,200 kHz) at

11 m below the surface and the other downward-looking (300 kHz)

at 30 m above bed. The sampling rate for both ADCPs was 10 min

(Supplementary Table 1).

The measured flow field was separated into tidal and non-tidal

contributions. Using a MATLAB program t_tide (Pawlowicz et al.,

2002), the tidal part of the flow at the study site was reconstructed

through harmonic analysis. The non-tidal part of the flow was

extracted after removing the tidal part from the measured flow. The

tidal and non-tidal flows were then decomposed into the alongshore

and across-shore/on-offshore components by orienting measured

flows 15 degrees counterclockwise in the Cartesian coordinate. The

NE-ward and inshore directions were defined as positive in the

alongshore and across-shore flows, respectively. Flow

measurements were used to derive the progressive vectors (PVs),

of which the equation is shown in Section 3. The shear velocity (u*)

was calculated using flow and wave field measurements through the

Sedtrans05 model (Neumeier et al., 2008; Supplementary Table 1).
2.2 Shipboard profiling

Hourly hydrographic profiles were conducted using the SBE

911plus CTD rosette that included salinity, temperature,

fluorescence, and light transmission (Supplementary Table 1).

The sampling rate was 0.04 seconds (sec) at the CTD lowering

rate of 0.5 m s-1. A laser in-situ scattering and transmissometry,

LISST-100X, was co-mounted on the rosette to measure volume

concentrations (VCs) of SPs from 2.5 to 500 mm grain-size classes,

which were classified into<63, 63-153, and >153 mm size groups for

further analyses. Each VC record was the average of 10

measurements with a sampling rate of<0.23 sec. The

corresponding depth to the VC was converted from the CTD

record based on the measuring time of both instruments. The

LISST-100X was calibrated by conducting the blank intensity of

VCs recorded in the Milli-Q water (Millipore Academic A10)

before the cruise.
2.3 Water sample collection and analyses

Water samples were taken every 3 hours (h) at 3 m below the

surface and 3 m above the seabed (mab) using Niskin bottles

mounted on the CTD rosette for the measurements of nutrients

(N, P, and Si), suspended sediment concentration (SSC), Chl-a, and

POM (POC, PN, and d13CPOC; Supplementary Table 2). For

nutrient analysis, 100 mL seawater was filtered through a 0.45 mm
Millex®-LCR syringe filter and then added with the saturated HgCl2
to kill the bacteria and algae. To identify the size composition of the

bulk SSC, a nested filtration system, Catnet, was used onboard to

filter 20 L seawater into 100 mL PE bottles through sieves having the

mesh sizes of 10, 63, and 153 mm (Hsu and Liu, 2010; Lee et al.,

2016; Du and Liu, 2017; Wen et al., 2018; Yang et al., 2021). Samples

for Chl-a and POM analyses were separately collected in 500 mL
frontiersin.org

https://doi.org/10.3389/fmars.2023.1156915
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lee et al. 10.3389/fmars.2023.1156915
opaque amber bottles. Those collected water samples were

immediately filtered on the pre-combusted glass fiber filters (GF/

F, Whatman; diameter: 25 mm; pore size: 0.7 μm; pre-combusted at

500°C for 6 h). Filters for Chl-a analysis were amended with a few

drops of saturated MgCO3 and wrapped in aluminum foil to

prevent photodegradation. All samples were preserved at -20°C

until analysis.

Upon returning to the laboratory, Chl-a was extracted from

filters using 10 mL of 90% acetone in the dark at 4°C for 24 h and

quantified using a 10-AU Field Fluorometer (Turner Designs). The

rest of the filters were freeze-dried and weighed to determine the

SSC. The filter samples for POM were acidified with 2 N HCl to

remove inorganic carbon, rinsed with Milli-Q water to wash off the

retained acid, freeze-dried, and analyzed by an elemental analyzer

coupled to an isotope ratio mass spectrometer (Flash 2000 and

Delta V Plus; both from Thermo Fisher Scientific). International

certified standards (USGS40, USGS43, USGS64, USGS73, and

NIST8542) and certified soil standards (certificate number

341506; Thermo Fisher Scientific) were regularly used to calibrate

the isotopic ratio and assess the precision, which was better than

0.2‰ for d13CPOC, 2.3% for POC, and 5.5% for PN (1s).
The concentration of nutrients was determined by colorimetric

methods. Nitrite (NO�
2 ) was evaluated according to the pink azo

dye method (Strickland and Parsons, 1972). Nitrate (NO�
3 ) was

calculated by reducing nitrate to nitrite based on the cadmium-

copper reduction method. The phosphate ðPO3-
4 ) and silicate (SiO2)

were derived by using the molybdenum blue method and silicon-

molybdenum blue method (Murphy and Riley, 1962; Fanning and

Pilson, 1973; Pai et al., 1993). Ammonia (NH+
4 ) was evaluated via

indophenol blue methods based on the Berthelot reaction (Ivančič

and Degobbis, 1984; Aminot et al., 1997). CSK standards (Wako

Pure Chemicals Ltd., Japan) and certified reference materials

(KANSO Technos Co., Ltd., Japan) were used to calibrate every

10-15 samples. The precisions of the abovementioned methods

were ±0.02 μmol L-1 for NO�
2 , ± 0.08 μmol L-1 for NO�

3 , ± 0.05

μmol L-1, PO3-
4 , ± 0.1 μmol L-1 for SiO2, ± 0.08 μmol L-1 for NH+

4

, respectively.
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2.4 Surface sediment collection
and analysis

Surface sediment samples were taken by a Shipek grab every 3 h

for the grain-size analysis. The top 1~2 cm of the sediment in the

grab bucket was collected into a plastic jar and stored in the

refrigerator at 4 °C onboard. Then, sediments were freeze-dried

in the laboratory. For grain-size frequency distribution analysis,

0.5 g sediment was treated by the following procedure: (1) washed

with distilled water to remove the sea salt; (2) bathed with 10%

hydrogen peroxide and hydrochloric acid for 24 h to dissolve

organic materials and carbonates; (3) bathed with 1% sodium

hexametaphosphate for 24 h and then shaken in the ultrasonic

device for 30 sec to prevent aggregation; (4) measured by a laser

diffraction size analyzer (LS 13 320, Beckman Coulter) to determine

the particle-size distribution from 0.375 to 2,000 mm.
3 Calculations

3.1 Progressive vectors

The PV was derived based on the Lagrangian approach with the

Eulerian measurement (in-situ flow field) and has been used in

meteorology and marine physics (Liu et al., 2009; Su et al., 2015; Du

and Liu, 2017; Ko et al., 2020). The PV was calculated as follows:

PVX,z

*
=o

m

t=1
Xz,t

*
+ Uz,t

* �DtÞ

PVY,z

*
=o

m

t=1
Yz,t

*
+ Vz,t

* �DtÞ

where X and Y indicate the east-west and north-south components of

the PV, respectively; z is the water depth of the measured point; t is the

time of the measurement; m is the sampling length; Xz,t

*
( Yz,t

*
) and

Uz,t

*
( Vz,t

*
) are the displacements and the velocities of the water parcel

at the given time (t), respectively; Dt is the sampling interval. In this
A B

FIGURE 1

(A) A map showing the study site (ZHJ2; yellow triangles) in the northern South China Sea (insert). (B) A schematic diagram for the configuration of
moorings deployed nearby ZHJ2 in July 2016. The map was plotted using the Generic Mapping Tools (GMT, V5.4.2, https://www.soest.hawaii.edu/gmt/).
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paper, only the horizontal PV displacements are shown because the

measured vertical velocity on the mooring was unreliable.
3.2 Shear velocity

Using the Sedtrans05 model (Neumeier et al., 2008), shear

velocities (u*) induced by waves, currents, and current-wave

interactions (marked as u*w, u*c, and u*cw, respectively) were

evaluated according to the bottom boundary layer theory. The input

data included current speed, current direction, significant wave height,

wave period, and wave direction. The first two parameters were

recorded by the ADCPs; the rest were provided by the AQUAdopp

(Figure 1B; Supplementary Table 1). The critical shear velocities (u*cr)

to resuspend particles of 63 and 153 μm sizes were calculated according

to Van Rijn (1993). To estimate the possible range of the u*cr, the

assumed particle densities used in the calculation were 2.65 g cm-3 for

the upper limit (quartz; detrital materials) and 1.5 g cm-3 for the lower

limit (derived by the measured in-situ bulk density in this study), which

is close to the value mentioned in Tian et al. (2022).
3.3 Spectral and coherence analyses

The frequency spectra and the coherence (the correlation

between two spectra as the function of the frequency) among u*,

the light transmission, and VCs were computed to distinguish the

process-response patterns in the resuspension process. The

‘mscohere’ functions in MATLAB were used and defined as

follows (Welch, 1967; Rabiner and Gold, 1975; Kay, 1988):

Sxx,f¼  
2Dt2

T
XfX*f  ; Syy,f =

2Dt2

T
YfY*f

Xf¼  fftðxÞ;  Yf¼  fftðyÞ

Sxy,f¼  
2Dt2

T
XfY*f

Cxy,f¼  
Sxy,f
�
�

�
�2

Sxx,f Syy,f

where Sxx,f and Syy,f are the power spectra of the u*   and the light

transmission (or VCs), respectively. Dt and T are the sampling

period and the duration of the observation, respectively. Xf and Yf

are the results of the Fast Fourier Transform (FFT) for x and y. Xf*
(or Yf*) indicates the complex conjugate of the Xf (or Yf). Sxy,f is the

cross power spectral density of x and y. Cxy,f is the coherence

between Xf and Yf. All data were synchronized at 3 h intervals using

linear interpolation before the analysis.
3.4 Particle bulk density

The particle bulk density (rbk) is defined as the mass of the bulk

particle (solid and void combined in a floc) divided by its total
Frontiers in Marine Science 05
volume and expressed as follows (Hsu and Liu, 2010; Du et al.,

2022):

rbk¼ rIW+ð1- rIW
rp

Þð SSC
VC

)

Where the rIW is the measured seawater density by CTD; rp is the
assumed density of the solid particle (2.65 g cm-3); the SSC is the

suspended sediment concentration measured by water filtration; the

VC is the volume concentration measured by the LISST-100X

(Supplementary Tables 1, 2). The low rbk value indicates fluffy

particles, such as flocs or biogenic particles, and vice versa (Lee

et al., 2016; Du et al., 2022).
3.5 Marine fraction

To evaluate the terrestrial and marine proportions of POM in

the bulk POC, a simple mixing model was used with the assumed

d13CPOC end-member values at land and ocean to be -28.8‰ and

-18‰, respectively (Goñi et al., 2000; Hu et al., 2006; Liu et al., 2006;

Amiel and Cochran, 2008; Gireeshkumar et al., 2013; Lamb and

Warn-Varnas, 2015; Ran and Zhang, 2015). The marine fraction

(Fm) was subsequently defined as follows:

Fmð%Þ  ¼  
d13Cmeasured-d13Cterrestrial

d13Cmarine-d13Cterrestrial
� 100
4 Results

4.1 Flow fields

The PV plot indicates that net flow movement was NE-ward

with short-term tidal modulations with resolved M2 and K1 tides

(our data was only long enough to resolve these two constituents;

Figure 2; Lee et al., 2021). The current speed decreased from 0.39 m

s-1 at 3 m to 0.12 m s-1 at 38 m (Supplementary Figure 2). The wind-

driven flow field at the surface was mainly resulted from the in-situ

wind (Zu et al., 2014; Chen et al., 2017; Lee et al., 2021). The bottom

flow was caused by the upwelling-associated landward current

along the Guangdong coast, which is controlled by the East Asian

monsoon and the variation of the shelf topography (Gan and Allen,

2002; Gan et al., 2009b; Lee et al., 2021). To identify the signature of

the water masses at the surface and bottom, the N/P ratio was

superimposed on PVs as color-coded circles in Figure 2 for

further discussion.
4.2 Water column structures

The T-S diagram and hydrographic profiles suggested at least

two water masses were present at the study site. The upper water

column shallower than 10 m was primarily occupied by the ZRP

(Figure 3A), having a wide salinity range (28~32) and a narrow

temperature span (28~31.5°C). Deeper than 10 m, the ambient
frontiersin.org
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coastal water had a very narrow salinity spread (33.5~34.7), and

water temperature ranged from 21.5 to 29°C.

The water density (st) structure showed a pronounced

stratification from 18 kg m-3 at the surface to 24 kg m-3 at the

bottom (Figure 3B). The light transmission and the fluorescence

revealed a sandwich structure (Figures 3C, D). The light

transmission was<50% at the surface, >80% in the middle of the

water column, and<70% in the lower water column. The

fluorescence was >1 mg L-1 at the surface, >0.5 mg L-1 at mid-

depth, and<0.5 mg L-1 near the bottom.

In the upper water column, the temporal variability of all

variables presented semi-diurnal to diurnal fluctuations, with the

ZRP water having low water density, low light transmission, and

high fluorescence (Figure 3B–D). The fluctuation was suppressed

around 18:00 07/26 when the surface water had higher water
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density, higher light transmission, and lower fluorescence. At

mid-depth, there was a noticeable layer of high fluorescence

around the depth of 22 m, having a thickness of about 5 m in

which the fluorescence was consistently higher (>0.5 mg L-1). This

has been reported as the subsurface chlorophyll maximum (SCM)

in the NSCS (Lu et al., 2010; Chen and Zhao, 2021). A similar

fluorescence/Chl-a subsurface maximum layer was also found in the

Taiwan Strait and associated with the intermediate nepheloid layer

(INL; Du and Liu, 2017; Liu et al., 2019). The SCM corresponding to

the relatively high but low light transmission in the mid-depth layer

(80~85%; Figures 3C, D) suggests the phytoplanktonic nature of SPs

at this depth (Du and Liu, 2017). In the bottom water mass, the

water density and fluorescence were consistent at 24 kg m-3 and

0.25 mg L-1, respectively (Figures 3B–D). However, the light

transmission at this depth revealed a semi-diurnal to diurnal

variability, ranging between 60% and 70%.
4.3 Nutrients and Chl-a

Nutrients were measured to constrain the interpretation of the

water mass (Figure 4). The silicate changed from 0.99 to 6.10 μmol

L-1 at the surface and from 6.86 to 11.01 μmol L-1 at the bottom

(Figure 4A). The concentration of the Chl-a ranged from 0.3 to 2.5

mg L-1 at the surface but was nearly constant at the bottom (~0.3 mg/
l; Figure 4B). The concentration of total N (sum of nitrate, nitrite,

and ammonia) ranged from 0.85 to 4.86 μmol L-1 at the surface and

from 4.94 to 8.28 μmol L-1 at the bottom (Figure 4C). The

phosphate changed between below detection and 0.1 μmol L-1 at

the surface and varied between 0.31 and 0.55 μmol L-1 at the bottom

(Figure 4D). Although nutrients and Chl-a did not exhibit a clear

trend at the surface, most parameters increased at the bottom in the

5-day observation, noticeably in the silicate (Figures 4A-D;

Supplementary Figure 3).
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FIGURE 3

Hydrographic measurements at ZHJ2 including (A) The depth-referenced T-S diagram in which the color bar indicates the depth of the
measurement. Warm colors represent shallower depths and cold colors represent deeper depths. The inserted graph is the enlarged section of the
T-S diagram at the bottom marked by the black square. The temporal changes in 2-D structures are shown in (B) the water density, (C) the light
transmission, and (D) the fluorescence. White dash lines in (B-D) mark the duration of the storm influence. Arrows point out the SCM.
FIGURE 2

The progressive vectors (PVs) at the surface (3 m) and bottom (38 m).
The N/P values (range indicated by the color bar to the right) are
superimposed to indicate the sequential change of nutrient composition
of the water mass. The marked time points indicate the duration having
low N/P within the storm influence. The dashed arrows show the
positive alongshore and across-shore directions. The PVs are plotted on
a small-scale map (insert) to give a regional perspective.
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The N/P ratio at the surface covered a wide range between 13.5

and 491.5 (Figure 4E). The average value was 96, which was six

times greater than the Redfield ratio (N/P = 16; Yin et al., 2001). The

N/P ratio at the bottom was much lower than that at the surface and

ranged between 11.4 and 19.9. Although the concentration of

nutrients at the bottom increased (Supplementary Figure 3), the

N/P ratio was consistent around the Redfield ratio (Figure 4E).
4.4 Physical properties of
suspended particles

The VC of<63 and 63-153 mm size classes were abundant in the

upper water column (>4 μL L-1) and near the bottom (1~2 μL L-1;

Figures 5A, B). The VC structure of the >153 mm showed higher values

in water depth shallower than 25 m with a range from 10 to >50 μL L-1

and significantly decreased to<5 μL L-1 in the lower water column

(Figure 5C). VCs at the surface presented semi-diurnal to diurnal

fluctuations that were suppressed at around 18:00 07/26 (Figures 5A–

C), which was consistent with the CTD profile. The corresponding

parameters of the VC (such as light transmission and fluorescence)

indicated the influence of the ZRP at the surface and the turbid water at

the bottom (Figures 3C, D, 5A–C). Although the depths shown in the

VC might deviate, the correspondence among variables suggests that

large particles (>153 μm) trapped in the middle of the water column

resulted from the stratification (Figure 3B, 5C). Similar VC structures

are also observed in the river plume regime seaward of themouth of the

Minjiang River (Du and Liu, 2017).

The temporal distribution of VCs showed size-fractionated

structures in the upper water column. At the surface, the VC of<153

μm increased as the salinity decreased (Figures 5A, B; Supplementary
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Figure 4). However, particles in the >153 μm size class had a higher VC

at the salinity peak, known as the plume front, where there was mixing

between ZRP and ambient sea waters (Figure 5C; Supplementary

Figure 4; Garvine and Monk, 1974; Lee et al., 2016; Li et al., 2021).

The VC composition indicates the coarsest particles of >153 mm
contributed the most to the total VCs at the surface with an average

of 65% and a maximum of 94% (Figure 5D), and the<63 m size class

was the second most abundant with an average of 26%. The two

smallest size classes were minor in the upper water column but

dominant at the bottom, with<63 mm having an average of 50% in

the VC composition (Figure 5E). To compare the size composition of

the bulk SSC with VCs, the SSC was divided into<63 μm, 63-153 μm,

and >153 μm size classes (Figures 5F, G). The average SSC at the

surface was 4.6 mg L-1 with a maximum of 19.6 mg L-1 (Figure 5F). In

the bottom water, the average SSC was 5.4 mg L-1 with a maximum of

19.7 mg L-1 (Figure 5G). The<63 mm size class contributed most to the

bulk SSC both at the surface and near the bottom, and the >153mm size

only contributed lower than 30%. Based on the measured VCs and

SSCs, the particle bulk densities (rbk) at the surface ranged between

1.03 and 1.52 g cm-3 and averaged 1.19 g cm-3 (Supplementary

Figure 5). The rbk ranged between 1.21 and 2.48 g cm-3 and

averaged 1.51 g/cm3 at the bottom. It is worth mentioning that the

range of rbk is influenced by the assumed density of the solid particle,

which is related to the in-situ composition of the SP.
4.5 Chemical characteristics of
suspended particles

The bulk POC ranged from 0.06 to 0.19 mg L-1 at the surface,

and 0.05 to 0.08 mg L-1 at the bottom (Figure 6A). The POC% in the
D
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FIGURE 4

Temporal variabilities of (A) silicate, (B) Chl-a, (C) total N (nitrate + nitrite + ammonia), and (D) phosphate, and (E) the N/P ratio at the surface (red
dots and line) and bottom (blue dots and line) at ZHJ2. The black dashed line in (E) indicates the Redfield ratio. The yellow squares marked data
points of phosphate concentration below the detection limit.
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total SSC varied between 1.05 and 7.09% at the surface and 0.57 and

2.85% at the bottom (Figure 6B). The bulk PN at the surface water

varied from 0.01 to 0.03 mg L-1, of which PN% in the total SSC

varied between 0.16 and 1.04% (Figures 6C, D). In the bottom

water, the bulk PN ranged between 0 and ~0.01 mg L-1, with PN%

from 0.06 and 0.29%. Overall, the concentration of POC and PN

decreased when the salinity increased in the surface water but rarely

changed in the bottom water (Figures 6A, C). The decrease of POC

% and PN% with increasing SSC can be fitted with the power

regression (R2 > 0.6; Figures 6B, D). Guo et al. (2015) also observed

similar results in the Zhujiang estuary and ascribed the pattern to

the dilution of organic matter by clastic materials.

The POC to the Chl-a ratio (PC ratio) was used to identify the

degradation of the POM (Figure 6E; Wang et al., 2011; Guo et al.,
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2015). The threshold of the PC ratio between the newly produced

phytoplankton and the degraded materials (or detrital) is 200. If the

PC ratio is lower than 200, the newly grown phytoplankton

dominates and vice versa. Our results show that most PC ratios

at the surface were lower than 200 in general (the value changed

from 57.7 to 327.3) with a wide range of Chl-a values. The bottom

POM showed PC ratios close to or higher than 200 (from 156.5 to

462.5) with a narrower range of Chl-a.

The atomic carbon-to-nitrogen ratio (C/N ratio) ranged from

6.17 to 8.31 at the surface, having an average of 7.4 and a standard

deviation of 0.52; it ranged from 5.89 to 19.19 at the bottom, having

an average of 10.7 and a standard deviation of 2.71 (Figure 6F;

Supplementary Figure 6). The surface d13CPOC varied from -25.38

to -18.93‰, with a mean value of -21.76‰ and a standard deviation
FD
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FIGURE 5

Temporal changes of the 2-D structure of the volume concentration (VC) of the size of (A) <63, (B) 63-153, and (C) >153 µm. The white dash lines in
(A-C) mark the duration of the storm influence. Temporal variabilities of the accumulative percentages of size compositions of VC and SSC at the
surface (D, F) and the bottom (E, G). The color codes above each frame indicate different size classes.
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FIGURE 6

Measured OM parameters from water samples taken at the 3 (red) and 38 m (blue) depths, respectively. (A) The concentration of POC vs. salinity,
(B) the POC% is plotted against the SSC with power regression lines, R2, and the fitting equations. (C) The concentration of PN vs. salinity, (D) the PN
% is plotted against the SSC with the power regression lines, R2, and the fitting equations. (E) The POC to Chl-a ratio vs. measured Chl-a at the
surface (red dots) and bottom (blue dots). The black dashed line indicates the demarcation value at 200. (F) The d13CPOC vs. C/N diagram. Boxes
indicate the different domains of OM in the C/N vs. d13CPOC diagram (data compiled from Bordovskiy, 1965; Haines, 1976; Sherr, 1982; Schidlowski
et al., 1983; Meyers, 1994; Peterson et al., 1994; Middelburg and Nieuwenhuize, 1998; Chivas et al., 2001; Raymond and Bauer, 2001; Cloern et al.,
2002; Lamb et al., 2006; and references therein).
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of 1.53‰. The bottom d13CPOC ranged between -27.55 and

-25.35‰ with an average of -26.37‰ and a standard deviation of

0.51‰. According to the C/N ratio and the d13CPOC, the signature

of the POM is characterized as marine sourced at the surface

(enriched d13CPOC) but terrestrial sourced at the bottom

(depleted d13CPOC).

The Fm showed that the proportion of the marine POM ranged

between 31.7 and 91.4% at the surface (Figure 7), and the average

value was 65.2%. The Fm increased when the salinity decreased, and

vice versa. This indicates that the marine POM was dominant in the

river plume regime. The Fm in the bottom layer was much lower

than that at the surface and was constant around the value of 22.5%,

which implies low marine POM content.
4.6 Surface sediment

The grain-size composition of the surface sediment was slightly

bimodal (Figure 8A). One peak was at 12 mm, and the other was at

60 mm. Following the previous convention (Lee et al., 2016; Du and

Liu, 2017; Du et al., 2022; Liu J. T. et al., 2018), the size classes were

classified into<63, 63-153, and>153 mm for cross-comparison with

other measured variables (Figure 8B). Most of the contribution

(84%) to the bulk volume in the surface sediment was from the<63

mm grain-size class. The second most contribution (15%) was from

the 63-153 mm grain-size class. The >153 mm grain size class only

contributed<1% to the bulk volume.
4.7 Shear velocity

The u*c ranged from 0.1 to 10.8 mm s-1 and varied semi-diurnally

to diurnally (Figure 9). Because of the comparatively low significant

wave height (< 1.5 m on average; Supplementary Figure 1), the

derived u*w was close to 0 mm s-1. Thus, the u*cw was mainly affected

by the flow field and followed the variability of the u*c. To clarify the

process-response of the resuspension, u*cr in the 63 mm grain-size

class (u*cr _ 63mm) was calculated with the particle densities having

2.65 g cm-3 (detrital material; u*cr _ 63 detrital; red line) and 1.5 g cm-3

(in-situ particle bulk density near the bottom in Supplementary

Figure 5; u*cr _ 63 in-situ; red dashed line). Although u*cw rarely
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exceeded the entrainment threshold for detrital material of 63 μm

(u*cr _ 63 detrital at 9.1 mm s-1), it was beyond the u*cr63 in-situ at 5.5 mm s-1

frequently (Figure 9). However, the u*cw was still lower than

u*cr _ 153mm in both cases (detrital material and in-situ bulk density)

at 17.2 mm s-1 and 8.3 mm s-1, respectively.
4.8 Frequency spectral and
coherence analysis

The frequency spectrum of the shear velocity showed an intense

energy peak centered at the diurnal frequency (Figure 10A). Similar

patterns were also found in the light transmission and VCs within

1.5 mab, except for the >153 mm grain-size class that showed higher

energy at 0.8 cycles per day (Figure 10B–E). The power density of

the VC in the<63 mm size class was more substantial and more

concentrated at the diurnal frequency than that in other size classes.
FIGURE 7

The derived Fm at 3 and 38 m (marked with red and blue lines,
respectively). The black line indicates the salinity measured at 3 m
during the observation.
A

B

FIGURE 8

The grain-size composition of the surface sediments collected at
ZHJ2 including (A) the size distribution in VC of all samples;
(B) temporal changes in percentage of size composition in VC.
FIGURE 9

Calculated shear velocities induced by currents and current-wave
couplings (u*c and u*cw, marked with yellow dots). The dashed and
solid red lines indicate the critical shear velocities of the 63 µm grain
size with the measured particle density (1.53 g cm-3) and the
assumed detrital density (2.65 g cm-3), respectively. The dashed blue
and solid lines indicate the critical shear velocities of the 153 µm
grain size with the measured particle density and the assumed
detrital density, respectively.
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Among the three sizes, the 63-153 μm class was able to be entrained

the highest above the seabed (up to 1.5 m). The spectral coherence

of the shear velocity to the light transmission and VCs revealed a

high peak (>0.7) at the diurnal period, except for the coarsest size

class in the VC (Figure 10F–I).
5 Discussion

5.1 The ZPR regime and SPs dynamics in
the upper water column

Previous studies have described that the mechanisms

controlling the dispersion of the ZRP are couplings among the

wind field, tidal and non-tidal flows, and upwelling currents (Zu

et al., 2014; Zu and Gan, 2015; Lee et al., 2021). The southwesterly

monsoon wind field dominates in the summer and drives the less

saline ZRP water northeastward along the Guangdong coast

(Figure 2; Gan et al., 2009a; Zu and Gan, 2015; Lee et al., 2021).

The diluted ZRP water mass occupies the upper water column of

the NSCS and carries abundant Zhujiang effluent. Therefore, the

surface water displayed the signature of low water density, low light

transmission, high fluorescence, and high VCs on the pathway of

the ZRP (referred to as the ZRP regime; Figure 3, 5A–C).

The high N/P ratio at the surface in the NSCS is considered the

signature of the ZRP water (Figures 2; 4E; Yin et al., 2001), which

was caused by the excessive N exported from the Zhujiang River due

to the fast-growing population and agricultural industries along the

upper reaches (Yin et al., 2001). Phytoplankton growth was

stimulated when the ZRP delivered high riverine N to the N-

limited NSCS (Huang et al., 2020). Our data shows that the POM

in the ZRP regime was marine-sourced and “fresh” (growing in-situ
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or in the adjacent area) instead of exported riverine algae

(Figures 6E, F; Supplementary Figure 6A). Although POC only

contributed 4% to the bulk SSC on average at the surface

(Figure 6B), this value is comparable to those in the Changjiang

River and Rhône River (Lorthiois et al., 2012; Zhao and Gao, 2019).

The maximum proportion of those marine POM reached 90% in

the ZRP regime which varied independently against the salinity

(Figure 7). The particle size also changed against the salinity, which

had finer SPs (<153 μm) in the ZRP regime but coarser size class

(>153 μm) at the plume front (Figure 5A-C; Supplementary

Figure 4). The bulk density of the SP (1.19 ± 0.13 g cm-3)

indicates that particles at the surface water were fluffy with low

mass, such as phytoplankton or flocs (Figure 6F; Supplementary

Figure 5; Gregory, 1998; Lee et al., 2016; Du et al., 2022).
5.2 The coupling between physical
processes and the particle
biogeochemistry at the surface

Because of the co-varying nature of the data that included

physical forcing, water mass property and the nature of particles, a

multivariate analysis technique, empirical orthogonal function

(EOF) analysis, was used to render interpretations on the inter-

relationship among all variables (Liu et al., 2019; Liu et al., 2021;

Yang et al., 2021; Du et al., 2022). The covariability of several

independently measured variables at 3 m were synchronized at 3-hr

intervals to be objectively deciphered by each eigenmode

(Figures 11, 12). In the analysis, the measured flow field was

decomposed into alongshore and across-shore components. Then

the non-tidal and tidal parts of each alongshore and across-shore

flow were separated. The non-tidal flow represents the wind-driven
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FIGURE 10

Power spectra and coherence plots of (A) the shear velocity (u*cw); (B-E) light transmission, and VCs in<63, 63-153, and >153 µm grain size classes,
respectively in the depth range of 38.5~40 m; (F-I) The coherence between the spectra of the light transmission and VCs in<63, 63-153, and >153
µm grain size classes, respectively in the depth range of 38.5~40 m.
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flow. The tidal flow represents tidal motions. The salinity,

temperature, and light transmission stand for the signature of the

water mass. A Static Stability Index (E value), which has been used

to quantify the water column stability (Du and Liu, 2017; Lee et al.,

2021), was included to represent the mixing processes. The PC ratio

and Fm indicate the biogeochemical properties of the SP related to

its transformation (newly produced or degraded) and source/

provenance (marine or non-marine). The rbk represents the

physical property of the SP. The variables with higher values of

eigenvectors are the dominant variables influencing the co-

variability of a particular eigenmode (Figures 11, 12). The

interpretation of EOF results is subject to the user’s experience

and knowledge of the analyzed variables (Liu et al., 2019).

At the surface, the first three eigenmodes of the EOF analysis

explained 64% of the standardized covariance in the original dataset

(Figure 11A–C). In the 1st eigenmode (31%; Figure 11A), the

eigenvectors in the positive group included landward non-tidal flow

(representing physical forcing), salinity, temperature, light transmission

(representing offshore water), PC ratio (representing degraded

materials), and rbk (representing denser texture). The negative group

included E value and Fm (representing low water stability and depleted

d13CPOC). These groupings indicated the landward non-tidal flow that

delivered the offshore water mass of higher salinity, temperature, and

light transmission (lower turbidity), which was opposite to the water

column stability. Furthermore, the landward transport of offshore

water entrained more depleted d13CPOC and degraded particles

having a high bulk density.

The temporal pattern of the 1st mode grouping is represented by

the eigenweighting curve, plotted against selected variables for

comparison (Figure 11D). The variables that mimic the
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eigenweighting curve of this mode are non-tidal across-shore flow

and salinity; and the E and Fm curves are the mirror images of the

eigenweighting curve. The zero-crossings of the eigenweighting

curve indicate the time that the landward non-tidal flow occurred

under the influence of the far-field storm wind and suggests the

regime shift at the surface (Figure 11D; Huang et al., 2020; Lee et al.,

2021). The low surface N/P ratio in the same period was attributed

to the strong wind-induced mixing (low E) between the ZRP and

ambient waters (Figure 2; Supplementary Figure 7). The out-of-

phase relation of the Fm to the eigenweighting curve suggests that

more depleted d13CPOC, degraded, and denser POM became

dominant when the surface was filled with offshore water

(Figures 7, 11A, D). Therefore, the 1st mode described the

influence of the far-field wind forcing on regimes in the upper

water column.

The eigenvectors in the 2nd mode (21%) showed dominance by

tidal motions in both alongshore and across-shore directions

(Figure 11B). The eigenweighting curve presented in phase with

the flood tide (NE-directed alongshore and the inshore-directed

across-shore tidal flows; Figure 11E) and out of phase with salinity.

Therefore, this mode indicates the on/off-shore dispersal of the ZRP

by the tidal modulation (Lee et al., 2021). During the flood tide, the

warm river plume enhanced the stratification in the upper water

column (positive temperature, negative salinity, and positive E in

eigenvectors; Figures 11B, E) and had less turbidity (high light

transmission), with fresh marine-sourced POM (negative PC ratio

and positive Fm);. When the ebb tide pushed the ZRP offshore, the

regime at the surface shifted to the turbid plume front which

contained more degraded POM having a denser rbk and the less

enriched-d13CPOC (Figure 11B; Supplementary Table 3).
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FIGURE 11

Plots of the EOF analysis results including (A-C) Eigenvectors of the first three modes. The dominant variables are in dark gray, and the rest are in
light gray. The eigenweighting curve of each mode (bold black curve) is potted against the selected variables including (D) the across-shore non-
tidal flow (red), salinity (dark purple), E (magenta), and Fm (green); (E) the across-shore tidal flow (red), the alongshore tidal flow (yellow-green),
salinity (dark purple), and particle bulk density (brown); (F) the along-shore non-tidal flow (red), salinity (dark purple), water temperature (blue), and
Fm (green). The duration influenced by the storm wind is marked with the brown dashed lines in (A).
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The eigenvectors in the 3rd mode (12%) show the dominant

variables in the positive group were the alongshore non-tidal flow, the

salinity, and the Fm (Figure 11C). The dominant negative variables

included the water temperature, E, PC ratio, and rbk. These

groupings indicated the NE-ward non-tidal flow was associated

with the transport of the saline and cold-water mass that carried

newly produced and marine-sourced particles with low rbk at the

surface. Since Wang et al. (2014) pointed out that the strength of the

NE-ward flow had a recognizable contribution to the upwelling

intensity in the NSCS, this mode infers the effect of the varying

upwelling. The secular trend of the eigenweighting curve was

accompanied by the decreasing non-tidal alongshore flow and

salinity, implying the regime shifted from the saline upwelling

regime to the ZRP regime during observation (Figure 11F), which

was observed by the SST satellite images (Supplementary Figure 8;

Multiscale Ultrahigh Resolution SST product; JPL MUR MEaSUREs

Project, 2015). The corresponding biogeochemical properties of SPs,

such as d13CPOC-derived Fm and rbk, changed due to different bio-

communities in the ZRP and upwelling regimes (Yin et al., 2001; Li

et al., 2021). Our results showed that POM in the upwelling regime

carried lighter biogenic particles having more enriched d13CPOC than

that in the ZRP regime (Figure 11C; Supplementary Table 3; Gan

et al., 2010; Lu et al., 2010; Gao et al., 2018).
5.3 The BNL regime and SPs dynamics near
the bottom

The bottom regime was identified by the presence of a 10-m

thick benthic nepheloid layer (BNL), which is characterized as the

water mass with low light transmission than that in the ambient

seawater (Figure 3C; Hoshika et al., 2003; Du and Liu, 2017; Tian

et al., 2022). The average light transmission in the BNL (68%) was

comparable to that in the surface ZRP (71%). Although the BNL has

been widely observed in estuaries and marginal seas (Liu et al., 2014;

Du and Liu, 2017; Jia et al., 2019; Feng et al., 2021), studies of

particle dynamics in the BNL on the NSCS shelf are still in progress

(Gong et al., 2020; Li et al., 2021).

The high bulk density of particles and PC ratio in the bottom

regime indicated that the POM was degraded (Figures 6;

Supplementary Figure 5). This resulted in a low proportion of

bulk SP (<3% in POC and<0.3% in PN) and a wide range of C/N

ratios with a weak linear relationship (R2<0.12) between the atomic

carbon and nitrogen (Figure 6F; Supplementary Figure 6B). The

degraded POM in the BNL was suggested as “terrestrial-sourced”

due to the depleted d13CPOC values (lower/lighter than -25‰;

Figure 6F), which could be caused by the microbial effects or

degradation (Liu et al., 2007; Close and Henderson, 2020). The

Fm indicated that the proportion of marine materials (enriched

d13CPOC) only contributed 22.5% of the bulk POM in the bottom

regime (Figure 7). Interestingly, there is a missing link to interpret

the source of the d13CPOC in the BNL because both the ZRP and

previous surface sediment records had enriched d13CPOC in the bulk

POM (Yu et al., 2010; Guo et al., 2015; Cao et al., 2020). Therefore,

the EOF analysis was used to determine the complex process-
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response relationship between the physical forcing and SPs in the

bottom regime.
5.4 The coupling between physical
processes and particle biogeochemistry
near the bottom

In the EOF analysis (Figure 12A), the PVs of non-tidal flows

(Supplementary Figure 2D; Lee et al., 2021) were chosen to

represent the net movement/displacement of the bottom water

mass as part of the upwelling-associated circulation and were

divided into along-shore and across-shore components. The tidal

flow represented the tidal forcing. The salinity, temperature, and

light transmission represented the bottom water mass. PC ratio, Fm,

and VCs represented properties of SPs. VCs were separated into two

groups using the 63 mm as the bench line to represent the responses

in SPs of different sizes under various hydrodynamic forcing. Only

the first two eigenmodes (accounting for 56% of the data) are

described in the following section because the third mode only

explained<10% of the standardized covariance of the

original dataset.

The 1st eigenmode explains 42% of the standardized covariance

(Figure 12A). Based on the eigenvectors, the positive PVs in both

components represent the net NE-alongshore and landward

movements of water masses having low salinity, low temperature,

and low light transmission (variables in the negative group). The

POM carried by the water masses was degraded and depleted-

d13CPOC (positive PC ratio and negative Fm) and dominated by finer

particles partially with coarser size (highly positive in VC<63μm and

less in VC>63μm). The eigenweighting curve in the first mode having

an increasing secular trend illustrates the main biogeochemical

attributes of the SPs associated with the intrusion of the cold

offshore water driven by the upwelling circulation (Figures 2,

12C; Supplementary Table 4; Lee et al., 2021).

The 2nd mode explains 14% of the covariability showing the

dominance of tidal forcing (Figure 12B). The combined SE tidal

flow (positive in the alongshore tidal flow and negative in the

across-shore tidal flow) caused the bottom water to become more

turbid (negative light transmission), and the POM were degraded,

marine-sourced, and finer materials (positive PC ratio, Fm,

and VC<63mm).

The 2nd mode eigenweighting curve presented a semidiurnal to

diurnal variability and mimicked the variability of the tidal flow

(Figure 12D). Since the power density spectrum of the shear stress,

the light transmission, and VCs showed pronounced peaks located

at/near the diurnal frequency with high coherences (Figure 10), a

forcing-response relationship in the entrainment of bottom

sediment caused by the tide-related process is clear. The resolved

tidal flows near the bottom were likely to generate turbulences

inducing resuspension of particles having high bulk density

(Supplementary Figure 5; Lee et al., 2021; Liu J. T. et al., 2018;

Weeks et al., 1993). The eigenvector of the VC>63mm was negative

(Figure 12B) because the theoretical entrainment analysis based on

the bulk density of particles indicated the strength of the u*cw was
frontiersin.org

https://doi.org/10.3389/fmars.2023.1156915
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lee et al. 10.3389/fmars.2023.1156915
insufficient to suspend coarser particles (Figure 9). This explains

why the high coherence to the shear velocity only occurred in the

VCs of finer size classes at the diurnal frequency (<153 mm;

Figures 10G–I). In addition, the surface sediment was mainly

composed of<153 mm, which limited the “source” of coarser

particles to be suspended (Figure 8, Supplementary Table 4).
5.5 Contrasting regimes in the
water column

Although both wind field and tidal forcing played important

roles at surface and bottom regimes, the processes-responses were

different in the physical forcing and biogeochemical properties of

SPs (Figures 11 – 13). At the surface, the summer monsoon wind

and tidal flows resulted in the coastal circulations that controlled the

dispersal of the regime among upwelling, plume front, and ZRP

(Figures 13A, B, E, F). With the episodic far-field storm wind, the

mixing processes among regimes increased (Figure 13D). Near the

bottom, on the other hand, the southwesterly monsoon wind field

was associated with the landward transport of the cold offshore

water through the upwelling circulation (Figure 13B). The tidal

oscillation caused the local sediment resuspension off the seabed,

which led to the development of the BNL (Figures 13B, C)

The corresponding POM in surface regimes was newly

produced marine phytoplankton because the ZRP and upwelling

delivered nutrients supporting the primary production

(Figure 13B). In the lower water column, by contrast, the

degraded POM was attributed to the particles entrained from the

offshore and reworked surface sediments (Figures 13B, C).

Therefore, the biogeochemical properties of the SP exhibited

lighter particle bulk density and more enriched d13CPOC at the

surface (fluffy biogenic particles) than those in the lower water

column (denser detrital materials having a depleted d13CPOC;

Figures 6E, F; Supplementary Figure 5).
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The SPs showed size-fractionated nature in the water column,

that there are coarser particles (>63 μm) at the surface but finer

particles (<63 μm) at the bottom (Figures 5D, E). Regimes at the

surface had diverse particle sizes among ZRP (<153 μm), the plume

front (>153 μm), and the upwelling region (20-200 μm; Li et al.,

2021), which was caused by the different bio-growing mechanisms

and the mixing processes (Figures 5A-C; Supplementary Figure 4;

Lee et al., 2016; Li et al., 2021). Furthermore, large particles were

trapped below the pycnocline due to stratification caused by the

ZRP (Figure 3B, 5C; Du and Liu, 2017; Liu et al., 2019).
5.6 Implications on the close coupling
between physics and particle-related
biogeochemistry on river-dominated
continental shelves

Satellite images, in-situ observations, and numerical modeling

have suggested the effluent exported from the Zhujiang is

transported to the southern Taiwan Strait in summer (Chen,

2002; Gan et al., 2009b; Bai et al., 2015; Lee et al., 2021).

However, our field measurements demonstrate that ZRP mainly

consisted of marine-sourced POM instead of terrestrial POM

(Figure 6). A similar POM composition was also found in the

plumes of the Changjiang River (Gao et al., 2014) and the Amazon

River (Weber et al., 2017), but not in the case of abundant riverine

C3 sources in the Rhône River and Fly River (Goni et al., 2006;

Harmelin-Vivien et al., 2010). The different source identification of

SPs affects the evaluation of the OM budget on the pathway of ZRP.

With the proportion of marine OM and the derived bulk density of

SPs in the water column (Figure 7, Supplementary Figure 5), the

transport and settling flux of OM can be precisely estimated on the

inner shelf of the NSCS.

The EOF analysis provides a powerful tool to objectively

differentiate the effects of non-tidal and tidal forcing on the
D

A B

C

FIGURE 12

Plots of the EOF analysis of results. (A, B) Eigenvectors of the first two modes. The dominant variables are in dark gray, and the rest are in light gray.
The eigenweighting curve of each mode (bold black curve) is potted against the selected variables including (C) the across-shore non-tidal PV (red
curve), temperature (blue), light transmission (green), and VCs in the <63 µm size class (brown); (D) the across-shore tidal flow (red), light
transmission (green), and VCs in the<63 µm size class (brown).
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associated water masses and diverse sources of particles in the

sediment transport process. For example, the discrepancy in

d13CPOC between the bottom water mass (-26.37‰) and the

surface sediment (-24‰ ~ -23‰) has been observed on the inner

continental shelf of the NSCS (Yu et al., 2010; Guo et al., 2015; Cao

et al., 2020), but the cause-and-effect is challenging to validate due

to the complicated coupling of physical forcing. The EOF analysis

demonstrates that the upwelling-associated landward transport

delivered the degraded POM having depleted d13CPOC to the

nearshore, while the tide-related forcing entrains enriched

d13CPOC particles from sediment. The combination of physical

processes resulted in a depletion of the overall d13CPOC in the

BNL. Without constraints of physical forcing, identifying the

particle source based only on the biogeochemical properties of the

SP might be misleading. Understanding the process-response

nature of SPs in the upwelling-favorable environments helps to

establish the source-to-sink (S2S) conceptual framework for

biogeochemical cycles on the river-dominated continental shelf

like the NSCS.
6 Conclusion

This study used an interdisciplinary approach to investigate the

close coupling between physical processes and biogeochemical

properties of SPs on the pathway of the ZRP in the NSCS.

Although the water depth was only 41 m at our study site,

distinct oceanographic regimes were present at the surface and

bottom due to different physical forcing, including the wind field,

coastal currents, tidal oscillations, and upwelling. (Figure 13). Water
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masses in the surface regime included cold upwelling water and the

warm ZRP, with the plume front having mixed water mass in

between. The dispersal of the ZRP was controlled by the monsoon

wind, wind-driven currents, and tidal flows. The newly produced

marine-sourced POM (enriched d13CPOC) was generally observed in

the surface. However, due to different bio-communities in the

surface regime, the ZRP contained smaller particles (<153 μm)

with higher bulk density and less enriched d13CPOC. At the plume

front, the POM was degraded and having large sizes (>153 μm).

Meanwhile, the bottom regime was affected by the coupling of

upwelling-associated circulation and tidal oscillations (e.g., tidal

flows), resulting in particle lateral transport and resuspension,

respectively. Both mechanisms mainly entrained degraded

particles finer than 63 μm. But the lateral transport carried more

depleted d13CPOC because of microbial reworking or degradation.

Overall, the POM in BNL was composed of particles<63 μm,

degraded, and with depleted d13CPOC, which might be interpreted

as the “terrestrial” source. With multivariable constraints, the

source of SPs in the regime can be clearly differentiated. Our

work avoided temporal aliasing in the cause-and-effective

observations between physical processes and biogeochemical

properties of SPs. These findings contributed to the fundamental

understanding of the physical forcing aspect of the biogeochemical

cycling in river-dominated continental shelf systems like the NSCS.
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FIGURE 13

A schematic diagram illustrating process-response relationships among the physical forcing and types of SPs, including (A) The bird’s view of the
physical forcing includes the southwesterly monsoon wind, tidal modulations, and far-field wind along the propagation pathway of the ZRP.
(B) Along the transect in (A) shows regimes entraining SPs in the water column (the transect in (A) is marked “(B)”). The characteristic of each regime
is described in the box above the (B). Different symbols on the left indicate the types of particles. (C) The circle shows an enlarged BNL. The cause-
and-effectiveness between the physical forcing and SPs in the upper water column is on the right, such as (D) the mixing induced by the far field
wind, (E) the tidal modulations, and (F) the upwelling-associated effect. The inverted yellow triangle indicates the location of ZHJ2. .
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