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Introduction: The study on the distribution characteristics of suspended

sediment concentration (SSC) in estuaries is an important subject in the study

of estuaries and coasts, which has important theoretical significance and

practical value.

Methods: In order to fully understand the characteristics of SSC in the Yangtze

River Estuary and its adjacent waters, this paper uses fixed vertical observation

data and navigation type large area observation data as data sources to analyze

the distribution characteristics of SSC in the Yangtze River Estuary and its

adjacent waters under different tidal current states and its vertical profile

characteristics. It discusses the impact of tidal current velocity on SSC and the

changes of SSC in the Yangtze River Estuary and its adjacent waters from 2018 to

2020. And the applicability of the Rouse and Soulsby formulas in the Yangtze

River Estuary and its adjacent waters was verified.

Results: It was found that the Rouse and Soulsby models have high applicability

in the study area, and the prediction accuracy based on the Li’s Soulsby model is

higher. This study provides effective support for carrying out marine forecasting,

analysis and evaluation, and provides theoretical basis for carrying out analysis of

the current situation of estuarine mudflat resources and prediction of the

evolution trend. It plays an important role in scientific and comprehensive

research and management of mudflat resources in Shanghai.
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Discussion: However, this study only explored the characteristic patterns of SSC

in the Yangtze River Estuary and its adjacent waters based on field observations,

but SSC is a more complex water environment parameter that is influenced by a

variety of factors. The effects of salinity, temperature and wind speed should be

considered in subsequent studies.
KEYWORDS

suspended sediment concentration, vertical distribution, Yangtze estuary and adjacent
waters, Rouse’s formula, Soulsby’s formula
Introduction

Estuaries play an important role in coastal systems as a transition

zone for sediment transport from land to sea, rich in natural

resources, densely populated, and as areas of transportation hubs

and commercial and industrial centers (Tejedor et al., 2015; Nienhuis

et al., 2016). Suspended Sediment Concentration (SSC) refers to the

mass of suspended sediment per unit volume of water, and is one of

the most important indicators for evaluating the environment of

estuaries (especially high turbidity estuaries) and their adjacent

waters. It has an important impact on the ecological environment

of estuaries and their adjacent waters. For example, the SSC can

directly affect the transmissivity of the water column, and thus the

photosynthesis and primary productivity of phytoplankton, which in

turn affects fisheries and ecosystem security. Because of their small

particle size and large specific surface area, suspended sediments are

often effective carriers of nutrients and pollutants (Du Laing et al.,

2009; Xie and Wang, 2020), so changes in suspended sand

concentration can affect the transport and enrichment of nutrients

and pollutants such as heavy metals (Hestir et al., 2013; Hestir et al.,

2016). The magnitude of SSC in estuaries is also related to the flushing

and siltation of submerged deltas, tidal wetlands and harbor channels

(Miserocchi et al., 2007; Shi et al., 2016). Therefore, it is of great

theoretical and practical importance to study the variation of SSC in

estuaries and their adjacent waters.

In recent years, there have been many research results on the

distribution of suspended sand on estuarine shores. Ren et al (Ren

and Wu, 2014). conducted fixed-point hydrographic observations of

large and small tides in the Pearl River estuary, analyzed the

characteristics of water flow and sediment distribution, and

discussed the influence of density leap on sediment trapping. Jia

et al. (2014) discussed the resuspension characteristics of sediment at

the Mill Gate under wave-current interaction through in situ tripod

observations. Gong et al. (2014) analyzed the effects of runoff and

tidal mixing on sediment transport in the Mill Gate through in situ

observations. Li et al. (2016) analyzed the sediment transport

characteristics of the deepwater channel in the Yangtze estuary

through fixed point observations and pointed out that sediment

trapping was responsible for the large amount of siltation in the

middle section of the deepwater channel. Becherer et al (Becherer

et al., 2016). used CTD, ADCP and in situ sampling to obtain high-
02
resolution in situ suspended sand, current velocity, water temperature

and salinity data in the Wadden Sea area and analyzed sediment

transport in a fully mixed tidal channel. Bian et al (Bian et al., 2013).

analyzed the seasonal variation of suspended sediment distribution

and explored its influencing factors by collecting suspended sediment

concentrations on the surface of the Yellow Sea and East China Sea in

four seasons in 2011. Dong et al. (2011) explored the sediment

transport and its mechanism in the Yellow Sea and East China Sea

based on the large surface suspended sediment data collected for

many years. These studies have carried out good analyses and

discussions on water and sand transport and sediment siltation in

the Yangtze River Estuary, but fewer studies have been carried out on

the characteristics of the vertical distribution of SSC during spring,

middle and neap tides and at flood and ebb tides.

As the largest estuary in China, the Yangtze estuary is

characterized by ‘high turbidity’ and ‘fine particles’, and is a

branching estuary with extremely sensitive land-sea interactions,

which brings together material inputs from the 1.8 million km2

catchment area and is influenced by the dynamical system of the

East China Sea. It is also influenced by the dynamical system of the

East China Sea, and has evolved over a long period of time as a

result of a combination of factors to form the current pattern of

“three levels of branching and four mouths into the sea”. The

Yangtze River’s abundant water volume and huge sediment

discharge have a significant impact on the hydrological

environment, sediment deposition and ecological environment of

the Yangtze River Estuary and its adjacent sea areas (Wang, 2014),

while the Yangtze River Estuary and its adjacent sea areas are rich in

freshwater, sediment, mudflat wetlands and biological resources,

and have good navigation channels and shorelines, which have long

provided important natural resources for the sustainable socio-

economic development of Shanghai.

In this paper, we take the Yangtze River Estuary, the northern

part of Hangzhou Bay and the Yangshan Port as the study areas,

and use the fixed-point observation data and large-scale observation

data obtained from the Shanghai Marine Monitoring and

Forecasting Center as the data sources to analyze the distribution

characteristics of the SSC in the Yangtze River Estuary and its

adjacent waters under different tidal conditions. The analysis

focuses on the vertical distribution characteristics, including the

correlation among the SSCs and the vertical distribution pattern.
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The influence of tidal velocity on the SSC is discussed, and the

applicability of Rouse’s formula and Soulsby’s formula to the

Yangtze River Estuary and its adjacent waters is verified.
Materials and methods

Study area

The Yangtze River Estuary is one of the three major estuaries in

China. From below Xu LiuJing, it diverges to the north and south

sides of ChongMing Island, which are the South Branch and the

North Branch respectively. The hydrodynamic conditions are

complex and variable, the geomorphology is evolving rapidly, and

the deposition process is complex. Hangzhou Bay is located in the

Yangtze River Delta region, adjacent to the Yangtze River Estuary,

and has a trumpet shape and flat bottom topography, with an average

water depth of 8-10 m. It is one of the estuaries with the highest

concentration of suspended sand in the world, and the measured

concentration of suspended sand at the top of the bay was as high as

10.6 kg/m3 (Xie et al., 2009). The sea area of YangShan Port is located

in the sea area of the rugged island group, which is a trumpet-shaped

water area composed of two island chains, one in the north and one

in the south, mainly composed of the Large and Small YangShan,

with the Small YangShan, Huo Gai Tang, large rock reef, small rock

reef, Pearl Hill and large turtle islands in the north island chain, and

the Large YangShan, large Shan Tang and Shuang Lian Shan islands

in the South Island chain. The sea is influenced by the sediment from

the Yangtze River Estuary, which has a high sand content all year

round, and the strong currents in the island groupmake the sediment

movement more active (Dong, 2011).
Data sources

In this study, data collection is divided into fixed vertical lines data

collection and large surface observation data collection. Five fixed

vertical lines were deployed in the Yangtze River Estuary, including C1

to C4 near the mouth gates of the North Branch, the North Port, the

North Channel and the South Channel of the Yangtze River Estuary,

and C5 near the mouth of Nanhui in Shanghai. Three fixed vertical

lines, H1 to H3, were deployed in the northern part of Hangzhou Bay.

One vertical line was deployed in the harbor area of YangShan Port,

and two vertical lines were deployed on the east and west sides of the

island, Y1 to Y3 respectively. The large surface observation in the

Yangtze River Estuary covers the Shanghai waters outside the Yangtze

River Estuary, with 6 large surface observation sections, totaling 36

sampling points, numbered CD1~CD36, in the northern part of

Hangzhou Bay, 4 large surface observation sections are deployed to

monitor the changes of suspended sand concentration in the north

coast waters, totaling 16 sampling points, numbered HD1~HD16, as

shown in Figure 1.

Continuous monitoring was carried out at 11 fixed vertical lines in

the Yangtze River Estuary, the north coast of Hangzhou Bay and

Yangshan Port, respectively, to collect information on the stratified

flow velocity and suspended sand concentration at spring, middle and
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neap tides. Sampling dates for spring tides are 15-16 June 2018; 29

May-30May 2019; and 7-8 June 2020. Sampling dates for middle tides

are 11-12 June 2018; 1-2 June 2019; and 3-4 June 2020. Sampling dates

for neap tides are 7-8 June 2018; 4-5 June 2019; 30-31 May 2020. The

velocity and direction data were obtained based on the ADCP, and

were observed every 15 minutes for 3 minutes during the observation

process; the SSC data were obtained based on the OBS, and were

observed once every hour during the whole observation period. Water

depths of up to 10 meters are sampled by the 3-point method, and

water depths of 10 meters or more are sampled by the 6-point method.

At the same time, 1000ml horizontal samplers were used to collect

water samples to rate the OBS sampling results. The sampling

frequency was as follows: the water samples were collected at the

four periods of flood peak, flood slack, ebb peak and ebb slack in the

first half of each fixed vertical line (4 times in total), and the water

depth was within 10m according to the 3-point method, and above

10m according to the 6-point method. The water samples were taken

at a relative water depth of 0.8H every hour during the rest of the

period. The water samples were taken back to the laboratory to obtain

suspended sand concentrations based on the weighing method. The

acquisition of data from large surface observations is simpler than that

of fixed plumb line data, using ADCP to obtain stratified flow velocity

and direction, and only one observation at each point; using OBS to

SSC data, and only one observation at each point during the whole

observation period, while collecting water samples to rate the OBS

sampling results. The sampling frequency is slightly different from that

of fixed plumb line, specifically: CD1-CD4, CD6- CD8, CD11-CD13,

CD19-CD21, CD29-CD31 and other 16 points, the water depth

within 10 m was sampled by the 3-point method and above 10 m

by the 6-point method; for the remaining 20 points, only water

samples at 0.8H were collected. The water samples collected were

also analyzed in the laboratory by the weighing method.

Since the OBS collects turbidity value, it is necessary to collect

calibration water samples to analyze SSC in order to deduce the SSC

of the measurement point, and then calculate SSC of the

measurement point through the OBS turbidity value according to

the OBS rate calibration formula (OBS turbidity value ~ SSC

relationship curve). The field rate calibration is carried out

according to the requirements of the “OBS-3A Calibration and

Calibration Technical Guide”. Table 1 shows the R2 of OBS

turbidity values and SSC fitting curves at some points, indicating

a high correlation between the two, with R2 greater than 0.8.

The vertical average SSC is calculated by the following equation:

Six-point method:

CSP = on
1
Ci�Csi�Vxi

10VP
(1)

Three-point method:

CSP = on
1
Ci�Csi�Vxi

on
1
Vxi

(2)

When it is located near the diverted flow, the flow velocity is low

and the flow direction is turbulent. It may be unreasonable to

calculate the average sand content of the vertical line by weighting

the flow velocity, so it is calculated by weighting the sand content of

the measurement point, i.e.
frontiersin.org
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CSP = on
1
Ci�Csi

on
1
Ci

(3)

In the above equation: CSP is mean sand content of the vertical

line (kg/m3); Ci is weighting coefficient (1, 2, 2, 2, 2, 2, 1 for the six-

point method and 1, 1, 1 for the three-point method); Csi is sand

content of the measurement point (kg/m3); Vxi is average flow

velocity at the measurement point (m/s) and VP is average flow

velocity of vertical line (m/s).
Frontiers in Marine Science 04
Results

Analysis of the distribution characteristics
of the SSC under different tidal states

The SSCs in the three regions of the Yangtze River Estuary,

Hangzhou Bay and Yangshan Port from 2018 to 2020 were counted,

and the characteristics of SSCs under different tidal types of neap,
FIGURE 1

Study area and location of sampling sites.
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middle and spring tides were analyzed using three indicators:

surface SSC (C(0H)), near-bottom SSC (C(1H)) and vertical

average SSC (CSP), as shown in Tables 2–4, where C(0H), C(1H)

and CSP are the average values of multiple single SSC vertical

profiles, and N is the number of single vertical profiles. It can be

seen that for the same region, the size ranking of C(0H), C(1H) and

CSP for different tide types is all: neap tide< middle tide< spring tide.

And from the three large regions, the highest SSC is in Hangzhou

Bay, followed by Yangshan Port, and the lowest in Yangtze River

Estuary, and with CSP in 2019, for example, Hangzhou Bay is 1.28
Frontiers in Marine Science 05
times higher than Yangshan Port and 2.10 times higher than

Yangtze River Estuary. To investigate the effect of different tidal

states such as high and low tides on the SSC, the magnitude

characteristics of the SSC at high and low tides in the three

regions were also analyzed using three indicators, C(0H), C(1H)

and CSP as shown in Tables 2, 3, 5. The results show that the

regularity of differences between the SSC at flood and ebb tides is

not obvious in the three regions. Taking 2018 data as an example, in

the Yangtze River Estuary area, the SSC during flood tide is slightly

higher than that during ebb tide. In the waters of Yangshan Port, the
TABLE 1 R2 of OBS turbidity values and SSC fitting curves at some points.

Point Tides Type R2 Point Tides Type R2

C2 neap tide 0.8799 H3 neap tide 0.8589

middle tide 0.9400 middle tide 0.8724

spring tide 0.8805 spring tide 0.9439

C3 neap tide 0.8672 Y1 neap tide 0.8982

middle tide 0.9493 middle tide 0.8865

spring tide 0.9207 spring tide 0.8690

C4 neap tide 0.8251 Y2 neap tide 0.8547

middle tide 0.9150 middle tide 0.8924

spring tide 0.8567 spring tide 0.8517

H2 neap tide 0.9002 Y3 neap tide 0.9145

middle tide 0.8355 middle tide 0.9459

spring tide 0.8615 spring tide 0.9023
TABLE 2 Characteristics of SSC during different tide types in 2019.

Research Area Types of tide C(0H)
(kg/m3)

C(1H)
(kg/m3)

CSP
(kg/m3) N

Hangzhou Bay

Neap 0.2719 0.8577 0.5003 58

Middle 0.5745 1.3483 0.9362 86

Spring 0.5874 1.7648 1.1324 88

Total average 0.5037 1.3837 0.9016 232

Flood tide 0.5505 1.2504 0.8898 63

Ebb tide 0.4291 1.4160 0.8705 62

Total average 0.4903 1.3325 0.8802 125

Yangshan Port

Neap 0.1346 0.8026 0.3141 83

Middle 0.2744 1.2689 0.7194 79

Spring 0.3594 2.0142 1.1131 76

Total average 0.2528 1.3443 0.7028 238

Flood tide 0.2531 1.2371 0.6896 69

Ebb tide 0.2525 1.3583 0.6809 62

(Continued)
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SSC at flood tide is slightly lower than that at ebb tide. Similarly,

analyzing the data from 2019 and 2020, it was found that there is no

significant regularity in the differences in SSC between flood tides

and ebb tides. That is to say, when analyzing the impact of flood

tides and ebb tides on SSC, we also need to comprehensively analyze

hydrodynamic parameters such as flow velocity.
Frontiers in Marine Science 06
Correlation analysis of SSC in each
vertical layer

Taking the 2019 data as an example, the correlation coefficients

between the SSC in each layer of the three regions and the vertical

average SSCwere calculated separately to form the correlation coefficient
TABLE 2 Continued

Research Area Types of tide C(0H)
(kg/m3)

C(1H)
(kg/m3)

CSP
(kg/m3) N

Total average 0.2528 1.2944 0.6855 131

Yangtze River Estuary

Neap 0.0774 0.6646 0.2607 31

Middle 0.1667 0.6571 0.3920 55

Spring 0.2030 1.1393 0.5645 53

Total average 0.1606 0.8426 0.4285 139

Flood tide 0.1669 0.7868 0.4183 40

Ebb tide 0.1396 0.8838 0.4098 39

Total average 0.1535 0.8347 0.4141 79
frontiersi
TABLE 3 Characteristics of SSC during different tide types in 2020.

Research Area Types of tide C(0H)
(kg/m3)

C(1H)
(kg/m3)

CSP
(kg/m3) N

Hangzhou Bay

Neap 0.1580 0.9824 0.4936 92

Middle 0.3605 1.0199 0.6838 89

Spring 0.4980 1.1295 0.7718 46

Total average 0.3388 1.0439 0.6497 227

Flood tide 0.2055 0.5861 0.4034 35

Ebb tide 0.2346 0.5562 0.3873 35

Total average 0.2201 0.5711 0.3954 70

Yangshan Port

Neap 0.1279 1.9079 0.7566 56

Middle 0.3697 1.8726 1.2282 56

Spring 0.8566 1.9966 1.4403 54

Total average 0.4514 1.9257 1.1417 166

Flood tide 0.4508 1.5028 1.0581 37

Ebb tide 0.4703 1.5294 0.9951 40

Total average 0.4606 1.5161 1.0266 77

Yangtze River Estuary

Neap 0.1060 0.5968 0.2504 141

Middle 0.1746 0.6882 0.4237 138

Spring 0.3216 0.8068 0.5253 125

Total average 0.2008 0.6973 0.3998 404

Flood tide 0.1328 0.7683 0.4229 34

Ebb tide 0.1610 0.5779 0.3720 26

Total average 0.1469 0.6731 0.3974 60
n.org
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TABLE 4 Matrix of correlation coefficients for SSC by layer.

Hangzhou Bay C(0H) C(0.2H) C(0.4H) C(0.6H) C(0.8H) C(1H) CSP

C(0H) 1

C(0.2H) 0.9254 1

C(0.4H) 0.7854 0.9078 1

C(0.6H) 0.5468 0.6738 0.8675 1

C(0.8H) 0.3782 0.4692 0.6913 0.9129 1

C(1H) 0.2072 0.2907 0.5320 0.7984 0.8953 1

CSP 0.7319 0.8265 0.9382 0.9485 0.8582 0.7504 1

Yangshan Port C(0H) C(0.2H) C(0.4H) C(0.6H) C(0.8H) C(1H) CSP

C(0H) 1

C(0.2H) 0.7818 1

C(0.4H) 0.5496 0.8565 1

C(0.6H) 0.3819 0.6857 0.8876 1

C(0.8H) 0.3921 0.6334 0.7930 0.9015 1

C(1H) 0.0587 0.2699 0.5133 0.7191 0.7348 1

CSP 0.5397 0.8100 0.9296 0.9407 0.9164 0.7270 1

Yangtze estuary C(0H) C(0.2H) C(0.4H) C(0.6H) C(0.8H) C(1H) CSP

C(0H) 1

C(0.2H) 0.8598 1

C(0.4H) 0.6972 0.8861 1

C(0.6H) 0.5043 0.7046 0.8799 1

C(0.8H) 0.4029 0.5829 0.7289 0.8819 1

C(1H) 0.3108 0.4813 0.6258 0.8196 0.9628 1

CSP 0.6262 0.8003 0.9091 0.9480 0.9243 0.8652 1
T

F

ABLE 5 Characteristics of

Research Area

Hangzhou Bay

Yangshan Port

rontiers in Marine Science
SSC during differe
nt tide types in 20

Types of tide

Neap

Middle

Spring

Total average

Flood tide

Ebb tide

Total average

Neap

Middle

Spring

Total average

Flood tide

Ebb tide
18.

C(0
(kg/m

0.13

0.41

0.47

0.34

0.32

0.37

0.35

0.36

0.48

0.59

0.48

0.38

0.45

07
H)
3)

40

75

09

08

69

77

23

73

02

95

23

01

89
C(1H)
(kg/m3)

0.5344

1.1088

1.7702

1.1378

1.1833

1.0567

1.1200

1.3330

1.2870

2.4563

1.6921

1.4935

1.8181
CSP
(kg/m

0.2629

0.6544

0.9238

0.6137

0.6272

0.6385

0.6329

0.5813

0.7164

1.1954

0.8310

0.7330

0.8500
3)
N

66

64

61

191

50

49

99

57

52

76

185

41

56

(Continued)
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TABLE 5 Continued

Research Area Types of tide
C(0H)
(kg/m3)

C(1H)
(kg/m3)

CSP
(kg/m3)

N

Total average 0.4195 1.6558 0.7915 97

Yangtze River Estuary

Neap 0.1830 0.7038 0.3133 55

Middle 0.1707 1.0033 0.3372 48

Spring 0.1196 1.4541 0.3946 47

Total average 0.1578 1.0538 0.3483 150

Flood tide 0.1776 1.3428 0.3987 35

Ebb tide 0.1535 0.9698 0.3248 42

Total average 0.1655 1.1563 0.3618 77

Luan et al. 10.3389/fmars.2023.1178862
matrix shown in Table 4. It can be seen that the SSC in two adjacent

layers show a high correlation. Taking the Yangtze estuary as an

example, the correlation coefficient between C(0H) and C(0.2H) is

0.8598, the correlation coefficient between C(0.2H) and C(The

correlation coefficients between C(0H) and C(0.2H) were 0.8598, C

(0.2H) and C(0.4H) were 0.8861, C(0.4H) and C(0.6H) were 0.8799, and

C(0.6H) and C(0.8H) were 0.8819. There is also a high correlation

between the SSC in each layer and the vertical average SSC. In

Hangzhou Bay, for example, the correlation coefficients between the

SSC in each layer and the vertical average SSC are above 0.7. The

correlation coefficient between the SSC and the SSC in each layer from

the surface to near-bottom decreases gradually, but the correlation with

the vertical average SSC is larger, which is consistent with the findings of

existing studies (Wang, 2008). Whether sampled by the six-point

method or the three-point method, the correlation between the SSC

of each layer in the vertical direction shows a similar regularity, i.e. the

SSC of two adjacent layers has a high correlation, and there is a high

correlation between the SSC of each layer and the vertical average SSC,

but the correlation coefficient between the surface layer and the SSC of

each layer from the surface layer to the near-bottom layer

gradually decreases.
Analysis of the spatial and temporal
variation of SSC during 2018-2020

We analyzed the spatial and temporal distribution of SSC in the

Yangtze River Estuary and its adjacent waters based on fixed vertical

observation data and large-scale observation data from 2018 to

2020, as shown in Figure 2. In terms of spatial dimension, as shown

in Figures 2A–C, the distribution of SSCs in the Yangtze River

Estuary and the north of Hangzhou Bay is slightly different. For the

Yangtze River Estuary, SSC shows a decreasing trend as the offshore

distance increases. However, in the north of Hangzhou Bay, the SSC

of each sampling point has little difference. The reason for the

analysis may be that outside the Yangtze River estuary, the water

depth also shows an increasing trend with the increase of offshore

distance, and the water area is vast and less affected by land. In the

north of Hangzhou Bay, the overall offshore distance is small, and it

is still distributed in the interior of Hangzhou Bay.
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In terms of time dimension, Figure 2D shows the spatial

distribution of SSCs at 11 fixed vertical line positions from 2018

to 2020. In the northern part of Hangzhou Bay, the H1 vertical line

near the Jinshanzui hydrographic gauging station has lower

suspended sand concentrations than the H2 and H3 vertical lines

to the north of the station, and the H1 suspended sand

concentrations do not change much between 2018 and 2020,

while the vertical lines H2 and H3 have higher concentrations in

2019 compared to 2018 and 2020; the suspended sand

concentrations at the three locations in Yangshan Port do not

differ much. The vertical lines Y1 and Y2 have lower concentrations

in 2019 compared to 2018 and 2020, and the vertical line Y3 has

lower concentrations in 2020 compared to 2018 and 2020. The data

for Y3 in 2020 are vacant due to equipment and other reasons.
Discussion

Instantaneous and mean vertical profile
characteristics of SSC

The vertical profiles of SSC at the 11 sampling sites in the three

regions are diverse. Based onmorphological characteristics and existing

studies, the instantaneous SSC profiles in the study area can be

classified into six basic types (Figure 3), namely L-shaped profile,

Stepwise profile, Vertical profile, Slanting concave-up profile, Slanting

concave-down profile and Quasi-slanting line profile (Dong et al.,

2011). Taking the three vertical lines C5, H3 and Y1 as examples,

Figures 1–3 in the Appendix show the vertical distribution curves of the

three vertical lines during the four tidal states offlood peak, flood slack,

ebb peak and ebb slack during neap, middle and spring tides. Among

all the profiles, only about 40% of the basic types can be identified, and

nearly 60% of the profiles cannot be classified into the basic types,

making it difficult to describe the trend. It is probably a transitional

pattern from one basic type to another.

The average SSC profile was obtained by averaging multiple

single instantaneous SSC profiles and fitting a curve regression. The

R2 for most of the sites was above 0.99, and the fit functions were

mostly linear and logarithmic in form. When the mean profiles of

all single profiles at all points in the three regions were analyzed, the
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fit functions were in logarithmic form for the Yangtze River Estuary

and linear form for Hangzhou Bay and Yangshan Port (Figure 4),

and the R2 was greater than 0.99 for all three regions.
The effect of tidal flow velocity on the SSC

In order to investigate the relationship between flow velocity

and SSC, a comparison of SSC and flow velocity is plotted as shown

in Figure 5, which shows that the distribution of SSC in each trough

of the Yangtze estuary and the northern part of Hangzhou Bay is

highly consistent with the distribution of flow velocity. During the

neap, middle and spring tides, the SSC and velocity show a similar

planar distribution. The SSC increases linearly from C1 at the

mouth of the Northern Branch to C3 in the Northern Trough,

with a lower concentration in the Southern Trough at C4, and then

increases again at C5 near the mouth of the Nanhui, with the

corresponding flow velocities showing similar distribution

characteristics. In the northern part of Hangzhou Bay near

Jinshanzui hydrographic station, the H1 vertical line has a lower
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SSC, while the H2 and H3 vertical lines to the north of the H1

vertical line have a higher SSC. Similarly, the flow velocities are

lower on the H1 vertical line and higher on the H2 and H3 vertical

lines. Although the locations of the verticals are different, the

magnitude of SSC and flow velocity during the small, medium

and large tides basically follow the pattern of spring tide > middle

tide > neap tide.

There is usually a close relationship between the variation of SSC

and current velocity during a tidal cycle in estuaries and estuarine

bays. Figure 6 shows the variation curves of SSC and current velocity

during a complete tidal cycle in three periods: C5 neap tide, H2 neap

tide and H2 spring tide, where the red line indicates the variation of

current velocity and the yellow line indicates the variation of SSC. It

can be found that the changes in flow velocity and SSC are basically

synchronous and show a positive correlation during a complete tidal

cycle, i.e. when the flow velocity increases, the SSC increases and

when the flow velocity decreases, the SSC also decreases.

In order to further investigate the relationship between SSC and

current velocity, the SSC and current velocity at each layer in the

vertical direction during a complete tidal cycle are shown in
FIGURE 2

Planar distribution characteristics of SSC in the Yangtze River Estuary and northern Hangzhou Bay waters and Spatial distribution of SSC in 2018-
2020. (A) Planar distribution in 2018, (B) Planar distribution in 2019, (C) Planar distribution in 2020, (D) Spatial distribution of SSC in 2018-2020.
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Figure 7, using the C5 tide as an example. The type of tide in the

Yangtze estuary is an informal semi-diurnal tide, and this

characteristic can be clearly seen in the curves of flow velocity,

with two low tides and two high tides occurring in a full tidal cycle,

and varying at high tide and low tide. Correspondingly, SSCs also

show two peaks and two troughs within a completed tidal cycle, and

they occur at roughly the same time as the peak and trough of the

flow, but the peaks and troughs are less pronounced as the SSC is

influenced by other hydrodynamic factors at the same time. In the

vertical direction, the SSC increases from the surface layer to the

bottom layer, while the flow velocity decreases in the opposite

direction from the surface layer to the bottom layer. The reason for

this is that when the bottom flow velocity increases, the sediment at

the bottom is re-suspended due to scouring, which increases the

SSC in the surface and middle layers.
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Empirical predictions of the vertical
distribution of SSC in the Yangtze estuary
and adjacent waters

Analysis of the applicability of the Rouse formula
in the Yangtze estuary and its adjacent waters

The quantitative analysis and expression of the vertical

distribution of SSC is an important scientific problem facing

the sediment dynamics of estuarine shores, which has received

much attention from scholars both at home and abroad. In the

case of two-dimensional constant homogeneous flow, the

vertical distribution of SSC can be expressed quantitatively by

the Rouse formula when the downward settling flux of

suspended sand is equal to the upward spreading flux (Guo,

2018).
B C

D E F

A

FIGURE 3

The six basic types of transient profile patterns. (A) L-shaped profile; (B) Stepwise profile; (C) Vertical profile; (D) Slanting concave-up profile; (E)
Slanting concave-down profile; (F) Quasi-slanting line profile.
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C
Ca

=
h
z−1
h
a−1

h i ws
ku* (4)

Where C is the SSC at z from the bottom bed,. is the

reference SSC, a is the reference distance, h is the water

depth, Z = ws=kus is defined as the suspension indicator,. is
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the Karman constant and us is the frictional flow velocity of the

bottom bed. Assuming that the suspended sand settling velocity

is constant along the vertical direction and taking the natural

logarithm on both sides of the equal sign of the Rouse equation,

this gives
B

C

A

FIGURE 4

Average SSC profiles and their standard deviations and regression trend fits. (A) Yangtze estuary; (B) the northern Hangzhou Bay. (C) Yangshan Port. In (A),
from left to right, the mean profiles of fixed vertical lines C1-C5 and the total mean profile. In (B), from left to right, the mean profiles of fixed vertical lines
H1-H3 and the total mean profile. In (C), from left to right, the mean profiles of fixed vertical lines Y1-Y3 and the total mean profile.
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lnC = A + Zln½h−zz � (5)

where A = lnCa + Z ln½a=(h − a)�. When the SSC profile

conforms to the Rouse formula, lnCwill have a good linear

correlation with ln½h−zz �, and the higher the degree of conformity,

the larger the correlation coefficient.

Linear regression analysis was performed using the measured

suspended sand profiles during neap, middle and spring tides in

the Yangtze River Estuary, northern Hangzhou Bay and Yangshan
Frontiers in Marine Science 12
Port waters, and the correlation coefficients were calculated

(Figure 8). It can be seen that the correlation coefficients for

most of the profiles are greater than 0.8, while those for a few

periods do not reach 0.8, indicating that the Rouse formula has

good applicability to the SSC during the observed periods for both

small and large tides.

In the fitting process of the SSC vertical distribution, the

suspension indicator is an important parameter (denoted by Z),

which not only characterizes the uniformity of the SSC vertical
B

C

A

FIGURE 5

Plot of average vertical flow velocity versus mean vertical SSC at each fixed point. (A) neap tide; (B) middle tide; (C) spring tide.
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distribution (the smaller the Z, the more uniform the SSC vertical

distribution), but also reflects the magnitude of the effective sink

velocity of the suspended sand (the smaller the Z, the smaller the

effective sink velocity) (Wang, 2008). As the suspension indicator

cannot be measured directly, it can be obtained by fitting the Rouse

formula. In order to investigate the difference between different tidal

types of suspension indicators, the suspension indicators fitted to

the 11 fixed plumb lines for neap, middle and spring tide periods
Frontiers in Marine Science 13
were averaged, and similarly the suspension indicators fitted to the

11 fixed plumb lines for high and low tide states were averaged

respectively, and the results are shown in Figure 9. Due to the

complex topography and sand environment of the Yangtze River

Estuary and adjacent sea areas, the influence of neap and spring

tides as well as high and low tides on the suspension index varies

from one observation point to another, which reflects the need to

analyze the suspended sediment characteristics of each area
B

C

A

FIGURE 6

Variation curve of SSC versus flow velocity during the complete tidal cycle. (A) H2 neap tide; (B) H2 middle tide; (C) C5 neap tide.
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separately and to consider the influence of high and low tides

on them.
Predictive analysis of SSC in each vertical layer
based on Soulsby’s formula

Soulsby (2000) has proposed an empirical formula for the

vertical distribution of SSC, which is expressed as follows.

Cz
Cb

= 1 − Rc−1
Rc

· zh (6)

Cz is the SSC at height z from the bottom bed, Rc is the ratio of

the near-bottom SSC Cb to the surface SSC Cs  , and h is the

water depth.

In this paper, we use the measured vertical SSC data to predict

the SSC in each vertical layer based on Soulsby’s formula, which is

used to predict the concentration data of the remaining layers with

the surface and near-bottom layer concentration data. We evaluate

the prediction of the model by calculating the root mean square

error (RMSE) and mean absolute error (MAE) between the

predicted and measured values of 0.2H, 0.4H, 0.6H and 0.8H

accuracy (Figure 10) It can be seen that the prediction accuracy

for 0.2H and 0.8H is higher than that for 0.4H and 0.6H for both

flood and ebb tides.
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In order to improve the prediction accuracy, different scholars

have improved the Soulsby formula, with reference to Li (Li et al.,

2019) the improved form is as follows.

lnCz
lnCb

= 1 − Rm−1
Rm

· zh (7)

Rm = lnCb
lnCs

(8)

Refer to Jiwei Zhao (2019) for an improved form of Soulsby’s

formula as follows.

lnCz
lnCb

= 1 − Rm−1
Rm

· zh · (1 +
z
h (1 −

z
h )) (9)

We made vertical predictions of the measured SSC based on

Li’s Soulsby and Zhao’s Soulsby models, respectively, and

compared the prediction accuracy of the three models by

calculation (Figure 11) It was found that all three models

could predict the SSC of the Yangtze estuary and its adjacent

waters in the vertical direction better during both flood and ebb

tides. The prediction accuracy of Li’s Soulsby model was

slightly higher than the other two models. Analyzing the

reason, it may be that the improved Soulsby model considers

the error between the predicted profile and the measured

profile, and reduces the error by taking logarithms. This

means that we can effectively predict the SSC of the
B

A

FIGURE 7

The variation curves of SSC versus flow velocity for each layer in the vertical direction during the C5 neap tide. (A) SSC variation curves; (B) flow
velocity variation curves.
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remaining layers in the vertical direction when the surface SSC,

near-bottom SSC and water depth are known, which can greatly

reduce the workload in the actual data collection species and

has some practical value.

The study of the variation of the vertical distribution of

suspended sand in the estuary can provide a scientific basis for

the evolution of scouring and siltation in the shallows of the

Yangtze estuary, as well as a reference for the assessment and

prediction of reserve land resources in Shanghai and the medium-

and long-term planning of mudflats. Meanwhile, this paper

discusses the applicability of typical hydrodynamic models

Rouse’s formula and Soulsby’s formula and their improved forms

to the Yangtze estuary and its nearby waters. It is found that the

vertical distribution patterns of most of the suspended sand profiles

in the region are close to the Rouse formula, and the vertical SSC
Frontiers in Marine Science 15
prediction based on the Soulsby model has a high accuracy.

However, the limitations of each hydrodynamic model should be

further considered in the future, and each hydrodynamic model

should be continuously improved so that it can accurately predict

the vertical distribution of SSC.

This study helps to understand the variation patterns and

quantitative information of SSC in the Yangtze River Estuary and

its adjacent waters, which provides effective support for marine

forecasting, analysis and evaluation. It also provides a theoretical

basis for the analysis of the current situation of estuarine mudflat

resources and the prediction of the evolution trend, and plays an

important role in the integrated scientific research and

management of mudflat resources in Shanghai. However, this

study only explored the characteristic patterns of SSC in the

Yangtze River Estuary and its adjacent waters based on field
B

C

A

FIGURE 8

Correlation coefficients between I n C and ln½h−zz � for different tidal types in the Yangtze estuary (A), the northern Hangzhou Bay (B) and the

Yangshan Port (C). In (A), from left to right, C1-C5; In (B), from left to right, H1-H3; In (C), from left to right, Y1-Y3.
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B

C

A

FIGURE 9

Differences in suspension indicators for different tidal types and tidal states. (A) In the Yangtze estuary; (B) In northern Hangzhou Bay; (C) In
Yangshan Port.
B

A

FIGURE 10

Prediction accuracy based on Soulsby’s model vertically for each layer. (A) Flood tide (B) Ebb tide.
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observations, but SSC is a more complex water environment

parameter that is influenced by a variety of factors. The effects of

salinity, temperature and wind speed should be considered in

subsequent studies.
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