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Abstract: One of the most important processes for mass movement in coastal areas is sediment
transport; it plays a significant role in coastal morphology changes. This manuscript focuses on
the distribution and variation in surface-suspended sediments in the North Passage of the Yangtze
Estuary. Field data on surface-suspended sediment concentration (SSSC) and suspended particle size
(SPS) were collected at fifteen hydrological sites over a period of three years, from 2016 to 2018. The
main objective was to analyze the spatial and temporal patterns of sediment and particle size and
their potential impact on the estuary. Results indicate that extreme weather events have an influence
on the hydrological conditions and sediment dynamics of the area. The intensity and range of SSSC
variation in the North Passage seem to be determined by the magnitude of the current velocity, while
the sediment load significantly impacted the sediment distribution pattern. This study demonstrates
that surface sediment dynamics can be used as a basis for understanding the spatiotemporal variation
in estuarine turbidity maximum (ETM) in the North Passage of the Yangtze Estuary.

Keywords: Yangtze estuary; North Passage; surface-suspended sediment; particle size distribution;
tidal phases

1. Introduction

Researchers have always focused on suspended sediments because of their importance
in controlling estuarine sediment dynamics and reshaping geomorphological patterns [1,2].
Siltation of the navigation channel [3], pollution [4], and the formation of estuarine turbidity
maximum (ETM) [5,6] are exacerbated by suspended sediments, owing to their intrinsic
attributes such as adsorptive capacity, low density, particle sizes, and settling velocity. In
the last few years, siltation of the navigational channel has been observed in many estuaries
in China, including the Changjiang (Yangtze) Estuary [5,7,8], Yellow River Estuary [6,9],
and Pearl River Estuary [10,11], raising significant environmental and ecological concerns.
For instance, the estuarine turbidity maximum develops as a result of elevated suspended
particulate matter (SPM) concentration at the interface between the river and the sea [12,13].

From an environmental point of view, ETM areas are mostly characterized by limited
light penetration in the water column, increased turbidity, and reduced transparency [11,14].
These observations imply that there might be an alternative way to study ETM; surface
water within a turbid zone is an important visual characteristic. Even so, it is only a quali-
tative assessment because the amount of turbidity and suspended sediment concentration
(SSC) in the water column are unknown at this time.
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Significant research efforts have focused on suspended and bed sediment to under-
stand the mechanisms of sediment dynamics around the estuarine turbidity maximum
using various approaches such as remote sensing [9,15-17], numerical modelling [18,19],
and field data analysis [20,21]. For instance, Wu et al. [22,23] analyzed both bathymetric
data and riverbed dunes to understand the morphological changes and sediment transport
mechanism during floods in the Yangtze Estuary. More recently, Tang et al. [24] used multi-
beam echo sounding and historical bathymetry datasets to access the decadal changes in
riverbed volume and erosion/deposition patterns in the South Channel and South Passage
of the Yangtze Estuary. Teng et al. [25] also investigated suspended sediment characteris-
tics, particle size distribution, and current velocity in the Yangtze Estuary using remote
sensing technology. Silva et al. [26,27] analyzed the morphology and SSC dynamics of a
tide-dominated estuary in the Amazon River, while Yang et al. [21] studied suspended sedi-
ment concentration through field data analysis. Using an analogous method, Yun et al. [28]
investigated the effect of SSC, tidal current, salinity, particle size distribution, turbulent
kinetic energy, and Richardson number of suspended sediments. Han et al. [7] modelled
fine sediment transport to understand the ETM. As a result of the above studies, the under-
standing of the mechanism behind suspended sediment dynamics has been significantly
improved. Although previous remote sensing methods described the surface-suspended
sediment distribution in the northern passage of the Yangtze Estuary [16,17], an improved
understanding of important mechanisms associated with surface sediment dynamics is
still necessary to understand and predict the dynamics behind the ETM formation. Most
sedimentary processes, such as erosion [28], resuspension, siltation, and accretion, are
related to the bed and suspended sediment.

While early grain size studies primarily focused on establishing links between sedi-
mentary environments and summary statistics of grain size distribution, such as the mean,
standard deviation, and skewness [29], this study aimed to extend the available understand-
ing of turbidity maximum zone which is mainly linked and related to sediment dynamics.
In this paper, we present our findings on the field investigation of the spatio-temporal
distribution and variation in SSSC and SPS in the North Passage of the Yangtze Estuary
and how extreme weather events influence the sediment dynamic and estuarine turbidity
maximum of the area. Key characteristics connected with SPS and SSSC through mean and
standard deviation at the North Passage ETM area are highlighted. The main objectives
of this study are (i) to describe the impact of the hydrodynamics and environmental con-
ditions on the SSSC and SPS variation and distribution, (ii) examine seasonal and annual
variability of SSSC and SPS, (iii) elucidate the role of the tidal phases in the distribution
and variation in SPS and SSSC, and (iv) locate and predict potential ETM spot and area
through SSSC and SPS variation and distribution. The remaining part of this paper is
organized as follows: Section 2 describes the study area and the methodology used for
data collection. Section 3 presents the hydrological and hydrodynamic conditions of the
North Passage during the three-year observation period from 2016 to 2018, highlighting
the differences and similarities in the seasonal and annual variation and the distribution of
SSSC and surface particle size. Discussions are presented in Section 4, as well as the SSSC
and SPS variability under the influence of tidal phases while Section 5 provides important
concluding remarks.

2. Methodology and General Conditions of the Study Area
2.1. Study Area

The Yangtze Estuary is a mesotidal estuary with a mean tidal range of 2.5 m. It is
the third-largest river globally in terms of river discharge and sediment load, with a total
length of 6300 km [30-32]. Excess river runoff transports a large amount of sediment
into the estuary, modifying the wide estuarine delta. Using a sediment budget method,
Zhu et al. [7,33] estimated the sediment load in the Yangtze Estuary to be 132 million metric
tons per year (Mt/yr.), representing a 68% decrease from 1960 to 2019 [7]. The North



Water 2024, 16, 306

30f20

Passage of the Yangtze Estuary is illustrated in Figure 1b, where fifteen (15) stations were
established and sampled for analysis.
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Figure 1. (a) General layout of the Yangtze Estuary; (b) location of the sampling stations in the
channel.

As presented in Figure 1a, nine (9) primary stations were established along the main
channel and marked from upstream to downstream as stations A, B, C, D, E, F, G, H, and
I. These stations were further classified into the upstream stations comprising stations A,
B, and C, the middle stream comprised of stations D, E, and F, and downstream stations
comprised of stations G, H, and I. Each of the three middle stream stations (i.e., D, E, and
F) was further subdivided into three sub-stations across the channel and denoted by red
dots (see Figure 1b). Sub-stations D1, E1, and F1 were located along the southern border of
the channel, sub-stations D2, E2, and F2 were located along the middle of the channel, and
sub-stations D3, E3, and F3 were located along the northern border. For clarity purposes,
sub-stations D1, D2, and D3 will be together referred to as cross-section 1 (CS1), sub-stations
E1, E2, and E3 will be together referred to as cross-section 2 (CS2), and sub-stations F1, F2,
and F3 will be together referred to as cross-section 3 (CS3). Notably, all the sub-stations
across the middle stream were located at the high siltation spot in the North Passage. As
earlier observed by previous research, the Yangtze Estuary shows a river regime pattern of
three-stage bifurcation and four outlets entering the sea [30,31].

2.2. Methodology and Data Processing

It is noteworthy that this study used data from the “2016, 2017 and 2018 Annual
Hydrographic Sediment chart set of the Yangtze River Estuary Water Environment Moni-
toring Centre.” Grain size analysis was conducted using a Mastersizer 2000 laser grain-size
analyzer (Malvern Instruments, Malvern, UK) while the detection range was 0.02-2000 pum.
About 1 g of the sample was boiled in 10 mL of 10% HO; for 10 min to remove the
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organic matter. Then, about 10 mL of 10% HCI was added for another 10 min to ensure
that carbonate was completely removed. The sample was subsequently rinsed in 1000 mL
of distilled water for 24 h. A drop of 0.05 N (NaPOs3)¢ was then added after carefully
removing the supernatant. The sample was dispersed for 10 min in an ultrasonic bath
before measurement [22,33]. The flow velocity and current direction were monitored hourly
using an ADCP in addition to a flow velocity and current direction meter. Notably, water
stratification was taken into account throughout the collection and processing of samples.
WinRiver software was used to provide timely and accurate information on the water
conditions at each depth of the water column using the information collected by the ADCP.
The vector decomposition and synthesis method was used to find out the east west and
north south components of the flow velocity at each measurement point, while the mean
vertical flow velocity and mean flow direction were calculated by synthesizing the mean
vertical flow velocity and mean flow direction according to the mean vertical flow veloc-
ity of each component. The technical specifications, requirements and regulations of the
Yangtze River Estuary Waterway Management Bureau of the Ministry of Transportation
of the People’s Republic of China (PRC) and the Hydrographic and Water Resources Sur-
vey Bureau of the Yangtze River Estuary were strictly applied during the data collections
and processing [27,34—41]. The Classification Standard for Dredged Rock and Soil [42,43]
(i.e., <5 um, <16 um, <31 pm and <62 um, <75 um, <100 um, <125 pm, <250 um,
<500 um, <1000 um) was applied for the grain size analysis.

In the computation of particle distribution parameters, particle-size distributions
are commonly characterized by four distribution parameters: mean, standard deviation,
skewness, and kurtosis [30,44]. In this study, the mean particle size diameter (Dsg), which
characterizes the central part of the distribution, and the standard deviation (i.e., std),
which indicates the distribution (i.e., the range) of the sediment particle size distribution,
were considered. At each station, hourly suspended sediment concentration (SSC) and Ds
data were measured across six different depths of the water column, 0.0 H, 0.2 H, 0.4 H,
0.6 H,0.8 H, and 1.0 H, where H represents the total water depth in meters (m). In order to
match the regular tidal cycle, 25 h of data during spring and neap tides for 2016, 2017, and
2018 were used for analysis (Table 1). Since the Yangtze River estuary is a tidal-dominated
estuary, implying that the tidal effect is dominant, we assume that tides have a greater
effect on estuaries than waves [45-47]. For this reason, the present study focused on the
influence of tides on the surface sediment concentration and the particle size distribution
during the four tidal periods (flood, high slack water, ebb and low slack water).

Table 1. Schedule time of samples.

Spring Tides Neap Tides
Start End Start End
2016 21 July at 7 a.m. 22 July at 11 a.m. 27 July at 10 a.m. 28 July at 9 p.m.
Summer 2017 10 July at 7 p.m. 11 July at 11 p.m. 18 July at 12 noon 19 July at 7 p.m.
2018 14 August at 6 a.m. 15 August at 11 a.m. 6 August at 11 a.m. 7 August at 5 p.m.
Wint 2017 28 February at7 p.m. 02 March at 00 p.m. 21 February at 12 noon  22nd February at 9 p.m.
nter 2018 30 January at 4 p.m. 31st January at 10 p.m. 8 February at 5 p.m. 9 February at 10 p.m.

3. Results
3.1. Hydrological and Hydrodynamic Conditions of the North Passage of Yangtze Estuary

The average monthly discharge of 32,795 m3s~! was recorded in 2016, which subse-
quently decreased to 29,626 m3s~! and 25,616 m3s~! in 2017 and 2018, respectively. During
the summer study period, the average daily river discharge recorded at Datong hydrologi-
cal station showed higher values of 63,250 m3s~1 and 67,350 m3s~! in 2016 compared to
58,550 m3s~! and 67,050 m3s—! recorded in 2017, as well as 41,750 m3s—! and 38,700 m3s~—1
recorded in 2018, for both neap and spring tides respectively. During the winter season, the
daily river discharge was lower in 2017 compared to 2018.
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The study showed a decline in the daily depth-averaged suspended sediment concen-
tration (DASSC) values at the Datong station from 0.12 kgm 3 in 2016 to 0.08 kgm 2 in
2018. At the North Passage, the along-channel DASSC value of 0.88 kgm~3 was recorded in
2018, while the value of 0.42 kgm 3 was recorded in 2016, and 0.36 kgm 3 was recorded in
2017 (see Figure 2a). The DASSC at neap tide was 0.34 kgm’3 in 2017, which was twice the
value observed in both 2016 and 2018. During the winter season, the neap tide values for
2017 and 2018 were about the same, measuring 0.13 kgm 3 and 0.15 kgm 3, respectively.
However, these values were four times lower than the spring tide value observed in 2017.
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Figure 2. For the three years, (a) averaged SSC and (b) current velocity in spring tide, (c) depth
averaged SSC per station, (d) daily mean averaged discharge in wet season (e) monthly averaged
discharge.

The depth-averaged mean current velocity during spring tides in the summer of 2017
was twice as large as that observed in 2016 and 1.5 times greater than the velocity recorded
in 2018. The value of neap tides in 2018 was around one-fourth of the value of the spring
tides in 2017. The magnitudes of neap tides in 2016 and 2017 were almost half of what was
recorded in 2017. During the winter of 2018, the largest depth-averaged current velocity
was recorded as 0.25 ms~! and 0.17 ms~! for spring and neap tide, respectively. The
average surface current velocity recorded as 0.50 ms~! during the summer spring tide of
2016 was the lowest compared to 0.63 ms~! in 2017 and 0.65 ms~! in 2018. Conversely, at
neap tides, the largest surface current velocity of 0.56 ms~! was recorded in 2016. The only
wintertime surface current variation was in neap tide, which was higher in 2018 (0.36 ms~ 1)
than in 2017 (0.25 ms™1).
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In the study area, it was observed that the tidal ranges exhibited their highest and
lowest values at the downstream station H. Specifically, the maximum tidal range during
the spring tides of 2016 was recorded as 4.51 m, which exceeded the measurements taken
in 2017 (4.03 m) and 2018 (4.38 m) [48,49]. In 2018, the downstream station reported the
highest tide level, measuring 2.89 m. The largest tidal range observed during neap tides
was documented in 2016, measuring 2.83 m at a downstream station.

3.2. Surface-Suspended Sediment

Spring tides exhibited a greater number of fluctuations in SSSC compared to neap
tides, irrespective of the year and season (Figures 3-5). The highest range of variation (0.28)
in along-channel SSSC (0.12 to 0.40 kgm 3, as shown in Figure 5a) was seen during spring
tides, which was three times more than the highest range of variation (0.09) reported during
neap tide (0.04 to 0.13 kgm 3, as shown in Figure 5b). Similarly, the highest average SSSC
measured along the channel during spring tide in winter 2017 was 0.25 kgm 3, about three
times more than the figure of 0.09 kgm 2 seen during neap tides in the summer of 2018.
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Figure 3. Averaged surface-suspended sediment in summer of 2016 (a) along the channel from
stations A to I (b) at the middle-stream.
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Figure 4. Averaged surface-suspended sediment along channel from stations A to I (a) summer 2017
and (b) winter 2017.
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Figure 5. Averaged surface-suspended sediment along the channel from stations A to I (a) summer
2018 and (b) winter 2018.
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In summer, the highest range of variance, from 0.12 to 0.40 kgm 3, was reported. In
contrast, the lowest range, from 0.03 to 0.10 kgm’?’, was recorded in winter. The maximum
along channel DASSSC in summer (0.24 kgm~3) did not differ significantly from that in
winter (0.25 kgm~3). The range of variation in the average SSSC along the channel was
greater during winter (0.1 to 0.34 kgm 2, as shown in Figure 4b) compared to summer (0.05
to 0.24 kgm_3, as shown in Figure 4a) during the spring tides of 2017. In the spring tides
of 2018, the range of variance in summer (0.12 to 0.40 kgm 3, as shown in Figure 5a) was
greater than the range of variation in winter (0.13 to 0.36 kgm 3, as shown in Figure 5b).

The SSSC during spring tides in 2017 was 0.15 kgm 3, which was lower than the aver-
age concentration during winter (0.25 kgm ). However, in 2018, there was no significant
variation in SSSC between winter and summer during spring tides, with a concentration
of 0.24 kgm 3. In 2017, there was no difference in the range of variation between summer
(0.04 to 0.11 kgm—3, as shown in Figure 4a) and winter (0.03 to 0.1 kgm~3, as shown in
Figure 4b) during neap tides. However, in 2018, the range of variation in winter (0.04 to
0.13 kgm 3, as shown in Figure 5b) was slightly greater than in summer (0.6 to 0.12 kgm 3,
as shown in Figure 5a).

The highest range of variation (R) in the average along-channel SSSC was reported
in 2018 at spring tide, ranging from 0.12 to 0.40 kgm 3 (see Appendix A Table A3). The
average range of SSSC of 0.05 to 0.24 kgm~3 in 2017 was greater, as shown in Figure 4a and
Appendix A Table A2, compared to 0.11 to 0.25 kgm 3 in 2016, as shown in Figure 3a and
Appendix A Table Al.

In neap tides, the 2016 averaged range of SSSC (0.01 to 0.11 kgm 2, Appendix A
Table A1) showed more variation compared to 2017 (0.04 to 0.11 kgm 3, Appendix A Table A2)
and 2018 (0.06 to 0.12 kgm 3, Appendix A Table A4). During winter, the pattern observed
in the spring tide summer remained consistent. The range of SSSC along the channel
was greater in 2018 (ranging from 0.14 to 0.37 kgm_3, as shown in Appendix A Table A5)
compared to 2017 (ranging from 0.10 to 0.31 kgm 3, as shown in Appendix A Table A3).

During winter neap tides in 2017 and 2018, the observed magnitudes of SSSC were
very low, ranging from 0.03 to 0.1 kgm’3 in 2017 and from 0.05 to 0.14 kgm*“o’ in 2018.
The highest along-channel spring tide SSC was recorded in 2018 during the summer
season. This was measured at station H, located downstream, with a density of 0.40 kgm 3.
Station H also had the highest standard deviation of 0.38. During neap tides, there was no
significant difference among the three years. In winter, the trend remained consistent, with
the year 2018 exhibiting the highest value of 0.37 kgm~3 during spring tides at the middle
reach station E.

When examining the cross-sections in the middle stream, it was found that sub-station
D2 had the highest average value of 0.36 kgm 2 in 2017. On the other hand, the SSSC at
sub-station F2 during neap tide varied between 0.051 and 0.091 kgm 3, with an average
value of 0.082 kgm 3. The highest standard deviation of 0.23 was seen in sub-station F3 in
2016 (Figure 3b, Appendix A Table Al).

The highest proportion of aggregates (40% clay), the widest range of D5, values (4.6
to 10.8 pm), and the highest average surface D5y value (12 um) were all seen at neap
tide. These findings are illustrated in Figure 6b, station C, and can be further referenced in
Tables A6 and A7 in the Appendix A. The spring tide (Table A6 Appendix A) had the highest
standard deviation of 3.1. Within the middle stream, the observed standard deviation in the
cross-sections reveals increased fluctuations during spring tides, irrespective of the year.
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3.3. Surface Particle Sizes (SPS)

The primary constituent during summer at station G (Figure 7b) is a significant

proportion (33%) of very fine silt, but during winter at station C (Figure 6b), clay particles
constitute the predominant component (40%). The summer season yielded the highest Dsg
value, specifically measuring 12 um, along with the largest standard deviation of 3.1. These
findings are presented in Table A6 of the Appendix A.
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In 2016, the average Dsg of surface sediments in the channel was from 7 to 12 um
(Figure 8a, Appendix A Table A6). In 2017, the range was from 4.6 to 10.8 um (Figure 9a,
Appendix A Table A7). The quantity of sediment aggregates in 2017 exceeded that in 2016.
Significantly, the extremely large-grained sand (VCS) was not documented in the preceding
year, 2016. In 2017, a higher concentration of fine particles was reported in the surface
water of the middle stream compared to the data from Figure 6 in 2016.

PR R
[SEENER'S
]

o N b O

Summer 2016

] Spring tides
Neap tides

M s

TF i
A B

D E F
Stations

G

p

(b) Summer 2016 Spring tides
I Neap tides
14 14 14
c12 12 12
o104 | | T o |10 10
=N ( fl 7 T 8]l
BOTRTUE
& 6 6 61
b=
>
A 4 44 4
> o] J
zZ2 2 2
P o PP ol
D1 D2 D3 El E2 E3 F1 F2 F3

Cs1 cs2 CSs3

Figure 8. Averaged surface D5y in summer 2016 (a) all along the channel from station A to I, and
(b) at the middle stream, along the cross sections, CS1, CS2, and CS3.
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The average D5y value exhibited greater variability in 2017 (Figure 9b) compared to
2016 (Figure 8b). At CS1, the average surface D5 ranged from 8-11 um in 2016 to 5.4-8.5 pm
in 2017. This information may be found in Tables A6 and A7 in the Appendix A. At CS3,
the range of values for the measurement was between 7 and 10 um in 2016 (Figure 8b,
Appendix A Table A6). In 2017, the range of values was between 4.5 and 8.7 um (refer
to the Appendix A, Table A7). The highest D5 value (12 pm) was documented in 2016;
however, the greatest proportion of aggregates was documented in 2017 (31% at CS3, 27%
at CS2, and 28% at CS1, refer to Figure A1 in the Appendix A).

In 2016, the percentages of aggregates along the channel were higher than in 2017, with
the exception of clay and very fine silt. In 2016, the average surface D5y was below 10 um,
and medium silt was dominant during both neap tides (specifically, 28% at I station) and
spring tides (specifically, 28% at G station). In 2017, the middle reach of the area was mostly
composed of medium silt. This was particularly evident in neap tides, with percentages of
27%, 28%, and 28% for CS1, CS2, and CS3, respectively (Figure A1 Appendix A).

3.4. Surface-Suspended Sediment Concentration

The highest average range during the summer of 2016 (0.17, Figure 10a, with a flooding
range of 0.04-0.21 kgm~3), the summer of 2017 (0.22, Figure 10b at low slack water, with
a range of 0.08-0.30 kgm—2), and the winter of 2017 (0.46, Figure 10c at ebb, with a range
of 0.15-0.61 kgm~2), all occurred during spring tides. Similarly, the highest SSSC (surface
suspended sediment concentration) values for summer 2016 (0.23 kgm’3 Figure 10a),
summer 2017 (0.30 kgm_3 Figure 10b), and winter 2017 (0.61 kgm_3 Figure 10c) were
seen during spring tides. In 2017 (Figure 10b), the highest SSSC values were recorded at
ebb tide, mostly at upstream and middle stream stations C and D. Additionally, elevated
SSSC values were found during low slack water (LSW), mainly at downstream and middle
stream stations G, F, and E. Lastly, increased SSSC values were also noted under flood
conditions at station D. The middle channel saw the highest values of SSSC at spring tides
(D, E, and F) at LSW in 2016, as shown in Figure 10a.

Lsw | Winter 2017 ST

(b) Summer 2017 ST (c)
- 1.4]

1.2]
1.0
0.8
0.6
0.4
0.2
0.0 B2

Stations

D
S

tations

Figure 10. Averaged SSSC along the channel in spring tides (a) Summer of 2016; (b) Summer of 2017;
(c) Winter of 2017. Note that the data of station A were not recorded in winter of 2017.
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3.5. Surface Particle Size

The winter season exhibited the highest surface particle size, measuring 11.3 pm,
and the largest average range measuring 4.3 pm, during spring tides at ebb, as seen in
Figure 11c. In the summer of 2016, the neap tides at LSW had the largest surface particle size
(specifically, 13.9 um at station I) and an average range of 7.4 um (as shown in Figure 11a).
In 2017, the spring tides at LSW had the largest surface particle size (specifically, 15.1 pm at
station E) and the largest average range of 10.5 um (as shown in Figure 11b).

(b) Summer 2017 ST Winter 2017 ST
(a) Summer 2016 NT 50, _ ©) o —isw
509 —Tisw —— [_JesB
T EBB — . |L__|EBB [ |Hsw |ST=Spring tide
= 40 JC_IHSW |NT = Neap tide £ 404 [ |Hsw ’é‘4o [ |FLOOD
g_ [_]FLooD 3.9 =3 FLOOD| 3 [ 10.9
~ ~ N N '
8 30 8.7 E— 8 304 m ST = Spring tide Ig 304 E 9.7 E . E
[a] I n 1.4 a [a] 113
8 20 78 HHE S 201 : H : 53 8 20 &7 H s E
R 5 6 2 v B 1 e P S g o
3 103 [ : 7al 5 3| [ [ | 2 5 103 :
10 i ]
s o @ 4812 62 s e |° 53 @
.8/|8.3| 6.7 6.2|(6.9|6.7||™ 10.6
o= L 6|7 la.9|[5.5|[ 5 |[5.1] 4.3 5.8 65 82||7.8||89|(86 88| 93
B C F G H | 0 i i 0 - - - - - - -
B C D E F G H | C D E F G H 1
Stations Stations

Figure 11. Averaged surface D5y in (a) Neap tides (NT) of 2016; (b) Spring tides (ST) of 2017;
(c) Spring tide winter of 2017. Note that the data of station A were not recorded in winter of 2017.

4. Discussion
4.1. Correlations of Hydrological Conditions with SSC and Ds

The SSC trend of the year 2018 is totally inconsistent with some research results linking
water discharge fluctuation to SSC variation [40,41]. More precisely, Figure 2a,c showed
a large fluctuation of the daily average and the monthly mean SSC in the three sampling
years, respectively, while Figure 2d,e shows the contrary in terms of water discharge. This
indicates that water discharge is not behind the large shift observed in SSC variation in 2018;
however, it could be explained by the typhoon that occurred this same year [50]. Indeed,
the strong winds brought by typhoons significantly enhanced vertical mixing, which had a
stronger effect on surface SSC [51,52].

From June 6 to September 16 of 2018, several typhoons occurred around many coastal
regions in China, causing huge financial and human losses. The East China Sea and
Shanghai coast were involved in these typhoon seasons as well. Moreover, the behavior of
the vertical profile of Dsj at each tidal phase suggests that the large D5y observed during
ebb tide for both years is caused by SSC variations through the tidal discharge and river
flow (Figures 10 and 11). However, as indicated by the large standard deviation observed
in 2017 and the largest D5 in 2016, it could be possible that the sediment input of the river
discharge controlled the D5 size while its flow velocity seemed to control its distribution
along the estuary.

4.2. Surface-Suspended Sediment

When considering the large range and standard deviation recorded during spring tides
for all three observation years, more intra-season variations were observed in spring tide
compared to neap tide [50,51]. Estuarine circulation, erosion, resuspension, and vertical
mixing are at their maximum display with the strong river discharge, which simultaneously
weaken the tidal propagation and damping [27,53]. If this is true in summer, it is not always
the case in winter. For instance, the variation range of SSSC and the along channel averaged
SSSC in 2017 are larger in winter than in summer. This could be explained by the dry season
leading to low water discharge, which allows the tide to become the major hydrodynamic
force, playing an important role in salt intrusion and estuary stratification. For instance, the
discharge and the surface salinity in winter were 5 times lower and 10 times larger than their
value in summer, respectively. The effect of the tide in SSSC seems to be more important
than the river discharge, considering the increase in the SSSC at some stations. For instance,
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from summer to winter, station C has increased in SSSC five times, meaning that the
river discharge is weakening the effect of tide on SSSC. The main hydrodynamic force
influencing the upstream stations is the river discharge, which was larger in 2016. Notably,
the upstream stations were less affected by tidal currents compared to the middle stream
and downstream, which were influenced by a combination of river and tidal discharges.
This implies that the downstream stations were most affected by the decrease in tidal
discharge during neap tides and winter, resulting in low hydrodynamic activity within the
region. As previously noted, the large average SSSC and range recorded in 2018 could be
backed up by the typhoon season; however, for 2016 and 2017, it was different, especially in
summer neap tide, where 2016 showed large SSSC ranges contrary to the spring tide trend
led by 2018. The main reason could reasonably be linked to the 2016 neap tides current
velocity and discharge, which did not decrease significantly but were larger than in 2017
and 2018.

The study and observation of the hydrodynamics of the water surface could be an
indicator of the ETM location and behavior. For instance, in the summer spring tides of
2016 and 2017, as well as neap tides of 2016 and winter of 2018, the surface sediment had a
parabolic shape, increasing from upstream to the middle stations before decreasing towards
the downstream direction. As shown in Figures 3a, 4a and 5b, the peak of this parabolic
shape representing an area of high SSSC, coincided with stations D, E, and F at the middle
channel, which could possibly become an ETM area. This is further realistic since, during
spring tide, the standard deviations show a significant variation at the three middle stations,
D, E, and F. Moreover, the trend of this SSSC shape follows the depth-averaged SSC trend
in the North Passage, meaning that one could use the surface sediment hydrodynamics
as a starting point to understand the ETM. Also, the large current velocity, for instance,
in neap tide 2017 and in summer 2018, leads to a different pattern, a sinusoidal shape of
the SSSC, displaying an irregular distribution (Figures 4b and 5a) with many isolated high
SSSC locations, which could be assimilated to the shift in the ETM from one year to another.

The magnitude and the range of SSSC variation in the North Passage seem to be
determined by the magnitude of the current velocity, while the sediment load was observed
to have a significant impact on the sediment distribution pattern. The middle stream of
the channel experienced intense hydrodynamic activities, which could be responsible for
the magnitude and the often-large SSSC at the cross-sections (i.e., CS1, CS2, and CS3).
Moreover, the middle stream had the largest SSSC where two (i.e., CS1 and CS3) out of the
three cross-sections are prone to the formation of estuarine turbidity maximum (ETM). This
could be attributed to two major reasons. The magnitude and the range of SSSC variation
in the North Passage seem to be determined by the magnitude of the current velocity, while
the sediment load was observed to have a significant impact on the sediment distribution
pattern [54]. The middle stream of the channel experienced intense hydrodynamic activities,
which could be responsible for the magnitude and the often-large SSSC at the cross-sections
(i.e., CS1, CS2, and CS3).

Moreover, the middle stream had the largest SSSC where two (i.e., CS1 and CS3) out
of the three cross-sections are prone to the formation of estuarine turbidity maximum.
This could be attributed to two major reasons. First, the site is located at the salt front
with maximum stratification from saline water. Moreover, the density difference between
upstream and downstream flow masses, as well as the strong tidal mixing, enhanced
the resuspension of suspended sediment [55,56]. Secondly, human activities, such as
engineering projects, have had a significant impact on the hydrodynamics condition of
the area. For example, the construction of two jetties in this area has drastically altered
the sediment dynamics at certain sites in the middle-stream cross-section and along the
North Passage. The dredging activities and the deepening of the channel also resulted in
increased resuspension of silt and turbidity [51,57].
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4.3. Surface Particle Sizes

The dominance of neap tides with large aggregate percentages and range variation is
still related to the large salinity intrusion in winter 2017 and the low water discharge in the
dry season. The along channel averaged salinity recorded in neap tide was even greater
than the salinity in summer for the three years. The salinity gradient and tidal mixing could
explain the presence of large aggregate percentages and variation ranges of D5 in neap
tides, while the sediment transport process is responsible for this dominance in summer
since the velocity were still larger. The presence of larger SPS in summer than in winter
could be explained by the large water discharge recorded in the wet season, and the large
standard deviation recorded in that period confirms that there was a higher hydrodynamics
activity in summer than in winter. The clay percentage dominance in winter could also be
the result of lower flow velocity from upstream in the dry season since there is no need for
large velocity for clay to be resuspended.

Generally, less variation was observed in the averaged D5 of surface sediments in
2016 values compared to 2017. To be precise, while there was less variation of surface
averaged D5y between spring and neap tides in 2016, the variation gap was large at several
stations in 2017. For instance, in 2016, apart from station I, where the difference of the
averaged D5 between spring and neap tides was 5 pm (7-12 um), the largest averaged Ds
difference recorded all along the stations was 2 pm (Figure 8a). Similarly, in 2017, apart
from station B with a large difference averaged D5 of 5 pm (5.1-10.1 pm), the variation gap
between spring and neap tides was larger than 2 um at several stations, A (i.e., 7 pm in neap
tide and 10.5 pm in spring tide), F (i.e., 7.1 um in neap tide and 10.8 um in spring tide) and
H (i.e., 6 um in neap tide and 8.4 pm in spring tide), (Figure 9a). The lower variation in SPS
between neap and spring tides in 2016 could be explained firstly by the discharge difference
and secondly by the current velocity during these two tidal periods. From spring to neap,
the surface current velocity is quite the same, and this behavior of the surface flow can be
backed up by the water discharge, which is less variant during the same period. However,
the trend is different in 2017, the surface flow and the water discharge clearly reduced from
spring to neap. The input of surface flow velocity on SPS is more visible when it comes
to tides. In summer, aggregate variations and distributions are dominant during the ebb
and LSW along the channel from upstream to downstream, whether spring or neap tides
(Figures 10a and 11a). However, the trend is different in winter 2017 (Figures 10c and 11c)
for both spring and neap tides. There seems to be a balance in aggregate variations and
distributions between landward flow direction (flood and HSW) and seaward flow direction
(ebb and LSW). Nevertheless, the variation in aggregates appears to be controlled by the
phase of the tide. For instance, in winter aggregates, variations increased according to the
flow direction. It increased in the landward direction during flood and HSW and in the
seaward direction during ebb and LSW. The combined effect of the turbulent forces created
by the motion of the water current during ebb and flood, together with the decreasing flow
motion during HSW and LSW, seems to be responsible for these tide-induced aggregate
variations [48,58]. In the spring tides of winter 2017, as presented in Figure 11c, aggregates
increased seaward for both combinations. In this case, the turbulent forces of upstream
flow dominated because the flood season dominated the tidal current flowing upstream.

4.4. Tidal Inputs on SSSC and SPS

Regarding the intra-seasonal variation in distribution of SSSC relative to tidal phases,
there were clearly more hydrodynamic processes involved during spring than neap tides.
However, as previously explained, there seem to be stronger hydrodynamics in winter than
in summer since the dry season will weaken the river input while the tide seems to have
more of an effect on SSSC variation than river discharge and it’s connected hydrodynamic
processes. Regardless of the year and season, the low slack water seems to be the most
important tidal period because there are always large surface-suspended sediment con-
centrations and variations at that particular period. The SSSC recorded during low slack
water could be the remaining SSSC from ebb resulting from the resuspension of the bottom
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deposited sediment by the stronger currents [52,59]. It can be observed that throughout
the tidal periods, high SSSC location is slightly shifted in the upstream direction during
ebb at stations C, D, and E in spring tides and in stations B and D during neap tides before
coming back to its normal area D, E, and F at the other tidal phases, especially in spring
tides (Figure 10b). This behavior could be attributed to the shifting in the ETM area under
the tidal variations.

In the summer of 2016 (Figures 10a and 11a), ebb and LSW were very important for
aggregate distribution and variation, especially during spring tides. Aggregate variations
and distributions were dominant during the ebb and LSW along the channel from upstream
to downstream, whether spring or neap tides. However, the trend was different in the
winter of 2017 (Figures 10c and 11c) for both spring and neap tides.

There seems to be a balance in aggregate variations and distributions between land-
ward flow direction (flood and HSW) and seaward flow direction (ebb and LSW). Never-
theless, the variation in aggregates appear to be controlled by the phase of the tide. For
instance, in winter aggregates, variations increased according to the flow direction. It
increased in the landward direction during flood and HSW and in the seaward direction
during ebb and LSW. The combined effect of the turbulent forces created by the motion of
the water current during ebb and flood, together with the decreasing flow motion during
HSW and LSW seems to be responsible for these tide-induced aggregate variations [49]. In
the spring tides of winter 2017, as presented in Figure 11c), aggregates increased seaward
for both combinations. In this case, the turbulent forces of upstream flow dominate because
the flood season dominated the tidal current flowing upstream.

The study and analysis of particle SSSC and particle size are useful in assessing
ETM [43] and the sediment dynamic variation in the estuary [53]. The present assertion
that extreme events significantly impact the sediment dynamic of the estuary corroborates
previous findings [27,43,53,54,60]. Even though the methods are different, the outcomes of
the present and previous studies highlight the importance of extreme events on estuarine
sediment dynamics. Nevertheless, from this study, the variation caused by extreme events
on estuarine sediment dynamics is more observable under the tidal cycle and phases.

5. Conclusions

Extreme weather conditions are behind the hydrological and sediment dynamic
changes in the North Passage of the Yangtze estuary from 2016 to 2018. Surface sediment
dynamics can be used as a foundation for comprehending the spatiotemporal variation
in ETM in the North Passage of the Yangtze estuary. On account of these hydrological
and hydrodynamic differences, more sediment aggregates were recorded in 2017 than
in 2016. Medium silt dominated in 2016 and in the winter of 2017, while very fine silt
had the largest percentage of SPS recorded in 2017. From 2016 to 2017, there was a slight
decrease in surface particle size. More intra-season variations were observed in spring tide
compared to neap tide, especially in summer, while in winter, it was the contrary; in winter,
the surface hydrodynamics of the neap tide are as important as in the spring tide.

The effect of the tide on SSSC seems to be more important than the river discharge,
looking at the increase in the SSSC at some stations, especially for downstream stations in
the dry season (winter). However, the main hydrodynamic force influencing the upstream
stations in the North Passage is the river discharge, which was larger in 2016.

The intensity and the range of SSSC variation in the North Passage seem to be de-
termined by the magnitude of the current velocity, while the sediment load significantly
impacts the sediment distribution pattern.
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Figure A1. Cross-sectional suspended sediment sizes distribution in 2017: Spring tide—(a) Cross-
section 1; (b) Cross-section 2; (¢) Cross-section 3; Neap tide—(d) Cross-section 1; (e) Cross-section 2;
(f) Cross-section 3.
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Table Al. Averaged SSSC and standard deviation (STD) in summer of 2016 during spring and neap

tides along the channel and at the three cross-sections.

Av. Surface SSC 2016

Av. Surface SSC

Stations 3 ) . STD 2016 (Kgm—3) STD
(Kgm—3) Spring Tides Neap Tides
A 0.11 0.047 0.08 0.03
B 0.11 0.054 0.09 0.01
C 0.13 0.055 0.08 0.04
D 0.24 0.135 0.11 0.06
E 0.19 0.138 0.09 0.05
F 0.21 0.153 0.10 0.07
G 0.16 0.096 0.07 0.03
H 0.14 0.093 0.05 0.02
I 0.13 0.14 0.01 0.01
Cs1
D1 0.25 0.135 0.11 0.062
D2 0.16 0.061 0.12 0.053
D3 0.18 0.102 0.11 0.064
CSs2
E1l 0.2 0.138 0.09 0.051
E2 0.23 0.125 0.11 0.032
E3 0.18 0.089 0.09 0.042
Cs3
F1 0.2 0.153 0.1 0.077
F2 0.22 0.125 0.11 0.072
F3 0.24 0.232 0.1 0.077

Table A2. Averaged SSSC and standard deviation (STD) in summer 2017 during spring and neap

tides along the channel and at the three cross-sections.

Av. Surface SSC 2017

Av. Surface SSC 2017

Stations (Kgm~3) STD (Kgm—3) STD
Summer-Spring Tides Summer-Neap Tides
A 0.14 0.05 0.06 0.01
B 0.12 0.04 0.09 0.01
C 0.05 0.07 0.07 0.09
D 0.20 0.07 0.04 0.02
E 0.24 0.09 0.11 0.03
F 0.18 0.09 0.05 0.03
G 0.16 0.09 0.05 0.02
H 0.15 0.08 0.05 0.02
1 0.14 0.05 0.04 0.02
CSs1
D1 0.2 0.076 0.39 0.024
D2 0.36 0.143 0.118 0.066
D3 0.19 0.073 0.121 0.043
CSs2
E1l 0.23 0.1 0.11 0.035
E2 0.19 0.07 0.06 0.034
E3 0.18 0.06 0.08 0.03
CS3
F1 0.176 0.09 0.05 0.03
F2 0.23 0.095 0.08 0.04
F3 0.206 0.26 0.07 0.07
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Table A3. Averaged SSSC and standard deviation (STD) in winter 2017 during spring and neap tides
along the channel.

Av. Surface SSC 2017 Av. Surface SSC 2017
Stations  (Kgm—3) Winter-Spring STD (Kgm—3) STD
Tides Winter-Neap Tides
A 0.26 0.11 0.04 0.02
B 0.20 0.11 0.05 0.02
C 0.25 0.18 0.04 0.007
D 0.34 0.16 0.05 0.013
E 0.22 0.11 0.03 0.012
F 0.31 0.17 0.03 0.014
G 0.27 0.16 0.04 0.015
H 0.10 0.07 0.08 0.011
I 0.31 0.11 0.10 0.045

Table A4. Averaged SSSC in summer 2018 along the channel during spring and neap tides.

Averag(e:lggsll\:ffse;ce SSC Averaged Surface SSC
Stations S . . STD (Kgm~—3) Summer-Neap STD
ummer-Spring Tides Tides 2018
ides
2018
A 0.25 0.12 0.12 0.02
B 0.22 0.067 0.11 0.028
C 0.27 0.12 0.11 0.04
D 0.21 0.09 0.12 0.036
E 0.20 0.11 0.07 0.024
F 0.27 0.12 0.08 0.024
G 0.23 0.13 0.08 0.025
H 0.40 0.38 0.07 0.023
I 0.12 0.05 0.06 0.02

Table A5. Averaged SSSC in winter 2018 along the channel during spring and neap tides.

Averaged Surface SSC Averaged Surface SSC
Stations 2018 (Kgm—3) STD 2018 (Kgm—3) STD
Winter-Spring Tides Winter-Neap Tides
A 0.26 0.128 0.14 0.038
B 0.14 0.06 0.09 0.03
C 0.21 0.10 0.08 0.032
D 0.36 0.24 0.07 0.031
E 0.37 0.31 0.14 0.015
F 0.25 0.19 0.07 0.028
G 0.18 0.11 0.05 0.032
H 0.24 0.11 0.07 0.033
I 0.22 0.11 0.06 0.033
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Table A6. Averaged surface D5y in summer 2016 along the channel and at the middle stream during
spring and neap tides.

Averaged Surface Dsg Averaged Surface Djg

Stations (um) 2016 Spring Tides STD (um) 2016 Neap Tides STD
A 10 12 9 15
B 10 1.1 9 1.2
C 7 22 9 17
E 9 2.3 8 13
F 8 1 7 0.9
H 9 2 8 1.7

CS1
D1 9 1.6 9 1.6
D2 11 2.1 9 2.7
CSs2
El 9 2.3 8 L3
E3 9 1.8 9 1.2
CS3
F1 8 1 7 0.9
2] 10 1.3 7 0.8
E3 8 15 8 0.9

Table A7. Averaged surface D5 in the summer 2017 along the channel and at the middle stream
during spring and neap tides.

Averaged Surface Dy, Averaged Surface Djg

Stations (um) 2017 Spring Tides STD (um) 2017 Neap Tides STD
A 7 1.2 10.5 1.2
B 10.1 1.2 5.1 1
C 7.4 2.2 8.8 1
D 10.3 25 9.3 1.3
E 7.8 4 7.9 0.9
F 7.1 1.6 10.8 1.8
G 7 1.8 4.6 0.5
H 6 1.3 8.4 1.2
I 6.1 0.6 6 0.9

CS1
D1 6.4 2.5 8.5 1.3
D2 8.1 1.8 6.8 1.1
D3 5.4 1.5 7.7 1.2
CS2
E1l 7.4 4 7.3 0.9
E2 8.3 1.1 6.9 1.3
E3 6.7 1.8 8.3 1
CS3
F1 4.8 1.6 8.7 1.8
F2 45 2.7 7.4 1.7

F3 8.7 1.7 49 1
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