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Executive summary

Over the last decades, the People’s Republic of China experienced large economic development, which has
led to severe shortages of usable land. To counteract this, the Chinese central government promoted the de-
velopment of coastal provinces by reclaiming large sections of coastal zones. One of these regions is Nantong
Binhai Park or Tongzhou Bay on the Jiangsu coast. This region is characterized by large intertidal mudflats
with deep tidal channels and has a high potential for the development of agri-aquaculture and the construc-
tion of a deep-sea port. However, these intertidal mudflats also provide vital ecosystem services and support
numerous species, such as several endangered migratory shorebirds within the East Asian-Australasian Fly-
way. Acknowledging the importance of both port development and existing endangered ecosystems, a more
integrated coastal development strategy is needed. A possible solutions could be found following the 'Build-
ing with Nature’ approach, in which natural processes and ecological needs are included during the design
process. This requires a good understanding of the governing processes as well as the requirements from
society, ecology and engineering perspectives.

In this thesis, a study is performed to find a more sustainable alternative for the planned Tongzhou Bay
port. It aims at making the connection between engineering and ecological point of view. A previous devel-
oped hydro-morphodynamic numerical model was made available and is further developed to gain a bet-
ter understanding of the local governing processes, such as tidal features, sediment transport and siltation
patterns. Several simplifications and an additional cohesive fraction were added to the model setup, which
showed satisfying results during validation. Model results show a net inward flux of tidal volumes and sed-
iments though the main tidal channels; Xiaomiaohong, Sanshahaong and the upper tidal channel. At the
Yaosha shoal, most of tidal volume flux flow through the Xiaomiaohong channel and cross over the shoal in a
northward direction. Transport fluxes tend to follow these current patterns closely and show a similar south-
north sediment flux over the Yaosha and Lengjiasha shoal. In order to model the Tongzhou Bay morphology
in an efficient manner, a morphological acceleration factor was used. This approach was verified through
a test case, hindcasting the morphodynamic developments due to the most recent reclamation activities at
Tongzhou Bay. Qualitative verification of the testcase results show the models capability in predicting similar
morphodynamic features with respect to measured elevations. The model is setup to predict 8 years of mor-
phological development with no further reclamations, serving as a reference case. Heavy siltation was found
at the higher elevated regions and outer edges of the intertidal mudflats. Most of the erosion takes place in
the channels, indicating the gradual steepening of the mudflat profile.

The Tongzhou Bay ecosystem and potential occurrence of a certain habitat is quantified by classifying
the region in to specific ecotopes, based on previous model results. These ecotopes are individual regions,
which describe relative homogeneous characteristics. Referencing of the ecotope map with satellite-tracked
home range data of two shorebird species at Tongzhou Bay, indicate the relative preference of these species
on mid- and low-range littoral zones. These ecotopes are subsequently used as an indication for the potential
occurrence of valuable habitat for these shorebird species survival.

The better understanding of the governing processes in development of the intertidal mudflats and cor-
responding ecotopes is used to design alternative port configurations through several design cycle iterations.
A set of three design criteria were determined, requiring each configuration to preserve existing high-value
ecotopes, enhance the development of these ecotopes and create potential area for future port development.
The full reclamation of the Yaosha shoal will result in the loss of high-value ecotopes at the shoal. Partial
reclamation of the southside of the Yaosha shoal, leads to the blocking of current and transport fluxes sup-
plied through the Xiaomiaohong channel. Oppositely, the partial reclamation of the northside of the Yaosha
shoal, still allows sediment supply to the Yaosha shoal by the Xiaomiaohong channel, only to be blocked on
the backside of the shoal. As a result, siltation rates and therefore ecotope accretion is enhanced. However,
ebb velocities on the shoal are stronger and the formation of creeks and new tidal channels over the shoal
are predicted. Similar developments are found by comparable reclamation scenarios at the Lengjiasha shoal.
Evaluation of all alternative designs revealed that the optimum configuration is the offshore reclamation of
the Lengjiasha shoal. This is mainly due to restricting reclamation activities and the reduction of local flow
velocities at the Yaosha shoal.



vi Preface

This thesis explores the potential of more sustainable alternative port designs through understanding
governing processes in natural development at Tongzhou Bay. The Yaosha shoal can be classified as the most
vital habitat for several migratory birdspecies. Reclamation activities at the Yaosha shoal will lead to a clear
loss of habitat and blocking of the driving processes for the development of new habitat zones. It is found that
alternative reclamations of less important zones, such as the Lengjiasha shoal could preserve valuable habitat
and increase the natural development of these habitats. However, this far offshore reclamation implies large
challenges regarding port operations and logistics with the hinterland.
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Introduction

In this chapter, an overall introduction is given to the area and problem of interest, which is the subject of
this thesis. From the problem definition, the objective and corresponding research questions are formulated.
Finally, the general structure of this thesis is outlined as a reading guide.

1.1. Background

The People’s Republic of China is one of the most populated and developing countries in the world. With the
world’s second largest GDP of 11,200,000 million USD and a net growth of 6.7% in 2016, China has become
a major global economy (National Bureau of Statistics, 2017; World Development Indicators database, 2017).
Most the economic development takes place in the metropolitan areas and ports within the coastal provinces,
which contain 43.3% of the total population or 1.4 billion people (National Bureau of Statistics, 2016).

One of these regions is the Jiangsu coastal province, which is situated at the Southern Yellow Sea (SYS)
between the Shandong province to the north and the Yangtze river estuary to the south, as shown in Fig-
urel.l. The Jiangsu coastline stretches over 994 km long and hosts several main national ports, such as the
the Lianyungang port, Nanjing port, Zhenjiang port, Nantong port and Suzhou port and several important
regional ports (Li etal., 2014; Huo et al., 2018; Jiangsu Yangkou Port Co., Ltd., 2018). The coast is characterized
by muddy shores and large inter-tidal mudflats that can reach up to 40 km offshore (Chen and Zhang, 2011;
Wang and Zhu, 2006). Due to the abundance of large inter-tidal flats, coastal reclamation activities serves as
a solution for the increasing demand of usable land (Zhao et al., 2015; Wang et al., 2014a; Tian et al., 2016).
Main utilization of these reclaimed areas is used for modern agriculture, aquaculture, planted forests, ports
and related industries, coastal tourism and other uses (Wang and Wall, 2010; Economic Daily, 2017). Since
1950, these reclamations were carried out at roughly the same rate as the tidal flat accretion rate, allowing
nature to keep up (Fan et al., 2017).

With initiatives for further economic development such as the "One Road, One Belt" (OBOR), there is an
increased demand for a higher capacity of coastal and riverine ports (Wang and Wall, 2010). To sustain further
economic development, the Chinese central government upgraded the development of Jiangsu coastal zone
to be part of national development strategy and approved a plan to reclaim large sections of the Jiangsu
coastal zone for 2030 (Zhang and Chen, 2011). Essential part of these reclamations are the development
of two new deepsea ports at Jianggang and Liisi, reclaiming the Dongsha-Tiaozini and Yaosha-Lengjiasha
mudflats respectively. After the final stage, these two proposed projects would have a combined reclaimed
area of over 960 km? (Zhang and Chen, 2011). With unique topographic setting of deep natural tidal channels
and large shallow shoals, these zones have a high potential for port development (Zhang et al., 2011; Zhang
and Chen, 2011). The proposed port reclamation at the Liisi port is known as "Nantong Binhai Park" or
Tongzhou Bay (Encyclopedia, 2018) and is part of the Nantong Port Group Cooperation (Nantong Port Group
Co., Ltd., 2017; China Daily, 2017). Together with the adjacent offshore Yangkou port and the Liisi port itself,
the complete proposed Tongzhou bay port would consists of 280 km? under the slogan "two wings, one body"
(Encyclopedia, 2018; Wang and Wall, 2010).
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Figure 1.1: Overview of the Jiangsu coast and intertidal mudflats. Indicated are the previous reclamations. Also the Port of Rotterdam in
the Netherlands is shown with similar scale as a reference.

1.2. Problem statement

The extend of these large-scale reclamations will have a significant effect on local tidal conditions and mod-
erate on local wave action (Cong and Zhu, 2017; Lu and Dou, 2011; Tao et al., 2011; Zhu et al., 2016; Fan et al.,
2015). Muddy coastlines, such as the Jiangsu coastline, are highly complex in processes and sediment charac-
teristics and react strongly to changes in the driving hydrodynamic forces (Le Hir et al., 2000; Liu et al., 2011;
Roberts et al., 2000). As a consequence, these anthropogenic interventions will affect the driving morphody-
namic processes and overall shape and morphology of the coastal profile (Song et al., 2013; van Maren et al.,
2016; Wang et al., 2012b, 2014b).

Furthermore, large concerns have been raised about the impact of large-scale reclamations on the natural
habitat and ecological diversity of the saltmarsh ecosystem at the Jiangsu coast(Sun et al., 2017; Wang et al.,
2014a; He and Zhou, 2016; Yao, 2013). The ongoing reclamation activities lead to a gradual degradation of
the environmental quality (Wang and Zhu, 2006). The Yellow Sea coastal zones form an essential part of
the Asia-Australian Flyway. Within this flyway, over 36 migratory shorebirds species or 40% of all resident
birds are reliant on this habitat, including the Jiangsu coastal area (Barter, 2002; Piersma et al., 2017). The
past 50 years, these ecosystems have been reduced by 50% and are considered as endangered (Murray et al.,
2015). Recent studies show that the reclamation activities at the Jiangsu flats can be linked directly to the
decline of these endangered shorebird species(Piersma et al., 2017; Peng et al., 2017). Construction within



1.3. Objective 3

Bar-tailed Godwitt

l:‘ 50% Homerange
Radial Sand Ridges I o5% Homerange

Great Knots

p C] 50% Homerange
, - 95% Homerange

Elevation [m]
‘ 16-10
05-15
-09-04
-32--1
-59--33
-89--6

121--9
Tongzhou Bay . R

-17.7--15.1

33.57

Radial Sand Ridges

‘ 331

32.51 ‘ 32.51
Tongzhou Bay

204 --17.8
® -233--205
26--234
-285--26.1
33--286

32

121 1215 122 1215 122

Figure 1.2: Satellite tracked home-range of two migratory bird species at the Tongzhou Bay, namely the Bar-Tailed Godwitt and the Great
Knot as provided by Chan et al. (2018)

the Yellow and Yangzte River also lead to a reduced amount of sediment import and a reduced accretion
of these intertidal areas (Barter, 2002). The proposed Tonghzou Bay port would strongly interfere with this
habitat. Figure 1.2 show the extend of the proposed port with the satellite tracked, home-range data of two
endangered shore-bird populations, namely the Bar-tailed Godwit (BTG) and the Great Knot (GK).

In 2013, the first phase of the Tongzhou Bay port at the Yaosha-Lengjiasha shoals was constructed, which
further reduces the tidal flat area and increases pressure on the ecosystem (Huang and Zhang, 2017). Due to
the raised ecological concerns, the Chinese national authorities put a halt on all the large-scale reclamations
on the Chinese coast until a better understanding is obtained on the state of the coastline and the impact of
new reclamation projects (BirdLife International, 2018; China Daily, 2018; Xinhua News Agency, 2018). Ac-
knowledging the importance of both the development of a new port and related industries and the ecological
value of the inter-tidal flat habitat, there is need for a more integrated coastal development in which both
socio-economic and ecological requirements are included (Forst, 2009; Wang and Zhu, 2006; Cui, 2017; Liang
etal., 2015; Zhang et al., 2016).

The last decade, several coastal engineering projects have adopted these integral design strategies in or-
der to provide a robust and sustainable solutions. These concepts, also known as Building with Nature (or
Working with Nature (PIANC, 2011)), is an engineering practice that aims at pro-actively using and providing
for engineering purposes as well for socio-ecological services as part of the design solution (de Vriend et al.,
2014a; van Slobbe et al., 2013). The implementation of these strategies is very dependent on the local con-
ditions and require a profound understanding of the different perspectives, needs and the governing natural
processes (Baptist et al., 2017; de Vriend et al., 2014b). Despite some preliminary studies on tidal velocities
and siltation rates for the proposed Tonghzou Bay port or other smaller reclamation projects (Huang and Liu,
2017; Nantong Port Authority, 2013), ecological requirements are not yet included in the design of Tonghzou
Bay port. This is often due to a knowledge gap between engineering practices and the governing processes in
the current state and development of wetland ecosystems (Ma et al., 2010; Borsje et al., 2011). It is therefore
not clear, if alternative port configurations for the proposed Tonghzou Bay port could provide for both port
development and aid in the state of valuable wetland ecosystem .

1.3. Objective

The problem statement shows the need for a more integrated design strategy for finding a solution for the
conflicting interests between port development and the state of the Tongzhou bay ecosystem. Consequently,
the objective of this thesis is to study the effectiveness of alternative designs for the Tongzhou bay port, in
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which benefits both the state of the wetland ecosystem and the development of a deep-sea port. This is
attempted by bridging the knowledge gap between ecologic and engineering practices.

This main objective is further divided into two sub objectives. The first objective of this thesis is aimed at
obtaining a better understanding of the hydro- morphodynamic governing processes for the development of
the Tongzhou Bay system with the use of numerical modeling. The second objective is to use the gained in-
sight in the design of alternative port configurations for the Tongzhou Bay port and evaluate the performance
of these alternatives in providing for both port and ecology developments.

1.4. Research questions

In order to quantify the defined objectives, the following research question is expected to be answered with
the results of this thesis.

Could the reclamation of alternative port configurations for the Tongzhou Bay port benefit the develop-
ment of valuable ecosystems at Tongzhou Bay?

This question is divided into the following sub-questions;

¢ Which processes are governing for flow and transport characteristics at Tongzhou Bay ?
¢ What types of ecosystem exist at Tongzhou Bay ?
¢ What is the state of development of these ecosystems without anthropogenic influence ?

* What is the impact of alternative port reclamations on this ecosystem development ?

1.5. Methodology and thesis outline
According to the questions that need to be answered, this thesis is divided into 3 phases. These phases are
further divided into several processes as shown in Figure 1.3.

The 1% phase is aimed at understanding the governing processes such as tidal features, sediment trans-
port and siltation patterns at Tongzhou Bay. This is done by means of a review of the literature on the Jiangsu
coast and the Tongzhou Bay region and can be found in Chapter2. In order to study the region and test dif-
ferent scenarios, a 2DH hydro-morphodynamic numerical model, previously setup for the Jiangsu coast was
further developed and applied on the Tongzhou Bay region. The model description and setup will be covered
in Chapter 3. Subsequently, the model results will be validated with help of earlier work, such as field obser-
vations, measurements and referencing the modeling results. These modeling results are the first part of the
overall results and can be found in Chapter 4.

In the 2" phase, the validated model results are used to quantify the types of ecosystems at Tongzhou
bay based on abiotic characteristics. The classification of these characteristics lead to the creation of a so-
called ecotopemap, which can be referenced with satellite-tracked shorebird data at the Tonghzou Bay region.
This leads to the determination of high-value ecotopes, which will serve as an indication of the value of the
overall ecosystem in alternative designs. Next, the natural development of these ecotopes is determined as a
reference case. The quantitative description of the ecosystem at Tongzhou bay is covered in Chapter4.

In the 3" phase, alternative port configurations are designed, following an iterative design cycle. The
gained insight in the governing processes and ecosystem development are combined with port and ecology
requirements. These lead to design criteria at which the alternative designs have to suffice. Their effec-
tiveness will be tested using the validated model setup during simulation. Finally, the performance of each
alternative is evaluated based on the hydro- morphodynamic behavior and ecotope development. Based on
this value of each alternative, a new generation of designs can be simulated. The design and results of the
conceived scenarios are treated in Chapter 5

Finally, the overall behavior of each alternative will be discussed in Chapter 6. Subsequently, the results
are further assessed by referencing with other relevant findings in previous work. The set research questions
are revisited in the final conclusions and recommendations for further approaches for this work and topic are
stated. This will be covered in Chapter 7.
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System description of Jiangsu Coast and
Tongzhou Bay

2.1. Topography

The Jiangsu coast is characterized by muddy shores and large intertidal mudflats that can reach up to 40 km
offshore (Chen and Zhang, 2011; Wang and Zhu, 2006). The Jiangsu coast can be divided into two charac-
teristic domains e.g. the northern situated Abandoned Yellow River Delta (AYD) and the Radial Sand Ridges
(RSR), situated in the south (Liu et al., 1989; Xue, 1993). Both systems are the result of the combination of
two large-scale tidal current patterns that are active at the Jiangsu coast since 7000 years BP (Zhu and Chen,
2005).

The Abandoned Yellow River Delta has mainly been developed due to the abundant sediment supply
by the old course of the Yellow River before 1855. Large volumes of sediment have been deposited before
the Yellow River changed his course to the current position (Woodroffe and Saito, 2011). Subsequently, tidal
current patterns that consist due to the interaction of the radial tidal current in the Northern Yellow Sea and
the progressive tidal wave in the south reformed this delta to the current shape (Su et al., 2017b).

The second system is the radial sand ridges, which consist of a large fan-pattern radiate system of mud-
flats and channels that vary from 2m to 20m deep (Wang et al., 1999). The origin of this system dates back
to the late Pleistocene, when the Paleo-Yangtze River Estuary was still situated at the Southern Yellow Sea
(SYS) and large volumes of sediment were deposited and reworked by the unique tidal current system (Zhu
and Chen, 2005; Zhu and Chang, 2001). Other sediments types, such as silt and mud were deposited on top
of these areas especially in the northern RSR and originated from the AYD, or more recent Yangtze sediment
discharge (Li et al., 2001; Su et al., 2017a; Wang et al., 1999, 2012a). Due to the erosion of the AYD, the tidal
current along the Jiangsu coast shifted southward, enhancing the rotary tidal wave in the north and shifting
the meeting point of the two tidal systems also southward (Chen et al., 2017). The characteristics tidal current
pattern in the RSR area, reworked the sediments in to the typical sand ridges (Yao et al., 2013; Zhang et al.,
1999; Zhu and Chang, 2001; Zhu and Chen, 2005). Sediments from the AYD not only supplied the RSR, but
also other sediment fluxes (e.g. from the Yangtze river) where active during this later development (Zhou
etal., 2014).

The RSR system can be divided further into a northern and a southern Radial Sand Ridge system (NRSR
and SRSR respectively), based on their own characteristic tidal forcing, sediment fluxes and tidal flat topog-
raphy (Xing et al., 2012; Xu et al., 2016; Zhang et al., 2013). Tongzhou Bay is located in this southern part of
the RSR at the central Jiangsu coast. It consist of several long and narrow intertidal ridges with deep tidal
channels (Xing et al., 2012). The largest topographic features are the Lengjiasha and Yaosha shoals and the
Xiaomiaohong (XMH), Sanshahong (SSH) and Wangcanghong (WCH) channels, as shown in Figure 2.1. The
sand ridges are typically discontinuous (e.g. Hetunsha Ridge and Jiangjiasha Ridge) (Xu et al., 2016).

7
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Figure 2.1: Overview of the Tongzhou Bay topography, with the Yangtze river mouth located at the south and the Tiaozini shoal to the
north. Recent reclamations at this region are indicated for the period from 1973 to the present. Indicated are the measuring stations,
including 6 tidal gauges for water levels (blue) and 14 temporary mooring stations (red)

2.2. Hydrodynamics

2.2.1.Tide and currents

The Jiangsu coast is influenced by two distinct large-scale tidal circulations. These are the anti-clockwise
rotary tidal wave in the northern part of the Southern Yellow Sea (SYS) and the progressive tidal wave in
the South Yellow Sea coming from the Pacific (Liu et al., 1989; Wang et al., 1999; Xing et al., 2012; Yan et al,,
1999a; Zhang et al., 1999) (Figure 2.2). These two tidal systems converge at the coast at Jiangang and is the
main driver of the current pattern at the central Jiangsu coast. (Su et al., 2015; Yan et al., 1999b). Due to this
feature, a semi-diurnal vertical tide can be observed along the Jiangsu coast with its largest tidal range of 9.5
m between HWS and IWS at Jianggang at the Tiaozini tidal flat. North and southward of this point, the tidal
range is declining, creating a rope-skipping pattern (Kang, 2015). Similar pattern was found at Tongzhou
Bay, with a mean tidal range of 4.5 m, 3.9 m and a peak of 6.2 m, 5.2 m at Yankou and Liisishayang stations
respectively (Kang, 2015). In Xiaomiaohong channel, the spring tide can be twice as high than during neap
tides (Chen, 2013).

The overall current patterns differ over the RSR, showing a more diffused pattern in the Southern Radial
Sand Ridge (SRSR) system than the concentrated bidirectional flow in the Northern Radial Sand Ridge (NRSR)
system. This results in multiple shallower channels at Tongzhou Bay, compared to Xiyang channel in the
NRSR system (Xu et al., 2016; Kang, 2015). The tide is propagated through the channels, leading to higher
velocities in the main tidal channels and lower over the shoals and nearshore areas. The mean velocities
during flood and ebb current do not differ significantly, with magnitudes of 0.2 ~ 0.4 m/s above the 0 m
isobaths, 0.4 ~ 0.6 m/s between -5 m and 0 m, 0.6 ~ 0.8 m/s below the -5 m and 1.0 ~ 1.2 m/ s inside through
of the channels (Chen, 2013).

As a results of tidal asymmetries and other processes, mean tidal fluxes occur during a tidal cycle (Xing
et al.,, 2012; Xu et al., 2016). Figure 2.2 show the main tidal currents as found by (Zhang et al., 2013). In the
northern RSR, the main tidal currents propagate through major tidal channels, such as the Xiyang channel
towards the RSR field. Another flux bypasses the RSR and merges with the rotary system in the upper part
of the SYS. As a result of the collision of the rotary tidal wave and the progressive tidal wave, smaller circu-
lation develops at the RSR field. In the SRSR, the main current pattern consists of the merging of two fluxes.
The first flux follows the Qidong coastline in south-north direction, which merges with the second flux that
originates from offshore waters in a east-west direction. This mean flux continues in a south-north direction
into Tongzhou Bay. A small scale circulation flux is formed due to the collision with the earlier mentioned
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circulation pattern within the central RSR. These residual patterns are largely similar during either spring or
neap. However, the overall strength of the two tidal systems is relatively weaker during neap tide and the
point of convergence shifts towards the north-east (Zhang et al., 2013). Zhu and Chang (2001); Su et al. (2015)
found that initial bathymetry, river discharges or tide-generated forcing do not have a governing effect on
these large-scale tidal current patterns .
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Figure 2.2: Large-scale tidal currents at the Jiangsu coast, with the rotary wave in the Yellow Sea and the progressive wave, coming from
the East China Sea (from Xing et al. (2012))

2.2.2. Yangzte and minor river discharges

Several river discharges are present at the Jiangsu coast. These range from smaller agricultural drainage chan-
nels to larger natural river discharges. Southward of Tongzhou Bay is the Yangtze River Estuary. The discharge
plume of the river is mainly directed southward and deposits mud and silt sediments alongshore, starting
from the Yangtze River mouth down to the Taiwan strait Lee and Chough (1989). This is mainly caused by
longshore coastal currents (e.g. the Min-Zhe Coastal Current (MZCC) and Jiangsu Coastal Current (JCC))
which are river-induced buoyant coastal currents (Deng et al., 2017; Liu et al., 2007).

Samples were taken in the Yangtze river plume and showed that suspended sediment concentrations
in the lower estuary and adjacent coastal waters are decreasing. The small concentration that is measured
mostly originates for local resuspension as it shows significant seasonality and coincides with semi-diurnal
tides during neap and spring (Li et al., 2012; Liu et al., 2007). This means a coastal erosion of the Yangtze
mouth which is closely related to trapping of upstream sediment due to the construction of the Three Gorges
Dam (Deng et al., 2017). It is found that smaller river discharges are negligible on the tidal features nor does
it create significant density differences (Yao, 2016)

2.2.3. Waves

Aside large episodic events such as typhoons, overall wave height is relatively calm at the Jiangsu coast. The
wave field at the Yellow and East China Sea is generally consistent. However, nearshore wave action is stronger
throughout the RSR system than in the upper Jiangsu coast (Chen et al., 2013). (Storm) waves and incidental
events, such as typhoons have a significant role in the evolution of the RSR (Liu et al., 1989; Zhang et al.,
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1999). Large typhoon waves that penetrate through the channels, however, experience heavy damping effects
by the fine suspended particles or mud layer that is formed and reduce the wave height (Xu et al., 2015).
The wind and wave field varies seasonally. In winter, surface waves with relative large wave height would be
generated in southeast, due to the strong local wind forcing from the north and the corresponding large fetch.
In summer, the wind speeds and wave height are the smallest (He and Xu, 2016; Liu et al., 1989; Zheng et al.,
2014).

The yearly significant wave height at the southern Jiangsu coast and Tongzhou Bay is 1.1 m and mean
wave period of 5.5 s in the East China Sea . The seasonal variation of the mean wave height is found 0.9~1 m
in spring and summer, 1.0~1.3 m in autumn and 1.1~1.5 m in winter (Chen, 2013; Zheng et al., 2014). Further
identification shows that 36.3% of single-peaked wind waves have a high occurrence in the SE, SSE and WNW
directions. The rest are identified as young swells with high occurrence in the WNW, ESE to SSW directions
(Yang et al., 2014).

At Tongzhou Bay, the wave pattern are more complicated due to the complex bathymetry and seasonal
variation. Overall wave action is wind generated and has a significant wave height of H;;3=0.15~2.2 m with a
mean wave period varying between 2.06~6.82 s. These values are lower with respect to the average magnitude
at the overall Jiangsu coast, due to shoaling effects and sheltering by the local ridges and channels (Yang et al.,
2014).

2.3. Sediment characteristics

2.3.1. Bed composition

The sediments in the bed along the Jiangsu coast mainly consists of silt patches along the coastline (3.9~62.5
pm), sandy silt (also between 3.9~62.5 um but with higher sand content), fine sand more offshore (125~250
pm) and patches of clayey silt originating from the Yangtze sub-aqueous delta (0.98~3.9 um) (Liu et al., 1989;
Wang and Ke, 1997; Zhu and Chang, 2000; Sun et al., 2014) (Table 2.1). The grain size diameter decreases from
offshore towards nearshore zones. Furthermore, these offshore sediments are more sorted than sediments
in the nearshore. This is due to fine sand particles, located at MLW have a higher chance to be reworked
by waves and subsequently mixed over the watercolumn due to currents and is common for mudflats (Fan,
2012). Clayey silt or clay predominantly deposited near the MHW, where flow dominates, with the exception
during storms. Overall, the tidal flats are narrower and composed of coarser sediments in the SRSR and wider
and with finer sediments in the NRSR (Wang and Ke, 1997). These fines mainly originate from either the AYD
for the NRSR or Yangtze sub-aqueous delta for the SRSR Lee and Chough (1989). The overall compositions
over the whole RSR show an increase in average grainsize, signifying the depletion of fines and the supply
from these deltaic zones towards the RSR (Wang et al., 2013). Figure 2.3 shows a tertiary diagram from bed
samples taken during 2006~2007 at the AYD and the RSR (Wang et al., 2013). It can be seen that finer material
is present at the AYD and the southern RSR and more coarse material in the central and northern RSR.

clay [%]

sand [%] silt [%]

Figure 2.3: Tertairy diagram depicting the bed composition for seveal location at the Jiangsu coast, sampled during 2006~2007 (Wang
et al, 2013). The red squares indicate samples, taken at the abandoned Yellow river Delta (AYD), yellow triangles the Northern Radial
Sand Ridges, green triangles the Central Radial Sand Ridges and dark green triangles the Southern Radial Sand Ridges
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Sediment type Content Mode(s) Median grain diameter
Sand | Silt Clay

Fine sand 70-90 | 10-20 <5 2-3¢ ;single mode 62.5-250 um

Sandy silt 30-40 | >50 <10 | 4-5, 6-7 ¢; single/double modes | 62.5- 125 um

Silt 5-20 | 65-75 | <10 | 4-5,7-8 ¢h; single/double modes | 16 -39 um

Clayey silt 5-10 >60 | 20-25 | 5-6, 8-9 ¢b; double modes 8-39um

Clay <15 | 20-25 | 45-70 | 8-9, 4-5 ¢; single/double 4-8um

Table 2.1: Dominant types of sediment found along the Jiangsu coast, from Wang and Ke (1997). Indicated is the sediment classification
along with the characteristic modes and median grain diameter, with ¢ the Krumbein phi scale (¢ = log> - D/ Dg)

2.3.2. Suspended sediment and transport

The suspended sediment fluxes closely follow the residual tidal current fluxes. During spring, the tidal cur-
rents are stronger and a smaller circulation is formed at the convergence of the northern and southern flux.
During neap tide, the current and transport energy is much lower, therefore the convergence shifts towards
the north (Zhang et al., 2013). Tidal currents and transport capacity also vary seasonly, resulting in a larger
suspended sediment concentrations during winter. (Xing et al., 2012). This is partly caused by stronger local
wind waves, that have an important role in the resuspension of the fine sediment and the generation of wave-
induced currents (Xu et al., 2014). This effect even more apparent in the northern RSR, which is a more open
coast compared to southern region, which is more sheltered by shoals (Wang et al., 2011). Overall, it is found
that the wind and wave-induced bed shear stress enhancement causes for more entrainment of sediments,
which are subsequently mixed over the water column and transported by tidal currents and residual fluxes
(Zhanget al., 2013; Zhu and Chang, 2000). Transport patterns may differ for the various sediment types found
at the Jiangsu coast, based on their critical shear stress for entrainment (Zhu and Chang, 2000)

The nearshore topography and vegetation also have a significant effect on the transport of fines at the
Jiangsu coast. The fine sediments particles (<+62.5 um) behave differently during a tidal cycle and remain
in suspension much longer then fine sand or silt. Together with the asymmetric tidal velocities during the
ebb and flood flow, the suspended fine sediment is being transported depending on the dominant flow. This
net transport per tidal cycle or lag effect causes fines to be transported in shallower regions, where the water
depth and vegetation reduces the flow even more. These combined effects contribute to the sorting of sed-
iment types and creation particular regions of fine sediment siltation (Gong et al., 2017; Hu et al., 2011; Su
etal., 2017a; Wang et al., 2012b; Xing et al., 2012).

At Tongzhou Bay, the tide-averaged suspended sediment concentration is about 3 times higher than at
the entrance of the Xiaomiaohong and Sanshahong channels, showing a gradual decrease Chen (2013). It
was found that the main source of suspended sediment in the channel are stirred-up sediments by waves
on the shoals and subsequently diffused into the channel by the currents. Little sediment is supplied from
outside the channel (Chen, 2013). Net transport fluxes are mostly driven by local residual currents due to
the discontinuous channels and ridges. Also net transport patterns into the channels occur due to non-
instantaneous response in the transport of fine sediments (Xu et al., 2016)

2.4. Morphology

The morphologic development of the Jiangsu coastline is governed by the particular large-scale tidal currents
and transport fluxes. After the shift of the Yellow river towards the Bohai Sea, the northern Jiangsu coast
shows a trend of erosion, due to a lack of sediment supply (Cai et al., 2009; Su, 2016) (Figure 2.4). Over the
last decades, these sediments are transported by the rotational tidal current towards the southern Jiangsu
coast, such as the RSR system, Yangtze River delta or further offshoreHwang et al. (2014); Zhou et al. (2014).
Typically, tidal flats with the abundance in sediment supply can steadily prolongate seaward maintaining a
convex-up cross-shore profile (Fan, 2012; Liu et al., 2011). As a results, the RSR system is in an overall trend
of accretion (Figure 2.4) (Li et al., 2001; Xing et al., 2012; Yao, 2016; Zhang et al., 2013; Gao et al., 2009). It
was found that these large-scale currents and sufficient sediment supply are the driving forces in the creation
of the typical sand ridge field at the Jiangsu coast and not so much on initial bottom topography (Zhu and
Chang, 2000, 2001; Zhu and Chen, 2005). Other driving forces in the morphology of inter-tidal mudflats are
longshore transport and net transport processes due to settling and scour lag effects and less on sediment
supply (Shi and Chen, 1996; Gong et al., 2012).

The continuous erosion of AYD leads to the smoothing of the rotary tidal wave in the north and a south-
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ward shift of the earlier mentioned convergence point of the two current patterns at the Jiangsu coast Chen
and Wang (2009). This shift in the driving tidal currents results in an overall shift in transport and sediment
supply of the whole RSR system. This causes the tidal channels and shoals in the RSR to steadily migrate
southward (Chen et al., 2017; Gu et al.,, 2014; Ding et al., 2011). As such, a comparison of 40 years of bathy-
metric data showed deposition at the northside of the Xiaomiaohong channel and erosion at the southside,
indicating the southward migration of channel Chen and Yu (2011). Similar southward migration is found at
the Tiaozini shoal and the Xiyang and Lanshayang channel (Ding et al., 2011; Zou et al., 2006; You et al., 1998)
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Figure 2.4: Long-term coastline changes along the Jiangsu Coast over the last decades, according to Li et al. (2014); Zhou et al. (2014); Liu
etal. (2011)

2.5. Ecology and shorebird species

The Bohai and Yellow Sea coastal zones provides ecosystem services for a large variety of species and are
therefore included in the UNESCO world heritage list (UNESCO World Heritage Centre, 2017). These coast-
lines form an essential part of the East Asia-Australian Flyway (Figure2.5) (Peng et al., 2017). The Jiangsu coast
and Tongzhou Bay region is estimated to support at least 2.000.000 shorebirds or 40% of all migratory shore-
birds in the flyway, during northward or southward migration and more than 30% of the estimated flyway
breeding populations (Barter, 2002; Piersma et al., 2017). The majority of shorebirds use these regions as mi-
gration stop-over areas, depending on the season and species. However, smaller groups of species have also
been sited during non-breeding seasons(Peng et al., 2017).

Different types of shorebird species can be classified based on habitat preferences. Important indications
for preferred habitat is based on necessities such as nest building, breeding grounds and suitable forage areas.
One of the most important habitat variables is the waterdepth and waterdepth fluctuations, as it limits the
access to preferred food sources. The largest density and diversity of food sources in water is found at relative
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Figure 2.5: Schematic view of the East Asian-Australasian Flyway with the Yellow Sea (yellow), from Piersma et al. (2017). Several migra-
tions form northern regions of Russia and Alaska meet with stream from southern regions such as India, Australia and New Zealand

shallow waters and the most dominant bird type uses wadding or dabbling to find food. Suitable water depths
ranges from 5 to >25 c¢m for small shorebirds to diving large species (Ma et al., 2010) (Figure 2.7). Other biotic
and abiotic habitat variables to support various shorebird species was elaborated by Ma et al. (2010) and are
stated in Table 2.2.

Over the inter tidal mudflats, different species can be divided based on their feeding modes. Some species
are either bounded to the waterline (i.e. tide-followers), feed intensively at upper zones of the mudflat (i.e.
zone specialists) or feed over the whole length of the intertidal flats (i.e. generalists). As such, these species
vary in their dependency for certain region and have different vulnerabilities to environmental change Piersma
etal. (2017). Figure2.8 gives a schematic view of the regional dependency of several shorebird species as found
at the Yangkou foreshore at Rudong county Piersma et al. (2017)

Most species use higher elevated regions for nesting and roosting, often behind constructed seawalls.
Other preferred nesting regions are on well-vegetated mudflatregions (Peng et al., 2017). Common species of
vegetation at the Jiangsu coast are Spartina antiflora or Cord Grass and the more native Phragmites Australis
and Suaeda Salsa (Sun et al., 2017). The ongoing reclamation activities and the invasive nature of S. Antiflora
lead to a gradual degradation of the saltmarch diversity and the environmental quality (Sun et al., 2017; Wang
and Zhu, 2006).

The exploitation of intertidal mudflats also leads to a large threat to the bird populations (Piersma et al.,
2017; Peng et al., 2017). The past 50 years, these ecosystems have been reduced by 50% and are considered as
endangered (Murray et al., 2015). Several shorebird species heavily depend on these mudlfat regions during
migration, such as the Red Knots (Calidris canutus), Great Knots (Calidris tenuirostris) and Bar-tailed Godwits
(Limosa lapponica). Due to this linked dependency on the Yellow Sea intertidal zones, the comparable decline
in their population size can be directly linked on the exploitation of these zones (Piersma et al., 2017, 2016).

2.6. Tongzhou Bay Port

Recently, the coastal region of Jiangsu is promoted to be included in China’s national development strategy
(Zhang and Chen, 2011). Due to economic development in industry and export has led to a high demand
in port capacity and land resources for economic development (Figure 2.9) (Cai et al., 2017). Over the last
decades Jiangsu major national ports have show an rapid increase in turnover and overall volume, as shown
in Figure 2.9 (Wang and Wall, 2010).

As part of the OBOR strategy, an essential part is infrastructure projects, such as port development and
reorganization (Huo et al., 2018; Swaine, 2015). Nantong Binhai Park or Tongzhou Bay Port is part of the Nan-
tong port group and is one of potential port development locations, in close cooperation with Shanghai port
(China Daily, 2017; Nantong Port Group Co., Ltd., 2017). In December 2016, the "Tongzhou Bay Port Mas-
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Figure 2.6: North and southward migration route for the Red-knot, Great knot and Bar-tailed Godwits, from Piersma et al. (2016)
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Figure 2.7: Preferred waterdepth fluctuations for different types of shorebirds, from Ma et al. (2010)
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Habitat variable

Relevance

Water depth

Water level fluctuation

Vegetation

Salinity

Topography

Food types

Wetland size

Connection to other wetlands

Determines the accessibility of potential foraging habitats for
shorebirds. Also availability of fish and pray may decline as loco-
motion of birds is higher in shallow water and therefore a higher
net energy intake

Fluctuations lead to spatio-temporal varying habitat. This pro-
vides more foraging opportunities and consequently supports a
high richness of species and abundance of waterbirds. More sta-
ble water levels benefits the breeding by providing suitable nest
sites.

Provides shelter, benefits nest building and food density and
diversity. A higher vegetation cover increases species richness
and abundance of waterbirds, especially during breeding periods.
However, too much vegetation can limit the accessibility and ad-
versely affect foraging. This depends on type of birds species.

A high level of salinity affects the overall body weight due to de-
hydration, thermoregulation reduction of feathers, composition
of aquatic plant communities, distribution of zoobenthos and
aquatic animals and thus foraging sites.

Higher eleveated placesregions are preferable for resting, roost-
ing, preening and even nesting. Combination of variable topog-
raphy with suitable water depths creates diverse habitats which is
accessable for multiple water birds species.

Understanding food resources in wetlands is important for deter-
mining the potential carrying capacity of the wetlands for water-
birds. Food can vary per species and season.

Increases the probability for a wetlands to have a high habitat het-
erogeneity. Larger wetlands can support area-dependent and in-
dependent species. However, the accessibility of a habitat is more
important then the actual size of the wetland.

Connected wetlands to other larger habitat areas can support wa-
terbirds more efficient. Foraging by traveling is more effective
than remaining is a single one and this connectivity improves ex-
change and movement of aquatic animals and plants, thus in-
creasing potential food.

Table 2.2: Governing habitat variables for shorebird species and smaller species Ma et al. (2010)
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Figure 2.8: Schematic view of the feeding shorebirds species and distribution on the Jiangsu intertidal mudflats, from Piersma et al.
(2017)
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Figure 2.9: Rapid increase in turnover and total freight volume for Jiangsu coastal ports from Wang and Wall (2010)

ter Plan" was formally approved by the Ministry of Transport and the Provincial Government (Encyclopedia,
2018). Within this plan, the overall layout and capabilities of the Tongzhou Bay port was layout. Together
with the existing Lusishayang and Yankou deep sea ports, the Tongzhou Bay port is designed under the vision
of "One Core, Two Wings" (— & #). This consists the complete reclamation of the Yaosha shaol and de-
veloped into port and coastal industry, with a total area of 100 square kilometers. These port developments
would provide for 10 berths on the north and south sides with a projected capacity of 50,000 to 100,000 tons
by 2020, achieving 6-8 million tons of port throughput.

The next phase contained the area around the Lengjiasha, with an area of 185 km? from 2021 to 2030,
including 300 tons of terminals. In 2030, Lengjiasha will have 75 quay berths of 50,000 to 100,000 tons and
achieved a 120 million tons port throughput. This also includes the further deepening of the tidal channels to
a300,000-ton waterway. The natural depth of the SSH channel is comparable to XMH, and it has the prospect
of developing a waterway of 100,000 to 150,000 tons. Nantong Port Authority (2013); Huang et al. (2015)

The Tongzhou Bay Port is mainly designed for the creation of an industrial port for petrochemical, fos-
sil fuels, bulk and container terminals. Furthermore, the port should function as a transportation hub with
the hinterland and inland shipping and setup close relation with Nantong and Shanghai ports (China Daily,
2017). This should further develop portrelated industries on the mainland and should also promote (eco)tourism,
such as cruise and a marine.
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At the time of writing, two basins of the original port have been constructed according to the first phase
of the reclamation and makes up for 11.3 km? (Huang and Zhang, 2017). Due to constraints of economic
development and ecological impact on mudflat ecosystems, further construction was halted until the full
impact is clear (China Daily, 2018; Xinhua News Agency, 2018; BirdLife International, 2018).
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Figure 2.10: Exploitation purposes of reclaimed mudflat areas at the Jiangsu coast, adapted from Wang and Wall (2010)






Methods

In order to investigate the tidal currents and transport patterns, a previously developed and well calibrated
numerical model of the Jiangsu coast was made available and further developed for the Tongzhou Bay region.
The outcome of the model used for the quantitative description of the types of ecosystems. In this chapter,
this model, the set-up and validation methods are described, as well as the method for quantitative describing
the occurrence of ecosystems using the models output.

3.1. Numerical model

In order to test several hydro,- and morphodynamic processes at the Tongzhou Bay and simulate the effect
of different port configurations, use will be made of the open-source numerical model Delft3D, developed by
Deltares (Deltares, 2018)

The Delft3D model consists of several modules which can be coupled, which describe flow, transport,
morphodynamics, water quality and other phenomena. The flow is calculated with Delft3D-FLOW by solving
the Reynolds-averaged Navier-Stokes equations, under the shallow water and the Boussinesq assumption. It
does this on a staggered grid by a finite difference scheme for a 2D (depth-averaged ) or 3D environment.

The total sediment transport is divided in bed and suspended transport mode, based on the reference
height as proposed by van Rijn (1993). The sediment transport is calculated by the transport formula as pro-
posed by (van Rijn, 2007a,b,c). Here, the sediment transport is divided in bed and suspended load based on
the introduced reference height z, (van Rijn, 1993) and is determined at each half time step with input from
the flow calculations. The bedload transport (below the reference height) is assumed to react instantaneous
with the flow. The suspended sediment transport is defined as the transport above the reference height. In
this setup it is calculated by solving the two dimensional, averaged over the vertical (2DH) diffusion-advection
equation. By taking samples and performing flume experiments, Yao et al. (2015) suggests using multiple
fractions in calculating sediment transport for silt-sand mixtures such as the Jiangsu coast. Therefore, the to-
tal suspended transport consist of solving the diffusion-advection equation for each fraction separately and
finally summation of all these transports. Additionally, Yao et al. (2015) found that the conventional sediment
transport formulations, as described by van Rijn (2007a,b), underestimated the sediment concentrations and
overall transport for sand-silt enriched mixtures, typical for the Jiangsu coast. As such, they recalibrated these
sediment transport formulations to extend it for the silt range of 8 um to < 250 um and implementing them
within Delft3D-FLOW module. For further elaboration on these modified transport formulations, the reader
is directed to Yao et al. (2015); Yao (2016).

In this study, the model is extended with an extra cohesive fraction. As such, an additional set of trans-
port formulations were used for the calculation of the exchange between the bed and the watercolumn, as
proposed by (Partheniades, 1965). More on this additional fraction and application the transport formula in
Section C.2. The bedlevel change is calculated at each corresponding time step, according to the sediment
mass balance. This morphological update of the bed can be accelerated by several methods. More on this in
section 3.2.1.

The current processes that are resolved by the model are identical to the setup as suggested by Yao (2016).
These include flocculation effects of finer fractions (e.g. grain size < 40 um); hindered settling effects for all
fractions; effects of the cohesion and packing density of fresh deposits on the critical bed shear stress for a
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median grain size of the mixed sediment bed smaller than 62 pm; cohesion effects on the critical bed shear
stress for a median grain size of the mixed sediment bed larger than 62 pum; hiding and exposure effects on the
adjustment of the critical bed shear stress of each fraction when the median grain size of the mixed sediment
bed is larger than 40 um; stratification effects (turbulence damping through eddy viscosity of flow) in case of
a high sediment concentration; bed slope effects on the critical bed shear stress and the bed-load transport.
For cohesive fractions, the sediment mixing is not enhanced by waves. Only the critical bed shear stress is
enhanced due to the interaction between waves and flow, according to (Fredsee, 1984) as described by Yao
(2016).

3.2. Model Set-up
3.2.1. General Tongzhou Bay Model configuration

Domain and coupling To simulate the governing tidal processes and transport with an acceptable level
of accuracy, a multi-nested model approach is adopted and further developed in this thesis. The overall
tidal currents, were successfully modeled by a large-scale hydrodynamic model that encompasses the entire
Bohali, Yellow and East China Sea (Su et al., 2015). Subsequently, the model results on tidal propagation were
used as hydrodynamic boundary conditions for a stand-alone model of the Jiangsu coast (Su et al., 2017b,a;
Yao, 2016). This Jiangsu Regional Model (JRM), encompasses the entire Jiangsu coast, having its boundaries
just north of the Yangtze river mouth up to the Shandong peninsula. The model uses a computational grid of
573 by 346 gridcells with a resolution varying form 608 ~ 1216 m. The model was made available for this thesis
and is able to simulate the hydrodynamic processes with higher resolution as well as sediment transport and
morphodynamic processes.

In order to simulate the flow and transport with a higher resolution at the Tongzhou Bay region, a smaller
finer domain was ’online’ nested within the JRM with use of the Domain Decomposition (DD) approach
(Deltares, 2018), which means a constant feedback of the base and sub-domain. Due to the expected bound-
ary inconsistencies from the complex shoal-channel topography and the concentrated tidal currents, pref-
erence to this DD approach was given instead of more conventional nesting. Due to this ‘online’ set-up, the
boundaries of this smaller model were required to be defined along the existing grid lines of the JRM, to form
a square outcrop at Tongzhou as shown in Figure 3.1. The Tongzhou Bay Model (TBM) covers the Yaosha-
Lengjiasha ridges as well as the more nearshore areas of Lusishayang and Rudong. The computational grid
consists of 269 by 468 gridcells with a resolution varying from 287 ~ 397 m. This grid size refinement cor-
responds to 3 : 1 compared to the JRM computational gird. The northern boundary is set around the Lan-
shayang channel, south of the Tiaozini shoal. Reason for this is retaining a relative compact model domain
and reduce the amount of inconsistencies along the in- and outgoing constituents along the boundary. The
southern boundary is set close to the original calibrated boundary of at the Yangtze river mouth. Generally,
sufficient computational domain is provided in order to correctly simulate incoming constituents. Unfor-
tunately, the southern boundary of the JRM computational domain is relatively close to the Tongzhou Bay
region.

Bathymetry The Tongzhou model bathymetry is based on the bathymetry from the JRM. This bathymetry
is compiled from measurements taken at the Radial Sand Ridge system during 2006 (Zhang and Ed., 2012)
and Electronic Navigational Charts published by the Navigation Guarantee Department of the Chinese Navy
Headquarters (Yao, 2016). During the calibration phase, the JRM bathymetry was updated with higher res-
olution bathymetric data of the Tongzhou Bay domain, which was surveyed during October 2010. The local
refinement led to a more up-to-date bathymetry with the situation of 2012. Preliminary results showed an
increased in accuracy of the TBM in reproducing water levels and current velocities and was adopted for fur-
ther simulations (see section C.2). The difference between the old and new bathymetry is shown in Figure
3.2. Significant change can be observed from a deepening of several meters of the main tidal channels and
heightening somewhat smaller rates at the intertidal shoals. These changes could be due to bedlevel changes
during the period 2006-2010 and higher sample resolution of the 2010 bathymetric data.

Boundary conditions The TBM computational grid is defined as an outcrop of the JRM grid and is 'online’
coupled at its three open borders, as shown in Figure 3.1. At these boundaries, the models exchange informa-
tion including the waterlevel, current velocities and sediment concentrations with morphological timestep
of 2 minutes by means of the domain decomposition approach (Deltares, 2018). This means that the TBM
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Figure 3.1: Computational domains of the Jiangsu Regional Model (red), Tongzhou Bay Model (blue) and wave computational grid
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and TBM.
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does not require specific defined boundary conditions as it provided by the JRM at each new timestep. As
such, the set boundary conditions at the JRM will be discussed.

The waterlevel, as calculated by the JRM is driven by a series of astronomical tides at its two open bound-
aries (Yao, 2016). These were derived from a set of 13 tidal harmonic components (i.e. M2, S2, K2, N2, K1, O1,
P1, Q1, M4, MS4, MN4, ME MM) from a large-scale tidal wave model for the Bohai, Yellow and East China
Sea (Su et al., 2015). These components consisted of a full morphological year time-series with a 10 minute
output interval. This model also included the influence by the discharge of Yangtze river, which is situated
just south of the JRM domain in the waterlevel boundary conditions (Su et al., 2015; Yao, 2016).

Sediments found at the Jiangsu coast ranges from fine sand to silt, as shown by measurements taken at
the Tiaozini shoal by Yao et al. (2015). In order to model the sediment dynamics over such mixed beds, they
proposed a multi-fractional approach in which the bed consists of multiple sediment fractions and the trans-
port is calculated separately for each fraction. As such, the JRM was set-up with 4 representative sediment
fractions including 16, 45, 90 and 180 um resembling fine silt, silt, very fine sand and fine sand respectively.
The initial Tongzhou Bay Model was set-up with these same sediment fractions as defined in the JRM with
inclusion of an additional cohesive sediment fraction, which will be further explained in section 3.2.2

At the two open boundaries, the JRM is supplied by a constant sediment concentration. Yao (2016) argues
the incoming sediment concentrations from offshore are relatively small and defines a constant concentra-
tion for the 16 um fraction of 5 mg/L at its eastern boundary. As mentioned earlier, the southern boundary
is under the influence of the Yangtze river discharge and sediment flux. Previous studies found that most
of the sediment is transported southward with the Min-Zhe Coastal Current and deposited along the East
China Sea coast (Deng et al., 2017; Liu et al., 2007; Wang et al., 2007). With the lack of a clear value for the
sediment flux at the southern boundary of the JRM, Yao (2016) performed a sensitivity analysis for different
values corresponding to different seasonal discharges. They found that due to the lack of northward transport
pattens, the Yangtze-derived sediment from the southern boundary is negligible. Furthermore, they found
that the morphologies calculated by the JRM are independent on the set SSC at the open boundaries and can
be regarded as a quasi-closed coastal system. As such, the southern boundary of the JRM is set with a linear
decreasing concentration of 300 mg/L for the 16 um fraction at the nearshore zone (from shore to a water
depth of 30 m) to 15 mg/L at the offshore end. No further boundary concentrations were set for the other
fractions.

Waves The role of waves in the entrainment of fine sediment at the Jiangsu coast is a topic that has been
treated in numerous studies at the Jiangsu coast. Several studies suggest the influence of wind, waves and
river discharges are minor on overall suspended concentrations and transport the Jiangsu coast (Xing et al.,
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2012). On the other hand, a strong enhancement in the local bedshear stresses was measured due to the wave-
current interactions along the Jiangsu coast with respect to bedshearstresses induced by tides only (Wang
et al., 2006). As a result, more sediments are resuspended and transported by the tidal currents (Zhang et al.,
1999). For instance, large turbitiy maxima were measured along the Jiangsu coast, which were closely linked
to surface wave action (Wang et al., 2011). However, the effect of waves vary, both spatially and temporally.

Therefore, the effect of waves is further elaborated during calibration of the additional cohesive sediment
fraction. Preliminary results show that the combination of wind-induced waves with an additional fraction
gives the best estimation of suspended sediment concentrations during both neap and spring tide (see Sec-
tion C.4). However, it is argued that long-term morphology of the Jiangsu coast and Tongzhou bay is mainly
driven by tidal patterns (Zhang et al., 1999). Furthermore, due to computational limitations, the effect wind-
induced waves will not be further included in the simulation of alternative reclamation scenarios.

Salinity Aside some small drainage channels and the Yangtze River discharge being deflected towards the
south, no large fresh water discharges are present at Tongzhou Bay (Li et al., 2012). With the lack of fresh
water sources, the overall region can be regarded as a brackisch/salt regime. Measurements obtained at 14
mooring stations at Tongzhou Bay during a 2012 campaign show confirming values, with a mean value of
30.74 ppt and relative small fluctuations (see appendix A) (CCCC Third Harbor Consultants Co. Ltd, 2012).
As such, both the JRM and the TBM are setup with a constant salinity of 30 pp?.

Tidal forcing, secondary flow The JRM includes tidal forcing from the tidal constituents. This forcing is
deemed to only have significant effect on larger scales. Since the TBM focuses on the nearshore region of
Tonghzou Bay;, tidal forcing is not included. Due to the complex combination of shoals and channels in a
relative small region, secondary flow effects play a significant role in sediment transport. When tidal flow
in side the channels is higher than at the shallow ridges, a velocity gradient is created along the channel’s
cross-section. This generates a secondary circulation, which is important for sediment transport (Lu and
Dou, 2011). As such, the secondary flow is included in the JRM and TBM.

Morphological scale factor The morphological change at each time step was multiplied by a morphological
acceleration factor (Roelvink, 2006), to increase the bedlevel changes and thereby efficiently model long-term
morphology. However, this approximation of the long-term bedlevel update introduces spatially and magni-
tude errors, which could lead to unrealistic siltation and erosion patterns. Furthermore, by multiplying the
local morphological change, the net effect of large-scale fine sediment fluxes are not represented correctly, as
these react non-instantaneous to flow and occur over longer timescales. To maintain small inconsistencies in
modeling the morphodynamics in Xiyang channel (e.g. 9 years), Gong et al. (2012) suggested morfac=1. Su
etal. (2017a) performed a hindcast on the evolution of the Jiangsu coast as a whole over longer timescales (e.g.
300 years) and found satisfying results with morfac = 108. In the development of the JRM, Yao (2016) argues
the difficulty of using a morphological acceleration factor in combination with multiple sediment fractions.
Judging from previous modeling setups and corresponding timescales, it is uncertain if applying a morpho-
logical accelerations factor to allow for the efficient modeling of Tongzhou Bay morphologic development
(e.g. 8 years) will show satisfying results.

In order to obtain an indication of the effect of applying morfac, a verification case was defined. The
model was setup to hindcast the bedlevel changes as result of the most recent constructed reclamations at
Tongzhou Bay. This consisted main reclamation of around 11.3km? at the center of the Yaosha shoal and a
connecting elevated construction road with the main land (Huang and Zhang, 2017). The reclamation activ-
ities started around 2013 and took approximately 4 years to complete (Figure 3.3). The model was set-up to
run from 8 January to 8 March 2014 with an acceleration factor of morfac = 24, thereby effectively modeling
4 years of morphological development. Topographic data of the Yaosha shoal was surveyed for January 2018
with satellite altimetry. These datasets were made available (Kang, 2017) and together with visual observa-
tions (see Appendix B), will be used to verify the modeled morphodynamic development. The verification
results will be further elaborated in section 4.1.3
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Figure 3.3: Satellite images of reclamation extend at Tongzhou Bay. Images were retrieved on 29-Aug-2013 before construction (a) and
28-Sep-2018 showing the current situation (b) (USGS, 2018)

3.2.2. Suspended sediment concentration calibration

From the data analysis, it became clear that an even finer fraction in the suspended matter was measured
at Tongzhou Bay (see Appendix A). Further, during preliminary simulations, the computed depth-averaged
SSC, did not show a strong dependency on the local flow velocities. This is especially the case during neap
tide when the tidal velocities are low e.g. <0.5 m/s, suggesting the observed SSC is made up of more easily
suspended fines (see section C.1). Previous studies measured 'soft’ surface layers or fluid mud at similar
locations along the Jiangsu coast (e.g. Dongsha shoal and Nanhui mudflats). It was found that this material
is resuspended at relatively lower bedshear stresses with respect to the material in more drained sub-surface
layers (Shi et al., 2016; Zhu et al., 2014).

Additionally, windspeeds and directions were measured at the 14 mooring stations as well (CCCC Third
Harbor Consultants Co. Ltd, 2012). Measurements showed averaged windspeeds of 2 m/s during spring tide
and increased to a maximum of 9 m/s during neap conditions. These strong winds suggest the presence of
wind-induced waves, especially during neap tide. The effect of wave action could have a significant role in
the resuspension of fines and increase in overall sediment concentrations (Wang et al., 2006; Zhang et al,,
1999).

Additional cohesive fraction case Preliminary simulations were carried out to identify the effect of an addi-
tional cohesive fraction, wave-action or the combination of the two on overall sediment concentrations and
agreement wit measured concentrations.

The modified sediment formulations, as described in section 3.1, includes the flocculation of pseudo-
cohesive material in the effective fall velocity per fraction, with a minimum flocsize of 16 um. This limits the
possibility of including fractions smaller than 16 pm with the above mentioned transport formula. There-
fore, the smaller fraction was modeled by use of the well known transport formula for cohesive sediments, as
described by (Partheniades, 1965), which are included in the Delft3D model. The final sediment parameters
of the additional cohesive fraction are shown in Table 3.1. According to Shi et al. (2016), corresponding bed
shear stresses for fluid mud layers at the Jiangsu coast, is 7, = 0.18 N/m? for the uppermost 0.02 m of sedi-
ment and 0.29 N/m? for the subsurface layers. Yang et al. (2016) even proposes 0.11 N/m? for bedsurfaces at
lower depths, offshore of Tongzhou Bay. In this study, the critical bed shear stress for erosion or resuspension
is set to 0.2 N/m?. Other parameters, such as the settling velocity, ws and erosion parameter, M are deter-
mined by means of several sensitivity analyses during the calibration phase. The full calibration process is
further elaborated in Appendix C.

At open coasts with fine sediments, high concentrations are mostly situated in nearshore and remain
bounded to the coastline through spatio-temporal large-scale processes, such as longshore residual currents,
baroclinic circulations and other 3D patterns. Wang et al. (2011) compared remote sensing data with a large
scale 3D hydrodynamic circulation model updated with 3D sediment transport and found similar nearshore
concentrations. The JRM and TBM does not incorporate these depth-varying processes, nor is it explicitly
setup with residual currents, beside tidal non-linearities due to bathymetry. To achieve similar nearshore
concentrations, the fine sediment is supplied by carefully determined boundary conditions.

The southern boundary of the test model and TBM is situated just north of the Yangtze estuary. Mea-
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Specific density 2.65E+03  kg/m®
Settling velocity 1.00E-04 mls
Critical bed shear stress for sedimentation 1.00E+03 NIim?
Critical bed shear stress for erosion 2.00E-01 NIm?
Erosion parameter 4.00E-03 kg/m?/s
Dry bed density 3.00E+02  kg/m?®

Table 3.1: Final calibrated sediment properties for the additional cohesive sediment fraction

surements at the southern Jiangsu coast and ECS have shown that the nearshore suspended sediment con-
centrations are influenced by Yangtze discharge and sediment transport (Li et al., 2012; Liu et al., 2007). This
suspended material mainly consist of clayey-silt, and silty-clay with a “quasi-bimodal” grain-size distribution
of 6-9 ¢ (Liu et al., 2006). Yao (2016) included the Yangtze-derived SSC, by defining a varying concentration
along the southern boundary for the 16 um fraction, defining a nearshore concentration of 300 mg/L which
linearly declines to 15 mg/L at the offshore end of the boundary. A similar approach was adopted for the
southern boundary concentrations of the newly added cohesive fraction.

The TBM boundaries were coupled with the JRM and therefore boundary conditions need to be set at the
JRM boundaries. Since, we are mainly interested in the dynamics inside the TBM, a initial condition of 200
mg/ L for the cohesive fraction was set over the whole JRM domain. The eastern boundary of the JRM was set
at relatively low concentrations, as no significant fluxes of fines are present at offshore depths. The southern
boundary of the JRM is extended with a linear decreasing concentration of 300 mg/ L nearshore and the same
15 mg/ L at the offshore end of the boundary. Finally, by observing the sediment concentration in the domain
after 6 months of morphological time of solely described boundary conditions, an initial concentration of 200
mg/ L throughout the TBM domain for the cohesive fraction was chosen to speed up the simulation duration.
For a full elaboration on these values, the reader is directed to section C.2.

Waves inclusion case The effect of waves were included by means 'online’ coupling of the numerical model
Delft3D-WAVE with the Delft3D-FLOW module (Deltares, 2014). Wave calculations were made on a separate
computational grid, as shown in Figure 3.1. It consists of 139 x 238 gridcells with a resolution of 836 ~ 4.212
m. The grid was enclosed by one landboundary at the Jiangsu coast and two open boundaries. The wave and
hydrodynamic model exchange information, such as water depth and current velocity with a timestep of 20
min. Wave-current interactions on the bedshear stresses are calculated as described by (Fredsoe, 1984).

Due to the lack of clear wave data at the Jiangsu domain, wave conditions consisted of the combination
of incoming waves at the offshore boundary and local wind-induced waves. The incoming wave condition at
the eastern offshore boundary was defined as a single wave condition with a mean significant waveheight of
H; =1.1mand a peak wave period of T}, = 85, as found in previous studies Chen et al. (2013); Yang et al. (2014).
Further, a spreading of 10 and normal incident wavedirection was assumed. Data analysis showed that the
wind velocity, v,;»q4 and phase did not differ significantly over the 14 measuring locations (see section A.2.2).
As such, a spatially constant wind timeseries was assumed over the whole computational domain. Missing
data between measuring periods were linearly extrapolated with a minimum of 2 m/s

Preliminary results Figure 3.4 shows the modeled preliminary results for station N7, which is located in-
side the Sanshahong channel. This includes the measured windspeeds and calculated wave heights, current
velocities and direction and calculated sediment concentration for the initial model setup, inclusion of an
additional fine fraction and the inclusion of waves with this fraction. The inclusion of a fine cohesive fraction
increases overall sediment concentration and shows better match with measured concentrations. The care-
fully selected sediment parameters lead to a very easily entrain fraction that remains in suspension during
lower current velocities. The role of waves lead to an additional increase of concentration during periods of
strong wind velocities. Main contribution to this higher sediment concentration is from the cohesive and
16 um fraction and is several order smaller for the larger fractions (e.g. 45, 90 and 180 um). In case of the
combination of an additional cohesive fraction and waves, the restuls show an even better approximation of
the measured values. Wind-induced waves lead to an increased entrainment of the cohesive fraction and 16
pm fraction. However, the model is setup with a simplified bed composition. Significant peaks in sediment
concentration could also be caused by a higher local availability of certain fractions. From these results, the
influence of waves, especially during low current velocity at neap tide, can be significant. Together with the
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inclusion of a cohesive fraction, similar concentrations could be predicted with respect to the measured val-
ues. However, in order to apply the model for the testing of further port reclamation in an efficient manner,
the influence the added cohesive fraction is given priority and waves are not included within the model setup.
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