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Hydrodynamics and sediment transport 
patterns on intertidal flats along middle Jiangsu 
coast
Fei Xing1, Ya Ping Wang1,2*    and Jianjun Jia1 

Abstract 

Two field campaigns in Dafeng and Jianggang were organized to compare spatial variations of hydrodynamic charac-
teristics and sediment transport patterns on intertidal flats of different types with distinct human interferences along 
middle Jiangsu coast, China. The major contributors to the different patterns of sediment dynamics between the two 
tidal flats were offshore tidal current field and human interference. Offshore tidal force provide the basic setup of tidal 
current patterns on tidal flats, which is then modified by local morphology. Seawalls parallel to coast reduce tidal flat 
width, forcing tidal energy to dissipate within a shorter distance and thus influencing tidal flat morphology. Seawalls 
vertical to coast and major tidal current significantly reduce tidal current speed, which favors sediment deposition on 
tidal flats. Two seawalls built on both sides of the observational tidal flat profile caused much reduced current speed 
at Dafeng tidal flat, comparing to the offshore station. Being exposed to offshore radial tidal currents, hydrodynamics 
at Jianggang was much stronger than that at Dafeng. Residual currents at both areas showed net landward trans-
port at the lower flat and net seaward transport at the upper flat, in favor to sediment accumulation at the middle 
flat. Sediment flux over tidal cycles showed net landward sediment transport at Dafeng, and net seaward transport 
at Jianggang, consistent with the convex-up accretion-dominated profile observed at Dafenge, and concave-up 
erosion-dominated profile observed at Jianggang. The instantaneons sediment flux changed significantly due to 
variations in velocity and sediment concentrations, but these terms counteracted with each other within tidal cycles, 
leading to the dominant role of Eulerian flux in determining net sediment flux over tidal cycles.
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1  Introduction
Tidal flat is a morphological unit commonly found along 
coasts where tides are the dominant force with abundant 
fine sediment supply. With tens of kilometers in width 
and gentle slope, tidal flats serve as a great buffer against 
coastal hazards (coastal storms, high wave events, and 
flooding) (Wang and Ke 1997; Murray et  al. 2012; Jin 
et al. 2017; Zhang et al. 2021), which also provide home 

for massive wetland species (Barbier et  al. 2008; Koch 
et al. 2009; Ghosh et al. 2016). When there are plenty of 
sediment supply, tidal flats prograde fast into the ocean, 
forming massive valuable land resource (Wang et  al. 
2020). On the other hand, with reduced sediment sup-
ply, global sea level rise and human reclamation pro-
jects, some tidal flats and associated wetlands are facing 
severe erosion, putting human behind them under high 
risk (Zhao et al. 2022). Morphodynamics of tidal flat sys-
tems have been widely studied around the world, provid-
ing us a comparatively complete figure on mechanisms 
controlling hydrodynamics, sediment transport patterns, 
and correlated morphological changes on tidal flats (Frie-
drichs and Aubrey 1996; Eisma 1997; Le Hir et al. 2000; 
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Friedrichs 2011; Zhou et al. 2022). Tidal flats vary signifi-
cantly in properties, but they share some common char-
acteristics. For instance, tidal flats are usually classified 
into supratidal, intertidal and subtidal zones based on 
tidal levels, and the major hydrodynamic factors influ-
encing tidal flats are tides, winds, waves, density-driven 
circulation and drainage processes (Le Hir et  al. 2000). 
These forces have distinct influences on tidal flat mor-
phology, moving fine sediment to the supratidal flat and 
coarse sediment to subtidal flat, forming spatial varia-
tions of sediment grain size from upper to lower tidal 
flats (Wei et  al. 2020). Accretion-dominated tidal flats 
tend to be high and convex-up while erosion-dominated 
tidal flats are low and concave-up, and the shapes of tidal 
flat profile adjust to variations of different drivers (Kirby 
2000; Friedrichs 2011). Sediment supply and composi-
tion, tidal range, bed slope, human projects, and vegeta-
tion are the major contributors to tidal flat morphology 
(Gao 2009).

Tidal flats along Jiangsu coastal ocean in China are 
unique, as their large scales (with a mean width of 
about 8 km), plenty fine-grained sediment supply from 
Changjiang and Yellow river, and the geomorphologic 
assemblage of coastal tidal flats and an offshore radiant 
sand ridge field. The special hydrodynamics and mor-
phology are attractive to a lot of researchers. Been first 
studied in detail since the 1980s (Wang 1983; Ren 1986; 
Zhang 1986), there had been a lot of field investigations 
and research on tidal current patterns, sediment trans-
port and evolution processes in this area (Ke and Yu 
1990; Wang and Zhu 1990; Wang et al. 2012; Zhou et al. 
2022). In addition, tidal flats have provided massive land 
resource in China, which prograde probably 50-100 m/
year in the north part of the Jiangsu coast (Ren 1984). 
High tidal flats (150 cm above mean sea level) along 
Jiangsu coast have accumulated and been reclaimed at an 
average rate of 115.9 m/yr between 1976 to 2016 (Wang 
et al. 2020). The reclamation of tidal flats reduces width 
of flats, and destroys the former tidal flat profile equilib-
rium. 16.61 × 104 hm2 of tidal flats have been reclaimed 
since 1984 in Jiangsu province (Xu et  al. 2022), which 
became the predominant factor controlling the morpho-
logical evolution of tidal flats in this area. As a result, 
massive tidal flats are experiencing profile adaption. Land 
reclamation activities have stopped since 2020, but these 
tidal flat systems are still undergoing massive morpho-
logical changes to achieve their equilibrium. Massive 
studies are focused on the morphodynamics of tidal flat 
systems along Jiangsu coast (Wang and Ke 1997; Wang 
et  al. 1999, 2006a, b; Gao 2009), but there are still far 
from enough to understand the mechanisms how mor-
phology responds to varied hydrodynamics and human 
activities. Along China coast, tidal flats have experienced 

significant morphological changes over the recent dec-
ades due to land reclamation. The undergoing tidal flat 
morphological evolution along Jiangsu coast provides us 
a great opportunity to learn the interactions of hydro-
dynamics and morphodynamics on tidal flats under 
the influences of both natural and anthropogenic fac-
tors, which will deepen our insights on predicting mor-
phological evolution of tidal flat systems and provide us 
meaningful suggestions on making sustainable coastal 
management plans.

The purpose of this study is to analyze hydrodynam-
ics and corresponding sediment transport patterns along 
two tidal flats located in different areas along a deep 
channel (Xiyang) which have similar sediment sources, 
but encounter different offshore hydrodynamic setup 
and human interferences. The distinctive characteristics 
of tidal flats in these two areas provide us more clues on 
understanding the mechanisms of sediment dynamics on 
tidal flats.

2 � Regional setting
Two tidal flats, located in Dafeng, and Jianggang, on the 
land side of Xiyang deep channel were chosen as our 
study areas to compare the differences in tidal flat mor-
phodynamics (Fig. 1). Xiyang deep channel is one of the 
largest tidal channels in the radical sand ridge system 
offshore of Jiangsu coast. The sand ridge system is com-
posed of more than 70 sand ridges and tidal channels, 
formed by the progressive tidal wave system propagat-
ing from the East China Sea interacting with a rotational 
tidal wave system approaching from the southern Yellow 
Sea along Jiangsu coast. The two tidal wave systems form 
a rotational tidal current field, with its center located at 
Jianggang (Li et al. 1979; Li and Zhao 1995). Semi-diur-
nal tidal flow is dominant in this area, and tidal currents 
have significant spatial variations. Bi-directional current 
with low ellipticity is dominant in the north of Jianggang, 
from where tidal current gradually changes into a rota-
tory pattern with increasing ellipticity toward the south 
(Xing et al. 2012). According to average tidal range, tidal 
flats along Jiangsu coast are classified into two types: 
strong tidal coast, which extends from Jianggang to Bei-
kan with the average tidal range of larger than 4 m; and 
middle tidal coast, extends southwards from Beikan and 
northwards of Jianggang with the average tidal range of 
2 - 4 m (Zhang 1986; Dionne 1988). Dafeng is located 
in the middle tidal zone, facing Xiyang deep channel, 
where the deepest point is more than 20 m (Zhang 1986). 
Tidal creeks are relatively sparse and mostly extend ver-
tically to shoal line (Fig.  1b). On the other hand, Jiang-
gang is located on the south end of the Xiyang channel, 
at the converging point where several large channels dis-
tributed radically with strong hydrodynamics and rapid 
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morphological changes. Jianggang tidal flat is charac-
terized with complicated topography and multiple tidal 
creeks, which extend mostly parallel to the shoal (Fig. 1c). 
Seawalls are widely distributed on the land side of tidal 
flats along Jiangsu coast. Several seawalls have been 
constructed along Dafeng tidal flat, in 1978, 2000, and 
2008, largely shortened the width of tidal flat from larger 
than 10 km in 1978 to 2.9 km at 2008 (Wang et al. 2012). 
Besides, two seawalls have been built perpendicular to 
shoreline on both side of our observation profile in  the 
Dafeng tidal flat. Sediment properties are similar in these 
two areas as they have similar sediment sources from 
abandoned Yellow River and Changjing River depos-
its (Ren 1986; Zhang 1992). Silt and sandy silt are the 
main components of surface sediment on these tidal flats 
(Wang and Ke 1997).

Jiangsu coastal area is controlled by subtropical mon-
soon climate with annual mean temperature of 14 ~ 20 
degree and mean annual precipitation of 1000 ~ 1200 mm 
(Ren et al. 1985; Ke et al. 1990). Southwest winds domi-
nate in summer and northeast winds dominate in winter. 
Winter storms happen frequently in winter and spring 
from October to May, which is the windiest time of a 
year. Significant wave height is generally smaller than 
1.0 m in winter and less than 0.5 m in other seasons (Xing 
et al. 2012). Although winds and related high waves can 

significantly influence tidal flat morphology within a 
short time period (Bartholdy and Aagaard 2001; Xie et al. 
2017), tides are still the most dominant force controlling 
tidal flat evolution.

3 � Methods
3.1 � Field trip and laboratory analysis
We organized two field trips on tidal flats along the 
middle Jiangsu coast, one in Dafang from Apr. 20th 
to Apr. 23nd, 2009, and the other in Jianggang from 
Oct. 5th to Oct. 10th, 2009 (Fig.  1), during spring and 
autumn, when these tidal flats are under typical hydro-
dynamic conditions with minor impact from extreme 
events, such as storms. Two stations were designed 
along each of the tidal flat profile, with an Acoustic 
Doppler Velocimeter (ADV-OCEAN) and an optical 
backscatter sensors of OBS (D&A Instrument Com-
pany, USA) placed at the upper flat of the intertidal zone 
(station 1 in Fig.  1b and station 3 in Fig.  1c, at station 
1 no OBS was deployed). An Acoustic Doppler Current 
Profiler (ADCP) was deployed on the lower flat close to 
the mean low water level line (station 2 in Fig.  1b and 
station 4 in Fig .1c) to obtain current velocity of each 
water layer with vertical resolution of 0.05 m. At station 
1, the ADV measured current velocity at 0.18 m above 
the bottom with a burst interval of 2 min in autonomous 

Fig. 1  a Locations of study areas showing two tidal flats and the radical sand ridge systems; b topology, sampling stations and profile along Dafeng 
tidal flat; and c topology, sampling stations and profile along Jianggang tidal flat. In b, black lines along coast represent seawalls that have been 
built since 1978; black points display the location of observational stations (1 and 2) and black line along the tidal flat (P1) shows the profile along 
which elevation and bed surface sample data were collected. Red square (s5) is the offshore station from which offshore hydrodynamic parameters 
(water depth and velocities) were derived from a validated Delft3D model (Ni 2014). In c, black lines along coast represent seawall built before 2009 
and red lines show seawall built in 2012 and 2013 after our field trip; white points along the white line demonstrate the location of observational 
stations along the tidal flat profile, where elevation and bed surface sample data were collected, respectively. Red squares (s6 and s7) show the 
location where offshore hydrodynamic parameters (water depth and velocities) were derived from a validated Delft3D model (Ni 2014)
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deployment mode for 64 s at a frequency of 4 Hz. At sta-
tion 3, the ADV measured velocity at 0.23 m above bed 
with the same settings as that in Dafeng. The OBS was 
set up at 0.12 m above bed with working frequency of 
1 Hz and 20 samples per burst with interval of 5 min. 
During both field trips, ADCPs were set to measure 
vertical velocity profiles with sampling frequency of 
1 Hz and burst interval of every 1 min. At the meantime, 
water samples were collected using a tube sampler lay 
vertically to the sea floor with sampling interval of 1 h 
at both station 2 and 4 for further analysis in the labo-
ratory. ADCPs started to record valid data when water 
depth was larger than about 0.7 m, on the other hand, 
ADVs and OBS started working when they were sub-
merged. In addition, bed elevation data and surface sed-
iment samples were acquired along profile P1 (Fig. 1b) 
and P2 (Fig.  1c) with a Global Position-finding system 
Real Time Kinematic (GPS-RTK) when water level 
was close to the low water line. The position of all sta-
tions and sampling points were determined with the 
GPS-RTK.

The collected water samples were analyzed in the 
laboratory to get suspended sediment concentrations 
(SSCs, mg/L) at station 2, 3 and 4 through a process 
involving filtering with pre-weighted paper filters 
and oven-drying at a temperature between 40 and 
50 °C. Using the field collected water and suspended 
sediment, solution with different SSCs were pre-
pared. OBS and ADCPs were set to record data for 
different SSCs. Meanwhile, water samples were col-
lected, filtered, and dried to get realistic SSCs. Linear 
regression relationships were then found between 
OBS turbidity, ADCP backscatter strength and real-
istic SSCs (Fig.  2). Applying the linear regression 
coefficients, field collected turbidity data recorded 
by OBS at station 3, vertical profiles of backscatter 
strength recorded by ADCP at station 2 and 4 were 

converted to SSCs. Meanwhile, particle size meas-
urements were carried out for water samples with 
a Mastersizer 2000 laser granulometer (Malvern 
Instrument Ltd.; measuring range of 0.02 ~ 2000 
um; particle size resolution of 0.01 φ, reproducibil-
ity error of < 3%). SSCs and velocities were used to 
calculate vertical mean velocities (station 1 and 3) 
and SSCs (station 3) by means of the modified Hard-
isty equation from Wang and Gao (2001) to calculate 
residual current and residual sediment flux. The area 
within blanking distance of ADCP was made up with 
Logarithm profile equation.

3.2 � Residual current and residual sediment flux calculation
Residual current and sediment flux are calculated with 
Dyer’s theory (Dyer 1997). Tidal current velocity (u) are 
decomposed into three terms: tidal mean velocity (U), 
tidal variation deviation (ut) and vertical variation devia-
tion (uv), shown as:

Similarly, SSCs (c) can be decomposed into three terms:

Residual current caused mean water flux over the tidal 
cycle is shown as:

where uE, uL, and uS indicates mean Eulerian velocity, 
mean Lagrangian velocity and Stocks drift, respectively. 
Lagrangian velocity can be described as the sum of Eule-
rian velocity and Stocks drift. Water depth (h) is decom-
posed into mean water depth over the tidal cycle (H) and 
its tidal variations (ht).

(1)u = U + ut + uv

(2)c = C + ct + cv

(3)

Q =
1

T

t

∫
0

1

∫
0

u ⋅ hdzdt = U ⋅H+ < ut ⋅ ht >= h ⋅

(

uE + uS

)

= h ⋅ uL

Fig. 2  Calibration curves to convert a ADCP echo intensity to SSC (mg/l) at station 2; b OBS turbidity (NTU) to SSC (mg/l) at station 3; c ADCP echo 
intensity to SSC (mg/l) at station 4
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Applying the same method, the averaged sediment flux 
(F) over one tidal cycle is expressed with mean, tidal and 
deviation components:

where angled brackets (< >) indicate the mean value over 
water depth. In Eq. 4, T1 represents sediment flux due to 
non-tidal drift deriving from Eulerian velocity; T2 shows 
sediment flux produced by Stokes drift; the sum of the 
first two terms is advective sediment flux. T3, T4, T5 are 
caused by phrase differences and lags between sediment 
concentrations and velocities; T6 is related to vertical 
gravitational circulation, due to the interactions of veloc-
ity direction and varying vertical sediment concentra-
tions (important in estuaries, but vary small on intertidal 
flats); term 7 (T7) demonstrates sediment flux from the 
changing forms of vertical profiles of velocity and con-
centration, attribute to sour and settling lags.

Suspended sediment instantaneous flux can be decom-
posed into 5 terms:

where E1 shows sediment flux caused by mean current; 
E2, E3 are caused by tidal variations and correlation of 
velocity and suspended sediment distributions; E4 dem-
onstrates sediment transport from tidal pulsation; and 
E5 is related to vertical shear stress and diffusion (Dyer 
1997).

4 � Results
4.1 � Hydrodynamics
4.1.1 � Dafeng hydrodynamics
Our field observation at Dafeng tidal flat recorded 
hydrodynamic and sediment transport related param-
eters for 3-5 successive tidal cycles between the period 
from neap to spring tide (3 tidal cycles at station 2 
and 5 tidal cycles at station 1, station 1 was only sub-
merged for 3 big tidal cycles, Fig.  3). The main char-
acter was shown as a small tide following a large tide, 
caused by tidal deformation in shallow water. At the 
lower tidal flat (station 2), the observed small tide had 
the maximum water depth of 0.79 m and highest veloc-
ity of 0.22 m/s, comparing to 1.54 m and 0.52 m/s for 
the neighboring large tide. Located 969 m landward of 
station 2, the elevation of station 1 was 0.95 m higher 
than that of station 2. As a result, the upper flat sta-
tion 1 was submerged only during large tides. Station 2 
at the lower flat was dominated by reciprocating flow, 

(4)< F >= H ⋅U ⋅ C + C⋅ < h
t
⋅ ut > +U ⋅ < ht ⋅ ct > +H ⋅ < ct ⋅ ut > + < ht ⋅ ct ⋅ ut > +H ⋅ < cv ⋅ uv > + < ht ⋅ cv ⋅ uv >= T1 + T2 + T3 + T4 + T5 + T6 + T7

(5)E =

1

0

h·u·c·dz = h·u·c+h·u·ct+h·ut ·c+h·ut ·ct+h·uv ·cv = E1+E2+E3+E4+E5

which flowed southward during flood tides and north-
ward during ebb tides, with a small western component 
all over tidal cycles. On the other hand, station 1 was 

dominated by rotatory currents which mostly flowed 
northward over all tidal cycles with western landward 
component during flood tides, and eastern seaward 
component during ebb tides, which may be influenced 
by shallow water effect, local topography and existence 
of seawalls. The maximum tidal current during large 
tides decreased from 0.52 m/s to 0.24 m/s from station 
2 to station 1, due to tidal energy dissipation and the 
increasing bed shear stress landwards with decreas-
ing water depth (Zhang 1986). In order to show more 
details of the depth averaged flow features, hydrody-
namics over one big tidal cycle was analyzed for the two 
stations (Fig. 3 red dash rectangles). The major flow axis 
at station 2 was 13–193°. The average current speed dur-
ing flood tide was 0.12 m/s, which increased to 0.30 m/s 

at ebb tide, probably because of the current conflux at 
ebb. The maximal flood current of approximate 0.31 m/s 
appeared when water level was about 1.1 m, on the other 
hand, the maximal ebb current of 0.52 m/s occurred 
when water level was about 0.89 m. The current speed 
reduced to zero (about 0.03 m/s) and the current direc-
tion began to change from south to north approximately 
half an hour before the flood slack, demonstrating that 
the tide wave system was the mixed wave of standing 
oscillations and progressive wave (Wang et  al. 2006b). 
Current directions deviated to west almost all over the 
tidal cycle, favors to landward sediment transport. SSCs 
ranged from 0.43 to 1.33 kg/m3 during the tidal cycle. 
Although SSCs have very small temporal variations, the 
maximum SSC occurred simultaneously with the maxi-
mum ebb current, while the extreme high values of SSC 
at the beginning and ending points of the tidal cycle 
were the result of tidal intrusion front, related to the 
high changing rate of water level, showing as the high 
slope presenting in Fig.  3a (Wang et  al. 1999, 2006b). 
At station 1, the duration of flood and ebb tides were 
similar, for around 1.5 h. The ebb tide had slightly larger 
velocities than the flood tide, with the average value of 
0.05 m/s at ebb compared to 0.03 m/s at flood. Compar-
ing to station 2, tidal current at station 1 was smaller 
and unsteady, attributes to small water depth.
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The vertical and temporal variations of tidal currents 
and SSCs at station 2 for the tidal cycle on April. 22, 
2009 were derived from ADCP (Fig. 4). Tidal current was 
decomposed into 193° as the major current axis and 283° 
as the minor current axis, showing a reciprocating flow 
pattern. Comparing to the flood tide, the ebb current 
was stronger and current speed was higher than 0.4 m/s 
when water depth exceeded 0.5 m. The maximum veloc-
ity at ebb was larger than 0.6 m/s close to water surface. 
On the other hand, flood current was smaller with peak 
values (larger than 0.3 m/s) occurring occasionally close 
to water surface, and the maximum velocity was less than 
0.4 m/s. Besides, velocity close to sea floor was also larger 
during ebb tides, consistent with the larger SSCs near 
seabed during the ebb tide comparing to that during the 
flood tide. Velocity in the minor direction was limited to 
0.15 m/s in magnitude. Tidal current was deviated to west 
at the first 3.7 h (70% of time of the tidal cycle), which 
changed to eastward in the last 1.5 h.

SSCs at station 2 were larger at bottom than at surface 
and the maximum SSCs occurred concurrently with high 
current speed, showing seabed was the major sediment 

source (Fig. 4c). The average and maximal values of SSC 
were higher during the ebb tide, favors to more sediment 
transport during ebb than flood. The 0.6 kg/m3 contour 
line covered the entire tidal cycle with a U shape, show-
ing large SSCs at the beginning and ending of the tidal 
cycle over the whole water column, which decreased sig-
nificantly to water surface close to flood slack. This may 
be correlated to the high current speeds combined with 
small water depth, favors to sediment mixing.

4.1.2 � Jianggang hydrodynamics
The observation at Jianggang tidal flat was conducted 
at the two stations from spring to neap tidal cycle for 
7 tides (Fig.  5). Comparing to Dafeng, water depth and 
velocities at the two stations were all larger at Jianggang 
tidal flat., Velocity changed landward from reciprocating 
flow (Fig. 5e, station 4) to rotatory flow (Fig. 5b, station 
3), similar to Dafeng tidal flat. Similar magnitude of tidal 
range between neighboring tidal cycles shows smaller 
intertidal asymmetry than Dafeng tidal flat (Fig. 3). SSCs 
were much higher at Jianggang tidal flat, to be as high as 
5 kg/m3 at station 3 (0.23 mab, Fig. 5c) and around 7 kg/

Fig. 3  Time series of water depth, velocities and SSCs at two stations along Dafeng intertidal flat from Apr. 21st to Apr. 23rd, 2009. a water depth 
(m) at station 1; b current velocity (m/s) at 0.18 m above sea bed (mab) at station 1; c water depth (m) at station 2; d vertical averaged current 
velocity (m/s) at station 2; e vertical averaged SSCs (kg/m3) at station 2. Red dash rectangles show the tidal cycle for which parameters are analyzed 
in details
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m3 close to seabed at station 4 (Fig. 6c, comparing to less 
than 1 kg/m3 at station 2), indicating sediment dynamics 
was more active at Jianggang stations.

To check the detailed hydrodynamics over one tidal 
cycle, data from 23:26 Oct. 7th to 5:40, Oct. 8th, 2009 
were analyzed (Fig.  5 red dash rectangle). Station 4 
located on the lower flat was characterized with recip-
rocating current, with the major current axis southward 
during flood and northward during ebb (351–171°). The 
ebb tide lasted 1.6 h longer than the flood tide. Corre-
spondingly, the magnitude of current speed during the 
flood tide was much larger than that during the ebb tide, 
and the maximum velocity was 1.38 m/s during the flood 
tide and 0.92 m/s during the ebb tide. The changing rate 
of tidal current was faster during the flood tide which 
kept steady during the ebb tide, leading to a slightly larger 
mean ebb current of 0.70 m/s, than the mean flood cur-
rent of 0.67 m/s. Current speed reached its minimum of 

0.09 m/s about 0.45 h before flood stack, indicating that 
tidal current was also the mixed wave of progressive wave 
and standing oscillations. Similar as Dafeng tidal flat, 
both tidal current and SSCs presented large values at the 
beginning and ending of the tidal cycle, showing the sig-
nificant influence from tidal intrusion on both tidal flat 
systems. Following the variations of velocity, SSCs also 
showed high values with fast changes during the flood 
tide, indicating tidal current controlled sediment ini-
tiation and movement and that seabed sediment resus-
pension was the major source for suspended sediment. 
Comparing to the lower tidal flat, station 3 presented a 
similar tendency in temporal variations of water depth 
and current velocities but showing a more obvious rota-
tory wave pattern. The asymmetry between flood and ebb 
tides was large, illustrating as the larger time difference 
between the ebb and the flood tides (2.50 h at station 3 vs. 
1.6 h at station 4). At the meantime, current speed during 

Fig. 4  Time series of velocity and SSC vertical profiles at station 2. a tidal current velocity (m/s) at major flow direction (193° from north), b tidal 
current velocity (m/s) at minor flow direction (283° from north); c SSCs in kg/m3
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the flood tide was much smaller than that during the ebb 
tide, with the maximum of 0.85 m/s and 0.96 m/s, respec-
tively. Velocities switched from westward during the 
flood tide to eastward during the ebb tide, with the major 
west-east direction. Peak SSCs occurred shortly after cur-
rent changed its direction during ebb tides, inconsistent 
with station 4 where peak SSCs close to bottom occurred 
during the flood tide (Figs. 5e and 6c).

The ADCP recorded vertical variations of tidal cur-
rents and corresponding SSCs over one tidal cycle at 
station 4 (Fig.  6) showed a comparatively different pic-
ture as station 2 (Fig. 4). Tidal current were decomposed 
into major and minor directions, and the major axis was 
351° from north. The flood tide was characterized with 
larger velocity (maximum velocity of 1.85 m/s) which 
lasted shorter time, comparing to the ebb tide (maximum 
velocity of 1.43 m/s). Flood velocities that were larger 
than 1 m/s lasted for more than 1 h at about 0.6 mab in 
the flood phase, which were between 0.6 ~ 0.8 m/s at the 
corresponding layer during the ebb tide. Velocities in the 
minor axis were kept lower than 0.1 m/s over the tidal 
cycle except at the beginning and ending period when 
the instrument was initially submerged. Flood slack when 
velocity was close to 0 m/s lasted less than half an hour, 

much shorter than that at Dafeng stations (Fig.  4a).The 
vertical variations of SSCs at station 4 was alike to that 
at station 2, in terms of the much higher values close to 
bottom than that at surface, but SSCs at Jianggang sta-
tion decreased fast from seabed to water surface, which 
might be related to the fast changes in vertical velocity 
profile. SSCs larger than 0.6 kg/m3 was close to water sur-
face in the flood phase, but was limited to bottom in the 
ebb phase, consistent with higher velocities during the 
flood tide. The very high SSCs were limited to water bot-
tom where major velocity was smaller than 0.4 m/s, may 
be related to vertical stratification. SSCs were as high as 
6 kg/m3 at water bottom, but changed to be smaller than 
1 kg/m3 above 0.5 mab, which decreased to less than 
0.2 kg/m3 at water surface.

4.2 � Residual current
Using Dyer’s equation, residual currents were calculated 
for the four stations (Table 1). Eulerian residual currents 
were the predominant component of Lagrangian residual 
currents, and Stocks drifts were one magnitude smaller 
than Euler residual currents (except at station 3). Stocks 
drift had the same directions as Eulerian residual cur-
rent (except station 4) at Dafeng and Jianggang tidal flats, 

Fig. 5  Time series of depth, velocity and SSCs at two stations on Jianggang tidal flat. a water depth at station 3; b velocity at 0.23 m above seabed 
(mab) at station 3; c SSCs at 0.12 mab at station 3; d water depth at station 4; e depth averaged velocity at station 4; f depth averaged SSCs at 
station 4. Red dash rectangles show the tidal cycle that has been analyzed in detail
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distinct from former studies (Wu et al. 2008), which may 
be attribute to local topography. Consistent with tidal 
currents, residual currents had larger north-south com-
ponents compared with west-east components. Resid-
ual currents on the upper flat (station 1 and 3) directed 
seaward east, while on the lower flat (station 2 and 4), 
residual currents directed landward west. This pattern 
of current indicated that ebb related residual current was 
dominant on the upper flat but flood related residual cur-
rent was dominant on the lower flat. In addition, Stocks 

drift became more important in shallow water than deep 
water, responding to the magnified tidal deformation 
landward. Residual currents were much larger on tidal 
flat in Jianggang than that in Dafeng, which may be corre-
lated to the stronger tidal currents and more complicated 
morphology on Jianggang tidal flat. Tidal deformation 
played a very important role on sediment dynamics on 
Jianggang tidal flat, showing as the large magnitude of 
Stocks drift. Despite the pattern of residual currents 
decreased landward (Xing et  al. 2012), the complicated 

Fig. 6  Time series of velocity and SSC vertical profiles at station 4 over one tidal cycle from 23:26, Oct. 7th, 2009 to 5:40, Oct.8th, 2009. a major 
velocity (351° from north) b minor velocity (81° from north) c SSCs
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morphology in Jianggang led to a larger residual current 
observed on the upper flat station 3 comparing to lower 
flat station 4.

4.3 � Suspended sediment mean and instantaneous flux
4.3.1 � Mean suspended sediment flux (SSF) over one tidal 

cycle
Sediment flux was decomposed and all terms were cal-
culated at station 2, 3 and 4 (SSCs at station 1 was not 
recorded, Table  2), which helps us to understand the 
importance of different processes on suspended sedi-
ment transport at different stations. There are some com-
mon characteristics among all stations:

(1)	 T1 was the largest of all components, demonstrat-
ing Eulerian current was the dominant force in 
determining net suspended sediment transport.

(2)	 SSF was transported to north at all stations and the 
magnitude was larger than that in the east, consist-
ent with major current direction.

(3)	 T6 and T7 were very small compared to T1, so 
the vertical variations of current and suspended 
sediment did not cause a large sediment flux on 
lower tidal flats although SSCs were much larger 
in bottom water layer than overlying water layers. 

No correlated data was recorded on the higher 
tidal flat.

Some distinctive characteristics were observed among 
the three stations in Dafeng and Jianggang tidal flats:

(1)	 The values of total SSF on the tidal flat in Jianggang 
were much larger than those in Dafeng, probably 
because of the stronger current and higher SSCs 
observed at Jianggang than Dafeng.

(2)	 The values of SSF at station 3 was extremely larger 
than those at station 2 and 4, indicating that the 
strong dynamics and shallow water depth were in 
favor to initiate and move sediment, and upper flats 
played an important role in redistributing sediment 
on intertidal flats.

(3)	 Suspended sediment transported landward at 
lower flat stations 2 and 4 (with positive eastern 
component), which changed to become landward 
at station 3 (with negative western component). 
The changes of sediment transport direction were 
in favor to accumulate sediment in the middle of 
tidal flats.

(4)	 T2 at station 3 was one or two magnitude larger 
than other stations, indicating that although Eule-
rian current had a predominant role in trans-
porting sediment at the lower flat, in the shallow 
upper flat, Stocks drift and phrase lags played more 
important roles, probably owing to the non-line 
effects and the deformation of tides in shallow 
water area.

(5)	 T6, T7 and T4 were relatively larger than other 
terms at station 2, representing the importance of 
vertical variations and tidal phase lags, however, at 
station 3, T2 was very large, showing that Stocks 
drift had a great influence on suspended sediment 
transport, the relatively large values of T2, T3 and 
T4 demonstrated that tidal phase lags were also 
important.

Table 1  Calculated residual currents (m/s) and their north and 
east components over 1 tidal cycle at the four stations

Station Direction Eulerian Lagrangian Stocks drift

1 North 0.08133 0.08913 0.00780

East 0.04959 0.05518 0.00559

2 North 0.10399 0.10939 0.00540

East −0.04724 − 0.04862 − 0.00137

3 North 0.21214 0.34610 0.13396

East 0.08204 0.12202 0.03997

4 North 0.18024 0.19136 0.01112

East −0.10307 −0.09139 0.01167

Table 2  Mean sediment flux of suspended sediment over 1 tidal cycle at station 2, 3, and 4

T1 to T7 and total SSF are in the unit of kg/m/s

Station Direction T1 T2 T3 T4 T5 T6 T7 Total SSF

2 North 0.02096 0.00319 −0.00032 − 0.00582 0.00101 0.00549 −0.00875 0.01576

East −0.01691 −0.00159 0.00026 0.00095 0.00016 0.00015 0.00864 −0.00834

3 North 1.16560 0.73601 0.15464 0.21928 0.23666 2.51218

East 0.450784 0.21962 0.05980 −0.04321 0.22921 0.91621

4 North 0.28098 0.01734 −0.03848 −0.13490 − 0.00562 −0.00069 0.00305 0.12168

East −0.16068 0.01820 0.02200 −0.00934 −0.00769 0.00034 −0.00030 − 0.13747
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4.3.2 � Instantaneous flux of suspended sediment over one 
tidal cycle

Based on Eq.  5, instantaneous flux of suspended sedi-
ment were decomposed into five constituents over a 
tidal cycle (Fig.  7). Sediment flux were transported to 
south-east direction during the flood tide and north-
west direction during the ebb tide, but the values of 
sediment flux during the ebb tide were much larger 
than that during the flood tide, resulting in the net 
sediment flux to northwest (Table  2). Although Eule-
rian residual current played a predominant role in 
determining total residual current, the instantaneous 
flux told a different story. E1 represented the effect of 
water level changes determined by tidal mean veloc-
ity, and the value reached the maximum when water 
level was highest. E2 described the effect of depth 
and SSCs, and the values changed very little except an 
extremely large value appeared near the end of the tidal 
cycle, which was due to an extreme values of velocity 
and SSC at that time. E3 had a similar trend as E with a 
larger magnitude comparing to other terms, which was 
caused by variations of velocity within the tidal cycle. 
E4 showed the joint effect of velocity and suspended 
sediment variations within the tidal cycle. Its values 
were relatively small except the large values near the 
end, showing that tidal variations played a great role on 
determining sediment transport in very shallow water, 
but became less important when water depth was large. 
E5 demonstrated the effect of vertical shear stress and 

diffusion, which changed greatly within the tidal cycle 
in the north-south direction. E5 was relatively steady 
and directed to north during the flood tide and turned 
to south with large temporal variations during the ebb 
tide, depicting the vertical profiles during the ebb tide 
was more complicated. The term E5 did not highly 
influence sediment transport as its values were small. 
In all, although several instantaneous flux components 
changed significantly within the tidal cycle, most of 
them did not produce net sediment transport because 
of their small values or their counteract effects within 
the tidal cycle, tidal mean flux transport, on the other 
hand, played a predominant role in determining net 
sediment transport flux.

The instantaneous flux of suspended sediment at sta-
tion 3 (Fig.  8a-e) and 4 (Fig.  8f-k) on the tidal flat in 
Jianggang was 1 magnitude larger than the flux meas-
ured on the tidal flat in Dafeng. The instantaneous flux 
of suspended sediment at station 3 was characterized 
by larger values in both east-west and north directions, 
and sediment was transported to south-west during 
the flood period but north-east during the ebb period, 
followed by a long-term small values at the end of the 
ebb tide. Sediment flux were mostly directed to north 
over the entire tidal cycle, which gradually changed 
from west to east, showing the characteristics of rota-
tory flow. Similar to Dafeng, E3 had the maximum value 
among all components and determined the pattern of 
instantaneous sediment flux variations, showing that 

Fig. 7  Instantaneous suspended sediment flux at station 2 on tidal flat in Dafeng over 1 tidal cycle (showing in red dash rectangle in Fig. 3). a, b, c, 
d, e, f represents E, E1, E2, E3, E4, E5 at station 2, and E shows the total instantaneous suspended sediment flux
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variations of velocity within the tidal cycle played the 
predominate role in determining instantaneous sedi-
ment flux. Although E3 and E4 had larger values than 
other components, their counteracting effect led to the 
most important role of E1 in determining net sediment 
transport flux over the tidal cycle.

At station 4 the instantaneous flux of suspended sedi-
ment was evidently smaller than that at station 3. The 
south-east component had smaller changes within 
the tidal cycle comparing to that at station 3, indicat-
ing that on the lower part of intertidal flat, lateral sedi-
ment transport cross the tidal flat was smaller than that 
on the upper flat. Distinct from other stations, E4 at 
station 4 was much larger than E3, showing that vari-
ations of velocity and SSCs in the tidal cycle played a 
more important role in determining instantaneous sedi-
ment flux in the tidal cycle. In all, although instantane-
ous flux had large temporal variations, the tidal mean 
flux of suspended sediment at both Dafeng and Jianggang 

were mainly determined by E1 over the entire tidal cycle 
(Figs. 7 and 8).

4.4 � Vertical profiles of tidal flat and median grain size
The tidal flat in Dafeng is characterized with a convex-
up profile, which is usually seen on accretion-dominated 
environment, while the tidal flat in Jianggang had a con-
cave-up shape, which is usually seen on erosion-domi-
nated tidal flat (Postma 1954; Strasten and Kuenen 1958) 
(Fig. 9). The median grain size of sediment coarsened sea-
wards on both tidal flats, but was more uniformly distrib-
uted along Jianggang tidal flat profile, while more spatial 
variations were observed along Dafeng tidal flat profile. 
For instance, grain size along Dafeng profile coarsened 
between 400 m to 1500 m from seawall, in correspond-
ing to the most convex-up shape of the elevation pro-
file. In Jianggang tidal flat, the radical tidal current field 
leads to complicated patterns in bed slope and grain size 

Fig. 8  Instantaneous flux of suspended sediment at station 3 and 4 in Jianggang over 1 tidal cycle. a, b, c, d, e represent E, E1, E2, E3, E4 at station 3, 
respectively; f, g, h, i, j, k represents E, E1, E2, E3, E4, E5 at station 4, respectively
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distribution along tidal flats. More discussions on tidal 
flat profile and grain size are shown in Section 5.1.

5 � Discussions
5.1 � Offshore hydrodynamics and tidal flat profiles
In order to analyze the mechanisms for the significant 
differences in morphodynamics between Dafeng and 
Jianggang tidal flats, we acquired water depth and veloc-
ity time series over 1 month from a validated Delft3D 
model (Ni 2014) offshore of Dafeng and Jianggang tidal 
flats within deep water channels. Station s5 was located 
offshore of Dafeng tidal flat within Xiyang channel, 
where mean water depth was around 13 m (Fig. 1b). Sta-
tion s6 and s7 were derived offshore of Jianggang tidal 
flat at the south end of Xiyang channel (s6, mean water 
depth of 3 m, Fig. 1c) and the west end of Huangshayang 
channel (s7, mean water depth of 8 m, Fig.  1c), respec-
tively. In general, tidal currents were stronger and more 
symmetric at offshore stations. Velocities were highly 
controlled by water depth where the deepest station had 
the largest velocities (Fig. 10b). s5 and s6 were located at 
the end of deep channels where flow started to be highly 
impacted by channel directions while station 4 was less 
influenced by channel directions as it was located in the 
middle of the deep Xiyang channel. Although s5 had 

the largest velocities than other two stations, tidal cur-
rents at Dafeng tidal flat were much smaller than that at 
Jianggang. One reason was that Dafeng tidal flat had a 
convex-up shape, which favored to tidal current energy 
dissipation on the lower tidal flat, therefore, velocities 
were usually highest in the middle tidal flat (Hanssen 
et  al. 2022). Jianggang profile was concave-up, and the 
comparatively large water depth along tidal flat profile 
favored energy transferring to the upper flat. Another 
reason, which was probably the most important reason 
was that Dafeng station was protected by two seawalls 
in both north and south (Fig. 1b) perpendicular to major 
tidal current direction, which effectively blocked tidal 
energy from transferring onto the tidal flat. Tidal cur-
rents on the lower tidal flat at Dafeng (station 2) followed 
the same pattern as offshore deep water station (Figs. 3d 
and 10b) with a smaller magnitude, showing that off-
shore currents largely control the current patterns on 
lower tidal flats. At Jianggang, tidal currents at the lower 
flat (station 4) was similar to the flow pattern at s6 in 
Xiyang Channel, but largely different from station s7 
in Huangshayang channel. However, the rotatory pat-
tern on the tidal flat may be impacted by tidal currents 
from Huangshayang channel and other big channels. The 
converging effects of tidal currents caused complicated 

Fig. 9  Bed elevation and median grain size distribution along the tidal flat profiles in a Dafeng (P1); b Jianggang (P2)
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hydrodynamics on Jianggang tidal flat, which signifi-
cantly influenced morphology of the tidal flat.

In response to hydrodynamics, sediment grain size and 
bed elevation profiles adjust accordingly. The phenom-
enon of sediment coarsen seaward was first observed 
by Hantzechel in 1939, and has been attributed to delay 
effect (Postma 1954, 1961, 1967; Strasten and Kuenen 
1958). According to Postma (1954), delay effect works 
when grain size is between 8 to 100 μm, and the asym-
metry of current over time enhances this effect. They 
also suggested that, other factors, such as current direc-
tion that is parallel to the shoreline, and current speed 
which increases fast during flood tides, but decreases 
slowly during ebb tides, would lead to reinforcement of 
delay effect. All of these mentioned aspects fit tidal flats 
in Jiangsu. Figures 3 and 5 showed that the time period 
that the current speed was smaller than 0.05 m/s, consid-
ered as slack time, lasted much longer in the upper flat 
than the lower flat, resulting in deposition of fine sedi-
ment on the upper flat. Meanwhile, the spring and neap 
tidal cycles cause periodic submergence and deposition 
of sediment in the upper flat during spring tides, while 
dehydration and compaction happen during neap tides, 
resulting in high bed resistance to erosion on high tidal 
flats when it will be re-submerged in the next spring 
cycle. The combination of the two aspects are the rea-
son for the specific grain size distribution on the tidal 
flat in Jiangsu. Dafeng tidal flat does not have as strong 

tidal asymmetry as Jianggang between flood and ebb 
tides (Fig. 6a), and the tidal currents and tidal creeks are 
distributed vertically to shoreline (Fig.  1c), which are 
unfavorable for the formation of sediment sorting from 
upper to lower tidal flat. Therefore, the coarsen trend of 
sediment at Dafeng tidal flat was not as obvious as that at 
Jianggang (Fig. 9).

The bed profiles at the two tidal flats have very dis-
tinctive features. W. Roberts and R. Kirby suggested 
that accretion-dominated profile tends to be high and 
convex, while erosion-dominated profile tends to be low 
and concave (Roberts et al. 2000; Kirby 2000; Liu et al. 
2011), demonstrating that the tidal flat in Dafeng was a 
typical accretion-dominated profile, but that in Jiang-
gang was erosion-dominated. The differences can be 
attributed to their different residual currents and sedi-
ment transport patterns. As shown in Fig.  1b, coastal 
line at Dafeng is directed NW ~ SE (about 156 ~ 336°). 
At station 1, the Lagrangian residual current was about 
32°, which can be decomposed to the paralleling coastal 
current of 0.059 m/s, and the perpendicular seaward 
current of 0.087 m/s. At station 2, the direction of net 
SSF was about 332°, and the Lagrangian residual cur-
rent was about 336°, showing a small net sediment 
transport landward. The much larger residual current 
at station 2 than station 1, and the total SSF directed 
to shore, resulting in the accretion–dominated profile. 
Comparatively, the Jianggang tidal flat coastline was in 

Fig. 10  Hydrodynamics offshore of Dafeng and Jianggang tidal flats derived from a validated Delft3D model (Ni 2014). a water depth at station 5 
in Xiyang channel offshore of Dafeng tidal flat; b velocity at station s5 in Xiyang channel offshore of Dafeng tidal flat; c water depth at station 6 in 
Xiyang channel offshore of Jianggang tidal flat; d velocity at station 6 in Xiyang channel offshore of Jianggang tidal flat; e water depth at station s7 
in Huangshayang channel offshore of Jianggang tidal flat in the south; f velocity at station s7 in Huangshayang channel offshore of Jianggang tidal 
flat in the south. The locations of station s5, s6, s7 are shown in Fig. 1b, c
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the north-south direction, and the sediment transport 
directions at station 3 and 4 was 20° and 312°, respec-
tively. The seaward residual current at station 3 with 
the scale of 0.122 m/s and landward current at station 4 
with the scale of 0.0914 m/s, results in the net sediment 
flux from land to sea. This may explain the different 
vertical profiles on tidal flats in Dafeng and Jianggang. 
Furthermore, the slope of profiles are related to tidal 
range, SSCs at the boundary layer, and the wave height 
(Roberts et al. 2000). The larger tidal range at Jianggang 
favors to form steepe slope profiles, while the larger 
SSCs were favorable to form flatter profiles.

Another feature on the tidal flat profile in Jianggang 
was the sudden increased elevation at the lower flat 
(Fig.  9b), located between two tidal creeks. There has 
very little studies to explain the formation mechanism 
of the high-elevated land surrounding tidal creeks. 
We infer there are several reasons. One mechanism is 
sediment deposition alike river floodplain. The flood-
ing tides flow from tidal creeks to surrounding flat 
at the beginning of flood tides, and the abrupt reduc-
tion of depth causes sudden decrease in velocity from 
channels to flat and causing deposition on surround-
ing flat. Another reason may be correlated to the tidal 
creeks parallel to shoreline. During ebb tides, most of 
water flows from upper land to the tidal channel close 
to land, and only very little water goes through the area 
between two channels, so this area is protected from the 
strong flow caused high bottom shear stress observed at 
the end of ebb tides (Figs. 3 and 5). The radical current 
field and sand ridge systems must also have influenced 
the morphology on Jianggang tidal flat, causing the for-
mation of this high elevated land at the lower tidal flat 
profile. These sudden increase in elevation at lower tidal 
flats is very harmful and have caused severe deaths in 
the local county. Beachcomber who search for seafood 
when tides are low may be trapped on these high land 
far from shore at the beginning of flooding tides as they 
assume that elevation on tidal flat decrease seawards. 
As a result, no enough time for them to walk back to 
safe zone when flooding tides start to flood these high 
lands in the lower flat.

5.2 � Human’s impact on tidal flat morphology
Land reclamation is the most predominant factor that 
influences tidal flat morphology along China coast in the 
recent years (Xu et  al. 2022). Tidal flats in both Dafeng 
and Jianggang have experienced significant changes due 
to seawall constructions. Seawall projects have under-
went 3 cycles on Dafeng tidal flat, in 1978, 2000, and 
2008, respectively. Accordingly, the tidal flat profile have 
been shortened significantly (Wang et  al. 2012), forc-
ing tidal energy to diminish within a shorter distance. 

The result is accumulation on upper flat and erosion on 
lower flat, which have been observed widely along China 
coast (Wang et  al. 2020). Wang et  al. (2012) showed 
a clear trend of the tidal flat profile steepen over time 
with the construction of seawall at Dafeng. Two seawalls 
were built in the north and south sides of our observa-
tion stations at Dafeng tidal flat, protecting the flat from 
offshore oceanic forces, which was in favor to sediment 
deposition on tidal flat. Jianggang tidal flat is character-
ized with complicated hydrodynamics and morphology 
and unsteady tidal creeks. A new seawall has been built 
between 2011 and 2012 (Fig.  1c), and the upper flat on 
profile P3 has been reclaimed. The shortened profile 
made the tidal flat more influenced by the strong offshore 
radical flow field, and big channel switches have been 
observed within the recent years (Wang et al. 2020).

In order to explore the mechanisms how seawall 
influences tidal flat morphology, an idealistic rectangu-
lar model was set up with 11,430 grid. Grid resolution 
decreased from coast to offshore and from center to 
north and south boundary, with the highest resolution of 
120 m at coast. Model bathymetry was set up with uni-
form slope of 0.0017 from 3.5 m above mean sea level to 
water depth of 14 m, then slowly increased to 17 m. To 
better represent the hydrodynamic conditions of Jiangsu 
tidal flat, the tidal boundary was set up using the TPXO 
global tidal model (Egbert and Svetlana 2002) which 
provided tidal condition offshore of Dafeng tidal flat. 
One non-cohesive sediment class and one cohesive sedi-
ment class were included in the model, and correlated 
important parameters, such as the median grain size of 
non-cohesive sediment, critical shear stress for erosion, 
were derived from the former validated model (Ni 2014). 
The model was first run for 75 years with morphological 
acceleration factor of 100 to get a comparatively equilib-
rium condition. And then four idealistic cases were set up 
and run for another 75 years to explore the importance of 
seawalls on tidal flat morphology (Table 3).

The idealistic model showed that tidal flat prograded 
fast to offshore from initial bathymetry under the influ-
ence of tidal currents parallel to coast (Fig.  11). A big 
channel was formed in the south of the domain par-
allel to tidal current direction. The major sediment 
source was offshore erosion as depth in the offshore 
area decreased significantly with time (Fig. 11a, b). The 
tidal flat kept prograding in the next 75 years, but the 
pattern varied for different cases. No obvious changes 
occurred when the seawall was located very close to 
the shore (bed elevation of 1.7 m above mean sea level), 
as this area was mostly unsubmerged (Fig.  11c, d). 
When sea wall was built further offshore (bed eleva-
tion of 0.8 m blow mean sea level), more deposition was 
observed on tidal flat, although the pattern was similar 
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Table 3  Idealistic model set up to study the impact of sea walls on tidal flat morphology

Cases Sea wall set up

Base no sea wall

Seawall_v1 Sea wall parallel to coast, located close to shore (see location in Fig. 11)

Seawall_v2 Sea wall parallel to coast, located farther to shore (see location in Fig. 11)

Seawall_v3 Two sea walls, one parallel to coast, and one vertical to coast (see location in Fig. 11)

Fig. 11  Idealistic model bed elevation showing morphological evolution of tidal flats: a model initial bed elevation; b model bed elevation after 
75 years, used as the starting condition for cases shown in Table 3; c model bed elevation after 150 years without seawall; d model bed elevation 
after 150 years with seawall, and seawall was shown as the red line; e model bed elevation after 150 years with seawall located farther offshore, 
shown as the magenta line; f model bed elevation after 50 years with two seawalls, one is parallel to coast, and the other one is perpendicular 
to coast, shown as the black lines. The blue line shows the profile P101 along which vertical elevation profile and velocity at flood maxima was 
extracted for further analysis
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to case seawall_v1. The sea wall located perpendicular 
to shore had a more significant influence on morphol-
ogy, shown as more deposition and new land forma-
tion in the south of the seawall, demonstrating that the 
seawall perpendicular to tidal current direction had 
significantly reduced the strength of local hydrody-
namics by blocking major tidal current from approach-
ing the tidal flat, in favor to sediment deposition and 
tidal flat progradation, which was similar to the case 
of Dafeng tidal flat. Bed shear stress along profile P101 
(location in Fig. 11) clear showed the reduction in bed 
shear stress due to seawall construction on the tidal flat 
(Fig. 12). The bed shear stress increased at offshore area 
(6-8 km from shore) in the case seawall_v2, demon-
strating more sediment would be eroded from offshore, 
which provided sediment source to tidal flat to sup-
port its progradation. In Jianggang, on the other hand, 
the influence of seawall is less significant compared to 
Dafeng, shown as similar hydrodynamics observed on 
the lower tidal flat and offshore station, the reason is 
that only one seawall parallel to shore has been built, 
which did not block the way for radial tidal current to 
approach the tidal flat. Besides, the radical distributed 
offshore tidal current field made it harder to block the 
tidal current from approaching surrounding tidal flats.

The difference between the idealistic model and tidal 
flat along Jiangsu coast is that the morphological changes 
have not reached an equilibrium in the idealistic model, 
therefore, tidal flat kept prograding over time by erod-
ing offshore sediment, showing as significantly morpho-
logical changes over time. Comparatively, the influence of 
seawall became less important. But the idealistic model 
did show that the construction of seawalls significantly 
change local tidal flat morphology (Fig.  11e, f ). Jiangsu 
tidal flat systems, for which tidal flats has reached in an 
equilibrium before seawall projects, the widely distrib-
uted and frequently constructed seawalls is the major 
environmental factor that changes significantly with 
time. Therefore, human intervene became the most 
important factor controlling tidal flat morphological 

evolution. Since 2020, a new policy has been placed to 
stop land reclamation along China coast, this policy will 
significantly influence coastal morphology, and tidal flat 
evolution along China coast. Sea level rise, which acceler-
ated over time, would be another important factor influ-
encing tidal flat morphodyanmics in the future.

6 � Conclusions
Hydrodynamics and sediment transport patterns along 
two tidal flats located in different area with distinct 
human interferences have been observed to study the 
spatial variations in tidal flat features along Jiangsu 
coast, China. The hydrodynamics on tidal flat was deter-
mined by offshore tidal force, and then largely modified 
by local morphology, especially the construction of sea-
walls. The two tidal flats share some common features, 
such as the tidal current asymmetry and rotatory cur-
rent pattern which magnified landwards, and high SSCs 
observed close to bottom and at the beginning and end-
ing periods of a tidal cycle, due to tidal intrusion front. 
Eulerian residual current was the major contributor of 
Lagrangian residual current over a tidal cycle. Residual 
sediment flux directed landwards on the lower flat and 
seaward on the upper flat, in favor to sediment depo-
sition in the middle flat. Sediment transport was much 
active on the upper flat than the lower flat, and Stocks 
drift played a more vital role in shallow water. Instanta-
neous flux have much larger variations over a tidal cycle 
than mean flux, and variations of velocity and SSCs in 
the tidal cycle played the most vital role, however, its 
counteract effects leading to the result that Eulerian flux 
became the most important component to determine 
the net sediment flux.

The distinctive features between the two tidal flats 
include the much stronger currents in Jianggang than 
Dafeng, although Dafeng offshore current was stronger 
than Jianggang. The reason for the small tidal current 
at Dafeng tidal flat was the construction of seawalls in 
the north and south of the tidal flat, which significantly 
reduced hydrodynamics on the tidal flat area. This has 

Fig. 12  Bed shear stress along profile P101 at flood maxima 75 years since model setup (location in Fig. 11)
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been validated by an idealistic model which showed that 
seawall built perpendicular to shoreline and tidal cur-
rents had a larger impact on tidal flat morphology evolu-
tion, which caused deposition and tidal flat progradation 
in the hidden area. Tidal asymmetry and SSCs verti-
cal variations were more obvious in Jianggang than in 
Dafeng, attribute to its stronger tidal currents and com-
plicated offshore radical current field. Dafeng tidal flat 
is in the process of accretion with convex-up shape and 
landward net sediment flux, while Jianggang tidal flat is 
in the process of erosion with concave-up shape and net 
offshore sediment flux. The high elevated land located 
between two tidal creeks at the lower flat of Jianggang 
may be formed due to the creek directions parallel to the 
shore, and sediment deposition at the beginning of flood 
tides, which have caused severe accidents on bench-
combers’ lives. More studies are needed to understand 
the mechanisms for the formation of these high elevated 
lands at the lower tidal flat.
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