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Abstract Variations in suspended sediment concentrations (SSCs) in tidal mudflats 18 

are an important influence on the ecological environment, morphological evolution, 19 

and pollutant transport. To better understand how the behavior of suspended sediment 20 

influences small-scale variations in SSC in the water column, we took simultaneous 21 

measurements of water depth, wave height, current velocity, SSC profiles, and 22 

intratidal bed-level changes during a series of continuous tidal cycles on a highly 23 

turbid macrotidal mudflat, part of a larger accretional coastal mudflat on the Jiangsu 24 

Coast, China. We estimated the relative contributions of erosion, deposition, and 25 

advection processes to variations in SSC from the field data. We used an empirical 26 

orthogonal function (EOF) analysis to examine the influence of hydrodynamic factors 27 

(water depth, wind, wave height, and current velocity) and environmental factors 28 

(salinity and temperature) on SSC variability, to determine why the contributions of 29 

the three processes (erosion, deposition, and advection) to the variability in SSC 30 

differed. Our results showed that on average advection flux was about an order of 31 

magnitude higher than erosion-deposition flux of corresponding tide, and that 32 

advection, driven by the tidal current velocity, wind, and associated alongshore 33 

transport, accounted for most of the variability in SSC at the study site over a 34 

complete tidal cycle. An abundant sediment supply and limited resuspension of the 35 

bed sediments meant that advection was the main transport process. Our results also 36 

demonstrate that detailed analyses of transport processes provide useful information 37 

on the sources and fates of suspended sediments, and support the interpretation of 38 

morphological changes in accretional intertidal mudflats. 39 
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1. Introduction 43 

Suspended sediment concentrations (SSCs) have a major influence on water 44 

quality and play an important role in shaping the geomorphology and ecology of 45 

estuarine and intertidal wetlands (e.g., Dyer, 1997; Zheng et al., 2004; Schoellhamer 46 

et al., 2007; Li et al., 2012). Suspended sediments can transport trace metals, nutrients, 47 

organic carbon, and anthropogenic contaminants through estuarine and coastal waters. 48 

Furthermore, suspended sediments limit the amount of light entering the water, 49 

thereby influencing primary productivity (Tian et al., 2009) and geochemical cycling 50 

(e.g., Li et al., 2012). Therefore, to understand the sources and fates of sediments and 51 

their associated contaminants, as well as the morphological evolution of intertidal 52 

wetlands in detail, the factors that contribute to the variability in SSCs in estuarine 53 

and coastal waters should be identified.  54 

Suspended sediment concentrations vary locally in response to three main 55 

processes: resuspension and deposition in the vertical direction, and advection in the 56 

horizontal direction (e.g., Weeks et al., 1993; Velegrakis et al., 1997; Jago and Jones, 57 

1998; van de Kreeke and Hibma, 2005; Jago et al., 2006; Andersen et al., 2007; 58 

Krivtsov et al., 2008; Salehi and Strom, 2012; Yu et al., 2012). The effect of 59 

horizontal diffusion is generally neglected because horizontal concentration gradients 60 

in macrotidal coastal waters are much weaker than vertical gradients (e.g., Bass et al., 61 
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2002; Stanev et al., 2007). Studies of sediment sources have indicated that 62 

resuspension processes can cause increases in SSC (e.g., Velegrakis et al., 1997; 63 

Christie et al., 1999; Andersen et al., 2007; Salehi and Strom, 2012; Wang et al., 2012; 64 

Zhu et al., 2014), whereas deposition processes can cause reductions in SSC (e.g., 65 

Dyer, 1989; Salehi and Strom, 2012). Although these studies have indeed provided a 66 

qualitative understanding of the causes of variability in SSCs, they generally 67 

quantified erosion, deposition and advection processes using at least two observation 68 

sites along the main current direction based on suspended sediment transport equation 69 

in tidally-dominated coastal environments (e.g., Fugate and Friedrichs, 2002; Yu et al., 70 

2012). However, few studies have quantitatively estimated the relative contributions 71 

of erosion, deposition, and advection to SSC variability using a single observation site. 72 

In particular, there are few estimates of the transport processes in shallow intertidal 73 

environment where waves dominate the hydrodynamic energy. Furthermore, it is 74 

indeed easily understood for us that coastal transport processes are advection 75 

dominated, but in shallow intertidal environment, vertical turbulent mixing may be 76 

large compared with advective transport due to wave action, in other word, bottom 77 

sediment resuspension may be responsible for SSC variability (e.g., Anderson, 1972; 78 

Janssen-Stelder, 2000; Le Hir et al., 2000; Green, 2011; Wang et al., 2012). Actually, 79 

this lack of information in shallow-water environments may reflect the difficulties in 80 

working on intertidal wetlands, which are usually composed of very soft, fine-grained 81 

sediment and have complex geomorphologies, especially compared with sandy 82 

beaches (Wang et al., 2006, 2012; Shi et al., 2012, 2014). In addition, suitable 83 
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equipment for collecting high-resolution measurements of intratidal bed-level changes 84 

during the transport and deposition phases has only recently become available. 85 

Therefore, much attention has been directed towards separating the relative 86 

contributions of resuspension, deposition, and advection processes from SSC time 87 

series, which has generally been performed using numerical models (e.g., Weeks et al., 88 

1993; Jago and Jones, 1998; Ellis et al., 2004; Krivtsov et al., 2008; Yu et al., 2012). 89 

However, there is a lack of high-quality data describing transport processes, meaning 90 

that the models are oversimplified versions of reality and some of the simplifications 91 

and assumptions do not have a sound physical basis. For example, modeling studies 92 

have usually either neglected or oversimplified the complex physical processes that 93 

play important roles in SSC variability, such as residual and M4 tidal currents, or 94 

variations in water depth (Stanev et al., 2007; Cheng and Wilson, 2008). 95 

The physical processes that influence SSC variability have been the subject of 96 

discussion for many decades. Some researchers have inferred that an increase in the 97 

SSC is only caused by resuspension by high flow velocities or strong waves (e.g., 98 

Christie et al., 1999; Janssen-Stelder, 2000; Wang et al., 2012). This inference was 99 

made without synchronous in situ measurements of intratidal bed-level changes. Other 100 

researchers assumed that sudden increases in SSCs were caused by nonlocal erosion 101 

and were attributable, in some cases, to advection alone (e.g., Dyer, 1989; Andersen et 102 

al., 2007; Salehi and Strom, 2012). For example, Andersen et al. (2007) found that a 103 

sudden increase in SSC when the tide was in the ebb phase occurred without bed 104 

erosion, suggesting that the increase was entirely attributable to advection (note that 105 
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this conclusion was made using in situ synchronous measurements of intratidal 106 

bed-level changes). Hence, it is reasonable to believe that variability in SSC should be 107 

attributed not only to resuspension and deposition processes, but also to advection 108 

(e.g., Dyer, 1989; Andersen et al., 2007; Salehi and Strom, 2012; Shi et al., 2015). The 109 

above evidence suggests that field measurements of intratidal bed-level changes are 110 

important in identifying the causes of the variability in SSC (e.g., Dyer, 1989; 111 

Andersen et al., 2007; Salehi and Strom, 2012). With the development of 112 

high-precision instruments, such as acoustic Doppler velocimeters (ADV; e.g., 113 

Andersen et al., 2007; Pratolongo et al., 2010; Salehi and Strom, 2012; Wang et al., 114 

2014; Shi et al., 2015) and acoustic scour monitors (ARXII; e.g., Christie et al., 1999, 115 

2000), which can measure intratidal bed-level changes during submergence and 116 

through the transport and deposition phases, it is possible to determine whether an 117 

increase in the SSC is caused by resuspension or advection processes over an 118 

intertidal wetland. These new technologies also allow the relative contributions of 119 

resuspension, deposition, and advection processes to SSCs to be quantified. 120 

The aim of the present study was to investigate the percentage contributions of 121 

resuspension, deposition, and advection processes to SSCs in the water column on a 122 

highly turbid macrotidal coastal mudflat by monitoring the real-time changes in 123 

velocity, water depth, wave height, SSC, and intratidal bed-level. This aim included 124 

three specific objectives. First, to quantify the amount of sediment that was 125 

resuspended and deposited from in situ measurements of the intratidal bed-level 126 

changes, and to quantify advection from integrated measurements of the current 127 
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velocity, depth-averaged SSC, and water depth. Second, to determine the relative 128 

contributions of resuspension, deposition, and advection to the SSC in the water 129 

column. Finally, to examine the influence of hydrodynamic and environmental factors 130 

on the variability in SSC, to extend our understanding of the key controlling variables, 131 

and to explain the variability in the contributions from the three transport processes to 132 

SSCs. Our results provide new insight into the sources, transport, and fates of 133 

sediments. The sediment transport patterns observed in this study have important 134 

implications for morphological changes on intertidal mudflats, particularly for 135 

accretional intertidal mudflats. 136 

2. Study area 137 

The study area was an exposed mudflat that is part of the larger Wanggang 138 

mudflat on the Jiangsu Coast, China, between the abandoned Yellow River Delta and 139 

the Yangtze River Estuary (Fig. 1A). The investigated mudflat faces the largest radial 140 

tidal sand ridges on the Chinese continental shelf and is northwest of an offshore sand 141 

ridge system in the southwestern part of the Yellow Sea (Fig. 1B). The study site is 142 

described as a continuous accretional intertidal mudflat because the SSCs over the 143 

sand ridge are high (0.2 kg/m
3
 on average) throughout the year as a result of the 144 

abundant sediment supply provided by the radial tidal ridge system off the Jiangsu 145 

coast, the Changjiang River, and the abandoned Yellow River delta (e.g., Ren, 1986; 146 

Zhang, 1992; Xing et al., 2012). The values for SSC vary in the range of 0.2–3.0 147 

kg/m
3
 on the lower intertidal flat and 0.8–1.6 kg/m

3
 on the middle tidal flat (Wang et 148 

al., 2012). 149 
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The study area is characterized by a macrotidal environment with spring tidal 150 

range of between 3.9 and 5.5 m and is dominated by semidiurnal tides (Ren et al., 151 

1985; Ren, 1986; Wang and Ke, 1997; Wang et al., 2012; Xing et al., 2012). It is a 152 

well-developed mudflat with a slope of only 0.018%–0.022% and a maximum width 153 

of 25 km (Liu et al., 2013); the width typically ranges from several kilometers to tens 154 

of kilometers (e.g., Zhu et al., 1986; Wang and Ke, 1997). There is a gauging station 155 

on the middle mudflat, approximately 6 km seaward from the sea wall (Fig. 1B), and 156 

there are no distinct creeks near the station. The surficial sediments are mainly silt and 157 

fine sand (Wang and Ke, 1997). During our field measurements, the median grain size 158 

of the bottom sediments in the uppermost 1–2 cm layer ranged from 68.1 to 75.7 μm. 159 

The bottom sediments were composed of grains of 63 μm (from medium to very fine 160 

sand) and 63 μm (silt and clay) (Fig. 2). 161 

3. Methods 162 

3.1 Field measurements 163 

The field measurements were made after the instruments were secured to a 164 

custom-made tripod. The tripod had been tested on previous occasions, and is an open 165 

structure with three stainless-steel legs, anchored at least 1.5 m deep in the bed to 166 

maintain its stability. The measurements of water depth, wave height, turbidity, 167 

near-bed boundary velocities, and intratidal bed-level changes were recorded 168 

synchronously from 27 to 30 April, 2013. 169 

Water depth and wave height were measured with a wave–tide recorder (SBE 170 

26plus SEAGAUGE Wave and Tide Recorders, Sea-Bird Electronics, USA). This 171 
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instrument (Resolution: 0.4 mm for wave measurement; Measurement accuracy: 172 

0.01% of the full scale) consists of a pressure sensor that was placed horizontally on 173 

the bed, close to the tripod, at a height of 0.15 m above the sediment surface. The 174 

sensor recorded data at a frequency of 4 Hz over a 256 s period, giving a total of 1024 175 

measurements per burst. The water depth and significant wave height were calculated 176 

according to the manufacturer’s software. To obtain a complete curve of the water 177 

depth, the distance between the pressure sensor and the sediment surface was 178 

corrected by adding 0.15 m to all the measured water depths to accommodate the 179 

distance between the pressure sensor and the sediment surface. 180 

Turbidity, salinity, and temperature were measured using three optical 181 

backscattering sensors on a self-recording instrument (OBS-3A Turbidity and 182 

Temperature Monitoring System; Washington, USA). The backscattering sensors 183 

(measurement accuracy: ±0.1 NTU (0-100 NTU), ±1 NTU (100-500 NTU), ±5 NTU 184 

(500-4000 NTU); sampling rate: 8 Hz) were positioned with their sensors facing 185 

outward at heights of 10, 20, and 40 cm above the bed. Unfortunately, the turbidity 186 

data at heights of 20 and 40 cm above the surface are missing for Tide 1 (27 April 187 

2013) because of instrument failure. In situ water samples collected from a boat 188 

during the collection of field measurements were used to calibrate the turbidity 189 

measurements and to estimate the errors associated with the SSC estimates from the 190 

optical backscattering sensors. 191 

The current velocity profiles were measured using an acoustic Doppler profiler 192 

(ADP-XR, SonTek, USA) with a sampling interval of 5 min. The ADP-XR 193 

http://www.iciba.com/interval/
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(measurement accuracy: ±1% of measured velocity; velocity resolution: 0.1 cm/s; 194 

blanking distance: 20 cm) was mounted on the seabed with the sensor probe facing 195 

upwards, at 5 cm above the sediment surface. The near-bed boundary velocities and 196 

intratidal bed-level changes were recorded using a 6 MHz Nortek Vector ADV 197 

(acoustic transmitter; measurement accuracy:±1 mm/s; sampling rate of 1-64 Hz) 198 

orientated downward, with its sensor installed 20 cm above the bed (i.e., the same 199 

height as the optical backscattering sensors). Data were collected in burst mode at 2 200 

min intervals (sampling time). The ADV also recorded the distance from the probe to 201 

the surface of the sediment (i.e., the boundary elevation; Salehi and Strom, 2012; 202 

measurement accuracy: ±1 mm). The vertical distance from the probe to the surface 203 

of the sediment increases when resuspension occurs (net erosion), and decreases when 204 

deposition occurs (net accretion) (Salehi and Strom, 2012; Wang et al., 2014). Thus, 205 

changes in the bed level attributable to net erosion or accretion can be measured using 206 

the ADV. We thus acquired information on the intratidal bed-level changes during the 207 

data collection periods, and related erosion and deposition from the time series 208 

(Andersen et al., 2007; Salehi and Strom, 2012; Wang et al., 2014). We used an ADV 209 

because it can provide data on intratidal bed-level changes to an accuracy of 1 mm 210 

(Andersen et al., 2007; Salehi and Strom, 2012). The accuracy of the bed-level 211 

measurements made with the ADV has been tested in the laboratory (Salehi and Strom, 212 

2012) and in the field (Andersen et al., 2007). The ADV can provide co-located, 213 

simultaneous measurements of current velocity and changes in bed elevation. It can 214 

also measure bed-level changes and current velocities in very shallow water because 215 
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the sampling distance is just 15 cm from the probe head. Accurate measurements are 216 

important to ensure robust quantitative estimates of the contributions of resuspension 217 

and deposition to SSCs. After the ebb time, we sampled bottom sediments over an 218 

area of 0.2 × 0.2 m at a depth of 0.05 m to determine the mass and density of wet and 219 

dry sediment. Surface sediment was collected from the uppermost 1–2 cm for grain 220 

size determination. 221 

3.2 Sample analysis and data processing 222 

3.2.1 Sediment sample analysis 223 

On arrival at the laboratory, the wet bottom sediments were weighed (Mwet), dried 224 

at 50°C until constant weight was achieved (~2 days), and then weighed again (Mdry). 225 

The ratio of wet to dry sediment mass was defined as β (β = Mwet/Mdry). Following Shi 226 

et al. (2012), the surface sediment samples were deflocculated before grain size 227 

determination to avoid measuring any larger flocs. The grain size was measured using 228 

a laser particle size analyzer (LS13320, Coulter, USA). 229 

3.2.2 Calculation of shear stresses 230 

The shear stress generated by waves (τw) is closely related to the wave orbital 231 

velocity (Ûδ, m/s, Eq.1) at the edge of the wave boundary layer, and Ûδ is given by 232 

wave parameters (wave height, wave period and water depth) (Whitehouse et al., 2000; 233 

Zhu et al., 2014) derived from wave measurement using SBE 26plus SEAGAUGE : 234 

)sinh(
ˆ

khT

H
U


                          (1) 235 

where H is wave height (m), T wave period (s), h water depth (m), k (= 2π/L) the 236 

wave number, L[= (gT
2
/2π) tanh(kh)] the wavelength (m), and g the gravitational 237 
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acceleration (=9.8 m/s
2
). 238 

The shear stress τw can then be calculated as follows (van Rijn, 1993):  239 

2

ww Û
2

1
 wrf               (2) 240 

where ρw is seawater density (=1030 kg/m
3
), ƒwr wave friction coefficient calculated 241 

by an equation provided by Soulsby (1997), utilizing the equivalent bed roughness ks 242 

= 25 η
2
/λ (Davies and Thorne, 2005) because the ripples were present at the present 243 

study areas. The parameters η and λ are the ripple height and the ripple wavelength, 244 

respectively, and are obtained by the in situ measurements of bed ripples. 245 

The turbulence velocity from ADV can be decomposed into two terms: the mean 246 

and fluctuating components (i.e., u = ū + ú, u denotes the measured velocity, ū the 247 

mean velocity, and ú the mean turbulence velocity). Therefore, the Turbulent Kinetic 248 

Energy (TKE) can be estimated from the turbulent fluctuations (Eq.3) (Andersen et al., 249 

2007; Shi et al., 2015), and then the shear stress generated by the current (τc) is 250 

expressed by Eq.4. 251 

  2/222 wvuETKE
              (3) 252 

TKEc EC                          (4) 253 

where ETKE is the Turbulent Kinetic Energy (TKE), u , v  and w  are the 254 

time-varying fluctuating velocity components, C a constant (=0.19, Stapleton and 255 

Huntley, 1995; Kim et al., 2000; Pope et al., 2006). 256 

In the van Rijn (1993) model, the bed shear stress generated by combined 257 

current-wave action (τcw, N/m
2
) can be calculated by current-wave model (Eq.5) 258 

proposed by van Rijn (1993). 259 
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wcrcw                  (5) 260 
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where ka is the apparent bed roughness, and ks the bed roughness. Based on the 262 

recommendation of van Rijn (1993), ka equals ks (i.e., 
r = 1) when the ratio of the 263 

peak orbital velocity to depth-averaged velocity is 1. The value for τc is positive when 264 

the wave direction is the same as the current direction, whereas is negative when the 265 

wave direction is opposite to the current direction (van Rijn, 1993).  266 

Sediment samples from the Wanggang mudflat (the present study area) showed 267 

no obvious biological community structure. The samples consist of sediments with 268 

less than several tens of microns and high water content. The median grain sizes of 269 

bottom sediments were 68.1–75.7 μm, and the sediment water content was 31% at the 270 

observation site. Based on recommendation of Taki (2000), we determined the critical 271 

shear stress for erosion (τcr, N/m
2
) using Eq.7.      272 
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sW
cr                    (7) 273 

where W is the sediment water content (measured in the laboratory); the 274 

dimensionless coefficient γ was chosen to be 0.3 based on the experimental data of 275 

Taki (2001); s (=ρs/ρw -1) the specific weight of a particle; ρs (=2650 kg/m
3
) the 276 

sediment particle density, ρw seawater density (=1030 kg/m
3

, measured in the 277 

laboratory).  278 

3.2.3 Erosion (E) flux and deposition (D) flux 279 

The intratidal bed-level change data recorded with the ADV were used to 280 

http://www.iciba.com/sediment/
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calculate the wet sediment mass per unit horizontal area per unit time produced by 281 

erosion (Mwet-E) and deposition (Mwet-D), and further Mwet-E and Mwet-D were converted 282 

into erosion flux and deposition flux, respectively. Thus the Mwet-E and Mwet-D were 283 

estimated as follows: 284 

Mwet-E = (Di+1 – Di) × ρwet × (1/Interval)     Di+1 > Di   (8) 285 

Mwet-D = 1i iD D   × ρwet × (1/Interval)  Di+1 < Di   (9) 286 

where ρwet is the density of the wet sediment (kg/m
3
), D is the distance from the probe 287 

to the surface sediment recorded with the ADV, and i is part of the bed elevation time 288 

series. In other words, the value of Di+1 is greater than the value of Di when erosion 289 

occurs, but less when deposition occurs. Interval is 120 s based on setup of ADV in 290 

the Section 3.1. In this study, the unit of Mwet-E and Mwet-D should be kg/m
2
/s on the 291 

basis of Eq. 8 and 9. 292 

The sediment flux produced by erosion (E, kg/m
2
/s) and deposition (D, kg/m

2
/s) 293 

was calculated as follows: 294 

E = Mwet-E/β          (10) 295 

D = Mwet-D/β          (11) 296 

where β is the wet to dry sediment mass ratio (i.e., β is the ratio of wet to dry sediment 297 

mass), and is defined in the Section 3.2. These wet mass estimates above based on in 298 

situ ADV measurements of intratidal bed-level changes, can be converted into erosion 299 

flux or deposition fluxes (dry mass per unit area per unit time; kg/m
2
/s) based on 300 

Eq.10 and 11. 301 
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On the other hand, theoretically, the erosion flux E is related to erodibility 302 

contant, τcw and τcr, and could be predicted using these parameters, and is expressed as 303 

Eq.12 (e.g., Johnsen et al., 1994; Winterwerp and van Kesteren, 2004; Lumborg, 2005; 304 

Zhu et al., 2014):  305 

     E = M [(τcw/τcr) -1]          for   τcw > τcr            (12) 306 

where E is the erosion flux (kg/m
2
/s), τcw is the bed shear stress generated by 307 

combined current-wave action (N/m
2
), τcr is the critical bed shear stress for erosion 308 

(N/m
2
), M is erodibility contant (kg/m

2
/s), and the applied value of M in this study 309 

was 0.1 kg/m
2
/s based on recommendation provided by Shi et al.(2014) and Zhu et 310 

al.(2014), which is on the same order of magnitude as a large number of published 311 

results (e.g., Johnsen et al., 1994; Whitehouse et al., 2000; Winterwerp and Van 312 

Kesteren, 2004; Lumborg, 2005).  313 

The deposition flux D, theoretically, is depended on settling velocity (ws) of 314 

suspended sediments and SSC in the tidal water, and generally is expressed by Eq.13 315 

(Winterwerp and van Kesteren, 2004): 316 

       D = wscb [1-(τcw/τcd)]          for   τcw < τcd        (13) 317 

where D is the deposition flux (kg/m
2
/s), ws is median settling velocity of the 318 

sediments (m/s), cb is the near-bed suspended sediment concentration (SSC, kg/m
3
), 319 

and τcd is critical shear stress for the deposition of suspended sediment (e.g., Krone 320 

1962, van Rijn 1993, Soulsby 1997, Shi et al., 2012). The τcd ranges from 0.01 to 0.1 321 

N/m
2
, and is typically 0.05 N/m

2 
for fine-grained sediment (Lumborg, 2005). 322 

Therefore, the applied value of τcd is 0.05 N/m
2 

in the present study because the 323 
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suspended sediments in the present intertidal wetland are composed of a range of 324 

fine-grained mineral particles (Fig.2). 325 

A strong correlation is found between SSC of water samples and turbidities 326 

(SSC=0.0031T, correlation coefficient R
2
 is 0.97, T denotes turbidity). In this study, 327 

near-bed turbidities measured by OBS-3A in the field can be converted to SSC using 328 

this calibrated regression equation. 329 

3.2.4 Suspended sediment flux 330 

To obtain accurate estimates of SSC in the water column, the turbidity 331 

measurements recorded in the field by the three optical backscattering sensors were 332 

calibrated using in situ water samples, following Yang et al. (2007). The relationships 333 

between turbidity (T, measured in nephelometric turbidity units, NTU) and SSC 334 

(kg/m
3
) were expressed as follows: 335 

SSC = 0.0019T + 0.06 (R
2
 = 0.98), mean relative error = 0.018 (10 cm above the bed), 336 

SSC = 0.0008T + 0.44 (R
2
 = 0.81), mean relative error = 0.116 (20 cm above the bed), 337 

SSC = 0.0018T + 0.09 (R
2
 = 0.98), mean relative error = 0.016 (40 cm above the bed), 338 

where R
2
 is the correlation coefficient for the fitted relationship, and the mean relative 339 

error represents the error between the measured and calibrated SSCs. 340 

Using these calibrated SSC values, suspended sediment flux (F, dry suspended 341 

sediment mass per unit area per unit time, kg/m
2
/s) is expressed as follows: 

 

342 

F dz)t,z(u)t,z(SSC
H

1

H

         (14) 

 

343 

where H is water depth (m), z is height (m) above the bed, t is time (s), and u is mean 344 

current velocity (m/s).  345 
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3.2.5 Percentage contributions of resuspension, deposition, and advection to SSC in 346 

the water column 347 

Using the above information, we can calculate the percentage contributions of 348 

erosion and deposition to SSC with Eq.15 and Eq.16, respectively: 349 

φE = 100% × E /F           (15) 350 

φD = –100% × D /F           (16) 351 

where φE and φD are the percentage contributions of resuspension and deposition to 352 

the SSC in the water column, respectively. In this study, φE is positive when 353 

resuspension causes an increase in the SSC, and φD is negative when deposition 354 

causes a reduction in the SSC. To show clearly relationship between suspended 355 

sediment flux(F), erosion/deposition(E/D) flux and advective flux (F0), we have given 356 

a conceptual diagram in term of their relationships (Fig.3). 357 

On the basis of φE and φD, the percentage contribution of advection (φA) to SSC 358 

can be calculated as follows: 359 

φA = (1 – φE) × 100%   Di+1 > Di     (17) 360 

φA = (1 – φD) × 100%   Di+1 < Di     (18) 361 

3.3 Empirical orthogonal function (EOF) analysis 362 

The empirical orthogonal (eigen) function (EOF) is a powerful analytical 363 

technique for extracting detailed information from large datasets. The technique has 364 

been widely applied in studies of sediment transport, morphological change, and 365 

suspended sediment dynamics (e.g., Liu and Lin, 2004; Liu et al., 2009; Dai et al., 366 

2010, 2013a, 2013b). The technique breaks down a set of intercorrelated variables 367 
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into a small number of statistically independent variables (Dai et al., 2013a, 2013b). 368 

In this study, the values for possible influential factors (water depth, salinity, water 369 

temperature, current velocity [Ub], significant wave height [Hs], wind speed, and SSC), 370 

as collected during the field campaign, were standardized to form a single matrix M: 371 

M = M(M1…Mm)         (19) 372 

where M is an n × m matrix, n represents a potential control on the variability of the 373 

SSC, and m is the observed time. 374 

A standardized covariance matrix S (S = M M′) was then produced (matrix M′ is 375 

the transpose of matrix M). Matrix S was then broken down to obtain the eigenvalues 376 

λ(λ1…, λm) and the influencing factor modes (V). The cumulative contribution (Ф) of 377 

the first k eigenvalues of matrix S was calculated as follows (e.g., Dai et al., 2013a): 378 

1 1

/
k m

i i

i i 

           (20) 379 

The cumulative contribution represents the main information from the original 380 

datasets when Ф > 85% (Emery and Thomson, 2001; Dai et al., 2013b). 381 

4. Results 382 

4.1 Wind speed, water depth, and current velocity 383 

We split the analysis into two periods representing calm weather (Tides 1–4 and 384 

6) and rough weather (Tide 5). The analysis of wind speed measured at Dafeng 385 

Harbor indicated that the calm weather conditions were characterized by wind speeds 386 

of 3.2–9.8 m/s and an average wind speed of 7.4 m/s. The wind was in an offshore 387 

direction (131°–170°) during Tides 1–4, and in an onshore direction (30°–115°) 388 
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during Tide 6 (Fig. 4C). In contrast, the rough weather conditions were characterized 389 

by an onshore wind (0°–26°) with maximum and average speeds of 13.9 m/s and 9.2 390 

m/s, respectively (Fig. 4C). 391 

The observed changes in water depth are shown in Fig. 4A and Table 1. The 392 

maximum water depth for six consecutive tides ranged from 0.77 to 1.50 m, and the 393 

mean water depth ranged from 0.64 to 1.10 m (Table 1). The duration of submergence 394 

was 4.0–4.5 h, with different durations for flood and ebb phases, indicating that the 395 

tide was asymmetrical during the period of field measurements (Fig. 4A). 396 

For the entire study period, the current velocity varied from 0.10 to 0.65 m/s (Fig. 397 

4B; Table 1). The average current velocity was greater during the ebb phase than 398 

during the flooding phase (Fig. 4B). The current velocity rotated in a clockwise 399 

direction, and tended to be onshore (southwestward) during the initial stages of 400 

flooding, alongshore (northwestward) during the middle and high tides, and offshore 401 

(northeastward) during the ebb stage (Fig.4B). The current reached a maximum 402 

velocity in the offshore direction around the middle stage of the ebb phase (Fig. 4B). 403 

4.2 Wave height, salinity, and water temperature 404 

During calm weather, the maximum and average wave heights were 0.08–0.25 m 405 

and 0.06–0.13 m, respectively. In contrast, during rough weather the maximum and 406 

average wave heights were 0.38 and 0.2 m (Table 1), respectively, showing that wind 407 

had a significant influence on wave height. 408 

Time series for tidal water salinity and temperature are shown in Fig. 5B. The 409 

water salinity, measured in practical salinity units (PSU), ranged from 22 to 25 (Table 410 
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1) and was slightly lower during the flood phase than during the ebb phase (Fig. 5B). 411 

4.3 SSC and bed-level changes 412 

The values of SSC (z = 10 cm) near the bed (ranged from 0.5 to 2.8 kg/m
3
) were 413 

noticeably higher than those measured at 20 and 40 cm above the bed (ranged from 414 

0.2 to 1.5 kg/m
3
) during normal weather, although the values for all three heights 415 

showed similar temporal fluctuations (Fig.5C). The average SSCs during rough 416 

weather conditions were higher than those at corresponding heights during calmer 417 

weather (Table 1). 418 

The time series of intratidal bed-level changes is shown in Fig.5D. Negative 419 

values denote erosion, and positive values denote deposition. Although there was a 420 

general trend of accretion in the bed level during Tides 1–4 and Tide 6, and erosion 421 

during Tide 5, erosion and deposition fluctuated frequently (Fig. 5D). Strong erosion 422 

occurred during rough weather, and the maximum erosion rate was –0.26 mm/s. In 423 

contrast, the maximum deposition rate of +0.13 mm/s was measured during calm 424 

weather. 425 

4.4 Bed shear stresses 426 

The bed shear stresses due to currents (τc), waves (τw) and combined 427 

current–wave action (τcw), are shown in Fig.6B, C and D. The maximum and average 428 

values of τc were 0.048–0.224 N/m
2
 and 0.021–0.093 N/m

2
 (Tide 2) during the field 429 

measurements. The value of τw was relatively stable during Tides 1–4 (0.022–0.056 430 

N/m
2
 on average), and was smaller than the corresponding τc during Tides 1–4 and 431 

6–10. The τw increased dramatically during Tide 5 (average = 0.10 N/m
2
 for Tide 5). 432 
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The τcw was calculated using the model of van Rijn (1993). For the total tide, the 433 

average value of τcw was 0.025–0.122 N/m
2
. The maximum values of τcw during the 434 

field measurements occurred on Tide 5 and were 0.292 N/m
2
. 435 

4.5 Sediment fluxes 436 

The estimated values for E, D, and F are listed in Table 2 and shown in Fig.5E. 437 

The value for E was greater during Tide 5 than during Tides 1–4. The average value 438 

for F (1.02 kg/m
2
/s) during Tide 5 were greater than the values for E (0.02 kg/m

2
/s) 439 

and D (0.02 kg/m
2
/s) for corresponding tide (Table 2), and the average value for F 440 

(ranged from 0.13 to 0.32 kg/m
2
/s) during Tide 1-4 and 6 were greater than the values 441 

for E (ranged from 0.01 to 0.02 kg/m
2
/s) and D (ranged from 0.01 to 0.02 kg/m

2
/s) for 442 

corresponding tide. In all, from Table 2, on average advection flux was at least 9.5 443 

times higher than erosion flux (E) and deposition flux (D) of corresponding tide. 444 

Erosion flux and deposition flux inferred from in situ bed-level changes and 445 

predicted by engineering formula, respectively, was showed in Fig.6E and F. For 446 

erosion flux (Fig.6E), the values of erosion flux inferred from in situ bed-level 447 

changes (ranged from 0.002 to 0.043 kg/m
2
/s) are same order of magnitude as that 448 

predicted by engineering formula (ranged from 0.001 to 0.059 kg/m
2
/s). For 449 

deposition flux (Fig.6F), the values of deposition flux inferred from in situ bed-level 450 

changes (ranged from 0.001 to 0.041 kg/m
2
/s) are also same order of magnitude as 451 

that predicted by engineering formula (ranged from 0.001 to 0.042 kg/m
2
/s). Overall, 452 

this study could provide an important hint for understanding sediment dynamic 453 

processes in the rough turbulent boundary layers.  454 
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4.6 Percentage contributions of resuspension, deposition, and advection processes 455 

The percentage contributions of resuspension (φE), deposition (φD), and 456 

advection (φA) to the SSC in the water column are shown in Fig.5F and listed in Table 457 

2. Over the entire period of field measurements, the maximum values for φE and φD 458 

ranged from 9.07% to 41.32% and from –8.24% to –34.27%, respectively (the minus 459 

sign denotes a negative contribution to the SSC) (Table 2). On average, the absolute 460 

value for φE was similar to that for φD. In contrast, the average value for φA was much 461 

larger than the absolute values for φE and φD for a corresponding tide (Fig.5F), 462 

showing that advection was the main cause of the variation in SSC. The contributions 463 

of resuspension and deposition were minor in comparison. 464 

4.7 EOF analysis 465 

Advection, resuspension, and deposition processes are determined by 466 

hydrodynamic conditions (e.g., water depth, wind, current velocity [Ub], and wave 467 

height [Hs]) (e.g., Andersen et al., 2007; Wang et al., 2006, 2012; Zhu et al., 2014), 468 

and are influenced by environmental factors such as water temperature and salinity 469 

(e.g., Krögel and Flemming, 1998; Xing et al., 2010, 2012). Salinity is also a key 470 

indicator of net water movement onshore/offshore. Therefore, datasets of the 471 

hydrodynamic and environmental factors and SSC during each tidal cycle were 472 

analyzed with EOF to identify the major modes of correlated variance. The first three 473 

modes explained 84.8%–92.0% of the correlations (standardized covariance) (Fig.6). 474 

The eigenvectors show the groupings of the variables in the data set, and the 475 

eigenweights indicate the temporal distributions of the variables. The most important 476 
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mode (mode 1) explained 36.4%–62.4% of the data, and showed an inverse 477 

relationship between salinity and SSC (Fig.7A2–C2, E2–F2), a positive correlation 478 

between salinity and temperature during the daytime (Fig. 7A2, C2), and an inverse 479 

relationship between salinity and temperature at night (Fig.7B1, D1, F1). The mode 480 

for Tides 1–3 describes the increase in salinity and hydrodynamics, and the associated 481 

reduction in SSC during the tidal cycle (Fig.7A2–C2). This mode indicates that high 482 

SSC occurred in less-saline water under flood conditions and that SSC correlated 483 

weakly with the hydrodynamic conditions. Conversely, this mode for Tide 5 shows 484 

that the current velocity, wave height, and SSC reached their maxima in high water 485 

(Fig. 7E1). The second mode accounted for 21.1%–32.6% of the correlations (Fig. 7). 486 

The grouped variables indicate that waves were responsible for most of the variability 487 

in SSC in Tides 3, 5, and 6 (Fig. 7C2, E2, and F2). Because the third mode of Tides 1, 488 

2, 3, and 6 explained less than 10% of the data, only Tides 4 and 5 (explaining 11.7% 489 

and 15.8% of the data, respectively) are described (Fig. 7). This mode shows that SSC 490 

variability correlated positively with wind speed and waves in Tide 4, and with wind 491 

speed in Tide 5 (Fig. 7D1–E1). 492 

5．Discussion 493 

5.1 Contributions of erosion, deposition, and advection to SSC variability 494 

     Erosion flux and deposition flux are important and fundamental sedimentary 495 

processes, and are key concepts for quantifying intertidal morphological behavior and 496 

sediment transport in the aquatic environment. A large number of studies have 497 

conducted many laboratory or field experiments for assessing erosion and deposition 498 
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event (e.g., Partheniades, 1965; Ariathurai and Krone, 1976; Dyer, 1986; Mehta, 1988; 499 

Mehta et al., 1989; Van Leussen and Winterwerp, 1990; Sanford and Halka, 1993; 500 

Janssen-Stelder, 2000; Winterwerp and van Kesteren, 2004; Andersen et al., 2007; Shi 501 

et al., 2012; Zhu et al., 2014), and thus many engineering formulas for predicting 502 

sediment erosion flux or deposition flux have been produced (e.g., Partheniades, 1962, 503 

1965, 1986, 1993; Johnsen et al., 1994; Winterwerp and van Kesteren, 2004; Lumborg, 504 

2005). However, to date, there has still disputed in term of physical meaning of 505 

erosion flux and deposition flux in the scientific community. First, erosion flux and 506 

deposition flux are considered dividually, and erosion event occurs only when τcw >τcr  507 

(Eq.12), and deposition event occurs only when τcw < τcd  (Eq.13) (e.g., Whitehouse et 508 

al., 2000; Lumborg, 2005; Shi et al., 2012). Second, erosion and deposition event 509 

occur simultaneously, and net erosion occurs only when E > D, and net deposition 510 

occurs only when D>E (e.g., Ariathurai and Krone, 1976; Dyer, 1986; Mehta, 1988; 511 

Mehta et al., 1989; Van Leussen and Winterwerp, 1990; Sanford and Halka, 1993; 512 

Winterwerp and van Kesteren, 2004; Shi et al., 2014). Therefore, two assumptions 513 

above should be tested further. In the present study, we have predicted E and D based 514 

on τcw, τcr, τcd and SSC (Eq.12 and 13), and have also inferred E and D from in situ 515 

measurement of intratidal bed-level changes from ADV(Fig.6). The present results 516 

showed that theoretically this prediction and inferring of E and D appears to support 517 

the first assumption, in other words, erosion and deposition event can not occur 518 

simultaneously. In fact, this assumption was also supported by many erosional and 519 

depositional flume or field experiments (Partheniades, 1965; Sanford and Halka, 1993; 520 
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Winterwerp and van Kesteren, 2004; Shi et al., 2012; Zhu et al., 2014). For example, 521 

Partheniades (1965) carried out three experiments in a rotating annular flume, 522 

suggesting that deposition and erosion cannot occur simultaneously in the rough 523 

turbulent boundary layers. Therefore, an analysis from field and theoretical 524 

investigation of erosion flux and deposition flux is an important implication in 525 

understanding erosional and depositional mechanisms that underlie the sedimentary 526 

process and morphological evolution in intertidal wetland environments.  527 

In this study, the value of τc during Tides 1–4 was comparable with the value of 528 

τc at the flooding stage of Tide 5 (Fig.6C), whereas the value of τw at the flooding 529 

stage of Tide 5 was greater than that during Tides 1–4 (Fig. 5B), and severe erosion 530 

occurred only during Tide 5 (Fig.5D), suggesting the importance of waves to the 531 

dynamic processes associated with sedimentation in the intertidal environments, and 532 

that local intratidal sediment suspension and sedimentation can be dominated by wave 533 

action. This is probably the case for other intertidal mudflats. For example, 534 

Janssen-Stelder (2000) found that during calm weather, deposition occurred and 535 

current velocities were the dominant processes, whereas during storms, erosion 536 

occurred and wave activity dominated, indicating that variations in hydrodynamic 537 

conditions have a direct effect on erosion or accretion on tidal flats and that the role of 538 

waves in resuspending bottom sediments is also of importance. 539 

The present analysis of the percentage contributions of erosion, deposition, and 540 

advection processes shows that on average advection flux was at least 9.5 times 541 

higher than erosion flux and deposition flux of corresponding tide (Table 2). Thus the 542 
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variability in SSC was mainly controlled by advection, with only limited contributions 543 

from erosion and deposition event (Fig. 5F). Theoretically, the variability of SSC at a 544 

given location is governed by the mass conservation equation, and sediment erosion 545 

and accretion on the tidal flat depends on spatial gradient of advection flux (e.g., 546 

Weeks et al., 1993; Bass et al., 2002; Yu et al., 2012). Previous studies in this area 547 

have reported that for a complete tidal cycle, the depth-averaged SSC over the lower 548 

intertidal flat (peak SSC >3 kg/m
3
) is generally higher than that over the middle 549 

intertidal flat (0.8–1.6 kg/m
3
) during normal weather (Wang et al., 2012), and there 550 

has abundant sediment supply from the radial tidal ridge system located between the 551 

Yangtze River and the abandoned Yellow River Delta (Ren, 1986; Zhang, 1992; Wang 552 

et al., 2006; Wang et al., 2012; Xing et al., 2012). Whereas depth-averaged SSC 553 

ranged from 0.66 to 1.5 kg/m
3
 during calm weather in this study, and the present 554 

observation site was also located at the middle intertidal flat. Therefore, It is 555 

reasonable that in this study the variability in SSC is mainly controlled by advection 556 

owing to spatial gradient of advection flux from lower intertidal flat to the middle 557 

intertidal flat based on advective diffusion equation. This case also appears in the 558 

other estuarine systems. For example, Velegrakis et al. (1997) found that the SSC 559 

variability was mainly controlled by advection along a cross-section of the central 560 

English Channel, which they attributed to the same causes as those identified in the 561 

present study. They found that large quantities of sediments derived from the coastal 562 

zone and estuarine environments with high SSC were advected towards the offshore 563 

waters of the English Channel, where the SSC was very low, and that the high SSC in 564 
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the bottom layer was unlikely to result from in situ sediment erosion, but appeared 565 

instead to be controlled mainly by advection due to existence of spatial gradient of 566 

advection flux. Additionally, the present case also reflects the limited erosion resulting 567 

from long-term consolidation of the bottom sediments. Consolidation takes ~9 h 568 

during the between-tide phases at the gauging station. The length of time taken can 569 

increase the bed strength and the critical shear stress required for the erosion of bed 570 

sediments, resulting in a reduced erosion rate. Whereas the situation reported by 571 

Velegrakis et al. (1997) probably reflects the limited contribution of the erosion of 572 

bottom sediments to the SSC, as we postulated, because of the bed armoring that 573 

prevented the erosion of fine-grained sediments (Velegrakis et al., 1997). 574 

5.2 Influence of dynamic and environmental factors on variability in SSC and 575 

implications for morphological changes 576 

Many previous studies of sediment dynamics have shown that hydrodynamic factors 577 

(e.g., water depth, wind, current velocity [Ub], and wave height [Hs]) and 578 

environmental factors (e.g., water temperature and salinity) may directly influence 579 

resuspension, deposition, and advection processes (e.g., Krögel and Flemming, 1998; 580 

Wang et al., 2006, 2012; Andersen et al., 2007; Xing et al., 2010, 2012; Shi et al., 581 

2012; Zhu et al., 2014). For example, a reduction in water temperature leads to (1) an 582 

increase in water viscosity and the critical shear stress required to erode bottom 583 

sediments; (2) a reduction in the settling velocity of sediments (Krögel and Flemming, 584 

1998; Table 5 in Xing et al., 2012); and (3) a reduction in resuspension and deposition 585 

(Xing et al., 2012). Sudden increases in wind strength or wave height may cause 586 
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greater resuspension of the bottom sediments (e.g., Janssen-Stelder, 2000; Andersen et 587 

al., 2007; Wang et al., 2012). In contrast, when hydrodynamic conditions are weak, 588 

the sediment in the tidal water is unlikely to remain in suspension (e.g., Cancino and 589 

Neves, 1999; Christie et al., 1999; Lumborg, 2005; Shi et al., 2012), resulting in 590 

greater deposition. Therefore, as well as the processes described above, hydrodynamic 591 

and environmental factors can influence erosion, deposition, and advection, and are 592 

therefore additional controls on SSC variability. 593 

In this study, we used an EOF analysis to determine the hydrodynamic and 594 

environmental factors that exerted most control on the temporal changes in SSC 595 

variability on an accretional coastal mudflat. Our results clearly explain why 596 

advection had the greatest influence on the variations in SSC. The inverse relationship 597 

between SSC and salinity, and the weak correlation between SSC and hydrodynamic 598 

conditions indicate that the high suspended sediment load during flood conditions is 599 

carried by less-saline water, and that the suspended sediment is not locally sourced, 600 

but is derived from elsewhere (less-saline water, high SSC), most likely from the 601 

radial sand ridge system. Northwestwardly or southwestwardly flood water from 602 

offshore (the radial sand ridge system) arrived at the study site first, transporting 603 

less-saline water with a higher SSC. As the water level increased, the hydrodynamics 604 

strengthened, and the study site was influenced by more offshore water; salinity 605 

increased and SSC decreased until the ebb phase. The EOF results confirm that the 606 

sediment transport patterns were dominated by advection, promoted by an abundant 607 

sediment supply and the limited resuspension of bed sediments 608 
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Advection was probably driven by wind, currents, and related alongshore 609 

transport. In the field study, the wind field was northward during Tides 1–4, 610 

southward during Tide 5, and westward during Tide 6 (Fig. 4). Conversely, the current 611 

turned in a clockwise direction, from southwestward to northward. These prevailing 612 

wind and current directions provide a plausible explanation for the advection of the 613 

abundant sediment supply from the radial tidal ridge towards our field location, and 614 

helps explain why advection was the major factor controlling the variability in SSC. 615 

The covariations in SSC and hydrodynamic factors in the less important modes 616 

provide further confirmation that suspension plays a minor role in SSC variability. 617 

The pattern of sediment transport described in this study has important 618 

implications for morphological changes that occur in intertidal mudflats, especially in 619 

accretional intertidal mudflats. We explain these implications in the context of our 620 

study site. The gauging station is located in the middle of an intertidal mudflat, and 621 

accretion occurs under calm weather conditions (Fig. 5D). Therefore, it is reasonable 622 

to expect that weaker hydrodynamic conditions occur on the upper part of this 623 

intertidal mudflat because the current and wave energies are attenuated (e.g., Shi et al., 624 

2010, 2012; Yang et al., 2012), resulting in enhanced accretion on the upper intertidal 625 

mudflat during calm weather. This proposal was confirmed by the findings of the bed 626 

elevation surveys on this intertidal mudflat reported by Wang et al. (2012). Their 627 

results show significant accretion of the intertidal profile since 1978 (Fig. 12 in Wang 628 

et al., 2012). The maximum accretion thicknesses was 0.18 m, and the accretion rate 629 

ranged from ~0.80 to 2.82 mm/day on the upper intertidal mudflat from May to 630 
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December 2008 (Fig. 9 in Wang et al., 2012). The observed advection-dominated 631 

sediment transport pattern introduces an abundant sediment supply to the upper 632 

intertidal mudflat. Therefore, the study area is termed an accretional intertidal mudflat 633 

because of this sediment transport pattern. 634 

Although we interpreted the major factors and physical mechanisms 635 

controlling the variability in SSC in detail, together with implications for related 636 

morphological changes, our research indicates that further studies are required to 637 

provide a complete understanding of the sources and fates of suspended sediments on 638 

macrotidal mudflats. In particular, further studies should focus on (1) improving the 639 

precision of predictions of E and D. Although predicted values of E and D are at least 640 

acceptable compared with inferred values of E and D, predicted values are sometime 641 

big different with corresponding inferred values; (2) estimating the contributions of 642 

resuspension, deposition, and advection to SSC variability during typhoon or storm 643 

events, because these conditions are likely to influence their relative contributions; (3) 644 

extending our understanding of the factors that control variations in SSC when there is 645 

abundant sediment resuspension or a limited sediment supply from estuaries or coastal 646 

lagoons; and (4) examining variability in SSC in very-shallow-water environments 647 

(e.g., water depths < 10 cm) dominated by waves. Such studies would extend our 648 

understanding of the physical processes that control sediment transport, and their role 649 

in the morphological changes that occur on intertidal mudflats. 650 

651 
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6. Conclusions 652 

We undertook field measurements of intratidal bed-level changes, water depth, 653 

wave height, current velocity, and SSC on a highly turbid, accretional macrotidal 654 

mudflat on the Jiangsu Coast, China. These measurements were used to quantify the 655 

relative roles of erosion, deposition, and advection on SSC variability. The major 656 

findings of this study are as follows.  657 

 1. Sediment flux estimates for erosion, deposition, and advection demonstrated 658 

that average advection flux was much higher than average erosion flux and deposition 659 

flux of corresponding tide, and that advection, driven by tidal currents, wind, and 660 

associated alongshore transport, was responsible for almost all the variability in SSC 661 

over a complete tidal cycle.  662 

2. An EOF analysis of the influence of hydrodynamics and environmental factors 663 

on the SSC variability showed that the advection-dominated sediment transport 664 

pattern occurred because of an inverse relationship between SSC and salinity, and that 665 

SSC and hydrodynamic conditions correlated only weakly. Our results also indicate 666 

that the high suspended sediment loads observed during flood conditions were 667 

transported by less-saline water, and that the source of this sediment was not, but from 668 

elsewhere (a less-saline environment with a high SSC), most likely the radial sand 669 

ridge system. Therefore, we conclude that advection is the key transport process 670 

because of the abundant sediment supply and the limited resuspension of bed 671 

sediments.  672 

3. Analysis of the advection-dominated sediment transport pattern demonstrated 673 
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why this particular intertidal mudflat is accretional, and showed that detailed studies 674 

of transport processes can help to identify the sources and fates of suspended 675 

sediments. These findings help to interpret morphological changes in intertidal 676 

mudflats. 677 

Future research on the sources and fates of suspended sediments should focus on 678 

estimating the relative contributions of resuspension, deposition, and advection 679 

transport processes to SSC variability, particularly under more extreme weather 680 

conditions than were studied here (such as typhoon or storm events), and focus on 681 

improving our understanding of the variability in SSC in very-shallow-water 682 

wave-dominated environments (e.g., water depths < 10 cm), both of which are likely 683 

to present different sediment transport patterns. 684 
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Figure captions 862 

Fig. 1. (A) Study area (red box), and (B) magnified area showing the location of the 863 

gauging station (black triangle).  864 

Fig. 2. Size distribution of the uppermost 1–2 cm of surface sediment on the 865 

Wanggang mudflat, Jiangsu Coast, China, in the period 27–30 April, 2013. 866 

Median = median grain size. 867 

Fig. 3. Conceptual diagram of relationship between suspended sediment flux(F) and 868 

erosion/deposition(E/D) flux. F: Suspended sediment flux (including erosion 869 

flux E and deposition flux D); F0：Advective flux. 870 

Fig. 4. Time series of water depth (A), current velocity (B), and wind speed (C) 871 

during the field study (27–30 April 2013). The dataset for current velocity was 872 

derived from ADP-XR, and was depth-averaged. Wind speed and direction were 873 

recorded every minute at a marine gauging station near the present observation  874 

site. 875 

Fig. 5. Time series of (A) water depth (h, m) and wave height (H, m); (B) salinity (S, 876 

PSU) and temperature (T, °C); (C) SSC (suspended sediment concentration, 877 

kg/m
3
) at heights of 10, 20, and 40 cm above the bed (z denotes the height above 878 

the bed); (D) bed-level changes (mm); (E) dry sediment mass; and (F) percentage 879 

contribution (%). In Fig.4 (C), the SSC data at heights of 20 and 40 cm above the 880 

bed are missing during Tide 1 because of instrument failure.  881 

Fig. 6. Time series of (A) Water depth (m); (B) Bed shear stress due to waves (τw, 882 

N/m
2
); (C) Bed shear stress due to current (τc, N/m

2
); (D) Bed shear stress 883 

under combined current-wave action (τcw, N/m
2
); (E) Erosion flux (kg/m

2
/s) 884 

inferred from in situ measurement of intratidal bed-level changes and predicted 885 

by engineering formula, respectively, and (F) Deposition flux (kg/m
2
/s) inferred 886 

from in situ measurement of intratidal bed-level changes and predicted by 887 

engineering formula, respectively. In Fig.5 (E) and (F), erosion and deposition 888 

flux is average value within 10 minutes. 889 

Fig. 7. Results of the EOF analysis to determine the factors that influence SSC 890 
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variability. The eigenvectors and eigenweights of the first three eigenmodes 891 

during Tide 1 (A1 and A2), Tide 2 (B1 and B2), Tide 3 (C1 and C2), Tide 4 (D1 892 

and D2), Tide 5 (E1 and E2), and Tide 6 (F1 and F2) are shown. These 893 

eigenmodes represent the main information of the original data (cumulative 894 

contribution > 85%).  895 

 896 

Table captions 897 

Table 1 Summary statistics for water depth (m), salinity (PSU), temperature (°C), 898 

dynamic conditions, depth-averaged SSC (kg/m
3
), and intratidal bed-level 899 

changes (mm). The dynamic conditions include wind speed (m/s), current 900 

velocity (Ub, m/s), and wave height (Hs, m). 901 

 902 

Table 2 Statistics for erosion flux (E, kg/m
2
/s), deposition flux (D, kg/m

2
/s) and 903 

advection flux(F, kg/m
2
/s), and the percentage contributions from erosion (φE), 904 

deposition (φD), and advection (φA) flux to suspended sediment concentrations 905 

(SSC) in the water column. 906 
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Table 1 Summary statistics for water depth (m), salinity (PSU), temperature (°C), dynamic conditions, depth-averaged SSC (kg/m
3
), and intratidal bed-level changes 

(mm). The dynamic conditions include wind speed (m/s), current velocity (Ub, m/s), and wave height (Hs, m). 

 

*The minus sign (“–”) denotes erosion. 

 

 

 

 

Tides 
Water depth (m) Salinity (PSU)  

Temperature 

(°C)` 

Dynamic conditions 
Depth-averaged 

SSC (kg/m
3
) 

Intratidal bed-level changes (mm/s)
* 

wind speed (m/s)  Ub (m/s)  Hs (m) 
 Net erosion  Net accretion 

Max Mean  Max Mean  Max Mean  Max Mean  Max Mean  Max Mean  Max Mean  Max Mean  Max Mean 

Tide 1 1.16 0.92  25.03 23.93  17.32 15.60  8.50 6.08  0.41 0.23  0.11 0.07  1.43 0.66  –0.08 –0.02  0.08 0.02 

Tide 2 1.04 0.84  25.37 24.93  15.31 14.27  10.00 8.13  0.52 0.29  0.10 0.07  1.84 1.43  –0.08 –0.03  0.05 0.03 

Tide 3 1.28 0.96  25.35 24.78  17.12 15.75  10.10 7.23  0.65 0.22  0.25 0.13  2.84 1.40  –0.05 –0.02  0.03 0.02 

Tide 4 0.98 0.76  25.47 25.20  16.05 15.03  7.10 6.05  0.56 0.25  0.08 0.06  1.99 1.30  –0.03 –0.02  0.03 0.02 

Tide 5 1.50 1.10  25.37 24.42  16.24 15.65  13.90 9.23  0.35 0.21  0.38 0.20  7.87 4.23  –0.26 –0.05  0.13 0.04 

Tide 6 0.77 0.64  24.79 23.96  16.01 15.41  6.10 3.95  0.33 0.21  0.08 0.06  2.32 1.50  0.13 –0.04  0.11 0.04 
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Table 2 Statistics for erosion flux (E, kg/m
2
/s), deposition flux (D, kg/m

2
/s) and advective flux(F0, kg/m

2
/s), and the percentage contributions from erosion (φE), 

deposition (φD), and advection (φA) flux to suspended sediment concentrations (SSC) in the water column.  

 

 

*A minus sign (“–”) denotes a negative contribution to the suspended sediment concentration in the water column; a plus sign (“+”) denotes a positive 

contribution to the suspended sediment concentration in the water column. 

Tides 

Sediment flux ( kg/m2/s ) ` Percentage contribution (%)* 

E  D  F0  φE  φD  φA 

Max Min Mean  Max Min Mean  Max Min Mean  Max Min Mean  Max Min Mean  Max Min Mean 

Tide 1 0.04 0 0.01  0.04 0 0.01  0.24 0.05 0.13  +22.06 +1.17 +16.27  –30.42 –1.19 –16.55  +130.42 +77.94 +100.87 

Tide 2 0.04 0 0.01  0.03 0 0.01  0.45 0.10 0.26  +20.09 +0.63 +6.10  –16.45 –0.60 –5.20  +116.45 +79.91 +99.97 

Tide 3 0.03 0 0.01  0.02 0 0.01  0.60 0.13 0.32  +12.12 +0.64 +4.63  –8.24 –0.24 –4.63  +108.24 +87.88 +100.08 

Tide 4 0.01 0 0.01  0.02 0 0.01  0.33 0.09 0.20  +9.07 +1.01 +5.50  –11.12 –0.95 –5.87  +111.12 +90.93 +100.02 

Tide 5 0.14 0 0.02  0.14 0 0.02  3.21 0.02 1.02  +113.61 +0.08 +5.17  –24.51 –0.16 –4.66  +245.25 +58.68 +100.51 

Tide 6 0.07 0 0.02  0.06 0 0.02  0.32 0.03 0.19  +62.05 +1.01 +13.41  –34.27 –1.38 –11.70  +134.27 +37.95 +99.95 
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Fig. 1. (A) Study area (red box), and (B) magnified area showing the location of the gauging station 

(black triangle).  
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Fig.2. Size distribution of the uppermost 1–2 cm of surface sediment on the Wanggang mudflat, 

Jiangsu Coast, China, in the period 27–30 April, 2013. Median = median grain size. 
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Fig.3. Conceptual diagram of relationship between suspended sediment flux(F), 

erosion/deposition(E/D) flux and advective flux (F0). F: Suspended sediment flux (including 

erosion flux E and deposition flux D); F0：Advective flux. 
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Fig.4. Time series of water depth (A), current velocity (B), and wind speed (C) during the field 

study (27–30 April 2013). The dataset for current velocity was derived from ADP-XR, and 

was depth-averaged. Wind speed and direction were recorded every minute at a marine 

gauging station near the present observation site. 
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Fig. 5. Time series of (A) water depth (h) and wave height (H); (B) salinity (S, PSU) and 

temperature (T, °C); (C) SSC (suspended sediment concentration, kg/m
3
) at heights of 10, 20, 

and 40 cm above the bed (z denotes the height above the bed); (D) bed-level changes (mm); 

(E) Sediment flux; and (F) percentage contribution (%). In Fig.4 (C), the SSC data at heights 

of 20 and 40 cm above the bed are missing during Tide 1 because of instrument failure. 
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Fig.6. Time series of (A) Water depth (m); (B) Bed shear stress due to waves (τw, N/m
2
); (C) Bed 

shear stress due to current (τc, N/m
2
); (D) Bed shear stress under combined current-wave 

action (τcw, N/m
2
); (E) Erosion flux (kg/m

2
/s) inferred from in situ measurement of intratidal 

bed-level changes and predicted by engineering formula, respectively, and (F) Deposition 

flux (kg/m
2
/s) inferred from in situ measurement of intratidal bed-level changes and predicted 

by engineering formula, respectively. In Fig.5 (E) and (F), erosion flux and deposition flux 

are average value within 10 minutes. 
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Fig.7. Results of the EOF analysis to determine the factors that influence local SSC variability. The eigenvectors and eigenweights of the first three 

eigenmodes during Tide 1 (A1 and A2), Tide 2 (B1 and B2), Tide 3 (C1 and C2), Tide 4 (D1 and D2), Tide 5 (E1 and E2), and Tide 6 (F1 and 

F2) are shown. These eigenmodes represent the main information of the original data (cumulative contribution > 85%).  

 


