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 46 

Abstract: 47 

Muddy intertidal flats are important resources for coastal development activities, such 48 

as coastal shoal reclamation and mudflat cultivation. Understanding changes in 49 

intertidal flat topography is essential for intertidal zone development, management, 50 

and protection. As an essential topographic factor, the slope of an intertidal flat can 51 

effectively express profile morphology in the cross-shore direction, reflect 52 

topographic undulation in the long-shore direction, and be indicative of intertidal flat 53 

erosion and deposition. Previously, intertidal flat slopes have been estimated by the 54 

two-temporal average gradient (TTAG) method using two spatially separated 55 

waterlines derived from satellite remote sensing data and their relevant water 56 

elevations. However, this method does not adequately reflect the profile morphology 57 

of different coastline types, especially sinuous coastlines, and is highly sensitive to the 58 

selected waterlines. This study proposes an effective strategy for estimating slope 59 

considering not only the characteristics of the vertical terrain undulation but also the 60 

horizontal plane-form shape of the coastline. Using waterlines extracted from 61 

sequential satellite images and their corresponding tidal height information, the slopes 62 

were estimated utilizing a profile morphology discriminant inferential (PMDI) 63 

method on straight coasts and a digital elevation model (DEM) method on sinuous 64 

coasts. We obtained the following results: (a) for straight coasts, by judging the 65 

various shapes of the coastal profiles and curve-fitting separately, the PMDI method 66 
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achieved significant improvements in accuracy and robustness of slope estimates 67 

compared to results obtained using the TTAG method; and (b) for sinuous coasts, the 68 

DEM-based method performed better for addressing the intersecting waterline issue 69 

and accurately retrieved the slope, although this accuracy is strongly dependent on the 70 

areal coverage of the DEM and the precision of the terrain inversion. Using this new 71 

paired methodology, we estimated that the average slope of the intertidal flats in the 72 

Mid-Jiangsu Province between the Sheyang Estuary, the Liangduo Estuary, and the 73 

Lianxing Port was 0.96‰. In general, the slopes from north to south in this coastal 74 

area exhibited a steep-gentle-steep pattern, which was consistent with in situ observed 75 

data. We conclude that stratifying the coastlines according to their plane-form shapes 76 

and applying different methods to straight and sinuous coastlines can result in a more 77 

robust estimation of coastal slope for muddy intertidal flats than previous TTAG 78 

methods. This work demonstrates the utility of satellite-based remote sensing for 79 

retrieving critical coastal geomorphological information in dynamic terrains where in 80 

situ data are difficult to obtain. 81 

 82 

 83 

 84 

 85 
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 90 

1. Introduction 91 

Muddy tidal flats are low-gradient, tidally inundated coastal surfaces that are 92 

formed by the accumulation of fine-grained sediments in intertidal zones (Eisma, 93 

1998). They occur in a wide range of coastal climatic and oceanographic settings 94 

across the world (Wang et al., 2002b). As a land-sea interaction area, tidal flats play 95 

an important role in coastline stabilization (Murray et al., 2014) and are critical sites 96 

for intertidal land reclamation, biodiversity conservation, and coastal ecosystem 97 

protection (Sengupta et al., 2018; Ghosh et al., 2015). 98 

China has abundant intertidal flat resources. As a country, it has the second 99 

greatest areal extent of tidal flats in the world (12,049 km2) (Murray et al., 2019). The 100 

length of the muddy tidal flat shoreline is over 4,000 km, occupying approximately 101 

one quarter of the country’s total continental coastline (Wang and Zhu, 1994). Due to 102 

the abundance of intertidal land resources, this region has seen significant economic 103 

development over the past two decades, including agricultural production, aquaculture, 104 

port construction, etc. These anthropogenic activities have strongly affected the local 105 

wetland ecosystem, hydrodynamic environment, and tidal flat evolution (Murray et al., 106 

2014; Wu et al., 2018; Chen et al., 2018). In recent years, researchers have developed 107 

numerous indices for describing the time-varying nature of muddy intertidal flats and 108 

monitoring their changes, particularly those related to topographic and 109 

geomorphological changes (Murray et al., 2014; Tseng et al., 2017; Ghosh et al., 110 
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2015). As an essential topographic factor, the slope of an intertidal flat not only 111 

expresses profile morphology in the cross-shore direction but also reflects topographic 112 

undulation in the long-shore direction. Monitoring change in slope over time can 113 

indicate the erosional or depositional regime of the flat, as well as providing data to 114 

validate coastal geomorphological models (Chen et al., 2018) and determine the 115 

impact of coastal zone activities (Liu et at., 2013b). Thus, accurate slope estimation is 116 

important for understanding coastal changes and planning coastal zone development 117 

and utilization (Liu et al., 2013a).  118 

To date, position and elevation data for tidal flat slope calculations have been 119 

mainly derived from either ground surveys and/or remotely sensed data (Salameh et 120 

al., 2019). For in situ ground surveys, sampling points along transect lines are 121 

measured using portable real-time kinematic (RTK) positioning systems or 122 

continuously operating reference stations (CORS). Although these conventional 123 

methods have advantages in terms of accuracy, the poor accessibility of mudflats and 124 

limited sampling time windows during fluctuating tidal conditions makes preforming 125 

field surveys difficult, potentially hazardous, and expensive (Choi et al., 2010, Liu et 126 

al., 2013a). In comparison, remote sensing techniques provide a potentially 127 

cost-effective method for repeated large-scale tidal flat monitoring (Ryu et al., 2008; 128 

Chen et al., 2009). By calculating the tidal height and positional difference between 129 

two spatially separated waterlines extracted from satellite imagery, the two-temporal 130 

average gradient (TTAG) method has been used to calculate coastal slopes in muddy 131 

coastal areas (Mason et al., 1997; Ryu et al., 2008; Liu et al., 2013b; Sha et al., 2019). 132 
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However, the applicability, stability, and accuracy of this remote sensing-based slope 133 

estimation remain inadequate due, in part, to the issues identified below. 134 

First, in open coast tidal flats, the shape of the tidal flat profiles vary 135 

considerably, such as lower concave, gentle, and upper convex profiles that indicate 136 

the erosional, stable, or accretional status of the beach, respectively (Zhang et al., 137 

2018). The TTAG method only uses two elevation points along a transect and is 138 

unable to reproduce profile shapes outside of gentle linearly shaped profiles. Second, 139 

the resulting slope from the TTAG method is strongly dependent on the waterlines 140 

used in the calculation. If three or more waterlines are available for a single transect, 141 

then a decision is required to determine which two should be selected to derive the 142 

slope gradient. This not only excludes potentially important additional information 143 

about the shape of the profile but also introduces uncertainty into the reliability of the 144 

estimated slope. Third, waterlines derived on a relatively straight coast are generally 145 

smooth and roughly parallel to the coastline (where ‘coastline’ here refers to the 146 

highest tide level line). We can directly determine the unique intersection points 147 

between a transect line and its intersecting waterlines. However, in an estuary setting 148 

or along coastlines with large tidal creeks spread along flat surfaces, the waterline 149 

tends to be sinuous. In such cases, several intersecting points exist between one 150 

sinuous waterline and the transect line. As these points have the same elevation at 151 

different locations, selecting suitable intersection points from which to estimate the 152 

slope profile is subjective and will again lead to uncertainty in profile estimation. 153 

Admittedly, these three deficiencies can be solved by deriving waterlines from 154 
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multiple digital elevation models (DEMs) derived from satellite remote sensing 155 

(Mason, et al., 1997; Kang et al., 2017; Wang et al., 2019). However, although a large 156 

number of geometrically and spectrally calibrated satellite images are available, the 157 

practical mass production of intertidal flat DEMs with different spatial scales is still in 158 

its early stage (Bishop-Taylor et al., 2019). For most muddy intertidal flats across the 159 

world, DEM data are rarely available to date and/or hampered by the significant 160 

temporal dynamics of tidal flats, meaning that they require frequent updating. On the 161 

sinuous coast, the local terrain is complex, and DEM is effective in describing the 162 

terrain undulation of the intertidal flat. However, on the straight coast, the height of 163 

the intertidal zone is distributed in strips, and variations in intertidal morphology are 164 

relatively simple. We can use a few approximately parallel waterlines to express 165 

variations in topography, which can mitigate the lack of DEM data to a certain extent. 166 

The purpose of this paper is to propose a strategy for calculating the slope of 167 

muddy intertidal flats depending on the coastal morphology and provide a reliable 168 

result for expressing the change of terrain. The specific objectives are as follows: (1) 169 

determine the optimal slope estimation methods for muddy intertidal flats based on 170 

the consideration of morphological characteristics, (2) validate the accuracy of 171 

different slope estimation methods using in situ data and assess their applicability, and 172 

(3) present spatial trends in the slope of the muddy intertidal flat in the Mid-Jiangsu 173 

Province from the estimated slope values. 174 

 175 
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2. Study area 176 

The Jiangsu Province is located on the eastern coast of mainland China. Owing 177 

to the abundant supply of fine-grained sediment and strong wave-current interaction, 178 

94% of its 954 km total coastline is classified as muddy coast. In this study, the 179 

muddy intertidal flat on the Mid-Jiangsu coast ranging from the Sheyang Estuary to 180 

the Lianxing Port was selected for remote sensing-based slope estimation. Based upon 181 

the horizontal plane-form and vertical morphology of the coast, the study area is 182 

divided into two parts. As shown in Fig. 1, the northern part of the coast from the 183 

Sheyang Estuary to the Liangduo Estuary is relatively straight. Tidal creeks on the flat 184 

surface are narrow and slender, and their flow directions are mostly perpendicular to 185 

the coastline. The width of the intertidal flat varies from 1.5 km to 7 km with an 186 

average of approximately 4 km, while the slopes range from 3.7‰ to 1.1‰. Three 187 

main types of tidal flat profiles are observed here: erosional concave, gentle slope, 188 

and depositional convex. The southern part of the coast from the Liangduo Estuary to 189 

the Lianxing Port is sinuous, with large tidal channel systems spreading on tidal 190 

surfaces. Bidirectional tidal flow makes resulted in wide and winding tidal creeks. 191 

The width of the intertidal flat in the sinuous coast narrows from 7 km to 2.6 km, with 192 

a mean value of approximately 6.5 km, and the slopes range from 0.6‰ to 1.7‰ 193 

(Chen et al., 2018). 194 

The study area is controlled by a semidiurnal tide with a tidal range of 1.7 - 4 m 195 

(Gong et al., 2012a). The significant tidal asymmetry indicates that flood tide is the 196 

dominant factor driving net sediment transport, which controls morphological changes 197 
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in the intertidal area. Waves in this region are very weak, as most of the wave energy 198 

is attenuated on the shallow water mudflats due to friction effects. The effective wave 199 

height in the study area is less than 1.0 m in winter and less than 0.5 m at other times 200 

(He et al., 2010). 201 

 202 

Fig. 1. Location map of the study area showing the distribution of the tidal gauge 203 

stations and elevation measurement transects. The background image is a HJ-1B 204 

satellite CCD false-colour image acquired at Beijing Time (GMT+08:00) 09:28:37, 205 

March 30, 2014. 206 

 207 

3 Materials and data 208 

Satellite remote sensing imagery and sequential tide height data from controlling 209 
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tidal gauges were used for slope estimation. Independent ground-based bathymetric 210 

observations were simultaneously acquired and used to validate the accuracy of the 211 

slope estimates retrieved from satellite image data. 212 

 213 

3.1 Satellite images 214 

Owing to the hazardous ground survey conditions caused by dynamic tidal 215 

processes and muddy natural environments, ground observations of the intertidal 216 

terrain are rare. On the Jiangsu coast, the latest large-scale in situ survey was 217 

conducted from 2007 to 2008 (Chen et al., 2010). To match this time period, 14 218 

Landsat-5 Thematic Mapper (TM) images acquired at different tidal height conditions 219 

were collected (Table 1). Among these images, 6 scenes imaged in 2007 covered the 220 

straight coast section from the Sheyang Estuary to the Liangduo Estuary, and 12 221 

scenes from 2007-2008 covered the sinuous coast from the Liangduo Estuary to the 222 

Lianxing Port. All these images were atmospherically corrected using the Envi5.3 223 

FLAASH module and registered to the UTM North 51 (WGS84) projection system by 224 

image-to-image registration, with a geo-rectification error less than 0.2 pixels. 225 

 226 

3.2 Tidal height data 227 

In this study, five tidal gauge stations along the Mid-Jiangsu coast were selected 228 

to determine the elevation of the waterlines extracted from the remote sensing images. 229 

From north to south, they were respectively the Sheyangzha (SYZ), Xinyanggang 230 

(XYG), Dafenggang (DFG), Liangduohezha (LDHZ), and Lvsigang (LSG) stations 231 

(Fig. 1). A month-long tidal height data observed with a half hour frequency at these 232 
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tidal gauge stations during 2007 and 2008 were acquired. They were used for tidal 233 

harmonic analysis to count the harmonic parameters at these stations (Munk et al., 234 

1966). 235 

 236 

3.3 Ground elevation data 237 

In May 2007 and October 2008, profile elevation data from 29 transects were 238 

measured on-site under the 1985 National Height Datum (Fig. 1). Among them, 11 239 

transects (labelled JD27 to JD37) are located on the straight coast section, and the 240 

other 18 transects (JD38 to JD56, excluding JD53) are located on the sinuous coast 241 

section. 242 

The in situ elevation measurement covering the landward edge of the intertidal 243 

flat to the subtidal zone was divided into two parts (Chen et al., 2010). (1) The upper 244 

part of the transect in the intertidal zone, which was exposed during the mean spring 245 

low tide conditions, was investigated on foot using a Z-MAX GPS-RTK positioning 246 

system with real-time kinematic position accuracies of 0.010 m (horizontal) and 0.020 247 

m (vertical) and a measuring interval along the transect line of 50 m. (2) The lower 248 

part of the transect, which was covered with shallow water during the mean spring 249 

high tide, was measured using a shipboard acoustic echo sounder and a GPS-RTK 250 

system for positioning. The measuring distance along the transect line was set to 10 m. 251 

After the tide level was corrected for water depth, the vertical accuracy for the 252 

shallow water terrain measurement was better than ±0.01 m. The two surveys were 253 

combined to form the elevation profiles. As the elevation profile data were collected, 254 
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sections between the highest and lowest tidal levels were intercepted for in situ 255 

intertidal flat slope calculation and estimated slope validation. 256 

 257 

Table 1 258 

Summary of images and the estimated tidal height at the time of satellite overpass. 259 

Image 

acquisition 

date 

Image 

acquisition time 

(GMT+08:00) 

Plain-form shape 

of the coast 

covered 

Tidal height at image acquisition time /m  

(Zero Point height datum of the abandoned Yellow River) 

SYZ XYG DFG LDHZ LSG 

2007/9/21 10:23:49 Straight 0.61 0.82 0.59 1.88 — 

2007/8/20 10:24:05 Straight 0.08 -0.02 -0.76 1.15 — 

2007/7/28 10:18:33 Sinuous — — — 2.07 1.68 

2007/6/17 10:24:48 Straight & Sinuous 1.93 1.59 1.46 0.72 -0.17 

2007/4/7 10:19:50 Sinuous — — — 0.98 -0.77 

2007/3/29 10:25:40 Straight & Sinuous 0.36 0.55 0.79 1.97 2.03 

2007/2/2 10:19:58 Sinuous — — — 1.03 1.49 

2007/1/24 10:25:42 Straight & Sinuous 0.03 -0.31 -1.34 0.78 -1.43 

2007/1/8 10:25:37 Straight & Sinuous 0.53 0.22 -0.42 0.84 -0.66 

2008/12/5 10:08:55 Sinuous — — — 1.35 -0.22 

2008/11/19 10:08:24 Sinuous — — — 1.29 -0.59 

2008/10/18 10:09:00 Sinuous — — — 0.79 -0.53 

2008/5/11 10:13:38 Sinuous — — — 1.06 -1.03 

2008/4/25 10:14:03 Sinuous — — — 1.07 -0.79 

 260 

4 Methods 261 

4.1 Waterline extraction, discrete and tidal height assignment 262 

The ‘waterline’ is defined as the boundary between a water body and an exposed 263 

tidal flat in a remotely sensed image (Ryu et al., 2008). Using the location and height 264 

information from a series of waterlines observed under different tidal stages, we can 265 

describe the surface undulation and slope variation characteristics of the intertidal flat. 266 

Prior to slope estimation, three basic processes are essential: (1) waterline extraction; 267 

(2) discrete waterlines to points; and (3) the association of tidal heights to discrete 268 
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points. 269 

 270 

4.1.1 Waterline extraction 271 

We used the combined processes of water index enhancement and Sobel edge 272 

detection to extract waterlines from the pre-processed Landsat-5 TM images. The 273 

normalized difference water index (NDWI=(RGreen-RNIR)/(RGreen+RNIR)) (McFeeters, 274 

1996) and the modified normalized difference water index 275 

(MNDWI=(RGreen-RSWIR)/(RGreen+RSWIR)) (Xu, 2006), were chosen as a indice to 276 

increase the image greyscale contrast between the exposed intertidal flats and the 277 

water body, where RGreen, RNIR, and RSWIR are the spectral reflectance of the green, 278 

near-infrared, and shortwave infrared bands, respectively. On the muddy intertidal 279 

coast of the Mid-Jiangsu Province, tidal height conditions were the primary criteria 280 

for water index selection. In an image where the water was at high tide, we found that 281 

both indices were able to discriminate between water and non-water. However, due to 282 

the strong absorption of SWIR compared to VIR in turbid seawater, the MNDWI 283 

produced a stronger tonal contrast than NDWI and was more conducive to water body 284 

separation. While the water was at the middle to low tide, NDWI-based enhancement 285 

was more effective than MNDWI-based enhancement for waterline extraction. The 286 

reason was that the SWIR band was sensitive to the sediment moisture and remnant 287 

water on the exposed muddy flat surface, which led the water boundary on the 288 

enhanced MNDWI image more landward than the actual and had larger location 289 

errors (Ryu et al., 2002). 290 
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After the satellite images were enhanced by the selected water index, density 291 

slicing and edge detection were performed to extract the vector format waterlines. 292 

When an appropriate threshold was determined for the water index image, a binary 293 

file with pixel values for the water body of 1 and others of 0 could be generated. Then, 294 

a Sobel Edge Detector embedded in the Envi5.3 software package was used to detect 295 

the approximate absolute gradient magnitude at each pixel from the binary file to 296 

locate the edge of the water body. Since the Sobel operator is an isotropic 3×3 297 

gradient operator, the resulting grid-format waterlines usually have a normal width of 298 

two pixels respectively representing land and sea pixels. A vector format waterline 299 

was then obtained by extracting its midline to avoid the dilemma of selecting land or 300 

sea boundary pixels as waterlines from grid-based waterline extraction methods. 301 

Finally, waterlines were visually inspected and corrected manually where breaks and 302 

unintentional small branches in the waterlines occurred. 303 

 304 

4.1.2 Discrete waterlines to points 305 

The slope of the muddy intertidal flat was estimated on a series of transect lines 306 

across the coast. As the waterlines and the transect line were all vector lines, it was 307 

easy to obtain the intersection points between them for further slope calculation. First, 308 

we drew a baseline positioned near the highest tidal level, which was at the landward 309 

side and roughly parallel to all the waterlines (Chen et al., 2018). Then, assuming that 310 

the intertidal flat slopes along the coast did not change dramatically, the transect lines 311 

were designed according to the plane-form shape of the coast. On the straight coast, a 312 
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transect line was drawn every 500 m approximately perpendicular to the baseline. In 313 

the sinuous coast, the transect lines were radially distributed and approximately 314 

vertical to the curved baseline. Then, by extracting the intersection between the 315 

waterlines and the transect lines, the waterlines were separated into a series of discrete 316 

points. In the direction along the transect lines, these discrete points were expected to 317 

have the largest height decline gradients, which could be used to describe the terrain 318 

variation characteristics ranging from the land to the sea. 319 

 320 

4.1.3 Tidal height interpolation 321 

Since the latitudinal span of the study area from the Sheyang Estuary to the 322 

Lianxing Port reaches 2.12 degrees, the tidal-wave deformation and Earth curvature 323 

change-induced spatial variation in water height over such a long distance could not 324 

be neglected (Wang et al., 2010), which meant that the discrete points from waterlines 325 

would have varied elevations. Classical tidal harmonic analysis is a point forecast 326 

model used to obtain the tidal height at any designated time and location. Critically, it 327 

does not depend on long-term and continuous on-site tidal height observation data 328 

(Munk et al., 1966). This makes it particularly suitable for the determination of tidal 329 

heights in muddy intertidal flats where there are generally few tide observation gauges 330 

or gauges with only short-term observation data. 331 

According to the influence of the tidal component on the study area, the 332 

following eight major tidal harmonic constituents, namely, K1, O1, M2, S2, N2, K2, M4, 333 

and MS4, were selected for tidal height calculation (Sha et al., 2019). As we input the 334 
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tidal harmonic constituents, station latitude and satellite overpassing time into the 335 

T_TIDE MATLAB package (Pawlowicz et al., 2002), the tidal height at the image 336 

acquisition time could be simulated. The results are shown in Table 1. Validated by 337 

the observed tidal heights of the LSG tidal gauge station over July 12-21, 2008, the 338 

RMSE for the tidal height simulation was less than 15 cm, with a correlation 339 

coefficient r reaching 0.99. Since the tidal heights at the five gauge stations during the 340 

image acquisition period were obtained, the elevation of those discrete points from 341 

vector format waterlines could be assigned by latitudinal linear interpolation along the 342 

coast (Chen et al., 2018). 343 

 344 

4.2 Slope estimation method 345 

We suggest that the plane-form shape of the coast is the key criterion in selecting 346 

the method for determining the slopes in intertidal flats. Dividing the coast into 347 

straight and sinuous coasts by the shape of the delineated waterlines, slope retrieval 348 

was performed using either the profile morphology discriminant inferential (PMDI) 349 

method or DEM-based method (Fig. 2). 350 
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 351 

Fig. 2. Flow diagram of the slope estimation strategy in muddy intertidal flats based 352 

on the plane-form of the coastline. 353 

 354 

4.2.1 Two-Temporal Average Gradient (TTAG) method 355 

The traditional TTAG method was applied for estimating the slope on the 356 

straight coast to compare its efficiency with that of the PMDI method. For a broad and 357 

flat muddy coast, terrain variations from land to seaward will be approximately 358 

uniform. Based on the equiangular triangle theory, the TTAG method simulates the 359 

slope of the coast using spatially separated waterlines extracted from two-temporal 360 

satellite images with relatively large tidal height intervals (Liu et al., 2013b). The 361 

corresponding formula is as follows: 362 

� =
∆�

∆�
                    (1) 363 
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where � is the slope of the coast and ∆� and ∆� are the height difference and 364 

positional difference of these two waterlines, respectively. 365 

 366 

4.2.2 Profile Morphology Discriminant Inferential (PMDI) method 367 

In straight coast sections, the PMDI method is suitable for slope calculations 368 

owing to its consideration and fitting of varied profile shapes. This method included 369 

two steps: (1) mudflat profile shape discrimination and (2) profile curve fitting and 370 

slope calculation. 371 

To determine the approximate profile shape for a coastal transect, three discrete 372 

points intersecting between the transect line and three evenly distributed waterlines of 373 

the intertidal flat are initially selected, which are referred to as the landward, 374 

intermediate, and seaward points (Fig. 3). Their positions and heights are defined as 375 

��	, �	�, ���, ���, and ��, ��, where L represents the horizontal distance between 376 

these discrete points and the origin point, and H is their corresponding tidal elevations. 377 

The origin point is the intersection of the transect line and the baseline (Chen et al., 378 

2018). A linear discriminant equation, H = a*L + b, is then established to calculate 379 

linear relationship coefficients a and b by the point values of ��	, �	� and ��, �� 380 

on the land and sea sides. This is used to calculate the estimated tidal height �∗ at 381 

the position of the intermediate point with the horizontal distance �� as the input. 382 

Taking the average error Δ as the judging criterion, when |�∗ − ��| ≤ ∆ 2⁄ , the 383 

profile is considered to be of a gentle slope type. When �∗ − �� > ∆ 2⁄ , the profile is 384 

of the erosional concave type. When �∗ − �� < −∆ 2⁄ , the profile is of the deposited 385 
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convex type. In general, the average error Δ is set as 15 to 20 cm, which is 1 to 1.33 386 

times the RMSE of the tidal height harmonic simulation in the study area. 387 

 388 

Fig. 3. Profile discrimination diagram for muddy intertidal flats. 389 

 390 

For different types of tidal flat profiles, five evenly distributed discrete points 391 

along the transect line are sufficient to retrieve the profile. No significant 392 

improvement in the estimated slope is achieved by increasing the number of 393 

intersecting points. Sha et al. (2019) found that the single exponential decay function 394 

is most suitable for erosional concave type profiles, the linear fitting function for 395 

gentle slope types, and the second-order polynomial function for depositional convex 396 

type profiles. After the approximate shape of each transect is determined, these 397 

functions are then used to fit the actual profiles of tidal flat surfaces. The positions 398 

and elevations are recorded for the discrete points extracted from the profile fitting 399 

curve along the direction of the transect line with equal distance intervals of 50 m. 400 

The profile slope can be calculated using the following formula: 401 

� =
�
�����
��

∙���
�����
��

∙���⋯�
� ���� 

� 
∙� �

�����!�⋯�� �
                                      (2) 402 
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where n is the number of discrete points; ℎ�, ℎ	, ℎ,…, ℎ# are the corresponding 403 

elevation values of these points, and $	, $,…, $# and %	, %,…, %# are their horizontal 404 

projection distances and actual surface distances, respectively. 405 

 406 

4.2.3 DEM-based slope calculation method 407 

On a sinuous coast, a DEM-based approach is suggested for slope estimation. 408 

The vector format waterlines are spatially separated into discrete points at an interval 409 

of 50 m. Tidal heights at the time of image acquisition are linearly interpolated from 410 

their neighbouring tidal gauge stations and assigned to each of them. They are used to 411 

create a triangulated irregular network (TIN) implemented within the ArcGIS 3D 412 

Analyst toolbox (Sagar et al., 2017). The TIN model is further converted to a raster 413 

format DEM with a 30 m spatial resolution to represent the undulation of the intertidal 414 

flat surface. Since the DEM is constructed from the vector waterlines and converted to 415 

a regular cell-based raster grid, there is no requirement to include the original 416 

intersection points in the dataset as they have been submerged and smoothed during 417 

the generalization process of the DEM terrain surface. By overlapping the preset 418 

transect lines on the generated DEM, the corresponding sets of (x, y, z) point data with 419 

an equal interval of 50 m are easily extracted. The slopes for sinuous coast sections at 420 

different locations can be estimated using formula (2). 421 

 422 

5 Results 423 

Four indices were used for the comparison of slope estimation results between 424 
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the remote sensing-based methods and in situ observed data: root mean square error 425 

(RMSE), mean absolute error (MAE), mean relative error (MRE), and correlation 426 

coefficient (r). 427 

 428 

5.1 Slope in Mid-Jiangsu intertidal coast 429 

Using the data described in section 3, intertidal flat slopes for the Mid-Jiangsu 430 

coast were estimated by the PMDI method on the straight coast and the DEM-based 431 

method on the sinuous coast. They were compared to the in situ measured slope data 432 

(Fig. 4(a)). Since the transects used for slope estimations did not coincide with the 433 

surveyed profiles, the slopes of those transect lines that were closest to both sides of 434 

the measured transects were averaged to evaluate the accuracy of the estimated slope. 435 
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 436 

Fig. 4. Comparison of the estimated and measured slopes along the Mid-Jiangsu coast. 437 

(a) shows the slopes estimated by the PMDI method on the straight coast and the 438 

DEM-based method on the sinuous coast, and (b) and (c) show the correlations 439 

between the estimated and measured slopes on the straight coast and sinuous coast, 440 

respectively. 441 

 442 

5.2 Slope estimation accuracy in straight coast 443 

In this section, the in situ measured slopes, together with the estimated results by 444 
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the TTAG method, were used to assess the slope estimation accuracy of the PMDI 445 

method. 446 

5.2.1 Accuracy assessment of the PMDI method 447 

On the straight coast from the Sheyang Estuary to the Liangduo Estuary, the 448 

slope estimated by the PMDI method ranged from 2.22‰ in the north to 0.24‰ in the 449 

south, showing steeper slopes in the north and flatter slopes in the south, which was 450 

consistent with the variations in the in situ measurements (see the upper part of Fig. 451 

4(a)). There was a good linear correlation between the estimated results and in situ 452 

observed results (r=0.71, Fig. 4(b)). The MAE, RMSE, and MRE of the slopes 453 

estimated by the PMDI method were 0.34‰, 0.44‰, and 30.42%, respectively. The 454 

estimated average slope (0.94‰) was slightly smaller than the in situ measured slope 455 

(1.11‰).Benefitting from curve fitting processing, there was generally good 456 

agreement between the measured profiles and the profiles estimated using the PMDI 457 

method (Fig. 5(a)). Among the 11 transects on the straight coast, JD27 and JD28 were 458 

located in the erosional-depositional transition zone near the Sheyang Estuary. The 459 

strong tidal wave deformation caused by the estuarine topography introduced 460 

relatively larger errors in the tidal prediction. So the estimated tidal heights at the 461 

discrete waterline points for these transects were higher than the in situ elevation, 462 

especially at the upper intertidal flat. However, as a commonly used index, the slope 463 

showed the height difference of the terrain under a certain horizontal distance. The 464 

overestimation of tide heights for all discrete points will maintain a similar height 465 

difference and have a slight impact on slope estimation. Transects JD29 to JD32 were 466 
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located between the Xinyang Port and the Dafeng Port. This area belongs to the core 467 

area of a nature reserve, which has been designated for protecting red-crowned cranes. 468 

Without human activities in this intertidal zone, it is in a state of continuous silting, 469 

and the profile shape belongs to a depositional convex type. There is a good level of 470 

agreement between the measured and estimated profiles here with a MRE of less than 471 

10% in comparison with the in situ measured slopes. This contrasts with transects 472 

JD34 to JD37 between the Dafeng Port and the Dongtai Estuary, where the tidal flat 473 

surface is characterized by many slender tidal creeks. The terrain of the measured 474 

profiles shows considerable undulation, and the winding shape of the waterlines has a 475 

significant influence on the accuracy of slope estimations, with larger MRE values (> 476 

60%) found here. 477 
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 478 

Fig. 5. Comparison between measured (black curves) and simulated profiles. (a) 479 

Profiles simulated by the PMDI method (red dotted curves) for transects JD27 to 480 

JD37 along the straight coast. (b) Profiles obtained from the DEM-based method (red 481 

curves) for transects JD 38 to JD56 along the sinuous coast. (c) Distribution of the 482 

Jo
urn

al 
Pre-

pro
of



27 

waterlines and the measured transects along the straight coast. (d) The DEM and the 483 

location of measured transects along the sinuous coast. 484 

 485 

5.2.2 Accuracy comparison with the TTAG method 486 

To compare the slope estimation accuracy on the intertidal flat and validate the 487 

broad applicability of the PMDI method, among the five evenly distributed waterlines 488 

used for profile curve fitting, two of them located at the landward and seaward sides 489 

were selected for calculating average slope using the TTAG method. Compared to the 490 

in situ measured slope, the TTAG results also showed a strong linear correlation 491 

(r=0.7), which was very close to that of the PMDI method. The MAE, RMSE, and 492 

MRE values were 0.37‰, 0.54‰, and 39.28%, respectively. Comparing the TTAG 493 

method, slopes estimated by the PMDI method increased in accuracy, with decreases 494 

of 0.03‰, 0.10‰, and 8.86% for the MAE, RMSE, and MRE, respectively. The 495 

improved accuracy was caused by the use of profile shape judgement and curve fitting. 496 

Owing to the discriminative treatment for different profile shapes, the PMDI method 497 

shows good potential for slope estimation and slope-change monitoring in muddy 498 

intertidal areas along straight coastlines. 499 

 500 

5.3 Slope estimation accuracy in sinuous coast 501 

On the sinuous coast, from the Liangduo Estuary to Lianxing Port, good 502 

agreement between the measured and estimated slope values was found, with a linear 503 

correlation value r reaching 0.94 (Fig. 4(c)). The estimated slopes ranged from 0.24‰ 504 
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to 5.94‰, which were slightly larger than the measured slopes, which varied from 505 

0.36‰ to 4.95‰. Compared with the measured slope values, the MAE, RMSE, and 506 

MRE of the slopes by the DEM-based method were 0.74‰, 0.56‰, and 39.09%, 507 

respectively. They were slightly larger than the estimates calculated using the PMDI 508 

method in the straight coast section due to the more complex terrain present in this 509 

region. Transects with larger errors (i.e., MRE greater than 60%) were concentrated 510 

within the region ranging from JD40 to JD44. 511 

Fig. 5(b) shows the comparison of the profiles obtained by the DEM-based 512 

method with the in situ measured profiles along the sinuous coast. The slope exhibited 513 

an increasing trend from north to south, owing to the gradual reduction in shore silting 514 

capacity and the narrowed shore width. Transects JD38 to JD47 were located between 515 

the Liangduo Estuary and the Yaowang Port. Tidal flats here are generally wide with 516 

many large meandering tidal creeks distributed on a flat surface. Owing to the lack of 517 

satellite imagery at dates/times with high tidal elevations, the selected waterlines did 518 

not cover the entire intertidal flat. Consequently, the upper region of the constructed 519 

DEM near these two transect areas could only adequately cover the middle of the 520 

intertidal flat. As a result, the estimated slopes only represented the middle to lower 521 

portions of the transects. These profiles are mostly of the lower concave type, and the 522 

upper parts of the coastal profiles were always steeper. Thus, the estimated slopes in 523 

this wide intertidal flat were approximately 56% smaller than the measured slopes 524 

(Fig. 4(a)). Based on the long-term series of satellite remote sensing image data 525 

analysis, it was found that sun-synchronous satellites, such as Landsat, only observe a 526 
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limited portion of the true tidal range at any given location and exhibit strong biases 527 

in this spatial range (Bishop-Taylor et al., 2019; Sagar et al., 2017). Therefore, finding 528 

an effective method to construct a DEM that covers the entire intertidal flat is 529 

important to further improve the accuracy of intertidal flat slope estimations. 530 

In the area south of the Xiaomiaohong water channel, the construction of 531 

artificial seawalls has stabilized tidal flat growth. Here, the intertidal flats became 532 

narrower, and the slopes became steeper. At transects JD49 to JD56, the DEM 533 

constructed from sequential images covered all intertidal flats. The estimated and 534 

measured profiles were in good agreement. The estimated slopes were 17.6% larger 535 

than the measured slopes, indicating that the accuracy of the estimated slopes was 536 

significantly better than that of their northern neighbouring transects. 537 

 538 

6. Discussion 539 

6.1 Point set selection for slope estimation 540 

In the straight coast section, although in most cases the waterlines were relatively 541 

straight and parallel, there were still some sinuous waterlines around the estuaries and 542 

wide tidal creeks. These factors strongly influenced the slope estimation by the PMDI 543 

method. Taking transect JD37 located near the Dongtai Estuary as an example, the 544 

local intertidal flat is broad and gentle, and tidal channels are well developed. Here, 545 

the delineated waterlines are obviously sinuous and concave to the landward side (Fig. 546 

6). Thus, intersection points between a single waterline and the transect line may not 547 

be unique. Although the actual tidal height differences between these intersection 548 
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points are small enough to be ignored, their position differences are relatively large. 549 

When different discrete points are chosen for slope calculation, different slope results 550 

are obtained, which will cause unpredictable errors in the profile slope estimations. 551 

 552 

Fig. 6. Sinuous waterlines distributed near the Dongtai Estuary. (a) Five sinuous 553 

waterlines labelled A to E from land to sea and (b) an enlarged map indicating 554 

measured transect JD37 and the distribution of the intersecting points on transect lines 555 

639 to 642. The number sequence of these points on each waterline is from north to 556 

south. If there is more than one intersecting point between the transect line and the 557 

waterline, their number sequences are from sea to land. 558 

 559 

In the measured profile JD37 (Fig. 6), intersection points on the three transect 560 

lines from 640 to 642 were chosen to estimate the slope difference derived from 561 

different point selection scenarios. There are 7, 15, and 7 intersection points between 562 
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the sinuous waterlines and the transect lines of 640 to 642, respectively. These points 563 

are distinguished as landward point, middle points, and seaward point depending on 564 

the distance between the point and the land. According to their locations, the point 565 

selection is grouped into three scenarios: all points are selected from the landward 566 

side (S1), all are selected from the seaward side (S2), and all are selected from the 567 

middle (S3). Thus, for discrete points selected from land to sea, there are many 568 

permutations to calculate the slope for each transect line. Table 2 lists the 9 569 

permutations of the point set for transect lines 640 to 642 and their corresponding 570 

slope results. Comparing the three scenarios, the slope results from scenarios S1 and 571 

S2 have better estimation accuracy than scenario S3. For scenarios S1 and S2, they all 572 

have a permutation of point set along different transect lines with an estimated slope 573 

of 0.45‰, which is close to the measured slope of 0.55‰. Further comparing 574 

scenarios S1 and S2, the slope estimated by scenario S1 is better than that estimated 575 

by scenario S2, as it is closer to the measured slope value. 576 

  577 

Table 2 578 

Slope results by different point permutations under three-point selection scenarios. 579 

Point selection 

scenario 

ID of the 

transect line 

Point permutation 

(from land to sea) 

Estimated slope of 

each transect line 

(‰) 

Average 

slope at 

JD37 (‰) 

S1: all points 

selected from the 

landward side 

640 A4-B2-C2-D2-E2 0.05 

0.22 641 A7-B5-C5-D5-E5 0.19 

642 B8-A8-C6-D6-E6 0.45 

S2: all points 

selected from the 

seaward side 

640 B2-A2-C2-D2-E2 0.45 

0.19 641 A5-B3-C3-D3-E3 0.03 

642 A8-B6-C6-D6-E6 0.10 

S3: all points 640 A3-B2-C2-D2-E2 0.04 0.10 
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selected from the 

middle 

641 A6-B4-C4-E4-D4 0.15 

642 A8-B7-C6-D6-E6 0.11 

 580 

Therefore, considering the morphological characteristics of the shore, three 581 

principles for selecting discrete points along a transect line are proposed as follows: (1) 582 

for one waterline with several alternative points with similar tidal heights, the point 583 

closest to the landward side is better; (2) the relationship between the tidal height and 584 

the position of the candidate points should be considered, that is, the point of high tide 585 

level should be close to the landward side, and the point of low tide level should be 586 

close to the seaward side; and (3) if the above conditions are not satisfied, the discrete 587 

points to which the tidal height and location are coordinated should be spaced as 588 

evenly and far apart as possible. 589 

 590 

6.2 Robustness of the PMDI method 591 

6.2.1 Waterline data sensitivity for the TTAG method 592 

For the TTAG method, the slope estimation results are sensitive to the two 593 

selected waterlines if more waterlines are available. In this test, for the five spatially 594 

distributed waterlines in the straight coast analysis, the seaward waterline was set as 595 

the base waterline, and another waterline was chosen among the other four landward 596 

waterlines orderly from land to sea to examine the stability of the TTAG method in 597 

the mudflat near the Doulong Port. The results show that the more smaller the 598 

distance between two discrete points is, the larger the variation in the estimated slope 599 

(Fig. 7), The RMSE, MAE, and MRE increase rapidly from 0.5‰ to 17‰, 0.4‰ to 600 
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5‰, and 40% to 700%, respectively. The correlation coefficient also decreases 601 

quickly from r=0.7 to r=-0.23. Therefore, the TTAG method exhibits low robustness 602 

and requires two waterlines with large tide height differences and long distances to 603 

better estimate the slope. 604 

 605 

Fig. 7. Slope estimation accuracy changing trends for the TTAG method with the 606 

replacement of one of the two waterlines. Taking the seaside waterline on January 24, 607 

2007 as the base waterline, (a), (b), (c), and (d) show the status that the second 608 

waterline is orderly closer to the base waterline. (e) is the variation trends of r and 609 

RMSE. (f) is the variation trends of MRE and MAE. 610 

 611 

6.2.2 Waterline data sensitivity for PMDI method 612 

Since five waterlines are needed for profile curve fitting in the PMDI method, we 613 

chose an additional waterline with a middle tidal height for a waterline replacement 614 
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test to examine the slope’s sensitivity to using different waterlines. A waterline 615 

derived from an image acquired on September 21, 2007 was replaced by a waterline 616 

imaged on March 29, 2007. Curve fitting and slope estimations were performed again 617 

for each transect by the PMDI method (Fig. 8). After the replacement of a middle 618 

waterline, the MAE, RMSE, and MRE of the slope for transects JD27 to JD37 were 619 

0.28‰, 0.42‰ and 27.15%, respectively. These values were similar to those seen 620 

before replacement (section 5.2.1). In addition, the correlation coefficient between the 621 

two slope results before and after the replacement of the waterline (r = 0.92) still 622 

shows good agreement. Spatially, only JD27 and JD28 showed a large difference in 623 

the resulting slope (Fig. 8), which was caused by the narrower width of the intertidal 624 

flat in these two transects. The other transects were not significantly influenced by the 625 

replacement of the waterline. Thus, the PMDI method exhibited a higher degree of 626 

robustness and relative insensitivity to the choice of waterlines than the TTAG 627 

method. 628 Jo
urn
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 629 

 630 

Fig. 8. Slope results of the PMDI method at transects JD27 to JD37 before and after a 631 

middle waterline is replaced. (a) The original distribution of five waterlines. (b) 632 

Distribution of waterlines in which the pink waterline is replaced by a green 633 

waterline. 634 

 635 

6.3 Strategy for slope estimation methods selection 636 

Due to varied hydrodynamics and sediment depositional movements, muddy 637 

tidal flats exhibit different plane-form shapes in the along-shore direction and 638 

apparent morphological undulation in the cross-shore direction. Therefore, to obtain 639 

more accurate profile slope results, different methods are required according to the 640 

morphological characteristics of the tidal flat. As summarized in Table 3, if waterlines 641 

along the coast are relatively straight and smooth, the PMDI method performs well 642 
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due to its high robustness and good profile shape adaptability. When the distance 643 

between the two selected waterlines is large and the tidal flat surface is gentle, the 644 

TTAG method can be used. However, although this method is simpler than the PMDI 645 

method in terms of the calculation and data requirements, we have demonstrated that 646 

its sensitivity to waterline selection cannot be ignored. In more sinuous coastal 647 

regions, the DEM-based method can better estimate tidal flat slopes and simulate 648 

profile shapes. However, this method requires more waterlines. 649 

 650 

Table 3 651 

Comparison of methodological advantages and disadvantages of different methods for 652 

tidal flat slope calculation. 653 

 654 

Slope 

estimation 

method 

Assessment indicator 
Suitable coastal 

type 
Number of 

waterlines 

Operational 

complexity 

Calculation 

effectiveness 
Robustness 

TTAG method 2 Simple Fast Low Straight and gentle 

PMDI method 5 Simple Fast High Straight 

DEM Method More Complicated Slow High Sinuous 

 655 

7. Summary and conclusion 656 

Based on waterlines taken from sequential satellite images and their tidal height 657 

information, the slopes of the intertidal zone of the Mid-Jiangsu coast with different 658 

profile morphologies were calculated using the PMDI method and the DEM-based 659 

method. In summary, the following conclusions can be drawn: 660 

(1) The accuracy of slope calculation in the straight coast by the PMDI method is 661 
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higher than that of the traditional TTAG method. The robustness of the PMDI method 662 

is definitively improved, without any obvious increase in inconvenience, by tidal flat 663 

profile discrimination and curve fitting. Therefore, the PMDI method is suitable for 664 

slope estimation in muddy coasts for relatively smooth and straight waterlines. 665 

Comparatively, the TTAG method is only appropriate to simulate slope change in 666 

intertidal flats that are broad and gentle. 667 

(2) The DEM-based method was suitable for calculating tidal flat slopes in 668 

sinuous coastal sections. However, there are a few disadvantages to using this method, 669 

such as the requirement of more waterlines to express the details of tidal flat surface 670 

terrain undulation and cover the whole area of the intertidal flat, which increases the 671 

complexity of the analysis. 672 

(3) An average slope of 0.96‰ is derived for the intertidal flat on the muddy 673 

mid-Jiangsu coast by satellite remotely sensed data. From the Sheyang Estuary to the 674 

Lianxing Port, the slopes exhibit a steep-slight-steep spatial pattern from north to 675 

south. This trend estimated by remote sensing data is in agreement with the in situ 676 

observed results. 677 

Overall, this work highlights the potential of deriving robust estimates of muddy 678 

intertidal flat slopes and topography from satellite remotely sensed data and suggests 679 

an appropriate strategy for selecting a slope estimation method according to the 680 

morphology of the coast, which may be applicable to other settings and coasts around 681 

the world. 682 

 683 
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Highlights 
 

� Proposed a strategy for slope estimation considering the intertidal flat 

morphology 

� Slope estimated by the TTAG method is sensitive to the selection of 

waterlines 

� The PMDI method is robust for slope estimation in straight coast with 

good accuracy 

� The DEM-based method performs better in simulating slope changes 

in sinuous coast 

� The estimated average slope of intertidal flats in Mid-Jiangsu 

Province was 0.96‰ 
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