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ABSTRACT

Sediments in deltaic tidal flats regulate physical and chemical processes. Grain size
distributions play an important role in determining sediment dynamics and substrate properties.
However, it has been challenging to quantify large-scale depositional environments in intertidal
flats, due to time-consuming grain size analyses and sparse sedimentary information extracted
from scattered sediment samples. In this study, a novel TLS (terrestrial laser scanner)-based
method was developed to characterize the substrate the of intertidal flats. We collected surface
sediment samples in the Nanhui flats in the Yangtze Delta, China, and the corresponding
corrected waveform amplitudes of TLS echoes at fixed sampling sites for a total of 22 months.
A negative logarithmic relationship was found between the sediment sand fraction, average
grain size, Dso, and corrected waveform amplitude of TLS echo in different hydro-
meteorological conditions. The mean of average grain size of five sediment sampling sites along
a transect was 58.78 um when measured by traditional grain size analysis, and 49.48 pym when
calculated with the proposed logarithmic equation, the mean with a difference of -7.99%. The
mean of the absolute value of the error of average grain size at each site was up to 21.77%,
which was relatively high. The mean sand and silt fraction at all sampling sites have lower
errors of -9.39% and 5.01%, but the mean of all absolute errors was also as high as 27.28% and
21.75%. In addition, the two corresponding errors of the measured and TLS-based calculated
Dso were -13.32% and 39.83%, respectively. Finally, the spatial distribution pattern of TLS-
based calculated average grain size in the entire study area (Nanhui tidal flat) was figured out,
it was consistent with the measured pattern with a RMSE of 13.83 um. These errors could be

caused by the accuracy of the TLS waveform amplitude correction and by limits of the method
2
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in recognizing different substrates. The effects produced by the presence of microphytobenthos
(e.g. cyanobacterial mats or diatom biofilms) or bed forms have not been investigated and may
have affected the results. TLS-based grain sizes measurements can rapidly and effectively
discriminate sediment characteristics, thus avoiding traditional time-consuming measurements.
We expect that the TLS-based method proposed here will have wide applications in wetland

restoration and ecological protection projects, especially in inaccessible tidal flats.
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Sediments; inversion; tidal flats; terrestrial laser scanner; grain size distribution

1. INTRODUCTION

Deltaic tidal flats develop seaward due to the accumulation of fine-grained sediments
discharged by large rivers. Because of their location at the interface between land and ocean,
these landforms are subject to the interaction of complex and variable terrestrial and marine
processes (Short, 1991; Kane, 2008 & 2012; Coco et al., 2013; Wang et al., 2020). Land
reclamation and sea level rise driven by global warming are threatening these important
environments. As a result, the long-term geomorphological evolution of deltaic tidal flats has
attracted the attention of many researchers in recent years (Donnelly & Bertness, 2001; Jiang
et al., 2005; Fitzgerald et al., 2007; Fagherazzi et al., 2012). The substrate of tidal flats is a
mixture of siliciclastic sediment (clay, silt and sand) and organic material deposited by
vegetation and benthic organisms (Friedrichs, 2001; Maan et al., 2016). Sediment grain size

distributions and related sedimentary structures are crucial physical-ecological indicators of
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intertidal flat environments; for example, intertidal biological communities vary significantly
in muddy or sandy environments (Evans, 1965; Herman et al., 2001). Concentrations of alkali,
metals, and nutrients also change with grain size in intertidal sediments (Zhang et al., 2002),
algae survival and vegetation growths (e.g. seagrass and salt marshes) are also affected by the
characteristics of the substrate (Bos et al., 2007; Park & Hwang, 2011). In addition, local
sediment dynamics are closely related to grain size on muddy tidal flats (Law et al., 2013). They
typically form in locations subject to enhanced siltation; the encroachment of vegetation further
support accretion due to accumulation of organic matter (Swales et al., 2004; Beck et al., 2008;
van Leeuwen et al., 2010). Therefore, revealing the temporal and spatial characteristics of
surface sediments in tidal flats as well as, and changes in grain size distribution can help
understanding sediment transport, morphological evolution, and ecological processes taking
place in the substrate.

Typically, sediment characteristics can be derived from traditional grain size analyses of
field samples in the laboratory. Several decades ago, sieving was used for non-cohesive
sediments (Konert & Vandenberghe 1997, Munroe & McKinley, 2007), while the diameter of
fine sediments was derived from Stokes sedimentation rates in a settling column. The
conversion of settling velocity to particle diameter required precise measurements (Komar &
Cui, 1984; Flemming, 2007). Sieving and settling columns are time-consuming methods that
require a large number of sediment samples.

In recent decades, optical methods were developed to determine sediment grain sizes based
on the diffraction (or scattering) of a monochromatic laser light (Swithenbank et al., 1976;

Gartner et al., 2001). These methods are fast and precise, but are limited by the grain sizes of
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the collected sediment samples and often underestimate the fine fraction (Beuselinck et al.,
1998; Murray, 2002). The laser method is a time-saving and effortless technique, which allows
processing of large numbers of samples.

Recently, dynamic image analysis which is based on numerous two-dimensional projected
images was introduced to measure grain sizes distributions and also determine grain shapes
(Tysmans et al., 2006; Sun et al., 2019). The four methods presented above are mainly
conducted in the laboratory, and have been used with success to analyze samples collected in
rivers, estuaries and along coastlines.

In some settings, the collection of bottom sediments can be challenging or dangerous due
to muddy substrates, inaccessibility due to tidal creeks and protected areas. This is especially
true when sedimentary characteristics need to be studied across a large area. Moreover, a
gradually varying topography can present subtle differences in local sedimentary environments;
in these cases, methods based on few sediment samples cannot reflect the large-scale
depositional variations in a tidal flat. It is therefore necessary to develop new methods that can
dynamically detect large-scale sedimentary characteristics and their variations in a tidal flat.
These methods can be of help in the restoration of sedimentary environments and related
ecosystems.

Remote sensing provides new techniques for the analysis of surface sediments. Spectral
mixture models were used on Landsat 5 imageries to map the intertidal sediment distribution
in the Wash, England (Yates et al, 1993). Airborne Thematic Mapper was also applied to detect
the intertidal sediment distribution in the Ribble Estuary, UK (Rainey et al., 2003). This remote

sensing technique was less accurate in sandy environments than in muddy ones. The
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effectiveness of measuring surface grain size of riverine bedforms with airborne images at a
resolution of centimeters has been assessed (Carbonneau et al., 2004). Although aerial images
can provide sediment characteristics with a fine spatial scale, they are costly and only detect
the distribution of the median grain size; methods detecting different sediment fractions are not
available. The combination of backscattering, roughness and sediment texture, mud-content and
median grain size in an intertidal surface in the Netherlands was determined from SAR imagery
by van Der Wal et al. (2005). Multi-frequency radar data were also applied for the classification
of tidal flat sediments (Gade et al., 2008). Although radar-based detection is not affected by
weather conditions, its lower resolution is insufficient to study fine sedimentary characteristics
of tidal flats. Hence, unmanned aerial systems, a multispectral camera and four multispectral
sensors (covering red, green, red edge and near-infrared bands) were used to explore moisture
content and median grain size in three intertidal flats, demonstrating the linkage between
sediment composition and spectral characteristics (Fairley et al., 2018). The study of intertidal
sediments and related geomorphic processes using remote sensing has received attention in
recent years (Choi et al., 2010 & 2011; Tseng et al., 2017; Park, 2019; Kim et al., 2019).
However, remote sensing inversion of sediment characteristics is often limited by spatial
resolution, atmospheric disturbance, and high cost.

To determine the evolution of intertidal landforms, it is crucial to understand the
spatiotemporal characteristics of intertidal sedimentary environments at the centimeter scale
and their micro-geomorphic processes. To this end, it is urgent to develop a detection
technology that is accurate, efficient and less labor intensive.

With the development of active and long-range remote sensing technology, laser scanners
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based on LiDAR (light detection and ranging) have become common. These methods include
both terrestrial laser scanning (TLS) and airborne LiDAR scanning (ALS) (Tang et al., 2014;
Kashani et al., 2015). TLS rapidly emits anti-interference monochromatic laser beams in
succession and obtains high-precision, high-density 3D panoramic information of objects, with
advantages of contactless and low risks (Bitelli et al., 2004; Hartzell et al., 2014). Here, a TLS
(Riegl VZ-4000) was used to acquire intertidal point data. The instrument provides excellent
long-distance measurement capability (up to 4000 m), with unique echo digitization and online
waveform processing functions. Therefore, it can acquire long-distance 3D coordinates of
intertidal landforms with high resolution and echo information at full waveform. The LiDAR
scanner can surmount deficiencies of traditional field measurements in complex terrain
providing data with high spatial resolution (Tang et al. 2015).

TLS has been widely applied to determine morphological change, vegetation biomass, and
biomorphodynamic attributes in coastal and intertidal areas, due to its precision and high spatial
resolution (Guarnieri et al., 2009; Owers et al., 2018). Airborne hyperspectral images and TLS
data were used to analyze the mineralogical attributes of coastal dunes. Manzo et al. (2015)
pointed out that grain size and mineral composition lead to essential differences in the TLS
echo. Seasonal trends in the foredune ridges along the North Adriatic Sea coast (Italy) were
detected using TLS-derived digital elevation models (Fabbri et al., 2017).

The combination of satellite imagery and TLS data has only recently received attention in
the study of fluvial and intertidal sediments. TLS could provide analytical information on the
threshold for sediment resuspension of bottom sediments (Neverman et al., 2019). Bottom echo

residuals from airborne full-waveform bathymetry were isolated, and used to classify sandy and
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rocky seafloor sediments (Eren et al., 2018). Grain size distributions of river sandbars were
accurately estimated using airborne topographic LiDAR in the Rhine River, and compared to
distribution derived from photosieving results (Chardon et al., 2020).

Therefore, the TLS technology can provide grain size distribution and variations of surface
sediments in tidal flats at a very high spatial and temporal resolution. Traditional studies are
mostly based on a limited number of sediment samples, and therefore require interpolation to
obtain spatial distributions of grain parameters (Wang & Ke, 1997; Yoo et al., 2007; Park et al.,
2011; Law et al., 2013). Moreover, historical changes in sediment characteristics were often
obtained from sediment cores and sedimentation profiles at low spatial resolution (Baumfalk,
1979; Ghinassi, 2007; Yamashita et al., 2009; Watson et al., 2013; Ghinassi et al., 2018a). To
determine the temporal evolution of bottom sediments, multispectral images can also be used,
but this method is limited by the coarse spatial resolution of the images and the low revisit
period (van Der Wal et al., 2005; Fairley et al., 2018). For small-scale areas, the high accuracy
and resolution of TLS is ideal for discrimination of sedimentary characteristics. Preliminary
studies with this novel method have focused on sediments classification using the physical
shape of the grains (Deronde et al., 2008; Engin & Maerz, 2019; Diaz-Gomez et al., 2019;
Conesa-Garcia et al., 2020). Burns and Liick-Vogel (2017) explored the relationship between
sediment grain size and TLS echo intensity in the laboratory, but they did not apply the method
to mixed fractions in the field.

Few studies have focused on the use of high-precision TLS to detect sediment grain size
and their variations in tidal flats environments. Since the TLS echo information of different

sediments is different, the utilization of TLS to reveal grain size characteristics of deltaic tidal
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flats is theoretically possible. Here, we use TLS to determine the sedimentary characteristics in
a specific study area (140mx80m) of the Nanhui tidal flat, which is representative of the
wetlands in the Yangtze Delta, China (Dai et al., 2015) (Fig. la-1c, Text S1). The Nanhui tidal
flat is located in the southern margin of the Yangtze Delta, the open geomorphic system is
dominated by strong runoff, tidal dynamics and wave power, and the surface sediments are
coarse-grained. The results are compared to surface sediment samples collected in different
months. The main objectives of the paper are: (i) quantify the relationship between TLS echo
information and sediment grain size; (ii) improve the TLS-based method for sediment inversion
in tidal flats; (iii) determine the factors affecting TLS-based results, and in particular the effect
of intertidal slopes. Our results introduce a new technique for diagnosing depositional

environment in large-scale tidal flats around the world.

2. DATA ACQUISITION AND METHODS

2.1 Nanhui tidal flat

The Nanhui tidal flat is located in the Nanhui Shoal which in the southern margin of the
Yangtze Delta, China, the Nanhui Shoal is adjacent to the South Passage and is the fastest
growing area in the delta that benefiting from previous abundant sediments transported into the
subaqueous delta (Dai et al., 2015; Fan et al., 2017) (Fig. 1b). Around the Nanhui Shoal the tide
forcing is semi-diurnal with an average tidal range of 2.7 m, and the mean tidal level in winter
is lower than in summer (Wang et al., 2018; Wei et al., 2020). The mainly directions of ebb-
flood tidal currents in the Nanhui tidal flat are parallel to local shorelines, and the dominant

flood tidal current is directed southeast, the seasonal northeast waves also control the intertidal
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sedimentary dynamics (Fu et al., 2007; Fan et al., 2017). Over the past two decades, reclamation
projects and construction of the Donghai Bridge and the seawall have modified the nearshore
hydrodynamics in the Nanhui Shoal (Fig. 1b).

Specifically, the length and width of the entire study area are 140 m and 80 m, respectively,
the sites of sediment sampling and TLS observations were located seaward of a reclamation
seawall that near a breakwater (Fig. 1c). Sporadic patches of salt marshes (Spartina alterniflora
and Scirpus mariqueter) grow on the east side with a canopy height less than 0.5 m, the intertidal
elevation decreases seaward. Tidal forcing and wave power in the Nanhui tidal flat are strong,
and the area experienced erosion after the construction of the artificial structures (Wang et al.,

2018), as a result, sediments coarsened and are mainly sand and silty sand.

2.2 Multi-period sediment samplings

Surface sediments were regularly collected at fixed sites in the Nanhui tidal flat from
January 2017 to July 2019 (Fig. 1b-1c, Table 1). The substrate was sampled in 5 cm squares
with a thickness that does not exceed 0.5 cm, to minimize impact and ensure the uniformity of
collected sediment properties. Each sediment sample was carefully collected using a thin hard
plastic sheet and immediately stored it in a sealed and numbered plastic bag. Three different
sets of sediment data were collected:

(1) Experimental sites: a total of 20 sediment sampling sites were arranged along 5
transects on June 22, 2019, and numbered from sO1 to s20 (Fig. Ic, Table 1). The transects
spanned different sedimentary substrates, and can therefore reveal potential couplings between
sediments and corresponding waveform features of TLS echo. Fig. 1c shows transect 1 to

transect 5 from west to east, all sampling sites were distributed on a bare flat with good
10
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accessibilities. Only the sediment samples s5, s6, s10 and s11 were located on the outside of
the breakwater where the bottom is muddy, the other samples were collected between the
seawall and the breakwater, where the bottom sediments are coarse. During the collection and
observation period, some visible markers (bottles or bamboo poles) were erected behind each
sampling site to mark the position and then to extract the corresponding TLS data.

(i) Monthly sampling sites: samples were taken every month at five fixed intertidal sites
(ml to m5), during the period January 2017 to July 2019 (Fig. lc, Table 1). The position of
these five sampling sites was stable relative to the adjacent seawall, breakwaters and vegetation
edges. Each monthly sampling was carried out with the same approach of the above experiment.
Due to alongshore sediment transport and the sheltering effect of the breakwater, sites m4 and
m5 are muddy, while the other 3 sites have a coarser grain size. Only surface sediments were
collected each time. We used the monthly sediment data to explore links between grain
parameters and TLS echo on a long-time scale. The two sets of data were combined in the final
analysis.

(ii1) Samples for validation: we utilized additional sediment data collected in 8 months (4
in winter and 4 in summer), to determine the reliability of the results. The five locations of the
validation data (numbered from vl to v5) were identical to the monthly sampling for
consistency, but the sampling dates were different (Fig. 1c, Table 1). Since the tidal forcing in
the Nanhui tidal flat is strong, during high tide the currents erased all substrate disturbances

caused by sediment sampling.

2.3 Collection of TLS data

Both 3D coordinates and echo information of point cloud data are acquired by full-
11
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waveform TLS, including intensity angle of echoes and waveform characteristics (Hakala et al.,
2012). Echo intensity is the backscattered laser signal returned by a reflected objective. The
signal is recorded as a dimensionless digit; the full-waveform TLS (Riegl VZ-4000) obtains the
complete waveform of one echo pulse after reflection from a specific object (Kashani et al.,
2015). The echo waveform is affected by the different physical attributes of an object, and many
researches have used this information to classify objects (Bitelli et al., 2004; Brodu & Lague,
2012; Koenig et al., 2015).

During the observation periods, the TLS (Riegl VZ-4000) was fixed on a tripod and placed
on the seawall (the black hexagon in Fig. 1c¢), the working principles of TLS are illustrated in
Text S2. Each observation was conducted during the lowest ebb tide, to ensure the least water
accumulation in the intertidal flat and thus dry conditions. Measurements were carried out
during fair weather to reduce atmospheric disturbances. The vertical and horizontal resolutions
of the Riegl VZ-4000 were set approximatively to 0.004° and 0.03°, and the laser pulse
frequency remained the same at 150 kHz. From January 2017 to July 2019, a total of 22 TLS
datasets were collected (Table 1). The TLS observations were divided into three groups. (i)
Experimental observations: point cloud data on June 22, 2019 were used to relate TLS echo
waveform (amplitude and width) to sampled sediments; the same data were also used to
describe the relationship between echo intensities and waveform amplitudes. (ii) Monthly
observations: TLS coordinates and echo intensity of intertidal sediments were obtained in 13
monthly observations. The echo intensities were converted into waveform amplitudes based on
the above experimental sites, and the relationship between waveform amplitudes and main

sediment grain size parameters analyzed. (iii) Observations used for validation: we used TLS

12




256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

data collected in 8 months, four in winter and four in summer, to verify whether the derived

relationships are reliable.
2.4 Measurements of grain size in surface sediments

Sediment samples were pre-treated as showed in Text S3. Dynamic image analysis of
Camsizer XT (Retsch Technology) was used to obtain the percentage of different grain size
fractions for all sediment samples. We used the moment method formulas (McManus, 1988) to
calculate sediment grain size parameters (average grain size, sorting factor, skewness, and

kurtosis in Text S4, Fig. 2):

:Z?=1Xi *fi/loo (1)

Xaverage

5= \/Z?=1(Xi - Xaverage)2 * fl/
- 100

(2)
3|y . — 3% f
Sk = \/21:1()(1 Xaverage) fl/100 (3)
4y R 4 % f.
Ku = \/lel(Xl Xaverage) fl/]_()O (4)

where X; is the median value of a grain size class, f; is the percentage of this grain size class,
Xaverage 18 average grain size, § is sorting factor, Sk and Ku are skewness and kurtosis of
the distribution frequency curve of different grain size class. The percentage of different grain
sizes can be obtained from the measured grain size parameters. The median grain size (Dso) was
also calculated as the grain size corresponding to 50% of the frequency cumulative curve. Clay
(0.5-4um), silt (4-62.5um) and sand (62.5-500 um) fractions were quantified based on sediment
classification standards developed by the American Geophysical Union. The sediments in
intertidal flats were also classified according to the Shepard nomenclature (Folk & Ward, 1957).
Water content was measured in the sediment samples collected on June 22, 2019 in the Nanhui

tidal flat (Text S4). We first weighed each sediment sample three times with a high-precision
13
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electronic balance and took the average value as the final wet weight (W,,,.;). We then put all
samples into an oven of 65°C for 48 h, and weighed them again to get dry weight (W, ). Water
content in 20 sediment samples (SWC) can be calculated with the following formula:

SWC = [(WW“ a Wdry)/w ] *100% )
wet
2.5 Waveform decompositions and TLS amplitudes

Echo intensities (waveform amplitudes) are affected by multiple factors: distance,
incidence angle, reflectivity and atmospheric attenuation (Yoon et al., 2008). Therefore, original
echo information needs to be corrected before detecting the properties of different sediments.
In the current normalized model of echo correction transmission distance and other parameters
are averaged (Hofle & Pfeifer, 2007). In this study, the TLS echo waveform of each sediment
sample was processed in the following four steps to obtain amplitude and width.

First, the location of sampled sediments was extracted from the TLS point cloud. Points
within an area of 10 x 10 cm from the collected sediment sample were extracted, and their echo
intensity and waveform features analyzed. Coordinates of each point cloud were converted from
internal instrument coordinates to World Geodetic System (WGS1984) and the Wusong Datum
(reference to theoretical lowest tidal level in the Yangtze Delta) (Fig. 1d, Fig. 2). Second, signal
noise was removed from each waveform (Text S5), based on a threshold value. The threshold
was determined using the standard deviation of waveform noise (0,,ise) after calculating the
median absolute deviation, using the formulas (Persson et al., 2005):

Onoise = @ * median (|f;(t) —m|) (6)
m = median(f;(t)) (7

where 055 15 Waveform noise, a is 1.4826 (consistency factor for similar to normal
14
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distribution), f;(t) is original waveform amplitude. After calculating waveform noise, we
subtract it from the original waveform. Third, the waveform was decomposed. The emitted laser
pulse signal and echo signal are similar to Gaussian distributions, so that waveform data are
superimposed by a series of Gaussian scattering signals. Therefore, a Gaussian model can be

used to describe echo waveform of the surface sediments (Chauve et al., 2008) (Text S5).

—:)2
y=X"r A; *exp [—%] +b ®)

where A; is amplitude of the i Gaussian component, y; is the position of the peak of the i
Gaussian component (distance), o; is standard deviation (width), n is the number of
Gaussian components and b is the background noise. From the model we can obtain
amplitudes, widths and distances of echo waveforms corresponding to all sediment samples.
Fourth, distance and angle were corrected. Waveform amplitudes after the above decomposition
are related to distance and laser incidence angle, so the amplitude needs to be corrected. The
original TLS echo intensity decreases linearly with increasing distance from TLS (Fig. S1),
therefore, we use this linear correction method (attenuation process) to achieve distance
correction for all echo amplitudes, and reference distance (60 m) is the mean between all
sediment sampling sites and TLS. The method of incident angle correction is similar to distance
correction: the distance is assumed to be constant, the corrected echo amplitudes are inversely
proportional to the cosine of the incident angle, the cos 8, is zero (Text S6, Fig. 2).

A¢_giatance = A * (D/D )

ref)

COS Opey
cos 9) (10)

Ac_diatance_angle = Ac_diatance * (

In addition, we also calculated intertidal slope in different observation months, to analyze

the seasonal relationships between slope and corresponding fitting parameters and correlations.
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Substrate slope is defined in formulas 11 and 12 for the monthly observation sites m1 and m5:

Slope = sin™! |(Zm1 B st)/D| (11)

D =Y (Xm1 = Xms)? + (Y1 = Yins)? + (Zm1 — Zms)? (12)
where (X1, Ymi, Zm1) and (X5, Yims, Zms) are the 3D coordinates of site m1 and mS5,
respectively (Text S7).

In this study, echo waveform features were obtained only during the experimental
observations, and then used to convert corrected echo intensities observed every month to
waveform amplitudes of TLS echoes. We extracted the experimental data of the two corrections
to clarify the mutual relationships. The results show a very significant linear increasing trend
with correlation coefficient of 0.99 (Fig. S2):

Intensity, = 0.012 * Amplitude,. — 0.028 (13)

Amplitude, = 82.228 * Intensity, + 14.390 (14)

where Intensity. and Amplitude,. is the corrected echo intensity and waveform amplitude,
respectively.

After analyzing the variations in sediment grain size parameters and TLS echo amplitude
characteristics of the Nanhui tidal flat, the relationships between the two data was proposed. So
that we calculated the sediment average grain sizes in study area in January 2019 from the TLS
echo information, to compare the consistency between the measured and TLS-based calculated
results. In addition, also calculated the average grain size in June 2019 to compare their spatial

patterns and seasonal variation characteristics

3. RESULTS

16




343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

3.1 Grain size distributions

Grain size distributions of surface sediments in the Nanhui tidal flat measured by the
Camsizer XT show the presence of spatial gradients. Along the first transect (site s01-s06), the
distribution gradually changes from bimodal to unimodal moving offshore, with sand fraction
declining (Fig. 3a), and average grain size decreasing from 98.28 pm to 29.46 um (Table 2).
Water fraction of the sediments increased seaward from 20.05% to 33.40% as the grain size
became smaller (Table 3). Grain size variations were similar along the other transects (transects
s07-s11, s12-s14, s15-s17 and s18-s20) (Fig. 3b-3d). Results indicate that overall sediments
were coarser with lower water content near the seawall due to wave breaking and absence of
marsh vegetation, while sediments were fine in the lower seaward tidal flat with uniform water
content (between 17.89%-27.13%) (Table 2-3). Sediments were also finer along the western
side, consistent with a higher elevation and the sheltering effect of the breakwater: the average
grain size of transect 18-20 was only 66.54% of transect 7-8 (Table 2).

According to the Folk’s triangle classification, the substrate is sand at sampling site sO1
(sand fraction 91.01%), and silt at site s04, with a clay fraction of 6.3% (Fig. 3e). Six of the
remaining sites were classified as silty sand and twelve as sandy silt, (Fig. lc, Fig. 3¢). Coarse
sediments were located near site s07, while shoreward and near the breakwater the sediments
were fine (Table 2). The silt fraction increased in summer (July 2019) with respect to winter

(January 2019) (Fig. 31).

3.2 Waveform amplitude of TLS echoes

Elevation was higher near the seawall and gradually decreased seaward, with the largest
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elevation difference along each transect between 0.53 m and 0.89 m (Fig. 4a). The original
waveform amplitudes after the Gaussian decomposition were between 1300 and 1800, except
for the lower values of 838 and 1235 at site s11 and s12, respectively. Overall and along each
transect the original amplitude is not related to elevation and grain size (Fig. 4a). After distance
and angle corrections, the waveform amplitudes displayed an increasing trend moving offshore,
except for sites s06 and s11 (Fig. 4a). The percentage difference between the maximum and
minimum amplitude for each transect was 129.79%, 175.76%, 162.74%, 60.58% and 52.10%,
respectively. In addition, the elevations of the five sediment sampling sites along each transect
were inversely related to the waveform amplitudes after correction (Fig. 4a). These results
indicate that the lower the elevation, the finer the sediments, and the greater the corrected
waveform amplitude of TLS echo (Fig. 4a).

The corrected echo intensities of monthly samples also vary in space (Fig. 4b). The
maximum intensity differed from the minimum by 125.95%. The elevations of monthly
sampling sites are the same as the transects, and the relationships between elevation, sediment
grain size and corresponding waveform amplitude of TLS echoes is consistent with the

experimental group (Fig. 4).

3.3 Relationship between corrected waveform amplitude of TLS echoes and grain size

The corrected waveform amplitudes of experimental TLS data varied between 650 and
2380, while that of monthly TLS data were mainly concentrated between 1030 and 2550 (Fig.
5). The sand fraction decreases when the amplitude increases, in accordance with a logarithmic
fitting with a significant correlation (Sand = —55.38 * In(Amplitude;) + 448.78, r = 0.68 and

p <0.05) (Fig. 5a). The 65 data points of both experimental and monthly samples were regularly
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distributed on both sides of the log-fit curve (Fig. 5a). The silt fraction increases with amplitude,
following the equation: Silt = 54.27 * In(Amplitude;) — 344.44 (r = 0.65 and p < 0.05) (Fig.
5b). The clay fraction was very low in all samples (51 sites had less than 5% clay), thus in the
plot the points amplitude versus clay fraction are scattered and the logarithmic relationship
between the two variables is not significant (Fig. 5c).

The average grain size was between 10 and 130 um for both experimental and monthly
samples; and coarser sediments had smaller standard deviation of waveform amplitudes (Fig.
6a). The amplitude and average grain sizes are linked with a negative logarithmic equation
(GS, = —67.12 * In(Amplitude;) + 548.96, r = 0.68 and p < 0.05), this relationship was
confirmed for both experimental and monthly samples (Fig. 6a-6b). The Dso ranged between
130 and 170 pm, and also presents a negative logarithmic relationship with amplitude (GSp =
—104.8 * In(Amplitude.) + 836.23, r = 0.67 and p < 0.05) (Fig. 6¢). This relationship is valid

for both experimental and monthly samples (Fig. 6d).

3.4 Sediment parameters inversion based on TLS method

Based on the above logarithmic relationships, we calculated three sediment fractions,
average grain size and Dso of each experimental and monthly sediment sample to determine the
difference between laboratory measurements and TLS-based values. The clay fraction in the
Nanhui tidal flat is low, so it is not considered here. Overall, TLS-based calculated values are
consistent with measurements, and the corresponding Root Mean Square Errors (RMSE) of
sand fraction, silt fraction, average grain size and Dso are 20.09%, 19.28%, 22.68 um and 34.56
um, respectively (Fig. 7a-7b); the Mean Absolute Deviation (MAD) are 16.24%, 15.87%, 17.89

pm and 28.97pum. Mean values and standard deviations were also calculated for each monthly
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sample (Fig. 7e-7h). The mean sand fraction derived from the log regression is 36.66% for the
five monthly samples, which underestimates by 9.39% the values measured in the lab (40.46%,
Table 4). The sampling site closest to the TLS station has the greatest relative deviation between
the two values (Table 4; Fig. 7e). The mean silt fraction is overestimated by 5.01% (Table 4).
The standard deviation of the measured values at the seaward sampling sites is higher than the
TLS-based values (Fig. 7f). Furthermore, the calculated mean values of average grain size and
Dso are 7.99% and 13.32% lower than the measured ones (Table 4), the relative deviations of
the middle sites are small (Fig. 7g-7h). In general, except for the clay fraction that is low and
variable, the new method of estimating surface sediment characteristics from TLS waveform
amplitudes is reliable. The mean of measured and TLS-based calculated average grain size of
five sediment sampling sites along a transect was 58.78 um and 49.48 pm, respectively, shows
a difference of -7.99%. In addition, the mean of the absolute value of the error of average grain
size at each site was up to 21.77%, which was relatively high. Moreover, the mean sand and silt
fraction at all sampling sites have lower errors of -9.39% and 5.01%, but the mean of all

absolute errors was also as high as 27.28% and 21.75%.

4. DISCUSSION

4.1 Physical meaning of the coefficients in the inversion equations

The sand fraction in the Nanhui tidal flat gradually decreases seaward, while the silt
fraction increases. The clay fraction is only around 5%. The grain size increases shoreward and
to the East. Areas with low elevation are characterized by fine-grained sediments carried by

tidal currents, due to retention effect of the breakwater. These different sedimentary
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environments are an excellent test for determining the relationships between sediment
parameters and TLS waveform amplitudes (Collin et al., 2010; Medjkane et al., 2018). Sand/silt
fractions and average/median grain size showed a significant logarithmic correlation with TLS
waveform amplitudes. We also found a significant logarithmic relationship between the
corrected waveform amplitudes and waveform widths. This relationship can be used for future
sediment classifications (Fig. S3).

The determined relationships give us the opportunity to explore sedimentological
variations in different seasons. To do that, we separately analyzed the logarithmic fitting
equations (y=a*In(x)+b) and their coefficients for 15 monthly sampling data (Table S1). In
general, the larger the correlation coefficient, the higher is the absolute value of the parameter
a, which means that the logarithm curve declines faster, so that the variations in sediment
average grain size is greater in winter (Fig. 8a). At the same time, the parameter b increases
with an increase in the correlation coefficient, indicating that coarser grain size distributions
yield a better fitting (Fig. 8b). The larger the bottom slope, the smaller is the correlation
coefficient, indicating that slope steepening due to erosion in summer produces coarser
sediment grain size along the transect (Fig. 8c). The relationship between parameters a and b
and intertidal slope reflect above variation differences of coefficients a and b (Fig. 8d-8e). In
winter, weaker wave forcing and lower mean tidal levels relative to summer reduce the
deposition of fine sediments, leading to smaller variations in grain size along transect m1-m5.
Therefore, the parameters ¢ and b in the logarithmic fitting equation are related to seasonal
hydrodynamic conditions that control the spatial regularity of the sediment characteristics.

Despite seasonal variations, sediment parameters and corrected TLS waveform amplitudes
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maintain significant logarithmic relationships (Fig. 5-6).

4.2 Validation and possible sources of uncertainty

A subset of monthly sediment samples was used to validate the logarithmic relationships
for sand and silt fractions, average grain size and Dso. The relationships derived from the
validation data compare well to the relationships derived from the experimental and monthly
data (Fig. 9a-9d), indicating the effectiveness and robustness of the TLS-based method.
Moreover, we compare the sediment parameters derived from the logarithmic equations of the
validation data with the values measured in the laboratory (Fig. 9¢-9h). The RMSEs of sand
fraction, silt fraction, average grain size, and Dso are 17.17%, 16.68%, 24.86 pm and 33.06 pm
(Fig. 9e-9h), which differ from the values of experimental and monthly collected sediments by
-14.57%, -12.85%, 9.60% and -4.33%, respectively. The difference in MAEs is even lower: -
7.43%, -9.40%, 13.94% and 0.86% respectively (Fig. 9e-9h); the study results and the
validation results are therefore consistent.

Previous studies have shown that sandy sediments in the Yangtze Delta have a terrestrial
origin with terrigenous detrital minerals (mainly quartz and feldspar); the substrate material of
the Nanhui tidal flat is consistent with those data (Cao et al., 2018). Sandy substrates of tidal
flats are relatively loose with high porosity, and are eroded by waves during flooding (especially
in summer). On the other hand, silty/clay sediments are mainly composed of clay minerals (illite,
kaolinite and chlorite etc.), which is widely distributed in the Nanhui tidal flat and the Yangtze
Delta. Because fine-grained minerals adhere together, the porosity is smaller, and the
backscattering of the near-infrared laser stronger (Burton et al., 2011). Sediments distribution

in this tidal flat is dominated by intertidal hydrodynamics and disturbances from the breakwater
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or marsh vegetation (Fig 1c and Fig. 3a-3d). Differences in echo intensity were also used in
other studies of sediments identification and classification (Brennan & Webster, 2006; Tulldahl
& Wikstrom, 2012; Fabbri et al., 2017).

Microphytobenthos (e.g. cyanobacterial mats or diatom biofilms) can also alter the
properties of sediments with their extracellular polymeric substance (EPS) that adheres to
sediment surfaces (De Jorge et al., 1995; Méléder et al., 2005; Andersen et al., 2010). EPS
thickness is comparable to the diameter of fine sand (Herlory et al., 2004; Stal, 2010), thus
affecting the TLS echo intensity. The effect of microphytobenthos requires further detailed
investigations. In our study area, the wave action is strong, favoring coarse bottom sediments
with low water content (Zhu et al., 2014; Wei et al., 2020). The tidal flat in study area has been
eroded by about 80-100 cm since 2016, and the erosional regime has prevented the formation
of microphytobenthos in recent years (Fig. S4-S5; Wang et al., 2018). Therefore, the sediments
at study sites are coarse-grained sand or sandy silty sand with a tendency to further coarsening
(Fig. 3; Wei et al., 2020). van de Koppel et al. (2001) studied the positive feedback between the
development processes of benthic diatoms and the erosion of silty sediments in the Molenplaat
tidal flat of Westerschelde Estuary, Netherlands, pointed out when the geomorphic change were
dominated by erosion under middle-high bed shear stress, the diatom cover were low. Garwood
et al. (2015) also indicated mud biofilms will be mainly preserved in fine sediments (clays or
very fine silts) in sediments that collected from the intertidal flat of the Fundy Bay, Canada.
Moreover, Mariotti and Fagherazzi (2012) proposed a novel biofilm growth model in shallow
coastal areas and found that the biofilm mass was affected by strong tidal forcing and wave

power, thus the strong hydrodynamics will greatly restrict its growth.
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Indeed, the existences of microphytobenthos contribute to the biostabilization of tidal flats
by increasing the erosion threshold (Wooldridge et al., 2017; Kim et al., 2021). However, the
growth and total mass of microphytobenthos in tidal flats with continuous strong erosion are
challenged. In fact, the tidal forcing and wave power in the Nanhui tidal flat are strong, there
was no obvious large-scale presence of microphytobenthos during all observation periods in the
study area. Therefore, although the effect of the presence of microphytobenthos on the efficacy
of this TLS-based method was not verified in the current study, we speculate that its impacts on
TLS echo intensity is relatively limited in this studied. But we must carefully recognize that,
the specificities of current study area (strong hydrodynamics, coarse-grained sediments, erosive
geomorphic processes) and relevant results, in other situations, where biota and bedforms are
present and the material is muddier, this TLS-based method maybe not work very well. In the
future, more detailed experiments and understanding are required to quantify the different
influencing factors, so that it can be applied to other types of tidal flats.

Intertidal microtopography (e.g. sand ripples) may also affect TLS measurements. Both
microphytobenthos and bedforms could in theory selectively change the TLS echo intensity as
a function of grain size. Ripples are only present in non-cohesive sediments, increasing the
roughness of the substrate. Microphytobenthos are more common in cohesive bottom sets,
giving rise to biofilm patches. This notwithstanding, the relationships between TLS echo
intensity and grain size parameters are significant at our study site, indicating that we can still
derive important information about bottom grain size, and treat microphytobenthos and
bedforms as possible sources of error. More experiments are clearly needed to address the effect

of these processes on grain size distribution and reduce the uncertainty of the measurements.
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Other challenges in detecting surface sediments in tidal flats need to be recognized, such
as the influence of vegetation and ponds. A dense vegetation canopy can obstruct the laser beam,
thereby reducing the number of echoes bouncing from the substrate (Schmid et al., 2011; Ward
etal., 2013; Rayner et al., 2021). The laser signal cannot penetrate ponding water. In these cases,
manual samplings are still required to compensate for the absence of TLS data. It is also crucial
to establish separate relationships for sediment grain parameters in bare flats and sheltered areas,

where vegetation and biofilms are more common.

4.3 Factors controlling waveform amplitude of TLS echo

Robust corrections of waveform amplitudes or echo intensities are critical for the proposed
TLS method. Multiple potential influencing factors must be considered, which mainly relate to
operation stability of the TLS instrumental sensors, atmospheric conditions (transparency,
humidity, etc.), and backscattering characteristics of surface sediments (Hopkinson et al., 2004;
Yoon et al., 2008; Hancock et al., 2015). Here, the experimental, monthly and validation TLS
observations were all carried out in fair weather, with clear sky and low tidal levels. Hence, the
intensity attenuation during atmospheric transmission can be ignored. We only corrected for
waveform amplitudes and differences in echo intensities caused by distance and beam angle,
and analyzed laser scattering characteristics that are directly associated to the physical
organization of intertidal sediments.

Because the TLS (Riegl VZ-4000) operates in the near-infrared band, water content will
absorb part of the laser energy (Ehret et al., 1993; Hartzell et al., 2014). Both Unmanned Aerial
Vehicle images and original TLS point cloud data showed that there are some wet areas in the

Nanhui intertidal flat (Fig. 1c-1d). And the actual measurements indicate that water content in
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the samples was about 17.89%-34.51%. Therefore, in this study we chose sampling sites
without water accumulation, and also tried to maintain the same position of the TLS tripod on
the seawall for all 22 measurements. Further research is needed to explore the attenuation effect
of water absorption in the echo waveform amplitude (Nield et al., 2014). In addition, TLS
observation is also restricted by tidal hydrodynamic conditions. As tidal flats are generally
affected by wetting and drying, the substrate is only exposed during low tide with the least
water accumulation (Choi et al., 2010; Fairley et al., 2018). As a result, the time suitable for
observation is relatively short. In the future, it will be necessary to explore the practicality of
airborne LiDAR due to its large-scale and long-distance detection capabilities (Lang et al., 2009;

Richard et al., 2013; Chardon et al., 2020).

4.4 Application of the new TLS method to study intertidal dynamics

With an interpolation of all experimental sediment samples we obtained the spatial
distribution of average grain size in the Nanhui tidal flat in June 2019 (Fig. 10a). A similar
distribution was obtained from the TLS data using the logarithmic equations here (Fig. 10b).
Both distributions indicate that sediments become gradually finer seaward with the presence of
longitudinal subzones. Average grain size patterns are similar in the collected sediments and in
the TLS-based inversion map, with a corresponding mean grain size of 66.43 pm and 65.07 pm,
respectively (error of 2.05%) (Fig. 10a-10b). The measured and TLS-based average grain size
have a significant correlation (» = 0.88, p < 0.01) with a Root Mean Square Error of 13.83 pm.
The comparison shows that TLS method tends to overestimate the average grain size of
sediments in the high value interval (Fig. 10c¢). Since the measured distribution is derived

through interpolation of 20 sampling points in a grid, the maximum deviation between
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measured and calculated values is at both ends of the transects (Fig. 10c). The sediment map
was also derived from TLS data collected in January 2019 (Fig. 10d). The average grain size
was 71.46 pm, which means that sediments are coarser in winter. Frequency distributions also
indicate that the sand fraction increases and the silt fraction decreases in winter (Fig. 10e).

Although the measured and calculated experimental-monthly sediment grain size
parameters were relatively scattered (Fig. 5, 6 and 7a-7d), when revealing the spatial
distribution pattern of the sediment average grain size in the study area, this TLS-based method
shows acceptable reliability (Fig 10a-10c). Indeed, the experimental-monthly sediment
sampling sites are limited and spatially dispersed, and some potential factors will affect the
correction effectiveness of the TLS echo amplitude/intensity in our results, which is likely
responsible for those scattered data points, also need further studies. In the Nanhui tidal flat,
the distribution of sediment grain size parameters and their TLS echo intensities are relatively
continuous and smooth. The TLS-based calculated average grain size can alleviate the
deficiency that the correlation mentioned above needs to be improved to some extent, so as to
reveal the spatial distribution characteristics in the Nanhui tidal flat, but it is necessary to further
improve the accuracy.

The TLS approach provides new opportunities for the determination of sediment
characteristics in tidal environment, but there are still some technical limitations (correction
algorithms, presence of biota) that need to be improved, especially in specific micro-
topographic areas. The new method does not require repetitive sediment samplings in the field
and time-consuming analyses in the laboratory (Flemming, 2007; Ahn, 2012; Park, 2019).

Furthermore, traditional methods cannot determine variations in sediment characteristics at
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high spatial resolution because of the limited number of sampling sites.

More detailed laboratory experiments are needed to clarify the effects of different mineral
components on laser backscatter characteristics. The parameters of the logarithmic fitting
curves are related to the seasonal sedimentary dynamics and morphodynamic processes.
Moreover, our proposed method can be used to explore relationships between sediment grain
size and other geophysical and environmental processes, such as wave shear stresses, elevation,
nutrients and soil carbon pools (Rosser et al., 2005; van Leeuwen et al., 2011; Ghinassi et al.,

2018b; Brand et al., 2019; Wiggins et al., 2019).

5. CONCLUSIONS

The sediment characteristics of deltaic tidal flats are affected by complex terrestrial and
oceanic hydrodynamics. In this study, a high-precision full-waveform TLS was used to reveal
sediment parameters in the Nanhui tidal flat, Yangtze Delta, China. We collected surface
sediment samples from the Nanhui tidal flat and compared their grain size distributions to
corresponding corrected waveform amplitudes of TLS echo in different hydrometeorological
scenarios, for a total of 22 months. The main results and conclusions are as follows:

(1) The sediment sand fraction, average grain size and Dso decrease seaward, while the
corrected waveform amplitude of TLS echo increases. This spatial variation is consistent with
a decrease in elevation in the Nanhui tidal flat. (2) Based on the data, logarithmic equations
were constructed to retrieve sediment grain size (fractions, average and Dso) from detected TLS
waveform amplitudes. The mean of measured and TLS-based calculated sediment average grain

size of five monthly sites along the sampling transect was 58.78 um and 49.48 um, respectively,
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besides, the mean Dso was 67.32 um and 58.35 pum. Overall, the errors of mean values of
sediment grain size parameters along the transect were small, but the mean of the absolute value
of the error at each sampling site were relatively high. (3) The parameters of the proposed
logarithmic equations are affected by the spatial regularity of the grain size distributions. In
winter, the weaker hydrodynamic conditions and the gentle geomorphic slopes result in higher
fitting correlations.

We must carefully recognize the specificity of current study area, the Nanhui tidal flat,
with strong hydrodynamics and coarse-grained sediments. This TLS-based method maybe not
work very well in some tidal flat or wetland, where microphytobenthos (e.g. cyanobacterial
mats or diatom biofilms) are present and the substrate is muddier or area sheltered by salt marsh
vegetation. In future studies, more specific experiments will be conducted to understand the
relationship between TLS waveform amplitude and the sediment physical characteristics, to
quantify the different influencing factors, so that it can be applied to other types of tidal tidal
flats. Grain size distributions obtained from the new TLS method can be used as indicators of

sedimentary dynamics, shedding light on environmental processes affecting biological habitats.
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Figure captions

Fig. 1. Study area. (a) Location of the Yangtze River in Asia. (b) Three-order bifurcated
distributaries of the Yangtze Estuary. The Nanhui tidal flat studied here is located on the
southern marginal tidal flat showed in the red rectangle. Artificial reclamation projects
(blue dashed curve) and Donghai Bridge near the Nanhui tidal flat are also indicated. (c)
Observation station of the Terrestrial Laser Scanner (TLS, Riegl VZ-4000) on the
seawall, and the distribution of surface sediment sampling sites. The 20 magenta hollow
squares and 5 white dotted lines indicate the transects of the experimental sampling sites,
and 5 blue solid squares (m1/v1 to m5/v5) indicate the monthly and validation sampling
sites (Table 1). (d) Original intensity of TLS echo, a rectangular area was set to study
the relationship between sediment grain size calculated with TLS echo and measured in
the laboratory.

Fig. 2. Flow charts for data processing and analysis. Mainly data processing includes three parts:
sediment grain size measurements, corrections of waveform amplitude of TLS echoes
and multi-parameter function relationship determinations. Finally, discuss the
verifications of those constructed relationships and analyze the potential influencing
factors.

Fig. 3. Frequency distribution of sediment grain size (0-300 pm) of the 20 experimental samples
collected on Jun. 22, 2019, the clay fraction of all sediments was low. (a) site: s01-s06;
(b) site: s07-s11; (c) site: s12-s17 and (d) site: s18-s20. (e) Folk’s triangle classification
of experimental sediments, and (f) nomenclature of sediments collected on Jan. 23,2019

(winter, green asterisks) and on Jul. 19, 2019 (summer, blue asterisks), respectively.
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Fig. 4.

Fig. 5.

(a) Original and corrected waveform amplitudes of TLS echo and corresponding
elevation at each experimental sediment sampling site, 5 transects were set in Nanhui
tidal flat and shown in Fig. 1lc. (b) Original and corrected TLS echo intensity and
corrected waveform amplitude of each monthly sediment sampling site.

Relationships between the corrected waveform amplitudes of TLS echo and three
sediment fractions, (a) sand fraction, (b) silt fraction and (c) clay fraction. The
logarithmic fitting curves were calculated based on all sediment data that collected in

the experimental and monthly sites, and the 95% confidence intervals are also indicated.

Fig. 6. Fig. 6. Relationships between the corrected waveform amplitudes of TLS echo and the

Fig. 7.

Fig. 8.

(a) sediment average grain size and (b) sediment D50. The different logarithmic fitting
curves and related confidence intervals for experiment and monthly sediments,
respectively, are shown in (c) for sediment average grain size and (d) for sediment D50.
Comparison of indoor measured and TLS-based calculated sediment parameters (sand
fraction, silt fraction, average grain size and D50), calculated results were based on
constructed log-fitting equations between the corrected waveform amplitudes of TLS
echo and the sediment parameters. (a-d) All experimental and monthly sediment
samples; (e-f) at five monthly sampling sites, standard deviations were also indicated.

A logarithm fitting equation y=a*/n(x)+b was used to determine relationship the
between corrected waveform amplitude and the sediment average grain size, specific
results were shown in Table S1. (a-b) Relationship between correlation coefficient (7)
and parameters a and b of the logarithm fitting equation. (c-e) Relationship between

intertidal slope and correlation coefficient (»), parameter a and parameter b, respectively.
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Fig. 9. (a-d) Logarithmic fittings of validations between the corrected waveform amplitudes of
TLS echo and different sediment fraction and grain sizes, the data were collected
independently of experimental and monthly samples, and then compared with the study
results. (e-f) Comparison of measured and TLS-based calculated sediment parameters
(sand fraction, silt fraction, average grain size and Dso), calculated results were based
on the above constructed log-fitting equations of study results.

Fig. 10. (a-b) The spatial distribution of sediment average grain size in June 2019, that were
derived from indoor measured and TLS-based calculated result, respectively, then a
total of 550 equally spaced points are generated to analyze the difference between the
two. (¢) The relationship between measured and TLS-based calculated average grain
sizes. (d) TLS-based calculated average grain sizes in January 2019 and (e) frequency

distribution of TLS-based results in January and June 2019.
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Table captions
Table 1. Dates of sediment sampling and TLS observation of different data sets.

Table 2. Multi-grain size parameters of intertidal surface sediment of the experimental set.

Table 3. Measured water content of intertidal surface sediments of the experimental set.

Table 4. Comparison of indoor measured and TLS-based calculated three fractions (sand, silt
and clay), average grain size and Dso of surface sediment at different monthly sampling

sites.
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1017  Fig. 1. Study area. (a) Location of the Yangtze River in Asia. (b) Three-order bifurcated
1018  distributaries of the Yangtze Estuary. The Nanhui tidal flat studied here is located on the
1019  southern marginal tidal flat showed in the red rectangle. Artificial reclamation projects (blue
1020  dashed curve) and Donghai Bridge near the Nanhui tidal flat are also indicated. (c) Observation
1021  station of the Terrestrial Laser Scanner (TLS, Riegl VZ-4000) on the seawall, and the
1022 distribution of surface sediment sampling sites. The 20 magenta hollow squares and 5 white
1023  dotted lines indicate the transects of the experimental sampling sites, and 5 blue solid squares
1024  (ml/vl to m5/v5) indicate the monthly and validation sampling sites (Table 1). (d) Original
1025 intensity of TLS echo, a rectangular area was set to study the relationship between sediment
1026  grain size calculated with TLS echo and measured in the laboratory.
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Fig. 2. Flow charts for data processing and analysis. Mainly data processing includes three parts:
sediment grain size measurements, corrections of waveform amplitude of TLS echoes and
multi-parameter function relationship determinations. Finally, discuss the verifications of those
constructed relationships and analyze the potential influencing factors.
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Fig. 3. Frequency distribution of sediment grain size (0-300 pm) of the 20 experimental samples
collected on Jun. 22, 2019, the clay fraction of all sediments was low. (a) site: s01-s06; (b) site:
s07-s11; (c) site: s12-s17 and (d) site: s18-s20. (e) Folk’s triangle classification of experimental
sediments, and (f) nomenclature of sediments collected on Jan. 23,2019 (winter, green asterisks)
and on Jul. 19, 2019 (summer, blue asterisks), respectively.
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Fig. 4. (a) Original and corrected waveform amplitudes of TLS echo and corresponding
elevation at each experimental sediment sampling site, 5 transects were set in Nanhui tidal flat
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amplitude of each monthly sediment sampling site.
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sediment fractions, (a) sand fraction, (b) silt fraction and (c) clay fraction. The logarithmic
fitting curves were calculated based on all sediment data that collected in the experimental and
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Fig. 7. Comparison of indoor measured and TLS-based calculated sediment parameters (sand
fraction, silt fraction, average grain size and Dso), calculated results were based on constructed
log-fitting equations between the corrected waveform amplitudes of TLS echo and the sediment
parameters. (a-d) All experimental and monthly sediment samples; (e-f) at five monthly
sampling sites, standard deviations were also indicated.




1062

1063
1064
1065
1066
1067

1068

-40 a 1 1100- b i
o L i
-60f . %o
= 900} .
s | g = L y=1448x-444.77 00 |
,80 c
2 ) o] 2 ¥=0.58, p<0.05
s y=-185.95x+63.80 1 & 7oop E
£ 1000 p=0.59, p<0.05 o0 = i
o [&]
-120F o0 B 1
o ]
-140F - |
0.5 0.6 0.7 0.8 0.9
Correlation coefficient (r)
' ] [ y=-1113.53+1649.7
=085 . e r=0.47, p<0.10
S i J B o o
@
© = S 900 .
£ 075 g = = .
8 £ s
5 12 T 700 -
= ggsl y=0.502x+1.2120 | 2100 1 & |
° ¥=0.53, p<0.05 3 8
3 - 1 -120f o o { 500 1
L N y=142.13x-207.49 1
0.55 o
(o} = -140F ¢ r=0.46, p<0.10 1 300 J
0.7 0.8 0.9 1.0 0.7 0.8 0.9 1.0 07 0.8 0.9 1.0
Slope (degree) Slope (degree) Slope (degree)

Fig. 8. A logarithm fitting equation y=a*/n(x)+b was used to determine relationship the
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1070  Fig. 9. (a-d) Logarithmic fittings of validations between the corrected waveform amplitudes of
1071 TLS echo and different sediment fraction and grain sizes, the data were collected independently
1072 of experimental and monthly samples, and then compared with the study results. (e-f)
1073 Comparison of measured and TLS-based calculated sediment parameters (sand fraction, silt
1074  fraction, average grain size and D50), calculated results were based on the above constructed
1075  log-fitting equations of study results.
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1077  Fig. 10. (a-b) The spatial distribution of sediment average grain size in June 2019, that were
1078  derived from indoor measured and TLS-based calculated result, respectively, then a total of 550
1079  equally spaced points are generated to analyze the difference between the two. (c) The
1080  relationship between measured and TLS-based calculated average grain sizes. (d) TLS-based
1081  calculated average grain sizes in January 2019 and (e) frequency distribution of TLS-based
1082  results in January and June 2019.

1083  Table 1. Dates of sediment sampling and TLS observation of different data sets.

Data set Date

Experiment Jun. 22,2019

Jan. 04, 2017; Apr. 14, 2017; Aug. 22, 2017; Oct. 24, 2017
Monthly Jan. 19, 2018; Apr. 26, 2018; Jul. 20, 2018; Oct. 10, 2018; Dec. 01, 2018

Jan. 23, 2019; Mar. 23, 2019; Jun. 23, 2019; Jul. 22, 2019

Winter Dec. 02, 2016; Feb. 13, 2017; Feb. 5, 2018; Feb. 23, 2019
Validation
Summer May. 13, 2017; Jun. 29, 2018; Aug. 20, 2018; Jul. 18,2019
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1086

1087
1088

Table 2. Multi-grain size parameters of intertidal surface sediment of the experimental set.

Sand Silt Clay Average
Site fraction fraction fraction  grain size Pso ) Sk Ku
(%) %) ) m

s01 79.26 19.25 1.49 98.28 140.56 1.55 1.77 234
s02 67.22 31.63 1.15 79.52 119.81 1.48 1.57 2.15
s03 22.14 74.55 331 31.61 31.32 1.69 0.58 2.33
s04 6.30 90.82 2.88 21.73 23.24 1.17 0.65 1.74
s05 21.68 75.49 2.83 30.62 28.29 1.67 0.62 2.29
s06 18.48 78.64 2.88 30.45 29.46 1.67 0.69 2.38
s07 91.01 8.28 0.71 130.16 156.89 1.10 1.59 2.12
s08 32.38 65.46 2.16 41.92 41.22 1.56 0.83 2.13
s09 51.79 44.49 3.72 47.07 68.22 1.89 1.49 2.39
s10 19.25 75.56 5.19 24.99 24.57 1.73 0.55 2.33
s1l 36.20 58.73 5.07 32.16 29.16 1.95 0.63 2.38
s12 86.75 12.57 0.68 119.58 150.02 1.16 1.56 2.09
s13 15.10 83.45 1.46 34.38 33.13 1.27 0.46 1.98
s14 45.67 53.43 0.91 57.13 56.28 1.35 1.11 1.93
s15 86.68 12.41 0.91 113.10 147.23 1.24 1.68 221
s16 80.19 19.10 0.71 70.61 100.00 1.17 1.48 1.99
s17 34.70 64.21 1.09 49.43 48.80 1.29 0.82 1.93
s18 43.25 55.99 0.76 1.34 0.92 1.90 60.07 51.31
s19 33.35 65.62 1.03 1.25 0.90 1.88 49.92 46.23
$20 24.03 73.46 2.51 1.51 0.42 2.13 35.85 37.10

Note: ¢ is sorting factor; Sk is skewness and Ku is kurtosis of intertidal sediment.
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1089  Table 3. Measured water content of intertidal surface sediments of the experimental set.
Site s01 s02 s03 s04 s05 s06 s07 s08 s09 s10
SWC (%) 20.05 20.66 2328 2898 32.03 3340 18.90 27.27  30.30 3291
Site sl s12 s13 sl4 sl5 sl6 s17 s18 s19 s20
SWC (%) 3451 2093 23.68 2297 23091 17.89 2234 27.13 2598  26.16
1090  Note: SWC is the sediment water content.
1091
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1092  Table 4. Comparison of indoor measured and TLS-based calculated three fractions (sand, silt

1093  and clay), average grain size and Dso of surface sediment at different monthly sampling sites.

Mean of all  Mean of all

Site ml m2 m3 m4 m5 absolute sampling
errors sites
Measured (%) 85.81 3950  24.83 2756  24.61 / 40.46
Sand
, Calculated (%)  62.38  46.56  35.09 2204  17.25 / 36.66
fraction
Error (%) 2730  17.87 4132 2003  -29.91 27.28 -9.39
Measured (%) 21.66 5747 6892 6841  66.53 / 56.6
Silt
_ Calculated (%) 3423 4974 6098 7377  78.46 / 59.44
fraction
Error (%) 58.03  -1345 -1152  7.84 17.93 21.75 5.01
Measured (%) 3.53 3.03 3.18 2.79 8.86 / 4.28
Clay
, Calculated (%) 2.66 291 3.09 3.29 5.87 / 3.56
fraction
Error (%) 2465  -3.96 2.83 1792  -33.75 16.62 -16.69
Measured (um)  109.48  53.08 3599  40.69  29.67 / 58.78
Average
grain  Calculated (um)  80.65 6148 4758  31.76  25.95 / 49.48
size
Error (%) 2633 1583 3220 2195 -12.54 21.77 -1.99
Measured (um)  158.13  59.92  33.93  40.17 4445 / 67.32
Dso Calculated (um)  107.02  77.08 5538  30.68  21.61 / 58.35
Error (%) 3232 28.64 6322 2362  -51.38 39.83 -13.32
1094
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