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This study investigates the capability of high-spatial resolution Landsat Thematic
Mapper (TM) data to sense and document suspended particulate matter concentra-
tion (SPMC) variability resulting from the influence of large structures in coastal
waters. Two bridges, located in the coastal waters of the Yangtze River delta, are
used as examples. A new SPMC inverse model, relating SPMC to TM optical
properties through linear regression in the red and near-infrared bands, is devel-
oped. In total, 780 samples and 30 transects taken between 2006 and 2011 were
used to compare and contrast SPMC at locations upstream and downstream of the
bridges. The comparisons show: (i) within a distance of 0.3 km downstream from
the bridges, SPMC mostly increased by 3–60% (8.40–176.29 mg l–1); (ii) when
SPMC values upstream were low (<300 mg l–1), the increase in SPMC extended to
3.0–6.5 km downstream; (iii) under conditions of high turbidity (>400 mg l–1)
upstream, decreases in SPMC were observed in 0.3–6.5 km downstream. The
bridges influenced SPMC by blocking the transport of upstream suspended parti-
culate matter (deposition) and through stirring of the sediments near the base of
their piers (resuspension). The results can be generalized to other offshore engi-
neering structures.

1. Introduction

Suspended particulate matter (SPM) has significant impacts on the marine environ-
ment. The Yangtze River transports several hundred million tonnes of SPM per year
(Chen, Zhang, and Yang 2003), some of which enter Hangzhou Bay (Jilan and
Kangshan 1989; Tang et al. 1998). The turbidity in Hangzhou Bay depends mainly
upon the remote sediments supplied by the near-shore coastal currents and tidal
currents, as well as on internal sediment resuspension (Chen and Wang 2008). The
SPM in Hangzhou Bay is transported mainly by advection, mixing, and settling (Hu
et al. 2009), affecting transparency, turbidity, water quality, and geomorphology
(Cloern 1987; Mayer et al. 1998; Tang et al. 2003a; Webster and Lemckert 2002).
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Numerous near-shore constructions that can affect the ecology and geomorphol-
ogy of bays have been built in recent years. Two such constructions, which are
studied here, are large bridges (Table 1) in the Yangtze River delta. The first is
Hangzhou Bay bridge (HBB, Figure 1(c)), opened in 2007, which spans the main
channel of the bay connecting Jiaxing and Cixi, near Ningbo. The second of these,
Jin Tang bridge (JTB, Figure 1(d)), which connects Zhenhai and Jin Tang Island,
was opened in 2009.

Experimental and numerical simulation studies have been conducted to investi-
gate how bridges affect the flow dynamics and impact the local ocean environment
(Liu 2006; Shin and Park 2010). Prior studies have found that bridge piers generate
horseshoe vortex systems (Unger and Hager 2007) and affect equilibrium scour

Table 1. Hangzhou Bay bridge (HBB) and Jin Tang bridge (JTB).

Bridge
Construction

date
Length
(km)

Average pier
spacing (m) Reason for construction

Approximate water
blockage (%)

HBB 2003–2007 36.00 60.00 To shorten the coastal
transport route

5–9

JTB 2006–2009 18.50 52.86 To provide access to Jin
Tang and other islands

5–9

b
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Figure 1. (a) Location of coastal waters in Yangtze River delta. (b) and (c) HBB and JTB. (d)
Location of HBB and JTB on the map of the study area. Small red square area (S): The location of
the in situ sampling area. Red square in (d): the location of the region of Figure 2(c). Red point p:
the location of the open-air ocean water pool.
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depth, which are dependent upon the characteristics of both the fluid and bed
sediments, pier geometry, and Reynolds number (Baker 1979; Firat and Gungor
2009; Pasiok and Stilger-SzydŁO 2010; Raudkivi and Ettema 1983; Ting et al.
2001; Unger and Hager 2007). Another study found that the equilibrium scour in
clay is about the same as in sand, but the rates of scour are much slower in the
former (Ting et al. 2001). One numerical study showed the obstruction impact of a
bridge on sediment transport at the mouth of Hangzhou Bay (Qiao et al. 2011). Due
to lack of observational data, however, very few remote-sensing-based studies have
focused on the impacts of major offshore constructions, especially bridges across a
bay, on SPM transport and distribution.

Much research has been done on SPM monitoring using remote-sensing data.
Since 1978, the Coastal Zone Color Scanner (CZCS) and other satellite ocean colour
sensors have been used to monitor SPM and chlorophyll-a in China’s coastal waters
(Li and Guo 2014; Shen et al. 2010; Tang et al. 1998; Zhang et al. 2014). Based on
the relationship between SPMC and reflectance, remote-sensing data can be used to
interpret ocean sedimentary information (Fan, Huang, and Tang 2007; MatAmin
et al. 2012; Qiu 2013; Tang et al. 2003b), such as total suspended matter (TSM),
suspended sediment concentration, and SPM direction (Chen and Wang 2008; Choi
et al. 2014; He et al. 2013; Shen et al. 2010; Zhang et al. 2014).

In recent decades, local marine environment monitoring applications have used
high-spatial resolution satellite remote-sensing data acquired from Landsat Thematic
Mapper (TM) and the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER). These data clearly show detailed information on water bodies
(Charou et al. 2010). The influence of suspended sediment particles on water
spectral characteristics was also analysed (Cai, Tang, and Li 2015a; Dekker, Vos,
and Peters 2002; Doxaran, Cherukuru, and Lavender 2006; Zhou et al. 2006), and it
was found that the sensitivity of particular wavelength bands to SPM varies with
water constituents.

This study investigates the influence of major offshore constructions, specifically
bridges across a bay, on SPM transport and distribution using high-spatial resolution
data through quantitative and qualitative analysis of SPMC variation. It documents
in detail the impacts of the bridges on the movement and distribution of SPM in the
vicinity of the bridges from a remote-sensing perspective.

2. Data and methods

2.1. Study area

Hangzhou Bay and Jin Tang bridges are located in Hangzhou Bay, a funnel-shaped
bay with an average depth of around 9 m at low tide (Liu et al. 2012; Wang et al.
2012; Xie et al. 2009), in the coastal waters of the Yangtze River delta, in the East
China Sea, 29–32° N and 120–123° E (Figure 1(a) and (b)). The topography of
Hangzhou Bay includes shallow shoals to the northeast, a deep tidal channel with a
maximum depth of 13 m along the northern bank (He et al. 2013), tidal channel sand
ridges in the middle, and large sandbar areas in the south. Hangzhou Bay is
influenced by Yangtze River estuary south-flowing water, Qiantang River runoff,
and East China Sea tidal flow, leading to strong tides, rapid flow, and high
SPMC there (Cai et al. 2015b; Shengquan, Guohui, and Yuhen 1993; Jilan and
Kangshan 1989).
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2.2. Field data collection

Two field data collection campaigns were conducted in 2009 and 2014 (denoted by
small red square (S) in Figure 1(a); (Table 2). The first survey collected water samples
from 62 stations at around 10:15 on 17 July 2009 using 10 fishing boats at different
positions in the sampling area (S in Figure 1(a)); their locations were changed and
water samples were collected about 300 m apart between 9:45 and 10:45, giving a total
of 62 water samples used in this study. The SPMC values of the water samples were
measured in the laboratory: 27 were used to construct an SPMC inverse model based
on satellite data obtained synchronously, with the remaining 35 used to validate the
model.

To study the changes in spectral characteristics induced by SPM and determine the
wave bands sensitive to changes in SPMC, a second survey was conducted on 30 March
2014, from 8:00–16:00. The remote-sensing reflectance (Rrs) and SPMC were synchro-
nously measured. A set of experimental data (15 samples) of low SPMC was retrieved on
10 April 2014 (14:30–16:00) from an open-air ocean water pool whose position is shown
in Figure 1(b) (red point, p). The depth of the pool was around 6 m; the bottom was not
visible during measurement because of SPM.

The Rrs value was detected using an ISI921VF visible, near-infrared (NIR) spectral
radiometer with a spectral range of 380–1080 nm.

The measured Rrs is calculated from Equation (1):

Rrs ¼ Lw � ρLs
πLp=ρp

; (1)

where Lw is the radiance received by the ISI921VF above the sea–water surface; Ls is
the radiance of the sky; ρp is the reflectance of the plate; Lp is the radiance received by
the ISI921VF above the plate; and ρ is the dimensionless air–water reflectance and is
always in the range 0.022–0.050. ρ is calculated assuming a black ocean at wavelengths
from 1000 to 1020 nm (Hale and Querry 1973) and wavelength independence (Doxaran
et al. 2002).

The SPMC was defined as the dry mass of particles per unit volume of water (mg l–1).
The water samples were taken below the sea surface, simultaneously with in situ optical
measurements. To obtain the SPMC values, the water samples were first filtered and the
filters were then dried for 24 hours at 40ºC and reweighed (Qiu 2013). The salinity of
Hangzhou Bay water is nearly half that of ocean water, and thus contributes to gravimetric
SPM measurement if salt is not properly washed out. In this scenario it might not play any
role because the overall level of SPM is very high, so that the contribution of salt in the
dried filters can be ignored.

Table 2. In situ measurements.

Survey Location
No. of measurement

stations Time
Measurements

taken

1 30.37°–30.65°N,
121.25°–122°E

62 9:45–10:45 on 17 July
2009

SPMC

2 29.91°–29.98°N,
122.17°–122.22°E

30 8:00–16:00 on 30 March
2014

SPMC, Rrs

4 L. Cai et al.
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2.3. Remote-sensing data and data processing

Eleven Landsat-5 TM images were used for this study, two in each of the years 2006 to
2010 and one in 2011, all acquired under clear sky conditions between 10:13 and 10:20
local time. The dates were 3 March and 20 April 2006, 2 February and 28 July 2007, 24
March and 11 May 2008, 28 April and 17 July 2009, 9 November and 27 December 2010,
and 23 July 2011.

Geometric correction was performed in this study to eliminate geometric distortion in
satellite images, by referencing a topographic map of Hangzhou Bay area (Dewidar and
Khedr 2001). A polynomial geometric correction model, which has been widely used for
satellite image correction, was used (Hadjimitsis et al. 2006) and the root mean square
error (RMSE) for positional accuracy was generally less than 0.5 pixels.

A dark pixel subtraction method was applied for atmospheric correction (Chavez Jr 1988;
Mustak 2013; Pattiaratchi et al. 1994; Warrick et al. 2004) to eliminate atmospheric distortion
due to atmospheric absorption and scattering of electromagnetic radiation from Landsat-5
TM data (Hu et al. 2004). Land-based clear water bodies (e.g. clear lake waters here) were
used as standard reflectors for atmospheric measurements (Teillet and Fedosejevs 1995). The
standard reflectors (dark objects) can be found in the three continuous images (covering
Hangzhou Bay water along with surrounding lakes, rivers, and some other land information),
with the middle one covering Hangzhou Bay and the two adjacent images lying immediately
ahead and behind it on the same orbit (Cai, Tang, and Li 2015a).

Atmospheric contribution in each band was assumed to be the difference between the
reflectance at the top of the atmosphere and that of dark objects. In prior studies, clear lake
water surface reflectance in TM red and NIR bands was found to be 0.03 and 0.01,
respectively (Richter 1990; Teillet and Fedosejevs 1995). Atmospheric correction was
performed following the procedure of Zhou et al. (2006). The first step was to convert the
image’s original pixel value to the top-of-atmosphere reflectance. Then, the histogram
method was used to identify pixels of clear waters from the images by selecting the lower
bound of the histogram in TM band 4. The third step, subtraction of the reflectance
contributed by the atmosphere, was finally conducted for each band.

A comparative analysis of the two sides of both bridges was conducted for every
image. The sub-zenith angle remained the same for all images.

Seven hundred and eighty paired points were sampled along the bridges from 11
landsat-5 TM images, with one point sampled upstream close to the bridges and its pair
sampled downstream along the streamline, within 0.3 km away from the bridges. These
paired points were evenly sampled from water containing different SPMC values in the
study area around the the bridges.

Furthermore, we measured SPMC along 30 transects, aligned normal to the bridges, to
compare the SPMC on opposite sides of the bridges.

2.4. Water current simulation

Hangzhou Bay tidal currents were simulated using the Regional Ocean Modelling System
(ROMS) (Rutgers version 3.2, Song and Haidvogel (1994), see http://www.myroms.org/).
The bottom topography was extracted from the topographic data set ETOPO1 (Amante and
Eakins 2009), and the air–sea heat flux and wind stress data were obtained from NCEP/DOE
Reanalysis 2 (Prasad and Singh 2009). In this study we aimed to determine the current fields
in the water surrounding the bridges, which occupy an area much wider than that of the
bridge, in order to estimate the effects of the bridges on suspended sediment variability. In
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this case, the numerical model (ROMS) was used to provide a reliable current estimate even
though the resolution of the model is lower than the scale of a bridge. Furthermore, the model
results were well validated (Fan and Song 2014).

3. Results

3.1. Changes in water spectral characteristics

Two reflectance peaks (Figure 2(a)) were found from the in situ-measured reflectance
curves (for SPMC >150 mg l–1), in the ranges 630–730 nm and 770–850 nm. The
values of the two reflectance peaks are therefore close. The experimental reflectance
curves (Figure 2(b)) obtained from the low-SPMC water pool (for SPMC <100 mg l–1)
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Figure 2. Spectral reflectance curves of sampled points in Hangzhou Bay area sampled from (a)
Hangzhou Bay and (b) experimenal water). (c) Pier-induced comb flow and location of sampling
points (c1–c2). (d) Spectral profiles (c1–c2) of sampling points in (c). (e) Change in the value of the
correlation coefficient between SPMC and Rrs with wavelength. (f) Change in the p-value from the
correlation analysis of SPMC and Rrs with wavelength.
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show two reflectance peaks, with a major one around 570 nm and a weak one around
800 nm. An increasing trend with increasing SPMC can be seen in the reflectance of
the red (red arrows in Figure 2(a) and (b)) and NIR bands (red circles in Figure 2(a)
and (b)).

Spectral profile curves acquired from Landsat TM images on opposite sides of the
bridges show distinct differences in the red and NIR bands, with the values of point c1
lower than those of point c2 in Figure 2(c) and (d).

3.2. A new SPMC estimation model: ‘SPM-CT’

Water spectral analysis and correlation analysis were carried out to determine the relation-
ship between SPMC and reflectance as a function of wavelength. A linear regression
analysis between SPMC and Rrs at different wavelengths was conducted and a linear
correlation was calculated. The highest correlation between SPMC and Rrs was found in
the NIR band as compared with the blue, green, and red bands, with a correlation
coefficient in the range 0.77–0.86 (P < 0.005) (panels (e) and (f) in Figure 2). The red
band follows the NIR band, presenting a secondary correlation with the SPMC in water of
high turbidity water. The red band (red arrow in Figure 2(b)) is more sensitive to
suspended sediment than the NIR band in water of low SPMC. Therefore, the NIR
band (TM band 4) and red band (TM band 3) were adopted to establish an model for
estimation of SPMC.

Nine pixel values (i.e. calibrated reflectance in the fourth and third bands – R4 and R3)
around each sampling site were first averaged and then used to establish the regression
model. The linear regression relationship between the averaged R4, R3 reflectance and the
actual SPMC values was derived (Equation (2), with R2 0.976, P < 0.005) using the in situ
data set. The data set contained 27 water samples, with SPMC values ranging from 179 to
616 mg l–1, and a mean value of 389.58 mg l–1. The new model, named ‘SPM-CT’ (C:
Cai; T: Tang) (Equation (2)) is:

SPMC ¼ 314:435� R3 þ 3805:982� R4 þ 28:54; (2)

where SPMC is the suspended particulate matter concentration (mg l–1) and R3, R4 denote
the calibrated reflectance (i.e. after applying atmosphere correction) in the third (red) and
fourth (NIR) bands, respectively.

The calculations were performed with software ENVI 4.5 (ENVI 1997).
To further understand the applicability of ‘SPM-CT’, we evaluated its performance

using a validation data set of 35 samples. These 35 test cases are from different locations
and are independent from the 27 data points used to determine the regression coefficients.
Comparisons between in situ SPMC and model-estimated values showed close agreement
(Figure 3), with a highly significant linear relationship and a coefficient of determination,
R2, of 0.978 (P < 0.005). The ‘SPM-CT’ model is, therefore, suitable for comparison of
SPMC on opposite sides of the bridge.

3.3. Model-retrieved SPMC

3.3.1. SPMC distribution in the vicinity of the bridges

The distribution of SPMC (Figure 4(a)–(c)) in the research area was retrieved from
11 TM images (here we take three images for 28 July 2007, 17 July 2009, and 23
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Figure 3. Regressions of the measured SPMC and estimated SPMC from ‘SPM-CT’ model.
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Figure 4. Surface SPMC retrieved from Landsat TM images around 10:15 on 28 July 2007
(a); 17 July 2009 (b); 23 July 2011 (c). (d) – (f) Simulated tidal current field for images from
28 July 2007 (d); 17 July 2009 (e); 23 July 2011 (f) accordingly. Colour bar: current intensity
(m s–1). Black arrow: current direction. Black circle: position where SPMC clearly changed
near the centre of the bay.
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July 2011 as examples). Figure 4 shows three high-SPMC areas in the study area,
the first to the west of Hangzhou Bay, the second in a shallow-water sandbar to
the south of the bay, and the third to the northeast of the bay close to the mouth of
the Yangtze River. The current fields for each satellite image show that when
the tidal currents flow inward (westwards) (Figure 4(d)), the central part of the
bay shows relatively higher SPMC values (black circles in Figure 4(a)).
When the tidal currents flow outwards (eastwards) (Figure 4(e) and (f)), the central
area of the bay shows relatively low SPMC values (black circles in Figure 4(b)
and (c)).

When the current flows past a bridge, pier-induced flow (comb-like) can be seen
at the rear of the bridge in Landsat-5 TM enhanced images (Figure 2(c)). This comb-
like flow can be used to estimate the direction of local water currents. We define
comb-like flow side as downstream, and the opposite as upstream.

In general, for the HBB area, SPMC values near the centre of the bridge were lower
than at the two ends (Figures 5(a), (c), and (e)). For JTB, higher SPMC valuess were
clearly observed at the western end of the bridge compared with the eastern end. The
average SPMC was 300 mg l–1, and the maximum in most cases was around 750 mg l–1

(Figure 5(b), (d), and (f)). SPMC analysis was performed on 11 images although only
three example images are presented here. These SPMC levels show highly turbid water.
Obvious differences in SPMC were observed between the upstream and downstream
aspects of the bridges.

3.3.2. Increased SPMC downstream of the bridges

SPMC increased downstream of the HBB and JTB by 3–60% (the ratio between
downstream and upstream SPMC) (Figure 6(a)). Incremental values of between
8.40–176.29 mg l–1 were found at almost all paired sampling points within 0.3 km
downstream from the bridges, with only a few points showing SPMC decreasing
downstream.

In general, downstream SPMC downstream was positively correlated with upstream
SPMC (Figure 6(b)) but the variation cannot be ignored. SPMC increased significantly for
upstream water with SPMC >300 mg l–1. The more turbid the water upstream, the less
SPMC increased in amplitude downstream (Figure 6(a)). The spatial region of increased
SPMC extended to approximately 2.0–6.5 km downstream (Figure 7 (Transects 1–2),
(Transect 4), and (Transects 7–8)). Thirty transects were analysed on 11 images, from
which we selected eight.

3.3.3. Decreased SPMC downstream of the bridges

For high-turbidity water upstream (SPMC >400 mg l–1, occasionally >350 mg l–1), SPMC
decreased by 2.0–17.5% (12.60–62.98 mg l–1) (as seen from the points below the zero line
in Figure 6(a)) 0.3 km or more downstream from the piers (Figure 7 (Transect 3) and 7
(Transect 5)).

Under upstream turbid water conditions, decreased SPMC was observed approxi-
mately 0.3–6.5 km downstream from the bridge, but is significant and clearly
detectable at 1.5 km and beyond (Figure 7 (Transect 3), 7 (Transect 5), and 7
(Transect 6)).
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4. Discussion

4.1. Applicability of novel model ‘SPM-CT’

Both the red and NIR band are sensitive to SPMC in high-turbid water (Figure 2(a)). The
NIR single band was used to build a suspended sediment inverse model in our prior study
(Cai, Tang, and Li 2015a). Considering that the red band (red lines in Figure 2(b)) is more

HBB JTB

SPMC (mg l–1)

80050 200 400

(a)

28 July 2007 

23 July 2011 

17 July 2009 

121° 122° E

30°

31°

Hangzhou Bay

HBB

JTB

(b)

(c) (d)

(e) (f)

NN

10 km

Figure 5. Local surface SPMC distribution near HBB and JTB retrieved from Landsat TM images
on 28 July 2007 (a) – (b); 17 July 2009 (c)–(d); 23 July 2011 (e)–(f). Black and red broken lines:
HBB and JTB, respectively. Black arrows: tidal current direction.
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Figure 6. (a) Regression analysis between upstream water SPMC and increase in SPMC down-
stream (sampled 0.3 km downstream during rising and ebbing tides). The points linking unchanged
SPMC are distributed on a horizontal line; positive values denote SPMC increase and negative
values denote SPMC decrease. (b) Regression analysis of upstream and downstream SPMC sampled
0.3 km downstream during rising and ebbing tides.
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sensitive to suspended sediment than the NIR band in low-turbidity water (i.e. the Rrs

value for the red band increases significantly with increase in SPMC while the NIR band
is sensitive to SPMC in high-turbidity water), the reflectance value in the red and NIR
bands combined can better reveal the difference in SPMC. We exploited these variations
in reflectance in the NIR and red bands to establish the model ‘SPM-CT’.

The ‘SPM-CT’-derived SPMC distribution in this study is consistent with SPMC
estimates in prior research (Li, Gao, and Wang 2010; Xie et al. 2013).

4.2. Factors contributing to large-scale SPMC distribution

The distribution of SPMC over the entire area of Hangzhou Bay is influenced mainly by
the tidal currents, the topography, and fresh water runoff. The location of relatively high-
SPMC areas (Figure 4(a)–(c)) is consistent with the three shallow parts (Cai et al. 2015b)
of Hangzhou Bay. The freshwater runoff from the rivers Yangtze and Qiantang carries
suspended sediment into Hangzhou Bay (Han, Dai, and Li 2003). SPM is always
deposited during the turning phase of the tide when tidal currents slacken (Hu et al.
2009), with the maximum concentration lagging behind the peak tide current and with the
vertical distribution of SPMC being low on top and high below (Chen and Wang 2008).

4.3. SPMC is affected by the interaction between current and bridge piers

In the waters surrounding the bridges, SPMC distribution is significantly influenced by
their presence, in two ways: (i) blocking the current carrying upstream SPM, thereby
promoting sediment deposition downstream; and (ii) inducing local scouring near the
bridge, resulting in sediment resuspension.

4.3.1. The blocking role of bridge piers

When bridge pier spacing is less than 150 m, the piers can significantly influence the
current velocity by blocking it (Liu 2006; Pasiok and Stilger-SzydŁO 2010), resulting in
reduced near the bridge (Qiao et al. 2011). Most of the piers on these two bridges are
spaced about 50–90 m apart, except for a few near the main navigational route, which are
spaced wider than 150 m. Nearly 7% of the cross-sectional area of the bay is blocked by
the bridges’ piers, promoting SPM deposition that can be observed approximately 0.3–
6.5 km from the bridges.

4.3.2. The resuspension role of the bridges

Because of the interaction of the currents with piers, local scouring can be generated from
downwelling in front of the pier, the wake vortex behind, and the vertical vortex along-
side, thereby resuspending the particles from the scour hole downstream (Baker 1979;
Pasiok and Stilger-SzydŁO 2010; Unger and Hager 2007), resulting in increased SPMC
(Figures 5–7). SPMC and the hydrodynamic conditions of the currents, the bathymetric
characteristics, the makeup of the seabed (e.g., clay or sand), the pier condition, and even
Reynolds numbers can all influence local scour around a bridge pier (Debnath and
Chaudhuri 2011; Raudkivi and Ettema 1983; Ting et al. 2001) and contribute to sediment
resuspension.

A combination of deposition and resuspension resulted in the changes in SPMC
downstream. Sometimes the variation in SPMC was not obvious downstream compared
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with upstream because (i) the pier spacing (located on the main navigational route) was
wider than 150 m (Liu 2006), and (ii) a balance exists whereby deposition is offset by
resuspension. The offset buffer zone (deposition and resuspension interaction region) for
SPMC is approximately 3.0–6.5 km downstream from the bridge (sometimes >7 km;
downstream region to the left in Figure 7), with SPMC gradually declining. It is an
interesting suggestion that there seems to be a deposition belt forming on the seabed
approximately 2–5 km downstream from the bridge. As the upstream and downstream
waters near the bridges change with the direction of tidal current, there are two belts
parallel to the bridge, one upstream and one downstream, extending 2–5 km from the
bridge, where sediment tends to be deposited. One study suggested the presence of such
belts at other bridges (Qiao et al. 2011).

5. Summary and conclusions

In this study, we derived a new model ‘SPM-CT’ to retrieve SPMC from Landsat
Thematic Mapper data, using a combination of the red and NIR bands. This novel
model is capable of estimating SPMC in coastal waters, especially in SPM-dominant
water such as Hangzhou Bay.

SPMC in the vicinity of HBB and JTB was significantly different on opposite sides of
the bridges. Within 0.3 km downstream of the bridges, SPMC mostly increased by 3–
60%. When SPMC was low upstream, it tended to increase downstream, extending
approximately 3.0–6.5 km. Under conditions of high (>400 mg l–1) SPMC upstream,
we observed a decrease in SPMC 0.3–6.5 km downstream, which became more marked
about 1.5 km from the bridges.

The impacts of bridges on SPMC in the surrounding waters are mainly as a result of
their dual role: (i) blocking the current carrying upstream SPM, thereby promoting
sediment deposition downstream; and (ii) inducing local scouring near the bridge, thereby
leading to sediment resuspension. The offset buffer zone (deposition and resuspension
interaction region) for SPMC is approximately 3.0–6.5 km downstream from the bridge,
with SPMC gradually declining. A deposition belt formed on the seabed at approximately
2–5 km downstream from the bridge. Downstream variation in SPMC is the net result of
deposition and resuspension.
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