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Abstract

We investigated the impact of the Ningbo North Dyke (NND) built in 2012–2014 in the coastal waterway of East China Sea on local
suspended sediment concentration (SSC). Several multi-spectral satellite images acquired by the Landsat Thematic Mapper (TM)/Oper-
ational Land Imager (OLI) in 2008–2017 were used. We analyzed the change of SSC and spectral curves of study area around small
NND (the NND’s total length less than 1 km) using a prior model proposed in our previous study. We found that SSC near NND
in the Meishan Waterway decreased after the NND construction by 200–300 mg/l, so that clean blue water is now observed in the Meis-
han Waterway, apparently thanks to stable dynamic environment in presence of NND. Our results reveal the impact of a small coastal
dyke with length less than 1 km on the movement and distribution of SSC from a remote-sensing perspective.
� 2019 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

So far, a number of marine engineering facilities are
built at China coastal waters to meet the growth of econ-
omy and social development (Vernberg and Winona,
2001; Yan et al., 2015). However, these facilities affect the
surrounding marine environment, e.g., SSC (Xu et al.,
2004), currents (Park and Park, 1998), seafloor (Amano
et al., 2006) due to the change of hydrodynamics (Unger
and Hager, 2006). In addition, these ocean projects can
also affect ecological factors, e.g., the distribution and
growth of marine plankton, benthos (Yuan and Lu,
2001), and the development of fishery.
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As an important part of the marine environmental fac-
tors and water quality parameters, suspended sediment
has great significance to marine ecological environment
(Li et al., 2017; Pan et al., 2018; Tang et al., 2019) and
coastal engineering (Chen and Gu, 2000; Chen et al.,
2003; Shang and Shen, 2016). Based on the optical satellite
images, some researchers have detected suspended sedi-
ment concentration (SSC) variations induced by big coastal
engineering facilities such as bridges (Qiao et al., 2011),
dams (Feng et al., 2014) and harbor engineering (Dai
et al., 2006). However, few remote sensing studies have
explored the impacts of small coastal dykes (with total
length < 1 km) on SSC.

In this study, we investigated variations of SSC caused
by the NND constructed in 2012–2014 to control flood,
water level, and traffic function. We used Landsat The-
matic Mapper (TM)/Operational Land Imager (OLI) data
to retrieve SSC. Spectral curves were analyzed and SSC
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Table 1
Satellite imagery acquisition dates and sensor characteristics.

Sensor Date Bands, lm Resolution, m

OLI 2013-07-28 band 1:0.433–0.453 30
2013-11-17 band 2:0.450–0.515 30
2014-04-10 band 3:0.525–0.600 30
2014-11-04 band 4:0.630–0.680 30
2014-12-06 band 5:0.845–0.885 30
2014-12-22 band 6:1.560–1.660 30
2015-03-12 band 7:2.100–2.300 30
2015-08-03 band 8:0.500–0.680 15
2016-01-26 band 9:1.360–1.390 30
2016-02-27
2016-05-01

TM 2008-12-05 band 1:0.450–0.515 30
2009-02-07 band 2:0.525–0.605 30
2009-05-14 band 3:0.630–0.690 30
2009-07-17 band 4:0.775–0.900 30
2009-10-21 band 5:1.550–1.750 30
2010-11-09 band 7:2.090–2.350 30
2010-12-27
2011-05-20
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was retrieved from satellite images. Tidal current data were
applied to interpret the observed SSC distribution.

The reminder of this paper is organized as follows. Sec-
tion 2 describes data sets and data processing. Section 3
describes currents in the Meishan Waterway and the varia-
tions of SSC retrieved using an empirical algorithm
described in Section 4. Conclusions are summarized in
Section 5.

2. Data and method

2.1. Study area

The 17-km long Meishan Waterway is located in coastal
waters of the East China Sea in the south of the Hangzhou
Bay (Fig. 1). The Waterway water is optically dominated
by suspended sediment. The NND (800 m long and 35 m
wide) located in the NE part of the Waterway (Fig. 1)
was built in 2012–2014.

2.2. Data analysis

2.2.1. Satellite data

The Landsat program has launched six successful mis-
sions that have accomplished 40 years of continuous land
Fig. 1. (A) Location of the NND (red rectangle) in the Meishan Waterway (re
Location of the Meishan Waterway. (C) View of the NND. (For interpretation
web version of this article.)

Please cite this article as: L. Cai, W. Yu, W. Shao et al., Satellite observatio
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surface observations (https://landsat.gsfc.nasa.gov/). We
used Landsat-8 Thematic Mapper (TM) and Operational
Land Imager (OLI) imagery to analyze changes in SSC
from 2008 to 2017. A total of 19 images were selected
d dotted line) in a true color Landsat OLI image on December 6, 2014. (B)
of the references to color in this figure legend, the reader is referred to the
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and analyzed, including 8 Landsat TM and 11 Landsat
OLI images. All images were acquired between 10:15–
11:00 am local time (China Standard Time, CST = UTC
+ 08:00) (see Table 1).
2.2.2. In situ data

Two in situ surveys were conducted in the study area
between 10:00–11:00 am on 20 May 2011 and 26 January
Fig. 2. Tidal current speed and direction during a tidal cycle during 10–11
March 2012. (A) Speed. (B) Direction measured counterclockwise from
the east.

Fig. 3. (A) Meishan Waterway (red dotted line) and NND in a true color La
Meishan Waterway during flood and ebb before the NND construction. B
interpretation of the references to color in this figure legend, the reader is refe

Please cite this article as: L. Cai, W. Yu, W. Shao et al., Satellite observatio
in Space Research, https://doi.org/10.1016/j.asr.2019.07.013
2016. Water samples were collected in the study area
around the position of NND and SSC values of these water
samples were measured. Tidal currents in the study area
during a tidal cycle on 10–11 March 2012 were measured
using direct reading current meter SCL9-2.
2.2.3. Data processing

Radiation data were obtained by converting original
image pixel values into radiance. Atmospheric correction
was then conducted using FLAASH (Fast Line-of-sight
Atmospheric Analysis of Spectral Hypercube), which is an
atmospheric correction method based on the MODTRAN
model. The flight date and time, scene center location were
obtained from the attached file of satellite images. Ground
elevation was calculated as the average elevation of DEM
in the study area. The atmospheric model was selected based
on acquisition time and latitude of satellite data. To estimate
the NND’s impact on water quality in the study area, spec-
tral characteristics retrieved from four locations in the vicin-
ity of the NND were analyzed.

To further analyze SSC changes induced by NND, SSC
in the Meishan Waterway was retrieved quantitatively
using the SSC inverse algorithm from Cai et al. (2015a).
The algorithm was developed for coastal waters of the
ndsat OLI image on 6 December 2014. (B) and (C) Tidal currents in the
lack arrow, current direction. Red circle, the position of NND. (For
rred to the web version of this article.)
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Hangzhou Bay and adopted to calculate the SSC in the
study area as in formula (1) below:

SSC ¼ 314:432� RRed þ 3805:982� RNIR þ 28:54 ð1Þ
where SSC is suspended sediment concentration in mg/l,
while RRed and RNIR is calibrated reflectance (i.e. after
applying atmosphere correction) in red band and near-
infrared band respectively. To reveal the mechanism of
NND affecting the distribution of SSC, the tidal currents
in the Meishan Waterway were analyzed from in situ data
and a prior study.
3. Results

3.1. Tidal current

The study area is dominated by the semidiurnal tide (Fei
et al., 2013). As an example, Fig. 2 illustrates the semidiur-
nal tidal cycle measured on 10–11 March 2012, before the
Fig. 4. Comparison of spectral characteristic curves of sampling points. (a1–f4)
Wavelength. Y-axis: spectral characteristic values of water-leaving reflectance.
Lines 1, 2, 3, 4 represent the spectral characteristic curves of the sampling poin
legend, the reader is referred to the web version of this article.)

Please cite this article as: L. Cai, W. Yu, W. Shao et al., Satellite observatio
in Space Research, https://doi.org/10.1016/j.asr.2019.07.013
NND construction. The direction and speed of the tidal
current change with time regularly. The velocity of tidal
current can increase and decrease in both ebb and flood
periods.

Before the NND’s appearance, tidal current flows from
southwest/northeast to northeast/southwest repeatedly
(Cai et al., 2015c) in Meishan waterway. During flooding
the tidal currents flew eastward (Fig. 3(B)), while, during
ebbing the tidal currents flew westward converging into
the waterway (Fig. 3(C)).
3.2. Water spectral characteristic curves

Water spectral characteristic curves can reflect water
feature attributes. The absorption and scattering of various
optical active substances in water on optical radiation
determine the spectral characteristics of water (Koponen
et al., 2002). Water spectral characteristic curves show
the ability of water to reflect electromagnetic radiation,
Sampling points in images. (A1–F1) Spectral characteristic curves. X-axis:
Between the red dotted lines are the ranges of red and near infrared bands.
ts in each image. (For interpretation of the references to color in this figure
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which varies with the wavelength of the electromagnetic
wave. The DN values are converted into reflectance after
the atmospheric correction. The values of the selected
points, representing the reflectance of the selected points
at each band, can be acquired from spectral profile func-
tion in ENVI 5.1.

The locations of selected paired points (a1-f4) in Fig. 4
(A–F) and the corresponding spectral characteristic curves
of these points are shown in Fig. 4 (A1–F1). The difference
in spectral reflectance values of the selected points at each
band shows the spectral variation. These fluctuations of
spectral characteristic curves correspond to different water
quality and illustrate the spectral characteristics of water
(Fig. 4(A1–F1)).

After the NND construction, spectral characteristic val-
ues (d1,d2,e1,e2,f1,f2 in Fig. 4(D1–F1)) of the sampled
points near NND in red and near-infrared bands (red vir-
tual lines) have fallen compared with the values (a1,a2,
b1,b2,c1,c2 in Fig. 4(A1–C1)) sampled before the NND
Fig. 5. SSC derived from Landsat TM/O

Please cite this article as: L. Cai, W. Yu, W. Shao et al., Satellite observatio
in Space Research, https://doi.org/10.1016/j.asr.2019.07.013
construction. In addition, before the NND construction
(Fig. 4(A1–C1)), there was no obvious difference between
values sampled in the east entrance (a3,a4,b3,b4,c3,c4)
and values sampled near the position of NND (a1,a2,b1,
b2,c1,c2). However, after the NND was built (Fig. 4(D1–
F1)), the values (d1,d2,e1,e2,f1,f2) sampled near NND in
the waterway are obviously lower in red and infrared bands
than the values in the east entrance (d3,d4,e3,e4,f3,f4).
3.3. Suspended sediment analysis

Based on the above analysis, it is found that red and
near infrared bands are sensitive to SSC, which is consis-
tent with the conclusion of our previous study (Cai et al.,
2015c). In addition, according to Jiang et al. (2013) and
Cai et al. (2015a), the correlation coefficient of SSC and
remote sensing reflectance value in near-infrared and red
bands is high (Cai et al., 2015b). It implies that these two
bands are suitable for inversion of SSC in the study area.
LI. Arrows, direction of tidal flow.
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Previous retrieval of SSC using satellite images have been
carried out using the reflectance ratio of MODIS near-
infrared band 2 to red band 1 (Wang et al., 2012), SeaWiFS
green band and red band (Li et al., 2002), band ratios
chosen as 678/551 for MODIS, 705/560 for MERIS and
680/555 for GOCI (Qiu, 2013). In this study, water reflec-
tance values at the red and near-infrared bands of Landsat
TM and OLI are used to retrieve SSC in the study area.

The retrieval based on model (1) is shown in Fig. 5.
After the NND was built (Fig. 5(D–F)), SSC in the sur-

rounding waters near NND dropped to about 100 mg/l,
which is substantially lower than SSC before the NND
construction (Fig. 5(A–C)). SSC decreased by 200–
300 mg/l in the vicinity of NND, so that water here can
be called ‘‘clean blue water”. The in situ SSC sampled from
the waterway also exhibits a similar decreasing trend after
the NND construction. In the meantime, a large amount of
suspended sediment has accumulated at the waterway’s
entrance, where SSC exceeded 300 mg/l. After the NND
was built, SSC in the black box and red box areas exceeded
300 mg/l, which was higher than that near NND in the
waterway (Fig. 5(D–F)) (Table 2). However, there was no
obvious change vs. before the NND construction (Fig. 5
(A–C)).

SSC in the whole waterway was significantly high before
theNNDconstruction, especially during flooding (Fig. 5(A–
C)). After the NND construction, during flooding, hindered
by NND, high SSC water from southwest slightly moves
eastward (about 4 km) (red boxes in Fig. 5(E and F)).
Table 2
Comparison between SSC in boxes and in the waterway in Fig. 5(A–F).

Box Change of SSC Waterway

A – A
B – B
C – C
D > D
E > E
F > F

– no change; > larger than.

Fig. 6. Mechanism sketch map of

Please cite this article as: L. Cai, W. Yu, W. Shao et al., Satellite observatio
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4. Discussions

4.1. Mechanism affecting distribution of suspended sediment

The currents play an important role in transporting sus-
pended sediment. Previous studies have concluded that
tidal current has an obvious influence on the transport
characteristics and dynamic factors of suspended sediment
through the optical satellite images (Qiao et al., 2011; Cai
et al., 2015b) and the moored measurements (Xie et al.,
2013).

Before the NND construction, both of the two aspects
(the currents with high suspended sediment from outside
and the sediments re-suspension) play an important role
in forming high SSC in the waterway. After the NND con-
struction, the suspended sediment distribution is affected
by NND from the two following aspects (Fig. 6):

Firstly, the NND engineering closes the NE side of the
Meishan Waterway and tidal channel. When tide flows
SW, tidal flow near NND in the waterway drops by 95%-
100%; therefore, the transport of suspended sediment can
be cut off by NND. When tide flows NE, under the block
of NND, high SSC water from SW moves slightly eastward
(about 4 km) (Fig. 5(E and F)). Meanwhile, the Meishan
Bridge (Cai et al., 2015b) also partly contributes to high
SSC there, causing suspended sediment to accumulate up
to > 400 mg/l in the vicinity of the Meishan Bridge. Thus,
suspended sediment from NE is out of the waterway.

Secondly, the NND construction plays an important
role of stabilizing the water dynamic environment. Owing
to the existence of NND, the movement of water in the
waterway is restricted, promoting suspended sediment in
the waterway to deposit, with the SSC in most area
decreasing to < 100 mg/l. In addition, due to the stable
dynamic environment, sediment re-suspension is difficult
to happen (Li et al., 2000). At the entrance and exit of
the Meishan Waterway, the flow becomes slow (Pavelsky
and Smith, 2009) due to NND, hindering diversion of the
suspended sediment at the entrance and exit and causing
suspended sediment enrichment there with SSC exceeding
the impacts of NND on SSC.
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300 mg/l. This explains the phenomenon of ‘‘clean blue
water” in the waterway.

5. Conclusion

In the vicinity of NND, SSC is sharply decreased by
200–300 mg/l compared with SSC before the dyke was
built. The phenomenon of ‘‘clean blue water” with
SSC < 100 mg/l now occurs in the Meishan Waterway
due to the NND existence. It is concluded that the perma-
nent ‘‘clean blue water” induced by a small dyke, in high
SSC water environment, can be found at the satellite per-
spective. It is not surprising that NND can affect the sus-
pended sediment distribution.

The NND impact on sedimentation is two-fold: (1) the
NND has closed one side of the Meishan waterway,
thereby affecting the tidal channel and hindering sediment
transport; (2) the NND has stabilized the water dynamic
environment, causing the near-disappearance (drop by
95–100%) of tidal flow near NND inside the waterway,
thereby boosting sedimentation and sharply reducing re-
suspension of sediments. These findings are significant to
developing and protecting marine environment according
to human needs. This study also illustrates the great poten-
tial of satellite remote sensing.
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