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The spatial distribution of suspended sediment concentration (SSC) in spring
(February—April) from 2007 to 2013 in the Yangtze (Changjiang) estuary and coastal
seas was analysed using remote-sensing data. The results indicated that areas of high
SSC drifted northwards along the coast about 100 km away from the Yangtze estuary.
SSC increased considerably in both mass and area in 2013. The first principal
component analysis (PCA) pattern explained the dominant spatial distribution pattern
of SSC in the study area. This highly clustered controlling pattern may have been
caused by the joint effects of Yangtze diluted water (YDW), the Taiwan Warm Current
(TWC), coastal currents, northeasterly winds, and the shallow coastal shelf. The SSC
dispersed and extended into a wide area, and the main range of sediment concentration
was located in an area the shape of a trapezium (31.9° N-33.8° N, 122° E-125.5° E,
30.7° N-32.6° N). YDW and the TWC could be the main reason for this northward
drift of SSC. The long-term sinking of suspended sediment in clustered areas may have
contributed considerably to the formation of the shallow coastal shelf above the 60 m
isobath.

1. Introduction

The Yangtze (Changjiang) River is the largest river in Asia. The Yangtze estuary is
located on the east coast of China and includes some of the coastal waters of the East
China Sea (ECS) (Figure 1). Discharges from the river cause severe pollution to the
estuarine and coastal ecosystem and the environment of the ECS, and also to the Pacific
Ocean. Suspended sediment concentration (SSC) plays an important role in this type of
pollution. The Yangtze estuary and coastal waters are characterized by suspended sedi-
ments at a wide range of concentrations (Zhang et al. 2007; Shen et al. 2010). The
transport and subsequent dispersal of SSC, from the coastal land to the ocean, directly
affects the marine environment and biological productivity (such as phytoplankton and
fisheries) of the oceans (Witt and Siegel 2000; Yan and Tang 2009; Zhang et al. 2009).
However, it is usually difficult to investigate the distribution and transportation of SSC
and to track its pathway using traditional approaches and techniques. The spatial distribu-
tion of SSC in estuarine and coastal waters is quite complicated and is strongly affected by
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Figure 1. Location of study area (box b) and sampling area 1° x 1° (box c: 32° N-33° N, 123°
E-124° E) between the Yellow Sea and the East China Sea.

variation in seasonal riverine discharges, waves, currents, and wind-driven resuspension
of bottom sediments (Chen et al. 2003, Krivtsov, Howarth, and Jones 2009).

The dispersal of the Yangtze influx into the ECS forms turbid plumes extending
eastwards over an area of 104—105 km?” (Tang et al. 1998; Zhang et al. 2007). Based on
collected data, Guo et al. (2002) studied the distribution of suspended matter in the
northern ECS in winter and summer, and found that the factors most influential in the
distribution and transport of suspended matter were current circulation, storms, and tidal
currents, and the controlling factor was current circulation. Based on field observations of
SSC, Pang et al. (2003) concluded that suspended matter from the Yangtze River was
always transported in a southeasterly direction, regardless of season. About 87% of the
annual total sediment discharges in the flood season (i.e. June—September). About 50% of
the sediments carried by the Yangtze River are accumulated at the river mouth, forming
large submerged deltas and mouth bars (Shen and Pan 2001). Chen et al. (2003) found
that high levels of SSC in the Yangtze estuary were related to the presence of algal blooms
in summer. Many other studies have also researched the chemical composition, transpor-
tation, formation, and variation of SSC in the Yangtze estuary by in situ measurements
(Li, Shi, and Shen 1994, 2001; Wu, Shen, and Xiao 2001; Gao et al. 2005).

Remote-sensing approaches have been widely used to track and investigate the
distribution of SSC, rainfall, sea-surface temperature, phytoplankton, etc. in estuaries
and on the ocean surface (Shen et al. 2010; Yan and Tang 2009; Zhang et al. 2009).
Using satellite data, Wang and Jiang (2008) studied the seasonal variation in SSC at a
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larger scale (including the Yellow Sea and ECS). Although the above studies have
advanced our understanding of the dynamics of SSC distribution in the Yangtze estuary
and coastal waters, few have focused on the SSC distribution pattern in spring using
remote-sensing data. Spring (February—April) is a relatively dry season for runoff from the
Yangtze River, when it may be more likely that the SSC will cluster and produce an
entirely different spatial pattern. In this article, we aimed to study the spatial pattern of
SSC in spring in the Yangtze estuary and adjacent coastal seas using 7 years of MODIS
satellite remote-sensing data, from 2007 to 2013, and to investigate the effects of wind
and current circulation on the SSC.

2. Study area and satellite data

The study area is located between 29° N and 34° N, 120° E and 126° E in the Yangtze
estuary and adjacent coastal seas (Figure 1), covering the Yangtze estuary, Hangzhou Bay,
coastal waters, and also some adjoining deep-sea areas of the ECS. In order to avoid the
influence of very turbid coastal waters, one sampling area of 1° x 1° (32° N-33° N, 123°
E-124° E, marked as Box c in Figure 1) was selected as the main concentrated surface
area of suspended sediment.

Satellite remote-sensing reflectance (RSR) is monotonically related to the physical
parameters of SSC. This relationship means that retrieving physical properties from a
spectrum is feasible (Cheng and Zhang 2010). Shen et al. (2010) found that the sensitivity
and saturation level of RSR to SSC are dependent on wavelengths and SSC levels, and
Shen et al. (2010) also retrieved SSC data from RSR in the Yangtze estuary and coastal
waters using a semi-empirical transfer model. Based on the above studies, it is reasonable
to use the RSR of seawater as a measure for SSC. In the present study, the satellite
MODIS RSR values at 555 nm (sr ') are used as a surrogate for SSC and we refer to RSR
as SSC hereafter.

The monthly RSR (SSC) data of 4 km resolution at 555 nm (sr ') were obtained from
the Ocean Color Time Series Project (National Aeronautics and Space Administration,
USA) (http://reason.gsfc.nasa.gov/Giovanni/). Three months in spring (February—April)
over the 7 years from 2007 to 2013 were chosen. The wind vector satellite data at 0.25°
resolution in spring 2009 were obtained from PODAAC-ESIP (http:/poet.jpl.nasa.gov).
PODAAC-ESIP can only offer wind data before 2010, so we used those for 2009 as
representative to investigate the correlation between wind and SSC in the study area,
because the wind field in the study area in spring is similar every year.

3. Methods

Principal component analysis (PCA) was initially applied to a time series of meteorolo-
gical data (Lorenz 1956). The PCA method has also been used to identify dominant
spatial and temporal patterns from a series of remote-sensing data (Tew-Kai and Marsac
2009; Nezlin and Mcwilliams 2003). SSC data in the 5 years from 2007 to 2011 were
used to undertake a PCA analysis, and those for 2012 and 2013 were used to verify the
main PCA pattern. The PCA process was as follows.

To set up a spatial data matrix of SSC:

X = [SSC2007,SSC2008, SSC2009, SSC2010, SSC2011]. 1)

To compute the covariance matrix:
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where n is the number of data in the columns of X. To solve the eigenvalues and
eigenvectors of C; PCA patterns can be estimated by C:

CE = AE. 3)

The eigenvector matrix E contains the PCA patterns, and matrix A contains the
eigenvalues on its diagonal.

To calculate the principal component (PC); PCA can be projected on the original data
matrix X:

PC = ETX. )

Then the first column of PC is simply the coefficients of the first PCA pattern.

The first few PCAs explain the majority of the variance of data. When used as a linear
predictor, the first PCA explains the greatest fraction of total variance.

The correlation between SSC and wind was analysed using the Pearson correlation
coefficient . The data of SSC and wind were standardized before the statistical test. The
test for the Pearson correlation coefficient » was conducted by an ordinary #-test. In order
to compare SSC and wind at the same scale, we aggregated the SSC data from 4 km to
0.25° resolution.

4. Results
4.1. Controlling spatial pattern of SSC in spring

The spatial patterns of SSC distribution in spring from 2007 to 2011 were very similar
(Figure 2). SSC dispersed and extended over a wide range from 122° E to 126° E (about
400 km), and from 30° N to 34° N (about 440 km). SSC was higher inshore and lower
offshore. However, there was an abnormal phenomenon whereby areas of high SSC did
not directly surround the Yangtze estuary but drifted significantly northwards along the
coast by about 100 km. In a larger-scale investigation of pigment concentrations, Tang
et al. (2004) also found a similar area of high SSC near the Yangtze estuary. Data in some
very turbid coastal waters cannot be validly retrieved by MODIS due using the available
algorithms (IOCCG 2000), and hence the missing (invalid) values of SSC nearest the
coast were not included in the remote-sensing images.

To further investigate the dominant spatial pattern of the distribution of SSC in spring,
five spatial patterns were obtained from PCA analysis, which indicated that the proportion
of variance of the first PCA pattern was considerably higher (86.33%) than the sum of
others. Owing to the very small proportion of the other four PCA patterns (each <5%),
only the first distribution pattern of SSC is given here (Figure 3). It was clear that the
range and dispersal trend of SSC in the latter 2 years (2012 and 2013) was very close and
similar to the first PCA pattern (Figure 4). This verified again that the first PCA pattern
was the dominant pattern of SSC distribution in the study area. The first PCA pattern
demonstrated clearly the abnormal phenomenon of the distribution of SSC, which was
that the area of high SSC did not surround the Yangtze estuary directly but drifted
significantly northwards about 100 km along the coast.
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Figure 2. Spatial distributions of SSC in spring (February—April) from 2007 to 2011.

4.2. Variation of SSC in spring from 2007 to 2013

In the sampling area, the variation in SSC was marginal from 2007 to 2009, but notably
increased after 2009 and reached a peak in 2013 (Figure 5). There was also a general trend
of increasing SSC from 2007 to 2013; SSC in 2010 and 2013 was obviously higher than
in the other years, and this also coincided with the widest dispersal range in 2010 and
2013. This finding suggests that the suspended sediment and associate contaminants
discharged from the Yangtze River notably increased in 2013.

4.3. Effects of wind on SSC

The wind field is demonstrably controlled by a northeasterly wind in spring (Figure 6).
Because of the direction of this wind, the two components (zonal and meridional) of
remote-sensing wind vector data were mostly below zero (i.e. negative). To avoid the
influence of the negative wind vector direction in two-dimensional coordinates, the
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Figure 3. SSC distributions in the first PCA pattern in spring (February—April) for the years 2007—
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30.7° N-32.6° N).
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Figure 4. Spatial distribution of SSC in spring (February—April) for 2012 and 2013.

opposite values (mainly positive) of the two components were used in the statistical
testing of the correlation between the components of wind and SSC. An interesting
phenomenon found was that the zonal component (along longitude) of the wind vector
affected SSC weakly either positively or negatively (J7| < 0.3), but the meridional
component (along latitude) of wind showed a significant negative relation with SSC
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Figure 6. Wind field in spring (February—April) 2009.
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Table 1. Correlation test between SSC and wind vector.

Time Along longitude Along latitude SSC and wind speed
February —0.233 —0.265 —0.26

March —0.008* —0.624 —0.624

April 0.296 —-0.61 —0.184
Spring 0.248 —0.72 —0.637

Note: All p-values <0.01, except * (p-value = 0.89).

(r=-0.72) (Table 1). However, wind magnitude (speed with no direction) influenced SSC
negatively and significantly (r = —0.637).

5. Discussion
5.1. Trends in SSC variation

The spatial distribution of SSC dispersed and extended over a wide range, from 122° E to
126° E (about 400 km), and from 30° N to 34° N (about 440 km). This range considerably
exceeded that found by Zhang et al. (2007), being widest in 2010 and 2013 (Figures 2 and 4).
Wang and Jiang (2008) found that the transportation of suspended sediment barely
reached 124° E in summer or 126° E in winter prior to 2007, which was due to
obstruction by the Taiwan Warm Current (TWC) and the Kuroshio current in the southern
Yellow Sea and ECS (Pang et al. 2003; Wang and Jiang 2008). Our results indicate that
the transportation of suspended sediment could reach, and slightly exceed, 126° E in
spring, after 2009 (Figures 2 and 4). This phenomenon was more obvious in 2013 (Figure 4).
SSC increased considerably both in mass and area in 2013 (Figures 4 and 5). The main
range of SSC is located in an area shaped like a trapezium (31.9° N-33.8° N, 122°
E-125.5° E, 30.7° N-32.6° N) (Figure 3).

5.2. Influence of northeasterly wind and shallow coastal shelf on SSC

It is understood that SSC is usually positively affected by wind-induced resuspension in
ordinary ocean waters (Powell, Cloern, and Huzzey 1989; Schoellhamer 1996; Warner et al.
2004). The effects of wind on suspended particulate matter depended on the wind speed in
the Mandovi Estuary, where SSC had a positive correlation with strong winds (>5.0 ms™")
but a negative correlation with weak winds (Kessarkar et al. 2009). In the present study, the
wind speed was usually less than 4.2 m s~', and the meridional component (along latitude,
southwards) of the wind vector had a significant negative relationship with SSC (» =-0.72)
(Table 1). This indicates that the southward component of the wind vector could partially
reduce SSC and obstruct the northward drift of the area of high SSC.

About half of the area of high SSC was located in the shallow waters above the
isobath of 40 m, and almost the entire area of high SSC was located above the isobath of
60 m (Figures 1 and 3), and a small part of this area was above the 20 m isobath. Shallow
waters are not conducive to the sinking of suspended sediments, and wind and waves can
resuspend some sediment from the bottom to the surface of the water. The shallow coastal
shelf might represent an obstruction for the northward drift of SSC, and hence partly
contribute to the clustering of high SSC.

The eastwards extension of the isobaths of 40 and 60 m coincided well with the area
of high SSC (Figure 3). It was clear that the highly clustered controlling pattern of SSC,
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and its sinking in the long term, contributed much to the formation of the shallow coastal
shelf above the 60 m isobath.

5.3. Impacts of Yangtze diluted water and currents on the northward drift of SSC

Based on field observations of SSC in July and August 2001 and January 2002, Pang
et al. (2003) concluded that suspended matter, discharged from the Yangtze River, was
always transported in a southeasterly direction, regardless of season. However, by using
remote-sensing methods, the results of the present study showed clearly that the SSC
headed northeastwards first and then turned southeastwards (Figures 2 and 3).

Three main currents exist in the study area (Figures 7 and 8): the coastal current that
flows southwards; the stronger current of the TWC that flows towards the Yangtze estuary
from the southeast and changes little between the seasons (Guo et al. 2002; Su 1989); and
the Yangtze diluted water (YDW) current. The YDW usually splits into two branches
upon entering the shelf: the surface layer of clearer water, first flowing northeastwards and
then rotating clockwise east of 122.5° E; and the deeper turbid diluted water flowing
southeastwards along the coast (Figure 8) (Chen et al. 2003, Ichikawa and Beardsley
2002).

Using in situ investigations, some studies also found areas of high SSC in the coastal
waters to the north of the Yangtze estuary from 32° to 33° N. The main reason for this was
considered to be the coastal currents and winds that drove the north coastal suspended
sediments along the coast to the south (Guo et al. 1999; Xing et al. 2010; Guo et al. 2002).
The mean annual sediment input from the Yangtze river reaches 0.48 x 10° tonnes per
year and is the major source of suspended sediments in the Yangtze estuary and the ECS
(Milliman and Meade 1983; Shen and Pan 2001; Liu et al. 2007). The northeastern branch
of the YDW carries masses of suspended sediment into the ECS (Chen et al. 2003). The
central transportation path for areas of high SSC is similar to the northeastwards path of

o Ty
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Figure 7. Surface current circulation (mean pattern) in spring (February—April) 2012. The current
data are taken from the Navy Coastal Ocean Model (NCOM) of NOAA (http://ecowatch.ncddc.
noaa.gov/). (a) Surface current in the larger area; (b) surface current in the central region near the
Yangtze estuary.
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Figure 8. Suspended sediment drift related to wind and current circulation in the Yangtze estuary
and coastal seas. The current circulation is from Figure 7 and is also referred to Chen et al. (2003).

the YDW (Figures 3, 7(b) and 8). Comparison of these two paths is associated with the
main supply to SSC in the Yangtze estuary and ECS, and it is reasonable to assume that
the majority of suspended sediments in the high concentration area (31-33° N, 122—-125°
E) are mainly from the Yangtze river inputs, and this northwards drift of the area of high
SSC is mainly caused by the YDW. An area of very low SSC appeared in the intruded
area of the TWC from 29° to 31° N and 123° to 124° E (Figures 3, 7(b) and 8). It is
evident that the intrusions of the TWC contributed greatly to this northwards drift of SSC
and enhanced its clustering. The further dispersal of areas of high SSC did not occur
directly eastwards but turned southeastwards, east of 123° E. The driving of the south-
wards coastal current may play a critical role. The eastwards transportation of SSC barely
crossed 126.5° E, the main reason probably being obstruction by the Kuroshio Current
(Figure 7(a)).

Riverine discharges, winds, and currents are important influential factors in SSC
distribution in the Yangtze estuary and ECS (Chen et al. 2003, Krivtsov, Howarth, and
Jones 2009, Wang and Jiang 2008). In the present study, the combination of the southward
coastal current, northeasterly winds, and northwards TWC may have enhanced the
clustering of high SSC. It shows clearly that the northwards drift of SSC and the currents
are closely related (Figures 3 and 7(b)). It is evident that the joint effects of YDW, TWC,
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coastal current, northeasterly winds, and a shallow coastal continental shelf cause the
clustered spatial pattern of SSC distribution in spring (Figure 8).

6. Conclusions

In spring, areas of high SSC drifted significantly northwards along the coast for about
100 km, but did not directly surround the Yangtze estuary. The transportation of sus-
pended sediment reaches, and slightly exceeds, 126° E in spring. SSC increased markedly
in both mass and area in 2013.

The YDW and TWC could be the main reason for the northwards drift of SSC. The
first PCA pattern explained the dominant spatial pattern of SSC distribution in the study
area. This highly clustered spatial pattern of SSC may have been caused by the joint
influences of YDW, TWC, coastal current, northeasterly winds, and shallow coastal shelf.
The clustered SSC, and its sinking in the long term, contributed much to the formation of
the shallow coastal shelf above the 60 m isobath.
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