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Abstract: Using Deep Bay in China as an example, an effective method for the retrieval of
total suspended sediment (TSS) concentration using HJ-1A/1B satellite images is proposed.
The factors driving the variation of the TSS spatial distribution are also discussed. Two field
surveys, conducted on August 29 and October 26, 2012, showed that there was a strong
linear relationship (R* = 0.9623) between field-surveyed OBS (optical backscatter)
measurements (5-31NTU) and laboratory-analyzed TSS concentrations (9.89-35.58 mg/L).
The COST image-based atmospheric correction procedure and the pseudo-invariant
features (PIF) method were combined to remove the atmospheric effects from the total
radiance measurements obtained with different CCDs onboard the HJ-1A/1B satellites.
Then, a simple and practical retrieval model was established based on the relationship
between the satellite-corrected reflectance band ratio of band 3 and band 2 (Rrs3/Rrs2) and
in-situ TSS measurements. The R* of the regression relationship was 0.807, and the mean
relative error (MRE) was 12.78%, as determined through in-situ data validation. Finally,
the influences of tide cycles, wind factors (direction and speed) and other factors on the
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variation of the TSS spatial pattern observed from HJ-1A/IB satellite images from
September through November of 2008 are discussed. The results show that HJ-1A/1B
satellite CCD images can be used to estimate TSS concentrations under different tides in
the study area over synoptic scales without using simultaneous in-sifu atmospheric
parameters and spectrum data. These findings provide strong informational support for
numerical simulation studies on the combined influence of tide cycles and other associated
hydrologic elements in Deep Bay.

Keywords: remote sensing; ocean color; atmospheric correction; total suspended
sediment; HJ-1A/B

1. Introduction

Inland and estuarine coastal waters that are closely associated with human activities face serious
pollution and eutrophication problems. For example, since the late 1990s, the number, size and
diversity of toxic algal blooms have increased substantially in China’s inland and coastal waters [1,2].
From May to June 2007, an algal bloom caused a water supply crisis in Wuxi City, forcing the closure
of the waterworks and affecting nearly 1,000,000 people [3]. Eutrophication, indicated by
phytoplankton blooms in the upper reaches of the estuary in recent years, has induced frequent algal
blooms and red tides in the coastal waters of Guangdong and Hong Kong [4]. There are also several
reports of algal blooms and red tides in Deep Bay [5]. Therefore, it is important to monitor water
quality effectively and to understand how the health of the marine environment is influenced by
multifarious natural and anthropogenic factors [6,7].

Total suspended sediment (TSS) is one of the major factors that affect the penetration of light into
water and, as a result, the primary production of coastal waters, especially in bays or estuaries. High
concentrations of TSS directly affect water quality and benthic materials. The influence of sediment on
a marine ecosystem can be permanent and potentially detrimental in many cases. Traditional field
sampling methods are often insufficient in terms of spatial and temporal coverage to derive statistically
meaningful results [8]. Satellite remote sensing, theoretically allowing the collection of water quality
data over a large area simultaneously, may be a promising way to provide improved coverage for water
management authorities if effective methods are applied [9,10].

There have been many successful cases in which the TSS of turbid waters has been retrieved from
satellite sensor data in the past 40 years [6—19]. In the 1970s, just after the successful launch of
Landsat-1, researchers built a quantitative statistical model for suspended sediment retrieval using
multispectral scanner (MSS) remotely sensed images [13]. Subsequently, MODIS, MERIS, SPOT and
Landsat TM/ETM+ have been used to assess the TSS concentration in different study areas [8,10-21].

However, there has been no attempt to monitor water constituents with remote sensing technology
in Deep Bay. This lack of studies may partly caused by the rainy weather in Deep Bay and the coarse
temporal or spatial resolution of satellite sensors. At present, ocean color sensors exhibit short revisit
times, with a high spectral resolution and sensitivity, whereas the spatial resolution is typically too
coarse to describe water quality features in Deep Bay (e.g., the highest spatial resolution of MODIS is
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250 m). In contrast, the long revisit time of land-use sensors (e.g., the revisit time for Landsat TM is
16 days) makes these data inadequate for monitoring water quality variations in dynamic water bodies
under poor weather conditions [7]. In 2008, China launched two satellites, HJ-1A and HJ-1B, to
monitor the environment and natural disasters. Each of these optical satellites is equipped with two
multi-spectrum CCDs. The CCD cameras capture four spectral bands (430-520 nm, 520-600 nm,
630—-690 nm and 760-900 nm) with a scan swath of 360 km (=700 km with two sensors), recording
data of 8 bits, and a signal-to-noise ratio of 48 dB. The constellation of the two satellites generates
multi-spectrum CCD images with both a high spatial resolution (30 m) and a short revisit time
(2 days) [22]. Thus, the high spatial and temporal resolution of HJ-1A/1B satellite CCD sensors
provides a great opportunity for detecting and monitoring the small, highly dynamic water body of
Deep Bay. We believe that our attempt would have positive influences on the application of Chinese
land observation satellites, such as, the CBERS (China Brazil Earth Resource Satellite), HJ
(HuanJing), ZY (ZiYuan), SJ (ShiJian), and GF (GaoFen) series [23]. However, two critical issues
(i.e., atmospheric correction and remote sensing retrieval) must still be addressed to extract the TSS
spatial distribution from the satellite data.

Due to the limitation of band arrangement, the NIR-SWIR atmospheric correction method
commonly used for turbid water and proposed by Wang et al. [24], embedded in the SeaWiFS Data
Analysis System (SeaDAS) (the standard processing software of the National Aeronautics and Space
Administration—-NASA), is not effective for the HJ-1A/1B CCD sensors. Deep Bay is constantly
covered with haze due to rain and other forms of wet weather. Therefore, it 1s difficult to remove
the atmospheric influence using physically based models, such as 6S and MODTRAN, without
simultaneously retrieved or observed aerosol information [25,26]. Image-based models, such as the
COST model, process images without collecting in-situ atmospheric parameters [26]. These models
depend solely upon intrinsic image information, such as gain, offset, sun zenith angle, path radiance
and atmospheric transmittance, and can convert DN values to surface reflectance with acceptable
accuracy [27]. However, compared with physically based models, image-based models lack accuracy
and stability. Thus, an improved atmospheric correction method is still required.

In addition, although many empirical regression models have been proposed for retrieving TSS
effectively [6,8,11-21,23-29], such models established in other study areas may not fit Deep Bay.
Moreover, most of these models are based on in-situ spectra, requiring a high accuracy of atmospheric
correction results when applied to satellite data. Therefore, a model based on satellite-corrected
reflectance and in-situ TSS data is recommended to restrict the remaining error in the data atmospheric
correction procedure to an acceptable level.

2. Study Area and Data Sources
2.1. Study Area

Deep Bay (22°24'18""N-22°32'12""N, 113°53'06"E—-114°02'30"E) is a shallow, semi-enclosed bay
situated on the east shore of the Pearl River Estuary, between Shenzhen to the north, which is a special
economic zone of China, and the New Territories of Hong Kong to the south (Figure 1). The bay is
4-7.6 km wide and 13.9 km long, with a total sea surface area of approximately 80 km®. The dry
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season in this area is from October to March, whereas the wet season is from April to August. Deep
Bay has a relatively flat sea bed, with a depth at the mouth of approximately 5 m [30]. Deep Bay has
suffered from extensive anthropogenic pollutants emitted by villages and livestock farms [31].
A recent evaluation indicated that the water quality of Deep Bay was the worst among all the waters of
Hong Kong [32], posing threats to the sensitive associated ecosystems (wetland reserves) and oyster
culturing in the bay [33,34]. As the area around Deep Bay shows high potential for further
development, it is essential to understand the sediment conditions of the bay.

Deep Bay is influenced by the subtropical oceanic monsoon climate and therefore receives
abundant rainfall and is often affected by typhoons and storms. Thus, although the satellite images
used for ocean color and water quality mapping must be atmospherically clear, such clear images are
seldom available. Furthermore, the flood-ebb tidal cycle re-suspends bottom sediments and plays an
important role in the variation of TSS conditions. Thus, it is challenging to dynamically monitor TSS
activity in Deep Bay.

Figure 1. Deep Bay and its adjacent areas shown in HJ-1A satellite CCD2 imagery collected
on 12 November 2008, the location of the sampling sites and Tsim Bei Tsuis tide station.
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2.2. Data Sources
2.2.1. In-Situ Data

Two field surveys were conducted in Deep Bay. In Figure 1, the white circles represent the
sampling stations visited on 29 August 2012, during the wet season, and the black circles represent the
sampling stations visited on 26 October 2012, during the dry season. All field measurements were
conducted between 10 A.M. and 1 P.M. local time to ensure that the in-situ data were comparable with
the HJ-1A/1B satellite CCD measurements (Satellite Descending node: 10:30 A.M.). During these
observations, an optical backscatter (OBS) sensor, which is an optical sensor for measuring turbidity
and suspended sediment concentrations by detecting infrared light scattered from suspended matter,
produced by the D & A Instrument Company [35], was operated nearly continuously (approximately



Remote Sens. 2014, 6 9915

26 measurements in total), and 18 water samples for TSS analyses were simultaneously collected in
1 L plastic jugs for inter-comparison with the OBS sensor data to ensure that all of the TSS
measurements are credible. Water samples were transported to the laboratory and filtered through
47 mm glass fiber filters to obtain the TSS concentration using a weighting method (Whatman GF/F
with a 0.7 um effective pore size). The regression results for the TSS concentrations obtained from
water samples and OBS measurements are shown in Figure 2. The coefficient of determination, R?, for
the relationship was 0.96, and the MRE was 6.45%. Long-term series-calibrated OBS measurements
carried out at two stationary stations (see starred locations in Figure 1) from September through
November 2008 were treated as the “ground truth” to test the stability of the algorithms and to assess
the influence of meteorological-hydrological data. The northern stationary station was designated as
K1, and the southern station was designated as Al.

Figure 2. OBS calibration using the in-situ mass obtained in water samples.
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The in-situ spectrum was also measured correctly in the wavelength range 200-1120 nm using a
0.065 nm full-width half-maximum (FWHM) Ocean Optics HR2000 fiber-optic spectrometer (Ocean
Optics, Dunedin, FL, USA) [36], with the viewing direction of 40° from the nadir and 135° from the
sun to minimize the effects of sun glint and non-uniform sky radiance while also avoiding instrument
shading problems, following the NASA-recommended protocols for optical measurements [37,38].
The related dimensionless air-water reflectance was determined from previous work [37—40]. The
measured remote sensing reflectance (Rrs, Sr ') is calculated from the following equation:

Lu - prsky
Rrs = ﬂL—X pplaque (1)

where L, is the upward radiance, Ly, is the downward sky radiance and L,,que 1s the radiance from a
standard spectrum reference plaque. pris the dimensionless air-water reflectance and is always in the
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range of 0.022-0.025 [34,39]. Here, pris assumed to be 0.022 for a calm water surface. ppique 1S the
reflectance of the plaque.

2.2.2. Satellite Data

The simultaneous HJ-1A/1B CCD images obtained on both 29 August and 26 October 2012,
were heavily contaminated with clouds. Hence, the cloud-free HJ-1A/1B CCD images generated on
28 August and 24 October 2012 were selected to retrieve TSS. In addition, the six cloud-free images
collected on 10 October, 26 October, 7 December, 14 November, 15 December and 19 December 2008
were processed to show different TSS patterns under particular tide and wind conditions.

2.2.3. Meteorological and Hydrologic Data

The wind vectors measured at the Lau Fau Shan station (located on the southern shore of Deep Bay)
in 2008 from the Hong Kong Observatory [41] were used for the analysis of meteorological factors’
effect on the TSS distribution. The hourly recorded wind data, including wind speeds and directions,
were used to analyze the prevailing wind directions and average wind speed within the satellite’s
imaging time. The corresponding half-hourly tidal height measured at the Tsim Bei Tsui tidal station
(Figure 1), located at the Inner Deep Bay wetlands and the indented western coast of Hong Kong [42]
was selected to characterize the tide of the Deep Bay and its relationship with the distribution of the
TSS concentration.

3. Methodology
3.1. Atmospheric Correction

The COST method is very simple and popular among researchers, especially when there is no
auxiliary information to support other physically based methods. Several studies have shown that the
COST model can be used to remove atmospheric effects for water environment remote sensing
applications [14,28,43]. However, the image-based method depends on the information provided by
the selected image scene, and it can introduce uncertainties, altering the detection of satellite images on
different dates, especially in dynamic atmospheric conditions. Furthermore, the images used in this
study were collected by four different CCD sensors onboard the HJ-1A/1B satellites. Thus, radiation
normalization based on pseudo-invariant features (PIF) is recommended before the retrieval model
established for a specific day is extended in temporal space.

3.1.1 The COST (Cosine of the Sun Zenith Angle (cos(TZ))) Model

COST is an image-based absolute atmospheric correction method proposed for Landsat TM data [27].
This method uses only the cosine of the sun zenith angle (cos(TZ)) as an acceptable parameter for
approximating the effects of atmospheric gas absorption and Rayleigh scattering, hence the name
COST [44]. Similar to Landsat TM sensors, the COST method is effective for HJ-1A/1B satellite CCD
images. The procedures are as follows:
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(1) Conversion of digital numbers (DN) to the radiance at satellite (Lsat) using the gain and offset
parameters from the image adjective XML file [45].

(2) Determination of the minimum DN for each reflective band. This value may be either the
histogram minimum or a slightly higher value depending on image properties. Then, each minimum
DN value is converted to an at-satellite minimum spectral radiance value:

L

A,min

= Lmin , + QCAL x (L max ,— Lmin , )/ QCALMAX (2)

where QCAL is the minimum DN, QCALMAX = 255 (8 bits) and the constants Lmin; and Lmax) are
determined according to the method proposed by Markham and Moran [46].

(3) Computation of the radiance of a dark object (assumed to have a reflectance of 1%) for each
band [27]:

L, =0.01xESUN, xcos® 0 /(r d*) 3)

where ESUN), = mean solar exo-atmospheric spectral irradiance, § = solar zenith angle and
d = earth-sun distance.
(4) Application of haze correction:

Lhaze, =L, .. —L

A, min

21% 4
(5) Reflectance at the sea surface is obtained after atmospheric correction:

p =nxd’x(Lsat, — Lhaze,)/ ESUN, x cos’ 0 (5)

The Rrs(Sr ') before and after atmospheric correction were compared in Figure 3, where the mean
spectra were calculated using 7425 randomly selected pixels on HJ-1B satellite CCD2 imagery of
28 August 2012. As shown in Figure 3, the atmospherically corrected blue band (e.g., band 1) may not
be satisfactory, which is similar to MODIS or other instruments. However, the performance of the
green and red bands should be acceptable. The results are similar with the previous atmospheric
correction evaluation work of HJ-1A/1B CCD images in Poyang Lake [47].

Figure 3. Satellite derived Remote sensing reflectance (Rrs, Sr ') before and after
atmospheric correction.
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3.1.2. The Pseudo-Invariant Features Method

In 1988, Schott er al. [48] developed a relative radiometric normalization method using spectrally
pseudo-invariant features (PIF), such as impervious roads, roof tops and parking lots, to allow for
inter-comparisons between a target image and a base image by calculating an image-based linear
regression. The PIF method has been tested at several study sites [49-53], especially in water areas
with haze contamination [45]. In the present study, the relatively haze-free HJ-1A satellite CCD2
image obtained on 28 August 2012, was used as a reference, and certain pixels were singled out as the
pseudo-invariant feature set via the temporally invariant cluster (TIC) method [54]. The relationship
built on the target image and base image obtained on 28 August 2012, was used to perform radiation
standardization of the cloud-free HJ-1A/1B satellite CCD measurements from 24 October 2012, and
for the six images from September to November 2008.

3.2. Total Suspended Sediment Retrieval Model

Several examples of Rrs and their corresponding TSS values are presented in Figure 4. Note that the
reflectance peak near 550 nm and the reflectance platform between 600 nm and 650 nm significantly
increased with the increase of the TSS concentration.

Regressions between in-situ TSS and remote sensing reflectance data (or the reflectance ratio) were
derived to develop appropriate TSS algorithms. Figure 5 shows the regression relationships between
in-situ 'TSS and Rrs2, Rrs3 and Rrs3/Rrs2. Among these regressions, the band-ratio exponent
algorithm showed better performance than the single-band algorithm based on measures with a higher
coefficient of determination (R®) and lower MRE because the influence of sediment grain size and
refractive index variations on the reflectance in satellite bands is reduced when considering
reflectance ratios [55].

Figure 4. Sample Rrs spectra for various sediment concentrations.
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According to the spectral characteristics of turbid waters, bands from 500 to 700 nm are effective for the
retrieval of TSS concentrations from Landsat, SPOT and HJ-1A/1B satellite CCD sensors [7,10,16,27].
Considering previous work conducted in the Pearl River Estuary [56-58], the water area adjacent to
Deep Bay, band 2 and band 3 are appropriate for TSS retrieval in this area. On the basis of the
reasonable results regarding the in-situ-measured Rrs and TSS concentrations on 29 August 2012, the
empirical algorithm with the highest coefficient of determination obtained through regression analysis
among different band combination forms for TSS retrieval was established as follows (see Figure 5):

TSS = 3.2625Xe3.ll87(R,.S3/R,.S2) (6)

where Rrs3 and Rrs2 are the reflectance at band 3 and band 2, respectively, obtained from HJ-1A/1B
CCD. The coefficient of determination, R?, for the regression relationship between Rrs3/Rrs2 and the
TSS data is 0.807 (P < 0.01) (Figure 5c). The MRE was shown to be 12.78% through in-situ data
validation. Considering the inherent difference between in-situ and satellite measurements, such
relative differences should be considered acceptable, and the algorithm was deemed effective.
Moreover, the approach outlined here can be applied to other coastal or inland regions, but the specific
relationship between satellite reflectance and TSS concentrations may vary as a consequence of the
optical characteristics of the TSS, such as the sediment type and particle size distribution.

Figure 5. Regression relationship between TSS (total suspended sediment) and the band
reflectance combinations between band 3 and band 2 of HJ-1A/1B satellite CCD imagery.
(a) Rrs2; (b) Rrs3; (¢) Rrs3/Rrs2.
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4. Results and Discussion
4.1. TSS Concentrations in Deep Bay

Prior to TSS retrieval, the very common normalized difference vegetation index (NDVI), defined as
(Rnir—Rrep)/(RnirtRRrep), Which is typically lower for water than for land, was employed for
water/land delineation [59]. Using the atmospheric correction results and the retrieval algorithm, the
TSS distributions were derived from the HJ-1A/IB CCD images acquired on 28 August and
24 October 2012 (Figure 6). The retrieved results closely matched the in-situ data at each station
(Figure 7). The modeling and validation match-ups could be found in Figure 7. The MRE between the
calibrated OBS data and satellite TSS results was 15.0851%. The field measurements and HJ-1A/1B
satellite CCD data were approximately 1-2 days apart; therefore, some disagreement is expected due
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to the temporal and spatial variability associated with the tide plume and the river discharge. The
retrieved TSS patterns showed a similar distribution, with TSS decreasing spatially along the transect
from the inner to the outer bay, and little disagreement can be observed in Figure 6. There is a turbid
plume in the inner Deep Bay near the Shenzhen and Dasha Rivers. In this area, the TSS concentrations
were greater than 20 mg/L, which is much higher than the threshold value of 10 mg/L above which
primary production begins to become light limited [60,61]. The high turbidity may be partly caused by
the discharge of these two rivers and, more importantly, the influence of the tide. The mouth of Deep
Bay is relatively clearer than the other regions. The water with a low TSS concentration may be mixed
with the adjacent ocean water because of the flood and ebb tides. Further investigation is needed to
obtain a more detailed explanation.

Figure 6. Maps of TSS concentrations from (a) HJ-1A CCD2 imagery on 28 August 2012;
(b) HIJ-1A CCD2 imagery on 24 October 2012.
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Figure 7. Comparison of TSS concentrations between the in-situ data and the retrieval
values from the HJ-1A/1B CCD images collected on 28 August and 24 October 2012.
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4.2. Forces Driving the TSS Distribution in Deep Bay

Six cloud-free HJ-1A/1B satellite CCD images obtained from September through November of
2008 were also processed to investigate the dynamics of the water environment in Deep Bay
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(Figure 8). The satellite retrieved TSS concentrations were validated with the 12 simultaneous in-situ
OBS measurements in the stationary K1 and Al, and the relative error is about 27.8%. Large changes
in the water area can be observed in Table 1 and Figure 8. As shown in Figure 8, a large range of tides
occurred on 10 October, 26 October, 7 December, 14 November, 15 December and 19 December
2008. The mean tidal height on these six days in Deep Bay was approximately 1.25 m above Chart
Datum at the Tsim Bei Tsui station and varied between 0.52 m and 1.98 m during flood-ebb tides.
When the measured height of the tide was approximately 1.98 m on 14 November 2008 (Figure 8d),
the water area was approximately 80.0775 km” which was the largest arca among these six
observation days, nearly equal to the official total water surface area recorded. In contrast, the
measured height of the tide was approximately 0.52 m on 19 November 2008, which was the lowest
among these six images, and the water area was only approximately 69.0435 km® (Figure 8f). The
exposed tidal zone was approximately 11.034 km® (blank area in Figure 8f), constituting 13.78% of the
water area extracted from the satellite image collected on 14 November 2008.

Figure 8. Maps of TSS concentrations obtained in 2008 from (a) HJ-1B CCD1 imagery
from 10 October; (b) HJ-1B CCD2 imagery from 26 October; (¢) HJ-1B CCD2 imagery
from 7 December; (d) HJ-1B CCD2 imagery from 14 November; (e) HJ-1B CCD2
imagery from 15 December; and (f) HJ-1B CCD1 imagery from 19 December.
T.H. = measured height of the tide.
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Table 1. The measured height of the tide above Chart Datum at Tsim Bei Tsui station and
the water area observed in HJ-1A/1B satellite CCD images on 10 October, 26 October,
7 December, 14 November, 19 December and 15 December 2008.

Date Measured Height of Water Area Exposed Tidal Percent of the Exposed
the Tide (m) (km?) Zone (km®) Tidal Zone (%)

10-Oct 1.14 72.9783 7.0992 8.87
26-Oct 1.7 78.9795 1.098 1.37
14-Nov 1.98 80.0775 0 0

7-Dec 0.89 71.1558 8.9217 11.14
15-Dec 0.97 71.8524 8.2251 10.27
19-Dec 0.52 69.0435 11.034 13.78

The water area varied greatly, as did the TSS concentrations. As shown in Figure 8, the highest TSS
concentration was always found in the east and southeast regions of Deep Bay near the coastline in
these six images, but the TSS pattern in the central water area varied greatly. The spatial distribution of
TSS presented in Figure 8 retrieved from the images collected on 10 October (Figure 8a), 26 October
(Figure 8b) and 8 December (Figure 8c), 2008 reveals the pattern of the ebb tide and shows that the
height of the tide above Chart Datum at Tsim Bei Tsui station was 1.14 m, 1.7 m and 0.89 m on these
dates, respectively. The results obtained for the three dates displayed similar characteristics in that the
TSS concentration was lower at the mouth and higher in the inner Deep Bay in most cases. However,
the detailed spatial TSS distributions on these dates varied widely. The TSS distributions shown in
Figure 8a and Figure 8b are from the middle progress of the ebb tide, whereas the TSS distribution
shown in Figure 8c is from the end of the ebb tide, near low tide. The water depth near the coastline in
the inner bay is lower than in other water bodies, and high turbidity can therefore be found in this area
due to re-suspension caused by the greatest velocity in the process of ebb tide. In the central deeper
water area near the mouth of Deep Bay, the suspended sediments are therefore higher because of the
lower water depth near the coastline [62]; further investigation would be needed to discuss the cause of
this formation in the future. We observed a non-turbid water plume at the central mouth of the bay.
When the low tide arrived, the velocity became slower throughout the water area and the turbid water
was able to disperse. Thus, the water body in the middle of the bay mouth would be more turbid (see
Figure 8c). The TSS distributions recorded during flood tide are presented in Figure 8d,e,f. At the
beginning of the flood tide, the spatial pattern (Figure 8f) obtained on 19 December 2008 was similar
to that of the low tide (Figure 8c) observed on 7 December 2008. In contrast, in the middle of flood
tide (Figure 8e), clear water from the outer sea entered the bay, the turbid water could not disperse to
the ocean and the water became mixed in the bay (Figure 8e). A relatively clear water plume in the
Pearl River Estuary can be observed in Figure 8e. However, the TSS concentration (Figure 8e) on 15
December 2008 was obviously much higher than on the other five dates. This difference may have
been caused by the greater height of the tide cycle, varying from 0.06-2.96 m (see Figure 9c). The
shallower the water is, the greater the amount of re-suspended sediments will be due to tidal hydraulic
elements when other conditions have not changed. With the progress of the flood tide, the turbid water
in the central bay would be mixed with clear ocean water near high tide. The turbid water would
appear in the inner bay near the coastal water (see Figure 8d). After the high tide, a similar spatial
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distribution would reappear during ebb tide, as shown in Figure 8a and Figure 8b. The results derived
from the HJ-1A/1B satellite CCD sensors may represent the TSS temporal and spatial variation during
an uncommon tidal cycle.

To support the above analysis, the measured height of the tide above Chart Datum at Tsim Bei Tsui
station and the OBS measurements obtained at the A1 and K1 stations on 10 October, 26 October,
7 December, 14 November, 19 December and 15 December 2008 are also displayed here. A good
correlation between the TSS concentrations and the height of the tide can be observed in Figure 9.
The phenomenon observed using HJ-1A/1B satellite data is very similar to the OBS observations made
at stations Al and K1 in 2008. From Figure 9, we can see that the highest TSS concentration always
appears near low tide, whereas the lowest turbidity always occurs near high tide. In addition, the OBS
measurements recorded near low tide on 15 December 2008 are higher than those on the other five
dates. The simultaneous range of the spring tide can also be found in Figure 9¢ (0.06-2.96 m).

Figure 9. The measured height of tide above Chart Datum at Tsim Bei Tsui station and the
OBS measurements obtained at stations Al and K1 on (a) 10 October, (b) 26 October,
(¢) 7 December, (d) 14 November, (e) 15 December and (f) 19 December 2008.
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However, disagreements among measurements still exist, which may be partly caused by other
factors, including the wind speed, wind direction, water depth, ships and other factors such as floating
rafts for the artificial propagation of oysters. The meteorological data recorded hourly at Lau Fau Shan
station were used to analyze the relationship between the wind and the distribution of TSS. For each
single image, the wind speed and direction within the imaging time during the week were selected.
There were two main wind directions on these days: southward and westward. On 10 October,
26 October and 7 December, the prevailing wind direction was southward and the maximum wind
speed was approximately 5—6 m/s. The southward wind might strengthen sediment transport from the
north shore to the south and cause re-suspension in the shallow waters off the south shore. Therefore,
a higher TSS concentration was observed along the south shore. While the prevailing wind direction
was westward (14 November and 15 December), sediment could be more easily transported from the
east shore to the inner Deep Bay, decreasing the variation in TSS concentrations between the east
shore and the inner Deep Bay. It is difficult to interpret the complicated causes of the TSS distribution
variation just using one or two observed factors. Additional hydrological information and models are
needed to verify the reason for the observed variation in TSS in detail.

5. Conclusions

In this study, a good linear relationship with a coefficient of determination, R*, of 0.9623 was found
between the OBS field measurements and the laboratory-analyzed TSS concentrations in Deep Bay
obtained during the two surveys conducted on 28 August and 26 October 2012. The proposed method
of combining the COST method with PIF atmospheric correction was proved to be effective in
processing long-time-series HJ-1A/1B satellite CCD images, even without aerosol and spectrum
information support. A retrieval model was established using the corrected band reflectance ratio
(Rrs3/Rrs2) and calibrated OBS TSS concentration data to reduce the cumulative effect of the
atmospheric correction error. We focused on the influence of meteorological-hydrological data to
explain the variation of the TSS distribution. The six results retrieved from HJ-1A/1B satellite CCD
images from September through November of 2008 showed that the flood-ebb tidal cycle is one of the
major factors inducing the temporal and spatial variation of TSS and that wind direction, wind speed
and floating objects in the water may also influence the TSS distribution; however, further
investigations should be conducted. Although there are still many problems to be investigated,
we believe that the results of the present study will be helpful for dynamically and quantitatively
monitoring turbid waters via remote sensing. Our findings will also be useful for performing numerical
simulations and further ecological environmental studies.

In future work, more effective atmospheric correction and remote sensing retrieval models based on
physical theory will be used to process images from different satellite sensors to monitor the water
environment with a higher spatial and temporal resolution. In addition, the coupling of remote sensing
and numerical simulations to study suspended sediment concentrations under comprehensive
conditions will be undertaken.
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