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Abstract: From July 11-12, 2009, the tropical storm Soudeler swept the study area with a Level 8 wind and disturbed the
suspended substance in this coastal area, which may have caused some fatal impact on the health condition of coral reef in
Xuwen coral reef coast located in Leizhou Peninsula of South China. In order to evaluate the impact of extreme weather on
coral reef, this study applied and validated a TSS model to map the TSS variation based on red and infrared spectral bands of
MODIS data through one before-storm and two after-storm images after applying the atmospheric correction of in-water linear
regression analysis. By mapping and comparing the changes of TSS values before- and after- tropical storm, this study found
substantial increases of TSS concentrations as a mean value of 47.8 mg/L (~3.6 times of mean TSS value before rainstorm) in
the area during the passage of tropical storm compared to those under no-storm condition. Besides, the TSS returned back to
even lower values five days after the passage of tropical storm as a mean value of 3.6mg/L (~one quarter of mean TSS value
(13.4 mg/L) before rainstorm). The conclusion was made that the TSS concentration in estuary and coastal areas under local
rainstorm tends to return to a normal level faster (approximately 2.5 days) than under a hurricane [1] or tropical storm as
discovered in this study (approximately 5 days). Compared to the less frequent and non-synoptic in-situ field sampling
approach, the synoptic and frequent sampling facilitated by frequent remote sensing imagery of MODIS provides an improved
assessment of TSS concentration and two-dimensional distribution patterns and is recommended to be used as a valuable tool
for frequently monitoring coral reef water quality in coastal water bodies of China and other areas in the world if applicable.
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1. Introduction

1.1. Coastal Ecosystem Status coastal ecosystem in the global scale has experienced many
non-negligible biological or environmental issues including
reduced productivity, decreasing species diversity, and
eutrophication of water quality [7], etc. In the past fifty years,
the dramatic increases of population and excessive
exploitation of resources have caused some irreversible
damages on these ecosystems [8, 9, 10]. Hence, maintaining
the health of coastal ecosystem is one of the major goals for

the global coastal environment and ecosystem management.

Coastal ecosystem serves as one of the biggest providers
of natural resources to human. Although global coastal areas
totals to only 10% of the land areas, the population in coastal
areas take up roughly 60% of the global population [2, 3, 4].
As the population and economy keeps growing, urban
development on the coastal and oceanic resources
significantly intensified and a huge number of pollutants
were disposed into the ocean at the same time [2, 5, 6]. The
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1.2. The Significance of Coral Reef Ecosystem and Its
Degradation

Coral Reef ecosystem, among all coastal environments, is
one of the most diverse ecosystems, featured by its unique
biodiversity, wild life habitats for coastal recreation and
tourism, fishery and seafood industry, and protection of
coastlines [11, 12, 13, 14]. As one of the four most
productive ecosystems in the world, Coral Reef Ecosystem
contains a rich pool of algae types and provides a good
habitat environment and food sources for marine species
[15, 16, 17]. Thus, the protection of such an ecosystem is
critical to preserving the biodiversity in the coastal region
and maintaining the sustainable development of coastal
fishery [12, 18]. However, coral reef is a very delicate
ecosystem, manifested by its acute response to sea surface,
sea temperature, salinity, illumination, seawater clarity,
oxygen content, pH value of seawater and pollution
substances [19, 11, 20, 16, 21]. For example, the Xuwen
Coral Reef National Reserve in China has degraded from
healthy to sub-healthy condition, where the reefs in several
coastal areas are experiencing degradation and albefaction,
which have severely endangered the entire ecosystem [22].
Monitoring water environments and evaluating the health
condition of coral reef areas is thus significant for coral reef
preservation.

Water parameters such as chlorophyll-a, total suspended
substance (TSS), turbidity, salinity, and temperature are
useful health indicators of hydrological ecosystems. TSS is
one of the most important parameters that affect this coral
reef area in the study, along with the other two: petroleum
and phytoplankton productivity. Excessive sedimentation
can adversely affect the structure and function of the coral
reef ecosystem because heavy sedimentation is often
associated with fewer coral species, less live coral, lower
coral growth rates, greater abundance of branching forms,
reduced coral recruitment, decreased net productivity of
corals, and slower reef accretion rates [23]. In contrast, the
coral reef in water bodies with less sediments grow better
with more types of corals, a higher coverage of corals, and
a faster growing rate. For example, in Santa Cruz, United
States, the west area with a lower sedimentation rate has a
higher coverage of live corals and more diversified species
when compared with the east area of a high sedimentation
rate [24]; while in other areas where the sedimentation rate
are close to each other, their coverage of corals and variety
of species are also similar [25].

Due to the complicated influencing factors, the coral reefs
in our study area have presented a sign of degradation during
the period of 2000~2004, where the coverage rate of coral
on the fore-reef slope decreased from 30% ~40% to 10%
[26]. Also, previous reports indicate that the coral reef
degradation caused by rainstorm can cause mass mortality of
fishes in the affected areas, thus affecting the ecosystem of
the area as a whole [15, 27]. In 2006, the status of coral reef
ecological system in southwest coast of Leizhou Peninsula
was degraded from healthy to sub-healthy and lingered

between healthy and sub-healthy condition since 2006 [28].

As an important environmental parameter of water quality,
a high level of TSS indicate a severely degraded coral reef
ecosystem health, which may cause death of coral and related
creatures when exposed to long duration of high TSS after
extreme events. Recently, using remote sensing techniques to
estimate TSS has become an important method to monitor
water quality in different types of water bodies [29, 30, 31,
32]. Besides TSS, other commonly used water quality indices
include water clarity, turbidity, etc. The turbidity is a type of
effect that is related to the concentration of TSS and other
impurity elements in water and is observable from remotely
sensed imagery [1]. It was found that variations in turbidity
help understand the distribution of TSS and procedures like
coastal erosions and mobilization of chemicals or pollutants
[33]. Udy et al. (2005) [34] found a strong correlation
between turbidity and TSS with a determination coefficient
(R%) of 0.88 in the central Great Barrier Reef Lagoon,
Australia. Chen et al. (2009) [1] had a similar finding in his
case study conducted in China, which also proved the
correlation between the two.

In a case study in New York Harbor regions, Hellweger et
al. (2004) [35] found that the turbidity, determined from the
Secchi depth, is correlated with the 30 m resolution Landsat
TM red band reflectance (630-690nm). Li (2010) [36] used
the concentration of suspended substance retrieved from
Moderate Resolution Imaging Spectroradiometer (MERIS)
images as the input of physical model and produced an
ecological model for short-term prediction of Southern North
Sea algal dynamics. Jiang et al (2011) [37] adopted
algorithms with three types of inputs, including single band,
spectra ratio of two bands and reflectance first-derivative, to
estimate TSS in Qingshan Lake in China and found that the
first-derivative input resulted in most estimation accuracy.

Natural disturbances such as rainstorms, El Nino weather
effects, and human activities often cause huge damages to coral
reefs according to previous research [38, 39, 40, 41], indicating
that special events could likely bring dramatic changes to coral
reef water. Our study area, as the only coral reef reserve along
mainland China, has experienced significant water quality
degradation according to national reports [42]. No related
reports were found in this specific area on the estimation of
water quality using TSS as an indicator. Considering the
significance of this area, especially its effect on the surrounding
ecosystem health, this study intends to apply the remote sensing
model in the area and explore its applicability herein.

Based on the above reasons, this study investigates the
TSS spatial-temporal changes in this area. The goal is to
investigate the effects of rainstorm events on coastal coral
reef water by studying the dynamic distribution of TSS based
on the study site in southwest coast of Leizhou Peninsula of
South China. A TSS model is validated in Apalachicola Bay,
FL [28] and applied to map the TSS concentration in this
study based on before- and after-rainstorm moderate-
resolution imaging spectroradiometer (MODIS) images. The
results of TSS changes are analyzed along with the spatial
distribution patterns in core coral reef areas.
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2. Study Area & Data
2.1. Study Area

Xuwen County of Guangdong Province, South China is
the only coral reef nature reserve near the mainland of China,
which was formed roughly ten thousand years ago. It is
located in Beibu Gulf, the coastal area to the southwest of
Leizhou Peninsula. To the east and south of Beibu Gulf are
Leizhou Peninsula and Hainan Province of China,
respectively. The coral reefs in this area spread over 45 km
along the west coast of Jiaowei and Xilian Towns with a total
protection area of 14378.5 ha (Figure 1), including a core
area of 4356.1 ha, a buffer area of 4665.2 ha, and an
experiment area of 5357.2 ha as outlined by the government.
The division of different areas is based on its natural
environment, status of resources, and the urgency for
protection. As mentioned above, coral reef in the area has
undergone a severe degradation of water quality, reported by
the National Bureau of Oceanography of China.

The rainstorm approximately started on July 11, 2009 at
2:00 pm and stopped on July 12 at 8:00 pm, which was
caused by a tropical storm named Soudelor. Soudelor was
Serial No. 5 of tropical storms of China in 2009 with a
maximum wind speed of 18 m/s, reaching a Level 8 of wind
power. It was formed on July 11 and later on that day the
storm crossed Leizhou Peninsula. Soudelor mainly brings
rainstorms to the west and south of the storm center covering
several coastal regions of Hainan and Guangdong Province.
Since it brings strong rainstorms in our areas of interest, it
provides a good case for studying the effect of rainstorm on
coral reef water in our study area. The study area shown in
Figure 1 is displayed using MODIS data.

Leizhou

Beibu Gulf Peninsula

~f Qiongzhou strait

Figure 1. Location of the Study Area Illlustrated in 250-m resolution MODIS

Imagery (Image Composition: RGB Band 1, 2, 1). a) Overview Image of

South China Sea. b) Zoomed-in Image of the Study Area.
2.2. Data

MODIS data have gained more attention in the application
of TSS estimation in water bodies than Landsat TM data
because of the improved spectral resolution (36 bands) with
bands sensitive to water, higher temporal resolution (twice a
day instead of 16 days interval of Landsat TM data) to
capture highly dynamic water status before and after a storm,
and a higher radiometric resolution sensitive to small changes
of values. Previous studies of different water bodies such as

small bay areas, lakes, and estuarine arcas have reported
strong correlations between water quality parameters and
band 1 (620-670 nm in red) and band 2 (841-876 nm in near
infrared or NIR) of MODIS imagery [1, 43, 44]. Therefore,
this study selected band 1 and 2 for TSS estimation.

The MODIS images can be downloaded from the NASA
website http://modis.gsfc.nasa.gov/. The lat/long of the
study area is approx. 20.2°-20.5°N, 109.8°-110.0°E, and the
WRS-2 path and row for Landsat are 124 and 46
respectively. Three MODIS images, including some day
before the rainstorm event, second day after the rainstorm
event, and fifth day after rainstorm (local time 10:45 a.m.
on July 9, 2009; 1:30 p.m. on July 14, 2009; 11:35 a.m. on
July 17, 2009 respectively), were used to study the TSS
changes. Another MODIS image on December 3, 2010
(local time 1:50 p.m.) with concurrent in-situ TSS data was
used to validate the TSS model. A total of 18 in-situ TSS
sample points were collected on December 3, 2010 by
cruising in field and analyzed in laboratory according to
corresponding specification (GB 11901-89, 1990). The
study used the MODIS image in 2010 and the in-situ TSS
measurements for model validation. Final results of TSS
were retrieved and mapped using the model and the MODIS
images in 2009 pre- and post-rainstorm. TSS values were
measured and recorded as the water quality parameter. The
field spectra and water parameter measurements provide a
basis for development and validation (validation in our
case) of the model between spectral reflectance and TSS.

3. Methodology

3.1. Preprocessing of Remote Sensing

3.1.1. Projection Transformation and Spatial Subset

All the images, including the three images in 2009 and the
image in 2010 for validation, are corrected to the UTM
projection in zone 49 N. The datum used for projection is
WGS-84. To conduct the spatial subset, the area desired was
selected and exported with the specific latitude/longitude
using the tool Region of Interest in ENVI 4.5.

3.1.2. Separation of Water and Land

In order to estimate TSS in water bodies, the spectral
subset was conducted to separate water and land based on
their different reflectance. By examining the spectral profile
across water and land objects in near infrared band, the
reflectance of water bodies is usually lower than those from
the land due to the strong absorption of near infrared light in
water. Based on the reflectance characteristics of these
objects, a threshold value was identified and applied to
remove land area. The threshold value can be determined
through spectral profile by drawing a line across water bodies
and land and it may vary from image to image. For example,
for images of July 9, 2009 and December 3, 2010, the
threshold values are set to 0.025 and 0.06 respectively after
examining the spectral profiles in water and across both
water and land as illustrated in Figure 2.
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Spatial Profile

Figure 2. a) Spectral Profiles of the Two Randomly Drawn Lines on Water and Land, NIR Band, Image on July 9, 2009. b) Spectral Profiles of the Two
Randomly Drawn Lines on Water and Land, NIR Band, Image on December 3, 2010. Red Line is Across Water and Land, and Green Line is within water.

3.1.3. Atmospheric Correction: In-water Linear Regression
Analysis

Atmospheric correction aims to retrieve surface reflectance
from remotely sensed imagery under clear sky condition by
removing noise from atmospheric effects which prevent
proper interpretation of images [45, 46, 47]. Such process is
often necessary for quantitative assessment of environmental
parameters such as TSS due to their sensitivity to noises in
the involved bands. Chen et al. (2010) [28] compared two
atmospheric correction methods to study the impact of a
rainstorm event on the rainstorm-induced sediment plume
area in Apalachicola Bay, FL. By comparing the traditional
method of Dark Object Subtraction (DOS) and in-water
linear regression analysis, his results reported higher
accuracy from the in-water MODIS regression analysis based
on band 1 and band 2 than from the DOS method [48, 1]. The
regression analysis based on the correlation between the red
and NIR bands was used for atmospheric correction to
remove noise from both bands.

This particular method is applied and verified for
atmospheric correction in this study. The regression formula
was built by taking the pixel values of all objects in red and
NIR bands as the longitudinal (y axis) and horizontal (x axis)
coordinates respectively. The y intercept is considered as the
atmospheric noise in the scene and used as the pixel value
being subtracted from the two bands. Because of the proved
higher accuracy of the in-water regression method in the
water area, this method was conducted to obtain the intercept
of linear equations for all the three images used in 2009 (two
images) and 2010 (one image) in this study as demonstrated
in Figure 3 [28]. The MODIS bl/b2 regression analysis
produced a high R? (above 0.85) for all three images, proving
the effectiveness of the regression analysis. For example, the
noise values due to atmospheric effects are 0.007 and 0.001
for the two MODIS images before and after the rainstorm, on
date July 9 and July 14 respectively. These two values are

extracted from the equation below as in Figure 3a and 3b.

a)  juy 9. 2009

0.03
y =0.185x + 0.007
0.025 R*=0.857
0.02
0.015

b 0.04 0.05 0.06 0.07 0.08 0.09 0.1
) July 14, 2009
0.075

y =0.9855x + 0.001
R*=0.991

0.07

0.065
0.06
0.055

0.05
0.05 0.055 0.06 0.065 0.07 0.075

C) December3, 2010

0.0
y=0.9917x + 0.0324
R*=0.864
0.085
0.08
0.075
0.07
0.04 0.045 0.05 0.055 0.06

Figure 3. Regression Analysis Based on Red and NIR Bands of the Images
Acquired on a) July 9, 2009, b) July 14, 2009, c) December 3, 2010 (for
Validation). Red Band and NIR Band are Used as the Horizontal (x axis) and
Longitudinal (v Axis) Coordinates Respectively. The intercept is the Pixel
Values to be Subtracted from the Respective Bands and Used for
Atmospheric Correction.
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3.2. TSS Model

In the case study of Apalachicola Bay [28], red and NIR
bands from Terra/Aqua 250m MODIS level 1 data were used
to investigate rainstorm-induced sediment plume
characteristics in Apalachicola Bay using an improved TSS
model. The model is used to examine the effects of rainstorm
on sediment concentration in the bay by comparing MODIS
mapping results of TSS concentrations before and after the
rainstorm. It was found that the logarithm ratio of MODIS
B1/B2 reflectance have a high correlation with TSS values
and could be used to build the TSS inverse model. This TSS
model proved a higher accuracy in TSS estimation when
compared with other previous TSS estimation method and
therefore is used in this study as shown below in Equation 1:

Log(b2) / Log(bl) = 0.4339*Log(TSS) + 0.8288 (1)

where TSS is in mg/l and bl (red) and b2 (NIR) are the
reflectance values derived from Terra/Aqua MODIS 250m
images.

To validate the model for this study area, another MODIS
image of December 3, 2010 was acquired. After
preprocessing of projection transformation and atmospheric
correction (using in-water MODIS bl/b2 regression
analysis), TSS values are calculated from the values of bl
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and b2 using equation (1). By comparing the TSS results
inferred from the model with in-situ TSS data, the mean
absolute percentage error (MAPE), the most commonly used
measure of forecast error, was used to validate the model.
The results indicate that MAPE mostly fall below 20% with
acceptable accuracy [49, 50], making the TSS model
applicable in this area.

4. Result & Discussion
4.1. Mapping Results of TSS Values

One classified density map was created for each image for
the purpose of comparing TSS concentration before and after
rainstorm, as shown in Figure 4. The results have revealed
substantial TSS increases at a mean value of 47.8 mg/L (~3.6
times of mean TSS value before rainstorm) in the second
image of July 14, 2009, two days after the rainstorm. Table 1
lists the brief statistical summary of the TSS values for the
three images. In this table, a percentile is a measure used in
statistics indicating the value below which a given percentage
of observations in a group of observations fall. For example,
the 20th percentile is the value below which 20 percent of the
observations may be found.

b) July 14

109°30E

109°4SE 110°€
1 1

20%45'N

T
N.S¥,02

Leizhou
Peninsula

20°30'N

N,02,02

20%1S'N
NS1,02

20°N
N.0Z

109%45€E

110°E
1

100°45°E

»
NS#,02

Lo Leizhou
) Peninsula

TSS
concentration

(mg/1)

W(9.63
2.63-1

NOCOZ

NSL,0Z

Figure 4. Classified Density Maps of TSS Concentrations Derived from MODIS Mapping Before and After the Rainstorm Event of July 11-12, 2009. a) 10:45
a.m. on July 9, 2009 (Two Days Before the Rainstorm). b) 1:30 p.m. on July 14, 2009 (Two Days After the Rainstorm). c¢) 11:35 a.m. on July 17, 2009 (Five

Days After the Rainstorm).
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Table 1. Statistics of MODIS Deduced TSS Values (mg/l) Before and After Rainstorm.

Jul.9,2009 Jul.14,2009 Jul.17, 2009

Maximum 37.2 123 8.3
Minimum 2.6 11.4 0.3
Mean 13.4 47.8 3.6
Stdev 4.1 16.6 0.7
20th percentile 9.5 35 32
40th percentile 9.5 42 35
60th percentile 9.5 47.5 3.7
80th percentile 9.5 55.5 4

90th percentile 9.5 68 4.2
99th percentile 9.5 105.9 6

4.2. Discussion

By comparing the TSS values before and after the
rainstorm, the results indicated that the rainstorm caused an
overall increase of TSS values in the area with most regions
experiencing a triple increase. Before the rainstorm, the TSS
had a tendency of increasing from the middle Qiongzhou
Strait to the coast (from west to east in Figure 1), which was
common in most coastal waters. From the farther part of the
gulf to the coastal area, TSS values increased from below
9.63 mg/L to between 18-30 mg/L in most areas as illustrated
in Figure 4a.

Two days (71 hours) after the rainstorm (Figure 4), the
average TSS concentrations increased dramatically from 13.5
mg/L to 47.8 mg/L and the maximum TSS increased from
37.2mg/L to 123 mg/L. After five days (141 hours in total),
TSS values dropped to even lower values (the average and
maximum TSS about 3.6 mg/L and 8.3 mg/L) than before the
rainstorm as indicated in Figure 4c. Also a significant
increase of standard deviation of TSS values could be
detected in the date of July 14 (16.6 mg/L) when compared
with that of date July 9 (4.1 mg/L), indicating that the
variance of TSS values is much higher as TSS values
increases itself. The standard deviation of July 17 was the
lowest of all (0.7 mg/L), indicating that July 17 sees the
lowest variance of TSS values in the study area. Although, on
July 14 when TSS was the highest of all, 90% of areas had
the TSS values lower than 68 mg/L and over 98% area had
TSS values below 100 mg/l, with only few pixels reaching
above the value of 100 mg/L.

A thorough analysis of Figure 4a, 4b and 4c for the images
of date July 9, 14, and 17, 2009 respectively give detailed
information of the spatial and temporal TSS variance in this
area within the specific period of time. Figure 4a indicates
the TSS values before the rainstorm (July 9, 2009) had a
tendency of increasing in banded shape from the middle strait
to the coast of Leizhou Peninsula with an average TSS value
of about 13.5 mg/L. The ring shape of TSS distribution in
this period was probably due to the integrated influence of
ocean currents and terrain, especially human activity. Figure
4b shows significant increase of TSS values in the whole
study area as of July 14, 2009, with the highest TSS values
among all (average TSS about 47.8 mg/L). The rainstorm
brought by the tropical storm Soudelor is the immediate

reason that caused this dramatic change of TSS values. It can
be imaged that the TSS values reached higher values during
the rainstorm passing [28] although no cloud-free images
were acquired. Figure 4c saw the lowest TSS values among
the three images (average TSS about 3.6 mg/L), which could
attribute to the relatively low frequency and intensity of
human activities immediately (two days) after the rainstorm.
In addition, other factors such as wind directions and tide
changes can impact the TSS changes as well [51].

Another map in Figure 5 revealed TSS changes by
displaying TSS values that fall in each category. It is evident
that in the image of July 9, the TSS values in coastal areas
mostly fall in category of 10-20 mg/l, while the farther strait
area falls in category of 0-10 mg/l. For the image of July 14,
the TSS values in coastal areas have dramatic increased and
fall in the level of 30-50, 50-100, or even 100-123 mg/1 in the
eastern coastal areas. This confirms that TSS values have a
nearly triple increase in the study region, especially the
coastal areas. By contrast, for the image of July 17, the TSS
values drop down to the category of below 10 mg/l. Also, the
TSS spatial distribution from Figure 5b shows a higher TSS
concentration in the east and south areas and relatively lower
concentration in the northern areas, indicating an eastward
sediment transport caused by the storm. This approach
effectively illustrates the detailed distribution of TSS values,
and how they differ spatially—from the coastal to farther
strait areas, and temporally—from before the rainstorm, to
immediately after the rainstorm, and to five days after the
rainstorm.

The statistical results of this density map indicate that for
the image of July 9, 2009 (Figure 5a), the areas have TSS
values between 0-10, 10-20, 20-30, with those above 30
mg/L taking up 24%, 72.5%, 2.8%, and 0.7% of the entire
area respectively. While for the image of July 14 (Figure 5b),
the areas have TSS values between 10-20, 20-30, 30-50, 50-
100, and 100-123 mg/L with a percentage of 0.75%, 9.75%,
58.8%, 29%, 1.7% respectively. No areas fall in category of
below 10 mg/L in this image. For the image of July 17
(Figure 5c¢), all the areas have TSS values below 10 mg/L
with approximately half to be even lower than 3.6 mg/L. The
area percentages with different TSS values not only indicate
the TSS changes of the three images in percentage groups but
also show the overall TSS distribution changes of the three
different times.
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Figure 5. Classified Density Maps of TSS Categories. a) 10:45 a.m. on July 9, 2009 (Before the Rainstorm). b) 1:30 p.m. on July 14, 2009 (two days after the
rainstorm). ¢) 11:35 a.m. on July 17, 2009 (Five Days After the Rainstorm,).
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Figure 6 displays the image of July 14 (same to Figure 5b)
together with the distribution of coral reef core and
experimental areas in the region along Xuwen County coast.
By comparing the TSS values on July 14 and the main coral
reef reserve areas, it is evident that the experimental and core
coral reef areas overlap with the areas that have the most
significant TSS increase, falling within the high TSS
categories such as 30-50, 50-100, and 100-123 mg/l.
According to statistical results, the experimental coral reef
area has a percent of 4.2% that overlaps with the TSS values
higher than 50 mg/l (represented by red and maroon in the
map). The core coral reef area in the south (see Figure 6) has
a percent of 74.9% that overlaps with TSS higher than 50
mg/l, indicating a larger impacted area by higher TSS
concentrations during the rainstorm. The overall overlapping
percent of the coral reef reserve areas with TSS values that
are higher than 50 mg/L reaches 32.9%.

A significant finding of this study is that after five days of
the rainstorm, TSS values fell to a lower value than before
the rainstorm in the study area. On July 17 the study area
sees a lower average TSS value (3.6 compared with 13.5 of
July 9) indicating an overall decrease of TSS values, and a
lower standard deviation (0.7 compared with 4.1 of July 9)
indicating a smaller variance in the whole area. Previous
studies also had similar findings on this particular issue.
Chen et al. (2009) did a study on the impact of Hurricane
Frances on TSS concentration in Apalachicola Bay area in
the United States and found that the TSS concentration gets
back to normal after five days of the hurricane. Hurricane
Frances was a Category 4 Hurricane, with gusts from 40
miles per hour (64 km/h) to as high as 87 miles per hour (140
km/h), and maximum sustained wind speed being 145 mph
(230 km/h). Another study of the same area on TSS
concentration changes [28] found that the surface TSS
concentrations can get back to their reference values after 60
h and 50 min (i.e. almost the day 2.5) of the rainstorm.
Hence, it can be seen that the impact and duration of storms
(i.e. how long it takes TSS values to go back to normal
values) on TSS varies from place to place depends on many
local factors, such as the bay size and shape, river runoff,
human activities, and most importantly the level of wind
force. Generally, the TSS concentration in estuary and coastal
areas under local rainstorm tends to return to normal level
(2.5 days) faster than under tropical storm or hurricane (5
days).

The finding that TSS in 5 days after rainstorm (July 17) is
even lower than before rainstorm may be due to the reduced
intensity and frequency of human activities and hence a
lower amount of suspended sediments after a major storm,
which indicates that human activities is one of the reasons
that keep up the TSS values in the area. That explains why, in
general, the values of TSS concentration in the area were the
highest immediately after the storm and the lowest few days
after tropical storm moving out the area.

Since the long duration of TSS suspension will cause the
death of coral reef, high TSS concentration poses an evident

and dramatic negative effect on the reservation of coral reef
areas (especially at A area). Furthermore, increases of TSS
could even bring negative impact to the local economy and
human activities. Since the increase of TSS would cause the
degradation of water quality and increase the accumulation of
TSS sediment on coral surface in coral reef areas, the
deterioration of the ecological system could then cause the
decline of fish group quantity and quality. Dahl A L. (1985)
[15] and Rogers C S. (1982) [27] found that in Caribbean Sea
and Pacific areas, the degradation of coral reef and
mangroves caused by TSS and sedimentation was one reason
that causes the decline of the tropical fishery in the area.

5. Conclusion

The results of the study show that averaged TSS
concentrations have experienced a nearly triple fold increase
in the study area due to the passage of tropical storm
Soudelor with a Level 8 wind power when compared to
under no-storm condition. Two days after the rainstorm (a
total of 71.5 hours) beyond the time of first image, TSS
values tripled in most areas, and this change is more obvious
in coastal areas than in the strait areas. The TSS dropped to
even lower values than before the rainstorm in five days after
the tropical storm moved out of the region.

By comparing with the case study on TSS values in storm
period ! with the current study, it indicates that the TSS
concentration in estuary and near-coast ocean under local
rainstorm tends to return to normal level faster
(approximately 2-3 days) than under a hurricane " or tropical
storm as in this study (approximately 5 days). The MODIS
mapping analysis of TSS indicated that the tropical
rainstorms exert significant increases on the TSS levels
(higher average values of TSS) and variations of spatial
distribution (higher variance) across the study area. After
tropical rainstorm, it is nearly a triple increase of TSS in most
areas, and the coastal region has seen the most significant
TSS increase among all. After tropical rainstorm on July 14,
2009, the statistics in core and experimental coral reef areas
(Figure 5) indicates an overall 32.9% overlapping between
the areas of high TSS concentration (>50 mg/L) and all coral
reef areas (including experimental, and two core areas:
Jiaowei and Xilian) along the south-west coastal region of
Leizhou Peninsula (marked by circles in Figure 6).

Since the suspension of TSS could jeopardize the
ecological health of the coral reef reserves area [23, 24],
climatic events such as tropical storms likely have a negative
impact on the coral reef reserves, and policies and warning
activities should be arranged to provide a better protection
for these areas considering their biodiversity and ecological
significance. Furthermore, there is a need to further study the
specific effect of TSS change (such as continuous increase of
TSS) on the degradation of coral reef in a long time scale or
of different geographical scale. As it is important to monitor
TSS changes timely and frequently, the TSS mapping method
provides an approach to track TSS spatial-temporal variation
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for water quality assessment and policy making for the
purpose of coral reef conservation. In the study, the Jiaowei
(A) core area got more severe influence than Xilian (B) core
area from tropical storm Soudelor.

Besides tropical storms and several other factors
mentioned above, there may be other factors or events that
cause the changes of water quality in a short or long term,
such as seasonal and inter-annual variations in precipitation,
river runoff and climate [52, 53, 54]. In future research,
annual or seasonal TSS changes should be included in order
to evaluate their variance in longer time span. In addition,
considering the correlation between TSS and other water
parameters (e.g. clarity, turbidity), as indicated by many
previous studies in water areas [55, 1], more water quality
parameters should be factored in in future studies to
study/validate the spatial-temporal distribution and analysis
of TSS concentration.
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