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Abstract

Three separate algorithms: 1) Modified NIR-SWIR atmospheric correction, 2) Suspended sediment concentration
(SSC), and 3) Diffuse attenuation coefficient at 490 nm, Ky(490) were developed and used for mapping SSC and
K4(490) for the East China natural waters. A geographic area located between 27-35°N and 119-125°N was selected
to analyze wet (flood) and dry seasons from 2000 to 2015. Remote sensing acquisition has been realized using the
MODIS/Terra and MODIS/Aqua satellite sensors. Results showed large differences between these seasons in terms
of spatial pattern of SSC and K4(490) levels: SSC and K4(490) values were higher during the dry season than during
the flood season in the most part of area for most of the area. The area with high SSC>80 gm [or, correspondingly,
K4(490)>2.3 m™"] within the Subei Bank of the Yellow Sea and the Zhejiang coastal area was estimated to be almost
twice as large during the dry season when compared to the wet season. Results also revealed an impact of the

C

Three Gorges Dam power station on the water quality in the Yangtze River Estuary.
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Introduction

An increasing population and the accompanied rising

anthropogenic pressure in the East China coastal region, comprising
the Yangtze River Estuary (YRE) and its adjacent coastal area (ACA),
dictate the necessity for improved management and monitoring of
these waters. From optical point of view, the part of ACA far away
from the coastal line (open oceanic waters) may be referred to the Case
1 waters, ie., such waters for which phytoplankton and their
immediate detrital material, along with the water itself, do control the
optical properties of the medium [1-3]. Oppositely, the YRE and the
nearest part of ACA, for which the suspended sediment concentration
(SSC) is the central factor influencing the optical properties, are the
typical Case 2 waters [1-3].

Thus, SSC, one of the most important water quality components,
especially in inland, estuarine, and coastal turbid areas [4-6], directly
affects optical properties such as color, light transmittance, absorption,
backscattering, scattering angular distribution, and reflectance [7-9],
and it is strongly responsible for the abundance and the transport of
carbon, phytoplankton, nutrients, metals, and pollutants in aquatic
environments [10-12].

In sediment-dominated Case 2 waters, the SSC is closely related
with the diffuse attenuation coefficient (Ky), which in turn has been
used for different systems of water quality classification [13-20] and
also in models of light penetration, for example, to compute a primary
production as a function of light available at depth [21-23]. It is
important that Kj is one of the geophysical parameters that can be
derived from ocean color images [24-26]. Ky together with SSC, are
important water quality parameters (WQPs), and they were the focus

of many in situ measurements and remote sensing investigations
performed in East China inland, estuarine and coastal waters
[19,20,26-46].

In many of these publications, the seasonal variations in SSC and
K3(\) were noted during both field [27,28,32,33,35,38,41-43,45,46] and
remote-sensing [26,32-34,36,38,40-47] observations. These
publications give a somewhat contradictory picture of the seasonal
variations of SSC and K3(490) in East China waters. For example, Shi
and Wang [26], based on results obtained during 2002-2008 from the
Moderate Resolution Imaging Spectroradiometer (MODIS) onboard
the satellite Aqua, concluded that K3(490) values derived for Subei
Bank (SB) of the Yellow Sea, Taihu Lake (TL), and Hangzhou Bay (HB)
were substantially larger in winter than in summer, while for YRE the
averaged (within the 2002-2008) seasonal values of Kj(A) were
approximately the same for all seasons.

However, He et al. [39] wrote, "Numerous factors can affect
temporal variations of the TSM in HZB (‘total suspended matter in
Hangzhou Bay-our comm.). In general, the TSM concentrations
inputted by the Changjiang and Qiantang Rivers are much higher in
the wet season with large discharge from May through October, than
in the dry season with low discharge from November through April
[28,37].

Oppositely, results found by Ref. [26-28,33,35,36,38,39,42] show
that generally SSC and Kj3(490) in YRE, HB, SB, and TL are
significantly higher in the dry season than in the wet (flood) season.
Moreover, from Ref. [26,36,38] follows even more detailed rule for all
four seasonal average values of SSC and K3(490), which may be
written, in short form, as: {Summer}<{Autumn}<{Spring}<{Winter}.

This obvious contradiction between the above statement in Ref. [39]
and the conclusions from the other publications (and from Ref. [39]
itself) could be caused by the separate deviations from the general
picture, observed in the two stations in the inner part of YRE by Chen
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et al. [28] and at the Nanjing station (Lower Yangtze River) by Mao et
al. [47]. This is in accordance with conclusions made by Chen [27] that
"in the inner estuary predominantly affected by river water discharge,
the SSC is higher during the summer than during the winter. However,
the SSC out the mouth of Yangtze Estuary is higher during the winter
than during the summer, hence the sediment discharge carried by the
runoff does not directly affect the SSC of the study area."

Another important task is a monitoring of the multi-year SSC and
K4(490) dynamics, strongly related with activity of the Three Gorges
Dam (TGD), the world's largest power station, spanning the Yangtze
River [32,35,48]. Three main periods may be highlighted for the
purposes of the current study: before 2006 (when the dam body was
completed), after 2012 (when the dam project was completed and
become fully functional) and between 2006 and 2012 (transition
period).

Therefore, our aim is to study the seasonal and multi-year water
quality dynamics for East China natural waters based on the last
achievements in atmospheric and ocean optics. With this purpose, we
have performed remote sensing observations of SSC and K3(490) via
MODIS, which is onboard two NASA spacecrafts (Terra and Aqua).
We have used images obtained by this satellite sensor (with a spatial
resolution of 1 km) over the East China area, during 2000-2015 and
grouped all images for flood (May to October) and dry (November to
the next April) seasons. This allowed us to check, extend, and improve
current knowledge of water quality in this region. Thus, these new
results span much longer time period and simultaneously they better
seasonally grouped than it was in previous studies of the area.

Geographical region and observations

The coastal region along the YRE and ACA (Figure 1) is one of the
most active economic belts, and it is impacted by huge stresses from
anthropogenic activities and population growth. The Yangtze River is
the longest river (6300 km) in Asia, carrying abundant sediment (470
Mt/yr averagely) to its estuary [48].
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Figure 1: Map of the eastern Chinese waters. Numbers 1-5
correspond to Subei Bank of the Yellow Sea, Yangtze River Estuary,
Taihu Lake, Hangzhou Bay, and Zhejiang coastal area, respectively.

The appropriate literature shows that the SSC varies from 1~70 gm3
in East China Sea (ECS), up to ~150 gm™ in Taihu Lake, up to ~2000
gm? in YRE, up to ~2500 gm™ in the Subei Bank of the Yellow Sea,
and up to ~8000 gm™ in the HB [30,31,33,35,36,38,39,42-46]. These
values indicate that the suspended sediment ranges in the YRE and its
ACA differ from most worldwide estuaries and coastal zones. Similarly,
the K3(490) values found in the literature [26,34,36,37] demonstrate
huge variability in this parameter, which strongly exceed the limits
(0.02-1.1 m!) provided by the classical Jerlov's classification for
K3(490) [13].

Three databases were used in the present work for model
development and validation purposes: 1) SSC and laboratory tank
radiometric measurements performed in July 2006 (118 samples),
when sediment samples used in tank experiments were collected in the
Yangtze River and Yellow River estuaries [31]; 2) Inn situ measurements
of SSC, radiometry, and inherent optical properties (IOPs), including
absorption a, attenuation ¢ and back scattering b, coefficients,
performed on May 4-12, 2011, in the YRE and its ACA (19 samples);
and 3) in situ measurements of the chlorophyll concentration (Chl),
SSC, and IOPs, including a, ¢ by, and colored dissolved organic matter
(CDOM) absorption, performed on February 21-March 10, 2014, in
the YRE and its ACA (94 samples) [46].

The images of MODIS/Terra from March 2000 to December 2015
were downloaded from the Level 1 Atmosphere Archive and
Distribution System (LAADS), https://ladsweb.nascom.nasa.gov/.
MODIS/Aqua images from January 2010 to December 2015 were also
downloaded from the LAADS system as a supplement. In total, 908
MODIS/Terra images and 192 MODIS/Aqua images were processed
during the 16-year time period.

Development of a New (Modified NIR-SWIR)
Atmospheric Correction Approach

Introduction to a new approach

Aerosol type and load can be observed by ground stations, however,
generally there is a problem with the simultaneous collection of aerosol
data and satellite images, especially for the sea and ocean where there
are no meteorological stations. Nevertheless, numerous atmospheric
correction approaches were developed during last decades.
Atmospheric and ocean optics pioneers, such as Howard Gordon,
assumed that the ocean is totally absorbing in the band centered at
A=750 nm, ie., L,(750)=0 [49]. Moreover, worldwide in situ
observations [50] have shown that in very clear waters with the
pigment concentration €<0.25 mg m™>, even L, (A > 670 nm) can be
assumed to be zero. Similar assumptions were widely used in
numerous studies (e.g., [51-53]. The further development of such
approach was suggested by Wang and Shi (2005) [54], who assumed
that the ocean is black (i.e., b,(A\)=L,,(\)=R(A\)=0) at the short-wave
infrared (SWIR) band to solve an atmospheric correction problem for
the turbid Case 2 natural waters.

On the other hand, another strategy, so called "the best fit," is
popular, and it is commonly used for the remote sensing retrieval of
aerosol properties for land [55,56] and ocean [57,58]. Lookup tables
(LUTs) generating preliminary, are used for comparison of the
measured water-leaving radiance with the LUTs values for
determination of aerosol types or/and other atmospheric parameters.
The spectral remote-sensing reflectance R (or normalized water-
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leaving radiance, L) values derived from LUTs then may be used as
inputs for SSC and Kj products.

Some serious problems may be noted, however, under exploration
of the LUTs: 1) Not all LUTs are achievable for customary researchers;
2) A lot of satellite images do not have SWIR bands, which are used
often by LUTs; and 3) Our experience shows that results derived from
the NIR-SWIR based on the using LUTs are not reasonable enough.

Therefore, we suggest the compromise variant of the atmospheric
correction algorithm by combining the “best fit” and NIR-SWIR
approaches as follows:

o For Case 1 waters, the black ocean assumption is accepted for all
NIR and SWIR bands, while for Case 2 waters, it is only accepted
for SWIR bands.

e A boundary between Case 1 and Case 2 waters has been
determined by the turbid water index, Zi,q(\;, }\j), which may be
expressed approximately [59,60] [under condition that the water-
leaving reflectance p,,(\)<< py(A)] as Ting(Aj Aj) = 1+ pyy, Toa(M3)/
PaA)=1+Ly, 1oa(\)/Ly(\)) where index "TOA" means top-of-
atmosphere level; we accepted 7;,4(746.4,1241.6)=1.3 (here 746.4
and 1241.6 nm are the central wavelengths of 15t and 5t MODIS
bands, respectively) as a boundary value following Ref. [59,60].

o For MODIS-derived images with NIR and SWIR bands, the NIR-
SWIR atmospheric correction was applied.

o For satellite images without SWIR band, the NIR bands were
exploited first for the Case 1 waters, and then the same aerosol type
as was derived for these waters was applied to the Case 2 waters as
well.

Another problem with the NIR-SWIR atmospheric correction that
not all satellite sensors have SWIR bands. The Geostationary Ocean
Color Imager (GOCI) launched on June 2010 by South Korea [39,43] is
an example of such sensor. The sensor has a spatial resolution of 500
m, temporal resolution of 1 hour, and two NIR bands centered about
745 and 865 nm, but does not has SWIR bands. Thus, we suggest to use
these two bands for an atmospheric correction in Case 1 waters (i.e.,
for ACA), and then to do atmospheric correction for the remaining
Case 2 waters with preliminary derived (from LUTs) aerosol type.

Generation of LUTs

A preliminary lookup table was generated for four small modes ("S")
and five large modes ("L") [56,58] of aerosols shown in Table 1,
assuming bimodal lognormal aerosol size distribution (ASD) [56].
Details of such ASD may be found in Ref. [56]. Table 1 contains a full
set of the complex refractive indices and ASD parameters for all nine
aerosols modes included in this LUT.

Mode Refractive indices ASD parameters (mm)

A=470-860 nm A=1240 nm A=1640 nm A=2130 nm rg o, ref Aerosol type
S1 1.45-0.0035i 1.45-0.0035i 1.43-0.01i 1.40-0.005i 0.07 0.4 0.1 WWS
S2 1.45-0.0035i 1.45-0.0035i 1.43-0.01i 1.40-0.005i 0.06 0.6 0.15 WWS
S3 1.40-0.002i 1.40-0.002i 1.39-0.005i 1.36-0.003i 0.08 0.6 0.2 WSWH
S4 1.40-0.002i 1.40-0.002i 1.39-0.005i 1.36-0.003i 0.1 0.6 0.25 WSWH
L1 1.45-0.0035i 1.45-0.0035i 1.43-0.0035i 1.43-0.0035i 0.4 0.6 0.98 WSS
L2 1.45-0.0035i 1.45-0.0035i 1.43-0.0035i 1.43-0.0035i 0.6 0.6 1.48 WSS
L3 1.45-0.0035i 1.45-0.0035i 1.43-0.0035i 1.43-0.0035i 0.8 0.6 1.98 WSS

1.53-0.003i (470)

1.53-0.001i (550)
L4 1.46-0.000i 1.46-0.000i 1.46-0.000i 0.6 0.6 1.48 DL

1.53-0.000i (660)

1.53-0.000i (860)

1.53-0.003i (470)

1.53-0.001i (550)
L5 1.46-0.000i 1.46-0.000i 1.46-0.000i 0.5 0.8 25 DL

1.53-0.000i (660)

1.53-0.000i (860)

Table 1: Complex refractive indices, geometric mean radii (rg), standard deviations of radii (o) and effective radii (rf) for small (S, to S,) and
large modes (L; to Ls) used in the MODIS LUT. ASD (aerosol size distribution); WSWH (water soluble with humidity), WWS (wet water

soluble), WSS (wet sea salt), DL (dust-like).

The output [Rs(A)] LUT was calculated by using 6S code with
different values of aerosol total loading expressed through the aerosol
optical thickness t, at 550 nm. We have used five different values of T,
(550) for calculations: 0 (a pure molecular atmosphere), 2 (a very
turbid atmosphere observed, for example, during dust or biomass

burning events [61-63]), and three intermediate values: 0.2, 0.5, and
1.0. Thus, the final LUT contains 9 x 5=45 rows (it is not shown here).
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Validation of the Atmospheric Correction Algorithm

Standard (MOD09) and modified NIR-SWIR algorithms vs.
in situvalues

The data obtained from the extensive field campaigns along YRE
and its ACA were used for validation of the atmospheric correction
algorithm. Details for the field and satellite pixels, which were found
appropriate for validation purposes (due to their spatial and temporal
closeness), are given in Table 2.

Fig St Water | Time Lat Long
. i Date Site
b ID Type | (UTC) | (deg N) (deg E)
6:18 30.640 122.249
a A7-1 | 3/9/2014 | HB | Case 2
5:05 30.636 122.249
5:47 31.327 122.305
b B7 2/21/2014 | YRE | Case 2
5:05 31.326 122.302
5:01 30.995 122.250
c D2 5/7/2011 YRE | Case 2
5:35 31.001 122.253
7:00 30.999 122.041
d D1 5/7/2011 YRE | Case 2
5:35 30.996 122.036

Table 2: Match-up stations selected for validation of the modified NIR-
SWIR algorithm. All UTC times referred to are morning hours. Times
(UTC) and geographical coordinates belonging to each station are
shown for in situ and remote sensing observations in the upper and
bottom rows, respectively.

This table demonstrate that the maximal temporal difference
between corresponding pixels does not exceed 1.4 hours, and distances
between them are shorter than 700 m. Below (Figure 2), we show
examples of the spectral R (\) obtained from the field observations
and satellite monitoring in the area. In addition to our (modified NIR-
SWIR algorithm), we show here the results derived from the standard
MODO09 atmospheric correction algorithm, created by the MODIS
Land Surface Reflectance Science Computing Facility [65,66]. The
output spectral surface reflectance ps(\) for this algorithm may be
presented with good accuracy (assuming the upwelling light as
completely diffuse and unpolarized) as ps(A\)=nRs(\) [13,20,67,68].

The results undoubtedly confirm a significant contribution of water-
leaving radiance into the sensor level signal for the NIR bands
[20,29-34,36-39,41-44,46,54,60]. They also show that the modified
NIR-SWIR atmospheric correction algorithm performed generally
better than the standard MODO09 algorithm for the highly variable
waters under consideration. Besides, it is obvious that there is a
closeness between measured in situ and predicted from the satellite
imagery values of R(\), especially in the green-NIR spectral range.
However, at A<550 nm, the modified NIR-SWIR approach may slightly
underestimate (Figure 2a-2c) or overestimate (Figure 2d) in situ R4(\)
values.

—insitu
 MOD09
 Modified NIR-SWIR

0.01 = MoDoY . 0.01
4 ModificdNR-SWIR

400 500 600 700 800 900 400 500 600 700 800 900

Wavelength (nm) Wavelength (nm)

0.05 0.05 -
© a (@
0.04 5 N 0.04 -
c a oo
Cuya o a
003 o 4 =0.03 "
3 .
o 0.02 a2 & 0.02 A
A
—nsitu i .
0.01 o MOD09 0.01 —insitu
4 Modified NIR-SWIR R . 0 MOD09
4 Modfled NIR-SWIR
0 0
400 500 600 700 800 900 400 500 600 700 800 900

Wavelength (nm) Wavelength (hm)

Figure 2: MODIS/Aqua-derived remote sensing reflectance spectra
(open squares and closed triangles are for the standard MOD09 and
modified NIR-SWIR algorithms, respectively) compared with in
situ measurements (curves) acquired at A7-1 (a), B-7 (b), D2 (c),
and D1 (d). Time and geographical locations of field stations and
corresponding MODIS targets are listed in Table 2.

Nevertheless, as numerous studies show (see, e.g., reviews in Ref.
[46,64]), wavelengths A>550 nm (where not strong impact of
chlorophyll and dissolved organic matter absorption) should be used
for SSC and K3(490) retrievals in turbid waters. Moreover, our
previous search of the best MODIS bands for SSC retrieval led to using
the fourth band centered at 553.6 nm and the first band centered at
645.5 nm, for in situ [64] and remote sensing [46] algorithms.

80
70
60
£ 50
% 40
=
£ 30
20
10
0
400 500 600 700 800 900
Wavelength (nm)
Figure 3: Normalized root-mean-squares error (NRMSE) for the
Rs(\) values derived from the modified NIR-SWIR atmospheric
correction algorithm relative to in situ values.

At present, we have found that these two wavelengths yield the
minimum of the normalized (to the mean measured in situ values)
root-mean-squares error (NRMSE) for the remote sensing R.(\)
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values relative to in situ values; NRMSE=17.7% and 11.7%, respectively
(Figure 3), which confirms our previous choice of these wavelengths.

Modified NIR-SWIR vs. standard (MOD09) algorithm

Figure 4 demonstrates comparison results between the modified
NIR-SWIR and MODO9 algorithms for April 5, 2011. It is obvious that
both approaches yield close results for the turbid waters, with
R.(645.5) approximately more than 0.02 sr'! [that corresponds to
SSC>24 gm™3, R.(553.6)>0.026 sr'l, R.(645.5)/R.(553.6)>0.76, and
K3(0°, 490)>0.70 m’l, according to our algorithm]; however, there are
sometimes large discrepancies for the more clear waters.
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Figure 4: Scattering plots of R5(\) derived from the modified NIR-
SWIR algorithm versus R (A) derived from the standard MODIS
algorithm (MODO09) for 6455 nm (a), 553.6 nm (b), and
R.(645.5)/ R.4(553.6) (c). Note that color palettes (right) yield color
scales for the number of points per pixel.

Cloud Mask

Empirical cloud masking was based on testing two quantities: the
atmospheric-corrected R (A) at the bands centered at 856.6 nm and
1241.6 nm (the second and fifth MODIS bands, respectively). The pixel
under investigation has considered as a cloud pixel, when
R.((856.6)>0.08 or Ry(1241.6)>0.006.

SSC Retrieval

Retrieval of SSC (in gm™) for the subsurface layer (accepted as the
layer lying between 0- and 1 m below the air-sea surface) was realized
by the model suggested by [46,64] as follows:

1gm™3, if R (645.5) < O0else
SSC = 1
exp(8X — 7X% + x>+2x* + 0.1X5)

where X=R,((645.5)/R(553.6).

K4(0°, 490 nm) Retrieval

An estimation of diffuse attenuation coefficient at zenith angle (i.e.,
at solar zenith angle 0y=0°) and near surface (layer<l m) was
performed as follows:

K 4(0°, 490) = 0.03012(55C)*?89°(2) Eq. (2) was derived from
our three databases and following Gordon's (quasi-single-scattering)
approximation, QSSA [69,70]: K4(0°, 490) = a(490) + b, (490)(3)
It was shown in Ref. [71] that QSSA yields very accurate solutions for

the near surface layers of natural waters with widely varied optical
conditions.

Results and Discussion

Remote-sensing seasonal analysis of water quality parameters was
performed for the East China geographical area during 2000-2015
(Figure 5) based on the sub-algorithms described above, namely, the
modified NIR-SWIR atmospheric correction (with cloud masking),
SSC, and Kj(0°, 490). We proceeded with all achievable (mostly cloud
free) images for this time period and averaged results for each year and
for two seasons: the flood (May to October) and the dry (November to
the next April) seasons, according to [27,28,35,40,47]. All images were
decomposed into 0.05° x 0.05° boxes in the 27°N-35°N and
119°E-125°E geographical area.

Our results actually correspond to numerous in situ and remote
observations [26-28,33,36,38,39,42], that reported seasonal features in
the region, namely, generally higher values of SSC and K3(0°, 490)
during the dry season when compared to the wet season. However, this
seasonal feature may be different for different years and sub-areas. The
most obvious and multi-year stable situation was observed in the East
China Sea, Subei Bank, Taihu Lake, Hangzhou Bay, and Zhejiang
coastal area. For example, in the ECS a multi-year water transparency
is the rather high, with SSC<20 gm™ (that corresponds the Jerlov 7C
water type with K3(0°, 490)<0.58 m’!; see algorithm above and Ref.
[13,72] for details) regardless of the year or season of the year.
However, four other areas -SB, TL, HB, and ZCA-have shown clear
seasonal features during the whole time period (2000-2015).

The most variable multi-year results were found in the South
Branch of YRE, namely, very high SSC values (~1000 gm™ and more)
observed there in 2000, 2001, 2003, 2006, and 2007 flood seasons;
however, it was not the case in 2008-2015. Obviously, the YRE accepted
a substantial amount of sediments originating from the freshwater
discharge-carried sediments of the Yangtze River before 2008. In these
years, SSC and K3(0°, 490) stayed approximately the same during the
whole year, i.e., without significant seasonal differences. It is worth to
note that such situation may be explained by different balancing
factors, namely, large concentrations of suspended matter discharged
by Yangtze River during wet seasons, from one side and stronger wind
wave and weaker thermal stratification in winter seasons, from another
side.
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Figure 5: The flood season and dry season average of SSC and Ky (0°, 490 nm) derived from 2000 to 2015 MODIS images.
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After completion in 2006 of the TGD, significant amounts of
sediments that used to be flushed away were captured by the dam,
decreasing sediment load and SSC downstream of the river and the
YRE [32,35,48]. Moreover, a field study by Li et al. [35] has shown that
the most dramatic decline of sediment discharge in the Lower Yangtze
River (at Datong) -more than twice comparing 2003-2009 vs.
1950-2002- happened from April to November, i.e., mostly in the flood
season. Our results (Figure 5) completely confirm these field
observations, showing significant decrease of SSC in the Lower Yangtze
River since 2008, during the flood months. Interesting to note that this
dramatic decline of sediment discharge occurs on the background of
relatively weak decline (less than 20%) of water discharge in the Lower
Yangtze River during the wet season (see Figure 2 in Ref. [35]).

For numerical presentation of results, we have calculated total
turbid area for YRE and ACA with SSC>80 gm™ [this corresponds
K3(0°, 490)>2.3 m! according to our optical model] for each false
color image and then summarized results for each year in Table 3 and
Figure 6.

Year Flood season area (km?) Dry season area (km?)
2000 | 40400 59900
2001 35300 75600
2002 | 29700 81600
2003 | 45700 66800
2004 | 37000 64000
2005 | 36900 59400
2006 | 39500 70400
2007 | 24500 70500
2008 | 32300 67100
2009 | 36000 68400
2010 | 30900 73100
2011 34700 79500
2012 | 28100 59400
2013 | 40800 68000
2014 | 51500 79600
2015 | 31600 72000

Table 3: The flood and dry seasonal areas in with SSC>80 gm3.

These numerical results confirm a general trend observed in the
East China waters with the prevailing SSC during the dry season.
However, total results are not sensitive enough to reveal an impact of
the Yangtze River dams (especially, the TGD) on the total turbid area
in YRE and ACA. This fact may be explained by the relatively small
area of the YRE relative to whole area under consideration.
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Figure 6: Dynamics of turbid area in the East China coastal area
during 2000-2015. Dynamics for the flood and dry seasons are
shown on the main ordinate axis, while the flood to dry area ratio is
shown on the secondary ordinate axis.

The similar analysis performed for separate regions shows that
Subei Bank and Zhejiang coastal area are among the most dramatically
variable regions. For example, during the wet seasons, the Subei Bank
high turbid area (with SSC>80 gm3) has varied from 4600 km? in 2007
to 23600 km? in 2014, at an average area of 12300 km?. The high turbid
area for the same region, but during the dry season, is significantly
larger, even though variations are less dramatic: from 24600 km? in
2005 up to 42000 km? in 2002, with the average area of 32300 km?.

Another important finding is decreasing SSC with increasing
distance from the coastal line during whole year and along the whole
coastal line. However, huge tongue-shaped "clouds" of more turbid
waters (plumes) extend from the coast to the open parts of the ECS
between approximately 31.5°N and 33°N, sometimes achieving a
longitude of 126°E (see Figure 7 as example). These plumes are more
expressed during dry seasons that was noted also by Ref.
[26,36-38,43-46], but there is no consensus on the mechanisms of this
phenomenon. For example, Shi and Wang [26] found that the main
reason of formation of the plume is the strong mixing in the water
column that, in turn, explained by shallow water depths, strong surface
cooling, and high wind conditions. However, Chen et al. [45] suggested
other reasons for plume formation in the Bohai, Yellow, and East
China Seas, namely, river discharge, tidal and oceanic currents. Thus,
this phenomenon obviously deserves further research.
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SSC, Mar 24, 2012, UTC 5:25
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Figure 7: Example of SSC mapping of the East China waters on
March 24, 2012.

Conclusions

Three separate algorithms: 1) Modified NIR-SWIR atmospheric
correction, 2) Suspended sediment concentration (SSC), and 3) Diftuse
attenuation coefficient at 490 nm, K3(490) were developed and used
for mapping SSC and K;3(490) for the East China natural waters. Based
on these findings, we have presented satellite-based maps of SSC and
K4(490) during 2000-2015 time period. Three main issues have been
addressed in the study:

o Impact of dry and wet seasons on the water quality [expressed via
SSC, K4(490), and high turbid area] in the region;

o Impact of the Three Gorges Dam (TGD) power station on the
water quality;

o Plume formation in the region.

We have found, in particular, that Hangzhou Bay, Yangtze River
Estuary and Subei Bank are the most turbid areas in the region (and,
probably, in the world). Especially high levels of SSC and high turbid
areas were observed during dry seasons. Concerning wet seasons,
turbidity in the South Branch of YRE was significantly reduced after
the TGD completion. Huge plumes of more turbid waters extending
toward East China Sea were also observed on satellite-based images.
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