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ABSTRACT
Jiang, D. J.; Zhang, H.; Zou, T.; Li, Y. F.; Tang C., and Li, R.Z., 2016. Suspended particle size retrieval
based on Geostationary Ocean Color Imager ( GOCI) in the Bohai Sea. In: Harff, J. and Zhang, H. (eds. ),

Environmental Processes and the Natural and Anthropogenic Forcing in the Bohai Sea, Eastern Asia. Journal of
Coastal Research, Special Issue, No. 74, pp. 117-125. Coconut Creek (Florida), ISSN 0749-0208.

The suspended particle size has an important effect on the settling velocity of particles, the penetration of sun-
light into the sea and the transmission of sound. It is of importance to investigate the spatio-temporal
distribution of suspended particle size. In this paper, a new empirical model was developed based on Geosta-
tionary Ocean Color Imager (GOCI) data for retrieving the median suspended particle size (d50), and then,
the spatio-temporal variation in GOCl-retrieved d50 was analyzed over the Bohai Sea. The results showed that
the new model gained the satisfactory retrieval results in the Bohai Sea. Spatially, median particle size in the
Bohai Sea showed an obvious onshore-offshore gradient, which was smaller in the coastal waters, especially in
the Laizhou Bay, the Bohai Bay, and the Liaodong Bay while larger at the Bohai strait and the northwest part of
central Bohai Sea. Hourly variations of d50 data depicted the short-term dynamics of suspended sediments. The
daily-averaged d50 had a similar pattern of spatial distribution and numerical values to the hourly data but with
a distinct temporal variation. In addition, the findings of this study suggested the possible effects of tide, wind,
turbulence and riverine input on the median particle size distribution.

ADDITIONAL INDEX WORDS : Suspended particle size, GOCI, spatial distribution, temporal variation, Bo-

hai Sea.

INTRODUCTION

Suspended sediments play an important role in physical,, chem-
ical and biological processes of the ocean (van der Lee et al.,
2009). For example, the suspended particle size has a big
impact on the settling velocity of particles ( Kostadinov et al.,
2009 ; Manning et al., 2013 ; Markussen and Andersen, 2013 ),
the transmission of sound ( Bowers et al., 2007 ; Rouhnia et al.,
2014), the penetration of sunlight into the sea and subsequent
primary productivity ( Astoreca et al., 2012; Bowers et al.,
2009). Suspended particles absorb polluting matters such as
heavy metals, persistent organic pollutants and radioactive materi-
als which will therefore be transported and deposited in the sedi-
ments and further cause environmental and engineering problems
(van der Lee et al., 2009). Therefore, studies on the suspended
particle size distribution (PSD) and the dynamics of suspended
particles are of importance ( Bowers et al., 2007; Qing et al.,
2014 ; van der Lee et al., 2009).

In turn, PSD is affected by tide cycle ( Braithwaite et al.,
2012 ; Markussen and Andersen, 2014) , turbulence ( Braithwaite
et al., 2012; Renosh et al., 2014 ), salinity gradient ( Mari et
al., 2012; Ren et al., 2014 ). In estuaries and coastal waters,
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PSD is also controlled by riverine input and human activities
(Ahn et al., 2012 ; Kolker et al., 2014; Ren et al., 2014 ; Smith
et al., 2011). For example, some previous studies have investi-
gated the important role of turbulence in flocculation and floc
break up ( Markussen and Andersen, 2014; Renosh et al.,
2014). Braithwaite et al. (2012) found that the median particle
size changed in a regular way by a factor of 3 or more over each
tidal cycle and has a positive correlation with the Kolmogorov mi-
croscale (the size of the smallest turbulent eddies).

To determine particle size, different methods have been devel-
oped and most of them are made under laboratory conditions such
as sieving, sedimentation, electrozone sensing ( Coulter Counter)
(Filippa et al., 2011 ; Rawle, 2010). These methods are reason-
ably accurate in determining unconsolidated particle size distribu-
tion, but they disrupt particle aggregates that might be present in
situ, especially in the coastal waters ( Gartner et al., 2001). Di-
rect, undisturbed and in situ measurements of particle size in the
sea can be made with floc cameras ( Graham et al., 2012;
Manning et al., 2013 ; Mikkelsen et al., 2005) and laser diffrac-
tion instruments (such as Laser In Situ Scattering and Transmis-
sometry, LISST) ( Astoreca et al., 2012; Braithwaite et al.,
2012 Filippa et al., 2011; Renosh et al., 2014). However, as
with experimental observation or in situ measurement, the volume
of water sampled and the length of the observing period are rela-
tively short (Bowers et al., 2007 ). The monitoring and retrieval
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of particle size based on remote sensing data is therefore required
to provide the necessary spatio—temporal coverage ( Bowers et al.,
2007 ; Kostadinov et al., 2009; Qing et al., 2014).

Bowers et al. (2007) developed a model to estimate the aver-
aged size of particles suspended near the sea surface using Sea-
viewing Wide Field-of-view Sensor ( SeaWiFS) images, which
can be applied to the mainly mineral, flocculated particles com-
monly found in tidally mixed shelf seas and estuaries. van der Lee
et al. (2009) done some improvements to Bowers et al. model
and applied it to Moderate Resolution Imaging Spectroradiometer
(MODIS) data. Kostadinov et al. (2009) developed a novel bio-
optical algorithm to retrieve the parameters of a power law particle
size spectrum from monthly SeaWiFS imagery and estimated PSD
at global scales. Qing et al. (2014 ) constructed a simple band
ratio empirical model using the MERIS ( MEdium Resolution Ima-
ging Spectrometer) data and MODIS data to estimate the median
size of inorganic suspended particles in the Bohai Sea.

However, the satellite data such as SeaWiFS, MODIS and
MERIS images have a coarse resolution in terms of space and
time. Limited by cloud coverage, good images is too few to reveal
the dynamics of suspended particle and its size distribution. For-
tunately, GOCI ( Geostationary Ocean Color Imager) data has
been launched in June, 2010 with a high spatial resolution of 500
m and having eight images every day, which can be used to ob-
serve the short-term changes in coastal zones and oceans and con-
sider regional characteristics ( Ryu et al., 2012). In this study,
we introduced a new model to retrieve the suspended particle size
using the GOCI data based on the models of van der Lee et al.
and Qing et al., and investigated the spatio-temporal distribution
of suspended particle size in the Bohai Sea.

MATERIALS AND METHODS

Study site

Bohai Sea (Figure 1), in the north China, is a semi-enclosed
inner shelf sea, connecting to the Yellow Sea through the Bohai
Strait (Bi et al., 2011). It is a shallow sea with a mean depth of
18 m and the maximum depth is about 70 m at the Bohai Strait
(Wang et al., 2014 ). Tt has a total area of 77 000 km’, consis-
ting of three shallow bays of the Laizhou Bay, the Bohai Bay and
the Liaodong Bay. There are more than 17 rivers delivering fresh-
water and sediment to the Bohai Sea, which four large to median-
sized rivers are the Yellow River, the Haihe River, the Luanhe
River and the Liaohe River (Figure 1), and the Yellow River has
the highest water discharge and sediment load to the sea (Bi et
al., 2011; Ruddick et al., 2012). The area surrounding the
Bohai has a population of 260 million people and is the most eco-
nomically developed region in North China, which is polluted due
to the rapid industrialization and urbanization of the surrounding
area in the past 30 years (Hu es al., 2009).

River discharge, resuspension, human activities and exchange
with water masses of the Yellow Sea are the factors influencing the
spatio-temporal pattern of suspended particle matters in the Bohai
Sea (Cui et al., 2010; Qing et al., 2014). The constituents of
suspended particle matters in the estuarine and coastal waters are
mainly inorganic small particles from the land, and then biogenic
particles such as organic debris, skeletons, organic films in the
central Bohai Sea and the Bohai Strait (Jiang et al., 2000; Qin et
al., 1982; Qing, 2011; Yang et al., 1989). In the seabed of the

Bohai Sea, the surface sediments are generally fine, consisting of
soft clay mud, fine silt mud, coarse silt and fine sand ( Jiang et
al., 2000). In the Yellow River ( Huanghe) estuary adjacent wa-
ters and the Bohai Bay, clayey silt is the main composition of the
sediments and most of particles are smaller than 0. 01 mm in size
(Qin et al., 1985). On the southern and southeastern Laizhou
Bay, fine-grained sediments appear to be limited to patches, and
sandy and silty sediments occur occasionally ( Qiao et al., 2010).
In the Liaodong Bay, the sediments are mainly composed by silt
and fine sand while find sand in the central Bohai Sea (Jiang et
al., 2000; Yu, 2011).
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Figure 1. Location of the Bohai Sea and in situ measurements ( red cir-
cles)

Field survey

Two cruises over the Bohai Sea were conducted in 2014, re-
spectively in spring (19/04-05/05) and summer (11/08-05/
09). At each sampling station, the suspended particle size distri-
bution was measured using the LISST-100X instrument. The LIS-
ST uses the diffraction of a laser by particles to perform a non-
intrusive measurement of the volume concentration of suspended
particles ( Ouillon et al., 2010), having diameters ranging from
2.5 t0 500 pwm in 32 size classes in logarithmic scale (Hill et al.,
2013; Renosh et al., 2014). Tt is a widely used instrument for in
situ measurements of the size distribution of suspended matters in
estuarine and marine waters ( Agrawal and Pottsmith, 2000; Hill
et al., 2013; Markussen and Andersen, 2013; Renosh et al.,
2014).

GOCI data

GOCI is the world’s first geostationary ocean color satellite and
has been developed by Korea Aerospace Research Institute
(KART) and EADS Astrium according to the user requirements
assigned by Korea Ocean Research & Development Institute
(KORDI) (Ryu et al., 2011). GOCI has six visible bands with
band centers of 412 nm, 443 nm, 490 nm, 555 nm, 660 nm and

Downloaded From: https://bioone.org/journals_fﬁml-gfu%ﬁﬂ%gggﬁl%ﬁn zgpM@}éFqg‘s‘ue No. 74. 2016

Terms of Use: https://bioone.org/terms-of-use’



Jiang et al. 119

680 nm, and two near-infrared bands with band centers of 745 nm
and 865 nm. It covers the 2 500 kmx2 500 km square around
Korean peninsula centered at 36°N and 130°E with about 500 m
of ground sampling distance (GSD) and it can acquire the data
eight times a day during the daytime (from 00 AM to 07 AM
UTC). This spatio-temporal resolution of the GOCI is very
efficient to real-time monitor the short-term changes in the North-
east Asian waters surrounding the Korean peninsular, such as the
diffusion and movement of suspended particulate matters,
dissolved organic matters and the other polluted materials, the
formation and decay of red tides, and ocean disasters (He et al.,
2013 ; Ruddick et al., 2012; Ryu et al., 2012).

In this study, GOCI Level 1B products, the top of atmosphere
radiance, were obtained from the Korea Ocean Satellite Center
(KOSC) for the period of 19th April to 5th May and 11th August
to 5th September of 2014. The full region was cropped to the
Bohai Sea and then atmospherically corrected using the GOCI
Data Processing Software ( GDPS), version 1. 2. 0 ( dated
20130308) , to give level 2 (12) data for the remote sensing re-
flectance, R, defined as the water-leaving radiance divided by
the above-water downwelling irradiance for the further retrieval of
PSD. No-cloud GOCI R was selected and the time difference be-
tween GOCI overpass and in situ measurement was less than 6 h.
Totally 17 groups of matched GOCI R were extracted on spring
(19/04-05/05) and summer ( 11/08-05/09), 2014 ( Figure

1).

Tide and wind data
The tide data at Laizhou Port tidal station in the Bohai Sea was
gained from the Tide Table Book of 2014, which was edited by

Retrieval model

The models developed by Bower et al. (2007), van der Lee et
al. (2009) and Qing et al. (2014), respectively, and GOCI
data were used to estimate the median particle size (d50) over
the Bohai Sea. But the retrieved results were not satisfactory. One
possible reason was that remote sensing data and bands used for
d50 estimation were different and another was probably the differ-
ence in the study area or in situ measurement method for the use
of model development and validation ( Table 1). However, we
also found that d50 closely related to the remote sensing
reflectance (R, ). Therefore, we established a new model ( Table
1) based on the relationship between measured d50 data and the
remote sensing reflectance (R,,) derived from GOCI data.

The retrieved results of median particle size over the Bohai Sea
were assessed using 5 performance indicators, including the cor-
relation coefficient ( CC) , the mean error (ME) , the mean abso-
lute error ( MAE) , the relative bias ( BIAS), the root mean
square error ( RMSE) ( Jiang et al., 2012). CC was used to
assess the agreement between the retrieved and measured d50.
ME was used to scale the average difference between the retrieved
and measured d50, whereas MAE was used to represent the aver-
age magnitude of the error. BIAS described the systematic bias of
the retrieved d50. RMSE, which gave a greater weight to the
larger errors relative to MAE |, was used to measure the average er-
ror magnitude. The formulas were listed as follows:

2 (6. -6)(S - 5)

JZ(Q—@Z xJZ(si—SV

cC = (D)

the National Marine Data and Information Service, China. Daily ME = 1 i S ¢ 5
wind data on May 5, August 12 and September 4, 2014 was re- B 7[,:] (5 -6 (2)
trieved by ASCAT ( Advanced SCATterometer) images with the | <
spatial resolution of 0. 25°x0. 25°. MAE = L 2 1S, -G, (3)
i1
Table 1. d50 quantitative retrieval models
In situ
Authors Model Data/bands measurement Study area Indicators
method
d50=A/b",b" =R (a, +a,” MSS+a )/
N | AMSS), R=184nLI/F, = 1. 84xR, NS
(‘2’38; )e‘ - =0.2+20.8 R_(665)/R_(555), A=27, a, SeaWiFS/665nm LISST-100B Irish Sea  R>=0.79"
=0.43, a," =0.021, a.=0, f=0.44, v
=0.019
van der Lee  dS0=A/b", b* =2.32(R (665)+ MODIS/555nm, ‘ y (s
ol (2009) RA555)). A= P LISST-100B Irish Sea  R*=0.75
Qing et al. lg(d50)=aR, (560) /R, _(665)+b, MERIS/560nm, Malvern Bohai Se: R*=0.49, ¢=27.0%,
(2014) a=0.137, b=0. 667 665nm Mastersizer 2000 0" %% RMSD=4. 31 pm
R*=0.51, CC=0.72
15(d50)=a(R_(555)+R_(660)) +b , GOCL/555mm, . T J
Ours 4=-9.201.b =1.6817 660nm LISST-100X Bohai Sea  BIAS=-3.24% , RMSE

=8.09um

Note: " indicated that R* was the coefficient of determination between the observed and algorithm b ", not d50; * indicated that R* was the coefficient of
determination between " and the sum of R _(665) and R _(555), e was the average percent difference, and RMSD was the root mean squared deviation.
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x 100% (4)

=1

RMSE = LZ(si—Gi)z (5)
noi=

where n was the total amount of in situ data or remote sensing
data; G, and S; were the ith values of the measured and retrieved
values, respectively; G and S were the mean values of measured
and retrieved values, respectively.

RESULTS AND DISCUSSION

Evaluation of retrieval model

The relationship between lIg(d50) and R, (555), R,(660),
(R.(660) +R_(555)), R_(555)/R_(660), R.(660)/R.
(555), respectively, was analyzed, and lg(d50) was found to
have a goodness fit with R_(555), R (660) or (R (660)+R,,
(555)) but had a weak correlation with R_(555)/R_(660) or
R.(660)/R,_ (555). In contrast, lg ( d50) more strongly
correlated with the sum of R (660) and R _(555) than R_(555)
or R_(660) (Figure 2a—c). Moreover, the established model
based on the relationship between lg(d50) and the sum of R,
(660) and R_(555) had better retrieved results ( Table 2,

Figure 2d), and 5 indicators of CC, ME, MAE, BIAS, and
RMSE were 0.72, —=1.00 pm, 6.41 pm, -3.24% and 8.09
pm, respectively. Also, we observed that this model underesti-
mated the median particle size ( Figure 2d, Table 2), possibly
due to some uncertainty from the LISST field measurement, the
remote sensing monitoring, the retrieval model itself, or their
combination. In general, the retrieved results were satisfactory for
the study area, and thus, this model was selected to analyze the
spatio-temporal distribution of median suspended particle size over
the Bohai Sea.

Spatio-temporal variation in median particle size

The spatial distribution and hourly variations in the median sus-
pended particle size over the Bohai Sea were shown in Figure 3,
taking September 4, 2014 as an example.

A strong onshore-offshore gradient of depth-averaged d50 was
observed over the Bohai Sea, which appeared to be opposite to the
spatial distribution of total suspended sediment (TSS) concentra-
tion (Ruddick et al., 2012). In general, d50 ranged from about
10 pm to 30pm in the coastal waters and around 40 pm in the
offshore and deeper waters. Particles were smallest in the Bohai
Bay, the Laizhou Bay, the Liaodong Bay with high turbidity and
high TSS concentration, suggesting a potential effect of riverine
transport and salinity gradient on the spatial distribution of d50
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Figure 2. The retrieval model (a, b, c¢) and the comparison between measured and selected model-retrieved d50 (d) (p=0.01 for Figures a~d; the num-

ber of samples was 17)
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Table 2. Indicators of 5 retrieval models

Variables Model CC ME (pm) MAE (pm) BIAS (%)  RMSE (pm/%)
R.(555)+R,(660) lg(d50 )a::“_(;‘ﬁi:'?g;ﬁo) )4, 0.72 ~1.00 6.41 -3.24 8.09/26. 16

R, (555) 15(:(1_5106).2;15 b(is;;é; 0.71 -0.95 6.51 -3.08 8.17/26.43

R, (660) 1%1(55—?;:4?“; 3610_ )63’ 0.69 -1 11 6.45 -3.58 8.38/27.13
Rrs(555)/Rrs(660) le( dso)Z:(()ﬁ“;;;;jb):/f“l(f;o) )+b, 0.52 -1.46 7.32 —4.74 9.97/32.24
Res(660)/Ris(555) (800 = alR.(660) /R, (555))+b, 0.56 -1.32 7.32 -4.27 9.66/31.27

a=-0.7576,b=1.7936

'%'

el

T
e

Figure 3. GOCl-retrieved d50 data for September 4, 2014 from 00 :16 to 07 :16 UTC, every hour ( Clouds and invalid data were shown in white; Land was

shown in grey)

(Mari et al., 2012). There are several great rivers flowing into
the Bohai Sea, such as the Yellow River into the Laizhou Bay,
the Haihe River into the Bohai Bay, the Liaohe River into the Li-
aodong Bay ( Figure 1). Therefore, large number of inorganic
suspended particles was transported from rivers into the sea and
resulted in small particles appearing near the coast. Also, the
tide-generated turbulence along the coasts brought fine-grained
sediments into resuspension or broke up aggregates into small-
sized particles ( Bowers et al., 2007 ; Markussen and Andersen,
2014). However, it should be noted that d50 was relatively large
on the southern and southeastern Laizhou Bay ( Figure 3),
possibly because the sediments of find sand and silt fractions were
carried into resuspension by the tide currents and wave action. In
contrast, d50 was larger in the offshore waters, and the largest at
the Bohai Strait and the northwest part of central Bohai Sea. Low
turbulence and low TSS concentration appeared in these waters
and suspended particles collision may be easy to cause
flocculation or aggregation. Moreover, the large particle size in

the offshore waters was also attributed by the composition of bio-
genic particles.

Compared with earlier studies, the median particle size in our
study had a similar spatial pattern to the MODIS-retrieved results
by Qing et al. (2014). Numerical values were in accordance
with those (the Yellow River estuary) by Zhou et al. (2007),
but higher than those by Qing et al. (2014) , mostly because of a
difference in the in-situ measurement method used for the model
development. For the studies of Zhou et al. (2007) and ours,
the observed data of particle size were gained through LISST -
100X measurement. LISST deemed flocs or aggregates as an
entity (a single particle) (Bowers et al., 2009). But in the study
of Qing et al. (2014) , the particle size was measured through la-
boratory analysis, which water samples were filtered and
processed by H,0, and HCL and aggregates were be disrupted. In
this case, organic particles were neglected and the particle size
was much smaller than those determined by the LISST instru-
ment.
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Figure 4. Tidal elevation observed at Laizhou Port tide stations from 16 : 00 UTC of September 3 to 15: 00 UTC of September 4, 2014
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Figure 5. The daily wind speed (m/s) derived from ASCAT images on May 5, August 12 and September 4, 2014

Previous studies found that in the Bohai Sea, the semidiurnal
tide played a significant role in the dynamics of the ocean environ-
ments and sediment dynamics (e.g., Guo et al., 1998 ; Son et al.,
2014). Hourly variations in GOCI-derived products could provide
knowledge of short-term dynamics of suspended sediments over
the coastal region which was influenced by tide. Seen from Figure
3, median particle size in the west part of Laizhou Bay increased
from 01 :16 to 05 :16 and then decreased through 07 :16 on Sep-
tember 4, corresponding to the tidal stage when the tidal elevation
decreased and reached its least level at about 4 :00 o’clock and
then increased at Weifang Port tide station, located in the west
part of Laizhou Bay ( Figure 4, the peak or valley of tidal
elevation at Weifang Port tide station lagged behind Laizhou Port
tide station by about an half hour). Ebb flow started around 1
hour after the high tide, and the tidal currents would be at its
maximum around 3—4 hours after the high tide (Lee et al., 2013
Son et al., 2014 ). Therefore, the ebb flow in the west part of
Laizhou Bay might reach the maximum around 1:00 o’clock, cor-
responding to the least median particle size in the GOCl-retrieved
d50 map ( Figure 3). And then, it started to decrease and
reached low slack tide at about 4 :00 o’clock, corresponding to the
increase in median particle size for this period. After slack tide,
the tidal current turned into the flood flow from about 5 : 00

o’'clock, corresponding to the decrease in the median particle size
from 05 :16 to 07 :16. This finding implied that the median
particle size might have a sensitive response to tidal dynamics,
and particles aggregated at times of low turbulence and broke up
during fast flows ( Braithwaite et al., 2012). Also, fast flows
could lead to sediment (clayey silt) resuspension and then small
particles suspended in the surface waters. Seen from Figure 5,
the daily wind speed on September 4 in the west part of Laizhou
Bay was 5.5 m/s, which also might have an influence on the
short-term variation in d50. However, it, generally, seemed that
the median particle size changed more with the tide variation.
Figure 6 indicated the daily-averaged d50 maps on May 5, Au-
gust 12 and September 4 of 2014, which were made respectively
from their 8 instantaneous maps. Compared with any individual
instantaneous map (Figure 3), taking September 4 for example,
the daily average ( Figure 6) was observed to have more valid pix-
els, which exhibited the advantage of GOCI data to maximally a-
void the cloud disturbance and provide the good quality data for
the analysis of ocean environment. Seen from Figure 3 and Figure
6, the spatial patterns and numerical values of the daily average
on September 4 were generally similar to its instantaneous maps.
However, a prominent difference in numerical values was found
for 3 days of May 5, August 12 and September 4. Median particle
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Figure 6. Daily average for GOCl-retrieved d50 data on May 5, August 12 and September 4 of 2014

size was larger on August 12 than that on May 5 and September
4. The wind speed was lower on August 12 than that on May 5
and September 4, although it was not high for these three days
(Figure 5). Wind could increase turbulence and resuspension
and in turn lead to higher suspended sediment concentration and
lower particle size (Bi et al., 2011; van der Lee et al., 2009).
In addition, the nutrient flux into the Bohai Sea was high in sum-
mer (Lin et al., 2008; Wu et al., 2013; Zhang et al., 2012),
which could increase the algae population and further accelerate
the flocculation process over the Bohai Sea.

CONCLUSIONS AND OUTLOOK

Based on the GOCI data and in-situ measurement data, a new
empirical model was developed to retrieve the median suspended
particle size (d50) and further, the spatial variation and temporal
dynamics in d50 were investigated over the Bohai Sea. The results
showed that the new model produced relatively good retrieved re-
sults and it could be used to estimate the median particle size over
the Bohai Sea. Spatially, d50 indicated a distinct onshore-
offshore gradient in the Bohai Sea, which ranged from about 10
pm to 30pm in the coastal waters and around 40 pwm in the off-
shore and deeper waters. It was smallest in the high turbid waters
such as the Bohai Bay, the Laizhou Bay, the Liaodong Bay, but
largest at the Bohai strait and the northwest part of central Bohai
Sea. Hourly variations in GOCl-retrieved d50 at 8 time intervals
exhibited the short-term dynamics of suspended sediments, which
were obvious at the west part of Laizhou Bay (taking September 4
for instance). A similar pattern of spatial distribution and numer-
ical values was observed between the daily-averaged and the
hourly d50 data but the daily value had a noticeable temporal var-
iation. Additionally, this study also discussed the effects of tide,
turbulence, wind, riverine input on the distribution of the median
particle size over the study area.

In the future studies, the observed data of hourly wind data,
salinity gradient, riverine input of discharge and sediment are
necessarily combined with hydrological modeling to quantitatively
explain their effects on the particle size distribution and sediment
dynamics. Biological (such as red tides or algal blooms) effects
on flocculation and floc breaking up would be expected to be in-
vestigated in the future. Long-term time series of GOCI data
would be considered to analyze the seasonal and inter-annual vari-

ability in PSD. Also, it is importance of parting suspended parti-
cles into the organic and inorganic to know the dynamics of sus-
pended particles and sediment-induced environmental effects. In
addition, uncertainty lies in the LISST measurement, which in
turn influences the accuracy of the retrieved results by the remote
sensing data. Therefore, spectral measurements are suggested to
be conducted to make up for this deficiency.

Overall, this study gave a good knowledge of the spatial distri-
bution and temporal variation ( short and long term ) in the
median suspended particle size over the Bohai Sea, which will be
helpful for understanding sediment dynamics and their environ-
mental effects.

ACKNOWLEDGMENTS

This work was supported by the projects titled “ Strategic
Priority Research Program of the Chinese Academy of Sciences
(No. XDA11020305)” and “Key Deployment Project of the Chi-
nese Academy of Sciences (No. KZZD-EW-14)". The authors
would like to thank the Ocean Research Team members of YIC for
providing the LISST data. We are grateful to Korea Ocean
Satellite Center for supplying the GOCI data and the GDPS soft-

ware.

LITERATURE CITED

Agrawal, Y. C. and Pottsmith, H. C., 2000. Instruments for par-
ticle size and settling velocity observations in sediment trans-
port. Marine Geology, 168, 89-114.

Ahn, J. H., 2012. Size distribution and settling velocities of sus-
pended particles in a tidal embayment. Water Research, 46,
3219-3228.

Astoreca, R.; Doxaran, D.; Ruddick, K.; Rousseau, V., and
Lancelot, C., 2012. Influence of suspended particle concen-
tration, composition and size on the variability of inherent op-
tical properties of the Southern North Sea. Continental Shelf
Research, 35, 117-128.

Bi, N.S.; Yang, Z.S.; Wang, H. J.; Fan, D.J.; Sun, X. X,,
and Lei, K., 2011. Seasonal variation of suspended-sediment
transport through the southern Bohai Strait. Estuarine,
Coastal and Shelf Science, 93, 239-247.

Bowers, D. G; Braithwaite, K. M.; Nimmo—Smith, W. A. M.,
and Graham G. W., 2009. Light scattering by particles sus-

Downloaded From: https://bioone.org/journals_fﬁml-g?%ﬁﬂﬁg%ﬂn %?pM@}élzqg‘s‘ue No. 74. 2016

Terms of Use: https://bioone.org/terms-of-use’



124 Suspended Particle Size Retrieval Based on Geostationary Ocean Color Imager (GOCI) in the Bohai Sea

pended in the sea: The role of particle size and density. Con-
tinental Shelf Research, 29, 1748—-1755.

Bowers, D. G.; Binding, C. E., and Ellis, K. M., 2007. Satellite
remote sensing of the geographical distribution of suspended
particle size in an energetic shelf sea. Estuarine Coastal Shelf
Science, 27, 457-466.

Braithwaite, K. M.; Bowers, D. G.; Nimmo Smith, W. A. M.,
and Graham, G. W., 2012. Controls on floc growth in an en-
ergetic tidal channel. Journal of Geographical Research, 117,
€02024, doi,10.1029,/2011JC007094.

Cui, T. W.; Zhang, J.; Groom, S.; Sun, L.; Smyth, T., and
Sathyendranath, S., 2010. Validation of MERIS ocean-color
products in the Bohai Sea: A case study for turbid coastal wa-
ters. Remote Sensing of Environment, 114, 2326-2336.

Filippa, L.; Freire, L.; Trento, A.; Alvarez, A.M.; Gallo, M.,
and Vinzon, S., 2011. Laboratory evaluation of two LISST -
25X using river sediments. Sedimentary Geology, 238, 268
-276.

Gartner, J. W.; Cheng, R. T.; Wang, P. F.; and Richter, K.,
2001. Laboratory and field evaluations of the LISST—-100 in-
strument for suspended particle size determinations. Marine
Geology, 175, 199-219.

Graham, G. W.; Davies, E. J.; Nimmo—Smith, W. A. M.; Bowers
D. G., and Braithwaite K. M., 2012. Interpreting LISST -
100X measurements of particles with complex shape using
digital in-line holography. Journal of Geographical Research
117, C05034, doi,10.1029/2011JC007613.

Guo, X. and Yanagi, T., 1998. Three-dimensional structure of
tidal current in the East China Sea and the Yellow Sea. Jour-
nal of Oceanography, 54, 651-668.

He, X. Q.; Bai, Y.; Pan, D. L; Huang, N. L.; Dong, X
Chen, J.S.; Chen, C.T. A., and Cui, Q. F., 2013. Using
geostationary satellite ocean color data to map the diurnal dy-
namics of suspended particulate matter in coastal waters. Re-
mote Sensing of Environment, 133, 225-239.

Hill, P.S.; Bowers, D. G., and Braithwaite, K. M., 2013. The
effect of suspended particle composition on particle area-to-
mass ratios in coastal waters. Methods in Oceanography, 7,
95-109.

Hu, L. M.; Guo, Z. G.; Feng, J. L.; Yang, Z.S., and Fang, M.,
2009. Distributions and sources of bulk organic matter and al-
iphatic hydrocarbons in surface sediments of the Bohai Sea,
China. Marine Chemistry, 113, 197-211.

Jiang, S. H.; Ren, L. L.; Hong, Y.; Yong, B.; Yang, X. L;
Yuan, F., and Ma, M. W., 2012. Comprehensive evaluation
of multi-satellite precipitation products with a dense rain
gauge network and optimally merging their simulated hydrolog-
ical flows using the Bayesian model averaging method.
Journal of Hydrology, 452-453, 213-225.

Jiang, W.S.; Pohlmann, T.; Sundermann, J., and Feng, S.Z.,
2000. A modeling study of SPM transport in the Bohai Sea.
Journal of Marine Systems, 24, 175-200.

Kolker, A.S.; Li, C.Y.; Walker, N. D.; Pilley, C.; Ameen, A.
D.; Boxer, G.; Ramatchandirane, C.; Ullah, M., and Wil-
liams, K. A., 2014. The impacts of the great Mississippi/
Atchafalaya River flood on the oceanography of the
Atchafalaya Shelf. Continental Shelf Research, 86, 17-33.

Kostadinov, T.S.; Siegel, D. A., and Maritorena S., 2009. Re-
trieval of the particle size distribution from satellite ocean

color observations. Journal of Geographical Research, 114,
C€09015, doi,10.1029,/2009JC005303.

Lee, H.J.; Park, J. Y.; Lee, S. H.; Lee, J. M., and Kim, T.,
2013. Suspended sediment transport in a rock-bound
macrotidal estuary: Han estuary, eastern Yellow Sea. Journal
of Coastal Research, 287, 358-371.

Lin, F. A; Lu, X. W.; Luo, H., and Ma, M. H., 2008.
History, status and characteristics of red tide in Bohai Sea.
Marine Environmental Science, 27, 1-5.

Manning, A.J. and Schoellhamer, D. H., 2013. Factors control-
ling floc settling velocity along a longitudinal estuarine
transect. Marine Geology, 345, 266-280.

Mari, X.; Torréton, J. P.; Trinh, C. B. T.; Bouvier, T.; Thuoc,
C. V.; Lefebvre, J. P., and Ouillon, S., 2012. Aggregation
dynamics along a salinity gradient in the Bach Dang estuary,
North Vietnam. FEstuarine, Coastal and Shelf Science, 96,
151-158.

Markussen, T. N. and Andersen, T.]J., 2013. A simple method
for calculating in situ floc settling velocities based on effective
density functions. Marine Geology, 344, 10-18.

Markussen, T. N. and Andersen, T.J., 2014. Flocculation and
floc break-up related to tidally induced turbulent shear in a
low-turbidity, microtidal estuary. Journal of Sea Research,
89, 1-11.

Mikkelsen, O. A.; Hill, P.S.; Milligan, T. G., and Chant, R.]J.,
2005. In situ particle size distributions and volume concentra-
tions from a LISST-100 laser particle size and a digital floc
camera. Continental Shelf Research, 25, 1959-1978.

Ouillon, S.; Douillet, P.; Lefebvre, J. P.; Le Gendre, R.;
Jouon, A.; Bonneton, P.; Fernandez, J. M.; Chevillon, C.;
Magand, O.; Lefevre, J.; Le Hir, P.; Laganier, R.; Dumas,
F.; Marchesiello, P.; Bel Madani, A.; Andréouét, S.;
Panché, J. Y., and Fichez, R., 2010. Circulation and sus-
pended sediment transport in a coral reef lagoon, The south-
west lagoon of New Caledonia. Marine Pollution Bulletin, 61,
269-296.

Qiao, S. Q.; Shi, X. F.; Zhu, A. M.; Liu, Y. G; Bi, N. S;
Fang, X.S., and Yang, G., 2010. Distribution and transport
of suspended sediments off the Yellow River ( Huanghe )
mouth and the nearby Bohai Sea. FEstuarine, Coastal and
Shelf Science, 86, 337-344.

Qin, Y.S. and Li, F., 1982. Study on the suspended matter of
the sea water of the Bohai Gulf. Acta Oceanologica Sinica, 4
(3), 191-200. (in Chinese)

Qin, Y.S.; Zhao, Y. Y., and Zhao, S. L., 1985. The Bohai Sea
Geology. Science Press, Beijing, pp. 232 (in Chinese).
Qing, S., 2011. Remote sensing research and application of sa-
linity and suspended particle size of the Bohai Sea. Doctoral

thesis: Ocean University of China.

Qing, S.; Zhang, J.; Cui, T. W., and Bao, Y. H., 2014. Remote
sensing retrieval of inorganic suspended particle size in the
Bohai Sea. Continental Shelf Research, 73, 64-71.

Rawle, A., 2010. Basic principles of particle size analysis.
Technical report. http, // www. malvern. com/malvern/kbase.
nsf/allbyno/KB000021/ $ file/Basic_principles _of _particle _
size_analysis_ MRK034~low_res. pdf.

Ren, J. and Wu, J. X., 2014. Sediment trappingbyhaloclineso-
fariverplumeinthe Pearl River Estuary. Continental Shelf Re-
search, 82, 1-8.

Downloaded From: https://bioone.org/journalsjﬁml-gfu%ﬁﬂ%gggﬁl%ﬁn zgpM@}éFqg‘s‘ue No. 74. 2016

Terms of Use: https://bioone.org/terms-of-use’



Jiang et al. 125

Renosh, P. R.; Schmitt, F. G.; Loisel, H.; Sentchev, A., and
Mériaux, X., 2014. High frequency variability of particle size
distribution and its dependency on turbulence over the sea
bottom during re-suspension processes. Continental Shelf Re-
search, 77, 1-60.

Rouhnia, M.; Keyvani, A., and Strom, K., 2014. Do changes in
the size of mud flocs affect the acoustic backscatter values re-
corded by a Vector ADV? Continental Shelf Research, 84, 84
-92.

Ruddick, K.; Vanhellemont, Q.; Yan, J.; Neukermans, G
Wei, G. M., and Shang, S. L., 2012.
suspended particulate matter in the Bohai Sea from the Geo-
stationary Ocean Color Imager (GOCI). Ocean Science Jour-
nal, 47(3), 331-345.

Ryu, J. H. and Choi, J. K., 2011. Observation on the suspended
sediment concentrations in the coastal area using
Geostationary Ocean Color Imager ( GOCI). 5th EARSeL
Workshop on Remote Sensing of the Coastal Zone 89 Prague,
Czech Republic, 1st — 3rd June.

Ryu, J. H.; Han, H.]J.; Cho, S.; Park, Y.J., and Ahn, Y. H.,
2012. Overview of Geostationary Ocean Color Imager ( GOCI)
and GOCI Data Processing System ( GDPS). Ocean Science
Journal , 47(3) , 223-233.

Smith, S.J. and Friedrichs, C. T., 2011. Size and settling veloc-
ities of cohesive flocs and suspended sediment aggregates in a
trailing suction hopper dredge plume. Coniinental Shelf Re-
search, 31, S50-S63.

Son, S. H.; Kimb, Y. H.; Kwon, J. I.; Kimd, H. C., and Park,
K. S., 2014. Characterization of spatial and temporal variation
of suspended sediments in the Yellow and East China Seas u-

Variability of

sing satellite ocean color data. GIScience & Remote Sensing,
51(2), 212-226.

van der Lee, E. M.; Bowers, D. G., and Kyte, E., 2009. Remote
sensing of temporal and spatial patterns of suspended particle
size in the Irish Sea in relation to the Kolmogorov microscale.
Continental Shelf Research, 29, 1213-1225.

Wang, H.J.; Wang, A. M.; Bi, N.S.; Zeng, X. M., and Xiao,
H. H., 2014. Seasonal distribution of suspended sediment in
the Bohai Sea, China. Continenial Shelf Research, 90, 17
-32.

Wu, Z.X.; Yu, Z.M.; Song, X.X.; Yuan, Y. Q.; Cao, X. H.,
and Liang, Y. B., 2013. The spatial and temporal character-
istics of harmful algal blooms in the southwest Bohai sea.
Continental Shelf Research, 59, 10-17.

Yang, Z.S.; Wang, Z. X.; Zheng, A.F.; Zhang, J., and Qu, J.
Z., 1989. Distribution and movement of suspended matter in
summer in Laizhou Bay, the gulf of Bohai. Journal of Ocean
University of Qingdao, 19(4), 49-61.

Yu, W., 2011. The distribution and variation of surface
suspended sediment in the Bohai Sea. Doctoral thesis:
Institute of Oceanology, Chinese Academy of Sciences.

Zhang, Z.F.; He, X.; Zhang, Z.; Han, G. C.; Wang, Y. and
Wang, L. J., 2012. Eutrophication status, mechanism and its
coupling effect with algae blooming in Bohai. Marine Environ-
mental Science, 31(4), 465-483. (in Chinese)

Zhou, L.Y.; Li, A.L.; Gong, S.Y.; Liu, Y.; Zhao, D.B. and
Wen, G.Y., 2007. Spatial distribution and grain size charac-
teristics of suspended matters in surface water of Yellow River
mouth. Marine Geology & Quaternary Geology, 27, 33-38.

Downloaded From: https://bioone.org/journals_fﬁml-gfu%ﬁﬂ%gggﬁl%ﬁn zgpM@}éFqg‘s‘ue No. 74. 2016

Terms of Use: https://bioone.org/terms-of-use’



