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The Changjiang River loads freshwater into the East China Sea (ECS) and the
Yellow Sea (YS). A low-salinity plume known as Changjiang Diluted Water
(CDW) is formed by mixing with saline ambient waters; it disperses toward Jeju
Island and the East/Japan Sea due to the dominant southerly wind and tide
during summer. To map the offshore surface CDW in the ECS, a proxy was
developed using surface water beam attenuation (c) and salinity from 18 annual
summer cruises matched with synchronous Geostationary Ocean Color
Imager (GOCI) satellite data. We followed a two-step empirical approach.
First, a relationship between in situ salinity and ¢ was obtained from
hydrographic cruises (1998, 2003-2018, and 2021). Second, in situ ¢ was
matched with GOCI remote-sensing reflectance (Rrs) band ratios of all
available blue-to-green wavelengths (2011-2018). Finally, satellite-derived
surface salinity was determined directly by combining the two empirical
relationships, providing a robust estimate over a range of salinities (22—-34
psu). Our algorithm was then compared and validated with five previous
satellite-derived salinity algorithms based on colored dissolved organic
matter and particle concentrations. In the first step, surface salinity was
matched and well correlated with ¢ using an 18-year full conductivity—
temperature—depth (CTD) dataset (N = 1,345, R? = 0.93). In the second step,
¢ was synchronously matched and well correlated with GOCI Rrs band ratios
using an 8-year summer CTD dataset (N = 391, R? = 0.93). The satellite-derived
surface salinity based on the GOCI was compared with five other approaches
and validated using an 8-year summer CTD dataset (2011-2018, N = 707,
RMSE = 0.43, bias = 0.053, mean ratio = 1.002). We mapped satellite-derived
surface salinity using monthly GOCI images during the summer from 2011 to
2020. The spatial patterns of the CDW were connected to the Changjiang River
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mouth and extended to the east—northeast during summer. Saline water was
confined to the warm current and the upper slope in the eastern part of the
study area. Anomalous dispersion of the CDW occurred in August 2016, 2017,
and 2020, and limited dispersion occurred in August 2014 and 2019.
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Changjiang Diluted Water (CDW)1, East China Sea2, GOCI3, satellite-derived surface
salinity4, Changjiang river discharge5

Introduction

The East China Sea (ECS) is a continental marginal sea in
the Western Pacific that interacts with various surface water
systems, including freshwater from the Changjiang River,
Kuroshio, and Taiwan Warm Current. The Changjiang River
(also called the Yangtze River) is the third largest river in the
world based on length (6,300 km) and the fifth largest based
on discharge (Beardslev et al., 1985). The Changjiang River
Discharge (CRD) shows large seasonal and interannual
changes. It discharges into the ECS and Yellow Sea (YS) as a
major freshwater source and forms the Changjiang Diluted
Water (CDW) by mixing with saline ambient waters. In
winter, the CDW flows south or southeastward due to the
dominant northeasterly wind. In summer, the CDW extends
eastward from western Jeju Island to the Korea/Tsushima
Strait due to the prevailing southerly wind and the
increasing CRD (Chang and Isobe, 2003; Lie et al., 2003;
Senjyu et al., 2006), which takes 1-2 months to travel from
the Changjiang River mouth to the Korea/Tsushima Strait
(Kim et al.,, 2009b; Yamaguchi et al., 2012). In August 1996,
the CDW (< 20 psu) passed about 50 km west of Jeju Island,
causing widespread death of coastal wildlife (economic
damage: US$600 million). In August 2016, abnormally low-
salinity and high sea surface temperature waters were
observed along the coast of Jeju Island (Moh et al., 2018;
Moon et al., 2019). Anomalous sea surface warming during the
summer in the ECS is associated with the dispersion of the
CDW, forming a boundary layer that enhances vertical
stratification and reduces vertical mixing (Park et al., 2011;
Park et al., 2015; Moh et al., 2018; Moon et al., 2019).
However, the CDW plays an important role in sea surface
warming (Park et al., 2011; Park et al., 2015; Moon et al., 2019)
and exerts a considerable effect on the oceanographic and
ecological environment in the ECS, including the coast of Jeju
Island, Korea. Previous studies have found that the extensive
CDW corresponds with higher particle concentrations during
summer, suggesting the possibility of determining the
relationship between the CDW and the particle load from
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field measurements and satellite data (Kim et al., 2009b; Moh
et al., 2018).

The ability to determine surface salinity from satellite data
may significantly aid physical, chemical, and biological
oceanography research. Salinity generates no optical signal and
is therefore difficult to measure using ocean color satellite
images. The Aquarius satellite is designed to measure salinity
from space using microwave sensing (Wentz and LeVine, 2012).
After the launch of the Aquarius, many satellite sensors,
including the Soil Moisture and Ocean Salinity (SMOS) and
Soil Moisture Active Passive (SMAP) sensors, were developed to
improve salinity estimates from space. Although this was a
major step forward, the spatial and temporal resolutions (25-
100 km, 5-7 days) were too coarse to observe small mesoscale
features, the sensors could not be used close to land, and the data
had to be calibrated using in situ measurements. The spatial and
temporal coarseness of measurements has limited our ability to
monitor the rapidly changing ocean environment in the ECS.

In many previous studies, colored dissolved organic matter
(CDOM) signals provided a reliable indicator of river plumes
and low-salinity water conditions in coastal areas (Binding and
Bowers, 2003; Ahn et al., 2008; Sasaki et al., 2008; Bai et al,,
2013). The optical parameters derived from satellite-based
remote-sensing reflectances (Rrs), such as CDOM and detritus,
are difficult to quantify individually but provide a ¢ response
term when combined (absorption coefficient of detritus/gelbstoff
(agg)) (Roesler and Boss, 2005; Siegel et al., 2005b). Particles and
CDOM may be useful proxies for detecting low-salinity water.
However, particulate matter (PM) and CDOM in the water
column cause light attenuation due to absorption and scattering
and can be used to detect and monitor river plumes or water
quality based on in situ observations and ocean color satellite
studies (Binding and Bowers, 2003; Ahn et al., 2008; Sasaki et al.,
2008; Choi et al., 2012; Son et al., 2012; Bai et al., 2013; Moh
et al., 2018; Choi et al., 2021). Several previous studies have
shown a correlation between salinity and CDOM (Binding and
Bowers, 2003; Ahn et al., 2008; Sasaki et al., 2008; Bai et al., 2013)
and between salinity and particles or chlorophyll-a (Kim et al,
2009b; Son et al., 2012; Choi et al, 2021), thus allowing the
estimation of satellite-derived salinity. Moh et al. (2018)
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observed a loaded sediment plume extending eastward along the
shelf from the Changjiang River to Jeju Island via in situ and
satellite data obtained within the CDW. Beam attenuation due to
particles has been studied using in-water transmissometer
measurements (Gardner et al., 1993; Chung et al., 1998); it is
well correlated with PM and particulate organic carbon (POC),
and thus with satellite observations (Mishonov et al., 2003;
Gardner et al., 2006; Son et al., 2009a; Son et al., 2009b; Son
et al,, 2012). Detecting salinity using PM (including organic and
inorganic matter and perhaps CDOM) is more useful for tracing
the CDW in the offshore ECS than focusing solely on the
relationship between CDOM and low-salinity water.

In the present study, we identified the limitations of previous
approaches for detecting the CDW, including their use of
different satellite sensors, regions, and/or salinity ranges. We
aimed to develop an effective salinity detection algorithm in the
ECS based on satellite data (e.g., Geostationary Ocean Color
Imager (GOCI) data) by comparing salinity estimates with in
situ measurements and compared our approach with five
existing salinity algorithms.

Material and methods

Shipboard data

Surface salinity and temperature data obtained from
conductivity-temperature-depth (CTD) casting were collected
from the National Institute of Fisheries Science (NIFS, http://
www.nifs.go.kr/kodc.eng/eng_soo_list.kodc). Data were
collected during the serial hydrographic cruises carried out
around the ECS four to six times per year and during the
hydrographic cruises by the Korea Institute of Ocean Science
and Technology (KIOST) in the ECS (Table 1). Both full
hydrographic datasets were collected by a SeaBird CTD sensor
at each station (Figure 1). During each CTD cast of the KIOST
research survey, the optical beam attenuation (c) was observed

10.3389/fmars.2022.1024306

synchronously. The ¢ due to particles was measured in the red
spectral band (660 + 10 nm) with a SeaTech 25-cm path length
transmissometer using standard protocols (Gardner et al., 2006).
The percent transmission (T) was determined and converted to
the total beam attenuation coefficient (c) by ¢ = (In(T))/r, where r
is the path length of the transmissometer.

Both surface salinity datasets used the climatological mean
value to understand the spatial distribution of summer salinity in
the study area. The surface salinity and ¢ data of KIOST cruises
were collected in September 1998, July-September in the period
2003-2018, and June 2021. The surface datasets collected from
KIOST research cruises were used to develop a satellite-derived
salinity algorithm. The surface salinity data obtained from NIFS
cruises in the summer season from 2011 to 2018 were used to
validate each method. Another surface salinity validation dataset
was collected using a Liquid Robotics Wave Glider SV3 (Moh
et al.,, 2018; Son et al., 2020). A SeaBird Electronics CTD was
mounted on a submersible glider at depths of 0 and 8 m.
Temperature and salinity were recorded at 30-min intervals
and transferred to the Wave Glider management system via the
Wave Glider’s Iridium satellite link. The Wave Glider was
directed from the west region (low-salinity and high-turbidity
water) to the east region of Jeju Island, Korea (high-salinity and
low-turbidity water). The Wave Glider was launched from the
south of Jeju Island from 19 August to 22 September 2016 and
from 24 August to 14 September 2017 (Figure 1). The surface
salinity data from NIFS cruises and both Wave Glider
deployments were used to validate the satellite-derived
salinity algorithm.

Changjiang river discharge

The daily flow rate of the Changjiang River measured at
Datong Station (1998-2021) was collected (www.cjh.com.cn)
and converted to monthly discharge to understand its variations
during summer (Figure 2). The climatological mean values in

TABLE 1 In-situ measurement data collected from KIOST and NIFS research cruise.

Match-up data between in-situ salinity vs. c, Sep. 1998 CTD KIOST
Jul.-Sep. 2003-2018 CTD KIOST

Jun. 2021 CTD KIOST

Validation data between in-situ salinity and estimated salinity Jul.- Aug. 2011-2018 CTD NIFS
19 Aug.-22. Sep. 2016 Wave Glider (CPCTD) KIOST

24 Aug.-14 Sep. 2017 Wave Glider (CPCTD) KIOST

* KIOST, Korea Institute of Ocean Science Technology; NIFS, National Institute of Fishery Science.
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Study area and sampling stations of summer cruises conducted in 1998, 2003-2018, and 2021. (A) Red dots indicate matched in situ and
satellite data sampling points; black dots indicate sampling points for validating the model and in situ data. (B) Red and blue lines indicate the
sampling lines used for algorithm validation, as observed by wave gliders during the summer of 2016 and 2017.

summer were 40,849 (June), 50,752 (July), and 43,867
(August) m’/s.

Satellite data

The Moderate Resolution Imaging Spectroradiometer
(MODIS) climatological monthly means (2003-2021, level 3)
of the chlorophyll-a and PM covering the ECS were obtained
from the NASA Ocean Biology Processing Group (http://
oceancolor.gsfc.nasa.gov/) and remapped with a 9-
km resolution.

The daily Quick SCATterometer (QuickSCAT) and
Advanced SCATterometer (ASCAT) sea surface wind (SSW)
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data were downloaded from PO.DAAC (http://podaac.jpl.nasa.
gov/), and monthly mean values were calculated.

The GOCI, the world’s first geostationary ocean color
satellite, was developed to monitor the marine environment
and provide prompt and timely warnings of marine hazards. It
has six visible bands (412, 443, 490, 555, 660, and 680 nm) and
two near-infrared (NIR) bands (745 and 865 nm), and provides
images with a 500-m spatial resolution at hourly intervals up to
eight times per day in the Northeast Asian region (Ryu and
Ishizaka, 2012). Daily GOCI data (level 1b) were collected from
the Korea Ocean Satellite Center (KOSC, http://kosc.kiost.ac.kr/)
on 1 June and 31 September from 2011 to 2020 (eight images
from 09:00 to 16:00 local time each day). GOCI Rrs(A) data were
derived from level 1b data using the standard atmospheric

frontiersin.org
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FIGURE 2

Monthly Changjiang River Discharge (CRD) from 1998 to 2021 (obtained by averaged daily observations)

correction algorithm embedded in the GOCI data processing
software (GDPS) (Ryu et al., 2012).

A dataset matching in situ ¢ and synchronously obtained
GOCI Rrs(4) was generated. To ensure reasonable matches,
Bailey and Werdell (2006) and Son et al. (2009a; 2009b; 2012)
suggested that SeaWiFS data be extracted for the locations of
ship stations when in situ and satellite measurements are made
within a + 3-h window of local noon (09:00-15:00 local time).
However, GOCI provided eight images during the daytime
(09:00 to 16:00 local time). In this study, we matched the
synchronous time without using a + 3-h window. Additional
conditions for the satellite data were that the matrix size did not
significantly degrade the geophysical homogeneity among the
pixels used and that >50% of the pixels were free of clouds and
other sources of error. A 5 x 5 pixel grid provided sufficient
pixels for confidence in the average value, without being so large
as to cross parameter gradients. Using these criteria, 391
subsamples (~29.1% of the 1,345 total samples) were matched
with GOCI spectral data. GOCI Rrs(4) was used to determine ¢
and was then correlated with surface salinity using empirical
approaches. For error assessment of the present and previous
approaches, we used 707 subsamples (391 matched subsamples
and 316 surface-salinity subsamples from NIFS and Wave Glider
surface salinity).

To develop our satellite-derived salinity estimates in the
ECS, we used ocean color data derived from apparent optical
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properties (remote-sensing reflectance), and then we
computed the forward or inverse correlation of the data with
in-water constituents. We used a two-step approach to
estimate the surface salinity from ocean color satellite data
(Binding and Bowers, 2003; Ahn et al., 2008; Sasaki et al.,
2008; Son et al., 2012; Bai et al., 2013). The first step was to
correlate in situ salinity with in situ parameters (c). The
second step was to correlate Rrs band ratios with ¢, which
had a much stronger correlation than PM, POC, and
chlorophyll-a (Son et al.,, 2012). Satellite-derived salinity was
then determined by combining these two relationships. A
multiple-wavelength approach was used to determine c. Son
et al. (2009b) demonstrated that when the surface particle
concentration increased, the radiance peak shifted toward
longer wave bands. They proposed the maximum
normalized difference carbon index (MNDCI), which uses
the maximum band ratio among 412, 443, or 490 over 555
nm for SeaWiFS data and regresses the results with the surface
concentrations of POC. We used the maximum band ratio
among 412, 443, or 490 over 555 nm for GOCI data. Salinity
was also calculated from previous studies to provide an error
assessment with 707 subsamples (NIFS and Wave Glider CTD
data). Five previous approaches for estimating salinity relied
on Rrs data to estimate CDOM absorption and particles and
then estimated empirical relationships with salinity. Two
studies were performed in different parts of the ocean [the
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Clyde Sea, Scotland (Binding and Bowers, 2003) and the Gulf
of Mexico (Son et al., 2012)], and three were conducted in the
ECS (Ahn et al., 2008; Sasaki et al., 2008; Bai et al., 2013). The
Sasaki et al. (2008) approach used CDOM absorption and total
chlorophyll-a (under high and low chlorophyll-a
concentration conditions; chl-a > 1.3 and< 1.3 mg m™) to
estimate salinity. Binding and Bowers (2003); Ahn et al.
(2008), and Bai et al. (2013) used CDOM absorption, and
Son et al. (2012) used particle concentration. However, all
previous and new algorithms used two-step approaches for
deriving satellites from satellite images. The measurement
error of all salinity algorithms was given by the root mean
square error (RMSE), the bias, and the mean ratio.

> ((estimated _ Salinity) — (in situ_Salinity))2
RMSE =
e/ )

bias = %E((estimated_Salinity) —(in  situ_Salinity))

1 (estimated _ Salinity)
5( )

mean ratio = —
N (in  situ_Salinity)

Finally, to determine the offshore CDW in the ECS during
the summer season, maps of satellite-derived surface salinity
were created and compared in terms of in situ surface salinity
and GOCI-derived salinity. Monthly climatological satellite
images of salinity were used to understand the annual and
interannual variation of the CDW in the ECS over the
summer season.

10.3389/fmars.2022.1024306

Results and discussion

The spatiotemporal oceanic environment
in the ECS

We focused on the summer season (June-August) to
examine the temporal and spatial development of the CDW.
The MODIS climatological monthly means (2003-2021) of
surface chlorophyll-a and PM estimates were used to create
distribution maps of the summer seasons for the ECS
(Figure 3). The highest chlorophyll-a and PM values were
consistently seen on the inner shelf and diminished offshore.
During August, moderate chlorophyll-a and PM patches
extended into Jeju Island with east- or northeastward
plumes. A CDW patch with elevated surface chlorophyll-a
and PM values stretched over the shelf from the Changjiang
River mouth in the northeast direction. This was related to the
increasing river discharge (Figure 2) and change in wind
direction (from northerly in winter to southerly and/or
southeasterly in summer). The CDW is dispersed in the
eastward direction, and salinity gradually increases through
mixing with saline ambient waters (Lie et al., 2003; Chang and
Isobe, 2005; Senjyu et al., 2006; Kim et al., 2009b; Moon
et al.,, 2019).

The CRD showed distinct seasonal variations that peaked
in July and reached a minimum in January (Figure 2). The
CRD was at its highest during summer in 1998-1999, which is
related to flooding events (Delcroix and Murtugudde, 2002).
The CRD was at its lowest during the summers of 2006 and

121 124 127°E E 121 124°E 127°E

FIGURE 3

121 124 127°E 130°E

Distributions of (A) chlorophyll-a (mg/m?), (B) particulate matter (g/m?), (C) in situ surface salinity (psu), and (D) sea surface wind (m/s) in the

East China Sea in summer.
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2011, with decreased seasonal variation; these events may have
been related to extreme drought conditions and the second
impounding of the Three Gorges Dam (TGD) (Dai et al,
2008). The CRD continuously decreased until 2009, following
the completion of the TGD, and then slightly increased during
July 2010. However, the CRD was at its highest during the
summer of 2016 since 1999, although the freshwater was
controlled by the TGD. Extreme flooding occurred in
mainland China, which increased suddenly in early July and
reached >70,000 m?/s. During August 2016, the CRD was also
larger than the mean value. Delcroix and Murtugudde (2002)
suggested that the anomalous riverine input is linked to
anomalous precipitation over large areas of China, resulting
in a change in sea surface salinity of about 6 psu and
transportation of freshwater over 500 km in the ECS. To
determine the influence of the CDW in the ECS, especially
the middle ECS and Jeju Island (Figure 1), we used
summertime-series data to develop the satellite-derived
salinity results.

Validation of a two-step approach based
on in situ data

The CRD showed distinct annual cycles, with the highest
flow occurring in the summer and the lowest in the winter
(Figure 2). The wide range of the CRD led to seasonal variation
in the transport of particles to shelf and coastal regions
(Figure 3). The fate of surface PM released to the shelf area in
the ECS is controlled by wind and physical forcing (Kim et al.,
2009b; Moh et al., 2018; Moon et al., 2019). We followed a two-
step approach to develop a reliable method for detecting the
offshore CDW, focusing especially on the summer seasons and
the middle ECS.

Figure 4A shows the relationship between surface salinity
and ¢ obtained via 18 yearly summer cruises (in 1998, 2003-
2018, and 2021). There were 1,345 data points from >100
sampling stations in the ECS. The surface salinity ranged from
22 to 34 psu, and ¢ from 0.01 to 1.5 m™*
cruises. The mean, maximum, and minimum salinity values

, during all summer

were 30, 34.4, and 22 psu, respectively; those of ¢ were 0.7, 1.5,
and 0.01 m™", respectively. Gong et al. (1996) and Kim et al.
(2009a) suggested a definition of the CDW based on water-type
classification below 31 psu. We followed this definition in the
present study, and qualifying data points comprised ~48% of the
total dataset.

From the 18-year dataset of ECS summer cruises, we were
able to assess the relationship between surface ¢ and salinity over
a wide range of summer water conditions (22-34 psu). To
determine the spatial coverage of this correlation, ¢ and
salinity data were used from the middle of the ECS to the
south coast of Korea. The resulting regression (Figure 4A) using
a logarithmic fit is
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) = 10[0-135%C+1.53]

(1)

Surface salinity was proportional to beam attenuation
(Figure 4A, F = 53.9, p< 0.01, R®> =093, N = 1,345). Saline
water was accompanied by a lower ¢, and the CDW was inversely

Salinity(psu

correlated with ¢ during these cruises. The correlations between
a proxy of particle concentration (c) and salinity suggested that
the concentration of particle-laden water could provide a useful
estimate of salinity from space (Kim et al., 2009b; Son et al.,
2012). Particle components (PM, POC, and chlorophyll-a) are
determined by applying empirical, semianalytical, and/or
modeling approaches to ocean color products (Mishonov
et al., 2003; Gardner et al., 2006; Son et al., 2009a; Son et al.,
2009b). It is reasonable to expect ¢ and salinity to vary widely in
the area of the ECS (Figures 3, 4) because the Changjiang River
delivers a large mass of particles to the shelf environment, and
particulate plumes are widely dispersed along and across the
shelf (Moh et al., 2018). Although ¢ varies as a function of the
particle size and shape and the index of refraction, as long as the
average bulk particle properties remain similar, ¢ is linearly
correlated with total PM and/or POC concentrations (Baker and
Lavelle, 1984; Chung et al., 1998; Gardner et al., 2006). PM and/
or POC sink in the water column individually or through
aggregation/feeding. The results of the present study do not
distinguish between the salinity of the water with which the
plume mixes and the particle concentration of the mixing water.
However, the correlation between ¢ and PM showed that the
CDW has a higher particle concentration than saline waters
(Figure 4A). This suggested that the CDW continued to deliver a
fairly homogeneous mix of particles even though their
concentrations may vary with the annual- and interannual
differences in the CRD (Sasaki et al., 2008; Moh et al., 2018).
The sea surface temperature of the CDW in the offshore ECS is
increased by sunlight, resulting in a highly stable water column
due to the enhanced buoyancy of the low-density surface water
and the enhanced stratification of the water column (Moh et al.,
2018; Moon et al., 2019). The relationship between the surface in
situ ¢ and salinity reflects a linear decrease in particle
concentration and a logarithmic decrease in salinity (Figure 4A).

Figure 4B shows the results of a regression between Rrs band
ratios versus ¢, which used a multiple-wavelength approach to
produce the MNDCI (Son et al., 2009b; Son et al.,, 2012, Eq. 2).

Rrs(555) — max . (Rrs(412), Rrs(443), Rrs(490))
Rrs(555) + max . (Rrs(412), Rrs(443), Rrs(490))
(2)

MNDCI =

The MNDCI uses the band with the highest radiance among
412, 443, and 490 nm to calculate the band ratio, similar to the
normalized difference vegetation index (NDVT) for land plants.
The use of multiple wavelengths improves the likelihood of
distinguishing multiple or shifting radiance peaks resulting from
diverse particle types in the water column, thereby strengthening
the correlation between the radiance ratio and c¢. Son et al
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(A) Surface salinity as a linear function of beam attenuation, obtained by analyzing data from 1,345 sampling points during KIOST summer
cruises. (B) Least-squares regression between beam attenuation coefficient and the maximum normalized difference carbon index (MNDCI). The
MNDCI was calculated from the GOCI Rrs(4) band ratio within the matched dataset in situ beam attenuation and synchronously obtained GOCI

satellite data
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(2009b; 2012) compared the MNDCI values to the data from
sampling stations where profiles were collected within a +3-h
window of local noon. In the present study, we matched the
GOCI Rrs and ¢ data obtained during the daytime without using
a time-averaged window. Figure 4B plots the relationship
between ¢ and the MNDCI. The CDW covered 60% of the
matched dataset, and the regression equation is given as follows:

C(m™) = [-0.72 x MNDCI® - 0.03 x MNDCI* + 1.61

x MNDCI + 0.87] (3)

The multiple band ratio provides a robust means for
distinguishing bio-optical regimes according to the
concentration range over which each band is dominant (Son
et al, 2009b; Son et al, 2012). In this study, the values were
directly (but not linearly) proportional to beam attenuation and
were fitted with a cubic polynomial (Figure 4B, F = 61.4, p< 0.01,
R*=0.93, N = 391).

Finally, ¢ was derived for each pixel by using the MNDCI in
Eq. 3 and inserting the data into Eq. 1 to estimate salinity.
Equation 4 is the combined equation for GOCI-derived surface
salinity:

GOCI  Salinity(psu)

— 10[—0.135><[—0472><MNDCI3—0.03 X MNDCI?+1.61x MNDCI+0.87]+1.53] (4)

Comparison of the two-step approach
with previous salinity remote-sensing
algorithms

We calculated the correlations and errors between the
measured in situ salinity and the salinity estimated from our
analysis and five previous methods using data from stations in
the ECS where well-matched ¢ and satellite data were available
(Figure 5; Table 2). The RMSE, bias, and mean ratio between the
in situ and the estimated salinity were calculated for a
quantitative evaluation (Table 2).

Using ¢, the result of Eq. 4 was in strong agreement with in
situ data over the various ranges of measured salinity
(Figure 5A). The approaches of Binding and Bowers (2003);
Ahn et al. (2008); Son et al. (2012), and Bai et al. (2013)
overestimated salinity, especially that of Binding and Bowers
(2003) at lower salinities in the ECS (Figures 5B, C, E, F). The
approach used by Sasaki et al. (2008) underestimated salinity at
higher levels and overestimated it at lower levels (Figure 5D).
Binding and Bowers (2003) and Son et al. (2012) carried out
studies under different regional salinity conditions (in the Clyde
Sea, Scotland, and the Gulf of Mexico) and with different satellite
sensors. Although Ahn et al. (2008) and Bai et al. (2013) carried
out their studies in the ECS, they used different satellite sensors
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(SeaWiFS and MODIS satellites) and developed their algorithms
using coastal data. Sasaki et al. (2008) covered similar regions to
the present study but used difterent satellite sensors (MODIS).
Our proposed two-step approach shows that the correlation
between salinity and ¢ was much stronger than that between
salinity and CDOM or the chlorophyll-a concentration.

The difference between the in situ and estimated salinity is
greater in low-salinity waters, which occur in optically complex
ocean environments under particle-laden conditions and/or
under the influence of CDOM (Baker and Lavelle, 1984; Siegel
et al., 2005a; Ahn et al., 2008; Son et al., 2009b; Son et al., 2012).
Although CDOM was inversely calculated from ocean color
parameters, the correlation with CDOM was not relevant to the
present study owing to the lack of in situ CDOM data. An
increase in particles leads to increased scatter at visible and NIR
bands, whereas an increase in CDOM, chlorophyll-a, or
nonliving carbon particles results in decreased radiance at blue
wavelengths with little change in scattering, thereby altering the
spectral reflectance ratio (Carder et al., 1999; Siegel et al., 2005a).
The satellite-derived salinity estimates in the complex ECS were
obtained with Eq. 4. GOCI-derived surface salinity estimated by
the simple two-step approach exhibits no discontinuities in
complex surface salinity conditions (Figure 5; Table 2). The
results obtained using ¢ suggest that the use of multiple band
ratios was effective in optically complex waters and met the
criteria of the proposed two-step algorithm.

The empirical salinity algorithms of the previous and present
studies were applied to average GOCI Rrs values during summer
cruise periods (16-19 August 2016) to map surface salinity
(Figure 6) and a longitudinal line at 33° N (Figure 7). The
surface water in the summer of 2016 was loaded with freshwater
due to the increased CRD (Figure 2) (Moh et al., 2018; Moon
etal., 2019). Cross- and along-shelf export of the CDW from the
Changjiang River mouth manifested as patches/plumes, with
salinity increasing to the northeast from 26 to 31 psu. Salinities<
25 psu were seen along the Changjiang River estuary, and
persistent patches of the CDW extended over Jeju Island,
South Korea.

All approaches showed similar spatial patterns, but the
surface salinity ranges were quite different. Most approaches
captured the offshore CDW and clearly showed distinct
variations over wide ranges of salinities. The results generated
using the approaches of Binding and Bowers (2003) and Son
etal. (2012) showed an overestimation of salinity (Figures 6C, F).
Surface salinity ranges in the ECS studies (Ahn et al., 2008;
Sasaki et al., 2008; Bai et al., 2013) were well correlated with in
situ data but slightly overestimated salinity (Figures 6, 7). The
present study showed similar spatial patterns to previous
methods, but the results were closely correlated with in situ
salinity (Figures 6B, 7). From comparison images and crosslines
created by the previous and present methods, this study
demonstrated that the CDW can be identified using GOCI
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Comparison between in situ salinity and satellite-derived salinity estimated using (A) Eq. 4 and the methods of (B) Binding and Bowers (2003),
(C) Ahn et al. (2008), (D) Sasaki et al. (2008), (E) Son et al. (2012), and (F) Bai et al. (2013). Red dots indicate the matched dataset (Figure 4); blue
dots indicate the validation dataset, comprising data collected during NIFS and KIOST cruises (Figure 1).

ocean color data in a two-step approach based on in situ
observation data (Figures 6B, 7).

The proposed two-step approach assumed that the particle-
loaded plume consisted of low-salinity water, and that clear
water had high salinity. The loaded sediment plume determined
by satellite and in situ observations was persistent around the
Korean and Chinese coasts. Both coastal areas were
characterized by variations between low- and high-salinity
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conditions. Moreover, the settling particles in coastal water
and/or offshore water below the mixed layer were not reflected
in the surface water column. This influenced the results because
satellites observed only the ocean surface and therefore did not
provide information on the water below the mixed surface layer.
It is difficult to distinguish well-mixed surface water from a low-
salinity plume. Therefore, the proposed two-step approach may
be less accurate for estimating salinity conditions in coastal
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TABLE 2 Error of in situ and satellite-derived estimated salinity: comparison between the proposed two-step approach and five other

approaches.
RMSE

Eq. 4 0435
Binding and Bowers (2003) 4.268
Ahn et al. (2008) 1.801
Sasaki et al. (2008) 1.996
Son et al. (2012) 3.069
Bai et al. (2013) 2.148

RMSE, bias, and mean ratio values are calculated using matched and validation datasets.

regions and well-mixed water. We assumed that there was no
particle input from bottom sediment or biogenic production.
During summer in our study area, the thermocline was shallow,
and biogenic production was low due to a strong stratification.
Although satellite-derived data can estimate salinity in coastal
areas beyond shipboard stations, we used salinity conditions in
the middle of the ECS to obtain matched data to develop
the algorithm.

The CDW variability in the period 2011-
2020

To elucidate the spatial and temporal variation in the CDW
in the ECS, monthly satellite-derived surface salinity maps for
the summer season from 2011 to 2020 were derived using Eq. 4.
Figure 8 shows the climatological mean value of the satellite-
derived surface salinity, which was used to map salinity in the
ECS over the summer season. Low-salinity values were found on
the inner shelf and near the Changjiang River estuary. When
southerly winds prevailed during the summer, the CDW tended
to move northeast in the Chinese coastal area and then separated
from the coastal zone to travel eastward across the western shelf,
reaching the vicinity of Jeju Island. Numerical simulation results
also indicated that, during the southerly monsoon in summer,
the CDW extends offshore and moves northeastward near Jeju
Island to the Korea/Tsushima Strait, whereas about 70% of the
CRD flows through the Korea/Tsushima Strait (Chang and
Isobe, 2003; Lie et al, 2003; Chang and Isobe, 2005; Senjyu
et al., 2006; Moon et al,, 2019). The depth of the mixed layer
increased from 5 to 15 m with the enhanced water column
stratification (Chang et al.,, 2003; Lie et al, 2003). Park et al.
(20115 2015) noted that the CDW moves into the upper layer of
the thermocline during the summer and is enhanced by the
formation of a strong barrier layer. In this process, the increase
in sea surface temperature was greater as the stratification was
enhanced by surrounding waters. Moh et al. (2018) reported that
the CDW maintains the particle-loaded water within the mixed
layer and those sinking particles are related to the depth of the
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Bias Mean ratio N
0.053 1.002 707
3.541 1.123 707
0.915 1.026 707
0.170 1.006 707
2.974 1.101 707
1.084 1.034 707

mixed layer. The spatial distributions of the CDW were similar
to those of chlorophyll-a and PM (Figures 3, 8).

Figure 9 shows maps of the monthly satellite-derived surface
salinity during the summer in the period 2011-2020. The CDW
was present in the middle of the ECS in all years and was mainly
transported eastward and northeastward (Figure 9). The
dispersion patterns of the CDW might be related to changing
wind systems. Chang et al. (2005) and Yamaguchi et al. (2012)
noted that the east and northeast movement was driven by the
dominant southerly wind and that the south and southeast
dispersion was caused by the prevailing northerly wind. The
dispersion patterns of the CDW varied from eastward to
southeastward in the summers of 2015, 2016, 2018, and 2020,
which might be related to changing wind systems.

Figure 10 shows the satellite-derived salinity values and
anomalies relative to the August mean along 125° E and 127°
E from 29° N to 33.5° N. The eastward extension of the CDW
appeared in June with increasing CRD and reached Jeju Island
and the south coast of Korea after 1-2 months. The CDW
dispersed along 125° E in all years (Figure 10A, B), but its
dispersal varied along 127° E (Figures 10C, D). Figures 10B, D
show that the anomalous CDW in the summers of 2016, 2017,
and 2020 loaded freshwater into the offshore ECS, especially in
July (Figure 2) (Moh et al.,, 2018; Moon et al., 2019). These
abnormal periods may have been affected by climatological
variables (e.g., the El Nifio Southern Oscillation (ENSO), East
Asia Monsoon, Pacific Decadal Oscillation (PDO), etc.). The
ENSO and PDO can increase the summer precipitation and
modulate the CRD in the ECS (Park et al., 2011; Park et al., 2015;
Wang et al,, 2022). Park et al. (2015) supported this premise by
establishing a link between summer SST variation and sea
surface salinity variation in the ECS, which is known as
ENSO-related precipitation. The increased sea surface
temperature in August 2016 and 2017 was associated with an
absence of typhoons (Moh et al., 2018; Moon et al., 2019; Park
etal., 2020; Son et al,, 2020). Sea surface temperatures in August
2016 and 2017 were 1.5°C and 1°C higher than normal August
temperatures in the ECS, respectively (Park et al.,, 2020). The
CRD had its highest discharge in 2020 within the past 10 years,
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Longitudinal transects of in situ (A) and satellite-derived salinities obtained along 33° N during the 2016 summer cruise (longitudinal lines are shown
in (A). (A) In situ salinity and (B) results of the proposed two-step approach (Eqg. 4) and methods of (C) Binding and Bowers (2003), (D) Ahn et al
(2008), (E) Sasaki et al. (2008), (F) Son et al. (2012), and (G) Bai et al. (2013). Data were averaged over a 4-day cruise (16—-19 August 2016).

followed by 2016 and 2017 (Figure 2). Park et al. (2011)
suggested that an increased CRD may increase the SST around
the Changjiang River mouth. During the summer of 2016, Moh
et al. (2018) and Moon et al. (2019) found that the low-salinity
plume was linked to increasing sea surface temperature. The
increasing CRD might be influenced by the ENSO and PDO and
contributed to the extension of the CDW.

The positive anomaly periods in August 2014 and 2019
might be associated with climatological effects and atmospheric
forcing (e.g., ENSO, typhoons, and/or the presence of cold air
masses). The increase in sea surface salinity during summer in
the ECS may be influenced by decreased CRD and/or increasing
vertical mixing. Park et al. (2015) showed that the CRD in
summer is relatively low in La Nifia years compared to the
following El Niflo year. Park et al. (2020) noted that abnormal
surface cooling in August 2014 leads not only to the expansion of
the Okhotsk High (low East Asia Monsoon index) but also to
passing typhoons. The expansion of the Okhotsk High is caused
by a weakening of the northeasterly wind field (Yu et al., 2004).
Passing typhoons also cause strong vertical/horizontal advection
and cold-water upwelling along the trajectory of the typhoon
(Moon and Kwon, 2012; Son et al., 2020). Strong winds increase
mixing in saline ambient water and temporally suppress the
expansion of the CDW. The combination of climatological and
atmospheric effects may limit the dispersion of the CDW in the
offshore ECS. In the present study, we ignore interannual
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variations in the CDW. Recent climatological studies have
found that significantly increased precipitation in Chinese
territory is related to an interaction between ENSO and the
East Asia Summer Monsoon (Gong and Ho, 2003; Yu et al,
2004; Park et al., 2015; Birkinshaw et al., 2017; Wang et al,
2022). The increasing riverine input is linked to abnormal
precipitation over large areas of China, which might change
the surface salinity over the offshore ECS (Delcroix and
Murtugudde, 2002). Further studies are required to
understand the relationship between the presence of the CDW
and physical factors and the climatological effects of the CRD.

Conclusions

Ocean color remote-sensing studies can provide useful
temporal and spatial information on PM, as well as surface
salinity in the surface ocean. The GOCI satellite was developed to
measure changes in the marine environment eight times per day
(with a 500-m spatial resolution) in our study area (Ryu and
Ishizaka, 2012). To detect a recurrent low-salinity plume in the
ECS, a simple two-step empirical algorithm using GOCI Rrs(2) was
developed based on a large 18-year in situ dataset of satellite-derived
surface salinity (in situ salinity and ¢ values). The algorithm showed
continuity across salinities of 24-34 psu in the middle of the ECS.
The proposed two-step approach was then compared with five
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across years to emphasize the annual variation.

other salinity methods based on CDOM and particle
concentrations. The errors of previous and present methods were
estimated and compared using a matched dataset of in situ salinity
and GOCI Rrs values. Previous approaches captured the CDW in
the middle of the ECS, but salinity was over- or underestimated.
These differences might be due to the different study areas and/or
satellite sensors used. Our method was more reliable and sensitive
for deriving the correlation between ¢ and multiple spectra of Rrs in
the ECS environment than previous methods.

We mapped salinity based on ocean color remote-sensing data,
clearly reproducing the distribution of the regional low-salinity
plume. Although the satellite-based approach with a regionally
tuned algorithm estimated the offshore surface salinity conditions
only during the summer, this approach aids the interpretation of
salinity patterns in dynamic waters. Our approach enables surface
salinity in the middle of the ECS to be monitored hourly. Monthly
maps of satellite-derived surface salinity from 2011 to 2020 outlined
the interannual motion of the CDW, extending from the coast of
China to the shelf in the ECS. Although the presence and dispersion
of the CDW were affected by various complex physical factors,
regional mapping of summer salinity based on remote-sensing data
was useful for understanding and monitoring the dynamics of
salinity in the ECS.
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