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Abstract: Monitoring front dynamics is essential for studying the ocean’s physical and biogeochemical
processes. However, the diurnal displacement of fronts remains unclear because of limited in situ
observations. Using the hourly satellite imageries from the Geostationary Ocean Color Imager (GOCI)
with a spatial resolution of 500 m, we investigated the diurnal displacement of turbidity fronts in both
the northern Jiangsu shoal water (NJSW) and the southwestern Korean coastal water (SKCW) in the
Yellow Sea (YS). The hourly turbidity fronts were retrieved from the GOCI-derived total suspended
matter using the entropy-based algorithm. The results showed that the entropy-based algorithm
could provide fine structure and clearly temporal evolution of turbidity fronts. Moreover, the diurnal
displacement of turbidity fronts in NJSW can be up to 10.3 km in response to the onshore-offshore
movements of tidal currents, much larger than it is in SKCW (around 4.7 km). The discrepancy
between NJSW and SKCW are mainly caused by tidal current direction relative to the coastlines.
Our results revealed the significant diurnal displacement of turbidity fronts, and highlighted the
feasibility of using geostationary ocean color remote sensing technique to monitor the short-term
frontal variability, which may contribute to understanding of the sediment dynamics and the coupling
physical-biogeochemical processes.
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1. Introduction

Understanding oceanic fronts and their associated physical processes is essential for studying the
exchange of water material and energy, ocean-atmosphere interaction, and marine ecosystems [1–3].
Because of the difficulty in observing the high dynamics of the front zones using traditional
in situ measurements, satellite remote sensing with a high spatiotemporal resolution has been
widely applied to analyze oceanic front distributions and their related biophysical processes around
the world, based on the water mass differences of fronts in temperature and ocean color [4–13].
He et al. [14] showed that turbidity fronts coincide with thermal fronts in the Zhe-Min coastal waters
of the East China Sea (ECS). However, thermal fronts are occasionally non-collocated with fronts
in other properties (e.g., nutrients and salinity) [15–17]. Ocean color images, in contrast to thermal
satellite data, can provide a more direct and accurate indication of the density gradients associated
with physical processes [7,8,18,19], and can characterize seasonal and inter-annual variability [20–23].
Moreover, biophysical interaction and multi-scale physical processes (e.g., phytoplankton bloom,
mesoscale eddies) are successfully visualized by combining thermal and ocean color fronts into a single
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map using visible and thermal satellite observations (e.g., Sea-Viewing Wide Field-of-View Sensor
(SeaWiFS), The Advanced Very High Resolution Radiometer (AVHRR), and Moderate Resolution
Imaging Spectroradiometer (MODIS)) [8,24–27]. The aforementioned studies have largely focused
on the analysis of frontal frequency or averaged distributions using long-term or daily satellite
images [4,8,28].

Few studies have been carried out on analysis of short-term frontal dynamics due to the limitation
of conventional polar-orbiting satellite imagery with low to medium spatiotemporal resolutions (one or
two scenes per day). Based on a constant efficiency model of the vertical mixing and infrared satellite
imagery, Simpson and Bowers [29] described the variability of frontal displacements over a spring-neap
tide in the United Kingdom shelf seas. Using two years of monthly sea surface temperature (SST)
imagery, Paden et al. [30] found that advection rather than vertical mixing in the Gulf of California
appears to be importance in the frontal displacement over the spring-neap tidal cycle. Using in situ
acoustic Doppler current profiler (ADCP), conductivity, temperature, and depth (CTD), and mooring
data, Kasai et al. [31] observed that the displacement of the thermohaline front in the Clyde Sea was
dominated by tidal currents. Hopkins and Polton [32] used SST imagery and a regional numerical
model to investigate the movement and structure of the thermohaline front in response to spring-neap
tidal variability in the Liverpool Bay. In addition, using SST imagery and a one-dimensional model over
a macrotidal continental shelf of Northern Patagonia Argentina, Pisoni et al. [33] found that the intensity
variability of the San Matías and Valdés fronts was modulated by the spring-neap tidal transition. The
conventional polar-orbiting satellite imagery, however, makes it difficult to identify high-frequency
(e.g., hourly) frontal evolutions, especially in coastal waters. In contrast, the world’s first Geostationary
Ocean Color Imager (GOCI), launched in 2010, can provide eight snapshots at a one-hour interval
(i.e., from 00:15 to 07:45 GMT) with a high spatial resolution of 500 m [34]. Its unprecedented capability
is of great benefit for the continuous monitoring of short-term finer oceanic phenomena and physical
processes in near real time [35–38].

Various front detection methods that use remotely sensed images have been implemented
to study oceanic front distributions and their temporal and spatial variability [4–13]. Compared
with conventional gradient-based and histogram-based front detection algorithms used widely
in oceanography [14,16,39,40], the automatic front detection technique based on Jensen–Shannon
divergence (entropy-based algorithm) is more robust against noise and avoids previous filtering that
would blur frontal features [11]. The entropy-based algorithm has already been used to retrieve
the fine-scale SST fronts in different regions, such as the SST fronts near the Japanese coasts [11],
the upwelling SST fronts in the Taiwan Strait and its surrounding waters [41,42], the inter-seasonal
evolutions of fine-scale SST fronts in the northern South China Sea [43], and the SST front disappearance
phenomena in the subtropical North Pacific [44].

In this study, taking two coastal regions called the northern Jiangsu shoal water (NJSW) and
the southwestern Korean coastal water (SKCW) in the Yellow Sea (YS) as examples (Figure 1), we
explored the capacity of applying GOCI to quantitatively monitor the diurnal displacement of water
turbidity fronts. We applied the entropy-based algorithm to the GOCI-derived total suspended matter
(TSM) instead of the traditional SST images, and retrieved the hourly turbidity fronts. Then, we
analyzed the diurnal displacement of turbidity fronts in both the NJSW and SKCW. Moreover, the
diurnal displacement of turbidity fronts during spring tide in NJSW was compared with it during neap
tide to examine its response to spring-neap tidal changes. The reason for selecting NJSW and SKCW
is that both of them have significantly diurnal variations of water turbidity mainly driven by tidal
currents [38,45,46]. NJSW is located in a wide continental shelf with water depth less than 50 m and
around 5001.7 km2 tidal flats [47]. A large amount of sediments had accumulated in the region due to
the discharge of the old Yellow River for more than 700 years [48]. Its long-term turbidity featured with
high temporal and spatial variability, mainly dominated by strong tidal currents and wind-induced
vertical mixing, is frequently found based on satellite data and in situ measurements [46,48,49]. SKCW
is characterized by narrow continental shelf with water depth less than 50 m and around 1036.9 km2
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tidal flats [50]. In addition, SKCW is dominated by semi-diurnal tide with the duration of ebb tidal
currents shorter than flood tidal currents [51].Remote Sens. 2016, 8, 147 3 of 15 

 

 

Figure 1. Bathymetry (in meter) of the two studied regions, NJSW and SKCW, (black rectangular 
boxes) and their surrounding waters in the Yellow and East China Seas. “A” and “B” red points 
denote the tide gauge stations of “Dafeng-Harbor” and “Daeheuksando,” respectively. The black lines 
correspond to cross-front transects in each region. 

2. Data and Methods 

2.1. GOCI Data Processing and Total Suspended Matter Retrieval 

The GOCI acquires data eight times a day from 00:15 to 07:45 GMT with one-hour interval, with 
the coverage of about 2500 × 2500 km2 around the Korean Peninsula centered at 36°N and 130°E [38]. 
Here, two days of GOCI Level-1B data with cloudless condition on 5 April 2011 and 12 May 2015 
were obtained from the Korea Ocean Satellite Center (KOSC), corresponding to the spring and neap 
tides, respectively. The GOCI Level-1B data were processed to retrieve hourly TSM using the GOCI 
data process software (GDPS) offered by KOSC. In the data processing, we used the KOSC standard 
atmospheric correction algorithm proposed by Ahn et al. [52,53]. In addition, the GOCI standard TSM 
algorithm (Yellow and East China Sea Ocean Color (YOC) algorithm) on the basis of Siswanto’s TSM 
retrieval model for the YS and ECS was used as follows [54,55]: 
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was established and validated by extensive math-up data between in situ and GOCI observations 
covering NJSW and SKCW, with R2=0.87 and 35% of mean relative error [55]. 

Figure 1. Bathymetry (in meter) of the two studied regions, NJSW and SKCW, (black rectangular boxes)
and their surrounding waters in the Yellow and East China Seas. “A” and “B” red points denote the
tide gauge stations of “Dafeng-Harbor” and “Daeheuksando”, respectively. The black lines correspond
to cross-front transects in each region.

2. Data and Methods

2.1. GOCI Data Processing and Total Suspended Matter Retrieval

The GOCI acquires data eight times a day from 00:15 to 07:45 GMT with one-hour interval, with
the coverage of about 2500 ˆ 2500 km2 around the Korean Peninsula centered at 36˝N and 130˝E [38].
Here, two days of GOCI Level-1B data with cloudless condition on 5 April 2011 and 12 May 2015
were obtained from the Korea Ocean Satellite Center (KOSC), corresponding to the spring and neap
tides, respectively. The GOCI Level-1B data were processed to retrieve hourly TSM using the GOCI
data process software (GDPS) offered by KOSC. In the data processing, we used the KOSC standard
atmospheric correction algorithm proposed by Ahn et al. [52,53]. In addition, the GOCI standard TSM
algorithm (Yellow and East China Sea Ocean Color (YOC) algorithm) on the basis of Siswanto’s TSM
retrieval model for the YS and ECS was used as follows [54,55]:

TSM pmg{lq “ 10

˜

0.649`25.623ˆpRrsp555q`Rrsp670qq´0.646ˆ

˜

Rrsp490q
Rrsp555q

¸¸

, (1)

where Rrs is the remote-sensing reflectance with unit of per steradian (sr´1). The YOC TSM algorithm
was established and validated by extensive math-up data between in situ and GOCI observations
covering NJSW and SKCW, with R2 = 0.87 and 35% of mean relative error [55].
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2.2. Water Turbidity Front Retrieval

The GOCI-derived TSM data were then used to detect surface turbidity fronts using an effective
algorithm based on Jensen–Shannon divergence (JSD), known as entropy-based algorithm [11]. The JSD
method does not only diminish the influence of impulsive noise but also discerns the finer-scale
curvilinear frontal features in coastal regions due to its independence from temporal or spatial
variations of geophysical parameters [11]. Its effectiveness was already proven by Shimada et al. [11],
and Chang and Cornillon [56] through comparison with other traditional methods (e.g., gradient
magnitude and histogram edge detection algorithms) using the SST images, and the results showed that
the entropy-based algorithm had better performance, especially for detecting short and weak fronts.
Here, the JSD was calculated from four JSD matrices that were estimated in each of two 5 ˆ 5 pixel TSM
subwindows with four different directions (horizontal, vertical, and two diagonals, shown in [11]). The
maximum of these four JSD matrices is regarded as the JSD value at each pixel. The calculated JSD value
(termed “TSM–JSD”) ranges from zero to one, which is used to represent the spatial inhomogeneity of
two neighboring TSM subwindows across a front, with a higher TSM–JSD corresponding to a stronger
front. In this study, we took the pixels with a TSM–JSD greater than 0.4 as the frontal pixels, because
smaller values cannot clearly express the curvilinear patterns [11,42].

Additionally, the TSM images were simultaneously applied to estimate sea surface currents
using the well-known maximum cross-correlation (MCC) method [37,57]. Using GOCI-derived TSM
sequential images, previous studies suggested that the MCC technique could be widely used to
accurately derive high-frequency surface currents in the YS and ECS [37,58,59]. Specifically, we took
a 10 ˆ 10 km box centered with a certain pixel from one TSM image, and searched the location of
the match-up box from the next sequential TSM image using the maximum cross-correlation method.
Then, the surface current was calculated through the location and time differences between the
two matched boxes.

3. Results

3.1. Diurnal Variability of the GOCI-Derived Total Suspended Matter

Figure 2 shows the GOCI-derived hourly TSM distribution in the YS and ECS. There was a distinct
diurnal variability in the coastal waters. In general, high TSM (greater than 10 mg/L) mainly occurred
in water depths shallower than 50 m in NJSW and SKCW where the TSM gradually decreased in flood
and slack tide, and then increased about one hour later. In contrast, much lower TSM occurred in the
central YS and the eastern ECS with water depth generally deeper than 60 m, where no significant
TSM diurnal variation (larger than 3 mg/L) was noted. In order to examine the relationship between
tide and TSM variations, the hourly averaged TSM in NJSW and SKCW were calculated and shown
in the bottom-right plot of Figure 2. The mean TSM in NJSW (Box A) decreased from 109.93 to
71.64 mg/L during the flood tide and then increased around one hour after the slack water. In SKCW,
the fluctuation amplitude of the mean TSM was much lower than that of NJSW. The mean TSM in
SKCW (Box B) firstly decreased from 19.54 to 13.77 mg/L, and remained steady during flood tide.
The second TSM reduction was observed in the slack tide, and reached its minimum value (about
10.97 mg/L) about one hour later. After that, the TSM increased in the ebb tide.
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Figure 2. Hourly GOCI-derived TSM images on 5 April 2011. The black areas are the regions masked 
by the atmospheric correct processing in GDPS due to the cloud coverage (in the shelf) or very high 
reflectance at the near infrared wavelength (along the coasts). The corresponding observation time 
(GMT+8) is labeled in each image. The averaged TSM in NJSW (Box A) and SKCW (Box B) (Figure 
2a) and the tidal elevation from tide tables are shown in the bottom-right plot. 

3.2. Diurnal Dynamics of Turbidity Fronts 

Figure 3 shows the hourly distributions of TSM–JSD. The turbidity fronts mainly occurred over 
the shallow shelf water of the YS and ECS where there was distinct TSM variability. The hourly 
varying tendencies of the turbidity fronts were evident and generally consistent with those of TSM. 
In NJSW, the front variations exhibited shoreward and seaward fluctuation within depths shallower 
than about 30 m; the offshore extension could be up to 270 km away from the Chinese coast. In SKCW, 
the front fluctuation occurred along the Korean coast and was principally confined to shallow waters 
with depth less than 50 m. The offshore extension of turbidity front could be up to 52 km from the 
Korean coast, which was much closer to the coast as compared with that in NJSW.  

The front intensity gradually weakened during flood tide and the early ebb tide, and became 
stronger about 1 hour after slack water. The hourly series of the mean front intensity (TSM–JSD) in 
NJSW and SKCW were calculated and shown in the bottom-right subplot. The mean front intensity 
in NJSW (Box A) decreased from about 0.80 to 0.75 during the flood tide, and then increased around 
one hour after the slack water. In SKCW (Box B), the mean front intensity ranged from 0.68 to 0.62, 
with an average value of 0.66. It was obvious that the front intensity were much stronger in NJSW 
(about 0.77) than in SKCW (about 0.66). Within the observation time, the varying tendency of the 
mean front intensity in SKCW was similar to that in NJSW, showing that front intensity became 

Figure 2. Hourly GOCI-derived TSM images on 5 April 2011. The black areas are the regions masked
by the atmospheric correct processing in GDPS due to the cloud coverage (in the shelf) or very high
reflectance at the near infrared wavelength (along the coasts). The corresponding observation time
(GMT+8) is labeled in each image. The averaged TSM in NJSW (Box A) and SKCW (Box B) (Figure 2a)
and the tidal elevation from tide tables are shown in the bottom-right plot.

3.2. Diurnal Dynamics of Turbidity Fronts

Figure 3 shows the hourly distributions of TSM–JSD. The turbidity fronts mainly occurred over
the shallow shelf water of the YS and ECS where there was distinct TSM variability. The hourly varying
tendencies of the turbidity fronts were evident and generally consistent with those of TSM. In NJSW,
the front variations exhibited shoreward and seaward fluctuation within depths shallower than about
30 m; the offshore extension could be up to 270 km away from the Chinese coast. In SKCW, the front
fluctuation occurred along the Korean coast and was principally confined to shallow waters with
depth less than 50 m. The offshore extension of turbidity front could be up to 52 km from the Korean
coast, which was much closer to the coast as compared with that in NJSW.

The front intensity gradually weakened during flood tide and the early ebb tide, and became
stronger about 1 hour after slack water. The hourly series of the mean front intensity (TSM–JSD) in
NJSW and SKCW were calculated and shown in the bottom-right subplot. The mean front intensity
in NJSW (Box A) decreased from about 0.80 to 0.75 during the flood tide, and then increased around
one hour after the slack water. In SKCW (Box B), the mean front intensity ranged from 0.68 to 0.62,
with an average value of 0.66. It was obvious that the front intensity were much stronger in NJSW
(about 0.77) than in SKCW (about 0.66). Within the observation time, the varying tendency of the mean
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front intensity in SKCW was similar to that in NJSW, showing that front intensity became decayed
during the early flood tide and then strengthened about one hour after slack tide, but a slight difference
during the late flood tide and slack water.
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intensity of turbidity fronts was frequently detected. Figure 4a,c showed the temporal variations of 
the TSM–JSD at each GOCI observing time along the transects A and B, respectively. It was obvious 
that the front intensity and fluctuation, along the transect A, varied more significantly than those 
along the transect B. The mean TSM–JSD along the whole transect A gradually decreased from about 
0.85 at 8:30 to 0.74 at 12:30, and then slightly increased. The maximum and minimum values (0.71 
and 0.63) of the mean TSM–JSD along the whole transect B occurred at 11:30 and 14:30, respectively. 
Moreover, the number of strong fronts with TSM–JSD greater than 0.7 along the transect A is larger 
than it along the transect B.  

Three offshore front peaks at each transect were chosen to quantitatively investigate their 
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Figure 3. Hourly front patterns derived from GOCI TSM images on 5 April 2011. The black areas are
the regions masked by the atmospheric correct processing in GDPS due to the cloud coverage (in the
shelf) or very high reflectance at the near infrared wavelength (along the coasts). The corresponding
observation time (GMT+8) is labeled in each image. The averaged TSM–JSD in NJSW (Box A)
and SKCW (Box B) (in the subplot at 8:30) and tidal elevation from tide tables are shown in the
bottom-right plot.

To quantitatively analyze diurnal variations of intensity and displacement of the turbidity fronts,
two cross-front transects (shown in Figure 1) were selected in NJSW and SKCW, where diverse intensity
of turbidity fronts was frequently detected. Figure 4a,c showed the temporal variations of the TSM–JSD
at each GOCI observing time along the transects A and B, respectively. It was obvious that the front
intensity and fluctuation, along the transect A, varied more significantly than those along the transect B.
The mean TSM–JSD along the whole transect A gradually decreased from about 0.85 at 8:30 to 0.74 at
12:30, and then slightly increased. The maximum and minimum values (0.71 and 0.63) of the mean
TSM–JSD along the whole transect B occurred at 11:30 and 14:30, respectively. Moreover, the number of
strong fronts with TSM–JSD greater than 0.7 along the transect A is larger than it along the transect B.

Three offshore front peaks at each transect were chosen to quantitatively investigate their
displacements (A1, A2, and A3 in Figure 4a, and B1, B2, and B3 in Figure 4c). Figure 4b,d showed
the offshore distances of each peak at eight GOCI observing times. The offshore distances along the
transect A ranged from 87.6 to 92.6 km for A1, from 95.0 to 105.3 km for A2, and from 112.0 to 118.5 km
for A3, respectively. The mean speed of horizontal displacement of the A1, A2 and A3 was about
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1.4 km/h. During the flood tide, the positions of the A1, A2, and A3 moved shoreward. As the tidal
flow direction was reversed from flood to ebb tide, the front positions gradually advected offshore,
similar to the general patterns of front extensions shown in Figure 3. During the eight times of GOCI
observations on 5 April 2011, the maximum displacements for A1, A2, and A3 were approximately
5.0, 10.3, and 6.5 km, respectively, with averaged value of about 7.3 km. Along the transect B, the
offshore distances ranged from 26.4 to 31.1 km for B1, from 36.5 to 38.6 km for B2, and from 46.8 to
50.0 km for B3, respectively. The B2 and B3 were relatively stable during the flood tide, and rapidly
shrank shoreward during the slack tide. The maximum displacements for the B1, B2, and B3 over the
GOCI eight times of observations on 5 April 2011 were about 4.7, 2.1, and 3.2 km, respectively, with
the averaged value of 3.3 km. The mean speed of horizontal displacement of the B1, B2 and B3 was
around 1.1 km/h. The diurnal variability of turbidity fronts in NJSW was greater than it in SKCW.
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turbidity fronts during neap tide was less significant than that during spring tide. The relatively high 
TSM (>10 mg/l) and turbidity fronts were mainly confined to shallow waters with depth less than 20 
m (Figures 5 and 6). For the hourly series of front intensity averaged in Box-A (bottom-right subplot 
shown in Figure 6), they gradually weakened in the late ebb tide, and then strengthened after the 
reversal of tidal current. The mean front intensity ranged from 0.74 to 0.77, with an average value of 
0.75. Overall, the front intensity during neap tide was slightly lower than that during spring tide 
(about 0.77). 

Figure 4. (a) temporal variability of the TSM–JSD along the transect A in NJSW (Figure 1) with
three relatively strong fronts marked as A1, A2, and A3; (b) hourly variability of the position of fronts
A1, A2, and A3, overlaid with tide height at the corresponding gauge station A; (c) temporal variability
of the TSM–JSD along the transect B in SKCW (Figure 1) with three relatively strong fronts marked as
B1, B2, and B3; (d) Hourly variability of the position of fronts B1, B2, and B3, overlaid with tide height
at the corresponding gauge station B.

3.3. Variability of Turbidity Fronts at Different Tidal Phases

In order to compare with relatively large variability of turbidity fronts during spring tide in NJSW,
hourly images obtained on 12 May 2015 during neap tide were analyzed. Figures 5 and 6 suggest that
similar diurnal variations of TSM and turbidity fronts could be also successfully observed at different
tidal phases. The shoreward and seaward oscillations during flood-ebb cycle tide were very similar to
those obtained on 5 April 2011 (Figures 2 and 3). The variability of TSM and turbidity fronts during
neap tide was less significant than that during spring tide. The relatively high TSM (>10 mg/L) and
turbidity fronts were mainly confined to shallow waters with depth less than 20 m (Figures 5 and 6).
For the hourly series of front intensity averaged in Box-A (bottom-right subplot shown in Figure 6),
they gradually weakened in the late ebb tide, and then strengthened after the reversal of tidal current.
The mean front intensity ranged from 0.74 to 0.77, with an average value of 0.75. Overall, the front
intensity during neap tide was slightly lower than that during spring tide (about 0.77).
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Similarly, the cross-front transect A was selected to quantitatively analyze the diurnal variations
of intensity and displacement of the turbidity fronts during the neap tide. Figure 7a showed the
temporal variations of TSM–JSD along the transect A. The weakest fronts were observed in the late
ebb tide (about 10:30). The front intensity increased again with the starting of the flood tide. The mean
TSM–JSD for the whole transect A ranged from 0.76 (10:30) to 0.80 (14:30). Overall, the mean front
intensity during neap tide (~0.76) was slightly weaker than that during spring tide (~0.79). Meanwhile,
three offshore front peaks along transect A (C1, C2 and C3 in Figure 7a) were selected for investigating
their diurnal displacements relative to coast. The turbidity front positions moved offshore during ebb
tide, and then veered shoreward about one hour after reversal of tidal direction (flood tide) (Figure 7b).
The offshore distances ranged from 89.7 to 93.1 km for C1, from 102.6 to 107.0 km for C2, and from
111.7 to 114.9 km for C3, respectively. The maximum displacements for the C1, C2, and C3 fronts were
approximately 3.4, 4.4, and 3.2 km during the GOCI eight times of observation, respectively, with
an average value of about 3.7 km (Figure 7b). The mean displacement speed of C1, C2 and C3 was
about 0.9 km/h, which was much slower than that during spring tide (~1.4 km/h). The above results
showed that the frontal intensity and displacement during neap tide oscillated weaker in comparison
with that during spring tide.
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by the atmospheric correct processing in GDPS due to the cloud coverage (in the shelf) or very high
reflectance at the near infrared wavelength (along the coasts). The corresponding observation time
(GMT+8) is labeled in each image. The averaged TSM in NJSW (Box A in subplot at 8:30) and the tidal
elevation from tide tables are shown in the bottom-right plot.
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at 8:30) and tidal elevation from tide tables at the tide gauge stations is shown in the bottom-right plot.

Remote Sens. 2016, 8, 147 9 of 15 

 

 
Figure 6. Hourly front patterns derived from GOCI TSM images on 12 May 2015. The black areas are 
the regions masked by the atmospheric correct processing in GDPS due to the cloud coverage (in the 
shelf) or very high reflectance at the near infrared wavelength (along the coasts). The corresponding 
observation time (GMT+8) is labeled in each image. The averaged TSM–JSD in NJSW (Box A in subplot 
at 8:30) and tidal elevation from tide tables at the tide gauge stations is shown in the bottom-right plot. 

 
Figure 7. (a) temporal variability of the TSM–JSD along the transect A in NJSW with three relatively 
strong fronts marked as C1, C2, and C3. (b) hourly variability of the position of fronts C1, C2, and C3, 
overlaid with tide height at the corresponding gauge station A. 
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strong fronts marked as C1, C2, and C3. (b) hourly variability of the position of fronts C1, C2, and C3,
overlaid with tide height at the corresponding gauge station A.
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4. Discussion

There have been few reports about frontal displacement over tidal cycle, not to mention hourly
variations. In the United Kingdom shelf seas, Simpson and Bowers [29] found that a spring-neap
frontal displacement was about 4 km, and that eddy instabilities induced the front perturbation and
about 7 km variability in frontal displacement. In the Gulf of California, Paden et al. [30] found that the
tidal front moved approximately 10–15 km under the influence of a spring-neap tide. In the Clyde Sea,
Kasai et al. [31] observed that the tidal currents over one tidal cycle could induce 3–5 km displacement
of the thermohaline front. In addition, Hopkins and Polton [32] found that the movement of the
Liverpool Bay thermohaline front ranged from 5 km to 35 km driven by spring-neap variability in tidal
mixing, and the semidiurnal superimposed flood-ebb tidal currents made 5–10 km contributions to the
movement. Pisoni, et al. [33] showed that position oscillations of about 10 km and 15 km amplitude
occurred in the San Matías and Valdés fronts, respectively, in response to the spring-neap transition.
In this study, the horizontal displacement of turbidity fronts oscillated approximately 2.1–10.3 km,
which are of the same order of magnitude as previous reports of tidal front displacements.

Tidal characteristics play a significant role in frontal intensity and persistence [28]. The ubiquitous
tide is one of the most significant physical processes in the YS and ECS, which are dominated by
semidiurnal tidal currents [60]. About 9% of global M2 tidal dissipation is contributed by the shallow
coastal China seas through bottom friction dissipation [61,62], where the strong tidal currents can
reach up to 1 m/s [62]. To explore the coupling between ocean currents and high-frequency frontal
variability, the hourly sea surface currents were estimated from successive GOCI-derived TSM images
(shown in Figure 8). The GOCI-derived surface currents are the total currents including tidal currents
and residual currents. It is obvious that the diurnal variability of surface current magnitude and
direction is generally consistent with that of tidal height, suggesting that the surface currents are
principally determined by tidal currents rather than residual currents. Near the transect A in NJSW,
the surface currents gradually rotate clockwise and tend to orient in the onshore direction, which is in
close agreement with previous studies [63,64]. During the flood tide, the shoreward currents bring
clear outer shelf water and reduce the TSM concentration in the inner shelf (Figure 2), thereby inducing
the shoreward progression of front positions (Figures 3 and 4a,b). When the direction of flow velocity
reverses from flood to ebb at around 13:00, the offshore surface currents move the frontal position
seaward. Unlike in NJSW, the sea surface currents in SKCW generally oscillate along the Korean coast,
which support the findings of Lie et al. [65] based on multi-year satellite-tracked drifter trajectories.
In contrast to the transect A in NJSW, the surface current directions are almost perpendicular to the
transect B in SKCW, which might be responsible for the relatively weak oscillation of the frontal
positions compared with those at the transect A (Figure 4). These results indicate that the processes of
flood-ebb advection rather than vertical mixing appear to be more important in frontal displacement
variability, which is similar to observations in the Gulf of California where the variability of frontal
displacement was observed over the spring-neap tidal cycle [30].

The diurnal variations in TSM are frequently observed in other regions, for example, in the
Bohai and ECS Seas [37,46], in the Southern North Sea [66,67]. The tide-induced turbulent mixing
and wave-current interaction in the inner shelf region of YS are capable of stirring a large amount of
sediment to the surface layer, resulting in TSM variations [46,49,68], which could further influence
turbidity frontal patterns through sediment resuspension and deposition. During the ebb-flood
transition or slack water, the reduced bottom shear stress weakens the vertical sediment resuspension,
which might induce high-frequency seaward and shoreward oscillation at the B1 front (Figure 4d) and
make it mix more easily with its neighboring fronts because of the front position close to the coast.
The onshore–offshore fluctuation of front displacements on an hourly scale might not be induced by
winds and the suspended sediments transport from surrounding coastal regions, since the residual
currents (coastal currents) are along the coasts [69], and winds showed less significant variation for the
two days (not shown). Instead, the dominant tidal currents, when combined with local bathymetry
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effects, are more likely to provide a mechanism for the variability of the turbidity fronts in both the
NJSW and SKCW coastal waters.
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Oceanic fronts, conventionally known as “hot spots” of marine life, have a significant impact on
the marine ecosystem [16,17,28,70,71]. They are probably responsible for enhanced nutrients and the
light exposure induced by front dynamics [1,72]. Scales et al. [71] reviewed current understanding of
association between marine vertebrates and multiple scale fronts, and highlighted the ecological
importance of frontal zones in identifying pelagic foraging hotspots, understanding of pelagic
ecosystem function and predicting the taxa of bioaggregation in different oceanographic regions.
Unlike thermal fronts, turbidity fronts are the boundary between two water masses with different
turbidity, such as terrestrial-dominated coastal water and clear open ocean water. Wang, et al. [68]
argued that low TSM could enhance the penetration of photosynthetically available radiation in
NJSW, and, therefore, significantly increase local growth of phytoplankton. Byun et al. [73] also
suggested that enhanced sediment resuspension can inhibit the development of phytoplankton blooms
in the tidally turbid coastal waters of southwest Korea. In the coastal frontal regions with high TSM
(Figures 2, 3, 5 and 6), it is difficult to observe the spawning and overwintering grounds of major
commercial fisheries [16].
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5. Conclusions

Using the entropy-based front detection technique, this study explores the capacity of applying
the world’s first Geostationary Ocean Color Imager (GOCI) with high spatiotemporal resolution (500 m
and one hour) to analyze the diurnal variability of turbidity fronts and their displacements. The
horizontal displacements of turbidity fronts oscillated approximately 3.2–10.3 and 2.1–4.7 km in NJSW
and SKCW, respectively. Moreover, the comparison at different tidal phases in NJSW suggests that
the turbidity fronts oscillates more significantly during spring tide than neap tide. In addition, this
research highlighted the feasibility of using the geostationary ocean color remote sensing combined
with the entropy-based front detection technique to monitor the diurnal variability of turbidity fronts.
Because water turbidity rather than SST can provide more direct indication of terrestrial material
transportation [9], the GOCI-derived turbidity front structure can be used to identify the extending of
river plume, such as the Changjiang River plume. In addition, the GOCI-derived diurnal displacement
of turbidity front is helpful for studying the association between marine frontal zones and the pelagic
richness and diversity (e.g., phytoplankton bloom, foraging and migration), and for exploring the
biophysical interaction induced by multi-scale physical processes in further studies.

Moreover, based on GOCI-derived TSM images, the maximum cross-correlation (MCC) technique
was implemented to estimate the hourly sea surface currents for exploring the coupling between ocean
currents and high-frequency frontal variability. The results suggest that the onshore–offshore and
alongshore oscillations of tide-dominated currents in NJSW and SKCW may induce the discrepancy of
frontal variability, and that the ocean currents, when combined with local bathymetry effects, are more
probably responsible for the high-frequency variability of the turbidity fronts through influencing
sediment resuspension and deposition. The study shows that the GOCI satellite has a great potential
in monitoring the dynamics of fine-scale and highly variable fronts, which will benefit studies of the
coupling of bio-physical processes.
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