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Abstract: Chlorophyll fronts are important to monitor and map the oceanic front, especially in the
season when sea surface temperature (SST) fronts weaken. In this study, surface chlorophyll-a (chl-a)
fronts in the Yellow and Bohai seas were characterized for the first time using satellite data. Five
distinct chl-a fronts (i.e., the Bohai Strait, Shandong Peninsula, Jiangsu, Liaodong Peninsula, and
Korean Peninsula fronts) were observed in summer along the 40 m isobaths and faded in other
seasons. Notably, these fronts coincided with SST fronts. Strong chl-a fronts emerged during summer
due to chl-a blooms in eutrophic coastal waters paired with surface chl-a fading in strongly stratified
offshore waters and coastal physical fronts. Although SST fronts were strong during winter, light
limitation and strong vertical mixing in offshore waters led to low chl-a in both coastal and offshore
waters, suppressing chl-a front formation. Both chl-a and SST fronts coincided with steep seabed
slopes (slope ratio > 1), suggesting that seabed slope may be an indicator of oceanic front location.

Keywords: Bohai and Yellow seas; front; remote sensing; chlorophyll-a

1. Introduction

An oceanic front is a narrow zone of intensified horizontal gradients of water proper-
ties (i.e., physical, chemical, or biological) that separates different water masses (e.g., [1,2]).
Fronts are a common marine phenomenon occurring in coastal, shelf, and pelagic waters,
and play an important role in hydrodynamics and the transport of heat, salt, and nutri-
ents, influencing ecological processes, sedimentation, and ocean-atmosphere interaction
(e.g., [2–5]).

Sea surface temperature (SST) fronts are common and widely-studied physical fronts
(e.g., [6,7]). Lateral gradients can also be detected in surface chlorophyll-a (chl-a) concen-
tration, which serves as a proxy for phytoplankton biomass [8]. Chl-a can act as a passive
tracer of physical dynamics and can be used to estimate productivity (e.g., [9,10]). Thus,
chl-a fronts are often used to represent biological fronts, which can be defined as transition
regions that separate high-productivity from low-productivity waters and establish the
boundaries between different nutrient concentrations. For instance, the basin-wide chl-a
front in the mid-latitude North Pacific clearly separates the low-surface chl-a subtropical
gyre from the high-surface chl-a subarctic gyre [11]. Chl-a fronts are also important to
monitor and map the oceanic front, especially in the summer season when the SST front
weakens or disappears [2]. For instance, Legeckis et al. (2002) used the SeaWiFS chl-a to
map the Loop Current Front in summer to cover gaps in the GOES SST dataset [12]. Based
on surface chl-a data, Hu et al. (2003) studied front formation mechanisms around Hainan
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Island, northwest of the South China Sea [13]. Additionally, some oceanic front zones
feature biological aggregation and strong physical and environmental variability. The
relationship between chl-a fronts and SST fronts can reflect the effect of physical processes
on the chemical and biological process, which is of spatio-temporal variability and complex
(e.g., [2,14]). Therefore, more research is required to better understand the relationship
between chl-a fronts and physical fronts [2].

The Bohai and Yellow seas, located north of the East China Sea, are representative
semi-enclosed shelf seas, connected with each other through the Bohai Strait (Figure 1a).
The mean depth of the Bohai Sea is approximately 20 m; the Yellow Sea is surrounded
by China and the Korean Peninsula, and has a mean depth of approximately 44 m. The
shallow Bohai Sea is highly influenced by tidal motion, which plays a predominant role in
water renewal (e.g., [15]). Moreover, the water residence time of the Bohai Sea exceeds two
years and exhibits a weak water exchange with the Yellow Sea due to its relatively narrow
shorelines [16]. Unlike the Bohai Sea, the Yellow Sea exhibits substantially distinct seasonal
hydrodynamics. In winter, the prevailing southern cool currents forced by the northerly
East Asian monsoon wind occur along both China and the Korean Peninsula coasts, while
a compensated warm current (i.e., the Yellow Sea Warm Current) flows north along the
central trough of the Yellow Sea (Figure 1b) [17,18]. From spring to summer, the Yellow Sea
Cool Water Mass in the bottom of the central Yellow Sea gradually forms and, combined
with intensified sea surface heating, the stratification in the Yellow Sea offshore becomes
the strongest in August [19]; cyclonic circulation also occurs along the Yellow Sea coastal
waters (Figure 1c) (e.g., [20]). Many rivers are distributed along the coast of the Bohai
and Yellow seas, including the Chang Jiang and the Yellow rivers, which are the rivers
with the highest runoff and sediment discharge in China, respectively. These rivers carry
vast amounts of sediments and abundant land nutrients along with freshwater into the
Bohai and Yellow seas, resulting in high turbidity and nutrient enrichment, especially in
coastal waters [21–24]. Moreover, the Yellow Sea coast exhibits high turbidity (10–50 FTN;
i.e., Formazin Turbidity Unit) in winter due to the strong monsoon wind. However, it
becomes relatively clear (1–5 FTN) in summer, especially in surface waters [25]. Similar
seasonal turbidity variations occur in the Bohai Sea, which has a significant influence on
the seasonal variability of chl-a [26].

Several studies on the SST fronts in the Yellow and Bohai seas have been conducted
using satellite data (e.g., [6,17,27–29]). These studies suggest that strong sea surface cooling
and topography act in conjunction with the shear between the cool coastal current and the
Yellow Sea warm current to induce strong SST coastal fronts during the winter. In contrast,
the tidal front, which separates well-mixed from stratified water, dominates the coastal
fronts during summer. These SST fronts have been abundantly studied; however, there is
hardly any research regarding chl-a fronts in the highly turbid and eutrophicated Yellow
and Bohai seas. Moreover, the relationship between the SST and chl-a fronts in the Yellow
and Bohai seas are poorly understood. In this study, a well-validated chl-a dataset derived
from MODIS (i.e., moderate resolution imaging spectroradiometer) satellite data was used
to diagnose chl-a fronts in the Bohai and Yellow seas, and the spatial pattern and seasonal
variability of five chl-a fronts were characterized for the first time. Moreover, our study
discusses the formation of chl-a fronts and their relationship with SST fronts.
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Figure 1. (a) Location and bathymetry of the Yellow and Bohai Seas. (b) Winter circulation pattern 
diagram, where red arrows and blue arrows represent the Yellow sea warm current and cold coastal 
currents, respectively. (c) Summer circulation (gray arrows) diagram, where the blue area represents 
the Yellow Sea cool water mass. 
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Figure 1. (a) Location and bathymetry of the Yellow and Bohai Seas. (b) Winter circulation pattern
diagram, where red arrows and blue arrows represent the Yellow sea warm current and cold coastal
currents, respectively. (c) Summer circulation (gray arrows) diagram, where the blue area represents
the Yellow Sea cool water mass.

2. Materials and Methods
2.1. Chl-a and SST Satellite Data

Chl-a concentration satellite data were obtained from Wang et al. (2017) [30], who
compared and developed algorithms to estimate chl-a concentration from MODIS data in
the Yellow and Bohai seas (hereafter referred to as “YB sea”). To address large biases in
conventional algorithms (i.e., OC3M, ocean chlorophyll-a three-band algorithm for MODIS
and GSM01, Graver–Siegel–Maritorena model version 1 algorithm), Wang et al. (2017)
developed a generalized additive model (GAM) and improved the accuracy of satellite-
derived chl-a data in the YB sea [30]. The MODIS-aqua Level 2 daily remote-sensing
reflectance (Rrs) images from June 2002 to December 2016 were downloaded from the
NASA Goddard Space Flight Center (GSFC, http://oceancolor.gsfc.nasa.gov/cms/, ac-
cessed on 15 June 2020). Then, the GAM method was implemented for the retrieval of
chl-a concentrations from MODIS Rrs images. Finally, the data retrieval was based on the
output of the GAM, to which the MODIS data above water Rrs, in situ measured chl-a
concentration, and water depth were inputted. The GAM algorithm could significantly
diminish the effect of suspended sediments and colored dissolved organic matter and
bottom reflectance in shallow waters by using a water-depth dependent model. The algo-
rithm rendered much better results with the validation of additional in situ measured chl-a
data from 5 cruises and more than 400 stations in 2010–2013, exhibiting a mean absolute
percentage difference (MAPD) of 39.96% and a coefficient of determination (R2) of 0.67. The
MAPD and R2 were calculated from comparisons between satellite and in situ chlorophyll
for those pixels where both amounts are available. In contrast, the OC3M and GSM01
algorithms exhibited an MAPD of >110% and R2 of <0.25 [30]. Therefore, the data rendered
by the GAM algorithm was considered reliable for this study. More details regarding the
GAM algorithm and validation results can be found in [30].

http://oceancolor.gsfc.nasa.gov/cms/
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The chl-a data horizontal resolution was 4 km × 4 km, and this study focused
on the seasonal characteristics of the chl-a front. Therefore, the data from June 2002
to December 2016 were averaged monthly to obtain monthly chl-a concentrations. The
monthly data were then used to characterize the monthly variability of chl-a patterns
and fronts.

The nighttime Level 3 mapped SST data from MODIS/Aqua from 2002 to 2016 were
used to diagnose SST fronts in the YB sea. Additionally, we checked that the daytime SST
data got the same SST-front pattern and intensity with the nighttime SST. These SST datasets
with a spatial resolution of 4 km were downloaded from the U.S. National Aeronautics
and Space Administration (NASA) website (http://oceancolor.gsfc.nasa.gov, accessed on
15 June 2020). To match the chl-a data, climatological monthly mean SST data were used in
this study, which was calculated averaging all data obtained for the entire period during
each particular month. The monthly rainfall data in the area around the YB sea (117–129◦ E,
30–42◦ N) from 2002 to 2016 were derived from U.S. National Oceanic and Atmospheric
Administration (NOAA) (https://psl.noaa.gov/data/gridded/data.cmap.html, accessed
on 2 November 2021) and used in the analysis.

2.2. Front Detection

The algorithm for oceanic front detection developed by [2] was used to diagnose the
position and magnitude of chl-a and SST fronts in the YB sea. Based on the contextual
feature-preserving filter and traditional gradient method, the algorithm was proposed to
diminish the effect of data noise from the small- and meso-scale chl-a blooms or patchiness.
As demonstrated by [2], the algorithm could efficiently remove the data noise. This algo-
rithm had also been used in other oceanic front studies (e.g., [31–33]). The key steps of the
front detection algorithm are summarized below.

Pre-processing the data via a contextual median filter (MF) until iterative MF conver-
gence is achieved. In the filtering process, the data remain unchanged if the window center
is a significant 5-point extremum in 5 × 5 windows. Otherwise, if the window center is a
spike (extremum in 3 × 3 windows), the data will be filtered by a 2D 3 × 3 median filter.

Calculating the gradient magnitude for fronts, the gradient is computed via the Sobel
operator consisting of 3 × 3 kernels:

Gx =

 −1 0 +1
−2 0 +2
−1 0 +1

 ∗ A, Gy =

 +1 +2 +1
0 0 0
−1 −2 −1

 ∗ A (1)

where A is the data from step 1, Gx and Gy are two images which contain approximations for
derivates in horizontal and vertical directions, and ∗ is the convolution symbol. Afterward,
the gradient magnitude (GM) can be calculated as follows:

GM =
√

G2
x + G2

y (2)

a more detailed description of the algorithm can be found in [2].
Finally, the magnitude of the SST front (expressed as ◦C/km) could be derived using

GM with a 4-km data grid space. According to [2], the ratios of chl-a values between
adjacent pixels were used to quantify the chl-a front magnitude, which was calculated via
the GM of log-normalized original chl-a data. Based on the chl-a gradient pattern described
in Section 3.2, a ratio of >1.1 was chosen as the defining criterion for chl-a fronts, which
denoted that the chl-a concentration increased or decreased more than 10% relative to the
adjacent grid cell across the front. The seasonal variability of the fronts were analyzed.
The four seasons are defined as: spring (April, May, and June), summer (July, August,
and September), fall (October, November, and December), and winter (January, February,
and March).

http://oceancolor.gsfc.nasa.gov
https://psl.noaa.gov/data/gridded/data.cmap.html


J. Mar. Sci. Eng. 2021, 9, 1301 5 of 16

3. Results
3.1. Satellite-Derived Monthly Chl-a Pattern

Monthly chl-a concentration in the YB sea is illustrated in Figure 2. The coastal chl-a
concentration is higher (>1.5 mg/m3) than that offshore from May to October, especially in
summer. Moreover, a low-concentration area (<0.6 mg/m3) formed south of the Yellow Sea
center, then expanded northwards in July, and descended to the south of the Yellow Sea in
October. The boundary between high and low concentrations roughly follows the 40 m
isobaths. In autumn and winter, the chl-a concentration is generally low (<1.0 mg/m3)
except in the Haizhou Bay and Seohan Bay, and its spatial variability was not significant. In
April, the decreasing turbulent kinetic energy and the stratification in the Yellow Sea center
induces a relatively high chl-a concentration (>2.0 mg/m3) offshore at depths greater than
40 m, which was consistent with in situ observations (e.g., [34]) and other satellite results
(e.g., [35]).
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Figure 2. Monthly averaged chl-a concentration (mg/m3). The gray lines denote the 40 m isobath.

As indicated by [36], topography plays an important role in the seasonal pattern of
chl-a in the YB sea, which is consistent with the results discussed above. Therefore, the chl-a
in the YB sea was divided into three sections for seasonal variation analysis: the offshore
zone (water depth ≥ 40 m), the Yellow Sea coastal zone (water depth < 40 m), and the Bohai
Sea. The area of the Bohai Sea with a water depth of <40 m was isolated from the coastal
zone due to the fact that it is an enclosed sea and has different hydrodynamic characteristics
from those of the relatively open coastal zone along the Yellow Sea coastline. As illustrated



J. Mar. Sci. Eng. 2021, 9, 1301 6 of 16

in Figure 3, the chl-a concentrations in the offshore zone, the coastal zone, and the Bohai
Sea exhibit a notable seasonal variation. In the offshore zone, chl-a exhibits two peaks in
spring and autumn, respectively. The chl-a concentration is highest (~1.5 mg/m3) in April
due to the spring bloom in the Yellow Sea offshore zone; the other peak (~0.9 mg/m3) in
autumn is relatively lower than in spring. The lowest chl-a concentration (~0.5 mg/m3)
occurs in summer. The chl-a in the coastal zone exhibits a unimodal variation whereby
chl-a is highest in the summer and lowest in the winter. The chl-a variation in the Bohai
Sea is similar to that in the Yellow Sea coastal zone, albeit approximately 0.5 mg/m3 higher
in summer and 0.3 mg/m3 lower in winter.
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3.2. Chl-a Fronts and Their Seasonal Variation

Figure 4 illustrates the seasonal chl-a front pattern. There are five notable chl-a fronts
which manifest stripes denoting a strong chl-a gradient in the Yellow Sea during summer:
the Bohai Strait (BS) front, Shandong Peninsula (SP) front, Jiangsu (JS) front, Liaodong
Peninsula (LP) front, and Korean Peninsula (KP) front. These five fronts are located near
the coast and are largely parallel to the coastline, except for the BS front. The location
of the fronts also corresponds to those of the SST fronts, as determined by [6] and this
study (see Section 3.3). The maximum magnitude of the five fronts was higher than a
1.2 ratio and even higher than 1.5 in the LP and KP fronts. However, there are no distinct
chl-a fronts in other seasons (i.e., other than summer), only small regions north of the
Shandong Peninsula and in the Korean Peninsula coast in winter. As shown in Figure 5,
the interannual variability of the five chl-a fronts is basically smaller than 0.2. Relatively
high variability (~0.3) occurs at the offshore water near the Changjiang estuary and the
north of the KP front.

The monthly variations of the five fronts’ intensity are illustrated in Figure 6. These
variations were calculated by spatially averaging the magnitude of the five aforementioned
fronts. All five fronts exhibited a single-peak monthly variation pattern. Moreover, these
fronts developed in June and reached their maximum strength in August (LP front and KP
front) or September (BS front and SP front), after which they quickly subsided in October.
The JS front intensity reached a maximum in July and a slightly decreased from August to
September. Although the BS and LD fronts magnitude was slightly higher than a 1.1 ratio
in winter, they were considered weak enough to be negligible.
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Figure 6. Monthly magnitude of the five chl-a fronts depicted in Figure 4.

3.3. SST Fronts and Their Seasonal Variation

As illustrated in Figure 7, the SST fronts in the Yellow Sea largely persisted throughout
the four seasons. The SST fronts occur in Bohai Strait (BS) and along the Shandong
Peninsula (SP), Liaodong Peninsula (LP), Korean Peninsula (KP), and Jiangsu (JS) coastal
areas, which is consistent with previous studies (e.g., [6,17,29]). The SST fronts are relatively
strong in winter, especially in the Yellow Sea western coasts, and are weak in autumn. In
spring and summer, the SP and JS fronts are relatively weak. However, the BS, LP, and KP
fronts remain strong.
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The location of the SST fronts basically coincided with that of the chl-a fronts (Figure 7).
The SST front magnitudes within the five chl-a front zones were spatially averaged as
shown in Figure 8, and two SST front peaks were observed in winter and summer. In
January and February, the SST fronts were strong [6], especially in the SP front, which
was induced by strong surface cooling and the shear between the coastal cold current and
the Yellow Sea warm current (e.g., [17]). However, the SP and JS fronts weakened from
March to December. In contrast, the LP and KP fronts increased from May to August; both
maximum front magnitudes occurred in June. The five fronts were relatively weak in April,
September, and October.
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4. Discussion
4.1. Interpretation of Signatures of the Chl-a Fronts Based on Physical Oceanography

Several studies have investigated the SST fronts in the YB sea (e.g., [6,17,29]), while
this study further investigated the chl-a fronts. It is worth noting that the SST fronts along
the LP and KP were referred to as “Seohan Bay front” and “Kyunggi Bay front” by [6],
respectively. However, these fronts were referred to as the LP and KP fronts in this study
in order to correspond to the chl-a fronts. As shown in Figures 4 and 6, seasonal chl-a
fronts exhibited a notable summer unimodal pattern. The fronts were mainly located at
the boundary between the shallow onshore water (i.e., including Bohai sea) and the deep
offshore water. Overall, the coastal chl-a summer single-peak pattern and the offshore
chl-a double-peak pattern observed in spring and autumn (Figure 3) formed the great chl-a
gradient in summer and the relatively small ratio in other seasons, which resulted in the
observed unimodal pattern of the chl-a fronts in summer.

In summer, the increased runoff during the rainy season carried a substantial amount
of terrestrial nutrients into coastal waters (Figure 9) which, in conjunction with sunlight
and suitable water temperature, induced algae blooms along most of the Yellow Sea coast
and in the semi-enclosed Bohai Sea [36,37]. Meanwhile, the strong stratification of the deep
offshore waters limited the replenishment of nutrients from the bottom up, which resulted
in low chl-a concertation in the surface under the oligotrophic conditions of the central
Yellow Sea (e.g., [34,38]). Coastal blooms and the offshore fading induced strong chl-a
fronts in summer. Additionally, the strong tidal fronts emerging in the summer blocked
the horizontal exchange of nutrients and chl-a between coastal and offshore waters, which
facilitated the formation and persistence of chl-a fronts.
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In winter, strong physical fronts and considerable nutrient differences have been
observed between the coastal and offshore water (e.g., [39]). Interestingly, no distinct chl-a
fronts were observed in winter in the Yellow Sea. The possible underlying mechanisms are
discussed below.

In winter, the entire Yellow Sea was vertically well-mixed via intensive surface cooling
and strong winds from the Asian monsoon. Moreover, the depth of the mixing layer
was approximately equal to the water depth [40]. For the Yellow Sea offshore waters, the
nutrient supply to the upper layer was intensified by strong vertical mixing, which should
have promoted the growth of phytoplankton in the euphotic layer. However, deep mixing
prevented the accumulation of chl-a in the upper layer by transporting the phytoplankton
into deep waters, thus weakening photosynthesis and eventually keeping the low chl-a
concentrations. On the other hand, high-concentrations of suspended sediment in shallow
coastal waters could have been attributable to strong wind, waves, and currents, which in-
duced a thin euphotic layer [41], leading to a decrease in a low chl-a concentration via light
limitation [32]. In January and February, the relatively high chl-a concentrations occurring
along the Liaodong Peninsula coast (Figure 2) coincided with relatively lower suspended
sediment concentrations (SSC) compared with other coastal areas (see Figure 3 in [24]). This
observation highlighted the impact of suspended sediments on coastal chl-a concentrations.
Therefore, coastal chl-a concentrations decreased under light-limitation, and there was
no appreciable distinction between the coastal and offshore chl-a concentrations, which
resulted in weak chl-a fronts in winter.

In April, both the weakening wind and increased heating reduced the turbulent energy
and increased the stability of the hydrographical structure in the deep waters of the Yellow
Sea, which created a suitable hydrodynamic environment for chl-a accumulation in the
upper layer and consequently for a spring bloom [35,42]. This spring bloom induced higher
concentrations of offshore chl-a, which were even slightly higher than those in the coastal
region (Figure 2). The coastal chl-a also increased due to increases in water transparency
with the decrease of SSC. Thus, the coastal and offshore chl-a concentrations remained
notably similar (Figure 2), and consequently no distinct chl-a fronts were identified. In
autumn, the gradual increase in wind and surface cooling disturbed the summer offshore
stratification and increased the coastal SSC. This, in turn, induced the offshore increase
and coastal decrease for chl-a concentrations, which resulted from the replenishment of
nutrients and the decrease of water transparency, respectively. These contrasting variations
drove the offshore and coastal chl-a concentration close to each other again, which led to
the fading of the summer chl-a front in autumn.

4.2. Relationship between Chl-a Fronts and SST Fronts

As shown in Figures 4 and 7, although SST fronts were strong in winter, the deep
vertical mixing and light-limitation inhibited the formation of chl-a fronts [32,40,43], as
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discussed in Section 4.1. Therefore, there was no distinct links between the chl-a front and
SST front in winter. In summer, the location of Chl-a fronts was in good correspondence to
that of the SST fronts. Meanwhile, the intensity of the chl-a fronts was also consistent with
that of the SST front in summer. For instance, strong LP and KP chl-a fronts corresponded
to strong LP and KP SST fronts; SP and JS chl-a fronts with weak SST fronts were weaker
than other chl-a fronts (Figures 6 and 8).

Chl-a fronts always coincided with SST fronts [2]. Basically, there are two main
patterns of chl-a across the SST-frontal zone (Figure 10), which were summarized by [2].
SST fronts along the coast could act like dynamic barriers to momentum and offshore
water transport [2,44], and thus become boundaries between higher coastal biomass on
one side, and lower offshore biomass on the other (i.e., ‘Ramp Model’ in Figure 10a). SST
fronts could also induce maximum chl-a concentrations along the front (i.e., ‘Peak Model’
in Figure 10b) via convergence and nutrient upwelling, and, in both cases, the strongest
chl-a gradients (i.e., chl-a fronts) are located at the SST frontal zone.
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Figure 10. Two kinds of models of chl-a distribution across the SST-frontal zone, redrawn after [2].
(a) Ramp Model. (b) Peak Model.

In order to investigate which model best described the summer Yellow Sea fronts, the
chl-a along five transects cross different fronts in August were summarized in Figure 11.
The chl-a of four transects (i.e., BS, SP, JS, and LP) increased from offshore to coast and
rapidly increased in the SST front region. Based on the chl-a pattern, the four transects
were determined to belong to the Ramp model (Figure 11a–d), which indicates that the
SST fronts separated the high coastal chl-a from the low offshore chl-a by limiting coastal-
offshore water exchange. The chl-a along the KP transect increased at the SST-front region
(125.5◦ E–126◦ E), then decreased onshore, but maintained a relatively higher concentration
near the coast (Figure 11e). This pattern is consistent with the Peak Model, which might be
related to the strong KP tidal front. Overall, our results suggest that the SST frontal region
in the YB sea should be considered a transition zone (i.e., Ramp Model) in most cases,
which separates well-mixed from stratified waters and limits the exchange of nutrient- and
chl-a-containing water. The Ramp Model appeared to better describe the shallow coastal
waters where water is eutrophic due to abundant terrestrial nutrients, such as in the coastal
zone of the northwest Atlantic [14] and off the west coast of Denmark [45].

Moreover, there was a time lag of approximately two months between the chl-a
front maximum occurrence (i.e., approximately in August) compared to that of SST fronts
(i.e., approximately in June). The maximum occurrence of chl-a fronts was largely consis-
tent with the maximum offshore stratification and rainfall, which were strongest from late
July to early August [46,47]. The stratification and rainfall could influence the offshore
and coastal chl-a by changing the nutrient concertation. This suggests that the runoff and
stratification could be helpful for the enhancement of chl-a fronts, while the presence of
SST front is a pre-requisite for the formation of a chl-a front in summer. The nutrient and
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chl-a boundaries established by SST fronts facilitated the formation and preservation of
said chl-a fronts.
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4.3. Implication from the Chl-a Front

Both our results (Figure 7), as well as a previous study [6], suggest that the strong
winter SST fronts in the Yellow Sea tend to fade and even disappear in other seasons,
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especially in the SP front. In summer, strong surface heating could induce the relatively
uniform SST and greatly weaken the SST fronts. However, the satellite results clearly
demonstrated the formation of chl-a fronts in the YB Sea in summer. In situ observed and
model results from Lü et al. (2010) indicated that a strong temperature front at the bottom
layer existed under the strong SP chl-a front offshore the Shandong Peninsula in summer
but the SST front is weak [38]. The front at the bottom layer resulted from the convergence
of well-mixed and stratified waters. Due to phytoplankton photosynthesis, chl-a mainly
concentrated on the sea surface. The relative chl-a concentration could reflect the vertical
water structure (i.e., well-mixed or stratified) under the sea surface in shelf seas. Due to
limited nutrient supply in the upper layer due to stratification, chl-a in stratified waters
was relatively low, while chl-a was usually relatively high in well-mixed and eutrophic
coastal waters. Therefore, surface chl-a fronts were found to be good indicators to diagnose
the location of internal physical fronts or vertical structure boundaries.

Furthermore, both the variable chl-a and SST fronts consistently occurred within
steep seabed slopes (ratio of slope > 1%) (Figure 12). Several studies have indicated that
topography is a potentially important factor for the formation of fronts (e.g., [17,39]).
Topography likely influences the formation of fronts through two main mechanisms. First,
based on the geostrophic balance or conservation of potential vorticity, the flow should
follow the isobaths [1]. Therefore, little heat and material transport occur across steep
slopes, which led to different nutrient environments between coastal and offshore waters,
thus facilitating front formation. Second, tidal fronts usually form in locations with steep
slopes [17,38]. Since the formation of tidal fronts is related to the energy balance of heating
and tidal mixing, which is proportional to the water depth [48], the depth of steep-sloped
regions with variable water depths was easier to determine when said energy balance
was known. These tidal fronts could be regarded as the boundary between well-mixed
and stratified waters, which influenced chl-a concentration and limited its cross-frontal
exchange, as discussed in Sections 4.1 and 4.2. Both the limitation of cross-isobath exchange
and the tidal front facilitated the formation of chl-a fronts in location with steep slopes,
suggesting that seabed slope may be a valid indicator of the location of oceanic fronts on
the climatological scale.
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5. Conclusions

Based on the monthly mean chl-a concentration retrieved from MODIS satellite data,
the seasonal variations of sea surface chl-a fronts in the YB Sea were characterized. In
the YB Sea, five distinct chl-a fronts (i.e., the Bohai strait front, Shandong Peninsula front,



J. Mar. Sci. Eng. 2021, 9, 1301 14 of 16

Jiangsu front, Liaodong Peninsula front, and Korean Peninsula front) occurred roughly
along the 40 m isobaths in summer and faded in other seasons. The location of chl-a fronts
was consistent with that of SST fronts, both of which coincided with the location of a steep
slope (ratio of slope > 1%). It would seem more appropriate to consider SST fronts in the YB
Sea as transition zones in most cases, which separate high coastal chl-a from low offshore
chl-a concentrations. Strong chl-a fronts in summer were likely induced by the chl-a bloom
in eutrophic coastal waters and surface chl-a fading in the strongly stratified offshore
waters together with the coastal physical fronts. Although the SST fronts were strong
in winter, the light limitation resulting from high suspended sediment concentrations in
coastal waters and the deep mixed layer from strong vertical mixing in offshore waters
were the likely cause of low chl-a in both coastal and offshore waters, which presumably
suppressed the formation of chl-a fronts. The seasonal and spatial pattern of the fronts
would be helpful for understanding the temporal-spatial variability of the hydrodynamics
and ecosystem and providing a scientific reference for marine fisheries and planning. Due
to the limitation of the data, this study only focused on the seasonal variability of the fronts.
The interannual variability of the fronts still needs to be further investigated using data
with better space-time continuity.
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