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Abstract: The Southern Ocean front (SOF) is an important factor that affects the heat exchange and
material transport of the Southern Ocean. In the past two decades, with the advancements in satellite
remote-sensing technology, the study of the spatio-temporal variability of the Southern Ocean front
has become a new hot topic. Nevertheless, the southwestern Atlantic, as an important part of the
Southern Ocean, is poorly studied in this regard. Based on the 16-year (2004–2019) high-resolution
satellite observations of sea surface temperature (SST) and 13-year (2007–2019) observations of
chlorophyll (CHL), this study detected and analyzed the position and seasonal variation of the SOF
in the southwestern Atlantic using a gradient-based frontal detection method. According to the
experimental results, the thermal front (derived from the SST data) disappeared in winter due to
the spatially uniform surface cooling, whereas the ocean color front (derived from the CHL data)
existed without remarkable spatio-temporal changes. Furthermore, the exact position and seasonal
variation of the SOF in the southwestern Atlantic are determined by comparing the paths of the two
fronts. Since the formation of the Kuroshio front in the East China Sea (ECS) is similar to the SOF in
the southwestern Atlantic, the seasonal distributions of the two fronts were compared. Apart from
that, the Kuroshio thermal fronts were mostly distributed in winter and less in summer, while the
Southern Ocean thermal fronts showed the opposite. These results indicated that the ocean current
properties significantly influence the spatio-temporal variability of the front.

Keywords: Southern Ocean front; southwestern Atlantic; sea surface temperature; chlorophyll

1. Introduction

The southwestern Atlantic, located to the southeast of South America, includes a
continental shelf to the northwest and a broad Argentine Basin to the southeast. As a part of
the Southern Ocean, it is connected to the Pacific and Antarctic through the Drake Passage
(Figure 1). Between the subtropical waters and the Antarctic Peninsula, the southwestern
Atlantic is characterized by a sequence of currents and associated hydrographical features,
including frontal systems. From north to south, the most pronounced currents are the
Brazil Current [1], the Malvinas [2,3] or Falkland Current [4], the South Atlantic Current in
the Subtropical Convergence [5], and the Antarctic Circumpolar Current (ACC) [6–8]. At
large scales, the Southern Ocean is characterized by the intense eastward-flowing ACC.
Connecting the three oceans in the world, the ACC significantly influences the environment
of Antarctica, the transport of materials in the Southern Ocean, and climate change [9,10].
The Falkland Current, as a tributary of the ACC at Cape Horn and the main source of
cooling and oceanic materials of open-ocean origin, plays an important role in the transport
of material and the regional frontogenesis in the southwestern Atlantic [11].
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Figure 1. Chart of the southwestern Atlantic with bottom bathymetry from ETOP01 digital topog-
raphy. 

Observations dating back to the Discovery Expedition have revealed that the ACC 
consists of large-scale hydrographic fronts [6]. The front refers to the boundary of different 
water masses in the ocean and has a narrow and long strip structure characterized by 
enhanced horizontal gradients of temperature, salinity, density, etc. [12]. In the frontal 
regions, water mass properties change rapidly [13]. It is noteworthy that the Southern 
Ocean front (SOF) plays an important role in the global climate system. However, the sea-
sonal variability of both the strength and position of Southern Ocean fronts is still poorly 
understood. With the development of satellite remote-sensing technology, increasing 
numbers of researchers are using the satellite remote-sensing data with better space–time 
continuity, so that the SOF study enters a new stage. A sea surface temperature (SST) front 
is widely used to identify an ocean front at the surface, because temperature largely rep-
resents the character of a water mass, and the corresponding observations are abundant 
[14]. SST data, which was first used to analyze the SOF [15,16], remains in use currently 
[17]. In addition, Southern Ocean fronts also influence the ecology of the Southern Ocean 
from the base to the top of the trophic chain. It was observed that the chlorophyll (CHL) 
concentration near the South American continental shelf was higher than that in the 
Southern Ocean due to the influence of the SOF [18–21]. Therefore, CHL data plays a sig-
nificant role in studying the distribution of the SOF in the southwestern Atlantic. 

Geographically, the 200 m isobath line tends to be used as the dividing line between 
the continental shelf and the continental slope. Between the 200 m and 1000 m isobaths is 
the continental slope break zone, where the property of the water is prone to dramatic 
changes due to the increase in depth [22]. As shown in Figure 1, the 200 m isobath divides 
the southwestern Atlantic into the South American shelf water and the Falkland Current 
water. Moreover, the Falkland Current invades the shelf water from south to north. Under 
the influence of the Brazil Current, the South American continental shelf water is warmer. 
Since the ACC is the strongest cold current in the South Hemisphere, the Falkland Current 
(a part of the ACC in the southwestern Atlantic) is cooler than the shelf water. Thus, the 

Figure 1. Chart of the southwestern Atlantic with bottom bathymetry from ETOP01 digital topography.

Observations dating back to the Discovery Expedition have revealed that the ACC
consists of large-scale hydrographic fronts [6]. The front refers to the boundary of different
water masses in the ocean and has a narrow and long strip structure characterized by
enhanced horizontal gradients of temperature, salinity, density, etc. [12]. In the frontal
regions, water mass properties change rapidly [13]. It is noteworthy that the Southern
Ocean front (SOF) plays an important role in the global climate system. However, the
seasonal variability of both the strength and position of Southern Ocean fronts is still poorly
understood. With the development of satellite remote-sensing technology, increasing
numbers of researchers are using the satellite remote-sensing data with better space–
time continuity, so that the SOF study enters a new stage. A sea surface temperature
(SST) front is widely used to identify an ocean front at the surface, because temperature
largely represents the character of a water mass, and the corresponding observations are
abundant [14]. SST data, which was first used to analyze the SOF [15,16], remains in use
currently [17]. In addition, Southern Ocean fronts also influence the ecology of the Southern
Ocean from the base to the top of the trophic chain. It was observed that the chlorophyll
(CHL) concentration near the South American continental shelf was higher than that in
the Southern Ocean due to the influence of the SOF [18–21]. Therefore, CHL data plays a
significant role in studying the distribution of the SOF in the southwestern Atlantic.

Geographically, the 200 m isobath line tends to be used as the dividing line between
the continental shelf and the continental slope. Between the 200 m and 1000 m isobaths
is the continental slope break zone, where the property of the water is prone to dramatic
changes due to the increase in depth [22]. As shown in Figure 1, the 200 m isobath divides
the southwestern Atlantic into the South American shelf water and the Falkland Current
water. Moreover, the Falkland Current invades the shelf water from south to north. Under
the influence of the Brazil Current, the South American continental shelf water is warmer.
Since the ACC is the strongest cold current in the South Hemisphere, the Falkland Current
(a part of the ACC in the southwestern Atlantic) is cooler than the shelf water. Thus, the
Southern Ocean fronts are easily generated between these two water masses with distinct
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temperature differences. Indeed, detecting the Southern Ocean thermal front with the SST
data has been an effective method to investigate the position and seasonal distribution
of the SOF [23]. Thus, many studies use proxies for SST from a single core site [24,25].
However, in winter, the increasing surface cooling effects make SSTs uniform, and the
thermal front disappears. Obviously, there are some limitations to detecting the position of
the SOF only by SST, and it is necessary to introduce a new tracer to detect the SOF. Since
the upwelling of deep waters supplies the Southern Ocean with large quantities of nitrates,
phosphates, and silicates, the Southern Ocean is a known “high-nutrient, low-CHL” zone
due to iron limitation [18,26]. Apart from that, the concentration of CHL in the South
American shelf water is relatively high [18–21]. Therefore, it is feasible to use the Southern
Ocean color front (derived from the CHL data) to explore the distribution position and
seasonal spatio-temporal variation of the SOF in the southwestern Atlantic. In this paper,
the Southern Ocean thermal front (derived from the SST data) and the Southern Ocean
color front (derived from the CHL data) were used to investigate the position and seasonal
spatio-temporal variation of the SOF in the southwestern Atlantic, which could effectively
avoid the disappearance of the thermal front in winter caused by the SST’s uniformity.
Furthermore, the paths of the two fronts were compared to determine the exact position
and seasonal variation of the SOF in the southwestern Atlantic. Similar to the formation
of the Kuroshio front in the East China Sea (ECS), the SOF in the southwestern Atlantic
is caused by the intrusion of a strong current into shelf water. However, the Falklands
Current (a strong cold current) and the Kuroshio (a strong warm current) have different
ocean current properties. In order to explore the effect of ocean current properties on
seasonal spatio-temporal variations of fronts, this study compared the seasonal distribution
of the two fronts and then analyzed the results.

The rest of the paper is organized as follows. Section 2 introduces the multisource data
used in the research, as well as the method for detecting the SOF. Then, the distribution
of thermal fronts and ocean color fronts in the southwestern Atlantic are explained in
Section 3. Some comparison experiments and the influence of ocean current properties on
the seasonal spatio-temporal variation of the fronts are discussed in the Section 4, and in
the last section, some conclusions are drawn.

2. Materials and Methods
2.1. Multisource Data

The daily optimum interpolated (OI) SST data [27] with a spatial resolution of 9 km
spanning 16 years from January 2004 to December 2019 were obtained from the Remote
Sensing Systems (RSS) (http://www.remss.com/measurements/sea-surface-temperature/,
accessed on 18 September 2021). In addition, the SST data were used to detect Southern
Ocean thermal fronts in the southwestern Atlantic. As a near-real time product, it uses
microwave and infrared data (MW_IR) at a 9 km resolution [28], and combines the through-
cloud capabilities of the microwave data with the high spatial resolution and near-coastal
capability of the infrared SST data, making it an ideal choice for research activities in which
a complete, daily SST map is desirable. The CHL data [29] for 13 years (from January
2007 to December 2019) of daily 0.25 × 0.25 gridded estimates, which were derived from
satellite measurements of ocean color by the Moderate Resolution Imaging Spectroradiome-
ter (MODIS), were adopted to detect Southern Ocean color fronts in the southwestern
Atlantic (available online at https://hermes.acri.fr). Meanwhile, the topographical data
were obtained from the National Geophysical Data Center, an office of the National Oceanic
and Atmospheric Administration (NOAA). The set of bottom topography data was the
ETOP01 [30].

2.2. Methodology

Three approaches were mainly used for detecting Southern Ocean fronts: the probability
density function (PDF) method [31], the contour method [32,33], and the gradient method [34].
The PDF method relies on the collection of multiple points to construct meaningful PDFs,

http://www.remss.com/measurements/sea-surface-temperature/
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while the contour method seeks to identify some quantities, such as a particular value of SST
or sea surface height (SSH), that one can use to identify a front over some regions or even over
the entire ACC. Gradient thresholding is based on the gradient of some quantity (typically SST
or SSH) that exceeds some pre-defined thresholds. Generally speaking, detecting Southern
Ocean fronts with the PDF and contour methods is continuous in space, but they can easily
miss the front in comparison to gradient thresholding.

In this study, a gradient-based edge-detection method was utilized to detect the SOF
in the southwestern Atlantic. The algorithm calculated the SST gradient and CHL gradient
at each pixel. First, a Gaussian filter was adopted to make the SST map and CHL map
smooth. A Gaussian filter is a linear smoothing filter that can remove isolated noise and
increase the width of the edges. The equation of Gaussian filter is as follows:

gσ(m, n) =
1√

2πσ2
e−

m2+n2

2σ2 · f (m, n) (1)

where f (m, n) represents the pixel value at the (m, n) position, gσ(m, n) represents the
value of each point after Gaussian filtering, and σ represents the standard deviation.
In fact, Equation (1) shows that a Gaussian matrix convolves with each pixel and its
neighborhood. Then, the Sobel operator that consists of two 3 × 3 convolution masks
Gx and Gy is used to compute the gradient vector. As for Gx = [−1 0 1;−2 0 2;−1 0 1]
and Gy = [−1− 2− 1; 0 0 0; 1 2 1], they convolve with each pixel and approximate the
first-order derivatives gx(m, n) and gy(m, n), respectively. The final gradient magnitude of
each pixel at (m, n) can be computed with Equation (2) below:

G(m, n) =
√

gx(m, n)2 + gy(m, n)2 (2)

Since the CHL data was distributed lognormally at various spatio-temporal scales [35],
the ocean color gradient was calculated from the lognormally transformed data, which was
the natural logarithm of the ratio of adjacent CHL value at every pixel. Finally, the Canny
edge detector [36] was adopted to identify the SOF path in the southwestern Atlantic.
The Canny method is an optimal edge detection that can be used to detect image edges
independently, rather than according to a specific gradient threshold. Meanwhile, edges
were marked at local maxima in the gradient magnitude based on a gradient magnitude
map, in which the thermal front path was defined in an SST gradient magnitude map, and
the ocean color front path was identified by a CHL gradient magnitude map.

3. Results
3.1. Seasonal Mean Distribution of SST and CHL in the Southwestern Atlantic

The southwestern Atlantic mainly contains the South American continental shelf
water and the Falkland Current, which are bounded by the 200 m isobath. Beyond that,
the west side is the high-temperature South American continental shelf waters, while
the east side is the low-temperature Falkland Current. Moreover, the Falkland Current
invades the shelf waters from south to north. The South American shelf water and the
Falkland current water continuously exchange materials along the South American shelf
break, an area where the depths range between 200 m and 1000 m isobaths. Therefore, it is
easy to produce fronts in the southwestern Atlantic. However, according to the seasonal
mean distribution of SST, the SST in the southwestern Atlantic had a significant seasonal
variation under the influence of solar radiation and west wind drift. Figure 2 describes the
seasonal difference of SST distribution in the southwestern Atlantic. As shown in Figure 2a,
in summer, the SST increased gradually from south to north. With the 200 m isobath as
an approximate boundary, the temperature on both sides was between 12 ◦C and 15 ◦C,
and there was an obvious difference in temperature. Since the South American continental
shelf waters are influenced by the Brazil Warm Current, the shelf water is warmer than
the Falkland Current water. Between these two water masses, it is easy for the fronts to
develop. However, due to the weakening of solar radiation and the influence of west wind
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drift in winter, the increasing sea surface cooling effect in the southwestern Atlantic made
the SST uniform (see Figure 2b). With the 200 m isobath as the boundary, the temperature
difference between the two sides was less than 2 ◦C, and the SST difference was small.
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In winter, SST tends to be uniform, which leads to weakening of the SST gradient.
Therefore, there are some limitations in using SST to identify the SOF in the southwestern
Atlantic in winter. It was essential to select another ocean remote-sensing parameter to
determine SOF, in order to effectively compensate for the gradient weakening of SST
in winter. The concentration of CHL in the continental shelf water of South America is
relatively high, while the Southern Ocean is a known “high-nutrient, low-CHL” zone, so
there is an obvious difference in the concentrations of CHL between the shelf waters and
the Falkland Current. Therefore, the CHL data was an ideal choice to detect the SOF in the
southwestern Atlantic. Figure 3 shows the seasonal mean lognormal distribution of CHL
in the southwestern Atlantic. Whether in summer or winter, the concentration of CHL
was always approximately bounded by 200 m isobath, the west side was the shelf water
with a high CHL concentration, and the east side was the Falkland Current with a low
CHL concentration. As shown in Figure 3a, in summer, the concentration of CHL in the
South American shelf water was high, especially to the south of 45◦S. The concentration of
CHL was between 1 mg/m3 and 3 mg/m3 on both sides of the 200 m isobath. The CHL
data showed the amount of marine phytoplankton communities. Although the continental
shelf water of South America is rich in nutrients, the low temperature environment is not
favorable to the reproduction of phytoplankton in winter. Thus, the concentration of CHL
in winter was relatively lower than that in summer. In winter, the concentration of CHL
was relatively higher in the northern shelf waters (north of 45◦S), which had an obvious
CHL concentration difference with the Falkland Current (see Figure 3b).
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Based on the above experimental results, it was found that SST had obvious seasonal
differences in the southwestern Atlantic. Meanwhile, there were some limitations to
analyzing the position and variation of SOF only by SST. In order to compensate for the
limitations of SST, this study used two types of oceanic remote-sensing data, SST and CHL,
to study the SOF in the southwestern Atlantic.

3.2. Monthly Mean Distribution of the Southern Ocean Front in the Southwestern Atlantic

In order to accurately study the position and spatio-temporal variation of the SOF
in the southwestern Atlantic, this study adopted the monthly mean distribution of the
Southern Ocean thermal front and the Southern Ocean color front to detect the distribution
of the SOF in the southwestern Atlantic. First of all, a Gaussian filter was used to smooth the
monthly mean SST and CHL data. Furthermore, a Sobel operator was adopted to calculate
the gradient magnitude map of SST and CHL, indicating the position and strength of
the thermal front and ocean color front. Generally speaking, the gradient can represent a
front [37]. In Figures 4 and 5, the gradient units are ◦C per 10 km and ln (mg m−3) per 25 km,
respectively, which only represent the intensity of the gradient. Therefore, the difference of
values in the colorbar only represents the difference of gradient intensity [22,37].

As displayed in Figure 4, the distribution of the SST gradient magnitude in the
southwestern Atlantic gradually decreased from north to south. Apart from that, the
strongest SST gradient magnitude was mainly concentrated in the slope break zone of
the South American continental shelf and the northern coastal zone of Argentina. The
maximum SST gradient magnitude along the 200 m isobath was about 0.04 ◦C/km, and
the maximum SST gradient magnitude along the northern coast of Argentina was always
stronger than 0.01 ◦C/km, and even reached 0.03 ◦C/km. In addition, the region with the
smallest SST gradient was adjacent to the 200 m isobath on the east side of the Malvinas
Islands. The SST gradient magnitude in this area was often below 0.01 ◦C/km, and had
almost disappeared in July and August.
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As can be seen in Figure 4, the Southern Ocean thermal front was complete and the
SST gradient was the most pronounced from December to February. Apart from that, the
SST gradient gradually weakened from March to August. Particularly, the one that was
along the 200 m isobath that was between the South American shelf water and the Falkland
Current had almost disappeared by August. However, the SST gradient gradually recovers
starting in September. Furthermore, the monthly mean gradient magnitude distribution of
CHL showed another form of frontal distribution and spatio-temporal variation. Figure 5
shows the monthly mean ocean color gradient magnitude maps.

Figure 5 illustrates the monthly mean position of the Southern Ocean color front in
the southwestern Atlantic. The ocean color gradient magnitude was calculated from the
lognormally transformed original CHL data for 2007–2019. Similar to the distribution
of the SST gradient magnitude in the southwestern Atlantic, the Southern Ocean color
gradient magnitude was higher on both sides of the 200 m isobath and along the northern
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coast of Argentina (see Figure 5). As for the pattern of the ocean color gradient, it was
mainly distributed along the 200 m isobath, and surrounded the Malvinas Islands on the
east side, then gradually left the isobath to the west and reached Cape Horn. The ocean
color gradient magnitude from June to August was weaker than in other months. Since the
low temperature in winter was not conducive to the reproduction of phytoplankton, the
concentration of CHL also dropped, leading to the weakening of the ocean color gradient
magnitude. In general, the Southern Ocean color gradient was present all year in the
southwestern Atlantic.

Based on the above experimental results, it was found that the Southern Ocean thermal
front in the southwestern Atlantic was similar to the Southern Ocean color front in position,
and the Southern Ocean thermal front had obvious seasonal differences, whereas the
corresponding ocean color front existed without remarkable spatio-temporal changes.

4. Discussion
4.1. Comparison of the Thermal Front Path and the Ocean Color Front Path

According to the gradient magnitude maps shown in Figures 4 and 5, the strength and
approximate position of the SOF in the southwestern Atlantic could be known. In order to
detect the exact position and seasonal variation of the SOF in the southwestern Atlantic
more accurately, this study used a Canny edge detector and seasonal climatology data to
calculate the SOF path in the southwestern Atlantic based on the gradient magnitude.

Figure 6 shows the seasonal variation of the SOF path in the southwestern Atlantic.
Moreover, the path of the Southern Ocean thermal front was compared with that of the
Southern Ocean color front.

As displayed in Figure 6, the Southern Ocean thermal front had obvious seasonal
differences. In summer, the Southern Ocean thermal front path was complete, but it
disappeared between 45◦S and 55◦S in wintertime. As the four seasons in the Southern
Hemisphere are the opposite of those in the Northern Hemisphere, the distribution of
the Southern Ocean thermal front was complete from December to February (summer),
and almost disappeared from June to August (winter) (see Figure 4). The reason for this
type of phenomenon is illustrated in Figure 2b: in winter, the increasing surface cooling
effects made SSTs uniform, and the thermal front disappeared. Therefore, there were some
limitations in using SST to detect the position of the SOF in the southwestern Atlantic in
winter. Apart from that, the corresponding ocean color front was introduced into this study
to detect the position of the SOF more accurately. Compared with the Southern Ocean
thermal front path, the Southern Ocean color front path had no distinct seasonal difference,
meaning that the boundary between the shelf water of South America and the Falkland
Current persisted even in winter. In order to prove the stable existence of the Southern
Ocean color front in the southwestern Atlantic, the annual mean path and the monthly
mean path of the Southern Ocean color front were compared, and their difference rate
was calculated. Based on the long-term (13 years) annual mean CHL data and monthly
mean CHL data, the Canny edge detector was used to calculate the annual mean path and
monthly mean path, respectively. By comparing the relative positions of the two paths,
the difference points between the two paths were found. The number of difference points
divided by the number of total points is the difference rate between the two paths. The
equation of difference rate is as follows:

Di f f erence Rate =
Nd
Nt

(3)

where Nd represents the number of difference points between the two paths, and Nt
represents the number of total points. The difference rate reflects the stability of the
Southern Ocean color front in the southwestern Atlantic. A low difference rate indicated
that the front had no significant spatio-temporal variation, while a high difference rate
indicated that a front with strong variability. The comparison results of the two paths
are shown in Figure 7, and Table 1 shows the difference rates between the two paths. As
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displayed in Figure 7, the Southern Ocean color front always existed from January to
December, and the overall position of the monthly mean path was similar to the annual
mean path, which further proved that the Southern Ocean color front was more stable than
the Southern Ocean thermal front. As can be seen in Table 1, the largest difference rate was
7.37% in December, while the smallest was 4.75% in July. The monthly difference was no
more than 3%, indicating that there was no significant seasonal difference in the spatio-
temporal variability of the Southern Ocean color front. Therefore, the Southern Ocean color
front could effectively compensate for the limitation of the Southern Ocean thermal front.
It was noteworthy that during wintertime, signatures of the Southern Ocean thermal front
faded and disappeared due to cooling, while the signatures of missing features could be
derived from the Southern Ocean color front.
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Table 1. The difference rates between the annual mean paths and the monthly mean paths of the Southern Ocean color fronts.

Season Fall Winter Spring Summer

Month Mar. Apr. May. Jun. Jul. Aug. Sep. Oct. Nov. Dec. Jan. Feb.

Difference Rate (%) 5.87% 5.48% 5.84% 5.92% 4.75% 4.98% 5.16% 5.74% 6.15% 7.37% 7.03% 5.96%

By comparing the path of the thermal fronts and the ocean color fronts, this study
found that the position of the two fronts was coupled. Their coupling position was
mainly distributed along the 200 m isobaths. Meanwhile, along the isobath, they skirted
the Malvinas Islands from the east, gradually leaving the isobath to the west and then
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reaching Cape Horn. Thus, the exact position of the SOF in the southwestern Atlantic could
be determined.

As shown in Figures 5–7, the Southern Ocean color front was more stable than the
Southern Ocean thermal front, but the intensity of the Southern Ocean color front in winter
was weaker than that in summer. Since the low temperature environment was not suitable
for phytoplankton reproduction, the CHL concentration decreased. Thus, the seasonal
variation of the SOF in the southwestern Atlantic could be determined. The SOF in the
southwestern Atlantic was easy to generate in summer. Compared with other seasons, the
intensity of the SOF in summer was the strongest. In winter, the SOF in the southwestern
Atlantic was less distributed, and the intensity of the SOF was the weakest.

4.2. Effects of Ocean Current Properties on the Seasonal Spatial-Temporal Variation of Front

The Falkland Current, as a tributary of the ACC, belongs to the strong cold current.
The SOF in the southwestern Atlantic is caused by the intrusion of the Falkland Current into
the South American shelf water. In addition, the Falkland Current has a low temperature
and high salinity, while the South American shelf water has a high temperature and
low salinity. Similar to the SOF in the southwestern Atlantic, the Kuroshio front in the
East China Sea (ECS) is also caused by the intrusion of strong current into shelf water.
Furthermore, Kuroshio is the strongest warm current in the western North Pacific, as well
as a tributary of the North Equatorial Warm Current. Compared with the shelf water of
ECS, Kuroshio has a higher temperature and a higher salinity. In fact, the formation of
the two fronts is similar. Thus, in this section, SST and CHL data were used to study the
seasonal variation of the fronts in the two regions, and analyze the effects of different ocean
current properties on the seasonal spatio-temporal variation of fronts.

4.2.1. Comparison of the Seasonal Distribution of SST and CHL in the East China Sea and
the Southwestern Atlantic

The ECS mainly contains two water masses, the shelf water and the Kuroshio
water [38]. Figure 8, which lists the seasonal mean SST distributions in the ECS, shows
that the distribution of SST had obvious seasonal differences. In winter, the temperature
difference at the Kuroshio main stream was more than 3 ◦C. With the 200 m isobath as
an approximate boundary, the southeast is the Kuroshio with high temperature, and the
northwest is the shelf water with relatively low temperature. Due to the strong solar
radiation and the warm southerly wind in summer, the SSTs showed uniform surface
heating over the ECS. The temperature difference in the ECS was the smallest in summer,
which led to the disappearance of the SST gradient.

When comparing the experimental results shown in Figures 2 and 8, it can be observed
that the SST distributions all had significant seasonal differences in the ECS and the
southwestern Atlantic, but the results were completely opposite. In the southwestern
Atlantic, the SST gradient was weakest in winter, while the gradient was weakest in the
ECS during summer. The main reason for this phenomenon was that these two regions
are invaded by strong ocean currents, yet the natures of the two currents are completely
different: the Falkland Current is a cold current, while the Kuroshio is a warm current.

Since the SST gradient in the ECS was the weakest and even disappeared in summer,
CHL data were also used to make up for the limitations of SST to better study the Kuroshio
front in the ECS [22]. Figure 9 shows the seasonal mean CHL lognormal distributions in
the ECS. As displayed in Figure 9, even in summer, there were obvious differences in CHL
concentrations between the ECS shelf water and the Kuroshio. This was similar to the
distribution of CHL in the southwestern Atlantic, where the concentration gradient of CHL
was not affected by the season, and was more stable than the SST gradient.
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4.2.2. Comparison of the Seasonal Distribution of the Kuroshio Front and the Southern
Ocean Front

As mentioned in Section 4.2.1, the seasonal SST distribution results for the ECS and
the southwestern Atlantic were completely opposite due to the different ocean current
properties. Therefore, the two regions have a north–south symmetry. In this section, the
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seasonal distribution of thermal fronts and ocean color fronts in the two regions will be
calculated. Beyond that, the results will be compared to analyze the seasonal variation of
the fronts in these two regions.

The Sobel operator and seasonal climatology data were used to calculate the gradi-
ent magnitude map of SST and CHL. Figure 10 illustrates the seasonal difference of the
Kuroshio thermal front in the ECS. In winter, the SST gradient magnitude was higher near
the 200 m isobaths. However, in summer, the SST gradient magnitude was very small,
and was less than 0.01 ◦C km−1 near the 200 m isobaths. Compared with the results in
Figure 10, the results in Figure 11 illustrate a completely opposite situation. Specifically, in
the southwestern Atlantic, the Southern Ocean thermal fronts were more pronounced in
summer and weaker in winter. Meanwhile, the thermal fronts in ECS and southwestern
Atlantic were mainly distributed along the 200 m isobaths.

As displayed in Figures 10 and 11, both the thermal fronts in the two regions had
obvious seasonal differences. Therefore, the seasonal climatology CHL data were used
to calculate the ocean color fronts of the two regions shown in Figures 12 and 13. By
comparing the results in Figures 12 and 13, this study found that the seasonal distribution
of ocean color fronts in the two regions was similar. Moreover, the ocean color fronts were
not affected by the seasons, whether in winter or summer. As shown in Figure 12, the
Kuroshio ocean color fronts in the ECS were mainly distributed along the 200 m isobaths,
and the strength of the fronts in summer was stronger than that in winter. The Southern
Ocean color fronts were similar to the Kuroshio ocean color fronts. The main reason for this
phenomenon was that the low temperature in winter was not conducive to the reproduction
of phytoplankton; hence, the concentration of CHL decreased, and the strength of the ocean
color front also weakened.
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The Kuroshio ocean color fronts in ECS were mainly distributed along the 200 m
isobath line. Compared with the Kuroshio ocean color fronts, the Southern Ocean color
fronts in the southwestern Atlantic were also mainly distributed along the 200 m isobaths
line, but gradually deviated from the 200 m isobath between 50◦S and 55◦S. Indeed, this
phenomenon was mainly influenced by the Southern Ocean jets [21]. The Southern Ocean
is a known “high-nutrient, low-chlorophyll” zone due to iron limitation [18,26]. Jets play
an important role in the transport of iron in the Southern Ocean, exporting high iron
concentrations downstream, which can extend phytoplankton blooms hundreds or even
thousands of kilometers downstream of the iron source regions [21]. As shown in Figure 13,
the Southern Ocean color fronts were mainly distributed downstream of the Malvinas
Islands between 50◦S and 55◦S. The jet transported iron downstream, where it collected
downstream of the Malvinas Islands, which not only caused phytoplankton to flourish,
but also increased chlorophyll concentrations in this area. Thus, chlorophyll concentration
gradients were relatively higher downstream of the Malvinas Islands, making it easy to
generate ocean color fronts. This is why the Southern Ocean color fronts did not appear to
match the 200 m isobath line between 50◦S and 55◦S.

Based on the above experimental results, it was observed that the Kuroshio thermal
fronts in the ECS and the Southern Ocean thermal fronts in the southwestern Atlantic were
completely opposite in their seasonal distributions. Due to the different properties of ocean
currents invading the two regions, the distribution of SSTs in the two regions had obvious
seasonal differences. In the ECS, the warm current intruded into the shelf water and
caused the spatially uniform surface heating in summer, which led to the disappearance
of the thermal front. In the southwestern Atlantic, the homogenization of SSTs due to the
increasing surface cooling effect caused by the cold current invading the shelf water was the
reason for the disappearance of the thermal front in winter. The oceanic color front of these
two regions was more stable than the thermal front. In both regions, the ocean color fronts
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were stronger in summer. The above analysis further proves that the properties of ocean
currents significantly influenced the seasonal spatio-temporal variability of the fronts.

5. Conclusions

In this study, the 16-year (2004–2019) RSS SST and 13-year (2004–2019) MODIS CHL
data were applied to investigate the position and seasonal spatio-temporal variation of the
SOF in the southwestern Atlantic. Notably, during wintertime, the thermal front weakened
and disappeared due to cooling, while the missing features could be derived from ocean
color gradient magnitude maps. By comparing the monthly mean distribution and the path
of the Southern Ocean thermal front and the Southern Ocean color front, this study found
that the SOF in the southwestern Atlantic was caused by the Falkland Current invading the
South American shelf water. At the same time, the exact position and the seasonal variation
of the SOF were determined. The position of the SOF in the southwestern Atlantic was
mainly distributed along the 200 m isobaths. Moreover, along the isobath, they skirted the
Malvinas Islands from the east, and then gradually left the isobath to the west and reached
Cape Horn. In summer, the SOF was easily generated, and its intensity was the strongest,
while the distribution of the SOF was the least and its intensity was the weakest in winter.
Since the Kuroshio front in the ECS and the SOF in the southwestern Atlantic are caused by
the intrusion of strong ocean current into shelf water, the seasonal distribution of the two
fronts was compared in this study. According to the results, the seasonal distribution of the
Kuroshio thermal front in the ECS was completely opposite to the Southern Ocean thermal
front in the southwestern Atlantic, proving that the ocean current properties significantly
influenced the spatio-temporal variability of the fronts.
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