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Seventeen years of satellite observational data are used to describe the variability in sea
surface temperature (SST) fronts and associated features, e.g., frontal intensity and
probability, in the northwestern Pacific Ocean. Compared with the SST gradient and
frontal probability, the frontal intensity is less impacted by background noise in satellite
observations and precisely represents the variability in frontal patterns. The seasonal
variability in frontal intensity is prominent, and the corresponding seasonality varies
spatially. Fronts are more common during winter in the northern region around the
Oyashio Current but are most common during spring in the Kuroshio Current and to the
south of the Kuroshio Extension. The meridional migration of fronts is associated with
the seasonal movement of the North Pacific subtropical gyre. Though overall averaged
frontal intensity along the Kuroshio Extension is most prominent in the northwestern
Pacific Ocean, the associated variability in fronts is highly complex. The current study
reveals that seasonality itself cannot capture the whole picture of frontal features because
eddy-induced intraseasonal variability and basin-scale signal-induced interannual
variability can modulate frontal dynamics. In particular, the monthly frontal intensity in
regions where the seasonal cycle is not significant depends on the Pacific Decadal
Oscillation and North Pacific Gyre Oscillation. Furthermore, the oscillation of the Kuroshio
Extension and associated mesoscale eddies can impact its intraseasonal variability. The
comprehensive analysis of frontal intensity in the Kuroshio Extension is helpful for
delineating regional dynamics and has the potential to improve our understanding of
controls on marine primary production.
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INTRODUCTION

Oceanic fronts delineate the boundaries between different water
masses that are characterized by distinctive parameters, such as
temperature, salinity, and chlorophyll (Yoder et al., 1994). A
front is a narrow band where the water mass properties change
rapidly; thus, the horizontal gradient in water parameters is
largely applied for front identification (Castelao and Wang,
2014). In particular, with the development of remote sensing,
satellite measurements of ocean color have been used to identify
oceanic fronts (Wang et al., 2015). Due to the global coverage
and high spatiotemporal resolution of satellite observations for
sea surface temperature (SST), SST fronts are widely adopted to
investigate frontal features and underlying frontogenesis (Wang
et al., 2021a). Fronts are important for understanding regional
dynamics and the associated impact on productivity (Ribalet
et al., 2010). For instance, phytoplankton biomasses tend to be
elevated near fronts where positive vertical flux supplies more
nutrients (Clayton et al., 2014; Nagai and Clayton, 2017), leading
to a productive zone (Hashioka and Yamanaka, 2007) and
feeding grounds for fishes (Kitagawa et al., 2004). Under the
scenario of climate change, an improved understanding of fronts
is important to forecast and predict marine production and
fisheries in the future (Woodson and Litvin, 2015).

The first global survey for SST fronts was conducted by
Legeckis in 1978 using visual identification (Legeckis, 1978).
Automatic detection algorithms were developed to identify
fronts using the horizontal gradient in SST, and fronts were
defined as those with high gradient values (Canny, 1986;
Simpson, 1990). Recently, the gradient-based method has been
successfully applied in many regions, e.g., the Eastern Boundary
Currents (Wang et al., 2015) and South China Sea (Wang et al.,
2020). An alternative algorithm was developed based on the
histogram of SST, and the front is defined as the location where
the fewest pixels with intermediate SST values separate the
majority of pixels with higher and lower SSTs (Cayula and
Cornillon, 1996). The histogram method was used to identify
fronts in large global marine ecosystems (Belkin et al, 2009). A
comparison between the methods indicates that more false fronts
were identified with the gradient method and more fronts were
missing when using the histogram method (Ullman and
Cornillon, 2000). Both algorithms have been further improved,
for example, by further examining sea surface height to
incorporate mesoscale dynamics (Miller, 2009), and their
applications are important for understanding oceanic dynamics.

Previous studies have revealed that SST fronts are ubiquitous
in global oceans, although their frequencies and intensities vary
greatly (Kartushinsky and Sidorenko, 2013). The frequency of
fronts is usually defined as the frontal probability during a
predefined period (Wang et al., 2015), while the intensity of
fronts is usually obtained as the magnitude of the SST gradient
associated with an identified front (Sugimoto et al., 2014). The
frontal probability is useful to depict spatial distributions and
temporal variabilities in fronts (Lorenzzetti et al., 2009). Fronts
are more prevalent in coastal regions than in open oceans
(Belkin, 2021). The presence of fronts is mainly determined by
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ocean dynamics, and fronts in coastal regions are related to
orography-induced instability (Gan and Allen, 2002) and coastal
upwelling and mixing (Wang et al., 2020), among other
mechanisms. For instance, changes in coastlines or the
presence of islands can induce instability, and fronts are
persistently generated between coastal and offshore waters
(Wang et al., 2021a). In comparison, high frontal probability
only occurs in the open ocean when associated with strong
boundary currents (Ullman and Cornillon, 2000) and substantial
mesoscale eddies (Ji et al., 2018). For example, there is a high
frontal probability in the western boundary current systems, e.g.,
the Kuroshio Current, the Brazil Current and the Gulf Stream,
where the fronts delineate the boundary between the warm
current and surrounding water (Parfitt et al., 2016; Chen et al.,
2019). Additionally, oscillation of the boundary current induces
meanders and mesoscale eddies that can generate fronts (Yuan
and Castelao, 2017). Fronts are generally dominated by seasonal
variability due to the underlying frontogenesis (Belkin et al,
2009). In the Brazil Current, upwelling-favorable winds mainly
occur during local summer and drive offshore Ekman transport,
which brings subsurface water to the surface (Chen et al., 2019).
When this subsurface cold water crops out at the surface, an SST
front is generated between coastal water and offshore warm
water. In other seasons, when the wind changes direction, fronts
are much less pronounced (Wang et al., 2021a). Similar seasonal
fronts are also identified in some typical monsoon-dominated
systems, e.g., the western boundary of the South China Sea
(Wang et al., 2020), where the summer monsoon induces
coastal upwelling and fronts. The seasonal cycle, as the
dominating signal for most of time, is generally used to
delineate the major variance in frontal patterns (Ullman and
Cornillon, 2000).

The spatial-temporal variability in fronts is usually depicted
by two methods, e.g., seasonal averaging of the frontal
probability and empirical orthogonal function (EOF)
decomposition (Cayula and Cornillon, 1996; Wang et al.,
2020). The former method can show the evolution of fronts in
space and time (Wang et al., 2021b). For example, the seasonal
fronts, calculated with seasonal (monthly) climatology, in the
South China Sea are characterized by high frontal probabilities
off the coast of Vietnam in summer and off the coast of China in
winter (Wang et al., 2020). To further resolve the interannual
variability or trend in fronts, the EOF method decomposes
complex signals into multiple modes, and the first few modes
can describe the majority of the variance in frontal features
(Wang et al., 2015). Because of the noisy nature of fronts, the
explained variance in the EOF is usually small in comparison
with SST and other factors (Yu et al., 2019). The first two EOF
modes explained less than 20% of frontal variability in the
Eastern Boundary Current Systems (Wang et al., 2015) and
South China Sea (Wang et al., 2020), but they are still
important for assessing frontal features, as the explained local
variance can be larger than 50%. The EOF captures the region
with prominent frontal variation in space and the associated
temporal evolution, e.g., seasonal and interannual variability
(Chen et al., 2019). For example, the EOF can describe the
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seasonal variability in fronts in the South China Sea, where fronts
are distributed along the coast due to monsoon-induced
upwelling or coastal currents (Yu et al., 2020). After removing
the seasonal climatology, the remaining interannual variability
shows that the fronts are modulated by basin-scale signals, e.g.,
the El Niño-Southern Oscillation (ENSO) (Wang et al., 2021a).

The intensity of the front is another factor used to describe
frontal features. The Antarctic polar front varies little in position
as it is forced by orography, and the frontal probability is
persistently high over a year (Graham and De Boer, 2013).
However, the corresponding intensity of fronts changes greatly
between different seasons due to regional changes in SST and
wind (Freeman et al., 2016). Indeed, the intensity of the front is
determined by the underlying dynamics that drive the front
(Kostianoy et al., 2004), and its variations are important for
understanding frontogenesis. In regions where fronts are
associated with eddies and the meanders of currents, the
movement of eddies and currents induces large variance in the
front position; thus, the intensity of fronts is generally weak
(Wang et al., 2021b). In areas where fronts are generated by
wind-induced coastal upwelling, the intensity of the front is
related to the wind stress that increases with the magnitude of
wind (Wang et al., 2015). Furthermore, the intensity of the front
can modify the wind stress in return and subsequently determine
the wind-front interactions (Chen et al., 2019). Specifically, the
wind stress is reduced over the cooler side of the front, e.g., the
upwelling region; consequently, there will be less coastal
upwelling, and the front is hard to preserve (Yu et al., 2020).
Thus, in addition to the spatiotemporal variability in fronts, it is
also important to further explore frontal intensity to gain a
comprehensive understanding of the major features and
underlying mechanisms.

The northwestern Pacific Ocean is characterized by
prominent dynamical energy due to the Kuroshio Current and
Oyashio Current (Miyazawa et al., 2009). As the poleward-
flowing Kuroshio and equatorward-flowing Oyashio currents
converge, their confluence zone, namely, the Kuroshio-Oyashio
Interfrontal Zone (KOIZ), is highly dynamic and associated with
high instability and eddies (Yasuda, 2003). The two currents have
distinctive properties; in particular, the Kuroshio Current is
much warmer and saltier than the Oyashio Current
(Watanabe, 2009; Vivier et al., 2020). Correspondingly, there
are prominent frontal features, such as the previously reported
large SST gradients (Wang et al., 2021b). The KOIZ and the
associated frontal zone extends eastward from 140°E to 180°E
(Qu et al., 2001). In this study, the KOIZ and its extension zone
are referred as the Kuroshio Extension following Qiu and Chen
(2010). The Kuroshio Current and Oyashio Current transport
comparable nutrients to the KOIZ via their respective nutrient
streams (Guo et al., 2012; Long et al., 2019), fueling the biological
activities in the Kuroshio Extension (Clayton et al., 2021).
Interannual variability of dynamical status in the Kuroshio
Extension has mostly been studied during the past few decades
(Seo et al., 2014). The system can be distinguished as stable and
unstable dynamical modes, and it is more energetic during the
unstable mode (Qiu et al., 2014). These dynamic modes are
Frontiers in Marine Science | www.frontiersin.org 3
modulated by the Pacific Decadal Oscillation (PDO) and North
Pacific Gyre Oscillation (NPGO) (Qiu and Chen, 2010). In
particular, during the positive phase of the PDO, negative SST
anomalies in the eastern Pacific Ocean are transported westward
via baroclinic Rossby waves (Seo et al., 2014). The depressed
ocean surface interacts with the Shatsky Ridge and generates
instability, resulting in an unstable mode and leading to a larger
SST gradient (Wang et al., 2021b). The long-term trend in the
front shows a poleward shift of the front due to the expansion of
the trade winds, which causes more warm water to move
northward by Ekman transport under the impact of the
Atlantic Multidecadal Oscillation (AMO) (Wu et al., 2020).
Thus, the unstable mode of the Kuroshio Extension is
favorable for generating regional fronts (Wang et al., 2021b),
which gradually move northward in association with the
meridional movement of the trade winds (Wu et al., 2019).
Since the occurrence of the Kuroshio Large Meander in 2017, the
instability has been promptly elevated in the Kuroshio Extension
(Sugimoto et al., 2021) and can potentially impact the
regional fronts.

The variability in fronts in the Kuroshio Extension is
simultaneously impacted by multiple dynamic processes, e.g.,
the migration of the Kuroshio and Oyashio currents, mesoscale
eddies and interannual variability (Shan et al., 2020). However, a
comprehensive description of frontal intensity and its variability
is still lacking. In this study, 17 years of satellite data are applied
to identify the daily distribution of the SST fronts, and the
associated frontal intensity is applied to investigate their
spatiotemporal variability and underlying dynamics. The study
improves the understanding of fronts in strong western
boundary currents and has important implications for
assessing the impact of climate change on regional dynamics.
DATA AND METHODS

Satellite observations of SST spanning 17 years from September
2002 to August 2019 at daily intervals are used in this study to
identify fronts. SST was measured by the Moderate Resolution
Imaging Spectroradiometer (MODIS) onboard National
Aeronautics and Space Administration’s (NASA) satellite
Aqua. Level-3 data are applied in the current study, and their
spatial resolution is equal to 1/24°, which is approximately 4.5
km. The data within 5 km of the coast and clouds are discarded
to avoid cloud and land contamination. Additionally, the SST is
further replaced with a 3-day average at daily intervals to reduce
the impact of clouds. Because the water masses maintain their
location in space over short periods, e.g., a few days, the
averaging method reduces cloud coverage without being
impacted by frontal migration (Yu et al., 2020). Three-day
averaged SST are applied throughout the entire study. The SST
gradient, e.g., magnitude and direction, is further calculated from
the SST at daily intervals for each pixel following Wang et al.
(2015). In the direction crossing the front, only one pixel is used
to depict the front location, while the front can stretch for a few
to hundreds of pixels along the front. Though fronts are generally
April 2022 | Volume 9 | Article 836469
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narrow in width, e.g., much less than 5km, the identified fronts
are always defined as 5 km in width following the spatial
resolution of the satellite observations. The study region is
selected as 130°E to 174°E and 28°N to 45°N, focusing on the
Kuroshio Current to the south of Japan, Oyashio Current to the
northeast of Japan and the Kuroshio Extension.

The daily distribution of fronts is derived from the gradient of
SST using an improved edge-detection method (Wang et al.,
2020). Briefly, the algorithm seeks the local maximum of SST
gradient magnitude, and the pixels with a gradient magnitude
larger than threshold T1 are flagged as potential frontal pixels.
The same front is found by searching the surrounding three
pixels perpendicular to the direction of the SST gradient, and the
one with the largest gradient magnitude is identified as the
frontal pixel. The entire front is identified until the magnitude
of the gradient decreases to below a lower threshold, T2. The
employed thresholds, T1 and T2, are 2.8°C per 100 km and 1.4°C
per 100 km, respectively. The selection of thresholds depends on
the spatial resolution and smoothness of the dataset, and these
values were adopted from Wang et al. (2015) because the
comparable SST gradients. The applied method can effectively
capture the daily distribution of the SST front.

Because of the impact of cloud coverage, monthly averages
are calculated for satellite datasets. The Kuroshio Extension
region is not persistently impacted by clouds; thus, the
monthly average can effectively fill the gaps and obtain
continuous time series. As the average is obtained only over
the period when the data are free of clouds, the averaging method
effectively reduces the impact of cloud coverage without
introducing bias due to varying sampling size. The monthly
composite of frontal patterns, e.g., SST gradient, frontal
probability and frontal intensity, is applied in this study to
describe the major frontal features in the Kuroshio Extension.
Specifically, the frontal intensity is obtained as the magnitude of
the SST gradient over the location where the front is identified to
quantify the frontal feature. The monthly frontal intensity (MFI)
is applied by averaging the daily frontal intensity for each month
using the cloud-free period. The corresponding monthly frontal
probability is calculated as the number of times the pixel is
identified as a front divided by the number of times the pixel is
cloud free during the corresponding month (Wang et al., 2015).
The monthly climatology of MFI is calculated by averaging the
corresponding monthly values over 17 years, while the anomaly
is obtained by removing the monthly climatology (Wang
et al., 2020).

The frontal patterns are further analyzed to determine their
spatial and temporal variability and their dependence on basin-
scale interannual indices. The EOF method is applied to capture
the major variability using the monthly time series of frontal
intensity. Due to the noisy nature of the fronts, the original
dataset was first linearly interpolated into a coarse grid with a
spatial resolution equal to 1/8°. The overall average of MFI is
removed at each pixel before conducting EOF analysis. The
seasonal cycle and its significance are assessed using the time
series of MFI. The seasonal cycle is obtained with the least square
regression by fitting a sinusoidal function with a period of 12
Frontiers in Marine Science | www.frontiersin.org 4
months. The seasonal cycle is included in the seasonal variability,
which also delineates signals with other seasonal changes, such as
semi-seasonal cycle. The obtained seasonal cycle is further tested
to determine whether the regression is significant at the 95%
confidence level. The anomaly time series is used to calculate the
dependence between frontal intensity and interannual indices. In
particular, the anomaly time series is obtained by removing the
overall average for the corresponding month. The Pearson
correlation coefficient is calculated between the anomaly field
and different indices, e.g., NPGO, PDO, ENSO, among others.
RESULTS

Demonstration of Front Identification and
Associated Features
A demonstration is shown in Figure 1 for the procedure of front
identification. Because of cloud coverage, there are still remaining
gaps in satellite observations after the 3-day average that may
interfere with the demonstration of frontal identification. Thus,
the front is identified using the 11-day averaged data to reflect a
continuous pattern. The SST, SST gradient and identified SST
front in the Kuroshio Extension region are shown from September
4, 2002, to October 18, 2002, at 11-day intervals as an example.
The identified front (Figure 1 third column) is in good agreement
with the SST gradient (Figure 1 second column) and delineates
the boundary between water masses with different SSTs (Figure 1
first column).

The monthly frontal features, including the averaged SST
gradient magnitude (Figure 2A), frontal probability (Figure 2B)
and frontal intensity (Figure 2C), in August 2008 are shown. The
MFI shows high frontal intensity to the east of Japan in the zonal
band at approximately 39°N (Figure 2C). The corresponding
monthly frontal probability (Figure 2B) also shows high values
in the same region. In comparison to a direct average of the
gradient magnitude, the MFI is less noisy and is able to delineate
high values in the SST gradient magnitude (Figure 2A). Because
the frontal intensity is defined as zero if no fronts are identified
during a certain month, the regions without fronts have a value
close to zero (Figure 2C). In contrast, there is a persistent SST
gradient value regardless of whether fronts are present
(Figure 2A). Thus, the frontal intensity can effectively
eliminate the influence of the background SST gradient by
highlighting the front-associated features.

Average Frontal Features in the
Kuroshio Extension
The frontal features in the Kuroshio Extension region are
associated with prominent spatial and temporal variability. The
spatial patterns of the overall SST gradient (Figure 3A), frontal
probability (Figure 3B) and frontal intensity (Figure 3C) are
highly similar. They are characterized by high values near the
coast of Japan, particularly at approximately 40°N, and extend
eastward, although the value generally decreases with offshore
distance. As one of the strongest western boundary currents, the
highest frontal probability and frontal intensity in the Kuroshio
April 2022 | Volume 9 | Article 836469
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Extension are more than 9% and 0.03°C/km, respectively. These
values are higher than those of eastern boundary currents (Wang
et al., 2015) and some coastal upwelling regions (Wang et al.,
2020), which are usually identified as the regions with prominent
fronts (Belkin et al, 2009).

There are also differences among the SST gradients, frontal
probabilities and frontal intensities that were revealed in their
overall distribution. For example, a large SST gradient, e.g.,
0.04°C/km, exists in the entire Kuroshio Extension, while a
high frontal probability, e.g., 8%, occupies an even larger area.
In contrast, a high frontal intensity, e.g., 0.03°C/km, is
concentrated in a small area characterized by a large SST
gradient and high frontal probability. A large band of frontal
intensity clearly delineates the KOIZ, where a high-value band
can be found extending from the eastern coast of Japan, i.e., 35°N
and 140°E, toward the northeast (Figure 3C). Thus, the frontal
intensity can be used as a precise proxy that is little impacted by
Frontiers in Marine Science | www.frontiersin.org 5
background SST gradients and fronts to describe frontal features
and is further applied in the following analysis.

Seasonal Variability in Frontal Intensity
The seasonal averages of frontal intensity (where winter, spring,
summer and fall are defined as December to February, March to
May, June to August and September to November, respectively)
show prominent differences (Figure 4). In winter, the region
with a high frontal intensity is centralized in a small coastal area
located directly to the east of Japan at approximately 35°N
(Figure 4A). The corresponding value of frontal intensity is
greater than 0.05°C/km, which is the highest of the year across
the entire study region. In contrast, the fronts in the open ocean
are much less pronounced, and the intensity values are generally
close to zero. The frontal intensity in the Kuroshio Extension
region is greatly enhanced in spring; in particular, frontal
intensities greater than 0.03°C/km occupy the entire coastal area
FIGURE 1 | Example of sea surface temperature (SST) front detection using 11-day averaged (A, D, G, J, M) SST (°C), (B, E, H, K, N) SST gradient magnitude (°
C/km), and (C, F, I, L, O) identified SST front. The middle time of average is (A–C) September 4, (D–F) September 15, (G–I) September 26, (J–L) October 7, and
(M–O) October 18, 2002.
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between 35°N and 41°N and extend approximately 400 km
offshore (Figure 4B). The weakest frontal intensity occurs in
summer, when the frontal intensity value is universally less than
0.02°C/km (Figure 4C), although weak fronts are distributed
throughout the entire region. The frontal intensity greatly
increases in the northern section, e.g., to the north of 35°N,
during fall, and the corresponding value is approximately
0.03°C/km near the coastal region (Figure 4D). Simultaneously,
the fronts are reduced in the southern region. There is also
prominent seasonal variability in frontal intensity in the area to
the west of Japan in the East Sea/Sea of Japan (Park et al., 2007);
however, the underlying frontogenesis is related to eddies and the
marginal sea circulation system, which is very different from the
Kuroshio Extension, and the region is excluded from the
current study.
Frontiers in Marine Science | www.frontiersin.org 6
The variability in MFI in the Kuroshio Extension is further
investigated via EOFs. The first three modes explain
approximately 15% of the total variance in the frontal intensity,
e.g., 7.0%, 5.1% and 3.2% for EOF1, EOF2 and EOF3, respectively.
The value is lower than many former studies that focused on
frontal probability, where the first one or two modes usually
explain 15% of the total variance (Wang et al., 2015). This finding
is due to the complex dynamics in the Kuroshio Extension region,
and the MFI has larger variation than frontal probability; thus,
multiple modes are required to describe the variability in the MFI.
The first EOF shows high intensity in the entire southern section
of the study region, especially along the Kuroshio Current and
Kuroshio Extension to the east of Japan (Figure 5A). The
corresponding monthly average of the temporal EOF of MFI is
dominated by a prominent seasonal variability, peaking in spring,
FIGURE 2 | An example of monthly averaged (A) SST gradient (°C/km), (B) frontal probability and (C) frontal intensity (°C/km) in August 2008 for the Kuroshio
Extension region. The blank area over the ocean indicates that the region is persistently obstructed by clouds during the month. The Kuroshio Current, Oyashio
Current, Kuroshio-Oyashio Interfrontal Zone (KOIZ) and Kuroshio Extension are schematically shown in panel (A).
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e.g., March to May, and troughing in winter, e.g., December to
February (Figure 5B). The enhancement in the MFI is highly
consistent with the high seasonal average in spring (Figure 4B).
The monthly average time series (Figures 5B, D, F) starts in
December for easier comparison with Figure 4. Monthly average
is near zero for the period from June to October, indicating the
frontal intensity during this period is persistently close to the
corresponding overall average. The second EOF mostly focuses on
the northern section around the Oyashio Current (Figure 5C).
The associated seasonal variability shows high frontal intensity in
fall, e.g., September to November, and low intensity in summer,
e.g., May to July (Figure 5D). The third mode of EOF delineates
the frontal variability off the entire coast of Japan (Figure 5E). The
corresponding time series shows elevated frontal intensity in
Frontiers in Marine Science | www.frontiersin.org 7
winter and early spring, e.g., December to April, whereas
depressed values occur in summer and early fall, e.g., June to
October (Figure 5F). During winter, the temperature in the
Kuroshio Current is much higher than that in the surroundings,
thus generating stronger fronts (Seo et al., 2014). In contrast,
almost the whole region features high temperatures during
summer, and the horizontal gradient in SST is small, showing
fewer fronts.

The seasonality of frontal intensity varies among different
regions, e.g., a fall peak in the northern section but a spring peak
in the southern section (Figure 4), indicating that the underlying
dynamics for frontogenesis are different or the seasonality varies.
In Figure 6A, the regions with large variability in MFI, e.g., the
coastal regions near Japan, Kuroshio Extension and branch of the
FIGURE 3 | Seventeen-year averaged (A) SST gradient (°C/km), (B) frontal probability and (C) frontal intensity (°C/km) from September 2002 to August 2019.
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Oyashio Current, are generally found in regions with high
averages of frontal intensity (Figure 3C). A detailed
comparison shows that there is actually large variability along
the Kuroshio Current located south of Japan (31°N, 138°E). The
area is highly consistent with the path of the Kuroshio Current
(Qiu and Chen, 2010). The large variability indicates that
multiple dynamics drive the variability in the front, which was
formerly revealed by the EOFs in the Kuroshio Extension.
However, the small amount of explained variance and large
standard deviation in each month (Figures 5B, D, F) indicate
that the temporal evolution also includes complex variability,
such as noise in the MFI and interannual and intraseasonal
variability. Thus, the MFI variance and the importance of the
seasonal cycle at each location should be assessed first. The
seasonal cycle is found to be important for the southern and
northern regions, and their phases show maxima over the year in
spring and fall, respectively, while the phase of annual maximum
mainly occurs between May and July in the coastal region.
Indeed, the identified seasonal cycles are consistent with the
spatiotemporal features captured by EOFs (Figure 5). In
comparison, the seasonal cycle in the majority of the region,
especially around the Kuroshio Extension, e.g., between 32°N
and 42°N, is not significant. This region is roughly the same
region where a high magnitude of EOF1 was identified
(Figure 5A), although the time series is mostly dominated by
seasonal variation (Figure 5B). Thus, this finding can help to
explain the low variance explained by the EOFs, as there are also
signals characterized by other frequencies, e.g., interannual and
intraseasonal variabilities.

The percentage of variance explained by the seasonal cycle
shows a significant dominance of the variability in MFI in the
Frontiers in Marine Science | www.frontiersin.org 8
northern region (Figure 6B), and the corresponding phase of
maximum in MFI happens in fall (Figure 6C). The southern
region is also characterized by significant seasonal cycle, though
the explained variance is only around 30%. The phase of
maximum happens in winter in the eastern region and gradually
change to later time of a year towards the west. Seasonal cycle
contributes less than 20% of variance for majority of the Kuroshio
Extension where the regression is not significant. Note the low
value of explained seasonal cycle doesn’t imply the seasonal
variability is not important, but the seasonal changes are not
fitting well with the sinusoidal function. For example, the EOF1
captures the MFI is remaining a similar value around zeros for
almost half year (Figure 5B), which cannot be reproduced with
seasonal cycle. To further illustrate the significance of the seasonal
cycle in MFI variation, two locations denoted in Figure 6C are
selected as examples, and the corresponding seasonal cycles are
obtained by fitting a sinusoidal function (Figure 7). In the
northern region (denoted by the blue dot), the correlation
between the seasonal cycle regression and the original time
series is only 0.35 (Figure 7A), and the seasonal cycle is not
significant at the 95% confidence level. The monthly average MFI
actually captures two peaks, i.e., in April and October (Figure 7B).
Simultaneously, there is large variance for each month, which is
revealed by the high standard deviation. In comparison, the
seasonal cycle is prominent in the southern region (denoted by
the red dot), and its correlation with the original time series
reaches 0.79 (Figure 7C), which is significant at the 95%
confidence level. Additionally, the seasonal variability is clearly
revealed by monthly averages, although the variation in each
month is still high (Figure 7D) due to interannual variability;
for example, lower magnitudes of theMFI are identified from 2010
FIGURE 4 | Seasonal averaged frontal intensity (°C/km) for (A) winter (December to February), (B) spring (March to May), (C) summer (June to August) and (D) fall
(September to November).
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to 2011, and higher magnitudes are identified in 2013 and from
2017 to 2019.

Interannual Variability in Frontal Intensity
To investigate the migration and interannual variability in
frontal intensity, the zonally averaged MFI is calculated
between 166°E and 171°E (Figure 8A). The Hovmöller
diagram shows that the fronts are first generated in the
southern region and gradually develop in the northern region.
This feature is better revealed in the field of monthly
climatological averages (Figure 8B), in which fronts are
generated in the southern region, e.g., 29°N, during spring and
rapidly extend northward to 35°N until summer. The frontal
intensity between 35°N and 41°N is simultaneously elevated in
summer, while the frontal intensity in the northern section, e.g.,
at approximately 42°N, is generally high. The frontal intensity
monotonically decreases from south, e.g., 0.015°C/km, to north,
e.g., 0.008°C/km. Although the meridional migration of fronts is
Frontiers in Marine Science | www.frontiersin.org 9
prominent, the value is much lower than that in coastal regions
(Figure 3C). There is also clear interannual variability in the
anomaly field, which is quantified by spatially averaging the MFI
after removing the monthly climatological average (Figure 8C).
The frontal intensity is low between mid-2006 and mid-2009 and
between mid-2012 and 2015, while high values are found since. It
is interesting to note that the negative anomalies are generally
associated with the period when the Kuroshio Extension is
characterized by an unstable mode (Qiu et al., 2014). This
feature is quite different in the upstream of Kuroshio
Extension where the variability in MFI is much larger during
unstable mode (Figure 7C) associated with higher frontal
probability (Wang et al., 2021b), but the underlying dynamic
requires future investigation. The elevated frontal intensity after
2016 can be related to the occurrence of the Kuroshio Large
Meander (Sugimoto et al., 2021), associated with the Kuroshio
Extension switches to the unstable mode (Qiu et al., 2020), which
introduces high instability (Nagano et al., 2019). Thus, fronts are
FIGURE 5 | (A, C, E) Spatial magnitude and (B, D, F) temporal amplitude of monthly averaged frontal intensity (°C/km) using the empirical orthogonal function
(EOF). The vertical bars in (B, D, F) indicate the standard deviation for corresponding months. The (A, B) first mode, (C, D) second mode and (E, F) third mode of
EOFs. The monthly averaged time series in (B, D, F) is set to start in December for easier comparison with Figure 4.
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characterized by complex dynamics, including seasonal
and interannual variabilities. Similar enhancements in MFI
after 2016 are also identified upstream of the Kuroshio
Extension (Figure 7).

The interannual variability in front is largely impacted by
basin-scale signals, e.g., PDO and NPGO, especially in regions
where the seasonal cycle is not significant (Figures 7A, B). Three
regions with nonsignificant seasonal cycles are selected to
investigate their interannual variability in frontal intensity
(Figure 6C). The MFI in the northern region has a correlation
of 0.59 with the NPGO, which leads the interannual variability in
the MFI by 13 months. The positive phase of the NPGO
Frontiers in Marine Science | www.frontiersin.org 10
enhances the frontal intensity along the Kuroshio Extension
after roughly one year, and the negative NPGO depresses the
frontal intensity (Figure 9A). The timing between the NPGO
and MFI represents the time required for the signal to propagate
from the eastern Pacific to the Kuroshio Extension (Lin et al.,
2014). The MFIs in the southern and eastern regions are
negatively correlated with the PDO, and the corresponding
correlation coefficients are -0.55 (Figure 9B) and -0.65
(Figure 9C), respectively. All the acquired correlations are
significant at the 95% confidence level. Notably, there is a
difference in the time when the highest coefficients occur. The
largest coefficient between frontal intensity and PDO occurs
FIGURE 6 | (A) Standard deviation of the monthly time series of MFI (°C/km). (B) Percentage of the variance explained by seasonal cycle. (C) Phase of the annual
seasonal cycle of MFI; only the region with significant regression is shown. In panel (C), two locations denoted by blue and red circles are investigated in Figure 7,
as the blue (red) location is dominated by a significant (nonsignificant) seasonal cycle. Three designated regions with nonsignificant seasonal cycles, i.e., north, south
and east, are further applied to investigate interannual variability in Figure 9.
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simultaneously in the south, but frontal intensity leads the PDO
by 6 months in the east. The timing indicates a westward
propagation of frontal intensities that initiates in the east
around the Kuroshio Extension and propagates west toward
the Kuroshio Current. A similar westward propagation signal
was identified in previous studies that found that the interannual
variability in the SST gradient is modulated by the PDO signal,
and its different phases induce changes in the stability of the
Kuroshio Extension (Wang et al., 2021b). Other interannual
signals are also investigated, such as ENSO and AMO, but no
significant dependence is found between these signals and the
frontal intensity.
DISCUSSION

Seventeen years of satellite observations of SST are applied to
detect oceanic fronts and the associated features, i.e., frontal
intensity, in the region of the Kuroshio Extension. During the
front detection procedure, the SST gradient is first calculated,
and the front is identified based on the direction and value of
the SST gradient (Wang et al., 2020). The applied method can
successfully capture the location of fronts (Figure 1), which are
mainly distributed along the Kuroshio Extension and the
region to the north. Due to the contrasting features of the
Frontiers in Marine Science | www.frontiersin.org 11
Kuroshio Current and Oyashio Current, their confluence is
characterized by strong dynamics (Miyazawa et al., 2009).
Indeed, prominent frontal intensities are identified in the
region of the KOIZ (Vivier et al., 2020). The large frontal
intensities in the northern region (Figure 3) are related to the
strong mesoscale eddies (Ji et al., 2018) and oscillation in the
path of the Oyashio Current (Wu et al., 2019). In particular,
the two identified bands, e.g., 40°N, 150°E and 40°N, 168°E,
distributed toward the northeast are in good agreement with
the persistent anticyclonic eddy and the flow of the subarctic
current, which flows toward the northeast between 40°N and
43°N (Ohshima et al., 2005).

In comparison, frontal intensities are much less prominent in
the southern section, with sparse and weaker fronts occurring
during spring and summer (Figure 4). The region is a part of the
North Pacific subtropical gyre (McClain et al., 2004), where the
surface water is uniformly high in temperature (Kobashi and
Kubokawa, 2012). Frontal intensities are elevated in the region
located further south at the subtropical front between 20°N and
25°N (Yuan and Talley, 1996), but this feature is not included in
the current study. During spring and summer, the North Pacific
subtropical gyre shifts northward in association with the
presence of fronts in the southern section of the study region.
The meridional migration of fronts is also observed in
Figures 8A, B, spanning from spring to summer.
FIGURE 7 | (A) Monthly time series of MFI in the blue region shown in Figure 6C. The green line shows the obtained seasonal cycle of the time series. The
correlation coefficient between the monthly time series and seasonal cycles is shown in the figure. (B) Climatological monthly average and associated standard
deviation. Panels (C, D) are similar to panels (A, B), respectively, but for the red region shown in Figure 6C.
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Previous studies have focused on frontal distribution and
probability (Yuan and Talley, 1996); however, some fronts are
distributed persistently at certain positions, and the location
provides limited information for describing the frontal features
(Freeman et al., 2016). A similar phenomenon is identified when
the confluence of the Kuroshio Current and Oyashio Current
introduces a persistent front in the Kuroshio Extension region.
Thus, frontal intensity offers new insight for understanding
frontal features and for investigating underlying frontogenesis.
For example, the background SST gradient exists universally in
the ocean and can be interpreted as many weak fronts
(Figure 2A). In comparison, the frontal intensity is defined
only when the location is identified as a front; thus, the
background SST gradient is greatly reduced, and the frontal
features are more prominent (Figure 2C).

The first three EOF modes all reveal prominent seasonal
variability in the MFI (Figure 5). The region with the highest
frontal intensity shifts meridionally during different seasons
(Figure 4) due to the trade wind’s expansion and migration of
the confluence zone (Wu et al., 2020). Although most former
studies describe frontal variability using seasonal cycles (Chen
et al., 2019), the current study shows that there are also other
forms of variance, such as intraseasonal (Figure 7) and
interannual variabilities (Figure 8). The seasonal cycle is not a
Frontiers in Marine Science | www.frontiersin.org 12
significant pattern for the MFI in the Kuroshio Extension
(Figure 6C). A detailed investigation found that the variability
is much more complex and that the seasonal cycle does not
explain the total variability. Because of the influence of
interannual signals on modulating frontal variability (Wang
et al., 2020), the MFI in the region with a nonsignificant
seasonal cycle (Figure 6C) is characterized by complex
variability (Figure 7A).

Due to the complex dynamics in the Kuroshio Extension region,
it is difficult to delineate the frontal intensity with simplified signals.
Moreover, fronts are actually three-dimensional features (Wu et al.,
2019), and the subsurface information is also important to describe
the comprehensive features of fronts. With the development of
automatic oceanic observation platforms, e.g., unmanned surface
vehicles, Argo floats, and gliders (Chai et al., 2020), the vertical
section on both sides of the front can be measured to better
describe the differences in oceanic features across the front and
associated dynamics (Shao et al., 2019).

The convergence associated with fronts aggregates and
elevates nutrient levels, which can subsequently induce
ecosystem responses (Woodson and Litvin, 2015). Clear
dependence was previously identified between fronts and
marine phytoplankton in response to both seasonal and
interannual variabilities (Kouketsu et al., 2016). The Kuroshio
FIGURE 8 | (A) Hovmöller diagram of MFI in the meridional direction for the region between 166°E and 171°E; (B) corresponding monthly climatology but
repeated twice; (C) the time series of anomaly in MFI, which is obtained with the difference between the time series and corresponding climatology by averaging
over the region.
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Extension has been an important fishing ground due to its high
productivity (Watanabe, 2009). Thus, an improved knowledge of
oceanic fronts is helpful to understand the variability in marine
primary production and the carbon cycle.
CONCLUSION

Satellite-derived frontal features are investigated in the Kuroshio
Extension region. Seasonal cycles are generally a critical
component for all geophysical features, i.e., SST, SST gradients
and fronts; thus, they are widely applied to describe signals.
However, our study indicates that it is important to evaluate
whether the seasonal cycle is significant beforehand (Figure 6),
as the variability in signals can be much more complex
(Figure 7). A simplified seasonal cycle can be misleading when
Frontiers in Marine Science | www.frontiersin.org 13
the signal is influenced at different scales, i.e., intraseasonal and
interannual variability. The MFI is a good parameter to delineate
the spatial and temporal variability in fronts that can reduce the
background noise in the SST gradient field.

A major focus is to describe the seasonal and interannual
variability in frontal intensity in the Kuroshio Extension and
investigate the underlying dynamics that drive the corresponding
variability. The seasonal variability in the MFI is mostly
impacted by the confluence of the Kuroshio and Oyashio
currents (Kida et al., 2015) and associated mesoscale dynamics,
such as eddies (Itoh and Yasuda, 2010; Chelton et al., 2011). The
interannual variability is impacted by basin-scale signals, such as
the PDO and NPGO (Wang et al., 2021b). Due to the importance
of the Kuroshio Extension in driving the carbon cycle and
fisheries (Kitagawa et al., 2004; Yatsu et al., 2013; Sutton et al.,
2017), an improved understanding of frontal intensity is crucial
FIGURE 9 | Scatterplot between (A) MFI in the northern region and NPGO index where the NPGO is leading by 13 months; (B) MFI in the southern region and PDO
index without lagging; (C) MFI in the eastern region and PDO index where the MFI is leading by 6 months. The applied lag is selected to obtain the largest correlation
between two time series. All the correlations are significant at the 95% confidence level. The regions are denoted in Figure 6C.
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for predicting the changes in ocean dynamics and ecosystems
under the scenario of future climate change.
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