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ABSTRACT
High-resolution satellite observations and numerical simulations have revealed that climatological-mean surface wind convergence and precipitation are enhanced locally around the midlatitude warm western boundary currents (WBCs) with divergence slightly to their poleward side. While steep sea surface temperature (SST) fronts along the WBCs have been believed
to play an important role in shaping those frontal-scale atmospheric structures, the mechanisms and processes involved are still
under debate. The present study explores specific daily scale atmospheric processes that are essential for shaping the frontalscale atmospheric structure around the Kuroshio Extension (KE) in winter, taking advantage of a new product of global
atmospheric reanalysis. Cluster analysis and case studies reveal that a zonally extending narrow band of surface wind convergence frequently emerges along the KE, which is typically observed under the surface northerlies after the passage of a
developed synoptic-scale cyclone. Unlike its counterpart around the cyclone center and associated cold front, the surface
convergence tends to be in moderate strength and more persistent, contributing dominantly to the distinct time-mean convergence/divergence contrast across the SST front. Accompanying ascent and convective precipitation, the band of convergence
is a manifestation of a weak stationary atmospheric front anchored along the SST front or generation of a weak meso-a-scale
cyclone. By reinforcing the ascent and convergence, latent heating through convective processes induced by surface convergence plays an important role in shaping the frontal-scale atmospheric structure around the KE.

1. Introduction
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The midlatitude western boundary currents, which
flow poleward along the western flank of each of the
ocean basins, transport an enormous amount of heat
from the tropics, releasing it into the midlatitude atmosphere in the form of turbulent sensible heat flux
(SHF) and latent heat flux (LHF) while maintaining
relatively warm sea surface temperature (SST) along
their axes. The midlatitude oceanic frontal zones, which
are characterized by steep gradients in SST along the
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poleward flanks of the major midlatitude western
boundary currents and their extensions (for brevity,
herein referred to as WBCs), play an important role in
shaping the mean state of the midlatitude atmospheric
circulation (Kwon et al. 2010; Nakamura et al. 2004),
including the anchoring of storm tracks and maintenance of their activity (e.g., Hoskins and Valdes 1990;
Nakamura et al. 2004, 2008). Investigation of their detailed roles was, however, hindered by narrow meridional widths of the WBCs (typically, 100–200 km) and
intensive weather noise in the midlatitudes (e.g., Xie
2004).
Recent implementation of high-resolution satellite
measurements and numerical modeling has substantially advanced our understanding of the influence of
SST and its variability around the WBCs on frontal-scale
atmospheric features in addition to the basin-scale atmospheric features. Today, it has been well established
that distinct surface wind convergence forms along
the axes of the WBCs and strong divergence slightly
poleward where SST gradients are maximized (e.g.,
O’Neill et al. 2003, 2005, 2010, 2012; Chelton and Xie
2010; Minobe et al. 2008; Masunaga et al. 2015). The
enhanced convergence accompanies enhanced precipitation and ascent, which can reach the tropopause level
in summer (Tokinaga et al. 2009; Minobe et al. 2010).
These frontal-scale atmospheric features have been modulated in association with the interannual-to-decadal variability of the WBCs (Wang and Liu 2015; Masunaga
et al. 2016).
The narrow bands of surface wind convergence and
divergence have been interpreted as a manifestation of
local responses of the marine atmospheric boundary
layer (MABL) to steep SST gradients, as reviewed by
Small et al. (2008). Vigorous surface turbulent heat
fluxes around the warm WBCs heat the overlying
MABL locally, affecting sea level pressure (SLP) and
thereby yield frictional surface wind convergence/
divergence (i.e., ‘‘hydrostatic effect’’; Lindzen and
Nigam 1987). Indeed, a local SLP trough along the
Kuroshio Extension (KE) is identified in the wintertime
climatology (Tanimoto et al. 2011). Takatama et al.
(2012, 2015) argued through simple diagnostics that the
hydrostatic effect plays a primary role in shaping the
climatological-mean surface wind convergence extending along the KE and Gulf Stream. Meanwhile, modifications in static stability within the MABL through
surface heat fluxes lead to modulations in downward transport of large wind momentum via turbulent
mixing and thereby in surface convergence/divergence
around the SST fronts (Wallace et al. 1989; Hayes et al.
1989). Through this ‘‘vertical mixing effect,’’ time-mean
surface wind divergence is expected right over the SST
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fronts under the background winds blowing from their
colder to warmer sides.
There has been a long debate as to the relative importance between those two processes in forming the
time-mean surface convergence/divergence. An idealized MABL model (Schneider and Qiu 2015) and
numerical experiments with simple two-dimensional
configurations (Song et al. 2006; Spall 2007; Kilpatrick
et al. 2014, 2016) suggest that the relative importance
between those two processes tends to be sensitive to
background wind speed in the cross-SST front direction.
Specifically, the vertical mixing effect is more effective
when background winds are strongly across SST fronts,
whereas the hydrostatic effect is more effective when
background wind blows along SST fronts.
Recent studies, however, suggest important contributions from synoptic-scale atmospheric disturbances
that accompany strong surface wind convergence/
divergence to the time-mean structures (e.g., Parfitt and
Seo 2018). Steep SST fronts associated with the WBCs
act to sustain recurrent development of synoptic-scale
disturbances by maintaining near-surface atmospheric
baroclinicity efficiently through SHF (e.g., Nakamura
et al. 2004, 2008; Sampe et al. 2010; Hotta and Nakamura
2011; Ogawa et al. 2012). It has been pointed out that
SST anomalies near the WBCs can modify individual
synoptic-scale disturbances. Ascent on the warm sector of individual cyclones tends to strengthen above
the Gulf Stream axis, where the warm SST locally
destabilizes the lower troposphere (Sheldon et al.
2017). Detection frequency of atmospheric fronts
tends to increase in the vicinity of the Gulf Stream,
since the SHF contrast across the associated SST front
can act to strengthen atmospheric fronts (Parfitt et al.
2016, 2017b). Furthermore, O’Neill et al. (2017) argued that these infrequent atmospheric disturbances
that accompany extreme wind convergence leave significant imprints on the time-mean fields, and therefore examining the time-mean structure alone may
be insufficient to provide conclusive evidence that
local MABL processes discussed above are indeed
operative.
It is thus still an open question as to the relative
contributions from these potentially operative processes
in shaping the SST–frontal-scale atmospheric patterns in their time-mean distribution. In the present
study, we explore the specific formation processes
and mechanisms for the surface wind convergence/
divergence and associated ascent and precipitation over
the KE region, by examining daily scale atmospheric
evolution.
The rest of the present study is organized as follows.
The datasets used in the present study are introduced in
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section 2. In sections 3 and 4, we explore the typical
strength of surface convergence/divergence that plays a
major role in shaping the time-mean pattern. In sections
5 and 6, we describe typical daily scale atmospheric
events that contribute to the time-mean atmospheric
structure, where we point out the importance of stationary atmospheric fronts anchored along the KE. In
section 7 we discuss their specific mechanism, where we
emphasize an important role of convective processes. A
summary and discussion are given in section 8.

2. Data
a. JRA-55CHS
In the present study, we mainly use a new additional
product of the Japanese 55-yr Reanalysis (JRA-55)
project of the Japan Meteorological Agency (JMA)
called JRA-55CHS (Masunaga et al. 2018). The atmospheric forecast model of JRA-55CHS is the same as the
one used for the main product of JRA-55 (Kobayashi
et al. 2015; Harada et al. 2016) and JRA-55 Conventional (Kobayashi et al. 2014). The horizontal resolution
is TL319 (equivalent to ;55-km resolution) with 60
sigma-pressure hybrid vertical levels.
For the lower-boundary condition, JRA-55CHS uses
the Merged Satellite and In Situ Global Daily Sea Surface Temperature (MGDSST) data produced by JMA,
which is available with 0.258 resolution over the globe
from January 1982. Unlike the Centennial ObservationBased Estimates of SST (COBE-SST; Ishii et al. 2005)
data with 18 resolution used for the main product of
JRA-55, the MGDSST data can resolve steep SST gradients along the major WBCs. JRA-55CHS can thus
represent thermal impacts of the WBCs on the overlying
atmosphere (Masunaga et al. 2018). It should be noted
that no satellite observations for the atmosphere are
assimilated for JRA-55CHS to ensure homogeneity of
data quality over the whole data period. Although JRA55CHS is available for the period from January 1982 to
December 2012, MGDSST product may not be reliable
for the first three years due to insufficient satelliteborne
observations for SST. Our analysis period therefore
starts in January 1985 and the 28-yr climatologies are
defined.
For our analysis we use 6-hourly outputs of zonal and
meridional 10-m surface wind components, SLP, SHF,
and LHF in the JRA-55CHS data. Although 10-m surface wind can be sensitive to MABL parameterization
schemes, we have confirmed that horizontal wind at the
lowest model level provides similar results. We also use
total and convective precipitation, which are averaged
over 6 h centered at a given time scaled as millimeters

per day (mm day21). As described in Masunaga et al.
(2018), precipitation of the JRA-55 family seems rather
oversensitive to underlying SST anomalies. Nevertheless, the frontal-scale distribution in climatology is
consistent with satellite observations. We also use a
three-dimensional distribution of air temperature, specific humidity, pressure vertical velocity, and diabatic
heating rate from convective processes, which are
available 6-hourly on a pressure coordinate.

b. ERA5
Recognizing that reanalysis products, especially precipitation, can be sensitive to forecast models and data assimilation systems, we utilize ERA5 (Hersbach et al. 2018;
Copernicus Climate Change Service 2017) for validation.
The horizontal resolution is TL639 (equivalent to ;31-km
resolution) with 137 sigma-pressure hybrid vertical levels.
ERA5 is currently available from January 1979 on a
0.258 3 0.258 grid system. The resolution of prescribed SST
is 0.258 3 0.258 until August 2007 and 0.058 3 0.058 afterward (Hersbach et al. 2018). We have briefly verified
that the horizontal structures in monthly mean SST and
surface wind convergence fields are overall consistent between ERA5 and JRA-55CHS during our analysis period,
while ERA5 tends to exhibit stronger SST gradients and
wind convergence probably due to its higher horizontal
resolution.

c. Satellite observations
For validation of sea surface wind structures in the
reanalysis products, we utilize the National Aeronautics
and Space Administration’s (NASA) Quick Scatterometer (QuikSCAT) measurements produced by Remote Sensing Systems (Ricciardulli and Wentz 2011) for
the period September 1999–October 2009 on a 0.258 3
0.258 grid system. We applied 9-point average smoothing, with weight of unity for a given grid point, 0.5 for
the four nearest points, and 0.25 for the other four
points, to the zonal and meridional wind components
before computing convergence.

3. Climatological-mean distributions and
‘‘extreme-value filter’’
Climatological-mean surface wind convergence and
surface heat fluxes over the Kuroshio–Oyashio Extension (KOE) region east of Japan are the strongest in cold
seasons based on in situ and satellite observation
(Tokinaga et al. 2009; Tanimoto et al. 2011). To investigate typical wintertime features, we focus on the
midwinter month (January) in the following analysis.
Nevertheless, we have confirmed that statistical features
in sections 3 and 4 are consistent among the three winter
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FIG. 1. (a) January climatologies of surface wind convergence
(shaded; 1025 s21) and SST gradient [contoured for every 0.88C
(100 km)21 from 1.58C (100 km)21] over the Kuroshio–Oyashio
Extension region for the period 1985–2012 based on the JRA55CHS. (b) As in (a), but the corresponding standard deviation
estimated on a 6-hourly basis (shaded; 1025 s21) and climatologicalmean distribution of surface wind convergence (contoured for every
0.2 3 1025 s21 from 60.1 3 1025 s21). (c) As in (b), but for skewness
(shaded) instead of standard deviation. Small and large boxes in
(a) indicate domains for which histograms and reference percentiles
in Fig. 4 are estimated. Green lines indicate the axis of the KE Front
at which climatological-mean horizontal SST gradients are locally
maximized.

months (December, January, February). Also, ERA5
exhibits qualitatively consistent results.
Figure 1a shows January climatologies of surface wind
convergence and SST gradients around the KE. In the
climatologies, local maxima of surface wind convergence are organized along the KE and divergence
slightly to its poleward side, which is consistent with
satellite observations (Fig. A1). Furthermore, JRA55CHS well represents narrow bands of enhanced precipitation along the KE and associated ascent (Fig. 2), as
described in previous studies (e.g., Minobe et al. 2010;
Tokinaga et al. 2009; Masunaga et al. 2015). The
northward tilt of ascent in the KOE region, as observed

VOLUME 33

FIG. 2. As in Fig. 1, but for January climatologies of (a) total
precipitation (mm day21; shaded), (b) vertical velocity as sign-reversed pressure velocity at 925 hPa, and (c) 600 hPa (1022 Pa s21;
shaded) for the period 1985–2012 based on JRA-55CHS for the
KOE region. Contours in (a)–(c) indicate the corresponding January climatology of surface wind convergence (every 0.2 3
1025 s21 from 60.1 3 1025 s21).

between the 925 and 600 hPa levels (Figs. 2b,c), is consistent with other atmospheric reanalysis products, including the ERA5 (not shown) and JRA-25 (Minobe
et al. 2010).
To examine the role of extreme events in the JRA55CHS, we apply the ‘‘extreme-value filter’’ (O’Neill
et al. 2017), in which filtered climatology is evaluated
with discarding extreme events where local anomalies
exceed 62 standard deviations, to daily fields of January
surface wind convergence in JRA-55CHS over the KOE
region. In the filtered climatologies (Fig. 3b), the wind
convergence over the KE is substantially weakened. The
contribution from those extreme events is, however,
horizontally uniform (Fig. 3c), acting to yield spatially
homogenous time-mean surface wind convergence. Removing those extremes thus eventually leads to strengthening in surface wind divergence (i.e., stronger negative
values) poleward of the KE axis (Fig. 3b). Thus, the spatial
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events to the frontal-scale time-mean surface wind convergence maxima along the KE.
Although the corresponding distribution is rather
noisy, QuikSCAT yields essentially consistent results
(appendix A). Compared to the JRA-55CHS climatology, however, extreme events yield greater contributions to the enhanced QuikSCAT convergence over the
KE. Nevertheless, it is unlikely that the time-mean
surface wind convergence pattern on a frontal scale is
shaped only by direct contributions from extreme convergence/divergence events associated with synopticscale disturbances, as pointed out by O’Neill et al.
(2017) and Plougonven et al. (2018). Since the timemean distributions can thus be significantly affected by
atmospheric disturbances, examining the former alone
seems insufficient to fully understand local impacts of
SST fronts on the MABL. In the following sections, we
examine daily scale wind convergence events to investigate the processes operative in shaping the frontalscale climatological-mean patterns.

4. Frequency and contributions
a. Histograms

FIG. 3. As in Fig. 1 but for (a) January climatology of surface
wind convergence over the Kuroshio–Oyashio Extension region
based on JRA-55CHS for the period 1985–2012 (shaded) and
(b) the corresponding extreme-value-filtered field defined by
O’Neill et al. (2017). (c) Contribution from extreme events evaluated as difference between climatological-mean and extremevalue filtered distribution [i.e., (a) minus (b)].

inhomogeneity characterized by convergence maxima
over the KE axis and divergence maxima poleward is retained even after applying the extreme-value filter as in the
simple climatology (Fig. 3a). These features are consistent
with annual statistics based on the satellite observations for
the Gulf Stream region given by O’Neill et al. (2017). As
shown in Figs. 1b and 1c, both standard deviation and
positive skewness of surface wind convergence estimated
on a daily basis tend to be smaller along the climatologicalmean surface wind convergence maxima along the KE
than on their poleward sides. This tendency implies a relatively small contribution from extreme convergence

Figure 4a shows histograms of surface wind convergence within two small rectangular boxes indicated in
Fig. 1a; one is near the climatological-mean maximum of
surface wind convergence over the KE, and the other near
the surface wind divergence maximum near the Oyashio
Front (red and blue lines, respectively). Gray vertical lines
indicate reference percentile values estimated for the
entire KOE region (larger box in Fig. 1a) on a 6-hourly
basis. In the present study, we classify the magnitudes of
wind convergence and divergence into eight categories
based on those reference percentile values (Table 1).
These histograms are both characterized by negative
mode and positive skewness (11.3 for the convergence
maximum, 12.8 for the divergence maximum), which
are consistent with satellite observations around the
Gulf Stream (O’Neill et al. 2017). The histogram near
the Oyashio exhibits greater positive skewness as a
manifestation of more frequent weak-to-moderate divergence events and occasional occurrence of extreme
convergence events associated probably with synopticscale cyclones and associated fronts. The difference
in convergence frequency between the two locations
(i.e., red minus blue) is distinct for weak-to-moderate
events, while the difference decreases with convergence
strength and becomes negligible for extreme convergence events. Likewise, the difference in divergence
frequency is the largest for weak-to-moderate events,
but negligible for extreme divergent events.
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For a more quantitative assessment, the corresponding contribution from a given bin to the local climatological mean is evaluated as the product of the frequency
and mean value of the bin (Parfitt and Czaja 2016;
Vannière et al. 2017). This may be expressed as
Nbin(i)
Nall

3

1
1
å CONVbin(i) 5 N å CONVbin(i) ,
Nbin(i) bin(i)
all bin(i)
(1)

where Nbin(i) and Nall denote the number of samples in the
ith bin and the total number of samples, respectively. The
latter is equal to the total 6-hourly samples within each of
the small boxes indicated in Fig. 1a. In (1), CONVbin(i)
signifies the set of individual convergence samples falling
within each bin. By definition, the sum of the contributions from all the bins equals the climatological-mean
value for the small box. The contribution near the KE (red
line in Fig. 4b) and its difference (not shown) from its
counterpart near the Oyashio exhibit a distinct positive
peak at moderate convergence strength, indicative of their
primary significance in shaping the meridional contrast in
climatology. By contrast, the difference in contribution
becomes smaller for the strong to extreme convergence
events or even changes its sign at the rightmost bin.
Likewise, the corresponding difference in contributions
from surface wind divergence exhibits a distinct negative
peak at a moderate strength, and the difference rapidly
becomes smaller toward stronger divergence.
The importance of moderate events can be further
clarified by accumulating the contributions from negative
infinity to a particular value (Fig. 4c). A contribution from
each category can be evaluated as the difference between
the accumulated values at the larger and smaller thresholds of the category and summarized in Table 2. For example, contribution from the moderate events on the
warmer side of the KE (the second row and third column
of Table 2) is evaluated as 0.19 minus 20.40, which are the

FIG. 4. (a) Histogram of 6-hourly surface wind convergence
in January for the period 1985–2012 near the Kuroshio Extension (143.4388–144.5638E, 33.4168–34.548N; red; left axis) and
Oyashio Front (148.58–149.6258E, 40.1568–41.2798N; blue; left axis),

corresponding to the southern and northern small boxes, respectively, in Fig. 1a. Red and blue arrows indicate the corresponding
climatological-mean values of these distributions. Gray vertical lines
indicate reference percentile values of surface wind convergence
within the entire KOE region (larger gray box in Fig. 1a). (b) As in
(a), but for their corresponding contributions to the climatologicalmean values estimated as the products of frequency and average
values of individual bins. (c) As in (b), but integrated from negative
infinity to a particular value along the abscissa, and their difference
(red minus blue; green line; right green ordinate). Note that all of the
samples larger (smaller) than 12 3 1025 s21 (26 3 1025 s21) are
included in the rightmost (leftmost) bin.
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TABLE 1. Classification and the corresponding magnitudes of surface wind convergence/divergence events.

Category

Magnitude
(31025 s21)

Reference
percentile

Extreme convergence
Strong convergence
Moderate convergence
Weak convergence
Weak divergence
Moderate divergence
Strong divergence
Extreme divergence

.6.34
4.01–6.34
1.21–4.01
0–1.21
21.54 to 0
22.71 to 21.54
23.39 to 22.71
,23.39

.98th
95th–98th
80th–95th
59.3th–80th
20th–59.3th
5th–20th
2nd–5th
,2nd

accumulated values illustrated with the red line at the
reference 95th and 80th percentiles along the abscissa.
Note that the right most end of each line exactly equals the
corresponding climatological-mean value. Although the
frequency of strong to extreme events accounts only for
;6% of the total samples, those events contribute significantly to the local time-mean values (first and second
rows in Table 2), as discussed by O’Neill et al. (2017).
However, moderate events make 3 times as large a contribution as strong to extreme events to the difference
(third row in Table 2, green line in Fig. 4c), which highlights the frontal-scale meridional contrast. Meanwhile,
the corresponding contribution from weak events is negligible. As represented by the slope of the green line in
Fig. 4c, the accumulated contribution difference grows
little for weak convergence and then rapidly for moderate
strengths, while the growth slows down again for strong to
extreme strengths. We have confirmed that, even if we
choose divergence maxima near 368N as a target box in
place of the northern (;408N) maxima (see Fig. 1a), the
moderate events makes 2.4 times as large a contribution as
strong to extreme events to the meridional contrast.
In Fig. 4a, the two standard deviations of the surface
convergence is 4.68 3 1025 s21 (5.16 3 1025 s21) for the red
(blue) histogram. The contribution to the mean frontalscale meridional contrast from convergence/divergence
whose amplitude is larger than the two standard deviations
is as small as 0.09 3 1025 s21 (0.04 3 1025 s21) according to
the green lines in Fig. 4c, which is negligible compared with

that from moderate events (Table 2). These results further
confirm that the ‘‘extreme’’ events defined by O’Neill et al.
(2017) play only a secondary role in shaping the frontalscale time-mean surface wind convergence/divergence
contrast across the KE Front.

b. Horizontal distributions of frequency and
contribution
In the following, horizontal distributions of frequency
and contributions from local convergence or divergence
events with particular strength are investigated. Figure 5
shows horizontal distributions of locally evaluated frequencies (Figs. 5a–f) of different categories of surface
wind convergence/divergence and their corresponding
contributions to the local climatological-mean values
(Figs. 5g–l). For example, for Fig. 5e, the number of time
steps that exhibit convergence with magnitude larger
than 1.2 3 1025 s21 and smaller than 4.0 3 1025 s21 is
counted for each grid [Nbin(i)(x, y), where x and y signify
longitude and latitude, respectively] and then divided by
3472 (Nall 528 years 3 31 days 3 4 time steps a day).
Here, Nall has the same value for any of the locations and
panels, while Nbin(i)(x,y) varies spatially. For each of the
contribution distributions, the area-averaged value has
been subtracted locally to highlight their horizontal inhomogeneity. Thus, the simple summation of Figs. 5g–l
yields the same horizontal structure as in the climatologicalmean field, while the spatial average, which is exactly zero
by definition, slightly deviates from the climatologicalmean counterpart. The horizontal distribution of the
frequency of surface wind convergence events in moderate
strength exhibits distinct peaks along the KE axis (Fig. 5e),
where the climatological convergence also maximizes.
The corresponding contribution (Fig. 5k) yields distinct
horizontal inhomogeneity, featuring a zonal band of
local maxima of convergence along the KE and a
southwest–northeast-oriented band of local minima along
the Oyashio Front, both of which coincide well with their
climatological-mean counterpart. By contrast, strong to
extreme convergence events yield much higher horizontal
homogeneity (Fig. 5l). Although a zonally elongated band
of weaker convergence maxima is hinted along the KE, it

TABLE 2. Contributions from weak, moderate, and strong to extreme events of surface wind convergence (1025 s21), corresponding to
the individual lines in Fig. 4c. Each of the contributions is evaluated as the difference between accumulated contribution values at the
larger and smaller threshold of each category. The rightmost column indicates the ratio of the contribution from moderate events to that
from strong to extreme events.

Red line (warm side)
Blue line (cool side)
Green line (difference)

0–1.21 (weak)

1.21–4.01 (moderate)

.4.01 (strong to extreme)

Ratio (moderate/strong
to extreme)

0.14 (20.54 to 20.40)
0.07 (21.26 to 21.19)
0.06 (0.73–0.79)

0.59 (20.40 to 0.19)
0.21 (21.19 to 20.98)
0.39 (0.79–1.18)

0.48 (0.19–0.67)
0.35 (20.98 to 20.63)
0.12 (1.18–1.30)

1.2
0.60
3.3
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FIG. 5. (a)–(f) Frequency (%; shaded as indicated just at the bottom) and (g)–(l) the corresponding contribution (1025 s21) of 6-hourly surface
wind convergence in strengths (negative for divergence) as indicated on the top of each panel, locally evaluated for the period 1985–2012 in
January based on JRA-55CHS. Corresponding climatology is superimposed with black contours (1025 s21; indicated for 60.1, 60.3, 60.5, . . .;
negative for divergence). In (g)–(l), the area average within the KOE region as indicated with black lines has been subtracted from each of the
contribution fields. Green lines indicate the axis of the KE Front at which climatological-mean horizontal SST gradients are locally maximized.
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TABLE 3. As in Table 2, but for wind divergence events.

Red line (warm side)
Blue line (cool side)
Green line (difference)

,22.71 (strong to
extreme)

22.71 to 21.54
(moderate)

21.54 to 0 (weak)

Ratio (moderate/strong
to extreme)

20.10 (0.00 to 20.10)
20.43 (0.00 to 20.43)
0.33 (0.00–0.33)

20.22 (20.10 to 20.32)
20.55 (20.43 to 20.98)
0.33 (0.33–0.66)

20.22 (20.32 to 20.54)
20.28 (20.98 to 21.26)
0.07 (0.66–0.73)

2.2
1.3
1.0

is displaced northward relative to the climatological band
of convergence maxima. The inhomogeneity of the contribution from weak convergence events is negligible
(Fig. 5j).
Likewise, the contribution from moderate divergence
events exhibits high horizontal inhomogeneity (Fig. 5h),
which reflects well the climatological divergence in the
northern portion of the KOE region. The contributions
from weak divergence events (Fig. 5i) are found negligible. Unlike those from strong to extreme convergence
events (Fig. 5l), contributions from strong to extreme
divergence events well follow the climatological-mean
field near the Oyashio Front (Fig. 5g). Indeed, contribution from the strong to extreme divergence events for
the time-mean meridional contrast is comparable to
moderate divergence events (third row in Table 3). As
discussed in the following section, the vertical mixing
effect seems dominant near the Oyashio Front, which
can yield strong to extreme divergence under intense
cross-frontal equatorward winds (Schneider and Qiu
2015). By contrast, the strong to extreme convergence
events, which tend to be larger in amplitude than the
strong/extreme divergence events in our classification,
are probably associated with developed synoptic-scale
cyclones and fronts. This asymmetry is likely a manifestation of the gradient wind balance, which allows
greater intensification to cyclones and associated convergence than to anticyclones and associated divergence
(e.g., Holton 2004). These results further suggest that
both convergence events in moderate amplitudes and
divergence events in moderate to extreme amplitudes
play a primary role in shaping the frontal-scale timemean patterns in surface wind convergence/divergence
around the KOE region.

5. Typical synoptic situations causing moderate
surface wind convergence along the Kuroshio
Extension
In this section, we attempt to identify typical synoptic
situations in which surface wind convergence in moderate strength occurs along the KE. First, we chose all
events exhibiting surface wind convergence of 1.2–4 3
1025 s21 (moderate event) at the center (348N, 1448E) of
the small rectangular domain near the KE axis. We then

classified them into six typical groups by applying cluster
analysis for SLP within the KOE domain as indicated
with the larger box in Fig. 1a. For the clustering, we
utilize the K-means clustering method (see appendix B).
In this method, the number of clusters has to be specified
subjectively, although we have confirmed that essential
features are unchanged even if we increase the number
of clusters. We have also confirmed that classification
through the self-organizing map analysis (Kohonen
2001) yields qualitatively the same results, which therefore
suggests that our results are rather insensitive to a particular choice of clustering method.
By examining the temporal evolution of the composited surface convergence and SLP patterns for the individual clusters (Fig. 6), we argue that clusters 1–3
represent typical situations where surface wind convergence is locally enhanced along the KE with a weak SLP
trough, which are persistent at least 12 h (not shown),
under the monsoonal northwesterlies behind a developed synoptic-scale cyclone. The surface convergence
composited for the three clusters can be regarded
as enhancement of the climatological convergence.
Meanwhile, clusters 4 and 5 represent the generation
of a meso-a cyclone or SLP trough over the KE, where
surface convergence is enhanced with statistically significant anomalies despite the weak northwesterlies or
even calm conditions over the preceding 12-h period
(not shown). Unlike clusters 1–3, however, the zonal
extent of the convergence is rather limited. Meanwhile,
cluster 6 illustrates the passage of a developing synopticscale cyclone, accompanying a broad region of moderate
surface convergence. As shown in Fig. 6, clusters 1–5, in
which surface wind convergence over the KE is not directly related to passing synoptic-scale cyclones, account
for as much as 90% of the total events of moderate
surface wind convergence. These five clusters also exhibit local enhancement in precipitation, which is persistent at least for 12 h (not shown).
Figure 7 shows longitudinal sections of vertical motion
(positive for ascent) right over the KE, composited
separately for the six clusters. Clusters 1–3 feature a
zonal band of shallow ascent (Fig. 7, C1–C3). The corresponding meridional sections (Fig. 8, C1–C3) illustrate
poleward-tilting ascent over the KE and shallow descent
to its north, which represent substantial enhancement of
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FIG. 6. Composites of surface wind convergence in January (shaded as indicated at the bottom) and SLP (contoured every 2 hPa)
constructed for time steps with surface wind convergence of 1.2–4 3 1025 s21 at 33.9788N, 1448E (cross mark) based on JRA-55CHS for
the period 1985–2012. These events (900 samples in total) are classified into 6 clusters (labeled as C1–C6) by applying the K-means
clustering method for SLP within the box indicated in each panel. Hatching is applied where the composited surface wind convergence is
locally significant at the 98% confidence level estimated by one-sided bootstrap test with repeating bootstrap sampling 1000 times. Thick
gray contours indicate the corresponding climatology of surface wind convergence (every 0.3 3 1025 s21; zero contours are omitted).
Green lines indicate the axis of the KE Front at which composited-mean horizontal SST gradients are locally maximized.

the corresponding climatological-mean dipolar structure (contoured). Clusters 2 and 3 also indicate deep
ascent to the east (Fig. 7, C2–C3), which are probably
associated directly with a synoptic-scale cyclone or its
accompanying main cold front. Clusters 4 and 5 also
exhibit poleward-tilting ascent right over the KE, as a
substantial augmentation of its climatological counterpart (Fig. 8, C4–C5). Although its zonal extent is rather
limited, the ascent reaches higher altitudes under the
near-surface southerlies. In any of the clusters 1–5,
shallow ascent tends to last at least for 12 h along the
KE, while the deep ascent in clusters 3 and 6 moves away
eastward faster (not shown).
Our cluster and composite analyses suggest that the
clusters represent essential elements for shaping enhanced
time-mean surface wind convergence, ascent, and precipitation along the KE. Specifically, they illustrate locally
persistent surface wind convergence under the northwesterlies (C1–C3) and generation of a meso-a cyclone or

SLP trough (C4 and C5). In the next section, we show
specific events that typify those clusters.

6. Case study for the KOE region
a. Latitude–time sections
In this section, we investigate selected events that typify
the composited structures in the individual clusters. For
this purpose, we have selected January in 1987 and 2012.
As shown in Fig. 9a, monthly mean surface wind convergence in January 1987 exhibits a zonally coherent structure
along the KE as in its climatology, as their spatial cross
correlation is the highest (0.86) among the 28 years.
Therefore, this January can illustrate a typical wintertime
daily evolution. January 2012 is characterized by the
enhanced SST gradients along the KE (Fig. 9d). Besides,
there were only two distinct synoptic-scale disturbances
as discussed below, while there were five or more

Unauthenticated | Downloaded 01/09/23 05:13 AM UTC

1 JANUARY 2020

MASUNAGA ET AL.

13

FIG. 7. As in Fig. 6, but for the corresponding longitudinal sections of vertical velocity as sign-reversed pressure velocity (shaded) and its
climatology (contoured every 3 3 1022 Pa s21; solid lines for upward; zero contours are omitted) meridionally averaged for 32.858–
35.108N. Thick green lines along the abscissa roughly indicate the climatological zonal extent of the KE (1428–1508E).

disturbances in other typical Januaries. Thus, distinct
impacts of the SST front on relatively calm atmosphere
can be expected in January 2012.
Figures 9b and 9e show latitude–time (6-hourly)
sections of surface wind convergence averaged zonally
across the KOE region. It can be commonly observed
between the two Januaries that surface wind convergence (divergence) frequently occurred to the south
(north) of the KE Front, marked by the local maximum
in monthly mean SST gradients (blue lines in Figs. 9c,f).
A close inspection reveals that, after the passage of
synoptic-scale cyclones or distinct atmospheric fronts,
surface wind convergence tended to persist over the
KE axis. In those sections, the synoptic events are
manifested as narrow stripes of convergence extending
into the north of the KE Front, as typically seen on 4, 8,

17, 24, and 30 January 1987, and 3 and 24 January 2012
(black arrows). Any of the persistent convergence
events around the KE immediately after those synoptic
events is classified into one of the clusters 1–3, and they
tended to be accompanied by distinct surface northerlies
(indicated by solid contours). Although passages of
synoptic-scale disturbances were less frequent in 2012
than in 1987, surface wind convergence was still frequently observed over the KE axis, for example, on 6,
10, and 19 January, which did not necessarily accompany
the northerlies with speed greater than 3 m s21 and are
mostly classified into cluster 4 or 5.

b. Time evolution and persistent atmospheric fronts
Among the several events of pronounced convergence
events around the KE listed above, the two specific
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FIG. 8. As in Fig. 7, but for the corresponding meridional section after averaged for 1448–146.818E. Green arrows indicate latitudinal
position of the KE Front at which composited equatorward SST gradients are maximized.

events are investigated in detail; one is 0600 UTC 9
January–0600 UTC 10 January 1987 and the other
0600 UTC 6 January–0600 UTC 7 January 2012. Specifically, the former event started as cluster 1 (0000 UTC
9 January) and evolved into cluster 2 (0600 UTC 9
January–0600 UTC 10 January). The latter event also
started as cluster 1 (0600 UTC 6 January), then evolved
into cluster 4 (1800 UTC 6 January and 0000 UTC 7 January) and finally into cluster 1 (0600 UTC 7 January).

1) 0600 UTC 9 JANUARY–0600 10 JANUARY 1987
Upper panels in Fig. 10 show 6-hourly evolution of
surface wind convergence (shaded) and SLP (contoured) for 0600 UTC 9 January–0600 UTC 10 January
1987. Near-surface atmospheric fronts detected with a
thermal frontal parameter (appendix C) are superimposed with thick black lines. A synoptic-scale cyclone
was migrating eastward far north of the KE. At 1200 UTC

9 January, a zonally elongated band of surface wind
convergence in moderate strength formed along the KE
behind a meridionally oriented cold front, which is the
main frontal system of the cyclone accompanying extreme
surface wind convergence. Although the main cold front
passed the KE region quickly by 1200 UTC 9 January, a
zonal band of wind convergence persisted along the KE at
least another 18 h until 0600 UTC 10 January. The convergence zone was accompanied by a zonally oriented
stationary atmospheric front that remained behind the
main cyclone and was anchored along the KE. As in the
cluster 2 composites, the convergence zone accompanied
ascent at the 925- (not shown) and 600-hPa levels (middle
panels in Fig. 10) as well as a precipitation band (lower
panels in Fig. 10). The precipitation band is shifted slightly
to the north of the convergence zone consistently with the
northward tilting of ascent (Fig. 8). Although precipitation in reanalyses can be sensitive to the forecast models,
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FIG. 9. (a) Monthly mean fields of surface wind convergence (shaded as indicated at the bottom) and equatorward SST gradients
[contoured for every 1.58C (100 km)21 from 0.88C (100 km)21] over the KOE region in January 1987. (b) Latitude (ordinate)–time
(abscissa; 6-hourly; labels indicate calendar days) sections of surface wind convergence (shaded as indicated just to the bottom) and
meridional wind at 10 m (contoured only for 26 and 29 m s21 with solid lines) averaged over 1448–150.758E as indicated in (a), and (c) the
corresponding monthly mean latitudinal profiles of surface wind convergence (1025 s21; red lines; bottom red axis) and SST gradients
[8C (100 km)21; blue lines; top blue axis] zonally averaged for the same longitudinal sector. (d)–(f) As in (a)–(c), respectively, but for
January 2012.

we have verified that ERA5 exhibits consistent distributions for this event and the two other events shown below
(see the online supplemental material).

2) 0600 UTC 6 JANUARY–0600 UTC 7 JANUARY
2012
In the case of 0600 UTC 6 January–0600 UTC 7 January
2012 (Fig. 11), a meso-a cyclone was generated over the
KE under the weak background northwesterlies associated with a well-developed synoptic-scale cyclone to its far
northeast. The eastward-moving meso-a cyclone then
developed into a synoptic-scale system, accompanying
precipitation and ascent in the lower and midtroposphere.
The distinct amplification of the meso-a cyclone shares
some common features with cluster 6 as well.
A similar SLP trough is frequently observed along the
KE under the monsoonal northwesterlies even if there is
no distinct synoptic-scale cyclone to its northeast, as
typified by the situation at 1800 UTC 9 January 2010
(Fig. 12). This situation is reminiscent of the climatologicalmean SLP trough shown by Tanimoto et al. (2011). Indeed,

cluster 1 seems to include those events with generation of
weak SLP troughs under the northwesterlies and stationary
atmospheric fronts.
The generation of a meso-a cyclone or SLP trough
may be through the hydrostatic effect over the warm KE
and additional feedback processes discussed later. Furthermore, the Honshu Island is known to topographically induce surface wind convergence near the KE off
the Boso Peninsula under the northwesterlies (e.g.,
Kawase et al. 2006). A detailed assessment of their relative roles is left for a future work.

c. Stationary atmospheric fronts along the KE
Figure 10 suggests the particular importance of stationary atmospheric fronts in shaping time-mean maxima in surface wind convergence, ascent aloft and
precipitation along the KE. In fact, detection frequency
of atmospheric fronts on a 6-hourly basis is maximized
locally along the KE Front for any of the six clusters we
have identified (Fig. 13). Particularly in clusters 1–3, the
detection frequently remains high along the KE Front
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FIG. 10. Snapshots of 6-hourly SLP (contoured for every 4 hPa; thickened for 1000 and 1020 hPa) superimposed on (top) surface wind
convergence (shaded as indicated to the right), (middle) vertical velocity as sign-reversed pressure vertical velocity at 600 hPa (shaded),
and (bottom) total precipitation (shaded) for the 24-h period from 0600 UTC 9 Jan 1987. Thick lines in the top panels indicate an
atmospheric front at the 925-hPa level detected objectively with a thermal frontal parameter.

over the following 12 h behind the developed synopticscale cyclones (not shown). Note that the detection
frequency is particularly high off the southern coast of
Japan along the Kuroshio, which probably reflects pronounced land–sea thermal contrast in winter.

The climatological detection frequency of atmospheric fronts is locally enhanced along the sharp SST
fronts associated with the KE (Fig. 14a), in agreement
with the corresponding DJF climatology obtained by
recent studies through a different detection method

FIG. 11. As in Fig. 10, but for the 24-h period from 0600 UTC 6 Jan 2012. Contour intervals for SLP are 2 hPa (thickened for 990, 1000,
1010, and 1020 hPa).
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FIG. 12. As in Fig. 10, but for the 24-h period from 0600 UTC 9 Jan 2010.

(Parfitt et al. 2017a). Figure 14b shows persistence of the
detected fronts, which is measured as a period in which a
given atmospheric front is detected successively at a
particular location and locally averaged across all the
frontal events. The persistence thus obtained tends to be
particularly high around the SST fronts along the KE,
where the corresponding persistence of surface wind
convergence also tends to maximize (not shown). These
results strongly suggest that stationary atmospheric
fronts anchored along the SST fronts can play an important role in shaping time-mean surface wind convergence maxima along the KE axis.

7. Specific mechanisms
In this section, we offer a comprehensive argument on
the specific processes operative in shaping the persistent
surface wind convergence and ascent along the KE. We
have confirmed that clusters 1–3 exhibit qualitatively
similar features under the northwesterly background
winds. We thus show cluster 2 composites only (Fig. 15),
which exhibits the strongest wind convergence among
the three (Fig. 6). Likewise, clusters 4 and 5 show overall
similar structures under calm conditions, and we thus
focus on cluster 4 (Fig. 16).
Figure 15 shows horizontal distributions of several
variables composited for cluster 2. Upward surface turbulent heat fluxes are augmented around the KE Fronts
under the surface northwesterlies behind a developed
synoptic cyclone (Fig. 15b). To the north of the KE
Front, surface winds are overall divergent (Fig. 15a),

owing probably to the vertical mixing effect acting on
the strong surface northwesterlies blowing across the
prominent Oyashio Front from its colder to warmer side
(Spall 2007; Kilpatrick et al. 2014; Schneider and Qiu
2015). Contrastingly, the winds are more parallel to the
KE Front, and therefore the vertical mixing effect is less
effective. Rather, the MABL locally warms along the
KE axis (Fig. 15f), to lower SLP locally (Fig. 15e) and
thus yield surface wind convergence (Fig. 15a). This
result suggests the importance of the hydrostatic effect.
Furthermore, the surface wind convergence accompanies local enhancement in ascent, convective precipitation (Fig. 15c), and associated latent heating in the
upper MABL (Fig. 15d), which can in turn reinforce the
convective ascent up to higher elevations. At the same
time, the latent heat release can further warm the
MABL, acting to deepen the SLP trough and thereby
leading to enhanced surface wind convergence. Since
the KE is much warmer than the Oyashio, moisture can
play a more important role. These composited fields
therefore suggest that the localized surface wind convergence along the KE is initiated by the hydrostatic
effect, then reinforced and maintained by positive
feedback processes mediated by convective heating.
Furthermore, sharp contrast in diabatic heating across
the KE Front can act to anchor atmospheric fronts, as
discussed by Parfitt et al. (2016). We leave it for our
future work to perform more detailed diagnosis with the
frontogenetical function (e.g., Hoskins 1982; Masunaga
et al. 2015). Note that convective precipitation peaks
to the east of KE probably associated with major
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FIG. 13. As in Fig. 6, but the corresponding local detection frequency of atmospheric fronts at 925-hPa level (%; shaded) in place of surface
wind convergence composites.

atmospheric fronts, which can be seen in the case
study (e.g., 1200 UTC 9 January in Fig. 10).
Despite rather weak surface winds, cluster 4 still exhibits local enhancement of upward turbulent heat fluxes
and diabatic heating along the KE (Fig. 16). The strong
surface wind convergence is attributable to enhanced
convective precipitation over the KE. In fact, the ascent
reaches higher altitudes in the composites for clusters 4
and 5 than in those for clusters 1–3 (Figs. 7 and 8). We
therefore conclude that, although their relative importance varies under different synoptic environments, the

processes described above are operative in inducing
moderate but persistent surface wind convergence confined meridionally along the KE, contributing primarily to
the time-mean local surface wind convergence maxima
and the distinct contrast with the divergence to the north
of KE.

8. Summary and discussion
In the present study, the processes and mechanisms for
shaping the climatological frontal-scale atmospheric

FIG. 14. (a) Local detection frequency (%; shaded) and (b) duration (hours; shaded) of atmospheric fronts at the
925-hPa level in January over the KOE region for 1985–2012. Green lines indicate the position of KE fronts at
which climatological-mean horizontal SST gradients are locally maximized.
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FIG. 15. (a) Surface wind convergence composited for cluster 2 for the KOE region as shown in Fig. 6 (shaded as
indicated at the bottom), (b) upward surface turbulent sensible and latent heat fluxes combined (shaded) and
surface wind vectors (reference vector at the bottom-right of the panel), (c) convective precipitation (shaded),
(d) convective heating at the 850-hPa level (shaded), (e) meridionally high-pass-filtered SLP (shaded), and
(f) meridionally high-pass-filtered temperature averaged from the surface to the 850-hPa level. The meridional
high-pass filter is defined as local deviations from ;78 latitudinal running means. Contours indicate the corresponding composites of SST gradients [every 0.58C (100 km)21 from 0.18C (100 km)21].
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FIG. 16. As in Fig. 15, but for cluster 4.
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patterns around the KE have been explored. As discussed
in the previous studies (e.g., O’Neill et al. 2017; Parfitt and
Czaja 2016), atmospheric disturbances leave significant
imprints on the time-mean fields and we have therefore
examined wind convergence events on daily scales.
By examining frequency and corresponding contributions to the climatological-mean distribution, daily
scale surface wind convergence in moderate strength
and divergence in moderate-to-extreme strength are
found to play a primary role in shaping time-mean
frontal-scale inhomogeneity characterized by convergence maxima over the warm KE axis and divergence
maxima poleward. Strong to extreme convergence
events are confirmed to climatologically yield surface
convergence in a spatially homogeneous manner, as also
pointed out by O’Neill et al. (2017)
Our cluster analysis and case studies have revealed
that stationary atmospheric fronts or generation of a
meso-a cyclone or SLP trough plays an essential role in
shaping the time-mean convergence peak along the KE.
These processes are likely to induce moderate but persistent surface wind convergence localized along the KE
axis, unlike in the vicinity of a developed synoptic-scale
cyclone and associated primary atmospheric fronts.
Nevertheless, the moderate surface convergence tends
to accompany ascent in the lower and midtroposphere
and precipitation, manifested as augmentation of their
climatological-mean structures. These events are more
frequent and persistent than migratory synoptic-scale
system, while more occasional than expected from local
MABL processes, where continuous imprints of SST
fronts are assumed. Therefore, these events are difficult
to identify in simple time-mean statistics, consistent with
Parfitt and Czaja (2016) and O’Neill et al. (2017).
In the present study, specific processes have been explored by examining composited structures based on
cluster analysis. The typical structures are likely to emerge
under the monsoonal northwesterlies, which augment
surface turbulent heat fluxes over the KE and thus warm
the MABL locally. This hydrostatic effect leads to the
formation of a SLP trough, surface wind convergence, and
associated shallow ascent. The associated convective precipitation and latent heating in the upper MABL can reinforce the ascent reaching into the free troposphere,
which in turn act to deepen the SLP trough further and
thereby reinforce the surface wind convergence. Meanwhile, the vertical mixing effect is effective in the northern
portion of the KOE region, where monsoonal surface
northwesterlies tend to cross the prominent Oyashio Front
from its colder to warmer side to yield surface wind divergence. The surface wind convergence is thus localized
and enhanced along the KE axis, which leads to the
marked climatological-mean surface wind convergence/

21

divergence contrast. Furthermore, we argue that the localized convective heating as well as pronounced contrasts
in heat supply from the ocean across the KE Front can
anchor atmospheric fronts, leading to frequent and persistent atmospheric fronts along the KE. Thus, evaluating
the moist processes can be an important step forward toward our deeper understanding of frontal-scale atmospheric features, in addition to dry processes (Kilpatrick
et al. 2014, 2016; Schneider and Qiu 2015).
To the formation of the time-mean surface wind divergence maxima to the poleward of the KE, surface
wind divergence events in both moderate and strong to
extreme strength contribute significantly. Their occurrences are more frequent right over the oceanic SST
fronts (Fig. 5). To the poleward of the KE axis, surface
winds tend to remain divergent (Fig. 9), interrupted
occasionally by strong to extreme convergence events
associated with synoptic-scale storms. Our close inspection has revealed further that surface divergence
tends to be augmented under the equatorward winds
crossing the SST front from its colder to warmer sides,
which is consistent with previous studies (Wallace et al.
1989; Hayes et al. 1989; Spall 2007; Kilpatrick et al. 2014;
Schneider and Qiu 2015). We thus consider that the
vertical mixing effect acting on the equatorward surface
winds associated with monsoonal circulation and/or
passage of synoptic-scale disturbances is effective in
yielding the time-mean surface wind divergence maxima
near the Oyashio Front. The mechanism is most effective for surface winds crossing the fronts perpendicularly
from their cooler side. Meanwhile, surface winds are
more parallel to the SST fronts near the KE (Fig. 6), in
which the hydrostatic effect should be more effective.
The present study has thus addressed the specific processes and mechanisms in shaping the frontal-scale timemean patterns in surface wind convergence/divergence
along the KE. Typical structures in the composites are
reminiscent of climatological-mean surface wind and SLP
patterns argued by Tokinaga et al. (2009) and Tanimoto
et al. (2011). The present study suggests the important
role of convective diabatic heating, in addition to the
classical hydrostatic effect and vertical mixing effect.
We should emphasize that JRA-55CHS tends to underestimate extreme percentile values compared with
satellite observations and our analysis is limited to midwinter, which can lead to different interpretations of wind
convergence events from O’Neill et al. (2017). Although
Parfitt and Seo (2018) also suggested that atmospheric
fronts play an important role in shaping the time-mean
surface wind convergence field, their strength and persistence are not particularly argued. Given that their method
identifies atmospheric fronts much more frequently
(;25%) than the TFP method (;16%; Fig. 14a), their
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‘‘frontal average’’ is likely to include additional contributions from weak and stationary atmospheric fronts with
moderate surface wind convergence, which are featured in
the present study. Furthermore, since their front detection
method uses wind vorticity as well as temperature gradients, the meso-a cyclones discussed in the present study
(Fig. 6, C4 and C5) can also be included in their frontal
average. Our results thus do not contradict Parfitt and Seo
(2018), but we present more detailed and comprehensive
perspective through cluster analysis and case studies.
While this paper focuses on the KOE region, we have
confirmed that the Gulf Stream region in the northwestern Atlantic, the Agulhas Current region in south
Indian Ocean, and Brazil/Malvinas Current region in
the South Atlantic overall exhibit qualitatively similar
statistical features. We will examine the details in our
future work. Since the present study is based on atmospheric reanalysis products, we will also verify our results with satellite observations in our future work.
Furthermore, we will compare JRA-55CHS and JRA55C (Kobayashi et al. 2014), the latter for which 18 resolution SST data are prescribed (Masunaga et al. 2018),
to explicitly assess the role of SST fronts.
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APPENDIX A
Contribution from ‘‘Extreme Events’’ Based on
QuikSCAT data
In this appendix, the statistical analysis shown in section 3 is repeated using QuikSCAT. Since the data

FIG. A1. As in Fig. 3, but based on QuikSCAT for DJF for the
period 2000–09. Contours indicate the corresponding seasonal
climatologies (every 0.4 3 1025 s21).

period is limited to 10 years, we constructed the same
statistics for three winter months (DJF) rather than only
for January as in section 3. We have confirmed that the
corresponding DJF statistics based on the JRA-55CHS
(not shown) are similar to their January counterpart
(Figs. 1–3). We omit skewness fields, which are quite
noisy and exhibit no organized structure.
The disturbance component of QuikSCAT (Fig. A1)
evaluated as the difference between the 10-yr climatology and extreme-value-filtered distribution exhibits a
higher level of inhomogeneity than its JRA-55CHS
counterpart, with more pronounced enhancement of
surface convergence along the KE. Nevertheless, this
component ubiquitously yields convergence, and it is
therefore unlikely to play the primary role in shaping the
distinct meridional convergence/divergence contrast in
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APPENDIX C
Thermal Frontal Parameter
The thermal frontal parameter (TFP) is one of the
most widely used measures to objectively detect atmospheric fronts from gridded data. According to Hewson
(1998), the TFP is defined as
FIG. A2. Horizontal distributions of standard deviation (shaded;
1025 s21) of DJF surface wind convergence over the Kuroshio–
Oyashio Extension region for the period 2000–09 based on
QuikSCAT. Contours indicate the corresponding seasonal climatology (every 0.4 3 1025 s21).

the climatological-mean field. Indeed, the standard deviation of surface convergence tends to maximize
slightly poleward of time-mean surface wind convergence maxima (Fig. A2) in a manner consistent with its
JRA-55CHS counterpart (Fig. 1).

APPENDIX B
K-Means Clustering Method
In this appendix, we describe the algorithm of the
K-means clustering method used in our analysis. First,
the number of clusters K into which input samples
are classified is specified. Samples with sample size N
of an arbitrary variable (e.g., SLP) with M spatial
points, which are expressed with M-dimensional vectors
Xi (i 5 1, . . . , N), are randomly classified into K clusters
as an initial classification. The centroid of a given cluster
Ck is evaluated as
Ck 5

1
åX,
Nk X2Qk i

(B1)

where k 5 1, . . . , K. In (B1), Qk signifies a group into
which a particular Xi is classified, and the corresponding
number of samples is indicated as Nk. The Euclidean
distance between Xi and Ck given as
jCk 2 Xi j ,

(B2)

where k 5 1, . . . , K, is estimated for each i, and then Xi
are reassigned into the particular cluster k that yields the
smallest Euclidian distance. If one of Xi changes its
cluster after all the Xi has been examined, Ck has to be
updated according to the new classification. The same
procedure as above is repeated until no Xi changes the
classification in the reassignment process.

TFP [ 2=j=tj 

=t
.
j=tj

(C1)

Here, t is any suitable thermodynamic variable, such as
potential temperature. TFP expresses ‘‘the gradient of
the magnitude of the gradient of a thermodynamic scalar quantity, resolved into the direction of the gradient
of the quantity’’ (Renard and Clarke 1965). Simply, TFP
corresponds to maximized second-order spatial derivative. Following Schemm et al. (2015), we use equivalent
potential temperature ue as t, estimated through approximate equations proposed by Bolton (1980). We
regard lines of TFP 5 0 with j=ue $ 3 K (100 km)21j at
925 hPa as near-surface atmospheric fronts. For detecting
atmospheric fronts, we use the JRA-55CHS data rearranged on 1.258 grid intervals, rather than on the original
0.568 grid intervals, to avoid noisy and suspicious results.
We can obtain positions of a given atmospheric front
on every lattice that the front crosses. We then identify
the nearest grid point to the detected frontal position
as a ‘‘frontal grid’’ to construct related statistics, including frequency and persistence, of the detected
fronts. Note that, in the weather chart provided by the
JMA, a front is identified as the equatorward edge of the
corresponding frontal zone where gradients in thermodynamic variables are pronounced, and thus atmospheric fronts detected in the present study are shifted
systematically poleward from those detected by JMA’s
definition. Furthermore, it should be kept in mind that
JMA’s weather charts illustrate primary atmospheric
fronts only for brevity, by omitting most of the weak
and/or secondary atmospheric fronts.
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