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1 | INTRODUCTION

Abstract

The Northwest Pacific features strong sea surface temperature (SST) gradients
providing favourable conditions for wintertime cyclone intensification in the
midlatitudes. To estimate the relative contribution of the SST front to the evo-
lution of cyclones and identify the mechanisms for cyclone intensification, we
track individual cyclones and categorise them depending on their propagation
relative to the SST front. We focus on cyclones remaining on either the cold or
warm side of the SST front, as well as those crossing the SST front from the
warm to the cold side. Cyclones crossing the SST front or remaining on its warm
side propagate near the left exit region of the jet and are associated with higher
precipitation, consistent with higher moisture availability and cyclone intensity.
Comparing the different cyclone categories, there is no direct effect of the SST
front on cyclone intensification. However, the SST front contributes to the clima-
tological low-level baroclinicity, providing a conducive environment for cyclone
intensification for the cyclones crossing the SST front. Compared with the Gulf
Stream region, the land-sea contrast plays a less prominent role for the low-level
baroclinicity in the Kuroshio region.

KEYWORDS

cyclone intensification, extratropical cyclones, jet stream, Kuroshio Extension, low-level
baroclinicity

temperature (SST) front (Ogawa and Spengler, 2019). Both
boundary-current regions are areas of frequent cyclogen-

The Kuroshio and the Gulf Stream are the western esis (Hoskins and Hodges, 2002; Nakamura et al., 2004),
boundary currents in the North Pacific and North  where a sum of processes favours storm development
Atlantic, respectively, and are associated with maxima in (Roebber, 1989). Upper-level forcing (e.g., Sanders and
midlatitude air-sea heat exchange along the sea surface Gyakum, 1980; Uccellini et al., 1984; Sinclair and Revell,
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2000), low-level baroclinicity (e.g., Sanders, 1986; Wang
and Rogers, 2001), and diabatic processes (e.g., Kuo et al.,
1991; Fink et al, 2012; Chagnon and Gray, 2015) have
been identified as the main mechanisms influencing the
development of extratropical cyclones (hereafter cyclones:
e.g., Petterssen and Smebye, 1971; Uccellini et al., 1984;
Nuss and Anthes, 1987). In this study, we will clarify the
role of these mechanisms for cyclone intensification in
the Kuroshio region, with a particular focus on the role of
the SST front.

While the Kuroshio Extension and the Gulf Stream
region have several characteristics in common, there are
some important differences. For example, the Kuroshio is
located further away from the Asian continent than the
Gulf Stream from the North American continent. In addi-
tion, the characteristics of the wintertime upper-level jet
differ considerably, with the Pacific jet being stronger and
more confined meridionally at comparatively lower lat-
itudes than the Atlantic jet (Spensberger and Spengler,
2020). We will clarify the extent to which these differences
affect the cyclogenetic forcing in the Kuroshio Extension
region.

Low-level temperature gradients, arising from either
horizontal differences in the SST or due to the land-sea
contrast, increase the low-level baroclinicity and thus facil-
itate cyclone intensification. Recent studies highlighted
the role of the SST front in determining the wintertime
low-level baroclinicity along the western boundary cur-
rents (e.g., Hotta and Nakamura, 2011; Papritz and Spen-
gler, 2015). Here, the SST gradient both anchors the storm
track (Nakamura et al., 2008) and triggers convection and
precipitation (Minobe et al., 2008; Parfitt et al., 2016; Van-
niere et al., 2017). In addition to SST anomalies around
the Gulf Stream and Kuroshio SST front, the comparatively
cold North American land mass can also affect low-level
baroclinicity strongly in winter (Nakamura and Yamane,
2009). Previous studies confirmed that the land-sea con-
trast contributes considerably to low-level baroclinicity in
the Gulf Stream region (e.g., Cione et al, 1993; Inatsu
et al., 2000; Wang and Rogers, 2001; Brayshaw et al,
2009; Tsopouridis et al., 2020) and also rapidly developing
cyclones over the Northwestern Pacific have been associ-
ated with cold continental airmasses (Yoshida and Asuma,
2004).

Yoshida and Asuma (2004), however, also identified
the strong and zonal upper tropospheric jet stream as a
contributor to cyclogenesis in the Kuroshio region. Indeed,
Jacobs et al. (2008) attribute up to 74% of the variance in
deepening to differences in upper-level forcing. Cyclogen-
esis is fundamentally linked to the occurrence of jets (e.g.,
Sanders and Gyakum, 1980; Uccellini et al., 1984; Schultz
et al., 1998; Sinclair and Revell, 2000), because the baro-
clinicity associated with the jet stream provides a source of

energy for cyclone intensification (Riviere and Joly, 2006).
Rapid intensification of cyclones typically occurs in the
left-exit region of jet streams (Uccellini, 1990), which is
associated with enhanced upper-level divergence yielding
vortex stretching (e.g., Ritchie and Elsberry, 2003; Oruba
etal, 2013).

In addition to low-level baroclinicity and upper-level
forcing, diabatic heating associated with surface fluxes and
latent heat release can contribute to cyclone intensifica-
tion (e.g., Kuo et al, 1991; Reed et al., 1993; Nakamura
et al., 2004). With the Kuroshio Extension region featur-
ing the highest surface heat fluxes in the wider North
Pacific region (e.g., Josey et al., 1998; Ogawa and Spen-
gler, 2019), it is not surprising that strong surface heat
and moisture fluxes significantly influenced the deepen-
ing of a Pacific cyclone that experienced weak upper-level
forcing (Reed and Albright, 1986). Using numerical simu-
lations, Kuwano-Yoshida and Asuma (2008) indeed found
that latent heat release is important for the rapid intensi-
fication of cyclones over the Northwestern Pacific Ocean.
Further, Hirata et al. (2018) demonstrated that surface
fluxes can affect the intensity of an explosive cyclone and
its bent-back front. However, the effect of surface fluxes
remains small compared with other influences such as
latent heat release (Reed et al., 1993).

We perform a synoptic analysis to elucidate the dif-
ferent contributions of the aforementioned mechanisms
to cyclone intensification in the Kuroshio region, where
we focus on wintertime cyclones with maximum intensi-
fication in the Kuroshio Extension region. To evaluate the
significance of the SST front on cyclone growth, we cate-
gorise these cyclones depending on their trajectories with
respect to the SST front. Using these categories, we dis-
cuss the respective roles of upper- and lower-level forcing
for cyclone intensification. We contrast our results for the
Kuroshio Extension region with the Gulf Stream (docu-
mented by Tsopouridis et al., 2020, hereafter TSS20), with
special emphasis on similarities and differences between
these regions.

2 | DATA AND METHODS

2.1 | Data
We use the ERA-Interim reanalysis data with a four-
dimensional variational data assimilation scheme and a
spectral truncation of T255 and 60 levels in the vertical
(Dee et al., 2011). We use fields pre-interpolated onto a
0.5° X 0.5° horizontal grid and 6-hr temporal resolution for
the winter period (December-February) from 1979-2016.
For our analysis, we acquired the following data,
in line with TSS20: mean sea-level pressure (MSLP),
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geopotential height at 300 hPa, sea surface temperature
(SST), temperature at 850 hPa, total column water vapour
(TCWV), vertically integrated water-vapour flux (IWVF),
wind at 925 and 300 hPa, large-scale and convective precip-
itation, as well as latent and sensible surface heat fluxes.
Surface heat fluxes and precipitation data are derived from
the twice daily forecasts (initialized at 0000 and 1200
UTC) and are accumulated +3 hr around the respective
timesteps (such as in Ogawa and Spengler, 2019).

2.2 | SST front

We identify the position of SST fronts using an objec-
tive frontal detection scheme. The scheme is based on
the “thermal” method and has been used to detect atmo-
spheric fronts (Jenkner et al, 2010; Berry et al., 2011;
Schemm et al., 2015). Further details are described in
TSS20. To capture the most prominent SST fronts in the
Kuroshio Extension region, we have chosen an SST gradi-
ent threshold of 1.25 K-100 km™!. Our choice is based on a
sensitivity analysis where we varied the threshold between
1.0 and 2.0K-100km™! in steps of 0.25K-100 km~'. The
chosen threshold is a trade-off between consistently
detecting the main SST front, and avoiding too many detec-
tions of secondary SST gradient maxima as fronts. TSS20
used a larger threshold (2K-100 km™!) for the Gulf Stream
region, consistent with the stronger SST gradient in the
Atlantic (e.g., Nakamura et al., 2004). Our climatological
SST front position coincides with the region of the maxi-
mum SST gradient, as presented in the SST climatologies
of Yao et al. (2016), Tozuka et al. (2018), and Wang et al.
(2019).

Following Masunaga et al. (2015), we divided the full
period encompassing 38 winters into two time segments,
prior to and after 2002, to assess the potential impact of
the change in resolution of the SST in the ERA-Interim
data on our results. Although the detected SST fronts
are more variable after 2002, the mean position of the
SST fronts, the SST distribution, and the propagation of
cyclones relative to the SST front remain consistent across
the time segments (see Appendix Figure Al). Further,
the evolution of cyclone characteristics, assessed by sep-
arate composite analyses for the two time segments (not
shown), is qualitatively unchanged. Thus, in line with
Ogawa and Spengler (2019), we only present the results
for the entire period from 1979-2016 (SST front climatol-
ogy in Figure 1a). The unit of the SST front distributions
in Figure 1a is a result of a normalisation to account for
variations in the size of a grid cell. We thus sum the total
length of all front lines within a given grid cell and divide
this quantity by the number of time steps and the size of the
grid cell.

Royal Meteorological Society

2.3 | Jetstream detection

In order to assess the potential impact of upper-level forc-
ing, we diagnose the upper-level flow for the cyclones in
our database. This is also motivated by the North Pacific
jet occurring most frequently slightly to the south of the
Kuroshio Extension region (orange shading in Figure 1a),
consistent with previous climatologies (e.g., Riehl et al.,
1954; Nakamura, 1992; Jaffe et al., 2011; Spensberger
and Spengler, 2020). The presented jet position is based
on automatically detected jet axes, following the method
and criteria of Spensberger et al. (2017) identifying lines
separating cyclonic from anticyclonic wind shear on the
2-potential vorticity unit (PVU) surface (where 1PVU
=10"%m?2.s71.K-kg™!). The unit of the jet axis distributions
is the result of the same normalisation process applied for
the SST front distributions, as described in Section 2.2.

2.4 | Cyclone detection and tracking

We utilize the University of Melbourne cyclone detection
and tracking algorithm (Murray and Simmonds, 1991a;
1991b). The algorithm detects maxima in the Laplacian of
the MSLP field and tracks them over time, employing a
nearest-neighbour method together with the most likely
direction of propagation (Murray and Simmonds, 1991a;
1991b; Michel et al., 2018, TSS20).

Analogous to the analysis for the Gulf Stream region
in TSS20, we apply a number of track selection crite-
ria. We require cyclones to propagate for at least 12hr
(three consecutive time steps) in the Kuroshio Extension
region (30-50°N and 145-170°E), henceforth referred to
as the “Kuroshio region”. The minimum in the evolution
of the surface pressure along the track must occur dur-
ing December-February (DJF) and we only include tracks
with maximum intensification, defined as the most rapid
decrease in MSLP, in the Kuroshio region. Moreover, we
require the great circle distance between cyclogenesis and
cyclolysis to be greater than 300 km to remove quasista-
tionary systems.

2.5 | Classification of cyclone tracks
based on their position relative to the SST
front

We identify the shortest distance between each cyclone
position and the SST front for every timestep along the
cyclone track and define a vector r pointing from the SST
front to the cyclone. The orientation of r relative to the
SST gradient VSST at the SST front allows us to classify the
cyclone position relative to the SST front, with r - VSST < 0
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(a) SST front distributions (blue shading, km of line (100 km)~2) and jet axis distributions (orange shading, km of jet axis

line (1,000 km)~2) for the North Pacific. The Kuroshio region is marked with a red box. (b) Pressure tendency (hPa-hr!) for the three
categories relative to the time of maximum intensification. Lines indicate the median and the shading the interquartile range. (c) As (b), but
for the SST. (d) Distance (km) between cyclone centres and the SST front relative to the time of maximum intensification

on the cold side of the SST front and vice versa on the warm
side. Further details are described in TSS20. With the posi-
tions of both the SST fronts and the cyclone tracks, we
follow TSS20 and categorize the propagation of cyclones
relative to the SST fronts only within the Kuroshio region
(red rectangle in Figure 1a) into five categories. In cate-
gory C1, cyclones always remain on the cold side of the
SST front, whereas for category C2 cyclones always stay on
the warm side of the SST front. In category C3, cyclones
are crossing the SST front from the warm to the cold side,
contrarily to category C4, in which cyclones cross the SST
front from the cold to the warm side. Finally, cyclones that
belong to category C5 cross the SST front multiple times.

3 | RESULTS

3.1 | Cyclone occurrence
and intensification

Analogously to TSS20 for the Gulf Stream region, we
restrict our focus to categories C1, C2, and C3 during the

winter season (DJF) over the North Pacific Ocean. Cat-
egory C4 comprises only 28 cyclones that cross the SST
front from the cold to the warm side, making it challeng-
ing to deduce statistically robust results. As cyclones in C5
cross the SST front multiple times, it is impossible to diag-
nose the role of the SST front in the cyclone evolution.
However, 142 cyclones consistently stay on the cold side
(C1, Figure 2a), 97 cyclones stay on the warm side (C2,
Figure 2b), and 188 cyclones cross from the warm to the
cold side (C3, Figure 2c). For these three categories, the
cyclones all propagate from the southwest to the northeast.
Cyclones in C1 and C3 remain closer to the Asian conti-
nent than the ones in C2, which propagate northwards the
least (Figure 2b).

Amongst these three categories, cyclones in C3 deepen
the most from 12hr prior to maximum intensification
to 6 hr after, undergoing a maximum six-hourly deepen-
ing corresponding to 30 hPa-day~! (median in Figure 1b).
Cyclones in C2 intensify slightly more slowly compared
with C3, with a maximum deepening rate corresponding
to approximately 26 hPa-day~!. From 12 hr after maximum
intensification onward, however, C2 becomes the category
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that deepens the most (median in Figure 1b). Cyclones in
C1 intensify least, with a maximum deepening rate cor-
responding to 22hPa-day~!. Based on the definition of
Sanders and Gyakum (1980), 13.5% of the cyclones in C1
(19 cyclones), 17.5% of the cyclones in C2 (17 cyclones),
and 21% of the C3 cyclones (40 cyclones) are explosive.
The higher percentages for C2 and C3 are consistent with
the study of Iwao et al. (2012), who found that the major-
ity of explosive cyclones in the Kuroshio region originate
southwest of Japan (Figure 2b,c).

The intensification for the different categories is differ-
ent compared with the Gulf Stream region, where cyclones
in C2 were shown to intensify considerably less than those
in C1 and C3 (TSS20). Further, in the Gulf Stream region,
23% of cyclones in C1 and 40% of cyclones in C3 are
explosive, compared with 13.5 and 21%, respectively, in
the Kuroshio region. Despite the overall lower fraction of
explosive cyclones in the Pacific, 17.5% in C2 cyclones in
the Kuroshio region are explosive, compared with 11% in
the Gulf Stream region.

The higher percentage of explosive cyclones in the Gulf
Stream region for C1 and C3 compared with the Kuroshio
region could be associated with the additional low-level
baroclinicity in the Atlantic due to the land-sea contrast
(TSS20). During the early stages, cyclones in C1 and C3
in the Gulf Stream region propagate closer to the cold
continental landmass, which enhances the low-level baro-
clinicity (TSS20). Conversely, cyclones in C1 and C3 in the
Kuroshio region are further away from the continent and
thus have a more maritime character and weaker low-level
baroclinicity. With diabatic processes playing a key role for
explosive cyclogenesis, precipitation and latent heat fluxes
could also play a crucial role.

However, a higher fraction of C2 cyclones in the Pacific
are associated with explosive cyclogenesis compared with
those propagating in the Gulf Stream region, despite the

similar distribution of surface heat fluxes and the propa-
gation over lower SSTs in the Pacific. We suggest that the
reason for the higher explosive fraction for C2 cyclones
in the Pacific is the proximity of cyclones to a stronger
upper-level jet (Figure 1a) compared with the Gulf Stream
region (cf. TSS20).

To estimate the possible effect of the SST front on
cyclone intensity, we present its distribution in Figure 3.
The location of the maximum intensity is rather equally
spread on the cold side of the SST front for C1 and C3, with
the latter being closer to the main SST gradient (Figures 1a
and 3a,c) and associated with the highest peak intensity
among the three categories (not shown). For cyclones of
C1 and C3, the location of maximum intensity is close to
the location of maximum intensification (not shown). Sim-
ilarly to C3, cyclones of C2 are also characterized by higher
intensity than those in C1 (Figure 3b), but they reach their
maximum intensity further downstream, similar to the
Atlantic C2 cyclones (TSS20).

3.2 | Cyclone-relative SST and wind
composites

We present cyclone-relative composites for the first three
categories around the time of maximum intensification to
better understand the role of the different forcing mecha-
nisms in the Kuroshio region.

For C1, cyclones propagate over comparatively low
SSTs (approximately 277 K) throughout their evolution
(Figure 1c), as cyclones remain on the cold side of the
SST front (Figure 1d). Over time, cyclones gradually prop-
agate away from the SST front over even lower SSTs
(Figure 4a—c). Compared with C1, cyclones in C2 prop-
agate over approximately 15K higher SSTs (Figure 1c),
although SSTs are still about 4K lower compared with
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FIGURE 3
respectively

cyclones in C2 in the Atlantic (TSS20). However, 12 hr
after maximum intensification, cyclones in C2 propagate
over slightly lower SSTs (Figure 4f), consistent with the
cyclones getting closer to the SST front (Figure 1d).

C3 can be seen as a combination of C1 and C2. Prior
to the time of maximum intensification, cyclones propa-
gate on the warm side of the SST front (Figure 1d) and
thus over higher SSTs (Figures 1c and 4g). After crossing
the SST front around the time of maximum intensification
(Figures 1d and 4h), cyclones propagate gradually over
lower SSTs (Figures 1c and 4i). The cross-frontal SST dif-
ference in C3 is, however, less sharp than the one observed
in the Gulf Stream region (TSS20), due to a more spatially
confined SST front in the Gulf Stream compared to the
Kuroshio region (e.g., Nakamura et al., 2004).

For all categories, the maximum wind at 925hPa
increases gradually throughout the cyclone development.
This increase is more apparent in C2 and C3, with the
wind speed increasing from 18 to 27 m-s~! within 24 hr
(Figure 4d-i), compared with C1, where there is an
increase of 6 m-s~! (Figure 4a—c). Thus, in contrast to the
Gulf Stream region, C2 cyclones are stronger on average
than C1 cyclones (cf. TSS20). Nonetheless, in both the
Pacific and the Atlantic, the maximum wind speed occurs
in the south-southeast quadrant, due to the superposition
of circulation these cyclones and their east-northeastward
propagation.

Cyclones in C1 and C3 in the Kuroshio region develop
in environments with about equally strong low-level baro-
clinicity (850-hPa temperatures in Figure 4a-c,g-i), while
less low-level baroclinicity is observed for C2 (Figure 4d-f).
The temperature gradient at 850 hPa is overall smaller
compared with the Gulf Stream region for cyclones of
categories C1 and C3, while being rather similar for C2
(cf. figure 4 in TSS20). Following the argument of TSS20,
the higher low-level baroclinicity in the Gulf Stream
region is most likely associated with the proximity of the
cyclones to the cold continental landmass. Their argument

3
hPa (deg.lat)?

(a) Maximum Laplacian of the MSLP (hPa-(deg lat)~2) for cyclones in C1. (b,c) As in (a), but for cyclones in C2 and C3,

is consistent with our results for the Kuroshio region,
where cyclones are located further away from the cold-air
reservoir over the Asian continent and exhibit weaker
low-level baroclinicity.

3.3 | Cyclone-relative surface heat flux
composites

For all three categories, upward surface heat fluxes
dominate around the cyclones (Figure 5). The sensi-
ble heat fluxes are largest in the southwest quadrant
on the warm side of the SST front, yielding a larger
atmosphere-ocean temperature contrast. Averaged over
the composite domain, cyclones in C2 are associated with
higher sensible heat fluxes (Figure 5d-f) than those in C1
(Figure 5a—c), due to the propagation over higher SSTs
(Figure 1c). Similarly to the sensible heat fluxes, the latent
heat fluxes are also higher in the southwest quadrant,
with the maximum values appearing slightly to the south
of the sensible heat fluxes (consistent with, for example,
figure 6a,b in Rudeva and Gulev, 2011). This offset in
the location of the flux maxima is most likely associated
with the saturation mixing ratio increasing exponentially
with increasing SSTs following the Clausius-Clapeyron
relation.

Sensible and latent heat fluxes follow a distribution for
all three categories very similar to that in the Gulf Stream
region, except that the amplitude of the fluxes is larger
in the Atlantic (cf. TSS20). This is most likely attributable
both to the SST gradient being larger in the Gulf Stream
compared with the Kuroshio Extension and to cyclones
being located closer to the SST front during the time of
maximum intensification.

At 12hr prior to maximum intensification, cyclones
in C3 are still located on the warm side of the SST
front and consequently feature intense latent and sensi-
ble heat fluxes exceeding 280 and 120 W-m~2, respectively
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(Figure 5g). At this point in time, both latent and sensible
heat fluxes are even slightly higher than for cyclones in C2.
Considering the relatively similar wind speeds between
the two categories, the higher surface heat fluxes in C3
compared with C2 can be related to the closer proximity
of cyclones to the SST front (Figure 1d). During the devel-
opment, the amplitude of the surface heat fluxes remains
more or less unchanged, but the location shifts southwards
as cyclones in C3 move away from the SST front. At the
same time, downward sensible heat fluxes appear to the
east of the cyclone core (Figure 5i).

For all three categories, the highest upward sensi-
ble heat fluxes occur in the west-southwest quadrant
and are associated with cold-air advection across the SST
front (consistent with Vanniére et al., 2017). While latent
heat fluxes are directed upwards throughout the evolu-
tion, sensible heat fluxes can also be directed towards
the ocean within the cyclones’ warm sector (Figure 5).
For C1, a small area of downward sensible heat fluxes

appears during the maximum intensification in the south-
east quadrant, due to warm-air advection over relatively
lower SSTs (Figure 5b). Downward fluxes for C2 only occur
in a small region 12 hr after maximum intensification. As
the cyclone and its warm sector remain on the warm side
of the SST front, the warm air only marginally exceeds the
SST in some locations. Once the cyclone crosses the SST
front, downward fluxes appear more widespread for C3
(Figure 5i), but remain weak. Overall, the dipole structure
becomes more apparent for C2 and C3 at 12 hr, due to the
higher intensity of cyclones compared with C1 (Figure 4).
Thus, stronger cyclones feature more pronounced dipole
structures in surface heat fluxes.

Downward sensible heat fluxes to the east of the
cyclone core are more pronounced in the Gulf Stream
region throughout the evolution in C1, and after max-
imum intensification for C3 (TSS20). We relate these
more pronounced downward fluxes in the Atlantic to the
sharper SST front in the Gulf Stream region, increasing
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the likelihood that warm air originating from the south
reverses the air-sea temperature contrast. Brayshaw et al.
(2009) showed that the orientation of the North American
continent increases the low-level baroclinicity by amplify-
ing the pool of cold continental air to the east. Analogous to
their argument for the Atlantic, we suggest that the more
tilted SST front in the Gulf Stream region, compared with
the Kuroshio region, could further contribute the amplifi-
cation of temperature differences across the SST front and
thus lead to more pronounced downward sensible heat
fluxes to the east of the cyclone core, as documented for the
Gulf Stream region (TSS20). For C2, the dipole is roughly
similar in both regions. Nonetheless, in the Gulf Stream
region it becomes more apparent at 12 hr, due to cyclones
propagating closer to the SST front than in the Kuroshio
region (TSS20).

Overall, the highest sensible heat fluxes are located
close to the SST front on its warm side and the highest
fluxes occur during maximum intensity of the cyclones.
This is consistent with the study of Rudeva and Gulev
(2011), which highlights that the SST front determines the

location of the maximum surface heat fluxes, whereas the
cyclones’ intensity regulates when the maximum fluxes
will occur.

3.4 | Cyclone-relative moisture
composites

C2 is the category with the highest values of TCWV (here-
after moisture content), exceeding 27 kg-m~2 at all time
steps shown and peaking at maximum intensification
(Figure 6e), also featuring the strongest IWVF (hereafter
moisture transport) (Figure 6d-f). This is not unexpected,
as cyclones in C2 stay on the warm side of the SST front,
where the large amount of moisture can be explained by
the Clausius—Clapeyron relation.

For C1, the highest moisture content occurs prior to
maximum intensification (between —12 and 0 hrs), reach-
ing 21 kg-m~2 (Figure 6a,b) nearly 1,000km to the south
of the cyclone centre. At 12 hr after maximum intensifica-
tion, the maximum moisture content decreases by about
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FIGURE 6

Composite evolution of cyclone centred total column water vapour (blue shading, kg-m~2), integrated water vapour flux

(black vectors), and temperature at 850 hPa (purple contours, interval: 5 K). Panel setup and SST front position as in Figures 4 and 5

3kg-m~2 and is now located near the southeastern corner
of the composite domain (Figure 6c). We relate this grad-
ual reduction in moisture to the propagation of cyclones
to the northeast (Figure 2a), moving at a greater distance
from the SST front during the evolution of C1 cyclones
(Figure 1d).

For C3, the moisture content peaks initially between
27 and 30kg-m~2 at a distance of 750km to the south
of the cyclone centre (Figure 6g). This maximum grad-
ually decays as the cyclones propagate towards the cold
side of the SST front (Figure 6g—i), with a corresponding
shift of the maximum towards the southeastern sector of
the cyclone. The largest moisture transport occurs during
maximum intensification in C3 (Figure 6h).

For all three categories, we note the development of a
cyclonic wrap-up of both moisture content and transport
around the cyclone core, which is progressively more evi-
dent throughout the cyclone development (Figure 6). The
wrap-up of the warm sector is more distinct for C2 and
C3 at 12 hr (Figure 6f,i), consistent with a higher cyclone
intensity compared with C1 (cf. low-level wind speeds in
Figures 3 and 4c,f,i).

The spatiotemporal evolution of moisture content and
transport is similar for the Gulf Stream region. However,
both moisture content and transport are consistently lower
in the Kuroshio region compared with the Gulf Stream
region (cf. TSS20). We relate these differences to the gen-
erally higher SSTs on the warm side of the Gulf Stream
compared with the Kuroshio region. Due to this difference,
Atlantic cyclones of all categories have on average a larger
reservoir of moisture to tap into than Pacific cyclones.

3.5 | Cyclone-relative precipitation
composites

C1 is the category with the lowest large-scale precipitation
among the three categories and is characterized by a grad-
ual yet minor increase of average large-scale precipitation
during cyclone development (Figure 7a—c). Twelve hours
past maximum intensification, cyclones in C2 are accom-
panied with on average about 2.5 mm-day~! more intense
large-scale precipitation compared with C1 (Figure 7c,f).
Precipitation is thus consistent with the higher moisture
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Composite evolution of cyclone-centred large-scale precipitation rate (blue shading, mm-day~!), convective precipitation

rate (black contours, mm-day~!), and temperature at 850 hPa (purple contours, interval: 5 K). Panel setup and SST front position as in Figures

4-6. Numbers in the top right of each panel represent the average large-scale/convective precipitation in the composite domain

availability and cyclone intensity in C2 compared
with C1.

The average large-scale precipitation in the Gulf
Stream region was similar for C1 and C2, with the respec-
tive moisture availability being large for both categories,
though slightly higher for C2 (TSS20). In the Kuroshio
region, cyclones in C2 are stronger than those in C1 and
associated with higher moisture content, resulting in the
higher large-scale precipitation in C2 for the Kuroshio
region.

Likewise, the convective precipitation is higher in C2
compared with C1 (Figure 7a-f). The maximum inten-
sity of the convective precipitation for C2 occurs at a
later stage of the development (0 hr and 12 hr), exceed-
ing 12 mm day~! approximately 200km to the east of
the cyclone core (Figure 7e,f). In C2, convective precip-
itation increases with cyclone intensity from 0 to 12 hr
(Figure 7e,f), whereas for C1 it decreases for the same time
period (Figure 7b,c). C1 thus shows that, in contrast to
large-scale precipitation, convective precipitation does not
necessarily increase with cyclone intensity. Conversely,

convective precipitation evolves in tandem with the SSTs
around the cyclone, indicating that local evaporation plays
an important role for convective precipitation (consistent
with Hand et al., 2014; Pfahl and Sprenger, 2016; TSS20).

In addition to the quantitative difference, the structure
of precipitation is different for C1 and C2. The maximum
convective and large-scale precipitation is located closer to
the cyclone centre in C2 than in C1 (Figure 7a-f). The same
spatial distribution of precipitation was also observed for
the Gulf Stream region (TSS20), with higher precipitation
for C1, due to cyclones propagating over slightly higher
SSTs and associated with higher low-level baroclinicity
than in the Kuroshio region.

In contrast to C1, cyclones in C2 propagate in the sub-
tropics, over an area with both high SSTs (Figure 1c) and
moderate, but still substantial, baroclinicity (Figure 4).
Such an environment is favourable for the development of
hybrid cyclones (e.g., Guishard et al., 2009; Yanase et al.,
2014; Yanase and Niino, 2019). In particular, Yanase and
Niino (2019) pointed out the presence of a convective
core in hybrid cyclones, which would explain why the
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precipitation in C2 is more confined around the cyclone
centre. This interpretation is also consistent with Pfahl
et al. (2015), who found that the precipitation band was
located closer to the cyclone centre when increasing global
mean surface temperature. In synthesis, all these results
show that the absolute SST around the cyclone shapes
the spatial distribution of precipitation around the cyclone
centre.

C3 is associated with the highest average large-scale
precipitation among the three categories up to maximum
intensification (Figure 7g,h). There is a steady increase of
average large-scale precipitation until maximum intensi-
fication with only a slight increase afterwards, whereas
convective precipitation remains roughly unchanged up
until the cyclones cross the SST front (Figure 7g,h) and
decays slightly from Oh to 12hr (Figure 7i). A similar
decrease of convective precipitation was discussed before
also for C1, despite the higher cyclone intensity. Thus,
whereas large-scale precipitation evolves in tandem with
cyclone intensity, the convective precipitation co-evolves
more closely with the underlying SST.

The increase of large-scale precipitation over time
is more pronounced for the Gulf Stream region, where
stronger low-level baroclinicity leads to enhanced ascent
along the steeper slopes of isentropic surfaces (cf. TSS20).
Low-level baroclinicity is generally weaker in the Kuroshio
region, such that this factor explains less of the observed
differences and evolution of cyclones in the Kuroshio
region. Instead, the increase in large-scale precipitation
observed during the evolution of cyclones in C3 can mainly
be explained by the higher cyclone intensity (Figures 4h,i
and 7h,i). Further, the more intense precipitation for cate-
gories C2 and C3 compared with C1 follows from a com-
bination of stronger cyclones and higher moisture content
(Figure 7).

3.6 | Cyclone-relative geopotential
and wind at 300 hPa

So far, we have attempted to explain cyclone intensifi-
cation in terms of low-level baroclinicity and moisture
availability. Cyclones in C3 have more low-level baroclin-
icity than cyclones in C2, which can explain their slightly
faster intensification despite the fact that C2 has more
moisture available. However, C1 is characterised by similar
low-level baroclinicity as C3, but cyclones in C1 intensify
considerably less. Moreover, cyclones in C2 intensify much
faster in the Kuroshio than in the Gulf Stream region,
despite similar baroclinicity and more available moisture
in the Gulf Stream region. Therefore, we need to also con-
sider upper-level forcing and the jet as a potential third
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factor accounting for differences between our cyclone
categories.

Cyclones in C1 propagate at a larger distance from the
climatological position of the Pacific jet compared with C2
and C3 (Figures 1la, 2b,c). Consequently, the wind-speed
maximum at 300 hPa is furthest away from the cyclone
centre in C1 (Figure 8a—c). The wavy structure in both
geopotential and wind suggests that cyclones are typically
associated with an upper-level trough to the northwest of
the cyclone. During the evolution in C1, the wind maxi-
mum shifts eastward (Figure 8b,c), following the develop-
ment of the trough to the northwest (Figure 8a-c).

For C2, the isohypses are generally spaced more closely
than in C1 (Figure 8a-f). Consistently, C2 is the category
with the highest wind speed at 300 hPa, associated with
a jet streak of 60-70m-s~!, 750 km to the west-southwest
of the cyclone centre 12 hr before maximum intensifica-
tion (Figure 8d). Cyclones in C2 propagate close to the
jet and stay in the left exit region of the jet throughout
the evolution shown (Figure 8d-f). In contrast, in the Gulf
Stream region, cyclones in C2 evolve at a greater distance
from the climatological position of a weaker upper-level
jet, compared with the Pacific, and are associated with the
lowest wind-speed maximum at 300 hPa during maximum
intensification among the three categories (TSS20).

As before, C3 can be interpreted as a combination
in C1 and C2. Initially, the position relative to the jet
is similar to C2 (Figure 8g), but during the evolution
the cyclones propagate northward and away from the jet
(Figure 8g,h). Twelve hours past maximum intensifica-
tion (Figure 8i), the distribution of geopotential height and
wind speed is approaching that in C1, with the presence
of an upper-level trough in the northwest quadrant of the
cyclone composite. Wind speeds remain higher in C3 than
in C1, but at this point in time both wind maxima are
located at a distance of more than 800 km to the south of
the cyclone centre (Figure 8c,i).

Based on these results, it seems likely that upper-level
forcing contributed to the more rapid deepening in C2 and
C3 compared with C1 (Figure 1b). Up until the time of
maximum intensification, cyclones in both C2 and C3 are
located near the left exit of the jet (Figure 8d-i), whereas
cyclones in C1 are further away from the jet (Figure 8a-c).
The forced ascent at the left exit of the jet likely con-
tributes to the more intense large-scale precipitation for
C2 in the Kuroshio compared with the Gulf Stream region.
The position relative to the upper-level jet thus appears to
be an important contributor to cyclone intensification in
the Kuroshio region and can explain the higher intensifi-
cation of cyclones for C2 and C3 compared with cyclones
in C1, as well as the higher intensification of C2 cyclones
in the Pacific compared with the Atlantic. With C3 also
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being associated with stronger low-level baroclinicity than
C2 (see temperature gradient at 850 hPa in Figure 4d-i),
the higher intensification of cyclones in C3 is related to a
combination of both upper- and lower-level forcing.

4 | CONCLUDING REMARKS

We identified the main characteristics for categories of
cyclones differing in their propagation relative to the SST
front in the Kuroshio region. The SST front was detected
automatically using an established algorithm and we con-
sidered cyclones remaining either on the cold (C1) or
warm (C2) side of the SST front, as well as those cross-
ing the SST front from the warm to the cold side (C3). We
examined the potential role of the SST front in cyclone
intensification and identified the mechanisms promoting
cyclone intensification for these categories by composit-
ing the evolution of these cyclones around their time of
maximum intensification. As mechanisms, our analysis
included low-level baroclinicity and upper-level forcing by
the jet, as well as moisture transport and precipitation. The

results aid our understanding of the role of the SST front
along the Kuroshio Extension for cyclone intensification
and enable us to generalise the results of TSS20 for the Gulf
Stream region to western boundary currents in general.
Cyclones on the warm side of the SST front (C2) deepen
more rapidly compared with cyclones on the cold side (C1)
(Figure 1b). This supports previous studies that demon-
strated that higher SSTs can lead to more intense cyclones
(e.g., Reed et al., 1993; Hirata et al., 2018). A comparison
with C2 in the Gulf Stream region, however, demonstrates
that this relation must be more complex, as Atlantic C2
cyclones propagate over even higher SSTs than the corre-
sponding ones in the Kuroshio region, yet they intensify
the least of all Atlantic categories and also less than Pacific
C2. Further, in both the Kuroshio and the Gulf Stream
region, cyclones in C3 intensify the most, although they
consistently propagate over lower SSTs than those in C2.
Given these discrepancies, our results suggest that, even if
higher SSTs can affect the intensification of cyclones, this
effect is secondary to other effects on synoptic time-scales.
Nevertheless, SSTs strongly modulate the local sur-
face heat fluxes and convective precipitation, as well as



TSOPOURIDIS ET AL.

Quarterly Journal of the ERMets

the climatological moisture availability. Cyclones on the
cold side of the SST front have, on average, less moisture
available and are associated with weaker surface fluxes.
Consistent with the overall lower SSTs in the Kuroshio
region compared with the Gulf Stream region, cyclones in
the Kuroshio region are also, in general, associated with
less convective precipitation.

We identified clear differences in the mechanisms
responsible for cyclone intensification between the
Kuroshio and the Gulf Stream region. Low-level baroclin-
icity is generally weaker around the Kuroshio than around
the Gulf Stream. In addition, cyclones have, on average,
less moisture available. Consequently, both low-level
baroclinicity and moisture availability play a less impor-
tant role for cyclone intensification in the Kuroshio region
and account for a smaller part of the differences between
the categories. Even though the SST contrast across the
Kuroshio is weaker than across the Gulf Stream, we mainly
attribute the weaker baroclinicity to the greater distance of
the Kuroshio region to the Asian continent. Even if Pacific
cyclones in C3 propagate slightly closer to the Asian conti-
nent than those in C2 (Figure 2b,c), these cyclones are still
much further away from the continent than all cyclone
categories in the North Atlantic (cf. TSS20).

With their reduced importance, low-level baroclinic-
ity and moisture availability alone cannot explain the
observed differences in the intensification of cyclones.
We therefore also considered the upper-level forcing. The
higher intensification of both C2 and C3 cyclones in the
Kuroshio region is consistent with their location close to
the left exit of an intense upper-tropospheric jet stream
(Figure 8d-1i), a position favourable for cyclone intensifica-
tion. The forced ascent at the left exit of the jet likely also
contributes to the higher observed precipitation for C2.

Overall, our feature-based analysis identified sev-
eral mechanisms leading to cyclone intensification that
allowed us to estimate the relative contribution of the SST
front to the evolution of these cyclones. We highlighted the
importance of both the upper-level jet and low-level baro-
clinicity for cyclone intensification in the Kuroshio region.
The propagation of C2 cyclones near the left exit region
of the jet can explain both the higher cyclone intensifi-
cation and increased large-scale precipitation compared
with the Atlantic region, despite the more limited mois-
ture availability in the Kuroshio region. Even though our
results do not suggest a direct impact of the SST front
on the intensification of cyclones, we suggest that the
higher baroclinicity observed for cyclones in C3 is partially
attributable to the SST front, providing a conducive envi-
ronment for cyclone growth. We did not find a clear signal
of land-sea contrast in the low-level baroclinicity in the
Kuroshio region and thus conclude that the land-sea con-
trast is less effective in providing low-level baroclinicity
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in the Kuroshio region compared with the Gulf Stream
region.
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APPENDIX

Figure A1 shows the distribution of SST and SST fronts prior to and after the ERA-Interim resolution change.
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FIGURE Al (a) Density of SST fronts (km of line (100 km)~2) for the winter seasons in 1979-2001 for the North Pacific. The
Kuroshio region is marked with a red box. (b) As (a), but for 2002-2016. (c) SST (X) for the three categories relative to the time of maximum
intensification for the winter seasons in 1979-2001. Lines indicate the median and the shading the interquartile range. (d) As (c), but for
2002-2016. (e) Distance (km) between cyclone centres and the SST front relative to the time of maximum intensification for the winter
seasons in 1979-2001. (f) As (e), but for 2002-2016



