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Abstract

This study investigated the structural and track change of cyclone Nepartak

occurred over the western North Pacific in July 2021, a cyclone appeared at

the surface level, using ERA5 data, focusing on the relationship with an upper-

tropospheric cutoff low (COL). The COL was shown to dominate the structural

change of Nepartak which developed as a subtropical cyclone with a hybrid

structure. As the surface cyclone approached the COL, it was overlapped by

the COL and became a cyclone with a two-storied structure, resulting in its

abrupt track change. An analysis of the potential vorticity (PV) tendency

showed that the movement of Nepartak toward the COL ceased because of the

counter-balance of the horizontal/vertical PV advection with the PV anomaly

generated by diabatic heating, whereas the surface cyclone northward motion

was primarily due to the horizontal PV advection associated with the COL.

Nepartak is a case in which changes in the structure and track of a cyclone are

controlled by a COL.
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1 | INTRODUCTION

Nepartak, which was analyzed as a tropical storm by
Japan Meteorological Agency (JMA) in the western
North Pacific (WNP) in 2021, formed at 1200 UTC July
23, 2021 and made landfall in Miyagi Prefecture (yellow
area in Figure 1a) from the Pacific Ocean side at 2100
UTC July 27, 2021. After landfall, the cyclone moved
westward and reached the Sea of Japan, transforming
into an extratropical cyclone at 0600 UTC July 28. The
minimum central pressure and maximum wind speed
during its lifetime were 990 hPa and 20 m s�1, respec-
tively (Figure 1b). Although Nepartak was not an intense
storm, its approach toward the Japanese main island had

social impacts, such as forcing some events of the Tokyo
Olympic games to be rescheduled.

Only one tropical cyclone (TC) had previously made
landfall in the Tohoku region in Japan from the North
Pacific Ocean side: Typhoon Lionrock (2016). Thus,
Nepartak is the second TC that took this track in the
observational history of JMA. The counterclockwise track
of Lionrock (2016) before landfall was shown to be
affected by the influence of an upper-tropospheric cutoff
low (COL) (Yoshino et al., 2017). A COL is a low-pressure
system with a cold core in the upper troposphere that is
cutoff from the jet stream or the mid-Pacific trough
(Kasuga et al., 2021; Nieto et al., 2005, 2008). A COL was
also shown to impact the TC track of Typhoon Jongdari
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(2018) (Wada et al., 2022; Yan et al., 2021). The steering
flow and the position of the North Pacific High were
shown to have affected the track of these typhoons. For
the case of Nepartak, a COL was located to the north of it
at its early stage; during the cyclonic movement of it, a
COL was located to the west of the storm. Because some

studies showed that COLs affected the seemingly unusual
tracks of cyclones, the COL is considered to have played
a role in determining the track of Nepartak.

An interesting point for Nepartak is that its cloud pat-
tern, as observed from Himawari-8 (Figure 1d), appears
to be atypical of a TC but similar to the cloud pattern of a

(a) (b)

(c) (d)

FIGURE 1 (a) The observed track (black line) of Nepartak from the JMA best-track data and the tracks of Nepartak (red line) and the

COL (blue line) calculated from ERA5 data. (b) The time series of SLP (hPa) of Nepartak in the best track (black line) and ERA5 (red line)

and of the Z300 (m) of the COL (the blue line). The red dots (blue diamonds) indicate the Nepartak (COL) centers at 0000 UTC or 1200 UTC

of each day. The vertical yellow band indicates the period from 1500 UTC July 26 to 1800 UTC July 26 and the yellow circle (diamond)

indicates the period at 1800 UTC July 26. (c), (d) Infrared image (band 13) from the Himawari-8 satellite (shaded, K) at 0600 UTC July

26 and 0000 UTC July 27. The red contour indicates the brightness temperature at 220K. The red dots with a white edge indicate the

Nepartak center. COL, cutoff low; JMA, Japan Meteorological Agency; SLP, sea-level pressure.
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subtropical cyclone (Evans & Guishard, 2009; Guishard
et al., 2007, 2009; Yanase & Niino, 2018). Previously sub-
tropical cyclones that occurred in the Atlantic Ocean, in
the Hawaii region, and in the Mediterranean Sea were
investigated in relation to COLs (da Rocha et al., 2019).
Despite potentially frequent encounters of TCs with
COLs in the WNP, only a few studies have investigated
the relationship between a subtropical cyclone and a
COL in controlling the cyclone track over this region.
Ogura et al. (2005, 2009) examined subtropical cyclone
cases over Japan; however, their focus was to investigate
subtropical cyclones themselves.

Another interesting point of Nepartak is that its track
abruptly changed northward from westward at 1800 UTC
July 26 (yellow dot in Figure 1a). Some studies examined
an abrupt northward change of a TC track in relation
to a monsoon gyre (Ge et al., 2018; Ito et al., 2020;
Liang & Wu, 2015). Liang and Wu (2015) investigated
TCs with and without a northward track change to the
east of monsoon gyres and found that the merging of
TCs with monsoon gyres is a key to cause sudden track
changes of TCs. Their studies, however, did not exam-
ine the impact of an upper-level trough on the cyclone
motion.

This study focuses on the aforementioned COL for its
role in the abrupt change of the Nepartak track. The pur-
pose of this study is to document the characteristics of
the structure and the track of the cyclone and to examine
how the COL impacted the cyclone track.

2 | DATA AND ANALYSIS
METHODS

2.1 | Data sets and cyclone tracking

The data used are the ERA5 reanalysis (Hersbach
et al., 2020) having a horizontal resolution of
0.25� � 0.25� with 37 vertical layers and a time interval
of 3 h. This high spatiotemporal resolution is useful in
capturing the cyclone structure. The analysis period is
from 1800 UTC July 23, 2021 to 2100 UTC July 28, 2021.
The locations of Nepartak and the COL centers are deter-
mined with the use of sea-level pressure (SLP) and the
geopotential height at the 300 hPa level (Z300), respec-
tively. The centers of Nepartak and the COL at time
T (hour) were identified at points having the local min-
ima of SLP and Z300, respectively, in a 2� � 2� box.
The local minima at time Tþ3 (h) are found over an
area within a radius of 500 km from the center at time T
(h). The central location at time Tþ3 are determined at
a point having the smallest distance from the center at
time T.

The initial central location of Nepartak is set to the
position determined in the best-track data of JMA, which
are also used to validate the track of the cyclone deter-
mined by this analysis. Precisely, the initial central loca-
tion is determined as a point having the local SLP
minimum to the best-track center. The tracks of Nepar-
tak and the COL determined from the ERA5, as well as
the best track, are shown in Figure 1a. Although some
fluctuating movements are observed in the track identi-
fied from the cyclone tracking procedure, our analysis
captures well the movement of the cyclone. Figure 1b
shows the temporal variation of the central pressure of
Nepartak. The central pressure identified from the ERA5
reaches its minimum at 2100 UTC July 26, and the pres-
sure starts to increase earlier than that of the best track.
The central height of the COL is also shown in Figure 1b.
The change in height of the COL center appears to be in
phase with that of Nepartak.

2.2 | Cyclone diagnosis

The cyclone phase space (CPS; Evans & Hart, 2003;
Hart, 2003) is used to diagnose the structural changes of
Nepartak. Although the CPS analysis was originally
developed for Atlantic cyclones, it was found to be appli-
cable for WNP cyclones (e.g., Bieli et al., 2019a, 2019b;
Kitabatake, 2011; Kitabatake & Bessho, 2008). The
cyclone parameters are calculated at each time step with
data over a circular area within a 500 km radius from the
Nepartak center, following the method of Evans and Hart
(2003). Data at the 900, 600, and 300 hPa levels are used
to calculate the lower- and upper-level parameters. The
cyclone parameters are

B¼ h Z600�Z900ð Þ
���
R
� Z600�Z900ð Þ

���
L

h i
, ð1Þ

�VL
T ¼

∂ΔZ
∂p

����
600

900
¼ Zmax �Zminð Þ600� Zmax �Zminð Þ900

ln P600� ln P900
,

ð2Þ

�VU
T ¼ ∂ΔZ

∂p

����
300

600
¼ Zmax �Zminð Þ300� Zmax �Zminð Þ600

ln P300� ln P600
,

ð3Þ

where B is the thermal symmetry in the lower layer, �VL
T

is the lower-layer thermal structure, and �VU
T is the

upper-layer thermal structure. Here, h¼ 1 in the North-
ern Hemisphere, Z is the isobaric surface height, and
subscripts R and L indicate the right and left sides
of the direction of cyclone movement, respectively.
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Subscript numbers (i.e., 300, 600, and 900) refer to pres-
sure levels. A cyclone is characterized as a symmetric
structure when �10<B<10 and a hybrid structure when
�VL

T > �10 and �VU
T <10 (Evans & Guishard, 2009).

3 | SUBTROPICAL CYCLONE
CHARACTERISTICS

First, the structural features of Nepartak are examined.
The thermal structure in the lower layer is shown in
Figure 2a. The thermal symmetry B varied between +10
and �10 throughout its lifetime (from 0000 UTC July
24 to 2100 UTC July 28). The �VL

T value is close to 0 at
0000 UTC July 27, indicating a weakening of the lower-
layer warm core structure. At this time, the lower-level
structure is symmetric (Bffi 0), and the cyclone does not
undergo a typical structural change from a tropical
cyclone to an extratropical cyclone (from B¼ 0, �VL

T >0
to B>10, �VL

T <0). Parameters for the upper-level ther-
mal structure are negative throughout the lifetime of
Nepartak (Figure 2b), indicating that the cyclone is not a
typical TC with a deep warm core. Until approximately
0000 UTC July 27, it exhibits a hybrid structure with a
lower warm core structure and an upper cold core struc-
ture, consistent with the characteristics of a subtropical
cyclone (Evans & Guishard, 2009; Yanase & Niino, 2018).

Therefore, the CPS analysis indicates that Nepartak sus-
tained as a subtropical cyclone from the time of its forma-
tion to 1200 UTC July 27.

Figure 3a–d shows the horizontal distributions of
equivalent potential temperature (EPT) and geopotential
height at the 850 hPa level. At 1800 UTC July 25, Nepar-
tak appears to move northward along the periphery of
the high potential vorticity (PV) region (corresponding to
the COL) (Figure 3e) and the position of the minimum
850 geopotential height is shifted to the north of the sur-
face cyclone center (Figure 3a). This vertically tilted
structure suggests that Nepartak did not have a robust
TC structure with upright eyewall clouds (not shown).
High-EPT air masses are distributed near the cyclone
center (Figure 3a), corresponding to a lower-level warm
core structure. At 0600 UTC July 26 (Figure 3b), Nepar-
tak moves northwestward, with higher-EPT air masses to
the north and east of its center. Lower-EPT air is
advected from northwest to southwest of its center, indi-
cating a frontal structure (Figure 3b). The region of high
horizontal EPT gradient to the west of the cyclone center
corresponds to a region of active convection according to
the Himawari-8 imagery (Figure 1c). At 1800 UTC July
26 (Figure 3c), the westward movement of the cyclone
ceases. Lower-EPT air located southwest of the Nepartak
center moves northeastward, surrounding the cyclone
center. By 0600 UTC July 27 (Figure 3d), Nepartak starts

(a) (b)

FIGURE 2 The structural change of Nepartak from 0000 UTC July 24 to 2100 UTC July 28 in cyclone phase space with (a) B versus

�VL
T and (b) �VL

T versus �VU
T . The black solid line shows the 6 h moving average value of the cyclone parameter, and the gray broken line

shows the raw value. The red dots denote the time at 0000 UTC and 1200 UTC on each day, and the yellow dot denotes the time at 1800

UTC July 26.
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to move northward. Lower-EPT air is spiraling into the
cyclone center and the higher-EPT air around it is sur-
rounded by the lower-EPT air. The EPT distribution and
CPS indicate that the structural change of Nepartak
occurred within a 24-h period (from 0000 UTC July 26 to
0000 UTC July 27).

The upper tropospheric motion is diagnosed by isen-
tropic surface analysis; the PV and specific humidity can
be regarded as conserved quantities, while flows across
the geopotential height contour on an isotrope indicate
vertical motions. We focused on the 340K isentrope
because this level corresponds to the upper troposphere
(200–400 hPa) in this case. The PV (specific humidity) on
the 340K isentrope is shown in Figure 3e–h (Figure 3i–l).
At 1800 UTC July 25 (Figure 3e), higher-PV air is not
seen over Nepartak. In addition, dry air associated with
the COL is widespread over the cyclone (Figure 3i).
During the period from 0600 UTC July 26 to 0600 UTC

July 27, when it approaches the COL center in a counter-
clockwise direction, dry air with a higher PV associated
with the COL near 250 hPa is observed to descend to
300 hPa at 1800 UTC July 26 (Figure 3f,g,j,k). At 0600
UTC July 27, the dry air with high PV covers Nepartak
(Figure 3h,l), which strongly suppressed cloud organiza-
tion during the period and played a role in preventing its
evolution into a TC.

Finally, we examine the tropospheric vertical struc-
ture through vertical cross-sections of PV and potential
temperature anomalies across the center of Nepartak dur-
ing the same period as shown in Figure 3 (Figure 4).
Here, an anomaly is defined as the difference between
a pointwise value and the regional mean (120�–160�E,
20�–55�N). The vertical structure of the cyclone at 1800
UTC July 25 shows a wet (RH≥ 70%) PV tower
(≥ 1PVU) extending from the surface to around 300 hPa,
located to the east of the center (Figure 4a). This wet

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (j)

FIGURE 3 (a–d) The horizontal distribution of the EPT (at 2K intervals, shaded), geopotential height (at 30 m intervals, contoured),

and wind (m s�1, vector) at the 850 hPa level; (e–h) the PV (shaded), pressure (at 50 hPa intervals, contoured), and wind (m s�1, vector) at

the 340K isentropic surface; and (i–l) the specific humidity (shaded) and pressure (at 50 hPa intervals, contoured) (bottom row) at (a, e, i)

1800 UTC July 25, (b, f, j) 0600 UTC July 26, (c, g, k) 1800 UTC July 26, and (d, h, l) 0600 UTC July 27. The red dots and blue diamonds

indicate the centers of Nepartak and the COL, respectively. EPT, equivalent potential temperature.
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condition is consistent with the area of high convective
activity in the eastern side of the cyclone (not shown). A
wet (dry) low-level atmospheric column with low PV is
identified over the center of Nepartak (Figure 4a). In
addition, a warm region is observed from 700 to 300 hPa
(Figure 4e). Negative potential temperature and geopo-
tential height anomalies on the west side of 145�E corre-
spond to cold air associated with the COL. At 0600 UTC
July 26, the cyclone core region has PV (values over
1PVU) (Figure 4b) and an expanding warm anomaly
(Figure 4f). A narrow PV tower located to the west of the
cyclone center (143�E) is associated with active convec-
tion (Figure 1c) and is a moist layer from low to mid
levels (Figure 4b), whereas the central PV core is only
moist at low levels. In addition, the central PV core
(≥ 1PVU) associated with Nepartak appears to be over-
lapped by a higher-PV region associated with the COL
(Figure 4b). Furthermore, cold air associated with the
COL continues to be observed around 140�E (Figure 4f).
At 1800 UTC July 26, a PV tower extending from the
lower to the upper troposphere appears at Nepartak's
center (Figure 4c), and the cyclone's warm core weakens
(Figure 4g). This is a situation where the low-level PV is
completely overlapped by the upper-level PV and is
regarded as a two-storied, single cyclone. This two-storied
low-pressure system exhibits a barotropic structure,

which becomes more significant at 0600 UTC July
27 (Figure 4d,h). This structural change from 0000 UTC
July 26 to 0000 UTC July 27 also appears in the CPS,
where the thermal structure of the cyclone transits from
the lower-right to the lower-left quadrant (Figure 2b).

In summary, Nepartak has initiated as a symmetric
hybrid structure moved into a COL and was overlapped
by a COL. Finally, the cyclone moved northward as a
unique synoptic low-pressure system having a two-
storied structure.

4 | POLEWARD TRACK CHANGE

Nepartak changed its course at 1800 UTC July 26 (yellow
dot in Figure 1a) since before that, it moved westward
due to the influence of the COL circulation. The values of
D denoted in Figure 5a,d indicate the horizontal distance
between the centers of the cyclone and the COL. Nepar-
tak gradually approaches the COL: from 124.1 km at 1800
UTC July 26 (Figure 5a) to 60 km at 0600 UTC July
27 (Figure 5d). As described in Section 3, the overlapping
of Nepartak and the COL as a barotropic system is con-
sidered to affect the moving direction of the surface
cyclone. To diagnose the change of the cyclone track
before and after 1800 UTC July 26, we examine the PV

(a) (b) (c) (d)

(e) (f) (g) (h)

FIGURE 4 (a–d) The vertical cross-section of the PV (shaded, in PVU) and relative humidity (at 30% and 70%, contoured); (e–h) the
potential temperature anomaly (shaded, in K) and the geopotential height anomaly (at 30 m intervals, contoured) across the center of

Nepartak at (a, e) 1800 UTC July 25, (b, f) 0600 UTC July 26, (c, g) 1800 UTC July 26, and (d, h) 0600 UTC July 27. The dotted (slashed)

hatch indicates the dry (wet) region. Red dots denote the central positions of Nepartak. The longitude axes are not standardized, as the figure

is drawn within 10� east and west of the center of Nepartak. PV, potential vorticity.
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tendency by focusing on the wavenumber-1 (WN-1)
(Chan et al., 2002; Wu & Wang, 2000). Examining the
WN-1 component of the PV tendency, a cyclone is diag-
nosed to move toward the region of positive PV. Using
the PV equation in the p-coordinate system (Chan
et al., 2002; Wu & Wang, 2000), the equation for cyclone
movement can be written as:

�C �=qs ¼
∂q1
∂t

¼Λ1 �V �=q�ω
∂q
∂p

(

�g ζa
∂H
∂p

þ ∂u
∂p

∂H
∂x

� ∂v
∂p

∂H
∂y

� �
� F

)
,

ð4Þ

where C is the cyclone motion vector, qs is the symmetric
component of PV, q1 is the WN-1 component of PV, ζa is
the absolute vorticity, H is the diabatic heating rate, F is
the friction, Λ1 is the operator to extract the WN-1 com-
ponent, and r¼ ∂=∂xþ ∂=∂y is the horizontal gradient
operator. The first, second, third, and fourth terms on
the right-hand side of Equation (4) indicate the hori-
zontal advection (HADV), the vertical advection
(VADV), the adiabatic heating (DIAB), and the fric-
tion (FRIC), respectively. Because we are not able to
obtain variables for diabatic heating from the ERA5
data, we estimate DIAB according to the equation
used by Emanuel et al. (1987) and Tamarin and
Kaspi (2016):

(a) (b) (c)

(d) (e) (f)

FIGURE 5 The horizontal distributions of the WN-1 component of the 300–700 hPa layer mean PV tendency (at ±0.5 PVU, contoured)

for HADV (at �5�10�4 PVU s�1, shaded) (left panel), VADV (at �5�10�4 PVU s�1, shaded) (middle panel), and DIAB (at �5�10�4 PVU

s�1, shaded) (right panel) at (a–c) 1800 UTC July 26 and (d–f) 0600 UTC July 27. The value of D at each time is denoted at the top of the left

panels. The black, red, and blue vectors indicate the movement vector, the steering flow vector, and the vertical wind shear, respectively.

The specific values of each vector are denoted inside figures (a) and (d), which reflect the length of vectors. Red dots denote the central

positions of Nepartak. HADV, horizontal advection; PV, potential vorticity; VADV, vertical advection.
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H¼ dθ
dt

¼ω
∂θ

∂p
�Γm

Γd

θ

θe

∂θe
∂p

� �
, ð5Þ

where ω is the vertical p-velocity, Γm is the moist adia-
batic lapse rate, and Γd is the dry adiabatic lapse rate.
Equation (5) expresses the diabatic heating rate due to
latent heating, and the condition that ω is negative was
used to calculate H.

Figure 5 shows the horizontal distributions of the
WN-1 component of the PV tendency averaged in the
300–700 hPa layer for HADV, VADV, and DIAB. Since
the analysis is conducted for the free troposphere, the
FRIC term is neglected. The steering flow vector (red vec-
tor) is generally consistent with the Nepartak movement
vector (black vector). The steering flow vector is calcu-
lated using 200–950 hPa pressure-weighted mean winds
averaged over a 500 km region from the cyclone center
(Liang & Wu, 2015).

At 1800 UTC July 26, when Nepartak stops moving,
the vertical shear is large (9.7 m s�1, blue vector), indicat-
ing an unfavorable environment for tropical transition
(Davis & Bosart, 2003). Simultaneously, the steering flow
changes northeastward at 1.9 m s�1 from westward
(Figure 5a). This northeastward shift of the steering flow
is due to the effect of the COL which overlaps the surface
cyclone. At 0600 UTC July 27 (Figure 5d), the movement
direction coincides with the northward steering flow. The
movement of Nepartak appears to be explained by the
steering flow, as described in the following discussion.

The movement direction of Nepartak is examined in
terms of the PV tendency. Figure 5 shows that the spatial
patterns of HADV and VADV appear similar and that
DIAB pattern shows an opposite tendency to HADV and
VADV patterns at 1800 UTC July 26. Both HADV and
VADV show a positive and negative PV tendency around
the center, with a positive (negative) tendency on the
northwest (southeast) side (Figure 5a,b); by contrast, the
distributions of the positive and negative patterns in
DIAB are opposite. Overall, the motion vector is directed
toward the positive areas of HADV and VADV. The sum-
mation of HADV and VADV exceeds the opposite influ-
ence from DIAB, and a comparison between HADV and
VADV indicates that HADV is larger (Figure 5a,b,d,e). At
0600 UTC July 27, positive HADV areas around the cen-
ter are located on the north side, which affects the move-
ment direction of Nepartak at these times. In this way,
HADV related to the PV of the COL contributes substan-
tially to the translation, suggesting that the movement
can be explained by the steering flow.

At 1800 UTC July 26, positive VADV is observed on
the northwest side (Figure 5b), whereas positive DIAB
appears on the southeast side (Figure 5c). A lower-level

PV generated by the latent heat in the convective area to
the south of the cyclone is reflected in this DIAB. A posi-
tive VADV indicates a northwestward forcing, whereas a
positive anomaly of DIAB will change the direction
southeastward. Because of the contribution from DIAB,
the northwestward forcing by HADV and VADV is sup-
pressed. Therefore, the influences from DIAB are consid-
ered to contribute to the slowing of Nepartak. After 1800
UTC July 26, the overall PV tendency shows a northward
component because of HADV, which corresponds to the
steering flow; the poleward translation is therefore driven
(Figure 5d).

Some studies indicate that the abrupt northward
track changes of cyclones can be explained by the rela-
tionship with monsoon gyres. In the Nepartak case,
cyclonic circulation in the subtropic region of the WNP
seemed not to be significant (not shown), and therefore,
the low-level contribution that may result from a mon-
soon gyre or other a low-pressure system is not consid-
ered to play a role in controlling the abrupt change of
the cyclone. Therefore, we focus on the impact of
the COL.

5 | CONCLUSIONS

Using the ERA5 data set, we investigated the structural
and track change of Nepartak in July 2021 and how it
was influenced by a COL. The cyclone experienced an
abrupt track change from the westward to the northward
direction.

The results indicated that the cyclone, before its
abrupt track change, had a hybrid structure consisting of
an upper-level cold core and a lower-level warm core.
This hybrid structure is due to a strong shear and a cold-
air mass of a COL, which suppresses the evolution
toward a TC, enabling Nepartak to be regarded as a sub-
tropical cyclone.

As Nepartak approaches nearby COL, it is overlapped
by the COL and became a two-storied cyclone, which is
diagnosed by PV structures. After this structural change,
the cyclone has a low-level cold core as well as the upper-
level cold core, and suddenly changes its track to north-
ward. In this way, the presence of the COL plays a critical
role in controlling the changes in the structure and track
of the cyclone.

The abrupt track change was diagnosed by analysis of
the 300–700 hPa multi-level mean PV tendency for the
WN-1 component. The cease of the westward movement
results from the dominant contribution from the south-
eastward forcing due to DIAB, whereas the abrupt north-
ward movement is due to HADV contribution mainly
from the COL.
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Nepartak is a subtropical cyclone—a hybrid of a low-
level warm core and an upper-level cold core—which has
not been well reported around Japan. The structure and
track of it are under the control of a COL by becoming a
two-storied structure. Future studies may need to investi-
gate the relationship between a COL and a subtropical
cyclone from a statistical viewpoint to enable robust char-
acterization of subtropical cyclones in the WNP.
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