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Influence of the Track Forecast of Typhoon Prapiroon on the Heavy Rainfall
in Western Japan in July 2018

Takeshi Enomoto

Disaster Prevention Research Institute, Kyoto University, Uji, Kyoto, Japan

Abstract

The predictability of the Heavy Rain Event in July 2018 is
examined by forecast experiments with an operational global
atmospheric forecast model. Experiments from different initial
times show that the overall rainfall distribution at the peak on
6 July can be predicted from 12 UTC, June 30, and later. In the
successful forecasts, the track error of Typhoon Prapiroon against
the best track is small. In the experiments with longer lead times,
by contrast, the Baiu frontal zone has a northwared bias with
less precipitation, and Prapiroon hardly develop and migrates
westward. Poor track forecasts seem to be related to the limited
vertical development of the vortex. Near surface equivalent poten-
tial tempeature and Q-vector analysis show that Prapiroon act to
intensify the Baiu frontal zone. In conclusion, the correct track
forecast is essential for Baiu frontogenesis and the formation of
heavy precipitation in western Japan.

(Citation: Enomoto, T., 2019: Influence of the track forecast
of Typhoon Prapiroon on the heavy rainfall in western Japan in
July 2018. SOLA, 15A, 66—71, doi:10.2151/so0la.15A-012.)

1. Introduction

During the Heavy Rain Event of July 2018 (HRE1807 here-
after), landslides and floods occurred mainly in western Japan.
Typhoon Prapiroon (named after the god of rain in Thai) followed
by an intensified Baiu frontal zone (BFZ) caused record-breaking
precipitation.

The Japan Meteorological Agency (JMA) listed a few factors
that may have contributed to the heavy rainfall based on their
analysis and discussions with experts as follows (Shimpo et al.
2019):

1. Continuous convergence of two streams with large moisture in
western Japan (Sekizawa et al. 2019; Takemura et al. 2019)

2. Intensified ascent due to the stagnation and intensification of
the BFZ

3. Formation of local line-shaped precipitation bands (Tsuguti
et al. 2018; Takemi and Unuma 2019)

However, the mechanisms and predictability of the intensification

of the BFZ are not clear.

Kotsuki et al. (2019) conducted 100-member ensemble fore-
cast experiments to investigate the predictability of HRE1807.
They independently noted the improvement in precipitation as the
forecast track of Prapiroon becomes closer to the observed track.
They concluded that HRE1807 can be predicted three days in
advance with their system but with slightly northward bias. They
speculated that the bias is due to the coarse model resolution of
112 km. Matsunobu and Matsueda (2019) compared operational
ensemble forecasts and conducted ensemble forecast experiments
with a somewhat finer horizontal resolution of approximately
78 km, which is still insufficient to resolve a tropical cyclone.

Moteki (2019) showed that Prapiroon drew cold air from the
Okhotsk anticyclone that intensified the temperature and pressure
gradient. Our forecast experiments would complement Moteki’s
analysis to answer a question whether the BFZ might have still
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intensified if it were not for the typhoon.

The purposes of the present study are to clarify the predictabil-
ity of the heavy rainfall, to explore the intensification mechanisms
of the BFZ, and to examine the influence of the typhoon on the
intensification of the BFZ. To these ends, the forecast experiments
were conducted with a community version of an operational
model at a resolution of approximately 20 km.

The remainder of this paper is composed as follows. Section 2
describes the data and experimental design. The results are shown
in Section 3. Finally, conclusions and discussion are given in
Section 4.

2. Data and experimental design

2.1 Data

JMA Radar—Automated Meteorological Data Acquisition
System (AMeDAS) was used for precipitation analysis. The Japa-
nese 55-year Reanalysis (Kobayashi et al. 2015) was used for the
analysis of other atmospheric variables. In addition, the Regional
Specialized Meteorological Center (RSMC) Tokyo-Typhoon
Center best track (denoted simply as best track hereafter) was used
for analysis of the position and pressure of the cyclonic centre.

2.2 Experimental design

Forecast experiments were conducted with the European
Centre for Medium-Range Weather Forecasts (ECMWF) OpenlFS
(Szépszo et al. 2019) Cy40rlv2 (Cycle 40 release 1 version 2),
which was operational between November 2013 and May 2015.
OpenlFS is a community version of the ECMWF Integrated Fore-
cast System (IFS) without the data assimilation component. The
model resolution is TL1023L60 i.e., the truncation wave number
is 1023 using triangular truncation on a linear grid, approximately
0.18° in the horizontal grid, and 60 layers in the vertical grid. The
model was initialized with ECMWF operational analysis and inte-
grated up to 12 UTC, 8 July. The initial time was varied between
12 UTC, 28 June, and 12 UTC, 3 July, with an interval of 12 h.

2.3 Tracking and axisymmetric analysis

The cyclonic centre in this study is defined by the minimum
sea-level pressure. Biquadratic interpolation was used to find the
minimum from the values at nine grid points.

In the present study, axisymmetric analysis was conducted by
spherical orthodrome transformation (Ritchie 1987; Nakamura
et al. 1997; Yamazaki 2011). In the transformed coordinates, the
cyclonic centre is relocated to the North Pole. The coordinate
transform is easily conducted in three-dimensional Cartesian coor-
dinates (Appendix A).

2.4 Q-vector analysis

To investigate the role of Prapiroon in Baiu frontogenesis,
Q-vector analysis (Hoskins et al. 1978) was conducted. The diver-
gence of the Q-vector is regarded as a driver of the vertical motion
in the omega equation in pressure coordinates.

, O

[SOV2 + 1 o 0=-2V-Q (1)

where
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Fig. 1. Daily accumulated precipitation (mm, shades) on 6 July 2018 and sea-level pressure (hPa, contours) at 12 UTC, 6 July, of the a) IMA Radar—
AMeDAS analysis and of the forecasts initialized at 12 UTC, b) 28, ¢) 29, d) 30 June, ¢) 1, f) 2, and g) 3 July. Toponyms are shown in the upper-right inset.
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where x = alcos¢, y = ag, a is the Earth’s radius, A is the lon-
gitude, ¢ is the latitude, R is the gas constant for dry air, p is the
pressure, Vv, is the geostrophic wind, and 7 is the temperature
(Sanders and Hoskins 1990). In addition, the Q-vector is a mea-
sure of the intensity of the temperature gradient, or frontogenesis
function, as follows:

dg 2 5 2 p
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Isotropic spatial smoothing in the spectral space was applied
to eliminate small-scale noise and to highlight synoptic-scale fea-
tures. The filter has the form exp{[—n(n +1)/N(N +1)]'}, where n
is the total wave number and N is the total wave number at which
the amplitude is reduced to ™',  is a parameter for scale selec-
tivity (Sardeshmukh and Hoskins 1984). Here, N = 62 for V-Q,
N =284 for Q-VT,and r = 2.

3. Results

3.1 Precipitation

During HRE1807, the rainfall amount was particularly large
between 5 and 7 July and peaked on 6 July. Figure 1a shows the
JMA Radar-AMeDAS daily precipitation analysis on 6 July. A
trough extends northeastward from southeastern China towards
the Japanese Isles with the daily accumulated precipitation larger
than 100 mm d™' over western Japan between approximately
129°E and 138°E.

In the forecast initialized at 12 UTC, 28 June (Fig. 1b), a much
weaker precipitation band is formed over the Korean Peninsula
and in the Sea of Japan. In the forecast initialized at 12 UTC, 29
June (Fig. Ic), a zonally elongated precipitation band starts to
appear over western Japan, but the overall daily accumulated pre-
cipitation is relatively small (< 100 mm d™'), except for several
locations. In addition, the trough is displaced somewhat north-
ward. In the forecast from 12 UTC, 30 June, and onwards (Figs.
1d, le, 1f, and 1g), an intense precipitation band embedded in the
trough over western Japan is simulated, although the precipitation
amount is significantly underestimated.
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Fig. 2. a) Tracks and b) time evolution of the central pressure (hPa) of the JMA best track (black curves and open circles) and of the forecasts initialized
between 12 UTC, 28 June, and 12 UTC, 3 July, every 12 h (see the legend).
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Fig. 3. Cross sections of axisymmetric vort1c1tv (x 107 s valid at 12 UTC, 2 July. Forecast initialized at 12 UTC, a) 29, b) 30 June, and ¢) ECMWF oper-
ational analysis. The contour for 5 x 107 s™ is drawn in a thick curve. The abscissa is the distance from the centre (km), and the ordinate is the pressure.

3.2 Typhoon tracks and intensity Axisymmetric vorticity analysis (Subsection 2.3 and Appendix
Prapiroon passed the Tsushima Strait, migrated northeastward A) was conducted to examine the vertical structure. Figure 3
in the Sea of Japan and dissipated near 140°E, 42°N, according to compares the cross sections of vorticity valid at 12 UTC, 2 July,
the best track (Fig. 2a, black curve and open circles). The typhoon when the typhoon is located near 30°N prior to recurvature (Fig.
tracks in the forecasts initialized at 00 UTC, 1 July, or later con- 2a). Note that synoptic conditions between the two forecasts valid
verge towards the best track. In contrast, westward bias increases 12 UTC, 2 July are quite similar (not shown). In the forecast from
systematically as the lead time lengthens. The typhoon in the fore- 12 UTC, 29 June, the vortex does not develop deeply and is weak
cast initialized at 12 UTC, 30 June, lands in the southern Korean (Fig. 3a), while the vortex in the forecast from 12 UTC, 30 June
Peninsula and then migrates northeastward in the Sea of Japan (Fig. 3b), is as deep and strong as that in the analysis (Fig. 3d)
to disappear near the location close to that in the best track. The The thick contour represents a constant vorticity of 5 x 10~*
tracks in the forecasts initialized earlier deviate significantly to the arbitrarily chosen to be the middle of the steep vorticity grad1ent
west. in the anal)/sw (Fig. 3¢). At 12 UTC, 2 July, the vorticity contours
It is worthwhile to note that Prapiroon develops further as the of 5§ x in the typhoon in the forecast initialized at 12 UTC,
track error decreases (Figs. 2a and 2b). In the forecasts from 12 29 June, are confined below 700 hPa, and those in the forecast

UTC, 28 June, and from 00 UTC, 29 June, with large westward initialized at 12 UTC, 30 June, or later extend to approximately
bias, the cyclone hardly develops. In the forecasts from 12 UTC, 250 hPa, as found in the analysis.

30 June, or later, the cyclone migrates northeastward in the Sea of Although the precise estimation of the steering flow speed
Japan and develops as rapidly as in the best track. The analyzed requires further elaboration (Chan 1985; Velden and Leslie 1991),
intensity is not as strong as that in the best track, and the forecasts it is reasonable to consider that the typhoon initialized at 12 UTC,
have some bias in spin up and spin down even with short lead 29 June, is advected by the winds averaged in the lower tropo-
times. sphere, and those after are advected by the winds averaged over

The distributions of predicted precipitation (Figs. 1c and 1d) the entire troposphere. The axially non-symmetric winds (not
and typhoon track and intensity (Figs. 2a and 2b) show a marked shown) averaged below 700 hPa are southerly; therefore, the
jump in predictability between the forecasts from 12 UTC, 29 shallow vortex in the unsuccessful forecast continues to migrate
June, and 12 UTC, 30 June. Thus, comparisons are made between northward. In contrast, the axially non-symmetric winds averaged

the analysis and these two forecasts in the rest of the paper. below 300 hPa are southwesterly and act to recurve the deep
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Fig. 4. Equivalent potential temperature (K, shades) and geopotential height (gpm, contours) on the 925 hPa surface of a) JRA-55 and of the forecasts

initialized at 12 UTC, b) 29, ¢) 30 June 2018 valid at 12 UTC, 4 July 2018.

vortex in the successful forecast as in the analysis.

3.3 Intensification of the BFZ

Figure 4 compares the equivalent potential temperature (6,)
on the 925 hPa surface at 12 UTC, 4 July. The JRA-55 analysis
indicates that a warm and moist airmass with 8, > 360 K spread
over southeastern China, and a filament with 6, > 350 K extended
towards Japan along a belt with a large pressure gradient between
Prapiroon and the Pacific anticyclone (Fig. 4a). The high 6, air is
wound into the tropical cyclone from its southeastern sector. Sim-
ilar 6, distributions are reproduced in the forecasts from 12 UTC,
30 June, and later despite a weak southerly component in the
Nansei Islands near 130°E and 30°N (Fig. 4¢). Note that Prapiroon
also acts to draw low 6, air from the Okhotsk anticyclone into the
western Sea of Japan. As a result, the northward spread of warm
air is blocked, which enhances the equivalent potential gradient in
western Japan (Moteki 2019). This intensification of the BFZ on 4
July can be regarded as the preconditioning stage of HRE1807.

By contrast, in the forecasts from 12 UTC, 29 June (Fig. 4b),
and older, the lack of the tropical cyclone allows the Pacific anti-
cyclone to extend northwestward with large pressure gradients in
the Sea of Japan. As a result, the high 0, air extends northeastward
from southeastern China towards the Sea of Japan to bring precip-
itation over the Korean Peninsula instead of over Japan (Figs. 1b
and 1c¢).

3.4 Q-vector analysis

In the mid-latitude baroclinic zone, the temperature gradient is
dominantly meridional, i.e., VT ~ 97/dy, and the Q-vector (2) is
simplified to

R ng ng]aT
Q= p[(’)x’ay Ay Sk

i.e., the gradient of the meridional wind determines the Q-vector
(Hoskins et al. 1978, Fig. 5). Because dv,/Ox is negative to the
west and positive to the east of the northerly maximum of v,
and Ov,/0y is positive to the north and negative to the south,
the Q-vector is divergent around the northerly maximum of the
cyclone embedded in the baroclinic zone.

Figure 6 shows the Q-vectors calculated from the JRA-55
analysis (Fig. 6a) and OpenlFS forecasts (Figs. 6b and 6¢) on
5 July. In the analysis (Fig. 6a), a pair of divergence (centred at
approximately 138°E, 41°N) and convergence (approximately
142°E, 42°N) in northern Japan corresponds to the northerly near
and southerly due to the typhoon. The southward vectors to the
south of the divergent region near 128°E—144°E, 35°N—38°N are
directed against the temperature gradient to indicate frontogenesis
(Fig. 6d). These vectors are convergent over northern Kyushu

v
_g <0

genesis 6y

neutral

v,
= >0
ox

genesis

<0

Fig. 5. Schematic diagram showing the directions of Q-vectors (arrows)
from a cyclone (contours of geopotential and thick arrows of meridional
geostrophic winds) in only the southward temperature gradient (colour
shade). See the text for details.

near 128°E, 34°N, and over central Japan (approximately 132°E—
140°E, 34°N-38°N). Note that the Q-vectors that intensify
the BFZ emanate from Prapiroon rather than directly from the
Okhotsk anticyclone. The forecast from 12 UTC, 29 June, lacks
these features (Fig. 6b) with little hint of frontogenesis (Fig. 6e).
The forecasts from 12 UTC, 30 June, and later have a diver-
gence-convergence pair similar to that in the analysis. Although
the amplitudes are overestimated due to the slow dissipation and
the phase is shifted westward due to slow eastward migration of
the typhoon (Fig. 2b), the Q-vectors from the divergence associ-
ated with the northerly winds are directed southward to indicate
the intensification of the temperature gradient (Fig. 6f). The
contrast between the Q-vectors of the successful and unsuccessful
forecasts indicates that Prapiroon acts to enhance the Baiu frontal
zone by intensifying the temperature gradient and inducing ascent
in the preconditioning stage on 4 July of HRE1807.

4. Concluding remarks

Forecast experiments were conducted to investigate the
predictability of the Heavy Rainfall Event in July 2018. The
intensification of the Baiu frontal zone and heavy precipitation in
western Japan were found to be predicted from 12 UTC, 30 June
(a lead time of approximately 5.5 days), and later. The precipita-
tion shifted northward and became weak with longer lead times.
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Comparisons with successful and unsuccessful forecasts indicated
the role of Typhoon Prapiroon in preconditioning the environment
to be suitable for heavy rainfall by drawing warm airmass from
the south and cold airmass from the north, consistent with the
Moteki (2019)’s analysis. In the successful forecasts, the typhoon
travelled northeastward in the Sea of Japan and intensified the
BFZ. In the unsuccessful forecasts, the typhoon did not develop to
reach the upper troposphere and failed to be advected eastward by
the mid-latitude westerlies.

Our experiments with approximately 20-km horizontal res-
olution, much finer than those used in Kotsuki et al. 2018 and in
Matsunobu and Matsueda 2019, were able to simulate the vertical
structure of Prapiroon and warm and cold air filaments realisti-
cally to demonstrate the link between Prapiroon and HRE1807.
Mid-latitude processes, such as the propagation of the Rossby
waves along the subtropical jet and associated intensification of
the subtropical anticyclone, may reinforce the Baiu frontal zone
(Enomoto et al. 2009). An analysis of the JMA weekly forecast
indicates that the subtropical jet seems to have a longer predict-
ability than that of the tropical cyclone (Kuwano-Yoshida pers.
comm.). Operational ensemble track forecasts are consistent with
our deterministic track forecast experiments: prior to 12 UTC, 30
June (Matsunobu and Matsueda 2019). Their results may indicate
that initial perturbations could not remedy the growth of the tropi-
cal cyclone in this case.

In hindsight, the forecast failed because of underestimation of
the intensity of the typhoon. It is implied that the enhanced vortex
would improve the track forecast and the subsequent processes
leading to the heavy precipitation. The ensemble forecast could
also be recentralized with the intensified typhoon (Chang et al.
2014). Such deterministic and ensemble forecasts may have prac-
tical benefit for scenario-based warnings.

Appendix A

Consider a longitude-latitude grid, where the cyclone relocated
at the North Pole (the NP coordinates hereafter). The transforma-
tion between the original and NP coordinates is straightforward
with rotations in Cartesian coordinates. A positional vector in the
Cartesian coordinates # = (x, y, z)" is obtained from the longitude—
latitude coordinates by

x=cosAsinf
y=sinAsin0 (A1)
z=cos6

Now, r in the NP coordinates is projected to the original coor-
dinates by following two rotations. Assuming that the cyclonic
centre is (A, 0,), where A, and 6, are the central longitude and
colatitude, respectively:

1. Rotate —6, around the y axis (negative because of a clockwise
rotation in the x—z plane).
2. Rotate A, around the z axis.

The two rotations are described by the following rotation

matrix:

cosf, 0 sinf,
4= 0 1 0
—sinf, 0 cos6,
cosA, —sink, 0
A4, =|sinA, cosi, O (A2)
0 0 1
cosA cosf, —sinA, cosA sin6,
A= 4,4 =|sin) cosO, cosA, sinA sinf,
—sinf, 0 cosf,
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The points in the NP coordinates are transformed to the origi-
nal coordinates and are obtained by Ar. The longitude and latitude
corresponding to Ar are obtained by

2= atanzmod 2r, x=0
= X

0, x=0 (A3)
6 = acos z.

The scalar field is interpolated at (4, 8). The zonally symmetric and
asymmetric components in the transformed coordinates represent
the axially symmetric and asymmetric components, respectively.
The vectors such as winds need additional procedures. First,
the horizontal winds expressed in the Cartesian coordinates are

X=—usinA—vcosAcosO
¥ =ucosA—vsinicos6 (A4)
z=vsinf

and each component of a vector in the Cartesian coordinates (A4)
is interpolated as a scalar. Then, the coordinates are rotated with
A"x, where A" = A, 4,, to obtain winds in the NP coordinates.
The winds in the longitude—latitude coordinates are obtained from
those in the Cartesian coordinates by

u=ycosA—xsind
v=sgn(£)y/(icos A+ ysin 1) + 2

(AS5)

The transformed zonal and meridional winds represent tan-
gential and radial components, respectively. In this study, the grid
spacing is uniform in longitude (1) and in colatitude (6 = 7/2 — §),
and the meridional extent is 10° from the North Pole.
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