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1. INTRODUCTION 
 

Typhoons and hurricanes often cause strong 
winds and heavy precipitation that result in severe 
damages.  The elucidation of structures of typhoons is 
important to the understanding their wind fields and 
precipitation as well as to the improvement of the 
representation of typhoons in numerical models.  The 
strongest Typhoon Jebi making landfall in the Japan’s 
mainland in the last 25 years also brought about 
record-breaking strong winds in Kansai region on 
September 4, 2018, causing extensive damages.  
Indeed, the maximum surface gust speed of  58.1 m 
s-1  at 1340 JST (Japan Standard Time: JST = UTC + 
9 hours) was observed at Kansai International Airport 
(KIX), and the wind speed larger than 20 m s-1 
prevailed at many surface stations during its passage 
over this region.  VAD-derived wind profiles at KIX 
showed the existence of strong wind exceeding 50 m 
s-1 at heights between 2.5 km and 5 km (ASL: above 
sea level) at this airport.  The maximum tidal levels 
were also higher than ever at several observation 
points.  These strong winds and high tides (3.29 m at 
1418 JST in the Osaka Bay) forced to close this 
airport.  The Jebi was located at a distance of about 
35 km to the west of KIX at 13 JST, moving NNE at a 
speed of 45 km h-1.  It subsequently made a landfall at 
around Kobe city at 14 JST.   In contrast to the very 
strong wind, most of hourly precipitation amount was 
between 10 and 30 mm during the passage of the 
typhoon center in the Kansai District, except that the 
hourly precipitation of 59 mm was observed at Kobe 
between 13 and 14 JST. 
 Previous researches on typhoons and hurricanes   
using Doppler radars concerned rainband structures 
(Ishihara et al. 1986), vertical velocity and radial flow 
(Lee et al. 2006), boundary layer structures (Kosiba 
and Wurman 2014), kinematic structures of 
mesovortices (Wingo and Knupp 2016), and a rapid 
intensification of a typhoon (Shimada and Yamada 
2018), for example.  In addition, most of Doppler 
radar analyses were made over a flat surface in the 
previous studies.   
 Since the structures of typhoons making landfalls 
on the Japan Islands are not elucidated yet, more 
research is necessary.  This paper presents three-
dimensional wind fields associated with Jebi from 
multiple-Doppler radar wind synthesis over complex 
terrain and clarifies causes of strong surface winds in  
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the Osaka Plain.  The occurrence of a localized heavy 
rain shower at Kobe city will be also examined. 
 
2. MULTIPLE-DOPPLER RADAR WIND 
SYNTHESIS OVER A COMPLEX TERRAIN 
 
 Data from five operational Doppler radars in the 
Kansai District are used for the wind recovery.  The 
use of data from the five radars ensemble, that is 
quintuple Doppler analysis, allowed to analyze wind 
fields in wider domains with higher spatial resolutions.  
Two of which are at C-band, and others are at X-band.  
These C-band radars operated by the Japan 
Meteorological Agency are located at the KIX and the 
Itam airport (the Osaka International Airport).  The 
spatial resolutions of these C-band radars are 0.15 
km along the radar radial and 0.7 degrees in the 
azimuthal direction with maximum detectable range of 
128 km.  Among the three X-band Doppler radars 
operated by Ministry of Land, Infrastructure, Transport 
and Tourism, two are located at altitudes of about 0.9 
km in mountainous regions, and the rest is installed in 
the Osaka Plain.  The spatial resolutions of the three 
radars are 0.15 km in the radial and 1.2 degrees in 
the azimuthal directions, respectively, with maximum 
detectable range of 80 km.  The observation mode of 
these five radars is PPI, and they repeat their 
respective predetermined volume scans to collect 
data at several minute intervals.  Even though the 
operation of the five radars are not synthesized, the 
combination of their data allows to make wind 
recovery at several minute intervals.  Practically, a 
maximum time difference among volume scans 
involved in the wind synthesis is less than three 
minutes.   

The wind recovery was mostly limited below 
heights less than about 5 km ASL for this case 
because the maximum elevation angles of four of 
these Doppler radars are less than 20 degrees, 
between 15 and 17 degrees.  The radar at the Itami 
airport makes PPI scans up to the elevation angle of 
45.9 degrees.   

Wind recovery over a complex terrain was made 
by MUSCAT (Chong and Cosma 2001) in Cartesian 
coordinates in a fixed frame of reference.  Its origin 
coincides with the location of the KIX radar site, 
whose height is 41 meters ASL.  The x- and y-axes 
go toward the east and the north, respectively, and 
the z-axis is directed vertically upward.  The data fit 
formulation and the compensation of the system 
motion are as in Yamada (2013).   The spatial 
resolutions of the wind recovery are 0.5 km in the 
horizontal and 0.4 km in the vertical.  The lowest 
height was set to 0.4 km above the KIX radar.  The 



additional constraint imposed on the cross-baseline 
wind component (e.g., Chong and Bousquet 2000; 
Bousquet et al. 2008) is applied to the grid points, 
where the wind measurements were made by only 
two radars.  No adjustments (e.g., Chong et al. 2000) 
was made for the vertical winds because the wind 
components were not analyzed at higher heights.  
The orography data is prepared from Digital Elevation 
Model (10-meter grid) provided by the Geospatial 
Information Authority of Japan.   
 
3. QUALITY CONTROL OF DUAL-PRF 
VELOVITIES 
 

The five radars involved in the wind synthesis are 
equipped with dual-PRF technique that enables to 
extend the unambiguous range of Nyquist velocity 
interval.  Since the extended Nyquist velocities of 
these radars are about 45 to 50 m s-1, the dual-PRF 
methodology will not function properly for this case 
due to the very strong winds.  Indeed, Doppler 
velocities exceeding the extended Nyquist velocities 
are observed in each radar data.  Since the 
appropriate quality control of Doppler velocities is a 
key process for the accurate wind determination, 
quality control of Doppler velocities was carried out by 
the following methods. 

Four types of quality control algorithms are 
employed: a) the method by Yamada and Chong 
(1999) extended to dual-PRF velocity data, b) an 
algorithm based on the velocity continuity in the 
vertical direction, c) correction using the already 
corrected data at adjacent observation times as 
reference, d) detection and correction of unnatural 
gaps in the velocity field by brute-force checking 
(Yamada 2019).  Employing one or an appropriate 
combination of the four methods can handle dual-PRF 
Doppler velocities, providing high-quality velocity 
fields.  Of course, these methods include algorithms, 
which enables to delete spurious velocity data that 
cannot be removed based on reflectivity threshold 
only.  
 
3. RECOVERED THREE-DIMENSIONAL WIND 
FIELDS 
 

Figure 1a shows a recovered horizontal wind field 
from the quintuple Doppler radar analysis at the 
lowest analysis height of 0.441 km ASL (that is, 0.4 
km above the KIX radar site) at 1343 JST, around 
which the most intense surface wind was observed at 
KIX.  Strong winds larger than 50 m s-1 are located in 
the southern portion of the Osaka Plain and the 
norther portion of the Osaka Bay.  Figure 1b exhibits 
the horizontal wind field at the 2.041 km ASL.  
Horizontal winds at this height are stronger compared 
to those at the lowest height, and very strong winds 
exceeding 50 m s-1 prevailed over the Plain.   

Figure 2 shows vertical profiles of mean horizontal 
wind speed averaged for a domain of -20 km < x < 
+30 km  and -10 km < y < 35 km in Fig. 1, where the 
sea surface and flatlands dominate.   No winds above 
4 km height are plotted because of a large decrease 
in number of valid wind data.  This figure indicates 
that the existence of the typhoon-associated strong 

winds.  The wind speed tends to increase with height.  
In particular, a strong wind as much as about 60 m s-1 
is found at about 2.8 km ASL at 1343 JST, where a 
maximum surface wind was observed at KIX.  In 
addition, dual-Doppler derived wind speeds are close 
to those from quintuple-Doppler radar analysis.  The 
most intense wind at 1353 JST may be attributed to 
the location of the typhoon center nearest to the 
Osaka Plain among these times.   

Structures of the wind and reflectivity fields in a 
vertical cross-section along a blue dashed line AB in 
Fig. 1b are shown in Fig. 3.  Intense downdrafts are 
found in the lee side of the Izumi mountains, and their 
magnitudes are as much as about 10 m s-1.   The 
airflow structures depicted in this figure suggest the 

Figure 1: (a) Ground-relative horizontal wind 
(arrows) at the 0.441 km height ASL and the 
topography (upper panel).  Contours are horizontal 
wind speed, drawn at 5 m s-1 intervals.  Regions of 
horizontal wind speed exceeding 50 m s-1 are 
indicated by dots.  Red (blue) solid circles show 
the location of C- (X-) band Doppler radars 
involved in the quintuple-Doppler radar analysis. 
Topography is shown by color shading (in meters). 
(b) As in (a), except for the wind field at the 2.041 
km ASL (lower panel). 

a) 

b) 



downward transport of horizontal momentum at higher 
heights is transported downward. This downward 
transport would account for the strong surface wind in 
the Osaka Plain.   The reflectivity fields over the Izumi 
mountains indicate that regions of large reflectivities 
larger than 40 dBZ tilt downwind with decreasing 
altitudes.  Such structure implies that precipitation 
particles grown in the orographic updrafts are 
transported to the lee side by strong horizontal winds 
during their fall to the surface.   

Interaction between the very strong horizontal 
winds associated with the typhoon and the orography 
of the Kansai District produced severe convection 
around the Rokko Mountains.  Indeed, hourly 

precipitation amount at Kobe City recorded 59 mm 
during 13 and 14 JST with a short-period intense 
precipitation of 24.5 mm in 10 minutes between 1330 
and 1340 JST.   This hourly precipitation amount was 
very large compared to that of 20 – 30 mm per hour 
observed at most of the surface stations in the Kansai 
District between 12 and 14 JST.  Figure 4 shows a 
vertical structure of an active convective cell that 
produced such large amount of rainfall.  Intense 
updrafts of about 20 m s-1 are located over the Osaka 
bay, about several kilometers to the south from the 
Rokko Mountains.  These updrafts would have been 
resulted from an intense low-level convergence 
between the low-level strong airflow and the mountain 
barrier, and account for the formation of the intense 
rainfall at Kobe.  In fact, large convergence is 
depicted at low heights less than about 1 km over the 
sea in this figure.  This convergence was brought 
about the collision of the low-level air flow associated 
with the typhoon with the Rokko barrier (not shown).  
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Figure 4. As in Fig. 3, except for the vertical cross-
section along a dashed line CD.   

Figure 3. Reflectivity (shading) and wind (arrows) 
fields in a vertical cross-section along a dashed line 
AB in Fig. 1b.  Arrows are vector representation of 
ground-relative horizontal and vertical wind 
components, and they are parallel to the stream 
line at each grid point.  wind field at the 2.041 km 
ASL (lower panel).  Wind are drawn every five grid 
point in the horizontal direction.  Reflectivity interval 
is 6 dBZ.  Orography is filled with black color.  

Figure 5: Ground-relative horizontal wind (arrows) 
and reflectivity (shading) at 1318 JST at the 0.841 
km height ASL. Reflectivity interval is 4 dBZ. 

Figure 2: Vertical profiles of mean horizontal wind 
speed at different analysis times.  Solid (dashed) 
lines indicate the profiles from quintuple (Dual)-
Doppler radar analysis.  Dual-Doppler radar 
analysis was made  using the KIX and the Itami 
radar data. 



The magnitudes of updrafts over the Osaka Plain and 
Osaka Bay except for the region around the 
mountains were mostly several meters per second.   

The elongated large reflectivity region toward the lee 
side from around the top of the Rokko Mountains 
implies the transportation of precipitation particles 
formed in the convective cell toward the downwind. 

Figure 5 demonstrates the horizontal wind and 
reflectivity fields at the height of 0.841 km ASL at 
1318 JST.  At this time, the typhoon center appeared 
to be located at a distance of about 20 km to the west 
of KIX.  A large areal extent of regions with 
reflectivities larger than 38 dBZ may correspond to 
eye wall precipitation.  Figure 6a (6b) represents the 
ground-relative radial (tangential) wind component in 
the vertical cross-section along a line AB in Fig. 5.  
The radial wind component has tendency to decrease 
with approaching to the center.   Large tangential 
winds as much as about 30 m s-1  are located near 
the typhoon center.  The features depicted in the two 
figures resemble in part those in Jorgensen (1984).  
The vertical wind field at the height of 2.041 km ASL 
at this time is shown in Fig. 7.  Relatively large 
updrafts are present over the bay and plain.  In 
particular, updrafts of 12 m s-1 are found at (x, y) = 
(5.0, 0.0) km.  Interestingly, spatial distributions of 
updraft and downdraft regions exhibits a banded 
structure at y > 5.0 km.  Such structure resembles 
that reported by Ito et al. (2017).  This banded pattern 
was not, however, observed in recovered wind fields 
at 1-km horizontal resolution from dual-Doppler 
analysis using the KIX and Itami radar data. 
 
4. CONCLUSIONS 
 

  Quintuple-Doppler radar analysis was made to 
clarify three-dimensional structures of the typhoon 
Jebi that made a landfall in the Kansai District of 
Japan on Sep. 4, 2018.   The record-breaking strong 
winds associated with this typhoon in the Osaka Plain 
appeared to be brought about the downward transport 
of horizontal momentum at higher heights by the 
downdrafts in the lee side of the Izumi Mountains.  An 
intense convection producing a large rain rate was 
initiated by the low-level interaction between the 
strong wind and the orography.  Structures in the eye 
wall rainband were also derived.  Further studies are 
needed as for the typhoon structures and the 
interaction between the typhoon and the orography.   

Since the mountainous land accounts for about 
70% of Japan, more studies are needed in order to 
clarify the typhoon structure over complex terrain.  As 
illustrated in Fig. 4, the interaction between the airflow 
associated with typhoon and orography may induce 
intense convection that would cause heavy rainfall in 
localized areas.  In addition, the interaction may also 
affect the typhoon dynamics and changes in 
structures.   The clarification of such interactions may 
also contribute to a development of high-resolution 
numerical models that represent structures and tracks 
of typhoons very well. 
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