
 

 

 

 

 

 

 

 

EARLY ONLINE RELEASE 

This is a PDF of a manuscript that has been peer-reviewed 

and accepted for publication. As the article has not yet been 

formatted, copy edited or proofread, the final published 

version may be different from the early online release. 

 

This pre-publication manuscript may be downloaded, 

distributed and used under the provisions of the Creative 

Commons Attribution 4.0 International (CC BY 4.0) license. 

It may be cited using the DOI below. 

  

The DOI for this manuscript is  

DOI:10.2151/jmsj.2021-024 

J-STAGE Advance published date: January 29th, 2021 

The final manuscript after publication will replace the 

preliminary version at the above DOI once it is available. 



 1 

Heavy winter precipitation events with extratropical 2 

cyclone diagnosed by GPM products and trajectory 3 

analysis 4 

 5 

Morihiro SAWADA 6 

 7 

Nagano management office, Kanto Branch 8 

East Nippon Expressway Co., Ltd.  9 

 10 

and 11 

 12 

Kenichi UENO1 13 

Faculty of Life and Environmental Sciences 14 

University of Tsukuba, Tsukuba, Japan 15 

 16 

 17 

 18 

December 18, 2020 19 

 20 

 21 

 22 

------------------------------------ 23 

1) Corresponding author: Kenichi Ueno, Faculty of Life and Environmental Sciences 24 

University of Tsukuba, Tsukuba, Teno-dai 1-1-1, Tsukuba, Ibaraki 305-8572, JAPAN  25 

Email: ueno.kenichi.fw@u.tsukuba.ac.jp 26 

Tel.: +81-298-53-4399 27 

Fax: +81-298-53-4399 28 

 29 



 1 

Abstract 30 

Heavy precipitation events were identified during the cold seasons of 2014–2019 using 31 

two-day accumulated precipitation data at 137 stations of the Japan Meteorological 32 

Agency. The mechanisms for producing heavy precipitation regarding the structure of an 33 

occluding extratropical cyclone were analyzed using the products of the Dual-frequency 34 

Precipitation Radar (DPR) onboard the Global Precipitation Measurement (GPM) core 35 

satellite and trajectory analysis on the European Centre for Medium-range Weather 36 

Forecasts atmospheric reanalysis data. Upper-ranked events with heavy precipitation 37 

were predominantly caused by extratropical cyclones and were in mature stages. In the 38 

top 50 ranked events, three south-coast cyclones were nominated, and the relationships 39 

between developing the mesoscale precipitation system and airstreams were intensively 40 

diagnosed. Hourly precipitation changes at stations that recorded heavy precipitation 41 

were primarily affected by a combination of the warm conveyor belt (WCB), cold conveyor 42 

belt (CCB), and dry intrusion (DI). Wide-ranging stratiform precipitation east of the cyclone 43 

center was composed of low-level WCB over the CCB and upper WCB, and convective 44 

clouds around the cyclone center were associated with the upper DI over the WCB that 45 

provided an extreme precipitation rate at the surface, including the formation of a band-46 

shaped precipitation system. Convective cloud activities also contributed to moist air 47 

advection over the stationary stratiform precipitation areas recognized as the upper WCB. 48 

DPR products also identified deep stratiform precipitation in the cloud-head area behind 49 
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the cyclone center with mid-level (near-surface) latent heat release (absorption) with 50 

increased potential vorticity along the CCB, making feedback intensification of the cyclone 51 

possible. 52 

 53 

Keywords  Global Precipitation Measurement, extratropical cyclone, heavy 54 

precipitation, conveyor belts, occluding stage 55 

56 
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1. Introduction 57 

Winter monsoons or extratropical cyclones produce major winter precipitation in the 58 

Japanese islands. Extreme heavy snow covers along the Sea of Japan (SJ) because of 59 

winter monsoons have been studied from various viewpoints (Steenburgh and Nakai, 2020). 60 

Extratropical cyclones passing along the south-coast of Japan, so-called south-coast 61 

cyclones (SCCs), also provide sporadic heavy snow cover along the Pacific and cause 62 

hazards, as occurred in February 2014 (Izumi et al., 2015). Mechanisms of heavy snow in 63 

the southeast United States (US) coast or the Pacific side of Japan have been revealed from 64 

various viewpoints (Bailey et al., 2003; Fujibe, 1990; Yamazaki et al., 2015; Araki, 2019). 65 

Increases in the water equivalent of snow cover because of heavy precipitation by cyclones 66 

produce avalanches or damage agricultural activities in mountainous areas (Moriyama et 67 

al., 2015; Matsushita and Ishida, 2016). 68 

From long-term perspectives, winter precipitation in western and central Japan has been 69 

increasing because of an increase in weather patterns with SCCs since the late 1980s (Ito 70 

and Ueno, 2016). Precipitation intensity by extratropical cyclones should also increase 71 

because of global warming (Kodama et al., 2019). Ando and Ueno (2015) revealed that 72 

extratropical cyclones in the occluding stage tend to produce heavy precipitation in the 73 

inland district of Honshu using two-day accumulated precipitation totals. To consider the 74 

social impacts on the Pacific side of Japan or inland areas, it is critical to diagnose whether 75 

the mechanism of sporadic heavy precipitation on a time scale of one to two days could be 76 
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induced because of the passage of cyclones. 77 

Western countries, such as the US or England (Hobbs, 1978) have investigated the 78 

formation of mesoscale precipitation systems regarding synoptic-scale cyclone structures. 79 

Three-dimensional structures and the evolution of the cyclone can be captured using a 80 

conveyor model composed of a combination of airstreams, such as the warm conveyor belt 81 

(WCB), cold conveyor belt (CCB), and dry intrusion (DI), with several types of fronts or 82 

convergences among them (Browning and Monk, 1982; Browning, 1986). Catto et al. (2010) 83 

or Schultz and Vaughan (2011) reviewed structures of the occluding stage with heavy 84 

precipitation in the cyclone, whereas Hart et al. (2017) also identified severe weather at the 85 

head of the intruding CCB. According to the lifecycle model of Shapiro and Keyser (1990), 86 

a bent-back front with CCBs and sting jet airstreams could also produce severe weather in 87 

the mature stage (Martinez-Alvarado et al., 2014). The DI can be identified using the 88 

moisture channel images of the geostationary satellite (Browning, 1997), which is a key 89 

element causing upper layer instability and convection at the comma heads of winter 90 

cyclones in the occluding process (Rauber et al., 2014). Browning and Monk (1982) 91 

identified DI formation of the upper front over the WCB, and the lowering of mid-level static 92 

stability because of high potential vorticity (PV) intrusions by the DI could strengthen 93 

precipitation (Novak et al., 2010). According to Schemm and Wernli’s (2014) idealized 94 

numerical experiments, the WCB’s latent heat release over the surface bent-back front could 95 

accelerate the PV along the CCB, and the low-level jet backward to the cyclone center could 96 
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be strengthened indirectly. Hart et al. (2017) introduced the concept that the strengthening 97 

of low-level cyclonic circulation with high PV areas caused hazards because of intense 98 

winds. The maturing of the cyclone with the coupling of airstream structures and the 99 

precipitation system could strongly affect the increased winter precipitation in Japan, such 100 

that severe weather by the bent-back front was identified (Takano, 2002). However, such 101 

evidence has not been fully captured and examined around Japan with observational 102 

confidences. 103 

To observe the synoptic-scale structure of the cyclone and the enhancement of 104 

mesoscale precipitation systems, remote sensing is beneficial. For instance, Crespo and 105 

Posselt (2016) identified the deformation of the precipitation system from stratiform to 106 

convective types in the WCB using CloudSat images. Murphy et al. (2017) observed that 107 

different types of precipitation are distributed in comma-head clouds at the tip of the DI, such 108 

as the prevailing convective and stratiform regions in the south and the stratiform region in 109 

the north. Since 2014, the Global Precipitation Measurement (GPM) mission has started to 110 

observe tropical and midlatitude precipitation activity using the GPM Core Observatory 111 

(GPM-CO) satellite equipped with the GPM Microwave Imager and the Dual-frequency 112 

Precipitation Radar (DPR) (Hou et al., 2014). A field campaign was conducted in the US to 113 

explore the GPM-CO-DPR’s (Skofronick-Jackson et al., 2015) performance, and GPM 114 

products were used for various aspects (Kobayashi et al. 2018; Akiyama et al. 2019; Yamaji 115 

et al. 2020). For instance, Naud et al. (2018) composed the distribution of the precipitation 116 
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frequency and rate in oceanic extratropical cyclones and compared them with the CloudSat 117 

product. Zhang et al. (2020) revealed the structure of cyclonic precipitation in the northern 118 

Pacific storm track using GPM-DPR data in varying development stages. 119 

The Japanese archipelago is composed of complex coastal lines and mountainous areas, 120 

occupying ~70% of the land, where it is challenging for surface radar and gauge networks 121 

to capture the continuous distribution of precipitation types and intensity. GPM-CO-DPR 122 

data and products should diagnose three-dimensional structures of the precipitation system 123 

embedded in the extratropical cyclone. As a preliminary study, Sawada et al. (2019) used 124 

DPR data and identified that a combination of stratified and convective precipitation clouds 125 

in a winter extratropical cyclone could produce continuous substantial amounts of 126 

precipitation. This study first comprehensively identifies winter extratropical cyclones with 127 

behaviors that produced island-scale heavy precipitation since the beginning of the GPM 128 

mission. In several cases, the DPR-observed representative precipitation areas with 129 

airstreams identified using trajectory analysis of the fifth-generation European Centre for 130 

Medium-range Weather Forecasts (ECMWF) atmospheric reanalysis (ERA5) data 131 

(Hersbach et al., 2020). Then, the relationship between the mesoscale precipitation system 132 

and airstreams peculiar to the mature stage of cyclone structures was intensively revealed 133 

in the SCC with occluding stage cases. 134 

 135 

2. Analysis methods and data 136 



 7 

2.1 Correction of precipitation amounts 137 

This study analyzed the cold season (November–April) after March 2014, when the GPM 138 

mission started, until April 2019. Hourly precipitation data at 137 Japan Meteorological 139 

Agency (JMA) observation sites (Fig. 1) were used to identify heavy precipitation events. 140 

Because winter precipitation amounts are heavily underestimated by the under-collection of 141 

precipitation gauges (Goodison et al., 1998), the following steps were taken to correct 142 

underestimations for hourly data over 0.5 mm/h. First, the precipitation phase (rain, snow, 143 

and sleet) was estimated using temperature and humidity data based on the methods 144 

proposed by Matsuo and Sasyo (1982) and Matsuo (1984). They proposed experimental 145 

formulas to estimate the threshold relative humidity of the precipitation phase as a function 146 

of temperature depending on coastal and inland areas (we defined the inland stations more 147 

than 10 km apart from the coast using crosses in Fig. 1). Next, when the phase was 148 

estimated as snow or sleet, the gauge catch ratio was calculated as a function of wind speed 149 

using the experimental formula proposed by Yoshida (1959). A parameter (m) in the 150 

experimental formula by Yoshida (1959) was set at 0.14 with gauge type RT-4, which is 151 

equipped with a heated antifreeze tank and widely used at JMA observatories. 152 

Five years of uncorrected and corrected precipitation data of the accumulated 153 

precipitation distribution in January were compared (the figure is omitted). The amount of 154 

precipitation tends to increase by more than 10% in northern and northwestern Japan, and 155 

increases are more evident in the coastal areas of Hokkaido and the northwestern Tohoku 156 
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region where wind speeds are higher. 157 

 158 

2.2 Designation of heavy precipitation events 159 

We designated heavy precipitation events, including heavy snowfall, based on two-day 160 

accumulated precipitation (TAP) amounts starting at 0 Japanese Standard Time (JST). TAP 161 

could include nocturnal precipitation continuing into successive days and is useful for 162 

evaluating the rain-on-snow load for building structure damage (Takahashi et al., 2016). 163 

Ando and Ueno (2015) also identified heavy winter precipitation cases using TAP only in the 164 

central areas of Honshu island. First, TAP data at each observation site were ranked with 165 

the date. If events with successive dates were found, the events after the second day’s label 166 

were omitted. Then, points were awarded to the upper 10% of ranked events (dates), such 167 

as 100 to the first-ranked date, 99 for the second, until all dates were accounted for. Second, 168 

the points at all 137 sites were accumulated for each day during the analysis period of 967 169 

days. Finally, the top 50 days ranked using the accumulated points were defined as heavy 170 

precipitation events. As the methods are based on the relative ranking of the TAP amount at 171 

each station as accumulated on an archipelago scale and not the ranking of areal-averaged 172 

absolute precipitation amount, heavy precipitation describes the nationwide occurrence of a 173 

comparatively extreme amount of one-to-two-day scale precipitation in this study. 174 

Table 1 shows a list of 50 heavy precipitation events with TAP. Surface pressure patterns 175 

were classified based on the JMA’s surface weather map considering the location of cyclone 176 
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occurrence, such as winter monsoon (WM), with a strong pressure gradient over the SJ 177 

without cyclones, SCC, with a traveling cyclone along Pacific side coasts, cyclone from the 178 

SJ, with a traveling cyclone analyzed over the SJ, and DC, as latitudinally collated cyclone 179 

pairs. The order was different from the averaged TAP order, and most cases include a 180 

maximum point-measured TAP of more than 100 mm. The order of the cases slightly 181 

changed after correcting the precipitation amounts, except for the top five cases; for instance, 182 

the 18th case was originally ranked 25th. Although the precipitation amounts along the coastal 183 

areas along the SJ were corrected, a WM in the table) pressure pattern contributed to only 184 

10 events (20%) and were predominantly caused by passing extratropical cyclones. The 185 

frequency was greater from March to April because of the storm track’s activation. They 186 

were not only by SCCs, but other types, such as a cyclone entering from the SJ or DC. For 187 

cyclones on the surface weather map identified in the areas of 120–150°E, 25–50°N, 24 188 

cases (almost half, marked 〇)were accompanied by occluded fronts within 24 h, and 14 189 

other cases (marked △) were also accompanied by occluded fronts outside the area after 190 

the cyclone center left Japan. Cyclones in the mature stage tended to provide nationwide 191 

heavy precipitation, correlating with the results of Ando and Ueno (2015), who only analyzed 192 

Honshu’s Islands. 193 

For cyclone events, the deepening rate (DR) of the central mean sea level pressure for 194 

two consecutive days was calculated using 6-hourly interval surface weather charts (the 195 

more intense cyclone center was chased in cases of DCs). In cases of DCs, miss-chasing 196 
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to different cyclone systems were manually avoided and a more intensified cyclone center 197 

was chased to calculate the DR. In Table 1, the DR with and without the occluded front was 198 

15.8 hPa/day and 5.0 hPa/day, respectively, indicating that cyclones tend to intensify with 199 

occlusion. Besides, only 17 cases were defined as explosive cyclones (hatched in the DR) 200 

according to Sanders and Gyakum’s (1980) definition, indicating that explosive cyclones do 201 

not always produce nominated heavy precipitation. Cyclones with smaller DRs were also 202 

nominated. For instance, the DRs below 5 hPa/day account for 12 cases where half of the 203 

cyclones originated in the SJ. 204 

 205 

2.3 Matching DPR observation 206 

GPM-CO products of DPR Ver. 5 (Ver. 6 after November 2018) level-2 data (Iguchi et al., 207 

2017; Seto et al., 2021) were used, including precipitation type/intensity, echo-top height, 208 

and spectral latent heating (SLH) by Japan Aerospace Exploration Agency (JAXA) (2017) 209 

and Shige et al. (2004, 2007) to diagnose the three-dimensional structure of the precipitation 210 

system in the cyclone. The DPR is composed of Ku-band (13.8 GHz) and Ka-band (35.5 211 

GHz) precipitation radars, and the dual-frequency ratio from these measurements are used 212 

to produce precipitation types including stratiform and convective precipitation (Awaka et al. 213 

2016; Le et al., 2017). The frequency of GPM-DPR observations for precipitation areas 214 

associated with the cyclone system was counted as matching that of the DPR surface 215 

precipitation pattern based on weather charts and satellite images (right end line of Table 1), 216 
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and 33 of 50 cases were matched. However, many of them did not fully crosscut the 217 

precipitation areas nor the surface front. Based on a case study by Sawada et al. (2019) 218 

and references of previous studies, we focused on three principal areas to be diagnosed 219 

regarding cyclone structure. These areas are the stratiform precipitation dominant area by 220 

WCB over CCB ahead of the cyclone (A), the occurrence of convective precipitation with the 221 

DI over the WCB near the cyclone center (B), and precipitation areas stretching from the 222 

northwest to west of the cyclone center according to the backward extension of an occluding 223 

front (C). The cyclone center at the DPR observation time was roughly determined based 224 

on the surface weather chart of JMA and satellite images of the Multi-functional Transport 225 

Satellite 2 (MTSAT-2) before April 2017 and Himawari geostationary weather satellite 8 226 

(Himawari-8) after May 2017 (Yamamoto et al., 2020). Water vapor image (the third band of 227 

infrared radiation with a wavelength of 6.5~7.0 μm for MTSAT-2, and the seventh band of 228 

infrared radiation with a wavelength of 3.9 μm for Himawari-8) is used to identify the 229 

distribution of the DI. Then, areas A–C were allocated based on the precipitation distribution 230 

captured using JMA composite weather radar echoes data, the DPR image, and the location 231 

of the cyclone center. The observation frequencies of DPR corresponding to areas A–C were 232 

21, 17, and 10, respectively (indicated in the rightmost column in Table 1). An example of 233 

the areas’ locations will be introduced in Section 3. Finally, we chose three mature cases (α234 

–γ) to intensively observe precipitation areas A–C as introduced in Section 4. 235 

 236 
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2.4 Identification of conveyor belts using trajectory analysis 237 

Browning (1990) identified three major airstreams (conveyor belts), such as the WCB, 238 

characterized by ascending warm and moistened airstream in the warm sector, the CCB, 239 

characterized by low-level cold air mass intruding from the east to the back of the cyclone 240 

center ahead of the WCB, and the DI coming down from the upper level to the cyclone center, 241 

characterized by a dry air mass by isentropic analysis. Trajectory analysis is an objective 242 

method for identifying airstreams and cataloging them according to the conveyor belt (Wernli 243 

and Davies,1997; Schemm and Wernli, 2014). This study performed trajectory analysis on 244 

ERA5 hourly objective analysis data with 0.25° intervals from the reference grids in the DPR 245 

observation area (column). The calculation was performed using 18 constant pressure levels 246 

(surface to 300 hPa) using hourly horizontal and vertical wind vector data. Calculations 247 

forwarded for 24 h and backward for 48 h were done using original programs with references 248 

to LANGRANTO software methods (Sprenger and Wernli, 2015). The ERA5 data cannot 249 

resolve 10 km scale cloud cells observed by DPR. However, it improved large-scale cloud 250 

and precipitation schemes (including the diurnal cycle) by changing the convection 251 

parametrization or using modified convective available potential energy (CAPE) closure with 252 

assimilating multiple observed data, such as using infrared radiances from geostationary 253 

satellites (Hersbach et al., 2020). In this study, surface wind, CAPE, and vertical integration 254 

of the divergence of moisture flux (VIWVD) produced in the ERA5 data are used to diagnose 255 

the characteristics of airmass associated with air streams. 256 
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 According to Schemm and Wernli (2015), the WCB was defined using trajectories 257 

starting below 800 hPa and increasing to more than 500 hPa for 48 h. The CCB was also 258 

defined using trajectories below 800 hPa with maximum PVs of more than 2 potential 259 

vorticity units (PVU) for 48 h. In this study, as most trajectories started from the DPR-260 

observed cross-section in the precipitation system, traditional tracking criteria were modified 261 

to increase the airstream candidates. First, the pressure level raising criterion for the WCB 262 

was modified to 400 hPa. For the CCB criterion, cyclone cases in this study did not always 263 

accompany low-level high PV, such as more than 2 PVU. Hirata et al. (2016) defined a low-264 

level strong zonal easterly airstream in the west or north of a cyclone center as the CCB in 265 

SCC cases, and the contribution of water vapor transportation into the bent-back front 266 

because of CCB deformation by moistening over warm currents was revealed. This study 267 

also focused on the direction of air parcel movement, and low-level trajectories below 800 268 

hPa moving from east to west relative to the cyclone center were defined as the CCB. 269 

Raven-Rubin (2017) defined the trajectory as DI when it started above 600 hPa and 270 

descended by more than 400 hPa for 48 h. Many parcels chased by the trajectory analysis 271 

in the following section’s cases were near the cyclone center where the synoptic-scale 272 

ascending motion prevailed, and their altitude did not change by more than 400 hPa. To 273 

identify the dry air parcel intrusion, this study additionally included the trajectories if the 274 

average relative humidity during air parcel travel was less than 50%, with no limit on 275 

descending pressure differences. 276 
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Figure 2 shows differences in airstreams depending on the pressure change and 277 

humidity with backward/forward routes to confirm the performance trajectory analysis using 278 

the previously mentioned categories. Air parcels at 950, 750, and 300 hPa in the domain of 279 

DPR observation in the ninth case, which will be introduced in Section 4.2 as case β, are 280 

chased. According to a scattering diagram (Fig. 2a), three airstreams were divided, namely 281 

the moist WCB with an upward motion, the moist CCB without pressure (level) changes, 282 

and the dry DI with descending motion. The WCB gathered from two directions east ahead 283 

of the cyclone center and south from the back of the cyclone center and passed northward 284 

(Fig. 2b). The CCB entered from the northeast or the north around the central mountain 285 

areas and flowed out to the south with cyclonic rotation (Fig. 2c). The DI flowed from the 286 

southwest to the northeast chasing as a cyclone center movement (Fig. 2d). The 287 

demonstrated features corresponded well with the diagrams of previous studies (Schultz 288 

and Vaughan, 2011), except that the trajectories categorized as WCB intruded from the east 289 

along the CCB front were unique, and details are given in Section 4. 290 

 291 

3. Effects of cyclone structure on the variabilities of point-measured 292 

precipitation 293 

The temporal change in the hourly precipitation during the passage of a cyclone was 294 

analyzed relating to the dominant conveyor belts over the observation point. The target is 295 

the first-ranked heavy precipitation event (December 10–11, 2015) (case α). A cyclone 296 
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moving northeastward over the main island with a bent warm front was analyzed in the 297 

morning surface weather chart on December 11 (Fig. 3a) with DI stretching from the Yellow 298 

Sea over western Japan into central Japan (Fig. 3b). Cloud distribution indicates 299 

precipitation areas A–C, explained in Section 2.3, shown as solid circles. The cyclone was 300 

blocked by a high-pressure system of 1030 hPa at the center ahead and moved slowly, 301 

rather than developing explosively, and then it occluded during the night (figure omitted). 302 

Precipitation areas moved over most of the islands, especially more than 125 mm TAP was 303 

provided along the Pacific coasts of western Japan (Fig. 3c). This is a good case for 304 

diagnosing how the hourly precipitation rate changed according to the passage of conveyor 305 

belts with cyclone movement. 306 

First, the Sumoto Observatory (marked X in Fig. 3c and by a black dot in Fig. 5) located 307 

in the flat inland without high mountains was chosen. Continuous precipitation of 12 h over 308 

midnight provided a TAP of 243 mm. Temporal changes in hourly precipitation in Fig. 4a 309 

show that precipitation started in the evening on December 10, increased (T1), reached over 310 

20 mm/h in the night, and remained for several hours (T2). In the early morning, 5 JST local 311 

time, heavy precipitation of over 50 mm/h was recorded (T3), and the rate suddenly reduced, 312 

and precipitation stopped after 7 JST (T4). JMA radar images showed that T1 was initiated 313 

by isolated precipitation areas formed over the Kii Peninsula mountains ahead of the main 314 

cyclone system under a weak surface pressure gradient condition (Fig. 5a, C1). In the T2 315 

period, wide-ranging heavy precipitation areas east of the cyclone center spread over 316 
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Sumoto (Fig. 5c, C2). Simultaneously, more areas of heavy precipitation stretched along the 317 

south-facing slopes of the mountains on Shikoku Island and the Kii Peninsula (C3), 318 

indicating orographic enhancement (Fig. 5d). Besides, heavy precipitation bands and 319 

precipitation-free areas were mixed when the cyclone center approached (Fig. 5e), and 320 

extreme heavy precipitation during T3 was caused by one of the band-shaped precipitation 321 

zones stretching southwest-northeast (Fig. 5f, C4). 322 

Next, Fig. 4b shows temporal changes of the dominant conveyor belts identified using 323 

trajectory analysis over Sumoto, with the surface wind, CAPE, and VIWVD analyzed in 324 

ERA5 data (Fig. 4c). The trajectory analysis starts from 18 pressure levels of 300–950 hPa 325 

of an ERA5 data column on 16 JST on December 10 to 9 JST on December 11. During T1, 326 

the WCB prevailed less than 40% of the time with a small number of CCBs with weak surface 327 

wind conditions; however, the WCB percentage suddenly increased to over 70% after the 328 

start of heavy precipitation (T2) when strong southeasterly winds prevailed with changing 329 

direction from the south. Therefore, the WCB intrusion ahead of the cyclone center strongly 330 

contributed to increased precipitation amounts. With 3-h time lags, DI started to prevail as 331 

CAPE increased when the extreme precipitation rate was recorded (T3), and the WCB 332 

percentage gradually reduced without the CCB. According to the radio-sounding data at 9 333 

JST on November 11 at Shionomisaki station 80 km southwest of Owase, the DI reached a 334 

700 hPa level without upper cold airmass (figure omitted) and a profile of equivalent potential 335 

temperature showed a convective instability condition below 600 hPa. The CAPE diagnosed 336 
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in objective analysis data might not directly indicate mesoscale convective instability; 337 

however, it is used as the CAPE closure for convective parameterization in large-scale 338 

models (Bechtold, 2014) and corresponds to observed precipitation increases. The direction 339 

of the stretching band-shaped precipitation zone in the radar image (Fig. 5f) corresponded 340 

to the DI airstream. Therefore, we attributed that the vertical humidity gradient strongly 341 

affected the extremely heavy precipitation to increase convective instability and CAPE by 342 

the DI over the WCB, forming band-shaped mesoscale convective clouds with precipitation-343 

free areas in the cyclone system’s maturing stage. 344 

The same analysis was done over the Owase Station (marked Y) on the southeastern 345 

coast of the Kii Peninsula, where ascending effects by mountains behind should increase 346 

the amount of precipitation during the passage of synoptic disturbances (Takeda et al., 1976). 347 

Precipitation continued for 16 h (Fig. 4d) and 280 mm TAP was recorded. The pattern of 348 

change in the hourly precipitation is similar; even the orographic effects were expected, 349 

except that the precipitation started earlier than that at Sumoto and the Owase location was 350 

farther east with a longer T1 period. The conveyor belt percentages over Owase also 351 

showed similar stepwise changes (Fig. 4e), such that the increase in the WCB and DI 352 

percentages corresponds to the hourly precipitation changes as T2 and T3. During the T1 353 

period, surface winds from the southeast dominated with increased CAPE, indicating the 354 

precursor initiation of orographic precipitation (Fig. 4f). CAPE decreased temporarily, 355 

suppressed before the DI that might be affected by precipitation. Consequently, case α 356 
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shows that the cyclone structure composed of airstreams primarily affected the hourly 357 

precipitation changes contributing to the heavy winter precipitation events along the 358 

southwest coasts of Japan. Orographic enhancement of precipitation amounts also co-359 

existed; however, the intrusion of a dry air mass in the mature cyclone stage induced an 360 

extreme increase in the precipitation rate. 361 

In the following section, we nominated SCCs with similar cloud and frontal patterns in 362 

Table 1, and three matching cases with DPR observation were analyzed that represent the 363 

examination of the vertical structure of precipitation systems in areas A–C, respectively. 364 

 365 

4. Structures of mesoscale precipitation systems embedded in the cyclone 366 

4.1 Continuous precipitation associated with stratiform clouds ahead of the cyclone center 367 

A three-dimensional precipitation system ahead of the cyclone center (area A) was 368 

diagnosed using DPR data regarding airstreams embedded in the cyclone. We focused on 369 

case α, as introduced in the previous section. The DPR passed over the northern part of the 370 

main island (white dashed line in Fig. 3b) at 5 JST and captured precipitation in a zonal area 371 

of 245 km wide. The precipitation type, as defined in the DPR products (Le and 372 

Chandrasekar, 2013) was predominantly classified as stagnant stratiform clouds (Fig. 6a) 373 

with flat distributed echo-top heights at a 2–6 km level (Fig. 6b). Surface precipitation areas 374 

were also distributed widely and continuously (Fig. 6c), and a stronger precipitation rate 375 

(more than 2 mm/h) extending longitudinally corresponds to higher echo-top height areas 376 



 19 

(D1, D3 in Fig. 6b). Fig. 6d, e shows the vertical cross-sections of the DPR echo along two-377 

dashed lines (Fig. 6c), one at the southwestern periphery and the other at the center of the 378 

observation pass. A cross-section along the former pass shows that the echoes were 379 

intensified below the 3 km level. Temperature profile data at 9 am by radio-sounding 380 

observation at Akita (marked in Fig. 6a) indicated that 0℃ was located at 2.5 km above sea 381 

level (a.s.l.); therefore, the intensification was because of the bright band (BB). The 382 

stratiform precipitation is shallower in the northern cross-section with more prominent BB 383 

(Fig. 6e). DPR captured several cells, and intensified cells, such as in D1, reached echo-384 

tops of more than 6 km a.s.l. Although enhanced low-level echoes existed over the coastal 385 

areas, they were not because of a local coastal front without surface wind shear. According 386 

to the Nonhydrostatic Model high-resolution simulation, in a case of heavy winter snow by 387 

an extratropical cyclone in 2014 by Araki and Murakami (2015), the formation of snow 388 

particles at a 6–8 km level was also simulated because of ascending ahead of the surface 389 

warm front that differed from the feeding effects over mountains below 1 km. Here, the low-390 

level enhancement of the precipitation echo over the mountain was found, such as D3 over 391 

mountains, indicating that orographic ascending or seeder-feeder effects might be partially 392 

functioning. However, we attributed the formation of deep and wide-ranged stratiform 393 

precipitation to the ascending WCB at higher elevations. 394 

Trajectory analysis was performed from the ERA5 data grids originating on the cross-395 

sections of DPR observation in Fig. 6d, e, as explained in Section 2.4. ERA5 grids 396 
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categorized in the airstreams were plotted as different colors/marks with the horizontal wind 397 

vector on the cross-sections of the DPR echoes. In the western cross-section (Fig. 6d), 398 

WCBs were identified in two areas. One is a dense group below 3 km in the southeastern 399 

portion coming from the south to the southwest rising over the CCB and intruding from the 400 

south at the bottom. The potential temperature of the WCB and CCB were different (CCB 401 

was 4–8 K colder). The other is the scattered group in the upper level up to 9 km coming 402 

from the southwest. A few DIs were analyzed at the upper-north level over the SJ, but they 403 

were not dominant. A similar structure was shown along the center cross-section (Fig. 6e), 404 

except that the CCB at the bottom was shallow. 405 

We focused on heavy precipitation cells over D1 composed of WCB groups at two levels 406 

with CCBs at the bottom. Figure 7 shows the horizontal/vertical movement of parcels chased 407 

from a column (marked by a dashed line in Fig. 6d). Parcels of the CCB intruded from the 408 

Pacific with a clock-wise rotation when approaching the cyclone, remained over the island 409 

and returned eastward when passing the cyclone northeast of the Tohoku area (Fig. 7a), 410 

maintaining heights below 2 km (Fig. 7c). A low-level WCB (WCB1), identified in the southern 411 

portion in Fig. 6d, e, chased a route in front of the CCB from the east (red line in Fig. 7a). In 412 

the vertical section (Fig. 7c), parcels first descended from 5 km to 2 km along the periphery 413 

of a high-pressure system ahead of the cyclone, ascended after passing the original section 414 

(dashed line), and moved northward at elevations above 6 km high over a 1000 km. The 415 

synoptic-scale ascending motion in area A is speculated to dominate WCB1. 416 



 21 

However, upper WCBs (WCB2) in Fig. 6d, e followed a route along the archipelago from 417 

the southwest (green lines in Fig. 7a), maintaining a height at ~2 km. Note that the altitude 418 

increased to ~500 km before the original section (green lines in Fig. 7c). Namely, this 419 

ascending did not occur in area A, as will be discussed in the next section. The height of 420 

their routes was diverse above 4 km, recognized as upper-scattered WCBs in Fig. 6d,e, and 421 

flowed northeastward following the cyclone center’s movement. This indicated that two 422 

distinct WCBs affected the deep stratiform clouds identified by DPR observation. One is the 423 

air mass coming from the south and stranded over the CCB, contributing to the formation of 424 

deeper stratiform echoes in the southern border as a common surface warm front. The other 425 

is the upper air mass intruded from the southwest that supplies rich water vapor to the 426 

stratiform cloud areas. Grim et al. (2007) also demonstrated a warm moist airstream aloft 427 

categorized as the WCB, not by a surface-level cold front but by a trowal structure in the 428 

winter continental cyclone. Linkage to this study is discussed later. 429 

 430 

4.2 Heavy precipitation by convective clouds with the upper dry intrusion 431 

This section explains the precipitation system around the cyclone center (area B) using 432 

the 9th event on March 20–21, 2018 (case β) when the DPR could pass over the target 433 

phenomenon. Fig. 8a shows an SCC with an occluding front at 21 JST on March 21. In the 434 

evening, the DI extended from the southwest toward the cyclone center when the DPR at 435 

17 JST observed the precipitation system along a southwest-northeast transect over 436 
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western Japan (Fig. 8b). The cyclone provided ~50 mm TDP in western and central Japan, 437 

and heavy precipitation of more than 100 mm TAP occurred along the Pacific coasts of 438 

Shikoku and the Kii Peninsula (Fig. 8c). Figure 9 shows features of the precipitation system 439 

in the DPR observation areas as the same expression of Fig. 6. Distinguished convective 440 

precipitation prevailed over Shikoku Island (G1) and along the SJ coast with zonal bands 441 

(G3) accompanied by wedge-shaped precipitation-free areas in the southeast. Increased 442 

surface-level precipitation amounts correspond to individual convective cells with an echo-443 

top height of ~8 km, which is not extremely high (Fig. 9b). Besides, stratiform precipitation 444 

extends in the north over the SJ with a flat echo-top distribution below 6 km. 445 

According to a DPR vertical section of echo intensity along a northwestern section (Fig. 446 

9d), multiple convective cells in the south (G1) are parts of the convective zone stretching 447 

southeastward (Fig. 9a) corresponding to the head of the DI in the water vapor channel of a 448 

geostationary satellite image (Fig. 8b). Radio-sounding data at 21 JST at Shionomisaki 449 

station indicated that the DI reached 950–850 hPa with a temperature inversion layer at the 450 

bottom 950 hPa, corresponding to the CCB. In the north, the echo pattern was different, 451 

showing a rather flat distribution with a BB at ~2 km (radio-sounding data at Wajima at 21 452 

JST showed that a 0 °C level existed at ~3 km), confirming stratiform precipitation. 453 

Airstreams detected using trajectory analysis show that convective areas (G1) are 454 

composed of CCB from the east at the lowest level, the WCB from the south at ~2 km level, 455 

and DI from the southwest over the WCB. Mid-level DI (3–5 km a.s.l.) vanished inland 456 
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because of deformation by northern convective cells. Similar enhancements of convective 457 

clouds with the DI over the WCB were observed along a southeastern transect at the 458 

southern borders of precipitation areas (Fig. 9e). We attributed this feature to the occurrence 459 

of the upper front, as modeled by Browning and Monk (1982). Compared to their classical 460 

model, DPR observation with water vapor imaging indicated that the upper front was 461 

composed of more zonally distributed convective cells orthogonal to the DI with a shallow 462 

WCB. 463 

However, stratiform echo areas (G2) were composed of a lower bottom CCB from the 464 

east with an upper disconnected WCB from the south to the southwest over 3 km without 465 

the DI. The CCB intruded anticlockwise north of the cyclone center along the occluding front, 466 

where the WCB overlapped indirectly, which was like the structure observed in the northern 467 

parts in the first-ranked case (Fig. 6d). Namely, this cyclone was also composed of two 468 

precipitation types, such as the convective precipitation dominant area (B) and stratiform 469 

precipitation dominant area (A), where the DPR crossed over those two areas. 470 

Figure 10 shows the routes of an air parcel depending on the airstreams originating from 471 

a dashed column in the G1 area. The CCB (blue lines in Fig. 10a) intruded from the east 472 

and returned eastward or southward according to the cyclone movement below 3 km a.s.l. 473 

Besides, only one principal route for the WCB (red lines) intruded from the southwest 474 

northward, with evident height increases from below 2 km to more than 6 km a.s.l. after 475 

passing area B. The DI also pursues a similar route, descending from the upper level more 476 
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than 8 km to as low as 4 km above 50–100 km before the target area, then ascending again 477 

over the WCB to more than 8 km. The abrupt ascending of the WCB and DI implied 478 

convective activities in the G1 area. Another critical perspective is the routes of the WCB 479 

after ascending. High-level WCBs moved north-northeast and entered the stratiform 480 

precipitation areas ahead of the cyclone, which is consistent with the behavior of WCB2 481 

diagnosed in case α (Fig. 7), which ascended in advance to stratiform area A. This analysis 482 

indicates that deep convective clouds with the upper front in the occluding stage are also 483 

critical in branching the WCB to intrude a warm moist air mass over the stagnant stratiform 484 

areas in front of a cyclone center. 485 

The CAPE distribution analyzed in the ERA5 (Fig. 11a) shows a maximum zone 486 

stretching southeastward, corresponding to the G1 area in the DPR image and ahead of DI 487 

in the water vapor channel. The PV distribution at 300 hPa (Fig. 11b) shows a maximum 488 

zone over northern Kyushu stretching westward allocated west of the DI (Fig. 8b) and low-489 

level positive PV distribution was deformed zonally accompanied by negative PV in the north 490 

(Fig. 11c), confirming the theory that the upper high PV area supplied the DI (Browning, 491 

1997). In the ERA5 data, another weak CAPE maxima exist where the lined convective cells 492 

were identified (G3 in Figs. 9a and 11a). According to the trajectory analysis chased from a 493 

dashed column over G3 in Fig. 9e, the DI also remained at an altitude of 5 km in the mid-494 

troposphere. Therefore, the dry air mass descending over a wet WCB could enhance 495 

convective instability and produce a high CAPE that is favorable to initiate severe convective 496 
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activities, as captured by DPR profiles around a cyclone center with an occluding stage. 497 

Broadly distributed convective precipitation areas extending over the SJ coasts provided a 498 

certain amount of precipitation (Fig. 8c), even as the cyclone center passed along the Pacific 499 

side, and the TAP increased to rank this case as one of the heavy precipitation events. 500 

 501 

5. Latent heating in the mid-troposphere with occluding process observed by 502 

DPR 503 

One characteristic of cloud formation with an occluding extratropical cyclone is the 504 

formation of stationary cloud-head areas that extend cloudy weather and precipitation 505 

periods behind the cyclone center. We selected an 11th event (March 10–11, 2019, case γ) 506 

when the DPR-observed the rear parts of the cyclone from the southwest to the northeast 507 

at 9 JST on March 11. The DI in the southeast intruded the cyclone with an occluding front 508 

moving northeastward, with the extension of the cloud-head over central Japan and the 509 

eastern SJ on March 11 (Fig. 12a,b). TAPs of more than 25 mm were produced in most main 510 

islands, except in Hokkaido. According to the DPR observation, precipitations were 511 

predominantly the stratiform type with flat echo-top heights below 6 km during the 512 

observation pass (Fig. 13a,b). A weak surface precipitation rate of 1–2 mm/h was widely 513 

distributed (Fig. 13c). A cross-section of the echo profile along a northwestern section (Fig. 514 

13d) shows BBs at ~2 km in the cloud-head area (I1) corresponding to a 0 °C level observed 515 

by radio-sounding at 9 JST over Akita. The profile was almost unique, but some cloud-cell 516 
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enhancements were observed with echo-top height increased to 5 km. In the northern parts, 517 

precipitation echoes were observed over the 3 km level without precipitation at the surface, 518 

where the precipitation type was categorized as other (green areas in Fig. 13a). Along the 519 

southeastern section (Fig. 13e), the echo-top height was higher than 5 km, but the BB level 520 

is almost the same as in the western profile, and stronger precipitation cells were observed 521 

in the northern parts (I2). 522 

We focused on the southeastern precipitation profile (Fig. 13e), where thicker stratiform 523 

precipitations were attached to precipitation-free areas in the south. According to the 524 

trajectory analysis, the CCB intruded from the east at the bottom below 2 km in the central 525 

and northern areas in the cyclone, then it turned anticlockwise around 90°–180° to head 526 

eastward. WCBs were distributed in two distinct areas. One is below 4 km over the CCB 527 

from the southeast in the northern section (I2). This WCB had the same structure as case 528 

α (Fig. 6d,e) ascending over the CCB in area A. The other is in the upper level with a 529 

gradual increase in elevation, 5–7 km in the south to over 6 km in the north, and they 530 

distributed over the precipitation profile. The structure is like that of the northern portion of 531 

area A, as introduced in Section 4.1, except that the average echo-top height over I1 was 532 

higher with CCBs at the bottom than that in the profiles of Fig. 6d,e. In the south of the I1 533 

area without precipitation echoes, thick DIs from the south are contiguous over westerly 534 

WCBs. The DIs are also captured in the WV channel of the satellite image (Fig. 12b). Namely, 535 

the WCBs from the west entered under the DIs anticlockwise behind the cyclonic center that 536 
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might induce conversion over I1 to induce stratiform echoes. The sandwiched structure of 537 

upper warm moist airmass, identified as WCBs between DI at the upper south and CCB at 538 

the bottom, with precipitation generation from high-level clouds resembles the formation of 539 

a trowal-warm-front, as explained by Grim et al. (2007, Fig. 15). However, the upper WCB, 540 

in this case, was not bounded by the southerly DI because the main DI over the Pacific sides 541 

flew northeastward at 500–700 hPa levels. 542 

Han et al. (2007) showed a frontogenesis pattern at the trowal level and the importance 543 

of latent heating and cooling processes to modify the transverse frontal circulations. 544 

However, Schemm and Wernli (2014) indicated by idealized numerical experiments that 545 

latent heat released from the ascending WCB in the occluding cyclone could increase low- 546 

and mid-level static stability; therefore, it is plausible to strengthen the cyclonic circulation 547 

and feedback to intrude the CCB behind the cyclone center. Figure 14a shows a cross-548 

section of latent heat release on the same section in Fig. 13e. Latent heat is predominantly 549 

released above the BB over 2 km with two maxima of more than 2.4 K/h over areas I1 and 550 

I2. The low-level enhancement of strong precipitation echoes accompanies both maxima. I1 551 

is behind the cyclone center, and I2 is at the occluding front where WCBs were dominant. 552 

Simultaneously, a negative signal was identified below 1 km a.s.l. because of the 553 

evaporation or melting of precipitation particles, which contributes to increased static stability 554 

(Szeto et al., 1988). 555 

Figure 14b shows the time sequence of the averaged altitude with PV change for the 556 
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air parcels of CCB in Fig.13e. During the passage of the cyclone center along the east 557 

coast of the Tohoku area, PV increased as the CCB increased its altitude below the WCB. 558 

This tendency indicates the strengthening of surface-level cyclonic rotation to intrude CCB 559 

southwestward behind the cyclone center. According to the temporal change in the surface 560 

pressure and wind vector after the cyclone center moved away from the mainland on March 561 

11, strong northerly to westerly surface winds of more than 10 m/s prevailed along the 562 

coastal areas of the Kanto and Tokai Districts (figures omitted). These features support this 563 

case study and previous studies (Schemm and Wernli,2014; Hart et al.,2017) that show 564 

cloud-heat areas in the occluding cyclone are sometimes associated with acceleration of 565 

cyclonic rotation and windy weather from CCB intrusion. 566 

 567 

6. Summary and discussion 568 

Daily-scale nationwide heavy precipitation associated with winter extratropical cyclones 569 

causes avalanches in the mountains or sudden heavy snow/rains in the cities; however, the 570 

mechanisms regarding the cyclone structure have not been investigated in Japan fully using 571 

observational evidence. This study analyzed the relationships between mesoscale 572 

precipitation systems and cyclone structures using the conveyor belt model concept, using 573 

state-of-art space-born radar data by GPM-CO-DPR that could capture the composition of 574 

mesoscale systems embedded in midlatitude synoptic disturbances. First, 50 heavy 575 

precipitation events were identified by TAP measured at 137 points with gauge 576 
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underestimates corrected for solid precipitation from the beginning of GPM observation. The 577 

TAP orders at individual stations and with spatially averaged scores in the upper 10% of 578 

ranked cases identified heavy events. The climatology of winter precipitation in Japan was 579 

attributed to WMs along the coasts of the SJ or backbone ranges. However, even by 580 

considering the gauge measurement deficit that could increase WM precipitation, traveling 581 

extratropical cyclones where mature stages were dominant cause most nationwide heavy 582 

precipitation events. They tend to appear in late winter to spring, such as March and April, 583 

but were not always explosive cyclones, as defined by Sanders and Gyakum (1980). 584 

DPR crossed over precipitation areas for 33 of 50 cases, and several cases providing 585 

long cross-sections over specific precipitation areas were chosen for in-depth analysis. To 586 

identify the origin and routes of airstreams (conveyor belts) associated with precipitation 587 

systems identified by DPR observation, 24 (48) h forward (back) trajectory analysis was 588 

performed on ERA5 data originating from the DPR cross-section. By the thresholds of the 589 

starting and ending levels, pressure differences, humidity, and the direction of parcels and 590 

WCB, CCB, and DI airstreams were objectively identified. This study modified some 591 

thresholds of previous studies to increase the airstream candidates for nominated cases. 592 

We speculate that nominated cases were not always representative of traditional occluding 593 

cyclones because we nominated cases based on the amount of surface precipitation with a 594 

DPR-matching opportunity. A comparison study of cyclone structures using DPR data with 595 

other storm track regions, such as the North Atlantic, is anticipated in the future. 596 



 30 

In a case study for first-ranked precipitation events, hourly precipitation variability with a 597 

heavy TAP record in western Japan was strongly affected by the domination of the conveyor 598 

belts above, according to the passage of SCCs. The WCB intrusion ahead of the cyclone 599 

center started to increase hourly precipitation without increasing CAPE, then an extreme 600 

precipitation rate occurred as the DI prevailed with a high CAPE. A band-shaped convective 601 

system contributed to the sudden increase/termination of precipitation. The tendency was 602 

unchanged at a mountain range foot station facing windward, indicating that orographic 603 

effects were not the primary cause of precipitation rate changes. These results indicate that 604 

conveyor belt activities strongly affect the gauge-measured hourly precipitation changes 605 

according to the movement/development of a cyclone, even in mountainous areas. 606 

 To diagnose differences in the precipitation system within a cyclone because of different 607 

components of the airstream, such as in the front with the WCB over CCB, in the center with 608 

the DI over the WCB, and in the rear covered by cloud heads with the CCB, three SCC 609 

cases with different DPR observation passes were selected. In an area ahead of the cyclone 610 

center, continuous stratiform precipitation occurred and relatively high elevations were 611 

observed, with the lower WCB ascended over the CCB, both intruded from the east in the 612 

south. Besides, another upper level WCB was recognized over the stratiform clouds. 613 

According to the case study around the cyclone center (case β), this upper WCB was 614 

expected to ascend by precursor convective precipitation cells associated with the DI over 615 

the WCB. Stratiform precipitation at the comma-head clouds in case γ was thicker and 616 
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composed between the two WCBs with various levels/orientations, and large latent heat 617 

release in the upper level was detected with heat absorption at the bottom. Most conceptual 618 

conveyor belt models illustrate a simple-single intrusion of the WCB that separates in 619 

different directions over the CCB (Schultz and Vaughan, 2011). The DPR observation 620 

identified that the allocation of convective and stratiform systems caused various WCBs. 621 

Further analysis should diagnose the contribution of convective areas near the cyclone 622 

center to transport warm moist areas over stratiform areas around Japan regarding 623 

mechanisms of deep warm-frontal zones (Martin, 1998) or trowal-warm-front structures 624 

(Grim et al., 2007). 625 

Upper stratiform precipitation as observed by the DPR tends to be composed of solid 626 

particles in cold seasons with near-surface evaporation at the bottom (as supported by 627 

negative latent heating signals in Fig. 14a). Ueno et al. (2019) identified a large 628 

overestimation in Global Satellite Mapping of Precipitation data in the case of extratropical 629 

cyclones attributed to high-level wide-ranging scattering with stratiform clouds, and features 630 

observed in cases α and γ are consistent with their results. The case study might assess 631 

the cause of bias in satellite precipitation estimations by the microwave passive sensors. 632 

However, DPR still has challenges to capture light-to-moderate snowfall over coastal 633 

mountains (Aoki and Shige, 2021), and careful diagnosis of precipitation profiles are 634 

required in cases of heavy snowfall. 635 

 Multiple convective clouds around the cyclone center with the DI over the WCB were 636 
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another critical characteristic causing heavy precipitation rates. The upper front originally 637 

illustrated by the classical model (Browning and Monk, 1982) was idealized to distinguish 638 

surface fronts. This study demonstrated that DI not only causes the upper front but might 639 

deform the rear parts of the cyclone system by initiating mesoscale convective areas, and 640 

some parts will develop into a band-shaped precipitation system (Fig. 5f). Such band-641 

shaped formation was observed in many cases in Table 1, of which many stretched along 642 

the direction of the DI. Kato (2006) also addressed the critical function of mid-level dry air 643 

intruded with a cold front behind a cyclone to maintain the condition of convective instability. 644 

Besides, limitations exist in assessing the cause of individual convective clouds using the 645 

parameters derived from the products of objective analysis data such as ERA5. Further 646 

numerical simulation with downscaling could diagnose the formation process of band-647 

shaped precipitation systems in cases of occluding cyclones using DI. 648 

Winter 2019/20 was extremely warm in Japan, and the frequent passage of extratropical 649 

cyclones caused warm advection with rain-on-snow in the mountains, especially in central 650 

and southwestern Japan. Many cyclones entered from the SJ, and some were accompanied 651 

by an occluded or stationary front. Table 1 also lists non-SCCs without extreme 652 

developments, which were not treated in this study. The accumulation of DPR observations 653 

will provide more opportunities for a comprehensive analysis of meso-systems with cyclones 654 

in Japan. 655 

 656 
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A-C corresponds to the precipitation areas categorized in Section 2.3. A white dashed bar 926 

indicate passage of DPR observation. X and Y indicate the location of Sumoto and Owase, 927 

respectively. 928 
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categories (b, e) and CAPE (red line), surface wind vector (black arrow), VIWVD (blue 933 

line) (c,f) at Sumoto (left) and Owase (right).The time sequence starts at 0:00 JST on 934 

December 10, 2015. Vertical dashed lines indicate the time at which the cyclone center 935 

was closest to each station. Time slots without trajectory analysis in b) and e) are shaded. 936 
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arrows on the cross sections correspond to the airstream with horizontal air parcels. 950 
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Fig. 7 a) Hodograph of air parcels chased from a column indicated by a dashed box in Fig. 953 
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arrows demonstrate directions), b) altitude change of the air parcel along the trajectory 955 

(colors indicate the height as a function of pressure), and c) vertical cross section of 956 

trajectory height level as a function of distance (×1000km) from the start points as 957 

indicated by a dashed line  958 

  959 



 52 

 960 

Fig. 8 Same as Fig. 3 except for case β, such as a) weather chart on March 21, 2018, 21 961 

JST; b) satellite image at 17 JST; and c) during March 21–22 962 
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Fig. 9 Same as Fig. 6 except for case β at 17 JST on March 21, 2018 968 
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Fig. 10 Same as Fig. 7 except for case β starting from a column indicated by a dashed 972 

box in Fig. 9 over G1 973 
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Fig. 11 Distribution of a) CAPE with sea-surface pressure level, b) PV distribution at 300 976 

hPa, and c) the same for 850hPa on March 21, 2018, 17 JST by ERA5 data 977 
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Fig. 12 Same as Fig. 3 except for case γ, such as a) weather chart on March 11, 2019, 980 

9 JST, b) satellite image at 9 JST, and c) during March 10-11 981 
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Fig. 13 Same as Fig. 6 except for case γ at 9 JST on March 11, 2019 986 
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Fig. 14 a) Latent heat release (K/h), and b) averaged altitude change of parcels categorized 990 

as CCB in Fig. 13e with potential vorticity (colored line with legend, PVU). Black lines 991 

indicated the range of standard deviation of the altitude. 992 
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Table 1 List of precipitation events up to the 50th. Surface pressure patterns (PPs) are 994 

classified as south-coast cyclone (SCC), Cyclones from the Sea of Japan (SJ), double 995 

cyclones (DCs) and winter monsoons (WMs). The occluding level (OL) corresponds to the 996 

occluding front analyzed (〇), not analyzed (×), and analyzed out of the area (△) of 120E997 

～150E and 25N～50N. DPR observation areas (DOAs) are listed as A-C (no observation 998 

as 0), explained in Section 2.3 with an example in Fig. 3b. Explosive cyclones are hatched 999 

on a deepening rate (DR). 1000 

 1001 

Ranking Date AVG TAP Max. TAP PPs OL DR DOA

（Y/M/D） (mm/2days)(mm/2days) (hPa/day)

1(α) 2015/12/10 52.8 280.0 SCC 〇 12 A

2 2018/4/24 45.4 162.0 SCC 〇 8 0

3 2017/4/17 44.0 172.5 SJ 〇 9 A

4 2018/3/8 46.0 176.5 SJ △ 8 0

5 2014/3/29 34.4 134.0 SJ 〇 20 A

6 2015/11/17 36.4 161.0 SCC × 8 B

7 2016/4/6 32.2 144.5 SJ 〇 4 B

8 2016/1/29 32.5 108.5 SCC × 6 A

9(β) 2018/3/21 29.7 132.0 SCC 〇 9 B+C

10 2014/3/13 33.5 337.0 SCC △ 20 0

11(γ) 2019/3/10 31.4 102.0 SCC+WM 〇 25 C

12 2015/3/9 36.1 149.7 DC 〇 27 C

13 2016/12/13 30.1 113.5 DC 〇 22 0

14 2016/2/20 32.2 187.5 DC △ 22 0

15 2016/2/13 32.8 178.0 SJ+WM △ 18 A

16 2019/4/29 29.9 237.5 SCC △ 8 A+B

17 2015/3/18 31.2 197.5 SJ × 2 A

18 2016/1/18 31.6 106.4 DC+WM 〇 21 A+B

19 2016/4/27 28.7 69.0 SCC 〇 13 C

20 2018/2/28 28.6 138.0 DC+WM 〇 20 0

21 2018/4/14 29.3 162.5 SJ 〇 13 A+B

22 2018/3/4 27.6 93.5 SJ × 0 A+B

23 2015/11/14 28.6 200.5 DC △ 14 A

24 2016/4/21 29.8 163.0 SJ × 4 A

25 2017/4/10 29.3 153.0 SCC 〇 11 C

26 2016/12/22 31.0 116.5 SJ+WM △ 12 A

27 2016/3/9 24.2 128.5 SCC × 0 C

28 2015/4/13 25.5 327.0 SCC 〇 5 C

29 2015/1/14 24.4 88.5 SCC 〇 17 0

30 2014/11/25 23.8 112.5 DC △ 5 C

31 2015/4/19 28.2 106.0 SJ △ 7 B

32 2015/3/1 25.1 73.5 DC 〇 16 C

33 2014/4/29 24.7 302.5 SJ × 0 A

34 2019/4/9 23.3 97.0 SCC 〇 7 0

35 2014/12/16 28.9 170.4 DC+WM 〇 45 A+B

36 2014/4/3 24.3 121.5 DC+WM 〇 21 0

37 2015/4/3 20.3 85.5 SJ △ 4 B

38 2016/12/26 21.2 97.5 SJ △ 20 0

39 2015/11/8 22.4 115.5 SJ × 8 0

40 2016/4/3 21.5 139.5 SCC × 12 A+B

41 2015/11/26 18.7 151.2 DC+WM × 14 0

42 2014/3/20 19.8 104.5 SCC 〇 21 A+B+C

43 2018/12/3 21.7 186.0 SJ △ 12 A+B

44 2017/4/6 21.2 132.0 SCC × 2 0

45 2018/1/8 23.3 122.5 DC+WM 〇 28 A

46 2015/4/10 18.3 105.5 SCC × 4 0

47 2014/12/20 23.7 105.0 DC 〇 32 0

48 2016/11/26 19.0 101.0 SCC △ 4 A

49 2014/12/1 16.4 89.0 DC+WM 〇 21 A+B+C

50 2016/4/13 20.3 155.0 DC △ 12 0


