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Abstract 19 

 20 

This study examined the roles of heat fluxes from the Kuroshio Current in enhancing a 21 

frontal convective rainband associated with an extratropical cyclone that brought 22 

record-breaking heavy rainfall to Miyake Island, Japan, in January 2017. A simulation 23 

of the rainband (control experiment) and sensitivity experiments without the sensible 24 

and latent heat fluxes from the Kuroshio Current were conducted using a regional 25 

cloud-resolving model. The rainband developed along a non-classic front (outer front), 26 

which formed to the north of a warm front associated with the cyclone. The control 27 

experiment reproduced the intensity and migration of the rainband well. As the rainband 28 

developed, the heat fluxes from the Kuroshio Current became evident around the cold 29 

conveyor belt of the cyclone to the south of the rainband. The latent heat fluxes were 30 

~2.3 times larger than the sensible heat fluxes. Comparisons between the control and 31 

sensitivity experiments demonstrated that the heat fluxes, especially the latent heat 32 

fluxes, enhanced the rainband. The sensible heat fluxes slightly intensified convective 33 

instability in the lower troposphere, whereas the latent heat fluxes significantly 34 

increased the near-surface moisture content and the convective instability. A frontal 35 

updraft along the outer front released the increased convective instability, which 36 

intensified the moisture convergence, condensation, and updraft, enhancing the rainband. 37 

The findings show that the heat fluxes from the Kuroshio Current, especially the latent 38 
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heat fluxes, enhanced the heavy rainfall-producing rainband by increasing the moisture 39 

content and the convective instability. 40 

 41 

Keywords cold conveyor belt; extratropical cyclone; heavy rainfall; Kuroshio Current 42 

 43 

1. Introduction 44 

Recent studies have shown that the midlatitude ocean, especially the Kuroshio 45 

Current, is critical to the occurrence of heavy rainfall events around Japan (Miyama et 46 

al. 2012; Manda et al. 2014; Iizuka and Nakamura 2019; Sekizawa et al. 2019; 47 

Yamamoto 2020). Miyama et al. (2012) examined a convective rainband that developed 48 

along the Kuroshio Current over the East China Sea in May 2010 and found that the 49 

high sea surface temperature (SST) of the Kuroshio Current intensified the rainband by 50 

decreasing static stability. Manda et al. (2014) reported that the magnitude of the SST 51 

over the East China Sea significantly affected heavy rainfall over the Kyushu region, 52 

Japan, during the Baiu/Meiyu season. Iizuka and Nakamura (2019) showed that the 53 

differences in SST distributions over the Sea of Japan altered the evolution of an intense 54 

convective precipitation system that formed over the Tohoku region, Japan, in August 55 

2013. Sekizawa et al. (2019) demonstrated that moisture supply from the Kuroshio 56 

Current partly contributed to a torrential rainfall event over western Japan in July 2018. 57 
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Yamamoto (2020) showed that warm SST anomalies in the Tsushima Strait influenced 58 

heavy rainfall in the region in August 2013. 59 

All the studies focused on heavy rainfall events during the warm season. 60 

Furthermore, Hirata et al. (2019; hereafter H19) reported that the Kuroshio Current 61 

could affect heavy rainfall during the cold season. H19 specifically focused on a heavy 62 

rainfall event on Miyake Island (Fig. 1), Japan, on 8 January 2017. The Japan 63 

Meteorological Agency (JMA) observatory on the island, which opened in 1942, 64 

recorded this record-breaking daily precipitation event (139.5 mm). Two rainbands that 65 

developed over a warm front and a non-classic front (outer front), which formed to the 66 

north of the warm front associated with an extratropical cyclone, caused heavy rainfall. 67 

Figure 1 shows the frontal structure of the cyclone and associated rainband at 06:00 68 

UTC on 8 January 2017. A surface front extended from the center of the cyclone toward 69 

the southeast, corresponding to the warm front (Fig. 1a). Another front lay to the north 70 

of the warm front; this front was the outer front (H19). Then, a convective rainband (the 71 

outer frontal rainband) developed along this outer front (Fig. 1b). This rainband passed 72 

over Miyake Island at approximately 06:00 UTC on 8 January 2017, bringing heavy 73 

rainfall to the island. H19 showed that sensible heat fluxes from the Kuroshio Current 74 

increased markedly just before cyclogenesis compared with those fluxes from the colder 75 
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SST region to the north of the current. They demonstrated that this meridional contrast 76 

in sensible heating led to the initial formation of the outer front that produced heavy 77 

rainfall and concluded that the Kuroshio Current contributed to triggering heavy rainfall 78 

by modifying the frontal structure of the cyclone. 79 

In addition to the role of the Kuroshio Current in modifying the frontal structure, it 80 

could have played another crucial role in the occurrence of heavy rainfall. As shown by 81 

Hirata et al. (2015; 2016; 2018), when extratropical cyclones develop over the Kuroshio 82 

Current, strong sensible and latent heat fluxes occur from the warm current around the 83 

cyclone center, especially around the cold conveyor belt (CCB; e.g., Carlson 1980; 84 

Schultz 2001), enhancing latent heat release. Because latent heat release is critical for 85 

the rapid development of extratropical cyclones (e.g., Catto 2016), the above-cited and 86 

other studies (e.g., Nuss and Kamikawa 1990; Gyakum and Danielson 2000; 87 

Kuwano-Yoshida and Minobe 2017) primarily focused on the roles of surface heat 88 

fluxes and enhanced latent heating in cyclone intensification. Moreover, such enhanced 89 

latent heat release implies an increase in the rainfall. Thus, we consider that heat fluxes 90 

from the warm current contribute to heavy rainfall events associated with extratropical 91 

cyclones through rainfall intensification. However, this science issue has not yet been 92 

clarified sufficiently. H19 highlighted the formation of the outer front before 93 
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cyclogenesis but did not address this issue. 94 

Therefore, this study examined the roles of surface heat fluxes from the Kuroshio 95 

Current in enhancing rainfall associated with the extratropical cyclones during the cold 96 

season. This study examined the same event studied by H19. As mentioned above, the 97 

event was attributed to two rainbands along the warm and outer fronts. In particular, the 98 

convective rainband along the outer front (outer frontal rainband) grew over the 99 

Kuroshio Current, causing intense rainfall on Miyake Island over a short time (H19). 100 

Thus, this investigation sheds light on the development of the outer frontal rainband. 101 

 102 

2. Model, experiments, and data 103 

2.1 Model 104 

The influence of the Kuroshio Current on the outer frontal rainband was 105 

examined by conducting cloud-resolving numerical experiments of the rainband using 106 

the Cloud Resolving Storm Simulator (CReSS; Tsuboki and Sakaikibara 2002). The 107 

settings used for the cloud microphysics and for parameterization of sub-grid scale 108 

turbulent eddies were the same as those used in H19. The horizontal grid spacing was 109 

set at 0.02° in both longitude and latitude. The number of vertical layers was 57, with 110 

the lowest layer set to 100 m and the height of the topmost level at 22,800 m. The model 111 
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domain spanned 115°–170°E and 18°–52°N. The experimental period was from 12:00 112 

UTC on 7 January 2017 to 08:00 UTC on 8 January 2017, including the time taken for 113 

the outer frontal rainband to pass over Miyake Island. We used JMA Global Spectral 114 

Model (GSM) data (Japan Meteorological Agency 2013) as the initial and lateral 115 

boundary conditions for the simulations. We also used the Japan Coastal Ocean 116 

Predictability Experiment 2 (JCOPE2; Miyazawa et al. 2009) as the SST condition and 117 

assumed that the condition was fixed with time as the initial condition in the simulations 118 

(Fig. 2). The JCOPE2 data used in this study are the daily mean data. 119 

 120 

2.2 Experiments 121 

We conducted a rainband simulation experiment (control [CNTL] run) and two 122 

sensitivity experiments without surface heat fluxes. We first conducted the CNTL run. 123 

Figures 3a–3d (3e–3h) show the horizontal distributions of the sensible (latent) heat 124 

fluxes in the CNTL run during the developmental stage of the outer front. The figures 125 

also show a two-dimensional (2D) frontogenesis function (e.g., Martin 2006) at 980 hPa, 126 

horizontal wind vectors at 980 hPa, and sea level pressure (SLP). During this stage, a 127 

frontogenesis zone extending from the southwest to the northeast, corresponding to the 128 

outer front, became evident to the northeast of the cyclone center. At the same time, the 129 
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sensible and latent heat fluxes from the Kuroshio Current increased around the outer 130 

front. The magnitude of the latent heat fluxes (~450 W m−2) was ~2.3 times greater than 131 

that of the sensible heat fluxes (~200 W m−2). Because the CCB and warm currents are 132 

conducive to increases in surface heat fluxes (e.g., Hirata et al. 2015, 2016, 2018), CCB 133 

could be critical for enhancing these fluxes, as discussed later in greater detail (Section 134 

4.1). The effects of these fluxes on the outer frontal rainband were clarified by 135 

conducting two experiments with the following conditions: no sensible heat fluxes 136 

(NSH) and no latent heat fluxes (NLH) from the ocean region around the Kuroshio 137 

Current (136°–142.5°E, 30°–34.5°N, the region indicated by the green box in Figs. 2 138 

and 3), after 00:00 UTC on 8 January 2017 when these fluxes started to increase (Fig. 139 

3). 140 

 141 

2.3 Data 142 

To overview the frontal structure of the cyclone in Fig. 1a, we used JMA mesoscale 143 

objective analysis data with a spatial resolution of 0.125° in longitude and 0.1° in 144 

latitude (Japan Meteorological Agency, 2013). Moreover, to show the observed features 145 

of the outer frontal rainband in Fig. 1b, we used precipitation intensity data derived 146 

from the operational JMA radars. 147 
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 148 

3. Mesoscale features of the outer frontal rainband 149 

We compared the simulated outer frontal rainband among the three experiments. 150 

Figures 4a–4c show the horizontal distribution of precipitation intensity at 04:00 UTC, 151 

06:00 UTC, and 08:00 UTC on 8 January 2017 in the CNTL run. Figures 4d–4f and 4g–152 

4i are the same as Figs. 4a–4c but show the NSH and NLH runs, respectively. The 153 

CNTL run simulated the genesis of convective cells within the outer frontal rainband, 154 

their northward migration, and their passage around Miyake Island (Figs. 4a–4c). These 155 

features of the rainband in the CNTL run resembled those in the observations (Fig. 1b; 156 

Fig. 4 in H19), and the CNTL run successfully reproduced the features of the outer 157 

frontal rainband. The NSH run simulated the convective cells along the outer front (Figs. 158 

4d–4f), and the basic features of the rainband in the NSH run resembled those in the 159 

CNTL run. However, the precipitation intensity was slightly lower in the NSH run than 160 

in the CNTL run. In the NLH run, the development of convective cells along the outer 161 

front was significantly suppressed (Figs. 4g–4i). Consequently, the precipitation around 162 

Miyake Island in the NLH run was the weakest among all the experiments. 163 

We quantitatively compared the precipitation intensities near Miyake Island among 164 

the three runs by estimating the maximum and area-averaged values of precipitation 165 
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intensities within the blue circle (20-km radius) (Fig. 4) at 06:00 UTC on 8 January 166 

2017. The obtained values are shown in Figs. 4b, 4e, and 4h. The maximum 167 

precipitation intensity values in the NSH and NLH runs were smaller than those in the 168 

CNTL run by 22.3 mm h−1 and 35.8 mm h−1, respectively. Furthermore, the average 169 

precipitation intensity values in the NSH and NLH runs were smaller than those of the 170 

CNTL run by 0.5 mm h−1 and 4.0 mm h−1, respectively. Thus, the contributions of the 171 

sensible and latent heat fluxes to the maximum precipitation intensity values are 42% 172 

and 67%, respectively, whereas the contributions to the average precipitation intensity 173 

values are 6% and 48%, respectively. These comparisons indicate that the heat fluxes, 174 

especially the latent heat fluxes, are critical for intensifying the outer frontal rainband. 175 

Next, we examined the mesoscale structure of the outer frontal rainband (Fig. 176 

5). Figures 5a–5c show the spatial distribution of the moisture flux at 980 hPa and its 177 

horizontal convergence around Miyake Island at 06:00 UTC on 8 January 2017 in the 178 

CNTL, NSH, and NLH runs. In all the runs, moisture flux convergence occurred near 179 

the surface along the outer frontal rainband (Fig. 4). Among all the runs, the 180 

convergence around the south of Miyake Island was the strongest in the CNTL run. The 181 

convergence in the NSH run was slightly weaker than that in the CNTL run, and the 182 

convergence in the NLH run was considerably weaker than in others. 183 
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Figures 5d–5f show the vertical cross-section of the meridional-vertical moisture 184 

fluxes, horizontal moisture flux convergence, and latent heating rate related to 185 

condensation along the red lines shown in Figs. 5a–5c. The lines cross the precipitation 186 

maxima nearest Miyake Island in each run (Figs. 4b, 4e, and 4h). In the CNTL run, the 187 

strongest moisture flux convergence occurred below the 850-hPa level between 33.95°N 188 

and 34°N (Fig. 5d). The northward moisture fluxes were stronger around the 189 

convergence area than the southward fluxes, indicating that the moisture to the south of 190 

the front was the main source of rain. Over this convergence area, the moisture 191 

condensed, and latent heat was released. An updraft attending the latent heating was 192 

also observed. Because updrafts can enhance the near-surface moisture convergence and 193 

further condensation, such a mesoscale structure could intensify precipitation. 194 

Compared with the CNTL run, the moisture flux convergence, condensation heating, 195 

and attendant updraft were all suppressed in the NSH run (Fig. 5e). Among the runs, 196 

these three components were the weakest in the NLH run (Fig. 5f). The differences in 197 

the mesoscale features of the three runs (Fig. 5) correspond to the differences observed 198 

in the precipitation intensity of each run (Fig. 4). Therefore, it is conceivable that the 199 

heat fluxes, especially the latent heat fluxes, modified the mesoscale structures 200 

associated with the outer frontal rainband, enhancing rainfall. 201 
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We also investigated the vertical distribution of hydrometeors (Figs. 5g–5i). Figures 202 

5g–5i are the same as Figs. 5d–5f, except for the total mixing ratio of cloud water and 203 

cloud ice (cloud hydrometeors) and the total mixing ratio of rain water, snow, and 204 

graupel (precipitating hydrometeors). In the CNTL run, clouds formed around 34°N 205 

near the surface to 650 hPa (Fig. 5g). The condensation of vapor around the front (Fig. 206 

5d) contributed to the formation of the clouds. Moreover, higher values of the mixing 207 

ratio of precipitating hydrometeors (≥1.6 g kg−1) were found above and below the core 208 

of the cloud (Fig. 5g). Furthermore, the values of the mixing ratio of the precipitating 209 

hydrometeors were high near the surface (≥2.0 g kg−1), corresponding to the heavy 210 

rainfall at the surface. The mesoscale structure around the front (Fig. 5d) facilitated the 211 

formation of these maxima in the precipitation hydrometeors. In the NSH run, the 212 

height of the clouds was lower (Fig. 5h) than that in the CNTL run (Fig. 5g). The 213 

formation of the precipitating hydrometeors was suppressed in the NSH run compared 214 

with that in the CNTL run. Among the three runs, the mixing ratio values of the cloud 215 

and precipitating hydrometeors were the lowest in the NLH run among the three runs 216 

(Fig. 5i). These differences in hydrometeors corroborate the findings that the heat fluxes, 217 

especially the latent heat fluxes, are critical for enhancing the outer frontal rainband. 218 

 219 
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4. Surface heat fluxes and their impact on environmental fields of the outer frontal 220 

rainband 221 

Because of the importance of surface heat fluxes found above, we further examined 222 

the factors affecting the increase in surface heat fluxes around the Kuroshio Current and 223 

their impact on the environmental fields of the outer frontal rainband. First, we explored 224 

the roles of SST distribution around the Kuroshio Current and CCB in the 225 

intensification of surface heat fluxes in the CNTL run. An analysis of the environmental 226 

conditions in the CNTL run and comparisons among the CNTL, NSH, and NLH runs 227 

are presented in Sections 4.2 and 4.3, respectively. 228 

 229 

4.1 Analysis of the increase in surface heat fluxes 230 

Because the impact of latent heat fluxes on the outer frontal rainband was higher 231 

than that of the sensible heat fluxes (Section 3), we focus on the latent heat fluxes in this 232 

section. Latent heat fluxes, 𝐿𝐿𝐿𝐿𝐿𝐿, are calculated in the model using a bulk formula as 233 

follows 234 

 235 

𝐿𝐿𝐿𝐿𝐿𝐿 = 𝜌𝜌𝑎𝑎  𝐿𝐿𝑣𝑣 𝐶𝐶ℎ |𝑉𝑉𝑎𝑎 | [𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆)  − 𝑄𝑄𝑄𝑄𝑎𝑎] 236 

 237 
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where, |𝑉𝑉𝑎𝑎 | is the wind speed, 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) is the saturation water vapor mixing ratio 238 

of SST, 𝑄𝑄𝑄𝑄𝑎𝑎 is the water vapor mixing ratio, 𝜌𝜌𝑎𝑎 is the density, 𝐿𝐿𝑣𝑣 is the latent heat of 239 

water evaporation, and 𝐶𝐶ℎ is the bulk coefficient of water vapor. The subscript 𝑎𝑎 240 

indicates the bottom layer of the atmosphere in the CReSS model. To understand the 241 

factor of the increase in latent heat fluxes, Figs. 6a–6f show the horizontal distributions 242 

of latent heat fluxes, SST, |𝑉𝑉𝑎𝑎|, [𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆)  − 𝑄𝑄𝑄𝑄𝑎𝑎], 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆), and 𝑄𝑄𝑄𝑄𝑎𝑎 at 06:00 243 

UTC 8 January 2017 in the CNTL, along with features of a frontal structure and 244 

circulation fields. 245 

First, we examine the relationship between the latent heat fluxes (Fig. 6a) and 246 

SST (Fig. 6b). Latent heat fluxes exceeding 350 W m−2 were observed over a wide area 247 

around the south of the outer front between 30°N and 34°N (Fig. 6a). In particular, 248 

maxima of latent heat fluxes exceeding 450 W m−2 were found immediately to the east 249 

of the cyclone center, between 137°E and 140°E (Fig. 6a). Warm SST associated with 250 

the Kuroshio Current intruded zonally at around 33°N (Fig. 6b). Moreover, a warm SST 251 

area, extending from the southwest to the northeast existed to the east of the cyclone 252 

center, between 137°E and 141°E (Fig. 6b). With its axis around 33°N, the Kuroshio 253 

Current transported warm water broadly around the region, forming this warm SST area 254 

associated with oceanic mesoscale eddy structures (Fig. 2). The maxima of the latent 255 
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heat fluxes appeared around this warm SST area (Figs. 6a and 6b). 256 

Next, we investigated the location of the CCB. A zonally extended frontogenesis 257 

area was observed immediately to the north of the cyclone center around 32°N (Fig. 6), 258 

corresponding to the warm front. As mentioned in Sections 1–3, the outer front existed 259 

to the north of the warm front. Near-surface southeasterly winds prevailed between the 260 

warm and outer fronts (Fig. 6c). The 𝑄𝑄𝑄𝑄𝑎𝑎 (Fig. 6f) around the southeasterly winds 261 

were lower than those to the south of the warm front, i.e., the warm sector of the 262 

cyclone. Because CCB is on the northern side of a warm front and is characterized by 263 

dry air (e.g., Carlson, 1980; Schultz, 2001), the atmospheric features around the 264 

southeasterly winds between the two fronts corresponded well to the features of CCB. 265 

Therefore, we examined the influence of SST distribution and CCB on latent heat 266 

fluxes. The high SST around the Kuroshio Current created the high 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) (Fig. 267 

6e). The overlap of the high 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) with the low 𝑄𝑄𝑄𝑄𝑎𝑎 of CCB (Fig. 6f) increased 268 

the difference between these two variables, [𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆)  − 𝑄𝑄𝑄𝑄𝑎𝑎] (Fig. 6d). Moreover, 269 

|𝑉𝑉𝑎𝑎 | around the CCB near the cyclone center was particularly strong (Fig. 6c). The 270 

increased [𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆)  − 𝑄𝑄𝑄𝑄𝑎𝑎]  (Fig. 6d) and strong |𝑉𝑉𝑎𝑎 |  (Fig. 6c) produced the 271 

maxima of latent heat fluxes to the east of the cyclone center (Fig. 6a), indicating that 272 

the maxima of heat fluxes were caused by the Kuroshio Current and the CCB. The 273 
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latent heat fluxes to the south of Miyake Island and the outer front also increased 274 

because of the combined influence of the Kuroshio Current (Figs. 6b and 6e) and the 275 

CCB (Figs. 6c and 6f). Fig. 5 shows that the atmospheric conditions to the south of the 276 

front were critical for developing the outer frontal rainband. Thus, the heat fluxes from 277 

the Kuroshio Current to the south of the outer front are crucial for forming the 278 

environmental conditions that favored the intensification of the outer frontal rainband, 279 

which are discussed in detail in the following subsections. 280 

 281 

4.2 Analysis of environmental fields of the rainband in the CNTL run 282 

To examine the atmospheric conditions around the outer front in the CNTL run, 283 

Figures 7a–7c show the horizontal distributions of the water vapor mixing ratio (𝑄𝑄𝑄𝑄) at 284 

980 hPa, equivalent potential temperature (𝜃𝜃𝑒𝑒) at 980 hPa, and convective instability in 285 

the lower troposphere defined by the difference in 𝜃𝜃𝑒𝑒 between 850- and 980-hPa levels 286 

at the same time as that shown in Figs. 5 and 6 (06:00 UTC on 8 January 2017). These 287 

figures show a 2D frontogenesis function at 980 hPa, horizontal wind vectors at 980 hPa, 288 

and SLP. The 𝑄𝑄𝑄𝑄 at 980-hPa was higher to the south of the outer front (>8 g kg−1) than 289 

to the north (Fig. 7a). The 980-hPa 𝜃𝜃𝑒𝑒 was also relatively high around the outer front 290 

(>310 K; Fig. 7b), partially influenced by the 𝑄𝑄𝑄𝑄 distribution. Corresponding to the 291 
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relatively high 𝜃𝜃𝑒𝑒  area, a convectively unstable area was found in the lower 292 

troposphere (Fig. 7c). Around the south of the outer front, the southeasterly winds 293 

associated with CCB prevailed at 980 hPa. These findings indicate that CCB flow also 294 

influences transporting convectively unstable and moist air into the outer front. 295 

Moreover, the release of convective instability and associated condensation occurred 296 

over the front, enhancing the convective rainband. 297 

To better understand the relationship between the environmental conditions and 298 

outer frontal rainband, Fig. 8 shows a vertical cross-section of the 𝜃𝜃𝑒𝑒, 2D frontogenesis 299 

function, and the meridional–vertical wind vectors along the black line shown in Figs. 300 

7a–7c. The line crosses the grid point at the highest precipitation intensity in the 301 

convective cell to the south of Miyake Island (Fig. 4b). The red dots in this figure 302 

indicate the moist area where the 𝑄𝑄𝑄𝑄  exceeds 8 g kg−1. The 2D frontogenesis 303 

associated with the outer front was evident between 33.9°N and 34.0°N. To the south of 304 

the frontogenesis area, a convectively unstable layer between the 980- and 850-hPa 305 

levels and the moist area nearest to the surface was observed, consistent with Figs. 7a–306 

7c. Moreover, the southerly winds on the southern side of the outer front, which might 307 

correspond to CCB flow, convey the convectively unstable and moist layer to the outer 308 

front. Warmer air on the southern side of the outer front was lifted around the front. 309 
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Thus, it is conceivable that the frontal updraft lifted the unstable and moist layer to the 310 

south of the front, releasing the instability and the attendant moisture condensation. 311 

Note that the relatively high near-surface 𝑄𝑄𝑄𝑄 to the south of the outer front not only 312 

increased convective instability but it also became an important source of rain over the 313 

outer front, correlating with the results shown in Fig. 5d. These findings indicate that, in 314 

addition to the horizontal frontogenesis and the southerly flow of CCB, the convectively 315 

unstable and moist conditions to the south of the outer front are crucial environmental 316 

factors affecting the formation of the mesoscale structure (moisture convergence, 317 

condensation heating, updraft, and hydrometeors) around the outer front (Figs. 5a, 5d, 318 

and 5g) and the associated intensification of the rainband (Fig. 4b). 319 

 320 

4.3 Comparisons of environmental fields of the rainband among the three runs 321 

Because the surface sensible and latent heat fluxes from the Kuroshio Current 322 

increased significantly to the south of the outer front around the CCB (Fig. 3), they 323 

might contribute to the increases observed in the 𝑄𝑄𝑄𝑄 and convective instability. To 324 

confirm this hypothesis, Figs. 9a–9c show the differences in the 980-hPa 𝑄𝑄𝑄𝑄, the 325 

980-hPa 𝜃𝜃𝑒𝑒, and convective instability between the NSH and CNTL runs at the same 326 

time as that shown in Figs. 5–8. Figures 9d–9f are the same as Figs. 9a–9c, except for 327 



 

19 
 

the differences between the NLH and CNTL runs. Horizontal wind vectors at 980 hPa 328 

and SLP in the NSH and NLH runs are shown in Figs. 9a–9c and 9d–9f, respectively. 329 

The difference in the 𝑄𝑄𝑄𝑄 between the NSH and CNTL runs was insignificant 330 

around the CCB (Fig. 9a). Hirata et al. (2018) proposed that the sensible heat supply 331 

from the ocean can increase 𝑄𝑄𝑄𝑄 by increasing the saturation water vapor mixing ratio 332 

if the near-surface air is saturated. The red dots in Fig. 9a show where the relative 333 

humidity exceeds 99% at 980 hPa in the CNTL run. The air around CCB was 334 

unsaturated. Thus, the lack of response of the 𝑄𝑄𝑄𝑄 to the sensible heat fluxes is because 335 

of the unsaturated atmospheric conditions in this case. However, the 𝑄𝑄𝑄𝑄 in the NLH 336 

run decreased significantly (~1 g kg−1) around the southern side of the outer front (Fig. 337 

9d). 338 

The 980-hPa 𝜃𝜃𝑒𝑒 around CCB was lower in the NSH run than in the CNTL run by 339 

~0.5 K (Fig. 9b). Further, differences in the 980-hPa 𝜃𝜃𝑒𝑒 between the NLH and CNTL 340 

runs exceeded 3.5 K (Fig. 9e). Although the convective instability around CCB also 341 

decreased in both sensitivity experiments, the instability was suppressed more in the 342 

NLH run compared with the NSH run (Figs. 9c and 9f), which might reflect the 343 

differences in the near-surface 𝜃𝜃𝑒𝑒 between the two runs (Figs. 9b and 9e). 344 

We further examined the vertical profile of 𝑄𝑄𝑄𝑄 (Fig. 10a) and 𝜃𝜃𝑒𝑒 (Fig. 10b) 345 
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on the upstream side of Miyake Island, indicated by the red rectangle in Fig. 9. The 𝑄𝑄𝑄𝑄 346 

profiles were similar between the NSH and CNTL runs (Fig. 10a), consistent with the 347 

results shown in Fig. 9a. The difference in the 𝑄𝑄𝑄𝑄 between the NLH and CNTL runs 348 

was the largest nearest the surface and it decreased with height (Fig. 10a). Above the 349 

920-hPa level, the differences were hardly noticeable. The differences in the 𝜃𝜃𝑒𝑒 among 350 

the three runs were also most evident near the surface (Fig. 10b). The 𝜃𝜃𝑒𝑒 difference 351 

values corroborated those shown in Figs. 9b and 9e. Unlike the differences in the 𝑄𝑄𝑄𝑄 352 

(Fig. 10a), the differences in the 𝜃𝜃𝑒𝑒 between the CNTL and NLH runs were observed, 353 

even above the 920-hPa level, but these values were relatively small (~1 K). This could 354 

be because of the differences in the condensation heating associated with convection 355 

(Figs. 5d and 5f). These 𝜃𝜃𝑒𝑒 profiles indicate that the 𝜃𝜃𝑒𝑒 differences near the surface 356 

(below ~950 hPa) contributed most to the differences in convective instability among 357 

the three runs. The observation that the latent heat fluxes from the Kuroshio Current 358 

were larger than the sensible heat fluxes (Fig. 3) might explain why the response of the 359 

𝜃𝜃𝑒𝑒 and convective instability to the latent heat fluxes is larger than to the sensible heat 360 

fluxes. 361 

 362 

5. Summary 363 
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This study examined the role of the surface heat fluxes from the Kuroshio Current in 364 

enhancing the outer frontal rainband that brought heavy rainfall to Miyake Island, Japan, 365 

in January 2017 by using three cloud-resolving numerical experiments (CNTL, NSH, 366 

and NLH runs) with a horizontal resolution of 0.02°. As the rainband developed, the 367 

sensible and latent heat fluxes from the Kuroshio Current increased around CCB to the 368 

south of the outer front in the CNTL run (Figs. 2, 3, and 6). The magnitude of the latent 369 

heat fluxes was ~2.3 times larger than that of the sensible heat fluxes. The CNTL run 370 

successfully simulated the features of the outer frontal rainband (Figs. 1 and 4). 371 

However, slight and significant weakening of the outer frontal rainband were observed 372 

in the NSH and NLH runs, respectively (Fig. 4). Further, we showed that the differences 373 

in the mesoscale features (horizontal moisture convergence, condensation, updraft, and 374 

hydrometeors) around the outer front in the three runs corresponded to the differences in 375 

the outer frontal rainband intensity (Fig. 5). Analysis of the CNTL run showed that, in 376 

addition to the horizontal frontogenesis and southwesterly flow of CCB, convective 377 

unstable and moist conditions near the surface enhanced the rainband (Figs. 7 and 8). 378 

The frontal uplifting released convective instability, facilitating the formation of the 379 

mesoscale features and associated intensification of the rainband. The comparisons 380 

between the NSH and CNTL runs showed that the sensible heat fluxes slightly enhanced 381 
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convective instability (Figs. 9a–9c and 10). Moreover, the comparison between the 382 

NLH and CNTL runs demonstrated that the latent heat fluxes significantly increased the 383 

moisture content and convective instability (Figs. 9d–9f and 10). The effects of heat 384 

fluxes can enhance the outer frontal rainband. Therefore, we conclude that the heat 385 

fluxes from the Kuroshio Current, especially the latent heat fluxes, contributed to heavy 386 

rainfall associated with the extratropical cyclone by enhancing the convective rainband 387 

and by modifying the frontal structure of the cyclone described in H19. 388 

The findings of this study are significant for future studies. Previous studies 389 

have typically focused on the role of the warm conveyor belt during heavy precipitation 390 

associated with extratropical cyclones (e.g., Pfahl et al. 2014; Catto et al. 2015). 391 

However, the findings presented here show that CCB contributes to intensifying surface 392 

heat fluxes from the midlatitude ocean and to the transportation of modified air to 393 

precipitation areas (Figs. 3, 6, 7, and 8 in this paper; Hirata et al., 2015, 2016, 2018). We 394 

emphasize the role of CCB and how studies on CCB could help us to better understand 395 

the relationship between the midlatitude ocean and heavy precipitation associated with 396 

extratropical cyclones. Moreover, this study demonstrated that the surface heat fluxes 397 

from the midlatitude ocean can enhance heavy rainfall associated with extratropical 398 

cyclones. The magnitude of SST values is a critical factor in determining the magnitude 399 
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of surface heat fluxes (Fig. 6). A recent study demonstrated that the increase in SST 400 

values because of global warming is larger around Japan than in other ocean areas (Wu 401 

et al. 2012). Moreover, SST distributions around Japan vary significantly because of 402 

oceanic phenomena, such as the Kuroshio large meander (e.g., Kawabe 1995) and 403 

mesoscale warm eddies (Sugimoto and Hanawa 2011). Such variability of SST around 404 

Japan could markedly affect heavy precipitation associated with extratropical cyclones 405 

(Nakamura et al. 2012; Hayasaki et al. 2013) and further studies are required to gain 406 

insights into this research question. 407 
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List of Figures 502 

Fig. 1 (a) Map of the magnitude of the horizontal gradient of potential temperature 503 

(shading; K km−1), geopotential height (contours; m), and horizontal wind (arrows; m 504 

s−1) at 975 hPa derived from the Japan Meteorological Agency (JMA) mesoscale 505 

objective analysis data (Japan Meteorological Agency, 2013) at 06:00 UTC on 8 506 

January 2017. The contour interval is 20 m. The closed circle denotes Miyake Island. 507 
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(b) Map of precipitation intensity (shading; mm h−1) derived from JMA radars at 06:00 508 

UTC on 8 January 2017. 509 

 510 

Fig. 2 (a) Map of sea surface temperature (SST) (shading and contours; °C) and sea 511 

surface currents (arrows; m s−1) on 7 January 2017. The ocean data are derived from the 512 

Japan Coastal Ocean Predictability Experiment 2 (JCOPE2; Miyazawa et al. 2009). The 513 

SST data are daily mean data. Contour intervals measure 0.5°C. The open circle 514 

indicates Miyake Island. The surface heat fluxes from the ocean area enclosed by the 515 

green rectangle were removed in the NSH and NLH runs. 516 

 517 

Fig. 3 Horizontal distributions of surface sensible heat fluxes (shading; W m−2), positive 518 

two-dimensional (2D) frontogenesis function at 980 hPa (blue contours; 10−4 K km−1 519 

s−1), horizontal wind at 980 hPa (arrows; m s−1), and SLP (black contours; hPa) in the 520 

CNTL run at (a) 21:00 UTC on 7 January, (b) 00:00 UTC on 8 January, (c) 03:00 UTC 521 

on 8 January, and (d) 06:00 UTC on 8 January 2017. The intervals of the blue and black 522 

contours are 1 × 10−4 K km−1 s−1 and 4 hPa, respectively. Winds <13 m s−1 are not 523 

shown. The surface heat fluxes from the ocean area enclosed by the green rectangle 524 

were removed in no sensible heat fluxes (NSH) and no latent heat fluxes (NLH) runs. 525 
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(e)–(h) is the same as (a)–(d), except for the surface latent heat fluxes (shading; W m−2). 526 

 527 

Fig. 4 Horizontal distributions of precipitation intensity (shading; mm h−1) at the surface 528 

at (a) 04:00 UTC, (b) 06:00 UTC, and (c) 08:00 UTC on 8 January 2017 in the CNTL 529 

run. The open blue circle with a 20-km radius shows Miyake Island. (d)–(f) is the same 530 

as (a)–(c), except for the NSH run. (g)–(i) is the same as (a)–(c), except for the NLH run. 531 

Maximum and area-averaged values of precipitation intensity within the blue circle with 532 

a 20-km radius in Fig. 4 at 06:00 UTC on 8 January 2017 are noted in panels (b), (e), 533 

and (h). 534 

 535 

Fig. 5 Horizontal distributions of moisture flux (arrows; kg m kg−1 s−1) and its 536 

horizontal convergence (shading; × 10−5 kg kg−1 s−1) at 980 hPa at 06:00 UTC on 8 537 

January 2017 in the (a) CNTL, (b) NSH, and (c) NLH runs. (d)–(f) Latitude–height 538 

cross-sectional maps of the meridional–vertical moisture fluxes (arrows; kg m kg−1 s−1), 539 

the horizontal moisture flux convergence (blue contours; × 10−5 kg kg−1 s−1), and latent 540 

heating rate induced by condensation (shading; K h−1) along the vertical red lines in the 541 

panels (a–c). The interval of the blue contours is 0.5 × 10−5 kg kg−1 s−1. (g)–(i) is the 542 

same as (d)–(f), except for the total mixing ratio of cloud water and cloud ice (contour; 543 
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g kg−1) and the total mixing ratio of rain water, snow, and graupel (shading; g kg−1). 544 

 545 

Fig. 6 Horizontal distributions of (a) latent heat fluxes (shading; W m−2), (b) SST 546 

(shading; °C), (c) wind speed in the bottom layer |𝑉𝑉𝑎𝑎 |, (d) the differences between 547 

saturation water vapor mixing ratio of SST 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) and water vapor mixing ratio in 548 

the bottom layer 𝑄𝑄𝑄𝑄𝑎𝑎 (shading; g kg−1), (e) 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) (shading; g kg−1), and (f) 𝑄𝑄𝑄𝑄𝑎𝑎 549 

(shading; g kg−1) at 06:00 UTC on 8 January 2017 in the CNTL run. A 2D frontogenesis 550 

function at 980 hPa (blue contours; 10−4 K km−1 s−1), horizontal wind in the bottom 551 

layer (arrows; m s−1), and SLP (black contours; hPa) are also shown in these figures. 552 

The intervals of the blue and black contours are 1 × 10−4 K km−1 s−1 and 4 hPa, 553 

respectively. The closed circle shows Miyake Island. 554 

 555 

Fig. 7 (a) Horizontal distributions of water vapor mixing ratio 𝑄𝑄𝑄𝑄 at 980 hPa (shading; 556 

g kg−1), 2D frontogenesis function at 980 hPa (blue contours; 10−4 K km−1 s−1), 557 

horizontal wind at 980 hPa (arrows; m s−1), and SLP (black contours; hPa) at 06:00 558 

UTC on 8 January 2017 in the CNTL run. The intervals of the blue and black contours 559 

are 1 × 10−4 K km−1 s−1 and 4 hPa, respectively. The vertical black line indicates the 560 

position of the vertical cross-section shown in Fig. 8. (b) The same as (a), except for the 561 
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equivalent potential temperature 𝜃𝜃𝑒𝑒 at 980 hPa (shading; K). (c) Same as (a), except 562 

for the convective instability defined by the difference in 𝜃𝜃𝑒𝑒 between 850- and 980-hPa 563 

levels (shading; K). 564 

 565 

Fig. 8 Latitude–height cross-sectional map of 𝜃𝜃𝑒𝑒  (shading; K), positive 2D 566 

frontogenesis function (blue contours; 10−4 K km−1 s−1), and meridional and vertical 567 

winds (arrows; m s−1) at 06:00 UTC on 8 January 2017 in the CNTL run along the 568 

vertical black line in Fig. 7. The blue contour interval is 0.5 × 10−4 K km−1 s−1. The red 569 

dots indicate the moist area where the 𝑄𝑄𝑄𝑄 exceeds 8 g kg−1. 570 

 571 

Fig. 9 Differences in (a) 𝑄𝑄𝑄𝑄 (shading; g kg−1) at 980 hPa, (b) 𝜃𝜃𝑒𝑒 (shading; K) at 980 572 

hPa, and (c) convective instability defined by the difference in 𝜃𝜃𝑒𝑒 between 850- and 573 

980-hPa levels (shading; K) between the NSH and CNTL runs (the former minus the 574 

latter) at 06:00 UTC on 8 January 2017. Vectors and contours are 980-hPa horizontal 575 

winds and SLP in the NSH run, respectively. The closed circle shows Miyake Island. 576 

(d)–(f) is the same as (a)–(c), except for the differences between the NLH and CNTL 577 

runs. Vectors and contours in these figures indicate 980-hPa horizontal winds and SLP 578 

in the NLH run. The red dots in (a) show where the relative humidity exceeds 99% in 579 
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the CNTL run. 580 

 581 

Fig. 10 Vertical profiles of area-averaged values of (a) 𝑄𝑄𝑄𝑄 (g kg−1) and (b) 𝜃𝜃𝑒𝑒 (K) 582 

within the red rectangle depicted in Fig. 9. The red, green, and blue curves indicate the 583 

profiles in the CNTL, NSH, and NLH runs, respectively. 584 

 585 
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 587 
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 590 
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 592 
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 598 

 599 

Fig. 1 (a) Map of the magnitude of the horizontal gradient of potential temperature 600 

(shading; K km−1), geopotential height (contours; m), and horizontal wind (arrows; m 601 

s−1) at 975 hPa derived from the Japan Meteorological Agency (JMA) mesoscale 602 

objective analysis data (Japan Meteorological Agency, 2013) at 06:00 UTC on 8 603 

January 2017. The contour interval is 20 m. The closed circle denotes Miyake Island. 604 

(b) Map of precipitation intensity (shading; mm h−1) derived from JMA radars at 06:00 605 

UTC on 8 January 2017. 606 

 607 

 608 

 609 

 610 
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 611 

 612 

Fig. 2 (a) Map of sea surface temperature (SST) (shading and contours; °C) and sea 613 

surface currents (arrows; m s−1) on 7 January 2017. The ocean data are derived from the 614 

Japan Coastal Ocean Predictability Experiment 2 (JCOPE2; Miyazawa et al. 2009). The 615 

SST data are daily mean data. Contour intervals measure 0.5°C. The open circle 616 

indicates Miyake Island. The surface heat fluxes from the ocean area enclosed by the 617 

green rectangle were removed in the NSH and NLH runs. 618 
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 619 

 620 

Fig. 3 Horizontal distributions of surface sensible heat fluxes (shading; W m−2), positive 621 

two-dimensional (2D) frontogenesis function at 980 hPa (blue contours; 10−4 K km−1 622 

s−1), horizontal wind at 980 hPa (arrows; m s−1), and SLP (black contours; hPa) in the 623 

CNTL run at (a) 21:00 UTC on 7 January, (b) 00:00 UTC on 8 January, (c) 03:00 UTC 624 

on 8 January, and (d) 06:00 UTC on 8 January 2017. The intervals of the blue and black 625 

contours are 1 × 10−4 K km−1 s−1 and 4 hPa, respectively. Winds <13 m s−1 are not 626 

shown. The surface heat fluxes from the ocean area enclosed by the green rectangle 627 

were removed in no sensible heat fluxes (NSH) and no latent heat fluxes (NLH) runs. 628 

(e)–(h) is the same as (a)–(d), except for the surface latent heat fluxes (shading; W m−2). 629 
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 630 

 631 

Fig. 4 Horizontal distributions of precipitation intensity (shading; mm h−1) at the surface 632 

at (a) 04:00 UTC, (b) 06:00 UTC, and (c) 08:00 UTC on 8 January 2017 in the CNTL 633 

run. The open blue circle with a 20-km radius shows Miyake Island. (d)–(f) is the same 634 

as (a)–(c), except for the NSH run. (g)–(i) is the same as (a)–(c), except for the NLH run. 635 

Maximum and area-averaged values of precipitation intensity within the blue circle with 636 

a 20-km radius in Fig. 4 at 06:00 UTC on 8 January 2017 are noted in panels (b), (e), 637 

and (h). 638 
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 639 

 640 

Fig. 5 Horizontal distributions of moisture flux (arrows; kg m kg−1 s−1) and its 641 

horizontal convergence (shading; × 10−5 kg kg−1 s−1) at 980 hPa at 06:00 UTC on 8 642 

January 2017 in the (a) CNTL, (b) NSH, and (c) NLH runs. (d)–(f) Latitude–height 643 

cross-sectional maps of the meridional–vertical moisture fluxes (arrows; kg m kg−1 s−1), 644 

the horizontal moisture flux convergence (blue contours; × 10−5 kg kg−1 s−1), and latent 645 

heating rate induced by condensation (shading; K h−1) along the vertical red lines in the 646 

panels (a–c). The interval of the blue contours is 0.5 × 10−5 kg kg−1 s−1. (g)–(i) is the 647 

same as (d)–(f), except for the total mixing ratio of cloud water and cloud ice (contour; 648 

g kg−1) and the total mixing ratio of rain water, snow, and graupel (shading; g kg−1). 649 
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 650 

Fig. 6 Horizontal distributions of (a) latent heat fluxes (shading; W m−2), (b) SST 651 

(shading; °C), (c) wind speed in the bottom layer |𝑉𝑉𝑎𝑎 |, (d) the differences between 652 

saturation water vapor mixing ratio of SST 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) and water vapor mixing ratio in 653 

the bottom layer 𝑄𝑄𝑄𝑄𝑎𝑎 (shading; g kg−1), (e) 𝑄𝑄𝑄𝑄𝑄𝑄 (𝑆𝑆𝑆𝑆𝑆𝑆) (shading; g kg−1), and (f) 𝑄𝑄𝑄𝑄𝑎𝑎 654 

(shading; g kg−1) at 06:00 UTC on 8 January 2017 in the CNTL run. A 2D frontogenesis 655 

function at 980 hPa (blue contours; 10−4 K km−1 s−1), horizontal wind in the bottom 656 

layer (arrows; m s−1), and SLP (black contours; hPa) are also shown in these figures. 657 

The intervals of the blue and black contours are 1 × 10−4 K km−1 s−1 and 4 hPa, 658 

respectively. The closed circle shows Miyake Island. 659 
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 660 

 661 

Fig. 7 (a) Horizontal distributions of water vapor mixing ratio 𝑄𝑄𝑄𝑄 at 980 hPa (shading; 662 

g kg−1), 2D frontogenesis function at 980 hPa (blue contours; 10−4 K km−1 s−1), 663 

horizontal wind at 980 hPa (arrows; m s−1), and SLP (black contours; hPa) at 06:00 664 

UTC on 8 January 2017 in the CNTL run. The intervals of the blue and black contours 665 

are 1 × 10−4 K km−1 s−1 and 4 hPa, respectively. The vertical black line indicates the 666 

position of the vertical cross-section shown in Fig. 8. (b) The same as (a), except for the 667 

equivalent potential temperature 𝜃𝜃𝑒𝑒 at 980 hPa (shading; K). (c) Same as (a), except 668 

for the convective instability defined by the difference in 𝜃𝜃𝑒𝑒 between 850- and 980-hPa 669 

levels (shading; K). 670 

 671 

 672 

 673 
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 674 

 675 

Fig. 8 Latitude–height cross-sectional map of 𝜃𝜃𝑒𝑒  (shading; K), positive 2D 676 

frontogenesis function (blue contours; 10−4 K km−1 s−1), and meridional and vertical 677 

winds (arrows; m s−1) at 06:00 UTC on 8 January 2017 in the CNTL run along the 678 

vertical black line in Fig. 7. The blue contour interval is 0.5 × 10−4 K km−1 s−1. The red 679 

dots indicate the moist area where the 𝑄𝑄𝑄𝑄 exceeds 8 g kg−1. 680 

 681 
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 682 

 683 

Fig. 9 Differences in (a) 𝑄𝑄𝑄𝑄 (shading; g kg−1) at 980 hPa, (b) 𝜃𝜃𝑒𝑒 (shading; K) at 980 684 

hPa, and (c) convective instability defined by the difference in 𝜃𝜃𝑒𝑒 between 850- and 685 

980-hPa levels (shading; K) between the NSH and CNTL runs (the former minus the 686 

latter) at 06:00 UTC on 8 January 2017. Vectors and contours are 980-hPa horizontal 687 

winds and SLP in the NSH run, respectively. The closed circle shows Miyake Island. 688 

(d)–(f) is the same as (a)–(c), except for the differences between the NLH and CNTL 689 

runs. Vectors and contours in these figures indicate 980-hPa horizontal winds and SLP 690 

in the NLH run. The red dots in (a) show where the relative humidity exceeds 99% in 691 

the CNTL run. 692 

 693 
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 694 

 695 

Fig. 10 Vertical profiles of area-averaged values of (a) 𝑄𝑄𝑄𝑄 (g kg−1) and (b) 𝜃𝜃𝑒𝑒 (K) 696 

within the red rectangle depicted in Fig. 9. The red, green, and blue curves indicate the 697 

profiles in the CNTL, NSH, and NLH runs, respectively. 698 

 699 


