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 29 

Abstract 30 

This work investigates development processes of Baiu frontal depressions 31 

(BFDs) using a numerical model. To investigate the effects of upper-level 32 

disturbances, latent heating, and baroclinicity on the development of BFDs, 33 

case-study numerical simulations are performed. In the present study, two 34 

typical cases were selected from BFDs that appeared in June and July, 35 

2000-2007: a BFD that developed in the western part of the Baiu frontal zone 36 

(W-BFD) from 26 to 27 June 2003 and a BFD that had formed in the eastern 37 

part of the Baiu frontal zone (E-BFD) from 1 to 3 July 2003. An available 38 

potential energy (APE) diagnosis shows that the effect of latent heating is 39 

dominant during the W-BFD development, while baroclinicity as well as latent 40 

heating is important to the E-BFD development. A sensitivity experiment 41 

excluding upper-level potential vorticity (PV) anomalies shows that upper-level 42 

disturbances are important contributors to the development of E-BFDs.  43 

The low-level PV and its production associated with latent heating suggest 44 

that the W-BFD has a development mechanism driven by latent heating. In the 45 

early developmental stage, PV near the W-BFD center is enhanced. This 46 

feature is consistent with the nonlinear conditional instability of the second kind 47 
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mechanism. In the later developmental stage, PV is produced in front of the 48 

W-BFD center, in which low-level baroclinicity is large. This process is 49 

consistent with a diabatic Rossby vortex. In contrast, the E-BFD develops 50 

through a baroclinic instability-like mechanism in the moist atmosphere.  51 

 52 

1. Introduction 53 

In the East Asian summer monsoon season, a quasi-stationary subtropical 54 

frontal zone, called the Baiu frontal zone, appears as a cloud band extending 55 

from south China to the northern Pacific through the islands of Japan. 56 

Depressions that develop in the frontal zone (hereafter, Baiu frontal 57 

depressions; BFDs) are important phenomena in this season, because they are 58 

closely related to multiscale systems in the Baiu season (Ninomiya and 59 

Murakami 1987; Ninomiya and Akiyama 1992). This is because the activity of 60 

BFDs affects systems at various scales, from mesoscale convective systems 61 

(e.g., Ogura et al. 1985) to large-scale circulation systems in the upper 62 

troposphere (e.g., Ogasawara and Kawamura 2008). However, the dynamics of 63 

BFDs are not yet fully understood. 64 

It is likely that BFDs are a type of extratropical depression (ED), because 65 
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they develop in a baroclinic field. A large number of BFDs are accompanied by 66 

upper-level troughs and have structures tilted westward with height (e.g., 67 

Akiyama 1984; 1990a,b; Tagami et al. 2007; Tochimoto and Kawano 2012; 68 

hereafter TK12). These structures are consistent with baroclinic instability 69 

waves in mid-latitudes (e.g., Charney 1947; Eady 1949). 70 

In general, upper-level disturbances approaching low-level disturbances 71 

have large impacts on the ED development (e.g., Montgomery and Farrel 1990, 72 

1991, 1992; Takayabu 1991; Davis and Emanuel 1991; Davis 1992, Davis et al. 73 

1996; Huo et al. 1999; Wernli et al. 2002). Takayabu (1991), for instance, 74 

investigated the rapid deepening of EDs using a channel primitive model on a 75 

beta plane and showed that coupling development occurs when a low-level 76 

vortex is initially located at the latitude of the jet axis, and an upper vortex exists 77 

northwest of the low-level vortex. The result of his model is consistent with the 78 

coupling development of EDs observed in the real atmosphere. Davis and 79 

Emanuel (1991) applied a piecewise potential vorticity (PV) inversion technique 80 

to a case of cyclogenesis and showed that low-level potential temperature (PT) 81 

anomaly intensification by upper-level PV anomalies is important for 82 

cyclogenesis. 83 
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The effect of latent heating caused by the condensation of water vapor also 84 

enhances the ED development. Reed et al. (1998) examined the effects of 85 

latent heating on the development of EDs in the north Atlantic with a sensitivity 86 

experiment, in which latent heating was excluded. They showed that the 87 

intensity of the EDs in the sensitivity experiment is reduced to about 50–60% of 88 

the intensity of the full-physics simulation. Davis (1992) investigated two EDs 89 

that developed near the East Coast of the United States. He pointed out that 90 

latent heating contributes to the development of depressions, although the 91 

magnitude of this contribution differs from case to case. 92 

The importance of coupling between lower- and upper-level disturbances 93 

and the effects of latent heating on the development of BFDs has also been 94 

pointed out (e.g., Akiyama 1984, 1990a,b; Ninomiya and Kurihara 1987; Chang 95 

et al. 1998; Ninomiya and Shibagaki 2003; Shibagaki and Ninomiya 2005). 96 

Akiyama (1984) showed that a weak low-level vortex associated with a cloud 97 

cluster grew into a BFD coupled with an upper-level trough. Shibagaki and 98 

Ninomiya (2005) investigated the structures and development processes of four 99 

BFDs that had formed in July 1992, and showed that vertical coupling of 100 

disturbances was responsible for the development of the BFDs. Ninomiya and 101 
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Kurihara (1987) performed a numerical case study for July 1979 and suggested 102 

that condensational heating is important for the formation and development of 103 

the BFD. Chang et al. (1998) examined the development processes of several 104 

strongly developed depressions that had formed in the Baiu front in June 1992 105 

using a PV inversion technique. They showed that latent heating plays an 106 

important role in the development of the BFDs during the early stage and 107 

upper-level disturbances contribute to the BFD development in the later stage 108 

of development.  109 

It should be noted that features of the Baiu frontal zone differ between its 110 

western and eastern parts (e.g., Matsumoto et al. 1971; Ninomiya and Akiyama 111 

1992). In the western part (west of approximately 140°E), the frontal zone is 112 

characterized by weak baroclinicity and a strong south–north gradient of water 113 

vapor, while in the eastern part (east of approximately 140°E), the zone is 114 

characterized by relatively strong baroclinicity. These differences must 115 

influence the development of BFDs. Recently, Tochimoto and Kawano (2012) 116 

categorized BFDs into two groups on the basis of the region; BFDs that 117 

developed in the western (west of 140°E) and eastern (east of 140°E) parts of 118 

the Baiu frontal zone were referred to as W-BFDs and E-BFDs, respectively. 119 
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They performed composite analyses and a number of case studies 120 

investigating the development processes using the piecewise PV inversion 121 

technique developed by Davis and Emanuel (1991). They presented the results 122 

for a W-BFD that had formed on 26–27 June 2003 and an E-BFD for 1–3 July 123 

2003, which are typical cases. The results indicated that upper-level PV 124 

anomalies inducing low-level southerly winds intensified both the W-BFD and 125 

E-BFD through warm potential temperature advection. They also pointed out 126 

that positive high PV associated with latent heating contributed to the 127 

development of both BFDs. The effect of latent heating is larger in the W-BFD, 128 

while it was suggested that the effect of low-level baroclinicity is more important 129 

to the E-BFD development. 130 

In the present study, to investigate more quantitative contributions of latent 131 

heating, baroclinicity, and upper-level disturbances, numerical experiments are 132 

performed using the Weather Research and Forecasting (WRF) model. Several 133 

sensitivity experiments and available potential energy diagnosis are performed 134 

to examine the evolution of those contributions. 135 

This paper is organized as follows. In section 2, model and experimental 136 

designs are presented. Case study overviews are illustrated in section 3. In 137 
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section 4, results from numerical simulations are presented. The development 138 

processes of BFDs are discussed in section 5. Finally, a summary is presented 139 

in section 6. 140 

2. Model and experimental design 141 

A three-dimensional non-hydrostatic fully compressible numerical model, 142 

the Advanced Research Weather WRF (WRF-ARW) version 3.3 (Skamarock et 143 

al. 2008) is used in this study. The model domains are shown in Fig. 1. The 144 

number of horizontal grid points with a spacing of 20 km for the W-BFD and 145 

E-BFD are 257 × 194 and 251 × 164, respectively. Both domains have 40 146 

vertical levels from the surface to 50 hPa. The Noah land surface model (Chen 147 

and Dudhia 2001), the Yonsei University (YSU) planetary boundary layer 148 

scheme (Noh et al. 2003), the WRF single moment 6 class (WSM6; Hong and 149 

Lim 2006) microphysics scheme, and the Kain-Fritsch cumulus 150 

parameterization scheme (Kain 2004) are applied to both simulations. 151 

The W-BFD and E-BFD simulations start at 12 UTC 26 June 2003 and 06 152 

UTC 2 July 2003, respectively. The initial and boundary conditions are 153 

calculated from the six-hourly available Japanese 25-year Re-Analysis 154 

(JRA-25)/Japan Meteorological Agency (JMA) Climate Data Assimilation 155 
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System (JCDAS) (Onogi et al. 2007), which has a horizontal resolution of 1.25° 156 

× 1.25°, except for the skin temperature, which was obtained from available 157 

six-hourly National Centers for Environmental Prediction Final Analysis data 158 

(NCEP-FNL) with a horizontal grid spacing of 1.0°. Sea surface temperature is 159 

estimated by using surface temperature in NCEP-FNL. 160 

To investigate the effects of latent heating and upper-level disturbances on 161 

the BFD development, three types of experiments were carried out: control 162 

(CNTL), no latent heating (NOLH), and no upper-level disturbances (NOUL) 163 

simulations. The CNTL is a simulation including full physical processes. In 164 

NOLH, surface heat, moisture, and momentum fluxes remain on, but there is 165 

neither latent heating nor cooling with microphysics and cumulus schemes. The 166 

NOUL is a simulation without upper-level disturbances. According to Moore et 167 

al. (2008), upper-level PV anomalies from 500 hPa to the model top, which are 168 

defined as deviations from the 15-day mean, are excluded from initial and 169 

boundary conditions in NOUL using the piecewise PV inversion technique 170 

(Davis and Emanuel 1991). 171 

 172 

3. Results 173 
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3.1 The W-BFD case 174 

a. Case overview 175 

During the early developing stage (06 UTC 26 to 18 UTC 26 June 2003), it 176 

appears that low- to mid-level processes such as moisture dynamics 177 

associated with convection along the Baiu front rather than upper-level process 178 

may lead to the development of the W-BFD. Figures 2a–d show the evolution of 179 

850-hPa Ertel’s PV (Ertel 1942) and sea level pressure (SLP) obtained from 180 

JRA-25. The W-BFD was detected at 06 UTC 26 June 2003 in the JMA surface 181 

weather chart (117°E, 32°N; not shown), while it was not clearly identified in Fig. 182 

2a because of the coarse resolution of JRA-25. The region of positive PV with a 183 

maximum value exceeding 1.0 potential vorticity unit (PVU) was located around 184 

110°E and 30°N. It seems that the positive PV was produced by convection 185 

around the Baiu (Meiyu) front over the mainland of China. It is suggested that a 186 

large-scale trough above China (100°–120°E, 20°–50°N) provided warm and 187 

moist air, leading to the formation of the W-BFD. As shown in Fig. 2e, an 188 

upper-level high PV at 300 hPa was located far northwest of the low-level 189 

depression at 06 UTC 26 (90°–100°E and 45°N). Subsequently, the W-BFD 190 

was clearly detected and a low-level PV of about 1.0 PVU is located around 191 
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115°–120°E and 30°–35°N at 12 UTC 26 June (Fig. 2b). It seems that 192 

upper-level disturbances had little influence on the W-BFD development in the 193 

early developing stage since the upper-level trough was still located far from the 194 

W-BFD (Fig. 2f). 195 

During the later stage (from 00 UTC 27 to 06 UTC 27 June 2003), the 196 

upper-level disturbance approaching the low-level disturbance may have 197 

affected the W-BFD. By 00 UTC on 27 June, the 300-hPa high PV associated 198 

with the upper-level trough, which has values about 3.0 PVU, reached 100°–199 

110°E and 40°–45°N (Fig. 2g). In addition, the 850-hPa PV developed to a 200 

maximum of 1.5 PVU (Fig. 2c). At 06 UTC 27 June, the central surface 201 

pressure of the W-BFD reached about 993 hPa, which is the minimum pressure 202 

attained during its lifecycle. Although the upper-level trough was still located 203 

west of the cyclone center at this time, the development of W-BFD ended. 204 

Figure 2i shows a vertical cross-section along line A–A’ in Fig. 2c. The low-level 205 

disturbance is coupled with an upper-level high PV, exhibiting a structure tilted 206 

westward with height.  207 

 208 

b. Control simulation 209 
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Before analyzing the results of the CNTL for the W-BFD (hereafter referred 210 

to as W-CNTL), we verified whether the characteristics of the simulated W-BFD 211 

agree with those detected by JRA-25. The track of the simulated W-BFD in the 212 

CNTL agrees with that in JRA-25 (not shown). The W-CNTL reasonably 213 

reproduces the SLP distribution associated with the W-BFD (Figs. 3a and 3b), 214 

except that the simulated fields have a delay of about two hours and the 215 

maximum strength (about 990 hPa) is somewhat stronger than that in JRA-25 216 

(about 993 hPa). The simulated lower central pressure could be attributed to 217 

the finer horizontal resolution in the present numerical experiment. In addition, 218 

the evolution of the simulated precipitation systems is two hours behind the 219 

radar observation of JMA (not shown). 220 

At the lower and upper levels, the W-CNTL also adequately captures the 221 

structure and evolution of the PV detected in JRA-25 (Fig. 3). A high-PV region, 222 

exceeding 3 PVU, extends from mainland China to the Yellow Sea at 20 UTC 223 

26 June 2003 (Fig. 3a). The maximum value of PV at this time is about 4 PVU. 224 

The high-PV region propagates eastward over the Yellow Sea and is elongated 225 

zonally by 08 UTC 27 June (Fig. 3b). The maximum PV of 4 PVU is maintained. 226 

After this time, the low-level PV gradually decreases because of the weakening 227 
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of PV production due to latent heating. The simulation represents the 228 

upper-level high-PV region, which gradually approaches from the northwest of 229 

the cyclone center. This result is consistent with that in JRA-25 (Figs. 3c and 230 

3d).  231 

In order to quantitatively investigate the contributions of latent heating and 232 

baroclinicity to the BFD development, each term in the tendency equation of the 233 

available potential energy (APE) is estimated according to Parker and Thorpe 234 

(1995), Moore and Montgomery (2004; 2005), and Moore et al. (2008). The 235 

tendency equation of the APE is expressed as 236 

!!!
!!
= 𝐶! − 𝐶! + 𝐺! + 𝑅， 237 

where AE is the APE of the disturbance, CA is the conversion from the APE in its 238 

basic state to AE, CE is the conversion from AE to the eddy kinetic energy (EKE), 239 

GE is the conversion from the diabatic source to AE, and R is the residual term. 240 

These terms are defined as  241 
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𝜎 = !
!

!
!!
− !

!
! !
!"

, 246 

where (∙)  means a zonal average of (∙), and (∙)  a regional average of (∙). 247 

A prime and an asterisk indicate a deviation from the zonal average and a 248 

deviation of the zonal average from the area mean, respectively. All variables 249 

have their usual meteorological meaning and 𝜎 represents the mean static 250 

stability in pressure coordinates. The calculation domain in the W-BFD (E-BFD) 251 

is a 1000 (2000) km × 1000 (2000) km square around the center of the W-BFD 252 

(E-BFD). The calculation domain for E-BFD is larger than that for W-BFD 253 

because the horizontal scale of E-BFD is larger. All terms are integrated from 254 

950 hPa to 250 hPa. 255 

The evolution of each term in the tendency equation (Eq. (3.1)) for the 256 

W-BFD is shown in Fig. 4. In the W-BFD, the diabatic term (GE) is dominant (at 257 

most 8 W m-2) during the entire period, while the contribution of baroclinicity 258 

(CA,) which is gradually increasing with time, is quite small (at most 1 W m-2) 259 

compared to the diabatic process. These results indicate that the diabatic 260 

process plays a central role in the development of the W-BFD. The conversion 261 

term (CE), which is negative throughout the entire period, indicates that the 262 

eddy APE is converted to eddy kinetic energy. 263 

(3.6) 
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The evolution of the low-level PV and its production provide additional 264 

insight into the effects of latent heating on the BFD development. Following 265 

Hoskins et al. (1985), the diabatic generation of PV can be approximated as  266 

!"#
!"

≈ −𝑔𝜂 !"
!"
, 267 

where  𝑄 is the diabatic heating rate, 𝜂  the absolute vorticity, and g the 268 

gravitational acceleration rate. In the W-CNTL, low-level PV is produced near 269 

the W-BFD center, where a 850-hPa high-PV region is located at the early 270 

stage of the BFD evolution (18 UTC 26 June; Fig. 5a). At the later developing 271 

stage (02 UTC 27 June), the region of high PV production is found in front of the 272 

W-BFD center (around 125°E, 36°N), in which the low-level horizontal PT 273 

gradient is large (Figs. 5b and 5d). These features suggest that the 274 

development mechanism of the W-BFD may vary between the early and later 275 

development stages as will be discussed in section 5. A band-shaped PV and 276 

its production (Fig. 5) could be associated with linearly aligned convections in 277 

the frontal region (not shown). These features were also found in other studies 278 

of extratropical cyclones (e.g., Hirata et al. 2015). Meanwhile, a region of 279 

negative PV production also exists around the cyclone center in the later stage 280 

(Fig. 5b) since the vertical gradient of latent heating is negative (− !"
!"
< 0) but 281 

(3.7) 
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absolute vorticity is positive (𝜂 > 0). In this region, the depth of convection is 282 

shallow and the maximum of latent heating is located below 850 hPa, resulting 283 

in a negative vertical gradient of latent heating at 850 hPa. 284 

 285 

c. Simulation without latent heating 286 

The depression structure cannot be maintained in the NOLH for the W-BFD 287 

(hereafter referred to as W-NOLH). The SLP and 850-hPa PV fields simulated 288 

in the W-NOLH are shown in Figs. 6a and 6b. At 02 UTC 27 June 2003, a 289 

central SLP weakens from the initial time in the W-NOLH (Fig. 6a). After that, 290 

no closed isobar associated with the W-BFD is found at 08 UTC 27 June (Fig. 291 

6b). 292 

Unlike in the W-CNTL (Figs. 3a and 3b), no high-PV region associated with 293 

the depression is predicted at 850 hPa in the W-NOLH (Figs. 6a and 6b), which 294 

indicates that the weakening of the disturbance in the W-NOLH is due to a lack 295 

of PV production by diabatic heating associated with cloud systems. Thus, 296 

diabatic heating is needed for the development of the W-BFD.  297 
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In contrast, the upper-level high-PV region exceeding 3.0 PVU is well 298 

reproduced (Figs. 6c and 6d). Thus, it is suggested that upper-level forcing 299 

without moist processes has little impact on the W-BFD development. 300 

 301 

d. Simulation without upper-level disturbances 302 

We investigated the impacts of upper-level disturbances on the W-BFD 303 

development by comparing the CNTL and NOUL simulations. First, the initial 304 

vorticity fields at 300 hPa for the W-BFD in CNTL and NOUL are compared. In 305 

the W-CNTL (Fig. 7a), a strong vorticity (up to 1.0 × 10-4 s-1) region associated 306 

with an upper-level disturbance is located around 100°–120°E and 40°–45°N. 307 

In contrast, as shown in Fig. 7b, the strong vorticity is significantly reduced in 308 

the NOUL for the W-BFD (hereafter referred to as W-NOUL).  309 

Figure 7c shows the SLP and 850-hPa PV in the W-NOUL at 08 UTC 27 310 

June 2003. Although the central SLP in the W-NOUL (992 hPa) is somewhat 311 

weaker than that in the W-CNTL (about 990 hPa; Fig. 3b), it reaches 312 

considerable strength. The evolution of the 850-hPa vorticity averaged over a 313 

600 km × 600 km square around the W-BFD center is shown in Fig. 7d. Note 314 

that the vorticity is suitable to compare the strength of depressions between 315 
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CNTL and NOUL since PV depends on not only the relative vorticity but also 316 

the latitude and static stability. At the early developing stage, the low-level 317 

vorticity evolution in the W-NOUL is quite similar to that in the W-CNTL. A 318 

difference arises at the later stage, when the upper-level trough approaches 319 

from the northwest. The maximum of the averaged vorticity in the W-NOUL 320 

develops to 75% of that in the W-CNTL. These results indicate that the W-BFD 321 

can reach considerable intensity even without upper-level forcing. 322 

We now focus on the influence of the upper-level disturbance on low-level 323 

PT advection. Figure 8 shows the 900-hPa PT advection fields in the W-CNTL 324 

and W-NOUL. In the W-CNTL, a positive PT advection, exceeding 3 K h-1, 325 

extends from 120°E to 130°E and from 35°N to 36°N. In contrast, PT advection 326 

notably weakens in the W-NOUL, which results in the inhibition of the W-BFD 327 

development. This enhancement of low-level PT advection induced by 328 

upper-level disturbances is consistent with the result from the data analysis 329 

mentioned in TK12. 330 

 331 

3.2 The E-BFD case 332 

a. Case overview 333 
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In the E-BFD case, an upper-level trough somewhat intensified the BFD. At 334 

12 UTC 1 July 2003, an upper-level trough and its associated high-PV area 335 

were found just west of the low-level low-pressure area near the southeast 336 

coast of Japan (Figs. 9a and 9e). The low-level relatively high-PV band zonally 337 

elongated near the Japanese islands was produced by convection along the 338 

Baiu front. Then, the trough propagated eastward as it developed, and the SLP 339 

deepened. The E-BFD is detected at 18 UTC 1 July in the JMA surface weather 340 

map (35°N, 145°E; not shown). At 00 UTC 2 July, the E-BFD had a distinct 341 

structure around 140°–155°E and 30°–40°N (Fig. 9b). The distance between 342 

the upper-level and low-level disturbances shrank with time. By 12 UTC 02 July, 343 

the upper-level trough approached near the minimum SLP (about 998 hPa) 344 

center (Figs. 9c and 9g). At 00 UTC 3 July, the central pressure fell to about 345 

995 hPa (Fig. 9d). The vertical cross-section of PV along B–B’ in Fig. 9c shows 346 

the strong coupling between the upper- and low-level high PVs, exhibiting a 347 

structure tilted westward with height (Fig. 9i). The distance between the 348 

upper-level and low-level disturbances is much smaller than in the W-BFD 349 

throughout the entire period (Fig. 2).  350 

 351 
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b.  Control simulation 352 

The CNTL for the E-BFD (hereafter referred to as E-CNTL) reasonably 353 

reproduces the depression structure and its evolution detected in the JRA-25, 354 

except that the simulated E-BFD track slightly shifts to the north. The simulated 355 

SLP fields agree with the JRA-25 data (Figs. 10a and 10b).  356 

The evolution of the simulated lower- and upper-level PV in the E-CNTL is 357 

consistent with that of the PV detected in JRA-25. At 12 UTC 2 July, a low-level 358 

high PV elongated zonally is located in the region of 145°–155°E and 37°–38°N 359 

(Fig. 10a). The high-PV region is cyclonically wrapped and broadens as it 360 

develops (Fig. 10b). A 300-hPa high-PV region associated with an upper-level 361 

trough is also cyclonically wrapped as it develops (Fig. 10c and 10d). At 00 362 

UTC 3 July, the PV region exceeding 3 PVU is located just above the low-level 363 

high-PV area (Fig. 10d).  364 

The result of the APE diagnosis shows that the baroclinic term is 365 

comparable to the diabatic term in the developing stage (Fig. 11). This indicates 366 

that both baroclinic and diabatic processes are important to the E-BFD 367 

development and is consistent with the results of TK12, which showed that 368 

baroclinicity is more important for the development of E-BFDs than for that of 369 
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W-BFDs. The negative values of the CE term are reflected by the conversion of 370 

the eddy APE to the eddy kinetic energy. 371 

In the E-CNTL, the evolution of low-level PV production differs somewhat 372 

from that of the W-CNTL. A region of PV production for the E-CNTL extends 373 

from northwest to east of the depression center, in which the low-level 374 

horizontal PT gradient is large (Fig. 12), while the region of low-level PV 375 

production is found only east of the cyclone center for the W-CNTL in the later 376 

developing stage (Fig. 5b). This feature for E-CNTL is reflected by PV 377 

production in a bent-back-like warm front and is maintained during the entire 378 

period (Fig. 12). The PV production could be associated with convective 379 

precipitation rather than stratiform precipitation for both the W-CTNL and 380 

E-CNTL because the precipitation is produced by narrow and strong updrafts 381 

(not shown). The convection for the E-CNTL is weaker than that for the 382 

W-CNTL. 383 

 384 

c. Simulation without latent heating 385 

The NOLH for the E-BFD (hereafter referred to as E-NOLH) indicates that 386 

the impact of latent heating on the E-BFD development differs from that on the 387 
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W-BFD development. Although the BFD in the E-NOLH does not develop, the 388 

structure of the BFD is maintained (Fig. 13). Additionally, northward 389 

propagation is weakened in the E-NOLH. In the E-NOLH, simulated low-level 390 

PV is also significantly weaker than in the CNTL because of a lack of production 391 

of PV due to latent heating (Figs. 13a and 13b). These results indicate that 392 

latent heating is important for the development of the E-BFD.  393 

A difference in features of upper-level PV between the E-CNTL (Figs. 10c 394 

and 10d) and E-NOLH (Figs. 13c and 13d) suggests that latent heating affects 395 

the development of upper-level disturbances. AT 00 UTC 03 July, the 300-hPa 396 

PV exceeding 3 PVU in the E-NOLH is restricted within a narrower region 397 

(around 152°E, 37°N, and 157°E, 39°N). 398 

 399 

d.  Simulation without upper-level disturbances 400 

Upper-level disturbances in the NOUL for the E-BFD (hereafter referred to 401 

as E-NOUL) are excluded from the initial field in the E-CNTL (Figs. 14a and 402 

14b). A region of strong vorticity (exceeding 1.0 × 10-4 s-1) associated with an 403 

upper-level trough, which is located around 138°–148°E and 33°–39°N in the 404 

E-CNTL, is not found in the E-NOUL. 405 
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It is clear that upper-level disturbances are important for the E-BFD 406 

development. The central SLP in the E-NOUL is significantly weakened by 407 

excluding upper-level disturbances (Figs. 10b and 14c): the minima of the 408 

central SLP in the E-NOUL and E-CNTL are about 999 hPa and 995 hPa, 409 

respectively. The time series of the 850-hPa vorticity averaged over a 600 km × 410 

600 km square around the center of the E-BFD also shows the reduced vorticity 411 

development in the E-NOUL throughout the simulation period (Fig. 14d). The 412 

vorticity is 0.6-0.7 × 10-4 s-1 throughout the developing period in the E-NOUL, 413 

while it increases from 0.6 × 10-4 s-1 to about 1.0 × 10-4 s-1 in the E-CNTL. Thus, 414 

upper-level disturbances are needed for the E-BFD development. 415 

There is a prominent difference in low-level PT advection between the 416 

E-CNTL and E-NOUL (Fig. 15): a zonally elongated region of positive PT 417 

advection exceeding 1.5 K h-1, which is widely found around 155°–165°E in the 418 

E-CNTL, is limited to a narrow region between 161° and 163°E in the E-NOUL. 419 

This is consistent with the result in TK12, which showed that PT advection is 420 

enhanced by southerlies induced by upper-level disturbances. 421 

4. Discussion 422 
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As mentioned in section 3, it is suggested that the W-BFD is characterized 423 

by a development process mainly driven by latent heating. During the early 424 

stage of development, a low-level PV is produced near the W-BFD center. 425 

Since the PV production rate is proportional to vorticity itself (see Eq. (4.7)), the 426 

low-level PV is rapidly enhanced in the region of large vorticity. This process is 427 

similar to the non-linear CISK (conditional instability of the second kind) 428 

mechanism mentioned by Cho and Chen (1995).  429 

During the later development stage, high PV production by latent heating 430 

shifts in front of the W-BFD center. The enhanced low-level vortex that had 431 

formed during the early development stage advects low-level warm and moist 432 

air into the front of the center from the south. In addition, the low-level 433 

meridional temperature gradient is intensified there. Figure 16 shows the 434 

900-hPa equivalent potential temperature (EPT) and water vapor flux 435 

convergence in the later developing stage. In front of the W-BFD center (around 436 

123°–130°E, 36°N), a region with large EPT, exceeding 340 K, extends from 437 

the south and water vapor flux converges there. Consequently, active 438 

convection is initiated and maintained in front of the W-BFD. This process is 439 

consistent with the diabatic Rossby vortex (DRV; Raymond and Jiang 1990, 440 
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Snyder and Lindzen 1991, Parker and Thorpe 1995, Moore and Montgomery 441 

2004, 2005, Moore et al. 2008, 2013). A DRV can grow by latent heating 442 

occurring to the east of the cyclone center, even in a baroclinic field without 443 

upper-level disturbances. In the DRV process, latent heating is maintained by 444 

ascending air along a sloping isentrope. Given that the W-BFD is able to 445 

develop without upper-level disturbances in the baroclinic field and active 446 

convection occurs near sloping isentropes, a DRV-like process may be 447 

responsible for the W-BFD development. 448 

In contrast, the E-BFD develops through a baroclinic instability-like 449 

mechanism in the moist atmosphere. The E-BFD development is not explained 450 

by the DRV mechanism, because, as shown by the APE diagnosis and 451 

E-NOUL, both upper-level disturbances and low-level baroclinicity are 452 

important to the E-BFD development.  453 

5. Summary 454 

Numerical case studies have been performed to investigate the 455 

contributions of latent heating, baroclinicity, and upper-level disturbances to the 456 

development of Baiu frontal depressions (BFDs) and to reveal the evolution of 457 

those contributions. BFDs that develop in the west and east of 140°E were 458 
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categorized as W-BFDs and E-BFDs, respectively, and a typical case was 459 

investigated for each of these types. The typical cases are the same as those 460 

analyzed in TK12; the W-BFD that formed at 06 UTC 26 June 2003 propagated 461 

from mainland China to the Sea of Japan and peaked at 06 UTC 27 June 2003, 462 

while the E-BFD occurred near the southeast coast of Japan at 18 UTC 01 July 463 

2003 and reached its maximum intensity in the northwestern Pacific at 00 UTC 464 

03 July 2003. Since the full-physics simulations (CNTLs) with WRF well 465 

reproduced both the W-BFD and E-BFD in JRA-25, the development processes 466 

of the simulated BFDs were analyzed. 467 

An APE diagnosis revealed quantitative contributions of latent heating and 468 

baroclinicity to the development of the W-BFD and E-BFD and the temporal 469 

evolution of those contributions. Latent heating is the primary contributor to the 470 

development of the W-BFD, while the effect of baroclinicity is small throughout 471 

the developing period. In contrast, baroclinicity as well as latent heating is 472 

essential for the development of the E-BFD. In addition, simulations without 473 

latent heating (NOLHs) illustrate that latent heating is integral to the 474 

development of both types of BFDs. However, the structure of the E-BFD is 475 

maintained even without latent heating. 476 
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Comparisons between CNTLs and simulations without upper-level 477 

disturbances (NOULs) reveal that the contributions of upper-level disturbances 478 

are different between the W-BFD and E-BFD, although they are needed for the 479 

development of both BFDs. Upper-level disturbances are not major contributors 480 

to the W-BFD development, while they are essential for the E-BFD 481 

development. 482 

The evolution and distribution of low-level PV and its production suggest 483 

that the W-BFD has a development mechanism driven by latent heating: in the 484 

early developing stage, a low-level disturbance is enhanced by PV production 485 

near the cyclone center. The enhanced low-level disturbance advects warm 486 

and moist air to the front of the cyclone center, resulting in the generation of 487 

moist convection there. Thus, a low-level disturbance develops through latent 488 

heating east of the cyclone center during the later development stage, which is 489 

similar to the DRV process. In contrast, the development of the E-BFD is 490 

explained by baroclinic instability in the moist atmosphere. 491 

The Baiu frontal zone in 125°–140°E is characterized by a transitional zone, 492 

in which low-level baroclinicity gradually increases from west to east. Thus, the 493 

structures and development processes of BFDs may change with eastward 494 
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propagation in the transitional zone. However, the present study does not 495 

consider this effect. 496 

The horizontal scales of the W-BFD and E-BFD in this study are about 1000 497 

km and 2000 km, respectively. In the Baiu season, BFDs with smaller horizontal 498 

scales from about 100 km to 500 km have also been observed (e.g., Yoshizumi 499 

1977, Tagami et al. 2007). Note that the development processes described in 500 

this study may not be consistent with those of smaller BFDs. A comparison of 501 

development processes between BFDs studied here and smaller-scale 502 

disturbances may provide additional insight into the dynamics of BFDs.  503 

Other numerical case studies (two W-BFDs and two E-BFDs) were also 504 

performed, but are not shown here. The simulated features of these case 505 

studies are consistent with those presented in this paper. While our study has 506 

revealed key factors and their relative contributions to the development of each 507 

category of BFDs, our findings are confined to case studies. In order to 508 

generalize the effect of latent heating and baroclinicity on the BFD development, 509 

we have conducted idealized numerical simulations in composite environmental 510 

fields obtained from TK12. The results of these simulations will be shown in 511 

Part II. 512 
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Fig. 1. Calculation domains (thick black squares) for the (a) W-BFD and (b) E-BFD. 746 
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 748 
Fig. 2. (a)–(d) SLP (contour lines; hPa) and 850-hPa PV(shading; PVU), and (e)–(h) 300-hPa geopotential 749 
height (contour lines; m) and PV (shading) at (a, e) 06 UTC 26, (b, f) 18 UTC 26, (c, g) 00 UTC 27, and (d, 750 
h) 06 UTC 27 June 2003. (i) Vertical cross-section of PV along the A-A' line. 751 
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 754 
Fig. 3. (a, b) 850-hPa PV (shading; PVU) and SLP (contour lines; hPa) and (c, d) 300-hPa 755 
PV (shading; PVU) and 300-hPa geopotential height (contour lines; m) for the W-CNTL at 756 
(a, c) 20 UTC 26, and (b, d) 08 UTC 27 June 2003. 757 
  758 
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 761 
Fig. 4. Time series for each APE tendency term (W m-2) for the W-CNTL. Solid, dashed 762 
lines, and dotted lines show the CA, GE, and CE in Eq. (4.1), respectively. 763 
  764 
  765 
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 766 
Fig. 5. (a, b) 850-hPa PV production rate due to latent heating (color shading; PVU; h-1) 767 
and (c, d) 850-hPa PV for the W-CNTL at (a) 18 UTC 26 and (b) 02 UTC 27 June 2003. 768 
Contour lines in (a) and (b) show SLP (hPa), and those in (c) and (d) show potential 769 
temperature at 850 hPa. Vectors indicate wind fields at 850 hPa.  770 
 771 
  772 
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 773 
Fig. 6. Same as Fig. 3 except for W-NOLH. 774 
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 777 
Fig. 7. (a, b) Vorticity (shading; s-1) and wind fields (vectors; m s-1) at 300 hPa in the (a) 778 
W-CNTL and (b) W-NOUL at 12 UTC 26 June 2003. (c) SLP (contour lines; hPa) and PV 779 
(shading; PVU) for (d) W-NOUL at 08 UTC 27 June 2003. (d) Time series of 850-hPa 780 
vorticity (s-1) averaged over a 600 km × 600 km square around the W-BFD center. Black 781 
and gray lines show the evolution of vorticity for the W-CNTL and W-NOUL, respectively. 782 
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Fig. 8. Potential temperature advection (K h
-1

) at 900 hPa for in the (a) W-CNTL and 786 

(b) W-NOUL at 02 UTC 27 June 2003. Negative values are plotted as dashed contour 787 

lines with an interval of 0.5 K h
-1

. 788 

  789 
 790 
  791 



49 
 

 792 
Fig. 9. Same as Fig. 2 except for the E-BFD at (a, e) 12 UTC 1, (b, f) 00 UTC 2, (c, g) 12 793 
UTC 2, and (d, h) 00 UTC 3 July 2003. 794 
 795 
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 796 
 797 

Fig. 10. Same as Fig. 3, except for E-CNTL at (a, c) 12 UTC 2 and (b, d) 00 UTC 3 July 798 
2003. 799 
  800 
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 801 
Fig. 11. Same as Fig. 4 except for the E-CNTL.  802 

 803 
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 804 

Fig. 12. Same as Fig. 5, except for the E-CNTL at (a, c) 12 UTC 2 and (b, d) 18 UTC 2 July 805 
2003. 806 
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 808 
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 810 
Fig. 13. Same as Fig. 3 except for the E-NOLH at (a, c) 12 UTC 2 July 2003 and (b, d) 00 811 

UTC 3 July 2003. 812 
 813 
 814 
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 816 

 817 
Fig. 14. Same as Fig. 7. except for the E-BFD at (a, b) 06 UTC 2 July in 2003 and (c) 00 818 

UTC 3 July.  819 
 820 
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 822 

Fig. 15. Same as Fig. 8, except for the E-NOUL at 18 UTC 2 July 2007. 823 
 824 
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 826 

Fig. 16. 900-hPa equivalent potential temperature (shading; K) and 900-hPa water vapor 827 
flux convergence (contour lines; 1×10-6 kg kg-1 s-1 ) for the W-CNTL at 02 UTC 27 June 828 
2003. A cross mark indicates the center of the W-BFD. 829 
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