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Abstract 

In Part Ι of this study, the development processes of Baiu frontal 1 

depressions (BFDs) have been examined through case-study numerical 2 

experiments. The numerical simulations revealed that latent heating is 3 

dominant for the development of BFDs in the western part of the Baiu frontal 4 

zone (W-BFDs), west of roughly 140°E, while both latent heating and 5 

baroclinicity are important for the development of BFDs in the eastern part of 6 

the zone (E-BFDs), east of roughly 140°E. In this study, idealized numerical 7 

simulations with zonally homogeneous basic fields are conducted to obtain a 8 

more generalized perspective of the development processes of BFDs.  9 

The basic fields for the idealized simulations are made from the composites 10 

of the environments under which 28 W-BFDs and 43 E-BFDs developed. The 11 

idealized simulations successfully reproduce a realistic W-BFD and E-BFD. The 12 

W-BFD has a slightly westward-tilted vertical structure, which is modulated by 13 

latent heating at low levels of the atmosphere. In contrast, the E-BFD has a 14 

westward-tilted structure through the troposphere, which is similar to the 15 
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well-known baroclinic wave structure. Results of available potential energy 16 

diagnosis for the effects of latent heating and baroclinicity on the BFD 17 

development are consistent with those in Part Ι. The W-BFD has a mechanism 18 

mainly driven by latent heating yielding strong convection, while the E-BFD 19 

develops through baroclinic instability in moist atmosphere. 20 

  21 
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1. Introduction 22 

Baiu frontal depressions (hereafter, BFDs), which form and develop in the 23 

Baiu frontal zone, are major disturbances of the summer monsoon season in 24 

East Asia. The Baiu frontal zone has a multiscale structure in which meso-α -, 25 

meso-β -, and meso- γ -scale cloud systems are embedded within a synoptic 26 

scale circulation system (Ninomiya and Akiyama 1992). Thus, such systems 27 

may play an important role in the dynamics of BFDs. 28 

A large number of BFDs have baroclinic wave-like features (e.g., Akiyama 29 

1984, 1990a,b; Chang et al. 1998); these BFDs develop in a baroclinic field and 30 

have a structure tilted westward with height (e.g., Akiyama 1990a,b; Tochimoto 31 

and Kawano 2012, hereafter TK12). However, low-level baroclinicity in the Baiu 32 

frontal zone is notably weaker than that in ordinary frontal zones. Thus, the 33 

effects of baroclinicity on the BFD development may differ from those observed 34 

for extratropical depression development. 35 

Many previous studies have suggested that latent heating associated with 36 

condensation of water vapor is important to the BFD development (e.g., 37 
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Akiyama 1984, 1990a,b; Ninomiya and Kurihara 1987; Chang et al. 1998; 38 

Ninomiya and Shibagaki 2003; Shibagaki and Ninomiya 2005; Tagami et al. 39 

2007). Chang et al. (1998) found that latent heating largely contributes to the 40 

BFD intensification in the early development stage. Tagami et al. (2007) 41 

performed a numerical simulation for a BFD on 20 June 2001, and 42 

demonstrated that the BFD was not reproduced in their simulation in which 43 

latent heating was excluded. However, these previous studies are limited to 44 

case studies. 45 

The effects of differences in environmental characteristics between the 46 

western and eastern parts of the Baiu frontal zone on the BFD development 47 

were examined by TK12. The western part of the Baiu frontal zone (west of 48 

roughly 140°E) is characterized by weak baroclinicity and a strong water vapor 49 

gradient, while the eastern part (east of roughly 140°E) is characterized by 50 

relatively strong baroclinicity and a weak water vapor gradient (Matsumoto et al. 51 

1971; Ninomiya and Akiyama 1992). In TK12, the BFDs that developed in the 52 

western and eastern parts of the Baiu frontal zone were classified into W-BFDs 53 
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and E-BFDs, respectively. They investigated differences in effects of 54 

baroclinicity and latent heating between W-BFDs and E-BFDs using reanalysis 55 

data for eight years, from 2000 to 2007, and revealed that latent heating 56 

intensifies both types of BFDs. The effect of latent heating was larger in the 57 

W-BFD development. Their work also suggested that both low-level 58 

baroclinicity and latent heating are important to the E-BFD development. 59 

Tochimoto and Kawano (2017, hereafter Part Ι) performed numerical case 60 

studies to examine more quantitative contributions of latent heating and 61 

baroclinicity to W-BFDs and E-BFDs using the Weather Research and 62 

Forecasting (WRF) model (Skamarock et al. 2008). An available potential 63 

energy (APE) diagnosis showed the time sequences of those effects: latent 64 

heating plays an essential role in the W-BFD development throughout the 65 

developing stage, while both latent heating and baroclinicity have large 66 

contributions during the E-BFD development. Furthermore, Part Ι suggested 67 

that the W-BFDs have a development mechanism that is mainly driven by latent 68 

heating. In the early development stage, low-level potential vorticity (PV) is 69 
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intensified near the W-BFD center. Thus, the low-level vorticity is enhanced 70 

near the cyclone center. In the later stage, in addition to the advection of warm 71 

and moist air to the front of the center, associated with the vortex circulation, 72 

the low-level temperature gradient is intensified in this region, which leads to 73 

the initiation of active convection. Consequently, low-level PV is intensified in 74 

front of the W-BFD center.  75 

Idealized numerical experiments are useful to obtain a more generalized 76 

perspective of the development processes of BFDs. Previously, there have 77 

been a large number of idealized numerical studies for depressions in the 78 

extratropics (e.g., Montgomery and Farrell 1991, 1992; Takayabu 1991; 79 

Whittaker and Davis 1994; Moore and Montgomery 2005; Yanase and Niino 80 

2005, 2007; Moore et al. 2013; Yanase et al. 2015). Such idealized numerical 81 

studies should be valuable for understanding the dynamics of BFDs developing 82 

in typical Baiu frontal environments. Using idealized numerical experiments can 83 

exclude the influences of topography and other disturbances on the BFD 84 

development, enabling us to understand the development process more easily. 85 
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Thus, we perform idealized numerical simulations in zonally homogeneous 86 

environments for W-BFDs and E-BFDs to generalize the effects of latent 87 

heating and baroclinicity on the BFD development and to obtain further insight 88 

into the development mechanism of BFDs. This paper is organized as follows. 89 

Section 2 gives the model and experimental designs. In Section 3, we show the 90 

evolutions, structures, and development processes of each type of BFD. In 91 

Section 4, we discuss the development mechanisms of W-BFDs and E-BFDs. 92 

The conclusions are presented in Section 5. 93 

 94 

2. Model and methodology 95 

2.1 Model 96 

The WRF version 3.3 model is used in this study. The model domain is set 97 

to be 4000 km × 4000 km in the horizontal directions and the horizontal grid 98 

spacing is 20 km. The domain had 72 vertical levels and the model top is 18 km. 99 

The center of the domain is x = 0 km, y = 0 km. The WRF single moment 100 

6-class (WSM6) explicit moisture scheme (Hong and Lim 2006), Grell-3d 101 
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cumulus scheme (Grell and Dévényi 2002), Noah land-surface model (Chen 102 

and Dudhia 2001), and Yonsei University (YSU) planetary boundary scheme 103 

(Noh et al. 2003) are applied in the experiments. The simulations with the Grell 104 

cumulus scheme reproduced a well-developed W-BFD, while those with the 105 

Kain Frithch scheme (Kain 2004), which was also used in Part Ⅰ,	simulated 106 

fairly weak convection and a W-BFD. Thus, the Grell scheme is adopted in the 107 

idealized simulations. Periodic and open conditions are adopted at the zonal 108 

and meridional boundaries, respectively. The lower boundary is set as the sea, 109 

with fixed sea surface temperatures (SSTs) equal to the initial surface air 110 

temperatures at each grid. The upper boundary has a sponge layer above 14 111 

km. The experiments adopting the above settings are denoted as control 112 

simulations (CNTLs). In order to investigate impacts of latent heating on the 113 

BFD development, additional experiments, termed NOLH, in which latent 114 

heating is excluded, were carried out. In the NOLH, surface heat, moisture, and 115 

momentum fluxes remain, but there is neither condensation heating nor cooling. 116 

The CNTLs (NOLHs) for the W-BFD and E-BFD are denoted as W-CNTL 117 
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(W-NOLH) and E-CNTL (E-NOLH), respectively. 118 

 119 

2.2 Basic fields 120 

In this study, the definitions of W-BFDs and E-BFDs are same as in TK 12. 121 

They first defined developed BFDs as the central sea level pressure (SLP) 122 

falling 4 hPa or more from the time of formation. Then, developed BFDs were 123 

categorized into two groups: BFDs that developed in the region west of 140°E 124 

(W-BFD; 28 cases) and those that developed in the region east of 140°E 125 

(E-BFD; 43 cases).  126 

The basic fields are made from 6-hourly Japanese 25-year Re-Analysis 127 

(JRA-25)/Japan Meteorological Agency (JMA) Climate Data Assimilation 128 

System (JCDAS) data (Onogi et al. 2007) with a horizontal resolution of 1.25° 129 

×1.25°. For each BFD type, the construction of the basic fields is followed by 130 

the procedure below: 131 

1. We take the 5-day mean fields for geopotential and temperature, which are 132 

centered on the time 12 h before each BFD (28 W-BFDs and 43 E-BFDs) 133 
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reaches the minimum SLP (denoted as KT-12 in TK12).  134 

2. The meridional-height profiles through each BFD center (x = 0 km, y = 0 135 

km) between y = -2000 km and y= 2000 km are constructed from the mean 136 

fields. 137 

3. The constructed profiles are superposed with respect to the cyclone 138 

centers for each type of BFDs. Zonal winds are given by the geostrophic 139 

balance, in which the Coriolis parameter is set as constant value of 1 × 10-4	140 

s-1, and meridional winds are set as zero.  The composite fields are 141 

uniformly given in the zonal direction from x = ˗2000 km to 2000 km for 142 

each type of BFDs.  143 

4. Note that the basic fields of water vapor are obtained with the above 144 

procedure 2 and 3 except for using instantaneous water vapor fields at 145 

KT-12. Since water vapor fields in the 5-day mean fields are notably 146 

smoothed, active convection for the W-BFD cannot be initiated. We believe 147 

that the 5-day mean cannot express the large amount of water vapor 148 

observed at the occurrence of BFDs. Thus, we adopt the instantaneous 149 
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fields in procedure 1 to make the basic field of water vapor. It is strongly 150 

suggested that the large amount of low-level water vapor is crucial to the 151 

development of W-BFDs.  152 

   The meridional-vertical cross sections of the obtained basic fields are 153 

shown in Figs. 1a and 1b. A comparison of the basic fields between the 154 

W-CNTL and E-CNTL shows that baroclinicity and amounts of water vapor for 155 

the W-CNTL are respectively weaker and larger than those for the E-CNTL.  156 

To examine the features of the environment in which W-BFDs (E-BFDs) 157 

develop, the basic field for the W-CNTL (E-CNTL) is compared with the 158 

meridional-vertical profile averaged from June to July between 2000 and 2007 159 

along 125°E (145°E). It is suggested that W-BFDs develop in environments 160 

where moisture and baroclinicity are stronger compared to the averaged 161 

environment. Meanwhile, E-BFDs develop in environments where baroclinicity 162 

and moisture are similar to the average environment (not shown). 163 

When the zonally homogeneous basic fields are used as initial conditions, 164 

the winds undergo a small anticyclonic oscillation with time. To eliminate this, 165 
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according to Plougonven and Snyder (2007), all fields including water vapor are 166 

integrated without latent heating for 36 h, which roughly corresponds to twice 167 

the period of inertial oscillation (∼2π/f), and are averaged over 36 h. The 168 

obtained fields are defined as new initial conditions. This process is repeated 169 

twice. After that, the finally-obtained fields are used as the basic fields. The 170 

difference between the first conditions and final adjusted fields is on the order of 171 

10-2 for horizontal wind. 172 

 173 

2.3 Initial disturbance 174 

A zonally wave-like thermal bubble 𝑇′ is set as follows: 175 

𝑇′ = 𝑇! 𝑐𝑜𝑠!
𝜋
2
𝑟
𝑟!

𝑐𝑜𝑠
2𝜋𝑥
𝐿!

+ 𝜋 , 

where T0 = 4K, 𝑟 = (𝑦/𝑟!)! + (𝑧 − 𝑧!)!/𝑟!!, ry = 400 km, zc = 8 km, rz= 8 km, 176 

and Lx = 2000 km. The distributions of the initial perturbation are shown in Figs. 177 

1c and 1d. The initial bubble activates a baroclinic disturbance growing in the 178 

basic fields, although the amplitude of the bubble is somewhat unrealistic. 179 

Similar initial disturbances are also used in previous studies (e.g., Schultz and 180 
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Zhang 2007; Tochimoto and Niino 2017). BFDs having deep vertical structure 181 

are assumed in the present study since we focus on strongly developed BFDs. 182 

To develop disturbances with deep vertical structure through the troposphere, 183 

the peak of the initial perturbation is located between upper and low levels. We 184 

confirmed that the amplitude, peak height, and size of the initial disturbances 185 

did not qualitatively alter the development processes of both BFD categories 186 

(not shown).  187 

 188 

3. W-BFD 189 

3.1 Evolution 190 

We first describe the evolutions of sea level pressure (SLP) and vertically 191 

integrated condensed water for the W-CNTL (Fig. 2). From t = 0 to 120 h, a 192 

weak and large-scale baroclinic disturbance slowly develops. In that period, no 193 

active convection occurs over the domain. It is suggested that the baroclinic 194 

disturbance contributes to initiate and maintain active convection that occurs 195 

after 120 h. Around t = 120 h, a depression and its associated convection begin 196 
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to develop (not shown). Ten hours later, active convection is generated near x = 197 

-400 km∼0 km, y = 200 km close to the depression center (Fig. 2a). At t = 140 h, 198 

although the convection around the depression center is sustained, another 199 

convection also occurs in front (east) of the depression center (Fig. 2b). 200 

Consequently, a large active convection region appears in front of the 201 

depression by t = 160 h (Figs. 2c and 2d).  202 

The W-BFD has a meridionally elongated structure, which represents the 203 

structure of a growing baroclinic disturbance in the basic fields and somewhat 204 

differs from that in Part Ι. This difference could be associated with the features 205 

of basic fields. The structures of winds and temperature for the basic fields have 206 

more meridionally smoothed features than those for individual cases, since the 207 

basic fields in the present experiments are obtained from the composite fields. 208 

Additionally, zonally homogeneous basic fields also could make the difference 209 

from Part Ι. 210 

The characteristics of precipitation associated with the W-BFD are shown in 211 

Fig. 3. The precipitation concentrates within a meridionally narrow region 212 
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around y = 100–300 km (Fig. 3a). In that region, the total precipitation 213 

accumulated from t = 0–160 h exceeds, at most, 100 mm. The maximum of 214 

hourly precipitation exceeds 40 mm h-1 around t = 130 h, and then the 215 

maximum precipitation of 20–50 mm h-1 is maintained until t =160 h (Fig. 3b). 216 

These features of the precipitation are related to the environment in the western 217 

part of the Baiu frontal zone that is characterized by the large amount of water 218 

vapor. It is suggested that localized latent heating yielding the continuous large 219 

precipitation intensifies the W-BFD. 220 

Low-level PV development for the W-CNTL is shown in Fig. 4. At t = 130 h, a 221 

low-level high PV region forms around x = ˗400 km, y = 100 km, corresponding 222 

to the center of the cyclonic circulation (Fig. 4a). After that time, it becomes 223 

enhanced and zonally elongated. At t = 160 h, the region of high PV over 1 224 

potential vorticity unit (PVU) extends from x = 200 km to 900 km (Fig. 4d). 225 

Figure 5 shows the evolution of a 300-hPa PV and geopotential height. At t 226 

= 130 h, an upper-level high PV exceeding 1 PVU is located northwest of the 227 

low-level disturbance (Fig. 5a). The position of the upper-level high PV north of 228 
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the cyclone center is associated with the upper-level jet stream located north of 229 

y = 0 km (not shown). After that, the high-PV gradually increased from t = 150 h 230 

to 160 h, and the maximum PV exceeds 1.2 PVU around x = -500–500 km and 231 

y = 500 km (Figs. 5c and 5d). As shown in the PV evolution, the evolution of 232 

300-hPa geopotential height also shows that an upper-level trough slightly 233 

develops from t = 130 to 160 h. Figure 5e shows the vertical cross section of PV 234 

along line A–A’ in Fig. 5d. Although the upper-level high PV exceeding 1 PVU is 235 

located at about 300 hPa between -500 and 0 km, it is hardly found that the 236 

downward intrusion of upper-level high PV. The lesser intrusion of high PV 237 

(around 0-200 km in Fig. 5e) compared with that in Part Ι could be due to the 238 

lack of a pre-existing upper-level trough in this idealized study. 239 

 The characteristics of the upper-level disturbance are somewhat different 240 

from those in Part Ι. Unlike Part Ι, there is no pre-existing upper-level trough in 241 

the idealized experiment, and the development of upper-level disturbance 242 

occurs only through interaction with the low-level depression as a baroclinic 243 

wave. Thus, the distance between upper- and lower-level disturbances in the 244 
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idealized experiment is almost fixed throughout the developing stage, and is 245 

shorter than that in Part Ι. However, it seems that this difference is not essential 246 

to the W-BFD development, since the amplitude of the upper-level trough in the 247 

idealized experiment is quite small.  248 

 249 

3.2 Vertical structure 250 

First, we describe the vertical structures of the geopotential height anomaly 251 

and updraft. Figures 6a and 6b show their zonal-height cross sections through 252 

the W-BFD center during the developing stage. The region with large negative 253 

geopotential height anomalies is limited at low levels of the atmosphere. The 254 

low-level negative anomalies enhance with time; the minimum decreases from 255 

about ˗20 m at t = 130 h to ˗40 m at t = 160 h. The structure of the negative 256 

anomalies is tilted westward with height throughout the troposphere, which is 257 

similar to a baroclinic wave-like structure. It should be noted that an almost 258 

upright structure is found under 700 hPa around the depression center. 259 

The position of the strong updraft relative to the cyclone center at which  260 
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the geopotential height anomaly at low-levels is minimum depends on the stage 261 

of W-BFD development (Figs. 6a and 6b). In the early stage (t = 130 h), strong 262 

updrafts exceeding 0.5 m s˗1 are located near the cyclone center. At t = 160 h, 263 

strong updrafts extending from the low to upper levels are formed to the front (x 264 

= 800 km) of the depression center (Fig. 6b).  265 

The zonal-height cross sections of potential temperature (PT) and its 266 

anomaly through the W-BFD center are shown in Figs. 6c and 6d. The W-BFD 267 

has positive PT anomalies from the middle to upper levels of the atmosphere. 268 

At t = 130 h, positive PT anomalies of around 2 K are found limitedly at middle 269 

level (about 500 hPa; Fig. 6c). These anomalies intensify with time and exceed 270 

4 K at t = 160 h (Fig. 6d).  271 

 272 

3.3 Effects of latent heating 273 

   The contributions of latent heating and baroclinicity to the W-BFD 274 

development are investigated by an available potential energy (APE) diagnosis. 275 

The APE tendency terms (refer to Eqs. (3.1)–(3.6) in Part Ι) that are vertically 276 
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integrated from 950 to 250 hPa are shown in Fig. 7.  Unlike PartⅠ, each term 277 

is calculated in the entire model domain (4000 km × 4000 km) to avoid the 278 

dependence of results on the choice of calculation domains. The diabatic term 279 

(GE) is dominant throughout the development stage. Although the contribution 280 

of the baroclinic term (CA) increases with time, it is much smaller than the GE 281 

for the entire period. The values of CA and GE terms are smaller than those in 282 

Part Ι, since the domain for calculating APE terms in the present study includes 283 

not only the area of the disturbance but also the outside.  284 

The 850-hPa PV production rate, which is calculated using Eq. (3.7) in Part Ι, 285 

and wind fields in the W-BFD are shown in Fig. 8. At t = 130 h, a high PV 286 

production region exceeding 2 PVU h–1 is located around x = ˗400, y = 100 km, 287 

close to the depression center. At t = 160 h, the region moves to the front (east) 288 

of the center. These features are consistent with those in the case-study 289 

W-BFD simulation (Part Ι). Meanwhile, a region of band-shaped PV production, 290 

which existed in Part Ι, is not found in the idealized experiment. This could be 291 

due to that the frontal zone east of the cyclone center is less intensified than 292 
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Part Ι . The weaker frontal zone in the idealized experiment could be 293 

associated with the more meridionally smoothed basic field compared to Part Ι 294 

and small water vapor transport by a zonally inhomogeneous circulation such 295 

as a subtropical high. 296 

The strength and horizontal structure of the BFD in the W-NOLH notably 297 

differ from those in the W-CNTL (Fig. 9). A central SLP (about 1006 hPa) is little 298 

lowered in the W-NOLH, while it falls to below 1003 hPa in the W-CNTL. The 299 

localized updrafts exceeding 20 cm s˗1 at 700 hPa in the W-CNTL (Fig. 9a and 300 

9b) are not found in the W-NOLH (Fig. 9c and 9d): wide-spreading updrafts with 301 

about 0.25 cm s˗1 exist in the W-NOLH. Localized structure of the updrafts in the 302 

W-CNTL is due to small-scale strong convection. The strong updrafts in the 303 

W-CNTL are located near the depression center in the early stage, while they 304 

are found in front of the center in the later stage. In the W-NOLH, in contrast, 305 

the structure of upward (downward) motions located ahead (rear) of the low 306 

center resembles a baroclinic wave-like structure. 307 

A comparison of the vertical geopotential height structures and vertical 308 
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velocity also shows notable differences between the W-CNTL (Figs. 6a and 6b) 309 

and W-NOLH (Fig. 10). The low-level negative height anomalies in the 310 

W-NOLH are notably smaller, which indicates that latent heating largely 311 

contributes to the W-BFD development. In addition, W-NOLH also has 312 

baroclinic wave-like structures tilted westward through the troposphere (Fig. 6b 313 

and 10b), although it does not have the upright structure found at low levels 314 

around the depression center in the W-CNTL (Fig. 6b). The fairly weak upward 315 

velocity in front of the cyclone center is maintained throughout the development 316 

stage in the W-NOLH.  317 

 318 

4. E-BFD 319 

4.1 Evolution 320 

The evolutions of cloud system and SLP for the E-CNTL are firstly described 321 

in this section (Fig. 11). A depression located near x = ˗1500 km is 322 

accompanied by a convective region extending from the north to east of the 323 

E-BFD center at t = 220 h (Fig. 11a). After that time, while propagating 324 
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eastward, the E-BFD further develops and exhibits a comma-shaped cloud 325 

pattern by t = 280 h (Fig. 11d). Both the cloud system and the pressure field for 326 

the E-BFD exhibit structures similar to those for an extratropical depression 327 

(ED; e.g., Bader et al. 1995). As also found in the W-CNTL, the meridionally 328 

elongated structure of SLP, which is different from Part Ι, is found in the 329 

E-CNTL 330 

The characteristics of precipitation for the E-BFD differ from those for the 331 

W-BFD. In the E-CNTL (Fig. 12a), the wider area of precipitation between y = 332 

300 km and y = 1000 km and the smaller maximum of total precipitation of 333 

about 70 mm are found compared with those in the W-CNTL (Fig. 3a). The 334 

intensity of hourly maximum precipitation of about 20 mm (Fig. 12b) is weaker 335 

than about 50 mm for the W-CNTL (Fig. 3b). These features suggest that 336 

diabatic PV production associated with the precipitation system occurs over the 337 

wider area and its maxima are weaker compared with those in the W-CNTL. 338 

The precipitation associated with vertical motions around the warm front is 339 

found to the north and east of the cyclone center in the E-CNTL (Fig. 11).  340 
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The evolution of low-level PV is shown in Fig. 13. At t = 220 h, a region of 341 

high PV exceeding 0.8 PVU extends from x = ˗3000 to ˗500 km around y = 500 342 

km (Fig. 13a). Here, x = -3000 km corresponds to x = 1000 km because of 343 

cyclonic boundary conditions in the x-direction. This low-level high PV could be 344 

produced by latent heating with quite weak precipitation (Fig. 12b). As the time 345 

progresses, the low-level high PV is intensified from the north to the east of the 346 

cyclone center (Figs. 13b–d). This intensification of the low-level high PV is 347 

likely due to the latent heating yielding the convection (Fig. 11). At t = 280 h, a 348 

high PV region with a length exceeding 1500 km forms around the cyclone (Fig. 349 

13d). 350 

The upper-level disturbance for the E-BFD, which has a larger amplitude 351 

compared with that for the W-BFD (Fig. 5), is located west of the low-level 352 

cyclone center throughout the developing stage (Fig. 14). At t = 220 h, the 353 

region of 300-hPa high PV exceeding 1.3 PVU is located west of the low-level 354 

disturbance (Fig. 14a). The upper-level high PV propagates eastward and 355 

becomes wrapped up cyclonically on the west side of the low-level disturbance 356 
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by t = 280 h (Figs. 14b–d). This suggests that the interaction between the 357 

upper- and low-level disturbances is important to the E-BFD development. The 358 

evolution of upper-level geopotential height also indicates that the upper-level 359 

trough develops more deeply than that in the W-CNTL. The vertical cross 360 

section of PV along the B–B’ line in Fig. 14d shows the intrusion of the 361 

upper-level high PV exceeding 1 PVU from the upper levels to about 350–400 362 

hPa on the west side of the E-BFD between -600 and -200 km (Fig. 14e). This 363 

intrusion is smaller than that in Part Ι, since there is no pre-existing trough in 364 

this idealized study. 365 

 366 

4.2 Vertical structure 367 

The vertical structure in the zonal direction through the E-BFD center is 368 

examined in this subsection. The geopotential height anomaly field for the 369 

E-BFD exhibits a westward-tilted structure with height, which is consistent with 370 

the structure of a baroclinic wave in Eady’s theory (Eady 1949; Figs. 15a and 371 

15b). The westward tilt of the trough is larger than that for the W-BFD, which 372 
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more clearly shows features of a typical baroclinic wave. Peaks of negative 373 

anomalies are found at both the upper and lower levels. At t = 280 h, the upper- 374 

and low-level negative anomalies exceed -50 m and ˗120 m, respectively. 375 

The evolution of updrafts for the E-BFD differs from that for the W-BFD. The 376 

vertical structures of vertical velocity for the E-BFD at t =230 and 280 h are 377 

shown in Figs. 15a and 15b, respectively. Updrafts about 0.25 m s˗1 are located 378 

in front of the low-level depression center throughout the development stage.  379 

The thermodynamic structures of the E-BFD at t =230 and 280 h are shown 380 

in Figs. 15c and 15d, respectively. The positive PT anomalies associated with 381 

the E-BFD are notably large at low levels and tilted eastward with height, which 382 

also indicates a baroclinic wave-like structure. The maximum amplitude 383 

exceeds 6 K at t = 230 h (Fig. 15c), then it intensifies with time and exceeds 8 K 384 

at t = 280 h (Fig. 15d). 385 

 386 

4.3 Effects of latent heating 387 

We describe the effects of latent heating for the E-BFD. The APE diagnosis 388 
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shows that both diabatic heating and baroclinicity are important energy sources 389 

for the development (Fig. 16). The contributions of CA and GE are comparable 390 

through the developing stage. The values of CA and GE terms are larger than 391 

those in the W-CNTL, since the fraction of the area associated with the E-BFD 392 

to the whole domain is larger than that of the W-BFD (e.g., Figs. 4d and 13d). 393 

We focus on the PV production by latent heating for the E-BFD in the 394 

developing period. Unlike the W-BFD, the position of the low-level high PV 395 

production in the E-BFD does not change during the development stage (Fig. 396 

17). At t = 230 h, a PV production region is located in front (east) of the center of 397 

the cyclonic circulation (Fig. 17a). At t = 280 h, the region extends in the 398 

meridional direction on the eastern side of the circulation center (Fig. 17b). This 399 

result is consistent with the case-study simulation (in Part Ι). 400 

A comparison between the E-CNTL and E-NOLH shows that both simulated 401 

E-BFDs have similar structures, but their strengths are different (Fig. 18). The 402 

SLP pattern and its associated updrafts (downdrafts) ahead (rear) of the 403 

depression center are similar between the E-CNTL and E-NOLH. However, the 404 
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central SLP in the E-CNTL (about 1008 hPa at t = 280 h) is lower than that in 405 

the E-NOLH (about 1014 hPa at t = 280 h). From north to east of the depression 406 

center, there are strong and localized convective updrafts in the E-CNTL, which 407 

constitutes a comma-shaped cloud system.  408 

A comparison of the vertical structures between the E-CNTL (Figs. 15a and 409 

15b) and E-NOLH (Fig. 19) also indicates that latent heating little contributes to 410 

the structure of the E-BFD, but to its development. The westward-tilted 411 

structures with height in both the E-CNTL and E-NOLH suggest that the E-BFD 412 

can develop through the baroclinic process. In addition, latent heating 413 

intensifies the negative geopotential height anomalies in the E-CNTL. It is also 414 

clear that positive anomalies at upper levels in the E-CNTL (Figs. 15a, 15b, and 415 

19) are intensified by latent heating. This feature may be due to the horizontal 416 

divergence associated with active convection. The weaker upward velocity in 417 

the E-NOLH is attributed to a lack of convection yielding cloud systems. 418 

Additionally, the result that the vertical velocities for the E-NOLH are notably 419 

stronger than those for the W-NOLH (Figs. 10a, 10b, 19a and 19b) indicates a 420 
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larger contribution of baroclinicity to the E-BFD development.  421 

 422 

5. Discussion 423 

We discuss the development mechanisms of the W-BFD and E-BFD. The 424 

W-BFD has a development mechanism driven by latent heating. Figure 20 425 

shows the 950-hPa horizontal divergence, 850-hPa latent heating, and 850-hPa 426 

PV fields in the early development stage. At t = 120 h, when convection is 427 

started to be activated, these elements are not intensified yet. After that time, 428 

their values increase rapidly. The rapid intensification could be brought about 429 

by the following positive feedback: a weak baroclinic disturbance induces 430 

low-level convergent flows and thus causes cumulus convection. After that, 431 

latent heating associated with the convection generates a drop in pressure. The 432 

pressure gradient force toward low pressure, in turn, intensifies the low-level 433 

convergence resulting in the enhancement of active convection. As a result, 434 

rapid intensification of the low-level PV occurs near the cyclone center in the 435 

early development stage. The mechanism is consistent with the nonlinear 436 
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conditional instability of the second kind (Cho and Chen 1995) discussed in 437 

Part Ι. 438 

In the later stage, warm and moist air is advected to the front (east) of the 439 

depression by its associated southerlies or southwesterlies (Fig. 21a). In 440 

addition, the advection intensifies the low-level potential temperature gradient in 441 

front of the W-BFD center at t = 160 h (Fig. 21b). This intensification of 442 

baroclinicity causes updrafts. This process is similar to the diabatic Rossby 443 

vortex mechanism (e.g., Raymond and Jiang 1990; Snyder and Lindzen 1991; 444 

Parker and Thorpe 1995; Moore and Montgomery 2004, 2005; Moore et al. 445 

2008, 2013), which was also discussed in Part Ι. 446 

The development mechanism of the W-BFD can be summarized as follows. 447 

In the early stage, convergent flows related to a depression cause convection 448 

near its center. In that stage, however, the production of the low-level PV in 449 

front of the cyclone center cannot occur because low-level baroclinicity is too 450 

weak to force enough upward motion to initiate convection. As the vortex 451 

develops, southerlies or southwesterlies are enhanced in front (east) of the 452 
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W-BFD center. Since there is a large amount of water vapor south of the Baiu 453 

frontal zone, the southerlies or southwesterlies advect warm and moist air from 454 

the south to the east (front) of the center. In addition, the meridional 455 

temperature gradient is enhanced there as the W-BFD develops. Consequently, 456 

both active convection and its associated PV production occur in front (east) of 457 

the center in the later stage (Figs. 2 and 8). 458 

In contrast, the E-BFD develops through the baroclinic process in the moist 459 

atmosphere. The E-BFD has the structure similar to typical ED-like aspects and 460 

extracts large eddy APE from the basic fields since baroclinicity is larger than 461 

that for the W-BFD (Fig. 1). In addition, latent heating largely contributes to the 462 

E-BFD development as illustrated by both the APE diagnosis and the E-NOLH 463 

experiment. The baroclinicity and the amount of water vapor in the 464 

environments for the E-BFD are respectively smaller and larger, compared with 465 

those in ordinary frontal zones in other seasons, which also indicates that both 466 

baroclinicity and latent heating are important to the development of the E-BFD. 467 

 468 
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6. Conclusions 469 

In this study, idealized numerical simulations with zonally homogeneous 470 

environments for the W-BFD and E-BFD as classified by TK12 have been 471 

conducted to obtain a more generalized perspective of the effects of latent 472 

heating and baroclinicity on the BFD development and to confirm the 473 

development mechanisms of BFDs mentioned in Part Ι. The control simulations 474 

(CNTLs) with zonally homogeneous environments for the W-BFD and E-BFD 475 

produced a realistic W-BFD and E-BFD, respectively. This suggests that the 476 

basic fields for the W-CNTL and E-CNTL used in this study are typical 477 

environments in which W-BFDs and E-BFDs develop, respectively. 478 

The vertical structures of the simulated BFDs are different between the 479 

W-CNTL and E-CNTL. The slightly westward-tilted vertical structure in the 480 

W-BFD is modulated by latent heating at low levels. In contrast, the vertical 481 

structure of the E-BFD is similar to an Eady’s baroclinic wave amplified by latent 482 

heating. 483 

The contributions of latent heating and baroclinicity to the BFD development 484 
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have been examined by an available potential energy (APE) diagnosis. The 485 

major contributor to the W-BFD development is latent heating, while the 486 

contribution from baroclinicity is small. In contrast, baroclinicity as well as latent 487 

heating largely contributes to the E-BFD development. These findings are 488 

consistent with the results from case-study numerical simulations described in 489 

Part Ι. 490 

A comparison between the CNTL and the simulation without latent heating 491 

(NOLH) illustrates that latent heating plays a central role in the development of 492 

the W-BFD. The development of both the W-BFD and E-BFD is weakened in 493 

the NOLH. In addition, the BFD structure in the W-NOLH is quite different from 494 

that in the W-CNTL. In contrast, the structure of E-BFD, which tilts westward 495 

with height, hardly changes in the E-NOLH. 496 

Several issues for the idealized numerical experiments remain in this study. 497 

The development of BFDs in the experiments is much later than that of the 498 

observed BFDs because zonally homogeneous and meridionally smoothed 499 

composite fields are used for the basic fields. In addition, this study has 500 
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neglected the effects of pre-existing upper-level PV anomalies, although they 501 

contribute to the development of BFDs, as shown in Part Ι. Thus, to obtain 502 

further understanding of the dynamics of BFDs, it may be worthwhile to perform 503 

idealized numerical studies that solve these issues. Additionally, a set of 504 

sensitivity experiments of baroclinicity and the amount of low-level water vapor 505 

will provide helpful insight to the BFD development. 506 

 507 
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List of Figures 670 

Fig. 1. (a, b) Meridional-height cross sections of environmental fields of specific 671 

humidity (shading; kg kg-1) and potential temperature (contour lines; K) for 672 

the (a) W-BFD and (b) E-BFD. (c) Meridional-height and (d) horizontal 673 

distribution of the initial thermal perturbation (shading; K) at 300 hPa. 674 

Negative values in (d) are shown by dashed contours. 675 

 676 

Fig. 2. Vertically-integrated condensed water (color shading; kg m-2) and SLP 677 

(contour lines; hPa) for the W-CNTL at (a) t = 130 h, (b) t = 140 h, (c) t = 150 678 

h, and (d) t = 160 h. Contour increment is 2 hPa. 679 

 680 

Fig. 3. (a) Horizontal distribution of total precipitation (mm) accumulated from t 681 

= 0 to 160 h and (b) Evolution of the maximum of hourly precipitation (mm h-1) 682 

for the W-CNTL. 683 

 684 

Fig. 4. Same as Fig. 2, but for 850-hPa PV (shading; Potential Vorticity Units; 1 685 

PVU = 10-6 m2 s-1 K kg-1). Vectors indicate 850-hPa wind (m s-1) . 686 

 687 

Fig. 5. (a)-(d) 300-hPa PV (shading; PVU) and geopotential height (contour 688 

lines; m) for the W-CNTL at (a) t = 130 h, (b) t = 140 h, (c) t = 150 h, and (d) t = 689 
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160 h. Contour increment is 2 hPa. (e) Vertical-cross section of PV along A-A’ 690 

line in (d). Circles in (a, b, c, d) indicate the positions of the cyclone center. 691 

 692 

Fig. 6. Zonal-height cross sections of (a, b) vertical velocity (shading; m s-1) and 693 

geopotential height anomaly (contour lines; m), and (c, d) potential temperature 694 

(contour lines; K) and its anomaly (color shading; K) through the center of the 695 

W-CNTL at (a, c) t = 130 h and (b, d) t = 160 h.  Contour increment is 100m2 s-2 696 

for geopotential anomaly and 5 K for potential temperature. “W” on (a) and (b) 697 

indicate vertical velocity. 698 

 699 

Fig. 7. Evolutions of each APE tendency term for the W-CNTL. Solid and 700 

dashed lines are CA and GE terms in Eq. (3.1)-(3.6) in Part Ⅰ.  701 

 702 

Fig. 8. 850-hPa PV production due to latent heating (shading; PVU h-1) and SLP 703 

(contour lines; hPa) for the W-CNTL at (a) t = 130 h and (b) t = 160 h. Vectors 704 

indicate winds (m s-1) at 850 hPa. Contour increment is 2 hPa 705 
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Fig. 9. 700-hPa vertical velocity (shading for positive and dashed for negative; 706 

cm s-1) and SLP (contour lines; hPa) for the (a, b) W-CNTL and (c, d) W-NOLH 707 

at (a, c) t = 130 h and (b, d) t = 160 h. Contour increment is 1 hPa. “W” on (a) 708 

and (b) indicates vertical velocity. 709 

 710 

Fig. 10. Zonal-height cross sections of vertical velocity (shading; m s-1) and 711 

geopotential height anomaly (contour lines; m) through the center of the 712 

W-NOLH (a) t = 130 h and (b) t = 160 h. 713 

 714 

Fig. 11. Same as Fig. 2 except for the E-CNTL at (a) t = 220 h, (b) t = 240, h (c) 715 

t = 260 h, and (d) t = 280 h. Contour increment is 3 hPa. 716 

 717 

Fig. 12. Same as Fig. 3 except for the E-CNTL between t = 140 and 280 hour. 718 

 719 

Fig. 13. Same as Fig. 4 except for the E-CNTL at t = (a) 220 hour, (b) 240 hour, 720 

(d) 260 hour, and (e) 280 hour. 721 
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 722 

Fig. 14. Same as Fig. 5 except for the E-CNTL at t = (a) 220 hour, (b) 240 hour, 723 

(d) 260 hour, and (e) 280 hour. (e) Vertical-cross section of PV along B-B’ line 724 

in (d).  725 

 726 

Fig. 15. Same as Fig. 6 except for the E-CNTL at (a, c) t = 230 h and (b, d) t = 727 

280 h.  728 

 729 

Fig. 16. Same as Fig. 7 except for the E-CNTL. Solid and dashed lines are CA 730 

and GE terms in Eq. (3.1)-(3.6) in TK16.  731 

 732 

Fig. 17. Same as Fig. 8 except for the E-CNTL at (a) t=230 h and (b) t=280 h. 733 

Note that contour increment is 3 hPa, and the area presented is between x = ‒ 734 

2000 km and x = 1000 km, y= ‒1500 km and y= 500 km. 735 

 736 
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Fig. 18. Same as Fig. 9 except for the E-CNTL and E-NOLH at (a, c) t = 230 h, 737 

and (b, d) t = 280 h. Contour increment for SLP is 2 hPa. 738 

 739 

Fig. 19. Same as Fig. 10, except for the E-NOLH at (a) t = 230 h, and (b) t = 280 740 

h. 741 

 742 

Fig. 20. (a)-(c) 950-hPa horizontal divergence（color shading; 10-4 s-1）,(d)-(f) 743 

850-hPa latent heating （color shading; K s-1）， and (g)-(i) 850-hPa PV (color 744 

shading; PVU) for the W-CNTL at (a, c, g) t = 120 h, (b, e, h) t = 125 h, and (c, f, 745 

i) t = 130 h. Vectors indicate winds (m s-1) at each level. Contour lines indicate 746 

SLP drawn at 0.5 hPa intervals. 747 

 748 

Fig. 21. (a) Equivalent potential temperature (color shading; K) and potential 749 

temperature (contour lines; K) at 950 hPa for the W-CNTL at t = 160 h. (b) The 750 

magnitude of potential temperature gradient (color shading; K (100 km)-1) and 751 
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potential temperature (contour lines; K) at 950 hPa for the W-CNTL at t = 160 h. 752 

Wind fields (m s-1) are plotted by vectors. Contour increment is 1 K. 753 

 754 
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 756 

 757 
Fig. 1. (a, b) Meridional-height cross sections of environmental fields of specific 758 
humidity (shading; kg kg

-1
) and potential temperature (contour lines; K) for the (a) 759 

W-BFD and (b) E-BFD. (c) Meridional-height and (d) horizontal distribution of the 760 
initial thermal perturbation (shading; K) at 300 hPa. Negative values in (d) are shown 761 
by dashed contours. 762 
  763 
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 764 
Fig. 2. Vertically integrated condensed water (color shading; kg m-2) and SLP (contour 765 
lines; hPa) for W-CNTL at (a) t = 130 h, (b) t = 140 h, (c) t = 150 h, and (d) t = 160 h. 766 
Contour interval is 2 hPa. 767 
  768 
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 769 
Fig. 3. (a) Horizontal distribution of total precipitation (mm) accumulated from t = 0–160 h 770 
for W-CNTL. (b) Evolution of the maximum of hourly precipitation (mm h-1). 771 
 772 
  773 

X (100 km)�

Y
 (1

00
 k

m
)�

(a)�

(b)� The maximum of hourly precipitation�

W-CNTL�



54 
 

 774 
Fig. 4. Same as Fig. 2, but for 850-hPa PV (shading; Potential Vorticity Units; 1 PVU = 10-6 775 
m2 s-1 K kg-1). Vectors indicate 850-hPa wind (m s-1). 776 
  777 
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	  778 
Fig. 5. (a)-(d) 300-hPa PV (shading; PVU) and geopotential height (contour lines; m) for the 779 
W-CNTL at (a) t = 130 h, (b) t = 140 h, (c) t = 150 h, and (d) t = 160 h. Contour increment is 780 
2 hPa. (e) Vertical-cross section of PV along A-A’ line in (d). Circles in (a, b, c, d) indicate 781 
the positions of the cyclone center. 782 
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 783 

 784 
Fig. 6. Zonal-height cross sections of (a, b) vertical velocity (shading; m s-1) and 785 
geopotential height anomaly (contour lines; m) and (c, d) potential temperature (contour 786 
lines; K) and its anomaly (color shading; K) through the center of the W-CNTL at (a, c) t = 787 
130 h and (b, d) t = 160 h.  Contour increment is 10 m for geopotential height anomaly and  788 
5 K for potential temperature.  “W” on (a) and (b) indicates vertical velocity.  789 

(a)� (b)�

(c)� (d)�

Pr
es

su
re

 (h
Pa

)�

X (100 km)� X (100 km)�

X (100 km)� X (100 km)�

Pr
es

su
re

 (h
Pa

)�

T = 130� T = 160�W-CNTL�
geopotential height anomaly & W� geopotential height anomaly & W�

PT anomaly & PT� PT anomaly & PT�



57 
 

 790 

 791 
Fig. 7. Evolutions of each APE tendency term for the W-CNTL. Solid and dashed lines are 792 
CA and GE terms, respectively, in Eq. (3.1)–(3.6) in Part Ι.  793 
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 795 
Fig. 8. 850-hPa PV production due to latent heating (shading; PVU h-1) and SLP (contour 796 
lines; hPa) for the W-CNTL at (a) t = 130 h and (b) t = 160 h. Vectors indicate winds (m s-1) 797 
at 850 hPa. Contour interval is 2 hPa. 798 
  799 
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 800 

 801 
Fig. 9. 700-hPa vertical velocity (shading for positive and dashed for negative; cm s-1) and 802 
SLP (contour lines; hPa) for the (a, b) W-CNTL and (c, d) W-NOLH at (a, c) t = 130 h and (b, 803 
d) t = 160 h. Contour increment is 1 hPa. Note that shading scale is different between (a, b) 804 
and (c, d). “W” on (a) and (b) indicates vertical velocity. 805 
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 807 
Fig. 10. Zonal-height cross sections of vertical velocity (shading; m s-1) and geopotential 808 
height anomaly (contour lines; m) through the center of the W-NOLH (a) t = 130 h and (b) t 809 
= 160 h. 810 
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 812 
Fig. 11. Vertically integrated condensed water (shading; kg m-2) and SLP (contour lines; 813 
hPa) for the E-CNTL at (a) t = 220 h, (b) t = 240, h (c) t = 260 h, and (d) t = 280 h. Contour 814 
interval is 3 hPa. 815 
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 818 
Fig. 12. Same as Fig. 3, but for the E-CNTL. 819 
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 823 
Fig. 13. Same as Fig. 4 except for the E-CNTL at t = (a) 220 hour, (b) 240 hour, (d) 260 824 

hour, and (e) 280 hour. 825 
. 826 
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 828 
Fig. 14. Same as Fig. 5 except for the E-CNTL at t = (a) 220 hour, (b) 240 hour, (d) 260 829 
hour, and (e) 280 hour. (e) Vertical-cross section of PV along B-B’ line in (d).  830 
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 832 
Fig. 15. Same as Fig. 6, but for the E-CNTL at (a, c) t = 230 h and (b, d) t = 280 h.  833 
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 835 
Fig. 16. Same as Fig. 7 but for the E-CNTL. 836 
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 838 
Fig. 17. Same as Fig. 8, but for the E-CNTL at (a) t = 230 h and (b) t = 280 h. Contour 839 
interval is 3 hPa, and the area presented is between x = ˗2000 km and x = 1000 km, y = 840 
˗1500 km and y= 500 km.  841 
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 843 
Fig. 18. Same as Fig. 9, but for the E-CNTL and E-NOLH at (a, c) t = 230 h, (b, d) t = 280 h. 844 
Contour interval for SLP is 2 hPa. 845 
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 849 
Fig. 19. Same as Fig. 10, but for the E-NOLH at (a) t = 230 h, (b) t = 280 h. 850 
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 852 

 853 
Fig. 20. (a)-(c) 950-hPa horizontal divergence（color shading; 10-4 s-1）,(d)-(f) 850-hPa 854 
latent heating （color shading; K s-1）， and (g)-(i) 850-hPa PV (color shading; PVU) for the 855 
W-CNTL at (a, c, g) t = 120 h, (b, e, h) t = 125 h, and (c, f, i) t = 130 h. Vectors indicate 856 
winds (m s-1) at each level. Contour lines indicate SLP drawn at 0.5 hPa intervals. 857 
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 860 
Fig. 21. (a) Equivalent potential temperature (color shading; K) and potential temperature 861 
(contour lines; K) at 950 hPa for the W-CNTL at t = 160 h. (b) The magnitude of potential 862 
temperature gradient (color shading; K (100 km)-1) and potential temperature (contour 863 
lines; K) at 950 hPa for the W-CNTL at t = 160 h. Wind fields (m s-1) are plotted by vectors. 864 
Contour increment is 1 K. 865 
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