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ABSTRACT 20 

 21 

Information about microphysical processes in warm cloud embedded in satellite 22 

measurement must be untangled to be used to improve the parameterization in global 23 

models. In this paper, the relationship between vertical profiles of horizontally averaged 24 

radar reflectivity Zm and cloud optical depth from cloud top d was investigated using a 25 

hybrid cloud microphysical model and a forward simulator of satellite measurements. 26 

The particle size distributions were explicitly simulated using a bin method in a kinematic 27 

framework. In contrast to previous interpretations of satellite-observed data, we identified 28 

three patterns of the Zm-d relationship, related to microphysical processes. The first is 29 

related to the auto-conversion process, which causes Zm to increase upward with 30 

decreasing d. Before the initiation of surface precipitation, Zm increases downward with 31 

d in the upper part of cloud, which is considered to be a second characteristic pattern and 32 

is caused by the accretion process. The appearance of this pattern corresponds to the 33 

initiation of efficient production of raindrops in cloud. The third is related to the 34 

sedimentation and evaporation of raindrops causing Zm to decrease downward with d in 35 

the lower part of the Zm-d relationship. It was also found that the bulk collection 36 

efficiency has a partially positive correlation with the slope factor of Zm with regard to d 37 

and that the slope factor could be a gross measure of the collection efficiency in partial 38 

cases. This study also shows that differences in the aerosol concentration modulate the 39 

duration of these three patterns and change the slope factor of Zm.  40 
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1. Introduction 41 

Warm liquid clouds greatly affect the earth’s climate due to their effects on 42 

radiation and precipitation. Therefore, accurate reproduction of warm liquid clouds in 43 

climate models is important to reduce uncertainty in the sensitivity of the clouds to 44 

changes in cloud condensation nuclei (CCN) and updraft velocity [Bony and Dufresne, 45 

2005; Noda et al., 2010]. The optical properties and precipitation efficiency of these 46 

clouds are influenced substantially by microphysical processes (i.e., activation of CCN, 47 

condensational growth of droplets, collection and breakup of drops, etc.). It is therefore 48 

important to understand the processes of particle growth within these clouds.  49 

The recent emergence of multi-sensor satellite measurements has provided novel 50 

observational information about clouds and precipitation. These new observational data 51 

have been utilized in a growing number of studies comparing satellite observation to 52 

numerical simulations of clouds and precipitation, and these comparisons can be useful 53 

for improving the microphysical processes in numerical models, provided that the 54 

observational data are interpreted appropriately on the basis of the microphysical 55 

processes at work in real clouds. Rosenfeld and Lensky [1998] combined the cloud-top 56 

effective radius and cloud-top temperature of convective clouds derived from the 57 

Advanced Very High Resolution Radiometer (AVHRR) satellite to infer the transition to 58 

precipitation. Masunaga et al. [2002] and Matsui et al. [2004] demonstrated a method to 59 

identify different cloud modes (i.e., non-precipitating, transitional, and precipitating) by 60 

comparing the effective radius near the cloud top derived by shortwave measurement 61 

with the columnar effective radius derived by microwave measurement. Suzuki and 62 

Stephens [2008] devised a methodology of combining these satellite measurements to 63 

probe microphysical particle growth processes. They proposed a method to combine 64 

volume-mean radar reflectivity Ze observed by CloudSat and volume-mean effective 65 



 4 

particle radius Re estimated from a combined microwave-shortwave analysis to depict the 66 

signatures of warm-cloud microphysical processes. Kuba et al. [2014] investigated these 67 

relationships by numerical experiments using a size-resolving cloud microphysical model 68 

to offer a more detailed picture of the microphysical processes that are responsible for the 69 

observed relationships between the parameters. 70 

Suzuki et al. [2010] showed an approach for combining CloudSat and Moderate 71 

Resolution Imaging Spectroradiometer (MODIS) satellite observations to examine the 72 

microphysical processes of warm clouds. Their approach makes use of vertical profile 73 

information provided by CloudSat based on the methodology adapted from Nakajima et 74 

al. [2010]. The methodology constructs statistics from the vertical profile of radar 75 

reflectivity in the form of a contoured frequency diagram rescaled as a function of in-76 

cloud optical depth, which is referred to as the Contoured Frequency by Optical Depth 77 

Diagram (CFODD), to statistically depict microphysical structures of warm clouds 78 

accumulated globally. The researchers showed that the vertical profiles of the reflectivity 79 

represent the conversion processes from cloud droplets to raindrops and the dependence 80 

of the processes on MODIS-derived cloud-top effective particle radius. They also 81 

interpreted the profiles of reflectivity as a function of cloud optical depth in terms of 82 

collection processes of droplets. 83 

Sato et al. [2012] investigated the characteristics of CFODDs based on an idealized 84 

simulation of marine stratocumulus clouds with a three-dimensional cloud-resolving 85 

model. Their simulated CFODDs reproduced the characteristic patterns observed by 86 

satellite. Based on a box microphysical model diagnosis, they concluded that one pattern 87 

of CFODD indicates updraft and condensation of cloud droplets and that the other pattern 88 

indicates collision between raindrops and cloud droplets. Although these previous studies 89 

proposed that the observed characteristics found in CFODD statistics are indicative of 90 
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microphysical processes, it is necessary for more a complete understanding of the 91 

statistics to investigate the microphysical processes that are responsible for the key 92 

features of the statistics and also to relate these to cloud life cycle. For this purpose, in 93 

this study, we performed numerical simulations of a single life cycle of clouds with a 94 

size-resolving bin microphysical cloud model to investigate how trajectories in CFODD 95 

statistics space relate to cloud microphysical processes. As shown by Suzuki et al. [2010], 96 

the slope of the radar reflectivity in CFODD can be related to the bulk efficiency of 97 

collection processes. Therefore, we evaluated the relationship over a life cycle of cloud to 98 

determine the possibility of retrieving the collection efficiency from satellite data. 99 

Although observed CFODDs are accumulated data including various clouds, the 100 

approach taken here allowed us to trace the evolution of vertical profiles of the 101 

horizontally averaged radar reflectivity over a single life cycle of clouds. Because our 102 

model estimates the activation of CCN accurately and calculates cloud droplet size 103 

distributions on grid points in cloud, it is more appropriate for investigating the CFODD 104 

than the zero-dimensional box model used in Sato et al. [2012]. 105 

In this study, we used a 2D kinematic framework, in which the flow field of a warm 106 

cloud was prescribed and temperature and water species were allowed to change due to 107 

cloud microphysical processes. Though simulation using 3D cloud-resolving model is 108 

ideal, 2D model can be used to simulate low-frequency averaged values (Grabowski et al., 109 

1998) like CFODDs as the first step of the numerical study with 3D cloud-resolving 110 

model. Although the interaction between dynamics and cloud microphysics processes 111 

was not simulated by kinematic framework, the approach had advantages over a 3D 112 

simulation with cloud resolving models. Using the 2D kinematic approach it was easier to 113 

analyze the cause-and-effect relationship in cloud processes because there was no 114 

interaction with dynamics. In addition, the amount of data produced was much less, 115 
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which enabled detailed investigation of a particular process of interest. Although Sato et 116 

al. [2012] reproduced CFODDs with a 3D cloud-resolving model, they were not able to 117 

directly analyze the cloud microphysical processes related to the patterns of CFODDs. 118 

Instead, they used a zero-dimensional box microphysical model, in which temperature, 119 

pressure, and supersaturation were fixed. This zero-dimensional box microphysical model 120 

is not appropriate to analyze precipitation unless care is taken with regard to the 121 

precipitating particles. As shown in this study, good reproductions of the patterns of 122 

CFODDs using the simple kinematic framework with a detailed bin microphysical model 123 

verified that our model could supply the essential processes related to CFODD patterns. 124 

The structure of this paper is as follows. Section 2 describes the methodology. A 125 

bin cloud microphysics scheme, kinematic framework of the numerical model, and 126 

evaluation procedure using a satellite simulator are described. Section 3 details the results 127 

of the study, and Section 4 summarizes the paper. The methodology used here is similar 128 

to that of Kuba et al. [2014], which provided more detailed interpretations for 129 

relationships between Ze and Re than first interpreted by Suzuki and Stephens [2008]. We 130 

applied a similar method to the interpretation of CFODD. 131 

 132 

2. Method 133 

2.1. Cloud microphysical model 134 

The model used in this study was a hybrid cloud microphysical model with a two-135 

moment bin method (the same model as used in Kuba et al. [2014]). This model was 136 

developed to estimate the effect of CCN on cloud microstructures (number concentration 137 

and size distribution of cloud droplets) [Kuba and Fujiyoshi, 2006; Kuba and Murakami, 138 

2010].   139 
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The activation of CCN and the initial condensational growth were calculated in a 140 

Lagrangian particle framework using a parcel model with a 0.05-s time-step. A two-141 

moment bin method based on Chen and Lamb [1994] was also used at grid points in a 142 

two-dimensional (2D) grid model. Condensation, coalescence, and breakup of droplets 143 

were estimated with a semi-Lagrangian framework by using this two-moment bin method 144 

with a 0.5-s time-step. Sedimentation and advection were estimated with an Eulerian 145 

spatial framework with a 3-s time-step. The droplet size distribution (DSD) estimated by 146 

the parcel model was used as the initial DSD for the two-moment bin method. This 147 

method to determine the initial DSD of the bin method achieves accurate estimation of 148 

the effect of CCN on cloud microstructure and has advantages over the method used in 149 

Suzuki et al. [2006] and Sato et al. [2012]. In their studies, all CCN larger than a critical 150 

radius were transferred to the smallest bin of cloud particles. 151 

In this study, 73 bins were used to express a range of radii (1 m - 4 mm) for the 152 

activated cloud droplets and raindrops. In addition, we adopted the coalescence efficiency 153 

of raindrops proposed by Seifert et al. [2005] and a breakup scheme based on that of 154 

Feingold et al. [1988] to estimate the collision breakup of raindrops. The details are 155 

described in Kuba and Murakami [2010]. 156 

 157 

2.2. Kinematic framework for warm cloud evolution 158 

To simulate the evolution of a single warm cloud, the detailed microphysical cloud 159 

model described above was coupled to a kinematic framework developed by Szumowski 160 

et al. [1998a] in the same way as in Kuba et al. [2014]. The kinematic cloud model 161 

prescribed an evolving flow and calculated the 2D advection of temperature, vapor, cloud 162 

droplets, and raindrops. The domain size was 9 km horizontally and 3 km in height. The 163 

horizontal and vertical grid spacings were 50 m. The time-step for updating the tracer 164 
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advection was 3 s. The flow pattern showed low-level convergence, upper-level 165 

divergence, and a narrow updraft located in the center of the domain (Figure 1). The 166 

structure of the flow pattern was prescribed using a simple analytical function. This 167 

kinematic framework was based on an observational study from the Hawaiian Rainband 168 

Project [Szumowski et al., 1998b]. Turbulence effects and the feedback from clouds to the 169 

environment were not taken into account. Reisin et al. [1998] used this kinematic model 170 

with detailed microphysics and found that the simulated results satisfactorily reproduced 171 

the radar reflectivity fields and drop spectra. The key cloud microphysical processes 172 

involved in the formation of warm clouds can be considered by using such a simple 173 

kinematic model, without feedback from cloud microphysics to dynamics [Szumowski et 174 

al., 1998a]. Our model can estimate the effect of CCN on cloud microstructure and warm 175 

rain formation for a large variety of parameters. Therefore, our model was considered 176 

appropriate for investigating the relationship between satellite observations and cloud 177 

microphysical processes. Important processes (effects of water loading and entrainment, 178 

latent heat feedback, and radiative-heating feedback on dynamics, etc.) cannot be 179 

investigated by the simple kinematic framework with our hybrid microphysical model. 180 

These effects, caused by differences in CCN, will be investigated using fully coupled 181 

dynamic models, such as that used in Sato et al. [2012], in future work. This study 182 

focused on key microphysical processes that are independent of the complicated coupling 183 

to dynamical processes. This simplicity makes it easy to interpret the simulated results in 184 

an attempt to obtain a physical insight into the cloud-microphysical processes relating to 185 

the CFODD. 186 

Two cases (W1 and W3) were chosen from the cases used in Kuba et al. [2014] as 187 

warm cloud. Figure 2a shows the vertical profiles of updraft velocity at the center of 188 

cloud at 15 min for these cloud types (Figure 2a in Kuba et al. [2014] has an error, and it 189 
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is corrected here). Figure 2b shows the temporal change of the maximum updraft 190 

velocity at the centers of the clouds. The updraft velocity was ended at 30 min to avoid an 191 

unrealistically long cloud lifetime. Figure 3 shows the initial vertical profiles of potential 192 

temperature, temperature, and relative humidity for clouds W1 and W3. These profiles 193 

are based on Szumowski et al. [1998a]. 194 

The size distributions of CCN were assumed to be bimodal log-normal, such that 195 

   
dN

dD
= ∑

N0(i)

√2π∙ln σ(i) ∙D
∙ exp [-

1

2
(

ln
D

D0(i)

ln σ(i)
)

2

]2
i=1    , 196 

where N0 (cm-3) is the number concentration and D0 (m) is the mode diameter of the 197 

CCN. Two kinds of CCN (CCN2 and CCN4) were chosen from the CCN cases used in 198 

Kuba et al. [2014] as typical continental (CCN2) and maritime (CCN4) CCN cases. 199 

These are shown in Table 1. The chemical composition of these CCN was expressed 200 

using the hygroscopicity, and 181 classes were used to express a range of radii (0.009–201 

9 m) for the CCN.  202 

We performed simulations for four cases (two cloud types (Figure 2) times two 203 

types of CCN (Table 1)). Numerical simulations were conducted for 75 min. The 204 

thickness of simulated clouds W1 and W3 was ~1–2 km, and the simulated optical 205 

thicknesses shown in Figures 5 and 6 distribute in the range shown in Figure 2b in Suzuki 206 

et al. [2010]. 207 

2.3. Horizontally averaged radar reflectivity and optical depth  208 

Numerical results simulated by the kinematic model with the hybrid cloud 209 

microphysical model were used to calculate the horizontally averaged radar reflectivity 210 

Zm and the optical depth from cloud top d, and the relationships between Zm andd were 211 

compared with those in Suzuki et al. [2010]. Suzuki et al. [2010] used the MODIS cloud 212 
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optical thickness c to obtain d. We defined cloudy grid boxes as those with radar 213 

reflectivity Z > –27 dBZ.  In this study, the 95-GHz radar reflectivity on each cloudy grid 214 

point and optical thickness on a surface grid point were calculated from simulated cloud 215 

droplet size distributions on grid points (50-m grid spacing) using a radar simulator 216 

developed by Masunaga and Kummerow [2005] in the Joint Simulator for Satellite 217 

Sensors (Joint-Simulator) [Hashino et al., 2013] in the same way as in Kuba et al. [2014]. 218 

The assumption of Rayleigh scattering over the entire size distribution is not valid for 219 

raindrops of ~1 mm or larger at the frequency used. The main reason for using the radar 220 

simulator was that it could take into account both Mie scattering and attenuation with 221 

ready access to the Mie solution that describes the absorption and scattering of a spherical 222 

particle. The radar reflectivity was calculated for each mass bin in a volume and 223 

integrated over the mass spectrum, exploiting the simulated size distribution. Then, the 224 

radar reflectivity for a layer was calculated by considering attenuation due to 225 

hydrometeors above and within the layer (see the appendix of Masunaga and Kummerow 226 

[2005]).  227 

Zm was calculated from the radar reflectivity Z (mm6 m-3) on cloudy grid points for 228 

each layer. The spatial distributions of the radar reflectivity Z (dBZ) in four cases of W1-229 

CCN2, W1-CCN4, W3-CCN2, and W3-CCN4 are shown in Figures A1 and A2 in the 230 

Appendix for reference. These low clouds are difficult to detect from CloudSat because 231 

of the ground clutter. Because the vertical axis of a CFODD is the optical depth from the 232 

top of clouds, the altitude of the cloud does not affect the results of this study. Suzuki et al. 233 

[2010] removed the effect of the ground clutter when they produced CFODDs. The effect 234 

of ground clutter was not taken into account in this study. Therefore, we compared the 235 

simulated results of this study with CFODDs actually observed using MODIS and 236 

CloudSat in Suzuki et al. [2010]. A visible-IR sensor simulator, RSATR6b [Nakajima 237 
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and Tanaka 1986, 1988], which is also available in the Joint-Simulator, was devised to 238 

calculate the optical thickness at 2.13 m by directly using the simulated cloud droplet 239 

size distributions on grid points. It was used to calculate the horizontal mean optical 240 

thickness τc. The optical depth from cloud top τd was calculated from τc following Suzuki 241 

et al. [2010] under the assumption of adiabatic-condensation growth (eqs. 1, 2, 3, and 4 in 242 

Suzuki et al. [2010]), because optical depth in clouds cannot be directly observed by a 243 

satellite. The horizontal size of the simulated cloud in this study (1 - 2 km) was 244 

comparable to the resolution of data used in Suzuki et al. [2010] ( ~1 km). 245 

Although the nature of the CloudSat beam should be considered in averaging 246 

reflectivity over a horizontal volume, a simple horizontal average was used. This is 247 

because behavior in an ideal system was considered in this study. 248 

 249 

3. Results 250 

3.1. Time evolution of vertical profiles 251 

Our model explicitly calculates DSDs at each grid point for each time-step. DSDs 252 

for the case of W1_CCN4 (weak updraft and maritime CCN) are shown in Figure A1 in 253 

Kuba et al. [2014], for example (“W1 with CCN2” in the caption of Figure A1 in Kuba et 254 

al. [2014] is corrected here as “W1 with CCN4”). As an example, the number 255 

concentrations (Nd) and mode radii (Rm) of cloud droplets at 15 min at the center of cloud 256 

base for the four cases are shown in Table 2. As expected, a larger number of CCN leads 257 

to a smaller mode radius and a smaller rainfall amount (accumulated surface rainfall 258 

averaged over the domain; AR in Table 2) if the other conditions of cloud are the same.  259 

Figure 4 shows the temporal change of surface rainfall rate averaged over the domain. It 260 

shows that the larger number of CCN leads to later initiation of precipitation and smaller 261 
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rainfall rate if the other conditions of cloud are the same. In the real atmosphere, 262 

differences in the number of CCN can cause differences in other conditions of clouds. 263 

However, the effect of the number of CCN on the amount of surface precipitation 264 

expressed in Table 2 and Figure 4 is qualitatively similar to the simulated results using 265 

the Large Eddy Simulation (LES) version of the Advanced Research WRF model with a 266 

new treatment of aerosol-cloud interactions [Wang and Feingold, 2009]. Their model 267 

takes into account feedbacks from the microphysics to dynamics, but the microphysical 268 

scheme used is a double-moment bulk scheme. Although our model cannot take these 269 

feedbacks into account, because of its detailed bin microphysical scheme it can produce 270 

qualitatively similar results to those simulated by LES. 271 

Figure 5 shows the relationships between horizontally averaged reflectivity Zm and 272 

optical depth from cloud topd at 2.5-min intervals in the case of continental CCN 273 

(CCN2; Figures 5a, 5b, 5c, and 5d) and maritime CCN (CCN4; Figures 5e, 5f, 5g, and 274 

5h)  with the weak updraft (W1) for 75-min simulations. Figure 6 is the same as Figure 275 

5 except for the strong updraft (W3). Figures 5 and 6 show that our simulated results 276 

generally reproduce the CFODDs shown in Suzuki et al. [2010] and Sato et al. [2012]. 277 

This means that this simple kinematic framework with detailed bin microphysical model 278 

can simulate the essential processes relating to CFODDs. It is shown that Zm increases 279 

slightly with a decrease in d, or with an increase in altitude, in the early period of cloud 280 

development (refer to arrow A in Figures 5a, 5b, 5e, 6a, and 6e). The period in which the 281 

pattern expressed by arrow A lasts is longer in the case with the larger number of CCN 282 

and in the case with the weaker updraft. In the second period, Zm increases as d increases, 283 

or altitude decreases in the upper part of cloud (refer to arrow B in Figures 5c, 5d, 5f, 5g, 284 

5h, 6b, 6c, 6d, 6f, 6g, and 6h) and Zm decreases as d increases in the lower part of the Zm 285 
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-d relationship (refer to arrow C in Figures 5f, 5g, 6e, and 6f). The case with the small 286 

number of CCN exhibits large changes in Zm in cloud for the weak updraft.   287 

The linear increase in Zm with decrease ind (increase in altitude) in the early stage 288 

of a cloud’s life cycle is similar to the panels with small cloud-top effective radius in 289 

Figures 3 and 4 in Suzuki et al. [2010] (Figures 3a, 3b, 3f, 4a, 4b, and 4f). The small 290 

effective radius near the cloud top was regarded as an incipient stage of the cloud’s life 291 

cycle in Suzuki et al. [2010]. The increase in Zm as increase in d (decrease in altitude) in 292 

the upper part of cloud is also found in satellite observations in the panels with large 293 

cloud-top effective radius in Figures 3 and 4 in Suzuki et al. [2010] (Figures 3d, 3e, 3i, 3j, 294 

4d, 4e, 4i, and 4j). Suzuki et al. [2010] and Sato et al. [2012] interpreted that the linear 295 

increase in Zm with decrease ind (increase in altitude) in the early stage of the cloud’s 296 

life cycle indicates condensational growth of cloud droplets and that the increase in Zm as 297 

increase in d (decrease in altitude) indicates formation of raindrops. They also 298 

interpreted that the decrease in Zm with decrease ind (increase in altitude) near the cloud 299 

top indicates evaporation of cloud droplets and raindrops. 300 

Figures 5 and 6 show that there is a certain period during which Zm increases 301 

largely (Figures 5c, 5f, 6a, and 6e); after that period, Zm does not change markedly over 302 

time. It is also shown that the increase in Zm during the period is larger in the case of 303 

maritime CCN than in the case of continental CCN. This increase in Zm is caused by a 304 

formation of rain particles, and these results accord with the second and the third paths in 305 

the relationship between radar reflectivity and effective radius shown as Figure 4 in Kuba 306 

et al. [2014]. 307 

Among the various profiles of Zm in Figures 5 and 6, the patterns that could be 308 

related to evaporation of droplets, as discussed by Suzuki et al. [2010] and Sato et al. 309 
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[2012], can be seen only in Figures 5h, 6g, and 6h. That is, Zm increases proportionally 310 

with d near the cloud top. Suzuki et al. [2010] and Sato et al. [2012] speculated that such 311 

a profile near the cloud top is related to evaporation of cloud droplets near the cloud top. 312 

To investigate the role of evaporation near the cloud top, simulations without evaporation 313 

were also examined. The results (not shown here) indicated that the patterns near the 314 

cloud top remained the same as those simulated with evaporation. Therefore, it is 315 

suggested that these relationships between Zm and d shown in Figures 5h, 6g, and 6h are 316 

caused by coalescence between falling raindrops and cloud droplets, not by evaporation.  317 

Rain production reduces the total cross sectional area, which leads to small d and large 318 

Zm. 319 

Although Suzuki et al. [2010] sorted observed CFODDs by effective particle radius 320 

near the cloud top in an attempt to trace the temporal evolution pattern of clouds, 321 

effective particle radius near the cloud top does not grow linearly as time proceeds. In 322 

some cases, it decreases because of sedimentation and evaporation of large particles in 323 

later stages of cloud life cycle. In addition, observed CFODDs are based on accumulated 324 

data including various clouds. Therefore, the pattern regarded as being caused by the 325 

evaporation process by Suzuki et al. [2010] and Sato et al. [2012] (Figures 3a, 3b, 3f, 3g, 326 

4a, 4b, 4f in Suzuki et al. [2010]) could be the pattern caused by coalescence between 327 

falling raindrops and cloud droplets in the later stage of the cloud’s life cycle (as shown 328 

in Figures 5h, 6g, and 6h in this paper). This study takes into account the evaporation of 329 

cloud droplets at the edge part of the cloud, but not entrainment caused by turbulence. 330 

This effect needs to be studied using a fully coupled dynamic model in the future. 331 

The decrease in Zm with the increase in d expressed by arrow C in Figures 5 and 6 332 

in the lower part of the Zm-d relationship is not seen in the CFOOD derived from satellite 333 
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observation in Figures 3 and 4 in Suzuki et al. [2010]. This is because the lines expressing 334 

the decrease in Zm with the increase in d are distinct from each other. Therefore, this 335 

pattern expressed by arrow C does not appear in a CFODD that is a statistical probability 336 

map derived from satellite observation. Figure 7 shows the relationships between Zm and 337 

d at 0.5-min intervals in the case of continental CCN (CCN2; Figures 7a, 7b, 7c, 7d, 7e 338 

and 7f) and maritime CCN (CCN4; Figures 7g, 7h, 7i, 7j, 7k and 7l) with a weak updraft 339 

(red) and a strong updraft (blue). The data are classified into six categories by effective 340 

radii near the cloud top following Figures 3 and 4 in Suzuki et al. [2010]. Although these 341 

effective radii, calculated from simulated cloud droplet size distributions, are not the 342 

same as the effective radii retrieved from the MODIS channel centered at the wavelength 343 

of 2.1 or 3.7m used in Suzuki et al. [2010], we used them as a reference. The patterns 344 

expressed by arrows A and B in Figures 5 and 6 are seen in Figure 7, but the pattern 345 

expressed by arrow C is not seen clearly in Figure 7. Note that the pattern expressed by 346 

arrow C can be seen in Figures 5 and 6, because these figures show the Zm-d relationship 347 

at each time. The patterns expressed by arrow C disappear in the accumulated signals as 348 

CFODD. In Figure 7, the pattern regarded as being caused by the evaporation process by 349 

Suzuki et al. [2010] and Sato et al. [2012] near the cloud top cannot be seen for the cases 350 

of small effective radius. This needs to be investigated in future work. 351 

  352 

3.2. Cloud microphysical processes 353 

To study the cloud microphysical processes that affect the relationships between Zm 354 

and d, the vertical change of the DSD at the center of clouds and the radar reflectivity at 355 

the center of cloud Zc is shown in Figure 8 for the case of the maritime CCN with the 356 

weak updraft (W1_CCN4). The height of DSD is expressed by colors of DSD: black, red, 357 
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green, blue, and light-blue colors are used to show levels in the cloud. When Zc increases 358 

linearly with decrease ind, or with altitude as shown in Figure 8a (the same pattern as 359 

arrow A in Figures 5 and 6), the number of small raindrops (radius < 100 m) increases 360 

with decrease ind as shown in Figure 8e. This is caused by coalescence between cloud 361 

droplets; i.e., the auto-conversion process. The plots corresponding to Figure 8 for the 362 

other three cases (not shown here) indicate that the changes in both Zc and the number of 363 

small raindrops are larger in the maritime CCN case (smaller number of CCN) than in the 364 

continental CCN case. This suggests that the smaller number of CCN leads to faster 365 

transition from cloud droplets to raindrops. Note that there is no surface precipitation at 366 

this stage, as shown by Figure 4. When Zc increases with d, or with decrease in altitude, 367 

in the upper part of cloud, as shown in Figures 8b, 8c, and 8d (the same pattern as arrow 368 

B in Figures 5 and 6), the mode radii of raindrops increases with d, as shown in Figures 369 

8f, 8g, and 8h. This is caused by coalescence between falling raindrops and cloud 370 

droplets; i.e., the accretion process. On the other hand, Zc decreases with increase in d in 371 

the lower part of the cloud and under the cloud base (the same pattern as that expressed 372 

by arrow C in Figures 5 and 6).  In this period, the DSDs show a decrease in number of 373 

raindrops with d in the lower part of the cloud and under the cloud base. This is caused 374 

by sedimentation and evaporation. Figures 8g and 8h show the existence of cloud 375 

droplets with radii smaller than 10 m. These are particles generated by evaporation of 376 

larger particles as they fall down from the cloud base and evaporation of cloud droplets 377 

near the cloud top when the updraft disappears. For the other three cases (not shown here), 378 

vertical changes in DSD and Zc are qualitatively similar to those shown by Figure 8. 379 

Quantitatively, the changes in Zc and optical thickness of cloud are larger in the maritime 380 

CCN case, which indicates that the smaller number of CCN leads to more effective 381 
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generation of precipitation. The timing at which the pattern expressed by arrow B in 382 

Figures 5 and 6 appear in the four cases is shown by the arrows in Figure 4; it shows that 383 

the timing is about 5 min before the initiation of surface precipitation. At this time, 384 

rainwater is produced mainly at about 2 km above the ground in these cases, and there is 385 

no updraft. It takes about 5 min for raindrops to reach the ground (cf., the terminal 386 

velocity of a drop with a radius of 1 mm is about 7 m s-1). This means that the appearance 387 

of the pattern expressed by arrow B in Figures 5 and 6 corresponds to the initiation of 388 

efficient production of raindrops in cloud. 389 

To investigate the effects of the auto-conversion process (rain production caused by 390 

coalescence between cloud droplets) and the accretion process (rain production caused by 391 

coalescence between raindrops and cloud droplets) on the relationships between Zm and 392 

d, the vertical profiles of auto-conversion rate and accretion rate at the center of clouds 393 

are shown in Figure 9 for the cases of W1_CCN2 (continental CCN and weak updraft; 394 

Figure 9a), W1_CCN4 (maritime CCN and weak updraft; Figure 9b), W3_CCN2 395 

(continental CCN and strong updraft; Figure 9c), and W3_CCN4 (maritime CCN and 396 

strong updraft; Figure 9d). These rates were derived from a coalescence calculation on 397 

bin model as the increasing rate of rainwater (drops with radii larger than 48 m are 398 

defined as raindrops in this study). The auto-conversion rate is the mass of cloud droplets 399 

that coagulate and become raindrops per unit time, while accretion rate is the mass of 400 

cloud droplets caught by raindrops per unit time. In the early period of the cloud life 401 

cycle, in which Zm increases with decrease in d (the pattern expressed by arrow A in 402 

Figures 5 and 6 appears), the auto-conversion rate (red solid line in Figure 9) is larger 403 

than the accretion rate (blue solid line in Figure 9). In the later period in which Zm 404 

increases in the upper part of cloud (the pattern expressed by arrow B in Figures 5 and 6 405 

appears) and decreases in the lower part of cloud and under the cloud base (the pattern 406 
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expressed by arrow C in Figures 5 and 6 appears) with increase in d, the accretion rate 407 

(blue broken line in Figure 9) is larger than the auto-conversion rate (red broken line in 408 

Figure 9). The time span of the early period in which the pattern expressed by arrow A in 409 

Figures 5 and 6 appears is shorter in the case of smaller number of CCN and larger 410 

updraft velocity. 411 

 412 

3.3. Collection efficiency 413 

In bulk microphysical parameterization, bulk collection efficiency is used for the 414 

calculation of the coalescence process. Estimating the value of bulk collection efficiency 415 

is thus of fundamental importance for representation of the coalescence process in 416 

numerical cloud models. Suzuki et al. [2010] discussed how vertical profile information 417 

depicted in the CFODD could be used to infer a possible estimate of the bulk collection 418 

efficiency factor of falling raindrops. Based on the assumption of continuous collection, 419 

they derived the following equation that relates bulk collection efficiency to the slope 420 

factor of the reflectivity profile in the CFODD diagram (the derivation is briefly 421 

described in Appendix A2). 422 

  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
≤ 𝐸𝑐 ≤ 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
      (1) 423 

The relationship means that the bulk collection efficiency factor of falling raindrops Ec 424 

ranges approximately between the slope factor 
  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
 and twice the slope factor. In this 425 

study, we investigated how this relationship between Ec and the slope factor applies by 426 

comparing these two parameters independently derived from the simulations with explicit 427 

microphysical processes.  428 

To obtain an estimate of the slope factor, Suzuki et al. [2010] fitted a linear line to 429 

the upper part (d < 20) of the reflectivity profiles in CFODD with maximum reflectivity 430 
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smaller than 20 dBZ to reduce the effect of Mie scattering and showed that the slope of 431 

observed CFODD ranged from 0.01 to 1.0. The lines expressing the slope factor defined 432 

in Suzuki et al [2010] are shown on the left-hand side of Figures 5 (cases of weak updraft 433 

velocity) and 6 (cases of strong updraft velocity). The slope factors of the relationship 434 

between Zm and d range roughly between 0.2 and 0.3 for the cases of continental CCN 435 

and between 0.2 and 1.0 for the cases of maritime CCN. Both cases of weak and strong 436 

updraft velocity have a similar range of the slope for each CCN case, suggesting that the 437 

slope is a function mainly of the CCN number concentration. 438 

For comparisons with the slope factor, the bulk collection efficiency Ec was 439 

estimated from the simulation results by the following equation: 440 

𝐸𝑐 = (
𝑑𝑄𝑟

𝑑𝑡
)

𝑎𝑐𝑐𝑟
/{𝜋𝜌𝑎𝑖𝑟𝑄𝑐 ∑ 𝑛(𝑟)𝑟>48𝜇𝑚 𝑟2𝑉(𝑟)} , 441 

where (
𝑑𝑄𝑟

𝑑𝑡
)

𝑎𝑐𝑐𝑟
(g g-1 s-1) is the accretion rate (increasing rate of rain water mixing ratio 442 

by coalescence between raindrops and cloud droplets), Qc (g g-1) is the cloud water 443 

mixing ratio, air (g cm-3) is the mass density of air, n(r) (g-1) is the number concentration 444 

of raindrops with radius r (cm) (r > 4.8 × 10-3 cm), and V(r) (cm s-1) is the terminal 445 

velocity  of raindrops with radius r.  Qc is calculated with r ≤ 4.8 × 10-3 cm.   446 

To verify Eq. (1) proposed by Suzuki et al. [2010], vertical profiles of the 447 

horizontally averaged bulk collection efficiency Ecm and the slope factor  
  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  are 448 

compared in Figure 10 for the weak updraft cases (W1_CCN2 and W1_CCN4) and in 449 

Figure 11 for the strong updraft cases (W3_CCN2 and W3_CCN4). These profiles are 450 

shown in the region of small optical depth (d < 20) for the accretion stage, following 451 

Suzuki et al. [2010]. The shapes of the vertical profiles of the slope factor and Ecm are 452 

similar, suggesting that they are correlated well. Ecm is between 0.8 and 1.2 in large areas 453 
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of cloud, while the slope factor is generally smaller than Ecm. Figures 10 and 11 show 454 

that bulk collection efficiency Ecm is larger in the maritime CCN case than in the 455 

continental CCN case and that Ecm is larger in the upper than in the lower part of clouds.  456 

This can be explained as follows. The collection efficiency Ec(r1,r2) between a raindrop 457 

with radius r1 and a cloud droplet with radius r2 is the product of the collision efficiency 458 

Ecoll(r1,r2) and the coalescence efficiency Ecoal(r1,r2). Because Ecoal(r1,r2) for collision 459 

between a raindrop and a cloud droplet is about 1.0 [Pruppacher and Klett,1997], 460 

Ec(r1,r2) is approximately the same as Ecoll (r1,r2). We used the table of Ecoll (r1,r2) shown 461 

in Hall [1980], which showed that Ecoll (r1,r2) for a collision between a small raindrop (r1 462 

< 100 m) and a small cloud droplet (r2/r1 < 0.1) is considerably smaller than 1.0, and 463 

Ecoll (r1,r2) for a collision between a small raindrop (r1 ~ 50 m) and a large cloud droplet 464 

(r2 ~ 40 m) is more than 1.0. Because the cloud droplets collected by raindrops are 465 

larger in the maritime CCN case than in the continental CCN case, Ec is also larger for 466 

the maritime CCN case. The same reasoning applies to the upper part of clouds compared 467 

to the lower part. Only in Figures 10c, 11b, and 11c, the slope factor has a similar value 468 

to the bulk collection efficiency Ecm. This means that the slope factor has a similar value 469 

to the bulk collection efficiency Ecm only when the pattern of the Zm -d relationship look 470 

a short straight line and is not dependent on time, as shown in Figures 5h, 6g, and 6h. 471 

When the pattern of the Zm -d relationship look a curved line as shown in Figures 5d, 5f, 472 

5g, 6b, 6c, 6d, and 6f, the value of the slope factor approach zero with an increase in d 473 

as shown in Figures 10a, 10b, 10d, 11a, 11d, 11e, and 11f.  474 

Although Suzuki et al. [2010] correlated the slope factor with the accretion of large 475 

raindrops under the assumption of continuous coalescence between large raindrops and 476 

cloud droplets, the slope of the relationships between Zm and d is also affected by the 477 
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auto-conversion process, evaporation, and sedimentation, as shown in section 3.2. These 478 

processes have opposite actions for the slope of the relationships between Zm and d from 479 

the accretion process. Therefore, the slope factor is smaller than Ecm when these processes 480 

are not negligible. 481 

Relationships between Ecm and the slope factor are shown in Figure 12 for the 482 

weak updraft cases (W1_CCN2 and W1_CCN4), and in Figure 13 for the strong updraft 483 

cases (W3_CCN2 and W3_CCN4). In these figures, the blue lines expressing  𝐸𝑐𝑚 =484 

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  and  𝐸𝑐𝑚 = 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  are superimposed for comparison with the theoretical 485 

relationships of Eq. (1) derived by Suzuki et al. [2010]. Figures 12c, 13b, and 13c show 486 

that there is a partial positive correlation between Ecm and the slope factor (they 487 

correspond to Figures 10c, 11b, 11c, 5h, 6g, and 6h), suggesting that the slope factor is a 488 

gross measure of the collection efficiency in the qualitative sense, as proposed by Suzuki 489 

et al. [2010] only when the auto-conversion process, evaporation, and sedimentation are 490 

negligible. Therefore, many dots are distributed outside of the region 
  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
≤ 𝐸𝑐𝑚 ≤491 

2
𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
,  and the independency of some Ecm from the slope factor can be seen when the 492 

auto-conversion process, evaporation, and sedimentation are not negligible. This means 493 

that the underlying assumptions used to derive Eq. (1) by Suzuki et al. [2010] are not 494 

always valid (details are described in the Appendix). The first assumption of “continuous 495 

collection” is not appropriate for the situation in which the auto-conversion process, 496 

evaporation, and sedimentation are active. The assumption becomes appropriate under 497 

circumstances in which the accretion process is dominant and the other processes are not 498 

active. Only in the later stage of the maritime CCN case, do Ecm and the slope factor have 499 

similar values (Figures 10c, 11b, 11c). On the other hand, the slope factor is smaller than 500 

Ecm in Figures 10a, 10b, 10d, 11a, 11d, 11e, and 11f, which means that the first 501 
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assumption is not appropriate for the continental CCN cases and for the early stage of 502 

cloud life cycle. However, many dots are distributed outside of the region defined by  503 

  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
≤ 𝐸𝑐𝑚 ≤ 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
 even in the later stage of the maritime CCN cases (Figures 12c, 504 

13b, and 13c). The second assumption used to derive Eq. (1) by Suzuki et al. [2010] that 505 

the representative radius of raindrops, the representative radius of cloud droplets, and the 506 

effective particle radius are roughly the same, is not always correct even in the later stage 507 

of cloud life cycle for maritime CCN cases. These detailed analyses suggest that the slope 508 

factor does not relate to the bulk collection efficiency in such a simple manner as 509 

proposed by Suzuki et al. [2010], at least in the quantitative sense, although the collection 510 

efficiency has a major role in determining the slope factor when the accretion process is 511 

dominant and the other processes are not active.   512 

It is nevertheless worth noting that comparing CFODD derived from observational 513 

data and the results of a numerical model is useful for improving representations of cloud 514 

microphysical processes in the model. The shape of CFODD can be used to infer the 515 

major microphysical process for each stage of cloud life cycle, as demonstrated in this 516 

paper. When the slope factor of CFODD is to be used to improve the bulk microphysical 517 

model, several factors aside from the bulk collection efficiency should also be taken into 518 

account as modifying factors. 519 

 520 

4. Summary  521 

The relationships between horizontally averaged radar reflectivity Zm and optical 522 

depth from cloud top d observed by satellites can be used to evaluate microphysical 523 

process representations of bulk microphysical models. To improve bulk microphysical 524 

models, it is essential to understand the microphysical processes embedded in the 525 
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relationships between Zm and d. The 2D kinematic framework with the hybrid cloud 526 

microphysical bin model is useful for this purpose, as shown in this study. 527 

Vertical profiles of Zm as a function of d in evolving shallow warm clouds were 528 

investigated by numerical experiments using a hybrid cloud microphysical model and a 529 

forward simulator of satellite measurements. Changes in the cloud/rain droplet size 530 

distributions were calculated in a kinematically driven warm cloud for four cases with 531 

combinations of two types (continental and maritime) of CCN and two maximum updraft 532 

velocities.  533 

We found three patterns for the relationships between Zm and d, which were 534 

characterized by three different microphysical processes. This provides a more detailed 535 

picture of the microphysical characteristics found in Zm-d relationships than had been 536 

proposed by previous studies. The three patterns are as follows. Before the initiation of 537 

surface precipitation, Zm increases upward with altitude or with decrease in d (refer to 538 

arrow A in Figures 5 and 6).  In this period, small raindrops (radius < 100 m) increase 539 

in population with altitude, which is a result of coalescence between cloud droplets; i.e., 540 

through the so-called auto-conversion process. The second pattern, which shows the 541 

increase in Zm with an increase in d (refer to arrow B in Figures 5 and 6), begins about 5 542 

min (this time span depends on the updraft velocity and the place where rain water is first 543 

generated in the cloud) before the initiation of surface precipitation. In this period, the 544 

mode radius of raindrops increases toward the cloud base as a result of coalescence 545 

between falling raindrops and cloud droplets; i.e., through the so-called accretion process. 546 

The appearance of this pattern corresponds to the initiation of efficient production of 547 

raindrops in cloud. In the same period, Zm decreases downward with increasing d in the 548 
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lower part of the Zm-d relationships (refer to arrow C in Figures 5 and 6). This accords 549 

with the decrease in the number of raindrops caused by sedimentation and evaporation of 550 

raindrops. It was found that the occurrences of these three periods which have patterns 551 

expressed by arrows A, B, and C in Figures 5 and 6 tend to vary depending on 552 

environmental conditions, characterized by CCN concentration and updraft velocity 553 

magnitude. In the case of a large number of CCN, the pattern expressed by arrow A in 554 

Figures 5 and 6 lasts longer and Zm increases more slowly with reduction of d than for 555 

the case with a smaller number of the CCN. In the case of the small number of CCN, the 556 

changes of Zm in the later period of the cloud life cycle are larger. In the case of a strong 557 

updraft velocity, the time span of the appearance of the pattern expressed by arrow A in 558 

Figures 5 and 6 is shorter than in the smaller updraft velocity case. 559 

The relationships between the horizontally averaged bulk collection efficiency Ecm 560 

and the slope factor 
  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
 were also investigated. We found that the Ecm of the accretion 561 

process ranges from about 0.8 to about 1.2 for a large area of clouds. There is a partially 562 

positive correlation between Ecm and the slope factor, as proposed by Suzuki et al. [2010], 563 

but the condition of 
  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
≤ 𝐸𝑐 ≤ 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  derived by Suzuki et al. [2010] is not always 564 

satisfied. It is nevertheless useful to compare CFODD derived from observational data 565 

and results from a numerical model to improve the bulk cloud microphysical model. The 566 

shape of CFODD can be used to estimate the major microphysical process for each stage 567 

of cloud life cycle, as demonstrated in this study. When the slope factor of CFODD is to 568 

be used to improve the bulk microphysical model, several factors aside from the bulk 569 

collection efficiency also should be considered as factors that can modify the relationship 570 

between Zm and d. 571 

  572 
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Appendix  573 

A1. Spatial distributions of radar reflectivity 574 

The spatial distributions of the radar reflectivity Z (dBZ) in four cases of W1-CCN2 575 

(continental CCN with weak updraft), W1-CCN4 (maritime CCN with weak updraft), 576 

W3-CCN2 (continental CCN with strong updraft), and W3-CCN4 (maritime CCN with 577 

strong updraft) are shown in Figures A1 and A2. Radar reflectivity Z on each grid point 578 

was calculated from simulated cloud droplet size distributions on grid points (50-m grid 579 

spacing) using a Joint-Simulator. 580 

 581 

A2. Derivation of eq.(1) 582 

Suzuki et al. [2010] proposed that the slope of reflectivity as a function of cloud 583 

optical depth depicted in CFODD is a gross measure of the bulk collection efficiency 584 

factor of falling raindrops. They related the slope factor of CFODD to the bulk collection 585 

efficiency factor by the following arguments. 586 

A collector drop with radius r grows by falling through and sweeping out many 587 

smaller cloud droplets in a continuous collection model. The growth rate of r caused by 588 

the accretion process is written as (e.g., Rogers and Yau 1989) 589 

𝑑𝑟

𝑑𝑡
=

𝐸𝑐𝑉(𝑟)

4𝜌𝑤
𝑞𝑐,    (A1) 590 

Where qc (g cm-3) is the mass concentration of cloud droplets, w is the liquid water 591 

density, Ec is the non-dimensional collection efficiency factor, and V(r) is the terminal 592 

velocity of the collector drop. (A1) leads to the growth rate with regard to height h as 593 

 
𝑑𝑟

𝑑ℎ
=

𝑑𝑟

𝑑𝑡

𝑑𝑡

𝑑ℎ
= −

𝑑𝑟

𝑑𝑡

1

𝑉(𝑟)
= −

𝐸𝑐

4𝜌𝑤
𝑞𝑐  .   (A2) 594 

Dividing (A2) by r, the following equation was obtained: 595 
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𝑑𝑟

𝑟
= −

𝐸𝑐

4𝜌𝑤

𝑞𝑐

𝑟
𝑑ℎ      .                            (A3) 596 

By assuming  597 

𝑑𝑍𝑒

𝑍𝑒
= 𝛼

𝑑𝑟

𝑟
    ,                                        (A4) 598 

𝑑𝜏𝑑 ≈ −
3

2

1

𝜌𝑤

𝑞𝑐𝑑ℎ

𝑟
   ,                             (A5) 599 

they obtained 600 

𝑑𝑍𝑒

𝑍𝑒
≈

𝛼

6
𝐸𝑐𝑑𝜏𝑑     ,                                 (A6) 601 

where Ze is the radar reflectivity, and d is the optical depth from the cloud top. Suzuki 602 

and Stephens [2008] showed thatis 6 when the number concentration of droplets is 603 

conserved and thatis 3 when the mass concentration of droplets is conserved. The 604 

former and the latter situations correspond to condensation and coalescence processes, 605 

respectively. Suzuki et al. [2010] derived the following equation by assuming that 606 

ranges between 3 and 6:   607 

  𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
≤ 𝐸𝑐 ≤ 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
     .                    (A7) 608 

The derivation of (A7) in Suzuki et al. [2010] is based on the following assumptions: 609 

(1) a continuous  collection process for falling raindrops; and 610 

(2) the representative radius of raindrops, the representative radius of cloud droplets, and 611 

the effective particle radius are roughly the same (r in (A3) is the radius of a falling 612 

raindrop. r in (A4) is the effective radius of droplets in cloud. (A5) is derived by 613 

assuming that representative radius of cloud droplets and effective radius are roughly 614 

same). 615 

(A7) is correct in only situations in which assumptions (1) and (2) are correct. 616 

617 
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Table 1. Parameters for the two cases of CCN. 732 

Case N0(1) 

[cm-3] 
ln1) D0(1) 

[m] 
 N0(2) 

[cm-3] 
ln2) D0(2) 

[m] 


CCN2 545.4 0.8 0.05 0.6 0.68 0.6 1.05 0.1 

CCN4 109.1 0.8 0.05 0.6 0.14 0.6 1.05 0.1 

 733 

 734 

 735 
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 737 
Table 2. Number concentration (Nd) and mode radius (Rm) of cloud droplets and 738 

raindrops at the center of cloud base at 15 min, and accumulated surface rainfall 739 

averaged in the domain (AR) at 75 min for cloud W1 and W3 with CCN2 and 740 

CCN4.  741 

 742 

Case Nd [cm-3] Rm[m] AR [mm] 

W1_CCN2 265 8.5 0.18 

W1_CCN4 66 16 0.23 

W3_CCN2 426 14 1.24 

W3_CCN4 94 20 1.49 

 743 
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 826 

Figure 1. Wind field pattern of peak stage of updraft velocity at 15 min. The values 827 

of velocity at the center of cloud are shown in Figure 2. 828 

 829 

 830 

 831 

  832 
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 833 
 834 

Figure 2. (a)Vertical profiles of updraft velocity at the centers of clouds W1 and 835 

W3 at 15 min. (b)Time evolutions of maximum updraft velocity at the centers of the 836 

two clouds W1 and W3.  837 
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 838 

 839 

 840 

Figure 3. Initial vertical profiles of potential temperature (broken line) and 841 

temperature (solid line) (a) and relative humidity (b) for clouds W1and W3.  842 
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 843 

 844 

 845 

Figure 4. Temporal changes in surface rainfall rate averaged over the domain for 846 

the cases of W1_CCN2 (red line; weak updraft and continental CCN), W1_CCN4 847 

(black line; weak updraft and maritime CCN), W3_CCN2 (blue line; strong updraft 848 

and continental CCN), and W3_CCN4 (green line; strong updraft and maritime 849 

CCN).  The timings at which the pattern of the relationships between horizontally 850 

averaged reflectivity Zm and optical depth from cloud topd expressed by arrow B 851 

in Figures 5 and 6 is initiated in the four cases are shown by the arrows. 852 

 853 

  854 
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 855 

     856 

 857 
 858 

Figure 5. Relationships between horizontally averaged reflectivity Zm and optical 859 

depth from cloud topd in the case of continental CCN (CCN2; a, b, c, and d) and 860 

maritime CCN (CCN4; e, f, g, and h)  with weak updraft (W1). The time is 10.0 (a 861 

and e: black), 12.5 (a and e: red), 15.0 (a and e: green), 17.5 (a and e: blue), 20.0 (a 862 

and e: purple), 22.5 (b and f: black), 25.0 (b and f: red), 27.5 (b and f: green), 30.0 863 

(b and f: blue), 32.5 (b and f: purple), 35.0 (c and g: black), 37.5 (c and g: red), 40.0 864 

(c and g: green), 42.5 (c and g: blue), 45.0 (c and g: purple), 47.5 (d and h: black), 865 

50.0 (d and h: red), 52.5 (d and h: green), 55.0 (d and h: blue), and 57.5 (d and h: 866 

purple) min.  The lines on the left-hand side express the slope factor defined in 867 

Suzuki et al. [2010]. 868 
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 869 
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 871 
Figure 6.  Same as Figure 5 except for strong updraft (W3).  872 

  873 
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 874 

 875 

 876 

Figure 7.  Relationships between horizontally averaged reflectivity Zm and optical 877 

depth from cloud topd at 0.5-min intervals in the case of continental CCN (CCN2; 878 

a, b, c, d, e and f) and maritime CCN (CCN4; g, h, i, j, k and l) with the weak 879 

updraft (W1; red) and the strong updraft (W3; blue). The data are classified into six 880 

categories by effective radii near the cloud top (5-10 m; a and g, 10-15 m; b and 881 

h, 15-20 m; c and i, 20-25 m; d and j, 25-30 m; e and k, 30-40 m; f and l). 882 
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 884 



 46 

Figure 8. Relationships between the radar reflectivity at the center of cloud 885 

Zc and optical depth from cloud top d at 20.0 min (a), 27.5 min (b), 32.5 min (c), 886 

and 40.0 min (d) in the case of maritime CCN (CCN2) with weak updraft (W1).  887 

Size distributions of cloud droplets and raindrops at the center of cloud correspond 888 

to the height of circles in the left panels at 20 min (e), 27.5 min (f), 32.5 min (g), and 889 

40.0 min (h). Colors of size distributions correspond to colors of circles in the right 890 

panels.  891 
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 892 
 893 

 894 

 895 

Figure 9. Vertical profiles of auto-conversion rate [g kg-1 s-1] (red line) and 896 

accretion rate [g kg-1 s-1] (blue line) at the center of the cloud, in the early stage 897 

(solid lines; time is 27.5 min (a), 20.0 min (b), 15.5 min (c), and 12.5 min (d)) and 898 

the later stage (broken lines; time is 35.0 min (a), 27.5 min (b), 27.5 min (c), and 899 

20.0 min (d)) for the cases of W1_CCN2 (a), W1_CCN4 (b), W3_CCN2 (c), and 900 

W3_CCN4 (d).   901 
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902 

 903 

Figure 10.  Vertical profiles of horizontally averaged bulk collection efficiency Ecm 904 

(closed circle) and slope factor (open circle) for the cases of maritime CCN (a, b, 905 

and c) and continental CCN (d) with weak updraft W1. Time is 22.5 (a: black), 25.0 906 

(a: red), 27.5 (a: green), 30.0 (a: blue), 32.5 (a: purple), 35.0 (b: black), 37.5 (b: 907 

red), 40.0 (b: green), 42.5 (b: blue), 45.0 (b: purple), 47.5 (c and d: black), 50.0 (c 908 

and d: red), 52.5 (c and d: green),  55.0 (c and d: blue), and 57.5 (c and d: purple) 909 

min. 910 

  911 
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912 

 913 

Figure 11.  Vertical profiles of horizontally averaged bulk collection efficiency Ecm 914 

(closed circle) and slope factor (closed triangle) for the cases of maritime CCN (a, b, 915 

and c) and continental CCN (d, e, and f) with strong updraft W3. Time is 22.5 (a 916 

and d: black), 25.0 (a and d: red), 27.5 (a and d: green), 30.0 (a and d: blue), 32.5 (a 917 

and d: purple), 35.0 (b and e: black), 37.5 (b and e: red), 40.0 (b and e: green), 42.5 918 

(b and e: blue), 45.0 (b and e: purple), 47.5 (c and f: black), 50.0 (c and f: red), 52.5 919 

(c and f: green),  55.0 (c and f: blue), and 57.5 (c and f: purple) min. 920 
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 921 

922 

 923 

Figure 12. The relationships between horizontally averaged bulk collection 924 

efficiency Ecm and slope factor for the cases of maritime CCN (a, b, and c) and 925 

continental CCN (d) with weak updraft W1. The blue lines express  𝐸𝑐𝑚 =
𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  926 

and  𝐸𝑐𝑚 = 2
𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
   . Time is the same as in Figure 10. 927 

 928 
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 929 

930 

 931 

 932 

Figure 13. The relationships between horizontally averaged bulk collection 933 

efficiency Ecm and slope factor for the cases of maritime CCN (a, b, and c) and 934 

continental CCN (d, e, and f) with strong updraft W3. The blue lines express  𝐸𝑐𝑚 =935 

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
  and  𝐸𝑐𝑚 = 2

𝑑 𝑙𝑛𝑍𝑚

𝑑𝜏𝑑
   . Time is the same as in Figure 11. 936 
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 938 

Figure A1. Spatial distributions of the radar reflectivity Z (dBZ) in cases of weak 939 

updraft W1 with maritime CCN (CCN4: a, b, c, and d) and with continental CCN 940 

(CCN2: e, f, g, and h) at 20, 30, 40, and 50 min.  941 

  942 
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 943 

Figure A2. Spatial distributions of the radar reflectivity Z (dBZ) in cases of strong 944 

updraft W3 with maritime CCN (CCN4: a, b, c, and d) and with continental CCN 945 

(CCN2: e, f, g, and h) at 20, 30, 40, and 50 min.  946 

 947 




