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Abstract The relationship between the layer-mean radar reflectivity, Ze, and the columnar effective particle
radius, Re, in evolving shallow warm clouds was investigated by numerical experiments using a hybrid cloud
microphysical model and a forward simulator of satellite measurements. Changes in the cloud/rain droplet size
distributions were traced in a kinematically driven warm cloud for various values of number concentration of
cloud condensation nuclei (CCN) and maximum updraft velocity. In contrast to previous interpretations of the
observed data, we found four paths for the relationships between Ze and Re during the lifetime of a warm
cloud. In the first path, both Ze and Re increase with an approximate sixth-power dependency, indicating a
stage of condensational growth of droplets without raindrops in the cloud. In the second path, only Ze increases
rapidly, while Re remains almost constant (Resecond), indicating a stage in which few raindrops emerge in the
cloud before appreciable precipitation occurs at the surface. This second path was newly identified in this study.
In the third path, Re increases rapidly while Ze does not change greatly, indicating a stage of coalescence of
droplets. Precipitation reaches the surface at the end of the third path. In the fourth path, both Ze and Re
decrease, indicating a greater contribution of raindrop evaporation and weakening or termination of
precipitation. The maximum values of Ze and Re and the constant value of Resecond for the second stage
depend on the CCN number concentration and the updraft velocity.

1. Introduction

Warm liquid clouds are of great importance to the climate of our planet due to their effects on radiation and
precipitation. These effects are substantially influenced by the microphysical processes responsible for
particle growth, which determine a cloud’s microphysical structure. Obtaining a process level understanding
of how particle growth occurs within these clouds is thus important.

The recent emergence of multisensor satellite measurements has provided unprecedented observational data,
which researchers have begun to employ to obtain new insights into microphysical processes. The A-Train
constellation of satellites [Stephens et al., 2002; L’Ecuyer and Jiang, 2010] includes passive- and active-type
sensors and has the unique capability of simultaneously measuring various aspects of cloud-to-precipitation
processes. It offers a new opportunity to examine microphysical processes in more depth than has been
possiblewith passive sensors alone. Some recent studies have demonstrated this ability through analyses of the
multisensor instruments onboard the A-Train satellites. These instruments include the CloudSat/Cloud Profiling
Radar (CPR), the Aqua/Moderate Resolution Imaging Spectroradiometer (MODIS), and the Aqua/Advanced
Microwave Scanning Radiometer for the Earth Observing System (AMSR-E).

Suzuki and Stephens [2008], among others, devised a methodology of combining these satellite measurements
to probe microphysical particle growth processes. They proposed a way to combine the layer-mean radar
reflectivity Ze observed by CloudSat and the columnar effective particle radius Re estimated from a combined
microwave-shortwave analysis to depict the signatures of warm cloudmicrophysical processes. They employed
the CloudSat Geometrical Profiling Product, which provides data for the radar reflectivity profiles observed by
CPR onboard CloudSat. The profile was vertically averaged for warm cloud columns determined by cloud top
temperature higher than 273.15 K from MODIS measurement matched to the CloudSat CPR footprint. Re was
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estimated from shortwave-retrieved cloud optical depth and microwave-retrieved liquid water path according
to the method proposed by Masunaga et al. [2002]. They used MODIS cloud optical depth and AMSR-E liquid
water path for warm clouds matched to the CloudSat CPR footprint and interpreted the satellite-observed
relationship between Ze and Re in the context of microphysical particle growth processes, i.e., condensation
and coalescence. To consider regions of drizzle for the estimation of the relationship, Ze and Re (rather than
radar reflectivity and effective radius on the point) were used. This is different from the approach taken by
Rosenfeld and Lensky [1998], in which the cloud top effective radius of convective clouds was used to infer the
transition to precipitation by usingmultispectral analysis of satellite (advanced very high resolution radiometer)
images. When Ze and Re are related via a sixth-power dependency (Ze~NRe6), the number concentration N is
suggested to be constant, and the sixth-power relationship is interpreted to imply condensational growth
processes that conserve N. For coalescence processes, the radar reflectivity Ze theoretically depends on Re
through a cubic relationship (Ze~ qRe3) when the mass concentration q is constant. The cubic relationship is
then interpreted as a signature of coalescence. Suzuki and Stephens [2008] found that these theoretical
relationships paralleled the satellite-observed relationships between Ze and Re closely on a global scale and
interpreted them as signatures of these microphysical processes. The methodology was also applied to an
investigation of the aerosol effect on warm rain processes and to the evaluation of its representation in a global
cloud-resolving model [Suzuki et al., 2013].

Although these studies have hinted at process level signatures embedded in satellite observations, their
interpretations are subject to some key assumptions that cannot be validated with satellite observations
alone. These assumptions are that the droplet size distribution (DSD) of liquid clouds has a modified gamma
distribution and is included only in the Rayleigh scattering region. However, DSDs are not described by a
modified gamma distribution, in general [e.g., Warner, 1969], especially in regimes that include raindrops
(see Appendix A). If cloud droplets become larger, their scattering characteristics will be beyond the
Rayleigh scattering region and the Mie scattering effects must be counted. In addition, attenuation by
cloud droplets was not taken into account in interpreting the vertically averaged Ze.

Another uncertainty in interpreting the satellite-observed relationships between Ze and Re emerges from
their composition of statistical values of various types of warm cloud and life stage, each of which is
sampled as a “snapshot” by satellites. Because such snapshot-based composite statistics are not
guaranteed to manifest real process signatures, the manner in which the satellite-observed Ze-Re
relationship is established remains unknown. The Ze-Re relationship is expected to vary depending on
cloud microstructure. The cloud microstructure further depends on cloud and air mass types, which are
characterized by differing intensities, depths, and environmental cloud condensation nuclei (CCN)
conditions through condensational and coalescence growth of cloud droplets. The relationship also
can vary in the lifecycle of a single cloud.

To address these issues and to provide a more solid physical basis for the Ze-Re relationship, we examined
the microphysical mechanisms responsible for the Ze-Re relationship using a two-dimensional (2-D)
kinematic model with detailed representations of cloud microphysical processes. We also applied a
satellite signal simulator to the simulated results from the detailed microphysics model to take into
account Mie scattering and attenuation in the calculation of Ze. Through these analyses of the model
statistics corresponding to those from satellite observations, we aimed to obtain a more detailed
understanding of the satellite-observed Ze-Re relationship and its implication for understanding
fundamental cloud processes.

2. Method
2.1. Cloud Microphysical Model

The model used in this study is a hybrid microphysical cloud model with a two-moment bin method [Kuba
and Fujiyoshi, 2006; Kuba and Murakami, 2010] that was developed to estimate the number concentration
and size distribution of cloud droplets accurately, along with the effect of CCN on cloud microstructures.
The activation of CCN and the initial condensational growth were computed in a Lagrangian particle
framework using a parcel model. The solute effect of the CCN was taken into account, even after activation.
Because the maximum supersaturation experienced by an air parcel was estimated accurately, the number
of cloud droplets that can be activated was also estimated accurately. The simulated cloud droplet number
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concentrations were verified by comparison with observational data in the fifth World Meteorological
Organization cloud modeling workshop. This method precludes numerical diffusion of the droplet size
distribution. A time step of 0.05 s was adopted for the parcel model to calculate CCN activation and the
consequent condensational growth of droplets. This hybrid cloud microphysical model also uses a two-
moment bin method based on that of Chen and Lamb [1994] in a two-dimensional (2-D) grid model to
estimate condensation and coalescence with a semi-Lagrangian framework and to estimate sedimentation
and advection with an Eulerian spatial framework. This bin method was verified by comparison with
observational data in Chen and Lamb [1999] and Chen et al. [1997]. The DSD estimated by the parcel model
was used as the initial cloud droplet size distribution for the two-moment bin method.

We made several improvements to the hybrid microphysical cloud model of Kuba and Fujiyoshi [2006] in
Kuba and Murakami [2010]. To properly estimate multicoalescence in one time step, two schemes were
used. One is a general stochastic coalescence scheme for rare lucky coalescence between droplets, and the
other is a continuous coalescence scheme for frequent coalescence between a large drop and small
droplets (numerous small droplets are evenly shared by large drops), following the method reported in
Chen [1992]. If only the general stochastic coalescence scheme is used, a very short time step (e.g., 0.01 s) is
needed to avoid underestimation of coalescence growth due to the underestimation of multiple
coalescences in one time step. In this study, a 0.5 s time step was adopted for the bin method and 73 bins
were used to express a range of radii (1 μm to 4mm) for the activated cloud droplets and raindrops. In
addition, we adopted the coalescence efficiency proposed by Seifert et al. [2005] and a breakup scheme
based on that of Feingold et al. [1988] to estimate the collision breakup of raindrops. Details are described
in Kuba and Murakami [2010].

2.2. Kinematic Framework for Warm Cloud Evolution

The detailed microphysical cloud model described above was coupled to a kinematic framework developed
by Szumowski et al. [1998a] to simulate the evolution of a single warm cloud. The framework of Szumowski
et al. [1998a] was originally designed to test warm rain microphysical models. It was used in this study as a
well-tested benchmark case of warm rain evolution. The kinematic cloud model prescribed an evolving flow
and calculates the 2-D advection of temperature and water variables. The domain size was 9 km horizontally
and 3 km in height. The horizontal and vertical grid spacings were 50m. The time step for updating the tracer
advection was 3 s. The flow pattern showed low-level convergence, upper level divergence, and a narrow
updraft located in the center of the domain (Figure 1). The structure of the flow pattern was prescribed using
a simple analytical function. The ideal flow field was based on a case study from the Hawaiian Rainband
Project [Szumowski et al., 1998b]. This kinematic framework with a microphysical scheme predicts the
temporal and spatial evolution of water vapor, hydrometeors, and potential temperature explicitly using the
prescribed flow field and initial and boundary conditions of water vapor content and potential temperature.
The feedback from cloud to environment and turbulence effects were not taken into account. The advection
scheme was a modified version of that described by Smolarkiewicz [1984]. The simulated results using this
kinematic model with detailed microphysics were compared with observations and were found to
satisfactorily reproduce the radar reflectivity fields and drop spectra [Reisin et al., 1998]. We replaced the bulk
microphysical scheme in Szumowski’s original model with our hybrid microphysical model [Kuba and
Fujiyoshi, 2006; Kuba and Murakami, 2010].

Figure 1. Wind field pattern.
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By using such a simple kinematic framework without feedback from microphysics onto dynamics, we were
able to focus on the key physical processes involved in the formation of warm clouds [Szumowski et al.,
1998a]. Our model is capable of estimating the effects of CCN on cloud microstructure and warm rain
formation for a wide range of the parameter space. Therefore, the model is suitable for investigating the
satellite-observed Ze-Re relationship and its implications for understanding fundamental cloud processes.

There certainly are other important processes that cannot be investigated by this model with the simple
kinematic framework and our hybrid microphysical model. These include the effects of water loading, latent
heat feedback, and radiative-heating feedback on dynamics. Although such effects, caused by differences in
CCN, will be investigated using a full-coupled dynamic model such as that of Sato et al. [2012] in future work,
this study intends to focus on key microphysical processes that are isolated from complicated coupling to
dynamical processes, which makes it easy to interpret the simulated results in an attempt to obtain physical
insight into the microphysical processes responsible for the Ze-Re relationships.

Five cases of shallow convective cloud were used in this study. Figure 2a shows the vertical profiles of updraft
velocity at the center of cloud at 15min for these five cloud types (W1, W2, W3, S1, and S2). The cloud depths
of S1 and S2 were half those of W1–W3. Figure 2b shows the time evolution of the maximum updraft velocity
at the centers of the clouds. The updraft velocity was ended at 30min to avoid making the lifetime of cloud
unrealistically long. Figure 3 shows the initial vertical profiles of potential temperature, temperature, and
relative humidity for clouds W1, W2, and W3. These profiles were based on Szumowski et al. [1998a].

Figure 2. (a) Vertical profiles of updraft velocity at the centers of clouds W1, W2, W3, S1, and S2 at 15min. (b) Time evolu-
tions of maximum updraft velocity at the centers of the five clouds in Figure 2a.

Figure 3. Initial vertical profiles of (a) potential temperature (black) and temperature (red) and (b) relative humidity for
clouds W1, W2, and W3.
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The size distributions of CCN were assumed to be bimodal lognormal, such that
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where N0 (cm
�3) is the number concentration and D0 (μm) is the mode diameter of the CCN. The five kinds of

CCN used in this study are shown in Table 1. CCN1 and CCN2 are based on aircraft observational data taken in
polluted and normal air masses over Kochi Prefecture by the Meteorological Research Institute in the summer
of 2010. The chemical composition of these CCN is expressed using the hygroscopicity κ. We added three
CCN cases by decreasing the number of CCN2 for cleaner and maritime cases. We used 181 classes to express
a range of radii (0.009–9μm) for the CCN.

We simulated 25 cases (five cloud types (Figure 2) times five CCN types (Table 1)). Numerical simulations were
conducted for 75min. The depths of simulated clouds W1–W3 were ~1–2 km, and those of clouds S1 and S2
were ~0.5–1 km.

2.3. Layer-Mean Radar Reflectivity and Columnar Effective Particle Radius

Using numerical data produced by the kinematically driven simulation with the hybrid cloud microphysical
model, the layer-mean radar reflectivity Ze and columnar effective particle radius Re in Suzuki and Stephens
[2008] were calculated for time series of the 2-D snapshots. Suzuki and Stephens [2008] used the MODIS cloud
optical depth τc and AMSR-E liquid water path (LWP) retrieval products to obtain Re. In this study, Ze was
calculated using a radar simulator, whereas τc and LWP were calculated directly from the model output of the
size distribution functions of the liquid droplets.

Based on the simulated DSDs, the 94GHz radar reflectivity was calculated using the radar simulator
developed by Masunaga and Kummerow [2005] in the Joint Simulator for Satellite Sensors [Hashino et al.,
2013]. The assumption of Rayleigh scattering over the entire size distribution is not valid for raindrops of
~1mm or larger for the frequency. The main reason for using the radar simulator is that it can take into
account (1) Mie scattering and (2) attenuation with ready access to the Mie solution that describes absorption
and scattering of a spherical particle. The radar reflectivity was calculated for each mass bin in a volume
and integrated over the mass spectrum, exploiting the simulated size distribution. Then, the radar reflectivity
for a layer was calculated by considering attenuation due to hydrometeors above and within the layer
[see Masunaga and Kummerow, 2005, Appendix].

We define cloudy grid boxes as those with radar reflectivity Z>�27 dBZ. First, the horizontal mean
reflectivity (mm6m�3) in a layer is calculated from the cloudy grid points. Then, the horizontal mean
reflectivities are averaged vertically to obtain Ze. The value of Re is calculated as follows. First, the second and
third moments of the liquid particle size distribution at cloudy grid points are accumulated vertically to
calculate τc, assuming an extinction efficiency of 2, and LWP. The vertical mean effective radius (columnar
effective radius) Re' is then computed as [Masunaga et al., 2002]

Re′¼ 3LWP
2ρwτc

;

where ρw is the bulk density of liquid water. Because LWP and τc are the vertically integrated water mass and
cross section, respectively, the Re' defined above provides an estimate of the column-averaged effective
radius, as proposed by Masunaga et al. [2002], and is thus directly comparable to the layer-mean radar
reflectivity Ze in Suzuki and Stephens [2008] and Suzuki et al. [2013]. In this study, the values of Re' are then
averaged horizontally to obtain Re. The resolution of the two variables is 9 km, which is smaller than the
observations used in Suzuki and Stephens [2008] who used 2.5° grid boxes and closer to the analysis of

Table 1. Parameters for the Five Cases of CCN

Case N0(1) (cm
�3) lnσ(1) D0(1) (μm) κ(1) N0(2) (cm

�3) lnσ(2) D0(2) (μm) κ(2)

CCN1 5126.3 0.85 0.04 0.1 2.59 0.7 0.92 0.1
CCN2 545.4 0.8 0.05 0.6 0.68 0.6 1.05 0.1
CCN3 272.7 0.8 0.05 0.6 0.34 0.6 1.05 0.1
CCN4 109.1 0.8 0.05 0.6 0.14 0.6 1.05 0.1
CCN5 54.54 0.8 0.05 0.6 0.068 0.6 1.05 0.1
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Suzuki et al. [2013], who used a native CloudSat resolution of ~1.75 km. To compare our results with those in
Suzuki and Stephens [2008] and Suzuki et al. [2013], the horizontally averaged values are used in this study.

Ze and Re are calculated in the same area, with Z>�27 dBZ, to analyze their relationship. Because the CPR
cannot observe, due to the surface scattering, the levels within ~1 km of the surface, including the light
precipitation area out of clouds, Ze may have been overestimated in that area. However, we found that the
effect of the overestimation of Ze is not so large that the conclusions of this study would be invalid.

3. Results

Amajor advantage of our model is the calculation of DSDs at each grid point for each time step (see Appendix A).
As an example, the number concentrations (Nd) andmode radii (Rm) of cloud droplets and raindrops at 15min at
the center of cloud W1 with CCN1, CCN2, CCN3, CCN 4, and CCN5 1.25 km above cloud base are shown in
Table 2. The cloud droplet number concentration for cloud W1-CCN4 was that of typical maritime cumuli
[Pruppacher and Klett, 1997, Figure 2–9]. The values in the cases of CCN3, CCN4, and CCN5 in Table 2 are similar
to the observed values in Szumowski et al. [1998b]. The effect of CCN (from polluted continental to clean
maritime) on DSD is illustrated in Table 2. As expected, a larger number of CCN leads to a smaller mode radius
and a smaller rainfall amount (accumulated surface rainfall averaged over the domain; AR in Table 2).

Figure 4a shows the relationships between Ze and Re at 30 s intervals in cloud W1 with CCN1 (green), CCN2
(purple), CCN3 (light blue), CCN4 (red), and CCN5 (blue) over the course of 75min simulations. Closed circles
show a light or no drizzle regime with a surface precipitation rate< 0.1mmh�1. Crosses show the normal rain
regime with a surface precipitation rate> 0.1mmh�1 in each case; these are surrounded by ellipses to make
them easy to see. The arrows express the sequence of time evolution. Figure 4a shows that the lifetimes ofwarm
clouds have four kinds of Ze-Re relationship. In the first relationship, both Ze and Re increase roughly following
a sixth-power dependency. In the second path, Ze increases rapidly but Re remains almost constant. Hereafter,
the almost constant value of Re will be denoted as Resecond. In the third path, Re increases while Ze does not
change substantially. In the fourth path, both Ze and Re decrease. Figure 4a also shows that a smaller CCN
number led to larger maximum values of Re and Ze and a larger value of Resecond in the second stage.

For comparison with the simulated results of the differing CCN conditions, Figures 4b and 4c show the joint
probability distribution of the seasonally accumulated Ze and Re obtained from the satellite analysis of Suzuki
et al. [2013] for pristine (aerosol index (AI) = 0.01–0.1) and polluted (AI = 0.3–1.0) aerosol conditions, respectively.
The resolution of the original data of Figures 4b and 4c is ~1.75 km. Figures 4b and 4c were constructed using
14,171 and 686 data points, respectively. Because Suzuki et al.’s [2013] target was a shallow warm cloud over the
ocean, cloudW1 in this studywas appropriate for comparison. The dots in Figure 4a are spread over a similar area
as that shown in Figure 4b. The solid and dashed lines show sixth-power and cubic dependencies, respectively.
Suzuki et al. [2013] described two relationships in Figures 4b and 4c. In one relationship, Ze varies approximately
with Re following the sixth-power dependency for Ze<�5 dBZ (Figure 4c), suggesting that the condensational
growth process is dominant in the polluted aerosol condition. In the other relationship (Figure 4b), Ze tends to
have a cubic dependence on Re for Ze>�5 dBZ, implying that coalescence is the dominant particle growth
process in the pristine aerosol condition. Because the probability distribution does not show a time sequence,
interpretation from the evolution of cloud microphysical processes is not straightforward, as discussed in
section 1. Unlike the case for the observations, we can trace the change in the Ze-Re relationship as the warm
cloud evolves in Figure 4a. In our results, no clear cubic dependency was evident.

Figures 4b and 4c reveal that Re expands to 90μm in the pristine case and 40μm in the polluted case. Our
simulation results agree with these data. In Figure 4a, the green dots and purple dots (several parts of these

Table 2. Number Concentration (Nd), Mode Radius (Rm) of Cloud Droplets 1.25 km Above Cloud Base at 15min, and
Accumulated Surface Rainfall Averaged in the Domain (AR) at 75min for CloudW1With CCN1, CCN2, CCN3, CCN4, or CCN5

Case Nd (cm
�3) Rm (μm) AR (mm)

CCN1 891 5.3 0.005
CCN2 313 8.6 0.179
CCN3 158 10 0.204
CCN4 52 16 0.225
CCN5 27 18 0.230
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appear as a line because of high concentration) corresponding to the polluted case are spread over an area
comparable to that shown in Figure 4c. Suzuki et al. [2013] also argued that the majority of data in the pristine
case followed a cubic relationship, implying that coalescence was dominant. However, our results (Figure 4a)
showed that coalescence did not lead to a cubic relationship for the third path, in which Re increased rapidly,
implying that the coalescence process was dominant. In the case of a smaller CCN number, Re increasedmore
rapidly, reaching a larger value in a shorter time by coalescence. The satellite-observed joint probability
density functions depend on the probability of appearance of a variety of cloud types and life stage, and thus
do not necessarily express evolution of the microphysical process. The shapes of the purple contour of the
joint probability density functions in Figures 4c and 4b appear to correspond to the second and third paths in
Figure 4a, to neither a sixth-power nor cubic-power dependency.

Suzuki and Stephens [2008] noted that a coherent transition in particle growth from condensation to
coagulation occurs around a Ze of �10 dBZ and Re of 20μm and that the transitional change in the Ze-Re
dependency around those values is expected to coincide with the transition from no rain to the existence of
rain. However, we found that surface rainfall rates> 0.1mmh�1 appeared only in the third and fourth stages
(crosses surrounded by ellipses in Figure 4a). The tracks of the dots of each case did not follow the simple
sixth-power or cubic dependency mentioned in Suzuki and Stephens [2008]. Suzuki and Stephens [2008]
assumed that surface precipitation occurs for Ze>�10 dBZ. However, our results showed that it occurs for
Ze> 0 dBZ and Re> 10μm, but these states did not always accompany surface precipitation.

To analyze the relationship between the bulk parameters Ze and Re in Figure 4a, the radar reflectivity Z and
effective radius R at each grid point needed to be investigated, because the pair of values of Ze and Re in
Figure 4a was calculated from the spatial distributions of Z and R at each time step. Figure 5 shows the
distributions of Z and R for cloud W1-CCN4; Figures 5a and 5g show the middle of the first stage at 11min,
Figures 5b and 5h show the end of the first stage at 19.5min, Figures 5c and 5i show the end of the second

Figure 4. (a) Relationships between Ze and Re at 30 s intervals for cloudW1with CCN1 (green), CCN2 (purple), CCN3 (light blue),
CCN4 (red), and CCN5 (blue) over the course of 75min simulations. The closed circles show a light or no drizzle regime
for a surface precipitation rate< 0.1mmh�1. The crosses show the normal rain regime for a surface precipitation rate
0.1mmh�1 in each case; these are surrounded by ellipses to enhance their visibility. Arrows express the sequence of
time evolution. (b) Joint probability distribution of the seasonally accumulated Ze and Re obtained from the satellite
analysis of Suzuki et al. [2013] for the pristine CCN condition (aerosol index (AI) = 0.01–0.1). The number of data points
N is 14,171. Contours show the ratios of the data points included in the constant area (ΔZe = 2 dBZ, Δlog10Re = 0.1) to
N, which are transformed to % (ΔZe = 1 dBZ, Δlog10Re = 1): 2.5 (purple), 5 (blue), 10 (green), 15 (yellow), and 20 (red).
(c) Same as Figure 4b but for the polluted CCN condition (AI = 0.3–1.0). The number of data points N is 686. The solid lines
and dashed lines show sixth-power and cubic dependencies, respectively.
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stage at 27min, Figures 5d and 5j show the pattern when Ze reached a maximum value at 29.5min, Figures 5e
and 5k show the patternwhen Re reached amaximumvalue at 38min, and Figures 5f and 5l show themiddle of
the fourth stage, when precipitation weakened, at 60.5min. The distributions of Z and R (Figure 5), the temporal
change in the surface rainfall rate averaged over the domain (not shown here), and the temporal change in the
DSD on the grid points were used for analysis of the stages for four different paths. We found that the first path
indicates a stage in which the condensational growth of droplets is dominant, and no raindrops are present in
clouds. This includes the time when the upward vertical motion reaches its maximum at 15min. The second
path indicates a stage inwhich few raindrops appear in clouds, and no precipitation occurs at the surface. In this
stage, in the area with Z>�27dBZ, a few raindrops appeared and grew along with numerous small cloud
droplets. In this situation, R and Re did not increase because the small cloud droplets are sufficiently abundant
to keep the total cross-section areas large, but Z and Ze increased because the initial raindrops contribute to it
by the sixth-power radius. (The large values of R are found outside of the area with Z>�27 dBZ in Figures 5c
and 5d. A very few raindrops made from giant CCN fall near the ground, but these do not lead to surface
precipitation larger than 0.1mmh�1 in this stage.) This characteristic is illustrated more clearly in Figure 6a,
which shows the DSDs at the center of cloud 2 km above ground. The black and red lines show the size

Figure 5. (a–f ) Effective radius R and (g–l) radar reflectivity Z for cloud W1-CCN4 in the first stage (11min; Figures 5a and
5g), end of the first stage (19.5min; Figures 5b and 5h), end of the second stage (27min; Figures 5c and 5i), when Ze reaches
a maximum value (29.5min; Figures 5d and 5j), when Re reaches a maximum value (38min; Figures 5e and 5k), and in the
fourth stage (60.5min; Figures 5f and 5l).
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distributions at 22.0 and 25.5min, respectively. More raindrops appear at 25.5min than at 22.0min. The values
(R, Z) of these are (19.0,�14.0) and (22.6, 9.4) at 22.0 and 25.5min, respectively, illustrating that only Z increases
greatly during this 3.5min because of the initiation of raindrop generation.

Figures 5c and 5i show that an effective radius ~20μm is sufficiently large to initiate an effective raindrop
formation. Freud and Rosenfeld [2012] showed the existence of the critical effective radius, which is considered
to be a threshold value triggering raindrop formation, both theoretically and observationally. They showed that
the mean collection kernel of coalescence increases significantly with the effective radius when the effective
radius exceeds ~14μm. Figure 4a shows that the values of Resecond are 8.5, 11.3, 14.0, 16.6, and 18.6μm for the
cases of CCN1, CCN2, CCN3, CCN4, and CCN5, respectively. The values of Resecond of the cases with precipitation
(CCN2, CCN3, CCN4, and CCN5) are near 14μm. The value of Resecond of the case without precipitation (CCN1) is
much smaller than 14μm. Figure 4a also shows that the values become larger in the casewith a smaller number
of CCN. The rate of coalescence depends on both the collection kernel and cloud droplet number
concentration. A smaller number concentration of cloud droplets leads to a larger critical effective radius. This
tendency can be seen in Rosenfeld et al. [2012, Figure 2]. In the case of CCN5, a very low number concentration
of cloud droplets (27 cm�3, as shown in Table 2) leads to a larger value of Resecond (18.6μm). Considering that
Resecond is the columnar effective radius (not the effective radius at the grid point) and does not show the
accurate critical effective radius, our results are in rough agreement with those of Freud and Rosenfeld [2012].

The third path corresponds to a stage in which the coalescence process is dominant. Figure 6b shows the cloud
DSDs at the center of cloud 1.6 km above ground at this stage. The black and red lines show the size distributions
at 29.5 and 38.0min, respectively. The values (R, Z) of these are (55.7, 9.8) and (96.1, 10.8) at 29.5 and 38.0min,
respectively, showing that only R increases greatly during the 8.5min. The number concentration of cloud
droplets whose radii are close to the mode radius decreases. This leads to a reduction in the total cross-section
area and thereby increases R. The number concentration of large raindrops (> 600μm) decreases due to
sedimentation, and the mode shifts to a smaller radius. These changes in the size distribution lead to a large
increase in effective radius and a small change in reflectivity. Precipitation began to reach the surface at the end of
this stage. The fourth path is a stage in which evaporation is a major process, and precipitation weakens or ends.

To study the relationships between Ze and Re for various clouds, numerical sensitivity experiments for 25
cases (five kinds of cloud (Figure 2) times five cases of CCN (Table 1)) were performed. Figure 7a shows the
relationships between Ze and Re at 30 s intervals over the course of 75min simulations for all 25 cases. The
arrows show the sequence of time evolution. Figures 7b and 7c are the same as Figure 7a but for cases
without and with surface precipitation, respectively. Figures 7b and 7c show that Re increases greatly in the
third stage of clouds with surface rainfall but does not increase sufficiently in clouds without surface rainfall.
In the cases of clouds without surface rainfall, a large number of cloud droplets or small LWP interferes with
the increase of effective radius of droplets. Without a sufficient increase in effective radius that leads to
droplets with significant collision efficiency, raindrops cannot be generated.

Figure 8 is the same as Figure 4a but for clouds W2 (Figure 8a), W3 (Figure 8b), S1 (Figure 8c), and S2
(Figure 8d) with CCN1 (green), CCN2 (purple), CCN3 (light blue), CCN4 (red), and CCN5 (blue). Figure 7a is the

Figure 6. (a) Cloud droplet size distributions at the center of cloud 2 km above ground at 22.0min (black) and 25.5min
(red). (b) Cloud droplet size distributions at the center of cloud 1.6 km above ground at 29.5min (black) and 38.0min (red).
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aggregate of Figures 4a, 8a, 8b, 8c, and 8d. Figure 8 shows that a larger number of CCN leads to smaller
maximum values of Re and Ze for the same clouds. The value of Resecond for the second stage (only Ze
increases rapidly) becomes larger for the cases with a smaller number of CCN. Figure 8 also shows that larger
updraft velocity leads to smaller effective radius for the same cloud depth and CCN number because of the
larger cloud droplet number produced by the more enhanced activation process under larger updraft
velocity (compare Figures 8a and 8b or Figures 8c and 8d).

Figure 7. (a) Relationships between Ze and Re at 30 s intervals for all 25 cases. Arrows show the sequence of time evolution.
(b) Same as Figure 7a but for cases without surface precipitation. (c) Same as Figure 7a but for cases with surface precipi-
tation. The solid lines and dashed lines show sixth-power and cubic dependencies, respectively.

Figure 8. Same as Figure 4a but for clouds (a) W2, (b) W3, (c) S1, and (d) S2 with CCN1 (green), CCN2 (purple), CCN3 (light
blue), CCN4 (red), and CCN5 (blue).
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4. Summaries and Discussion

Because the reproduction of small convective clouds is an important issue for reducing uncertainty in
sensitivity to changes in the environment [Bony and Dufresne, 2005; Noda et al., 2010], improvement of the
microphysical processes of the bulk microphysical models installed in cloud-resolving models is essential.
Satellite observation of the relationship between Ze and Re can be used to evaluate microphysical process
representations of the bulk microphysical models. In the process, however, it is essential to understand the
microphysical processes embedded in Ze and Re. We believe that the 2-D kinematic framework with the
hybrid cloud microphysical bin model is useful for this purpose, as shown in this study.

The relationships between the layer-mean radar reflectivity Ze and the columnar effective particle radius Re
for the evolution of shallow warm clouds were examined by numerical experiments using a hybrid cloud
microphysical bin model and a simulator for satellite sensors. Changes in the cloud/rain droplet size
distribution were traced for a kinematically driven warm cloud for various values of the number
concentration of CCN and the maximum updraft speed.

In contrast to previous interpretations of the observed data, four paths for the relationships between Ze and
Re were identified during the lifetime of a simulated warm cloud. In the first path, both Ze and Re increased
roughly following a sixth-power dependency, indicating a stage of condensational growth of droplets
without raindrops in the cloud. In the second path, only Ze increased rapidly while Re remained almost
constant (Resecond), indicating a stage in which a few raindrops emerged in the cloud before appreciable
precipitation occurred at the surface. This second path was newly identified in this study. In the third path, Re
increased while Ze did not change substantially, indicating that the coalescence process was dominant.
Precipitation reached the surface at the end of the third path. In the fourth path, both Ze and Re decreased,
indicating that the evaporation of raindrops contributed more and precipitation weakened and terminated.
The maximum values of Ze and Re and the constant value of Resecond for the second stage depended on the
CCN number concentration and updraft velocity.

The interpretations for the sixth-power and cubic dependencies in Suzuki and Stephens [2008] and Suzuki
et al. [2013] are based on the assumptions that the DSD of the liquid cloud is a modified gamma distribution
and that the backscattering from the cloud is in the Rayleigh scattering regime with no attenuation. To
estimate the effect of neglecting Mie scattering and attenuation, Ze was calculated using Z from the Joint
Simulator with the effect of only Mie scattering (Figure 9a), with the effects of both Mie scattering and
attenuation (Figure 9b), without the effects of both Mie scattering and attenuation (Figure 9c), and with the
effect of only attenuation (Figure 9d). Figure 9b is the same as Figure 4a (includes the effects of Mie scattering
and attenuation). The effect of attenuation is found to be larger than the effect of Mie scattering. Although a
rough sixth-power dependency is seen in the first path, no clear cubic dependency is found, even in
Figure 9c. The green dots showing the polluted case (these have the appearance of a line because of high
concentration) in the first path in Figure 9c show a smaller slope than a sixth-power dependency. Figure 9
shows that the assumption of the size distribution as a modified gamma distribution with a constant μ value
in a gamma function Γ(μ) would not be valid even if the effects of Mie scattering and attenuation could be
neglected. The difference between Figures 9a and 9b or between Figures 9c and 9d shows that the
contribution of attenuation to the relationship between Ze and Re is so large that it cannot be neglected.

Ze and Re are bulk parameters and can be derived from observational data by satellite sensors. Therefore,
information on the relationship between Ze and Re can improve microphysical process representations of
bulk microphysical models installed in cloud-resolving models. Although the kinematic model used in this
study was very simple, it included a bin microphysical model with an accurate scheme for estimating CCN
activation. Therefore, the analysis of cloud microphysical processes implied in observational data is useful, as
shown in this study. However, the relationship between Ze and Re, a target of this study, was based on
column-averaged properties of cloud microphysics, and the vertical structure information of the clouds was
therefore smeared out. Suzuki et al. [2010] proposed a new approach to investigating vertical microphysical
structures and their variations by exploiting the vertical profile information obtained from CloudSat. Because
the methodology probed the process signatures in more depth, performing numerical experiments with a
hybrid cloud microphysical bin model in this study would be useful for the interpretation of this vertical
structure information. Sato et al. [2012] showed that such an analysis based on their three-dimensional model
with spectral bin microphysics was useful to investigate microphysical processes in a manner that was
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directly comparable to satellite observations. We plan to perform a follow-up analysis of this study with our
model based on a more sophisticated treatment of CCN nucleation processes, to better represent the aerosol
effect on microphysics.

Appendix A

A major advantage of our model is the calculation of cloud droplet size distributions (DSDs) at each grid point
for each time step. Here we show some examples for simulated DSDs from different parts of the clouds.
Figure A1 shows the DSDs of cloud W1 with CCN2 at several heights from cloud base (H) and several distances

Figure 9. Same as Figure 4a but Ze was calculated using Z from the Joint Simulator (a) with the effect of only Mie scattering,
(b) with the effects of both Mie scattering and attenuation, (c) without the effects of both Mie scattering and attenuation,
and (d) with the effect of only attenuation. Figure 9b is identical with Figure 4a.
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Figure A1. Cloud droplet size distributions of cloudW1 with CCN2 at 25min. (a) The distance from the center of cloud (D) is
0 km, and the heights from cloud base (H) are 0.0 (black), 0.25 (red), 0.75 (green), 1.25 (blue), and 1.80 km (light blue). The
number concentrations of cloud droplets are 55.1 (black), 58.0 (red), 61.8 (green), 61.2 (blue), and 0.74 cm�3 (light blue).
(b) H is 1.25 km and D is 0.0 (black), 0.25 (red), 0.50 (green), 0.75 (blue), or 1.00 km (light blue). The number concentrations
of cloud droplets are 61.2 (black), 60.5 (red), 66.7 (green), 69.4 (blue), and 0.16 cm�3.
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from the center of cloud (D) at 25min. Figure A1a shows the vertical change at D=0 km, where the size
distribution function is sampled at H=0.0 (black), 0.25 (red), 0.75 (green), 1.25 (blue), and 1.80 km (light blue).
The corresponding number concentrations are 55.1 (black), 58.0 (red), 61.8 (green), 61.2 (blue), and 0.74 cm�3

(light blue). Figure A1b shows the horizontal change at H=1.25 km, where size distribution function is sampled
at D=0.0 (black), 0.25 (red), 0.50 (green), 0.75 (blue), and 1.00 km (light blue). The corresponding number
concentrations are 61.2 (black), 60.5 (red), 66.7 (green), 69.4 (blue), and 0.16 cm�3 (light blue). The mode radius
of cloud droplets and the number of raindrops depend on the cloud droplet number and the lapse time from
the activation of cloud droplets, and the cloud droplet number depends on the updraft velocity that the air
mass experiences at cloud base. As expected, the mode radius of cloud droplets and the number of raindrops
increases with height. In the region near the cloud top, large raindrops decrease because of precipitation, and
cloud droplets decrease and reduce because of evaporation. The difference in DSDs in Figure A1b is caused by
the difference in updraft velocity that the air mass experiences at cloud base. In the region near the cloud edge,
the radii and number of cloud droplets decrease because of evaporation. Figure A1 shows that the DSDs are
generally not described by a modified gamma distribution, especially in regimes that include raindrops.

Gerber et al. [2008] showed the evolution of DSDs measured during one flight of the Rain in Cumulus over the
Ocean (RICO). While the mode radii of those size distributions at each level above cloud base are almost
10μm, Figure A1a shows that the mode radius increases with height. This occurs because our model cannot
estimate the entrainment and activation of new CCN in cloud, which are dominant in the RICO case. However,
the similarity between Figure 4a and the combination of Figures 4b and 4c suggests that our simple model
can reproduce basic microphysical properties well. The effects of the entrainment and activation of new CCN
in cloud will be taken into account in the future studies.
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