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Abstract 28 

This study presents the development and evaluation of TCWA2, a double-moment bulk cloud 29 

microphysics scheme designed for weather forecasting that incorporates radar observations at 30 

the Taiwan Central Weather Administration. By simplifying the triple-moment NTU 31 

microphysics scheme, TCWA2 retains a gamma-type particle size distribution with variable 32 

spectral parameters, diagnoses hydrometeor-associated physical properties, revises number 33 

sinks due to evaporation loss, and implements theoretically based fall-speed formulations that 34 

account for particle density and aspect ratio. To connect bulk microphysics parameterizations 35 

with radar-based diagnostics, TCWA2 is coupled with a customized bulk dual-polarization 36 

radar operator derived from offline bin-based scattering calculations under the Rayleigh 37 

approximation. This integrated microphysics–radar system provides an internally consistent 38 

representation linking particle-size distribution characteristics, hydrometeor morphology, 39 

sedimentation processes, and bulk radar observables.  40 

The intrinsic behavior of TCWA2 is first examined through two-dimensional idealized squall-41 

line simulations in the Weather Research and Forecasting (WRF) model, which reveal realistic 42 

microphysical structures and coherent polarimetric radar signatures. The scheme is further 43 

assessed through a real-case simulation of an afternoon convective event using the Model for 44 

Prediction Across Scales (MPAS), with validation against observed dual-polarization radar 45 

measurements. The joint distributions of radar reflectivity and polarimetric variables show 46 

good agreement with observations, with pattern correlations exceeding 0.9 across three altitude 47 

layers, indicating that TCWA2 can reproduce key microphysical features in radar signatures. 48 

Therefore, TCWA2 offers a physically consistent and computationally practical framework for 49 

integrating bulk cloud microphysics with dual-polarization radar operators across platforms, 50 

with potential for future radar-based forecasting applications.  51 

Keywords: TCWA2, bulk microphysics, dual-polarization radar operator, MPAS, WRF 52 

 53 

Plain language 54 

Weather radars observe rain and ice inside clouds, but weather models often cannot fully use 55 

this information because their cloud physics schemes do not describe the particle properties 56 

needed to simulate radar signals. This study develops a new cloud microphysics scheme, 57 

TCWA2, that is directly linked to a radar operator that uses the same particle information as 58 
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the model. Tests using an idealized storm and a real thunderstorm case show that TCWA2 can 59 

reproduce observed radar features, supporting improved radar-based weather forecasting.  60 

1. Introduction  61 

Cloud microphysical processes are vital for the formation, growth, and dissipation of 62 

clouds, as well as for the sedimentation of hydrometeors, exerting a strong impact on 63 

atmospheric thermodynamics and surface precipitation across various scales. In numerical 64 

weather prediction (NWP) models, these processes are typically represented by bulk 65 

microphysics parameterization (BMP) schemes, which approximate particle size distributions 66 

(PSDs) and phase changes among hydrometeor types using analytical formulas (e.g., Lin et al. 67 

1983; Rutledge and Hobbs 1983; Tao and Simpson 1993). Over the decades, BMPs have 68 

evolved from basic single-moment schemes predicting mass mixing ratios to more advanced 69 

double- and triple-moment schemes that explicitly forecast additional moments such as number 70 

concentration, surface area, and radar reflectivity factor (e.g., Milbrandt and Yau 2005b; Chen 71 

and Tsai 2016, hereinafter CT16; Morrison et al. 2025). In addition to size-spectrum 72 

representations, recent developments include associated variables such as particle shape, 73 

density, and liquid fraction in ice particles to better depict hydrometeor morphology (e.g., 74 

Harrington et al. 2013a; Morrison et al. 2015; Jensen et al. 2017; Tsai and Chen 2020, 75 

hereinafter TC20; Milbrandt et al. 2025). Despite these advancements, substantial uncertainties 76 

persist in representing the inherent variability of cloud microphysical properties (Fan et al. 77 

2017), as well as those arising from cloud dynamics, turbulence, and unresolved cumulus 78 

thermal processes in km-scale models (Hernandez-Deckers et al. 2022). These limitations 79 

continue to challenge NWP models' ability to accurately simulate storm structures and 80 

precipitation. Such issues emphasize the need for a physically consistent modeling framework 81 

that can directly connect microphysical variability with observational constraints.  82 

Radar observations have become indispensable tools for assessing BMPs’ performance 83 

and diagnosing cloud microphysical structures and precipitation mechanisms (Bringi and 84 

Chandrasekar 2001; Ryzhkov and Zrnić 2019). The Central Weather Administration (CWA) 85 

operates a dual-polarization radar network over Taiwan, but effectively integrating these high-86 

resolution observations into NWP models remains a challenge. Compared to traditional single-87 

polarization radars, dual-polarization (dual-polarimetric) systems provide additional insights 88 

on hydrometeor size, shape, and phase through observables such as horizontal radar reflectivity 89 

(DBZ), differential reflectivity (ZDR), and specific differential phase (KDP) (Ryzhkov et al. 2011; 90 
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Kumjian 2013). Many studies (e.g., Kumjian and Ryzhkov 2008; Kumjian and Prat 2014; 91 

Johnson et al. 2016) have examined the connections between hydrometeor properties and dual-92 

polarimetric radar signatures to better understand cloud microphysics. However, a significant 93 

gap persists between model-predicted microphysics and radar forward operators. Most current 94 

BMPs do not explicitly predict or output the key physical quantities needed for accurate radar 95 

forward calculations, such as full PSD parameters, particle aspect ratios, or apparent density. 96 

For instance, the spectral shape parameter in PSD is critical for determining microphysical 97 

growth rates (cf. CT16) and terminal velocities (Milbrandt and Yau 2005a), yet its influence is 98 

often overlooked or oversimplified in microphysical models and radar operators. Therefore, 99 

radar operators frequently rely on external assumptions or empirical lookup tables that are not 100 

directly constrained by the microphysics scheme itself (Pfeifer et al. 2008; Jung et al. 2008a; 101 

Wolfensberger and Berne 2018; Matsui et al. 2019; Zhang et al. 2021), which can lead to 102 

physical inconsistencies and complicate the interpretation of modeled radar signatures (Putnam 103 

et al. 2014). Furthermore, hydrometeor properties inferred from radar can greatly affect 104 

microphysical processes, including collision, sedimentation, and deposition, underscoring the 105 

importance of explicitly accounting for particle morphology within BMPs.  106 

Although some recent BMPs have begun to introduce additional hydrometeor 107 

characteristics to improve the physical representation, most remain computationally prohibitive 108 

for real-time NWP applications. An example is the National Taiwan University (NTU) three-109 

moment bulk microphysics scheme (CT16; TC20), which predicts the bulk shape and density 110 

of solid-phase hydrometeors using a three-moment closure approach. However, the full NTU 111 

formulation involves numerous prognostic moments and complex process treatments, making 112 

it impractical for current operational forecasting applications. To address these limitations, this 113 

study develops a simplified version of the NTU scheme, hereafter called TCWA2 (Taiwan 114 

Central Weather Administration 2-moment), which retains the core framework and reduces 115 

computational costs by replacing prognostic moments with constrained diagnostic 116 

parameterizations. The TCWA2 scheme emulates the NTU scheme by diagnosing the spectral 117 

shape parameter of PSD and other bulk properties needed for dual-polarization radar 118 

calculations, enabling direct coupling with a radar forward operator. This integration allows 119 

the model to predict radar observables in real time and provides a unified framework for radar-120 

based model evaluation. TCWA2 has been implemented in both the Weather Research and 121 

Forecasting (WRF) version 4.4.2 (Skamarock et al. 2019) and the Model for Prediction Across 122 
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Scales (MPAS) version 8.2.2 (Skamarock et al. 2012; Skamarock et al. 2018), developed by 123 

the National Center for Atmospheric Research (NCAR).  124 

The rest of this paper is organized as follows. Section 2 outlines the formulation and 125 

methodology of the TCWA2 scheme, including the diagnostic PSD parameters, associated 126 

hydrometeor properties, and dual-polarization bulk radar operator. Section 3 presents a two-127 

dimensional idealized simulation using the WRF model to evaluate the scheme's fundamental 128 

behavior and internal consistency. Section 4 applies the TCWA2–radar coupled system to a 129 

real convective case from the TAHOPE (Taiwan-Area Heavy rain Observation and Prediction 130 

Experiment) field campaign on June 24, 2022, simulated with the MPAS model and validated 131 

against dual-polarimetric radar observations. Finally, Section 5 summarizes the results and 132 

discusses future directions.  133 

2. Methodology  134 

The classification of hydrometeor types in the TCWA2 scheme aligns with that of the 135 

NTU microphysics parameterization. Liquid-phase species include cloud droplets (CD) and 136 

raindrops (RD), whereas ice-phase species consist of pristine ice (PI), snow aggregates (SA), 137 

and rimed ice (RI). These three ice categories are differentiated by their main formation 138 

processes: deposition for PI, aggregation for SA, and riming for RI. The hailstone category is 139 

merged into RI, and the distinction between graupel and hail is based on the Schumann–Ludlam 140 

limit (SLL; Ziegler 1985). In addition, the explicit tracking of aerosol groups (condensation 141 

nuclei and ice nuclei) and their activation using a semi-Lagrangian technique is replaced by a 142 

predicted supersaturation approach (Chen 1994; Morrison et al. 2015). Prescribed initial 143 

activation diameters are 3 μm for cloud droplets (Lim and Hong 2010) and 6 μm for ice crystals 144 

(CT16; Di0). As a result, the total number of prognostic variables decreases to eleven in a fully 145 

double-moment, five-category scheme—a significant contrast to the twenty-seven variables 146 

required by the triple-moment, six-category NTU configuration. The following subsections 147 

illustrate how the prognostic second-order, shape, and volume moments in the NTU scheme 148 

are replaced by diagnostic parameterizations in TCWA2, and integrated with an embedded 149 

bulk dual-polarization radar operator.  150 

2.1 Particle size distribution   151 

BMPs commonly represent hydrometeor PSD by applying a three-parameter gamma 152 

distribution in the form (Ulbrich 1983):  153 



-6- 

 

𝑛(𝐷) = 𝑁0𝐷𝛼𝑒−𝜆𝐷,                                                         (1) 154 

where N₀, , and  denote the intercept, spectral shape, and slope parameters, respectively. The 155 

k-th moment of the PSD defined in Eq. (1) is given by 156 

𝑀𝑘 = ∫ 𝐷𝑘 𝑛(𝐷)𝑑𝐷 = 𝑁0 ∫ 𝐷𝑘+𝛼 exp(−𝜆𝐷)𝑑𝐷 =
𝑁0Γ(𝑘+𝛼+1)

𝜆𝑘+𝛼+1
 ,                   (2) 157 

where k is the order of the moment, and  is the Euler gamma function. The spectral shape  158 

controls the spectral width of the PSD and greatly influences microphysical conversion rates. 159 

In most double-moment schemes,  is either fixed at a constant value (e.g., Morrison et al. 160 

2009; Lim and Hong 2010) or modeled as an empirical function of particle mean size related 161 

to a single growth process (e.g., Milbrandt and Yau 2005a), implying a uniform spectral 162 

response across different microphysical regimes. However, Morrison et al. (2025) showed that 163 

PSDs exhibit distinct evolutionary behaviors when driven by different microphysical processes, 164 

as revealed by a triple-moment closure framework. Similarly, the physically based triple-165 

moment NTU scheme predicts the zeroth- (k=0), second- (k=2), and third-order (k=3) moments, 166 

allowing  to change freely over time. The temporal evolution of these prognostic moments is 167 

driven by three key microphysical processes: initiation, vapor diffusion, and collision. 168 

According to TC20 simulations (their Fig. 8), large  values generally correspond to small ice 169 

particles with high number concentrations at higher levels, whereas small  values are linked 170 

to large aggregated or rimed ice above the melting layer or within convective cores. As a result, 171 

 is modulated not only by variations in particle size (volume) but also by other moments, 172 

specifically number concentration and a third moment (e.g., M2 or M6). This multi-moment 173 

dependency is reflected in the sensitivity of  to the intermediate parameter q, which involves 174 

all three moments:  175 

 𝛼 =
6−3𝑞+√𝑞(𝑞+8)

2(𝑞−1)
,                                                           (3a) 176 

where 𝑞 ≡
𝑀0𝑀3

2

𝑀2
3  for triple moment schemes tracking M0, M2, and M3 (TC20). In general, vapor 177 

diffusion increases α, leading to a narrower PSD (cf. CT16), whereas collision growth 178 

decreases α and broadens the PSD. These contrasting behaviors reflect the fundamental 179 

differences in how growth processes affect different moments. For example, the condensation 180 

process increases M2 linearly, increases M3 sub-linearly, but does not alter M0. On the other 181 

hand, the collision-coalescence process is mass conservative but reduces M0 and M2. Thus, α 182 

should respond differently to different processes according to equation (3a).  183 
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Diagnostic formulas of α in TCWA2 were derived by analyzing NTU scheme simulations, 184 

utilizing calculated moments or their proxies such as mean particle size as predictors for both 185 

the accretional and diffusional regimes.  186 

𝛼𝑥 =
𝑎+𝑏𝑙𝑛𝑁𝑥+𝑐𝑙𝑛𝑁𝑥

2+𝑑𝑙𝑛𝑅𝑥

1+𝑒𝑙𝑛𝑁𝑥+𝑓𝑙𝑛𝑅𝑥
,                                                  (3b) 187 

where 𝑥 ∈ (𝑟, 𝑖, 𝑠, 𝑔)  denotes the hydrometeor category, and the empirical coefficients a 188 

through f are listed in Table 1. The mean-volume radius 𝑅𝑥 = (
3𝑄𝑥

4𝜋𝑁𝑥𝜌𝑥
)

1/3

 in meters is derived 189 

from the mass mixing ratio (Qx), number concentration (Nx=M0,x), and bulk density (x). The 190 

accretional mode is activated when cloud water coexists with a hydrometeor x, representing 191 

conditions under which collision or riming dominates the PSD evolution. In the absence of 192 

cloud water, diffusional growth or sublimation governs particle growth, and the diffusional 193 

mode is therefore applied. Figures 1a and 1b illustrate the dependence of α (ranging from 0 194 

to 30) on number concentration and mean-volume radius for accretional and diffusional growth, 195 

respectively. In the accretional regime, α decreases with increasing size and decreasing Nx, 196 

indicating PSD broadening due to collisions. In contrast, diffusional growth results in larger α 197 

values for larger sizes and lower Nx, reflecting narrower spectra.  198 

For wet SA and RI in the melting regime, the energy budget is governed by the combined 199 

effects of conductive heating and latent heat from freezing and evaporation.  The concurrent 200 

influence of accretional and diffusional processes creates a mixed and spatially variable 201 

distribution of α within the melting layer in the TC20 simulations. Small particles that melt 202 

quickly and shrink show sudden spectral narrowing (large α), while larger partially melted ice 203 

particles keep smaller α values as they continue to gather liquid drops, contributing to the 204 

formation of the radar bright band. To capture this rapid transition between these two 205 

contrasting behaviors, TCWA2 employs an exponential diagnostic relation:  206 

𝛼𝑥(≥  0 °C) = 𝑒𝑥𝑝(𝑎 + 𝑏𝑙𝑛𝑁𝑥 + 𝑐𝑙𝑛𝑅𝑥),                                (3c) 207 

where 𝑥 ∈ (𝑠, 𝑔) . As shown in Fig. 1c, α strongly depends on particle size and quickly 208 

decreases from large values toward zero as particles approach the millimeter scale. The melting 209 

of wet SA and RI is a major source of large raindrops and is closely linked to strong radar 210 

reflectivity. However, this spectral feature, with the rapid α transition, cannot be directly 211 

mapped onto the raindrop PSD in a double-moment BMP because there is no third moment 212 

(e.g., M2) memory during hydrometeor conversion. To partially account for this unresolved 213 
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PSD transition during intense precipitation, TCWA2 introduces an empirical adjustment 214 

activated when R𝑟
6𝑁𝑟 ≥ 10−16 m6 kg⁻1, corresponding to about 40 dBZ radar reflectivity (in 215 

mm6 m⁻3). When the raindrop number concentration, Nr, exceeds a tuning threshold of 3.8×10³ 216 

kg⁻1 (roughly a mean radius of 0.55 mm), αr is set to its maximum (30), consistent with the 217 

high-α regime for small sizes shown in Fig. 1c. Otherwise, αr is halved to enhance raindrop 218 

deformation effects associated with broader spectra at larger sizes. This adjustment activates 219 

only during intense rainfall and does not alter the prognostic evolution of hydrometeor mass or 220 

number. Instead, it enhances PSD flexibility, enabling the model to reproduce large ZDR and 221 

KDP signals simultaneously under high-reflectivity conditions.  222 

 223 

 224 

Fig. 1 Spectral shape α as a function of the hydrometeor mean radius (mm) and number 225 

concentration (kg⁻1) for accretion (left), diffusion (middle), and melting (right) modes.  226 

 227 

Although these empirical formulations do not explicitly address process-specific forcing 228 

on the PSD, they enable TCWA2 to capture the primary physical modes of α variability without 229 

the computational cost of predicting the second-order moment (M2). Using the diagnosed αx 230 

and bulk density ρx, the remaining PSD parameters, slope λx and intercept N0,x, are obtained as 231 

𝜆𝑥 = [
𝑀0,𝑥𝛤(𝛼𝑥+4)

𝑀3,𝑥𝛤(𝛼𝑥+1)
]

1/3

= [
𝜋𝜌𝑥𝑁𝑥𝛤(𝛼𝑥+4)

6𝑄𝑥𝛤(𝛼𝑥+1)
]

1/3

,                                  (4) 232 

𝑁0,𝑥 =
𝑀0,𝑥λ𝑥

𝛼𝑥+1

Γ(𝛼𝑥+1)
=

𝑁𝑥λ𝑥
𝛼𝑥+1

Γ(𝛼𝑥+1)
 .                                                          (5) 233 

2.2 Associated physical properties 234 
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Hydrometeor properties greatly influence microphysical processes, yet developing 235 

reliable parameterizations of ice-particle shape and density remains difficult. Thus, traditional 236 

BMPs usually treat ice particles as spheres with fixed, prescribed densities (e.g., Morrison et 237 

al. 2009; Lim and Hong 2010), and several BMPs since 2005 (e.g., Milbrandt and Yau 2005b; 238 

Thompson et al. 2008) have incorporated specific mass-dimension relations with exponents 239 

smaller than 3 to represent nonspherical snow structures.  In contrast, the NTU scheme predicts 240 

both particle shape and density (by tracking both volume and mass) to explicitly track ice 241 

growth history. For instance, the aspect ratio of PI follows the adaptive growth habit 242 

parameterization of Chen and Lamb (1994a) and CT16. The properties of dry SA are mainly 243 

determined by the aggregation geometry among solid-phase hydrometeors (PI and SA), while 244 

the apparent density of RI is controlled by riming growth involving CD and RD. For wet SA 245 

and RI, partial melting is diagnosed from the energy budget associated with phase change. The 246 

melted fraction is calculated from the latent heat needed to melt the ice to the freezing point, 247 

and this fraction is then used to interpolate linearly between crystal properties (shape and 248 

density) and those of liquid water.  249 

In TCWA2, the parameterization of the RD shape follows Khvorostyanov and Curry 250 

(2002), and the liquid water density w is fixed at 1000 kg m⁻³. For PI, TC20 simulations 251 

indicate that particle shape varies strongly with temperature due to the alternating dominance 252 

of columnar and planar habits, as governed by the inherent growth ratio Γ(T) within the mixed-253 

phase regime (–40 °C ≤ T ≤ 0 °C). The PI aspect ratio is expressed as 𝜙𝑖 ≡ (
𝐷𝑖

𝐷𝑖0
)

3(𝛽𝑖−1)/(𝛽𝑖+2)

, 254 

where Di is the particle diameter and βᵢ is an ice adaptive growth ratio. In TCWA2, the bulk βᵢ 255 

is approximated as a power-law function of (T), with an exponent Rt that decreases from unity 256 

(highly aspherical) at initiation to near zero (quasi-spherical) as particles approach millimeter 257 

size, expressed as follows: 258 

𝑅𝑡 = 𝑎𝑙𝑛𝐷𝑖
3 + 𝑏𝑙𝑛𝐷𝑖

2 + 𝑐𝑙𝑛𝐷𝑖 + 𝑑 ≤ 1,                                     (6) 259 

where Di denotes the bulk mean diameter in microns. This formulation captures the primary 260 

habit transitions between columnar and planar crystals imposed by Γ(T), while implicitly 261 

accounting for the observed reduction in intrinsic particle asphericity with increasing size (cf. 262 

CT16). The ice deposition density is retained from the NTU scheme, preserving its dependence 263 

on ice supersaturation and temperature to represent secondary growth habits (Chen and Lamb 264 

1994a).  265 
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For SA, data from TC20 (their Fig. 13a,c) show that bulk apparent density may fall below 266 

300 kg m−3 and the aspect ratio approaches approximately 0.6 as particle size increases through 267 

aggregation, indicating a strong link between size and morphology. However, bulk density is 268 

required to derive the mean-volume radius and PSD slope parameter, so a direct size-density 269 

formulation is not practical. Instead, TCWA2 adopts an indirect diagnostic method where SA 270 

bulk density is obtained from mass concentration and air temperature via a mapped diameter 271 

from Tsai et al. (2026). The SA bulk density ρs is expressed as  272 

 𝜌𝑠 = 𝑒𝑥𝑝(𝑎 + 𝑏𝑙𝑛𝑇𝐾 + 𝑐𝑙𝑛𝑄𝑠 + 𝑑𝑙𝑛𝑇𝐾
2 + 𝑒𝑙𝑛𝑄𝑠

2 + 𝑓𝑙𝑛𝑇𝐾𝑙𝑛𝑄𝑠),          (7a) 273 

which yields a decrease in density from approximately 400 kg m−3 to 100 kg m−3 as Qs and TK 274 

increases above the freezing level, while rapidly transitioning to higher densities below the 275 

melting layer as temperature rises (Fig. 2a). For RI, the bulk density ρg is assumed to increase 276 

monotonically with mass content from 400 kg m−3 and incorporates melting effects through an 277 

extrapolated melting mass fraction.  278 

          𝜌𝑔 = 𝜌𝑤𝑓𝑚𝑤 + (1 − 𝑓𝑚𝑤)max[400, 𝑒𝑥𝑝(𝑎𝑙𝑛𝑄𝑔
3 + 𝑏𝑙𝑛𝑄𝑔

2 + 𝑐𝑙𝑛𝑄𝑔 + 𝑑)]      (7b) 279 

where fmw is the melt mass fraction diagnosed from the energy budget mentioned previously. 280 

When either fmw or RI mass concentration increases, g increases, reflecting the transition 281 

toward a denser, partially melted state (Fig. 2b). Milbrandt et al. (2025) explicitly predict the 282 

liquid fraction in the P3 scheme to represent mixed-phase particles, whereas TCWA2 diagnoses 283 

the melted fraction for computational efficiency in operational applications.  284 

 285 

 286 

Fig. 2. Hydrometeor bulk density (kg m⁻³) as a function of mass concentration (kg m⁻³) for (a) 287 

snow aggregates against ambient temperature (°C), and (b) rimed ice against melting fraction.  288 
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Bulk hydrometeor shape expressed as aspect ratio for snow aggregates and rimed ice, shown 289 

as a function of bulk density (kg m⁻³) and bulk diameter (mm) in panel (c).  290 

 291 

Finally, TC20 simulations indicate that large SA aspect ratios approach approximately 292 

0.65, while predicted graupel shapes are confined below 0.8 for large oblate particles (Jensen 293 

et al. 2015). To ensure morphological consistency among size, density, and shape, TCWA2 294 

employs a generalized diagnostic relation for oblate SA and RI:  295 

𝜙𝑥 = 𝑎 + 𝑏𝑙𝑛𝜌𝑥 + 𝑐𝑙𝑛𝜌𝑥
2 + 𝑑𝑙𝑛𝐷𝑥 + 𝑒𝑙𝑛𝐷𝑥

2 + 𝑓𝑙𝑛𝐷𝑥
3 ≤ 1,                 (8) 296 

where 𝑥 ∈ (𝑠, 𝑔), x is the bulk density (kg m−3), and Dx is the bulk diameter (microns). As 297 

shown in Fig. 2c, the aspect ratio approaches 0.65 for low-density SA and increases toward 0.8 298 

for dense RI at millimeter scales. For sub-millimeter particles, bulk aspect ratios range from 299 

approximately 0.1 to 0.5, indicating stronger asphericity at lower densities. Below the freezing 300 

level, partial melting further shifts both shape and density toward those of liquid water. 301 

Although the above parameterizations are approximations of hydrometeor shape and density, 302 

they establish a linkage between microphysical processes and the radar forward operator, 303 

thereby allowing for a more objective evaluation of BMPs performance.  304 

Finally, the diagnosed PSD parameters and associated hydrometeor properties must be 305 

combined with the particle's terminal velocity to accurately model the sedimentation of bulk 306 

moments. TCWA2 employs the theoretical bulk fall speed parameterizations developed by 307 

Chen et al. (2022), which explicitly incorporate particle morphology within a multi-moment 308 

gamma-type PSD framework. Alternative formulations for each category, based on PSD and 309 

morphology, are derived by fitting offline integrations of bin-based calculations. Detailed 310 

expressions and fitted coefficients are provided in Appendix A. Note that the ice shape effect 311 

has been integrated into the parameterizations of deposition and collision retained from TC20. 312 

The parameterization of the number sink due to evaporation loss is revised in Appendix B.  313 

2.3 Bulk dual-polarization radar operator 314 

Radar forward operators have been continuously enhanced to connect NWP models and 315 

radar observations, often utilizing precomputed electromagnetic scattering lookup tables or 316 

parameterizations based on assumed particle shapes and exponential PSDs. While these 317 

methods work for traditional BMPs with fixed or slightly varying spectral parameters, they are 318 

not compatible with the physical assumptions underlying TCWA2. Specifically, employing 319 
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existing radar operators would require externally imposed, internally inconsistent assumptions 320 

about PSD shape, particle density, and melting effects. To address this limitation, a new bulk 321 

dual-polarization radar operator is developed to explicitly link the gamma-type PSD to the 322 

diagnosed , melting fraction of large ice particles, and category-dependent hydrometeor 323 

properties in TCWA2.  324 

Under the Rayleigh approximation, the backward scattering amplitudes 𝑓𝑎,𝑏
(𝜋)

 and the 325 

forward scattering amplitudes 𝑓𝑎,𝑏
(0)

 are expressed as follows (Van de Hulst 1981):  326 

𝑓𝑎,𝑏
(𝜋)

= 𝑓𝑎,𝑏
(0)

=
𝜋2𝐷3

6𝜆𝑎

1

𝐿𝑎,𝑏+
1

𝜀−1

 ,                                                  (9) 327 

where a is the radar wavelength, D is the equivolume particle diameter, and  is the dielectric 328 

constant determined by the ice-liquid fraction. The depolarization factors La,b correspond to 329 

oblate or prolate spheroids and depend on particle aspect ratio (Ryzhkov et al. 2011). Although 330 

the Rayleigh approximation is formally valid only for particles small compared to the radar 331 

wavelength, Ryzhkov et al. (2011) estimated that the associated errors are typically within ~1 332 

dBZ for reflectivity and 0.1–0.2 dB for ZDR at S- and C-band frequencies, given cutoff 333 

equivolume diameters ranging from 3.6 to 8 mm. These uncertainties are substantially smaller 334 

than those arising from PSD variability and microphysical assumptions in BMPs. Moreover, 335 

TCWA2 employs flexible gamma-type PSDs with diagnostically varying , which suppress 336 

the large-diameter tail relative to the Marshall–Palmer spectrum (α=0), thereby reducing 337 

resonance effects associated with large particles.  338 

In traditional bulk radar operators, particle-level scattering amplitudes fa,b are often 339 

approximated as power-law functions of particle diameter, then integrated over an assumed 340 

PSD (e.g., Jung et al. 2008a). While this method can achieve reasonable accuracy for radar 341 

reflectivity, its effectiveness would decline for polarimetric variables such as ZDR and KDP, 342 

which are expressed as ratios or differences between two bulk scattering integrals. In such cases, 343 

small fitting errors in the particle-level fa,b may be nonlinearly amplified during subtraction or 344 

division, leading to a loss of numerical significance (i.e., large-term cancellation). To avoid 345 

this issue, TCWA2 adopts a different strategy. Instead of fitting particle-level fa,b, bulk dual-346 

polarimetric radar variables are obtained directly from bin-based scattering calculations 347 

integrated over the PSD following Ryzhkov et al. (2011, Eq. 29). Specifically, bin calculations 348 

are performed over hydrometeor-dependent, model-resolved ranges of PSD parameters (100 349 

combinations of x and x), and the resulting bulk radar signatures of DBZ,x, ZDR,x, KDP,x for each 350 
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category 𝑥 ∈ (𝑟, 𝑖, 𝑠, 𝑔) are then fitted as functions of the spectral parameters (x, x x), 351 

hydrometeor properties (x, x), and radar wavelength (a = 0.11 m for S band and 0.053 m for 352 

C band). By directly fitting radar signatures constrained to the PSD variability range in TCWA2, 353 

the accuracy of the simulated radar outputs mainly relies on the fitted bulk parameterizations, 354 

thus avoiding numerical errors from intermediate calculations.  355 

Matsui et al. (2019) demonstrated that simulated dual-polarimetric observables are highly 356 

sensitive to assumptions about particle shape, orientation, and tumbling. In TCWA2, 357 

hydrometeors are assumed to have a fixed equilibrium orientation, with no explicit canting-358 

angle variability, tumbling, or electric-field-induced alignment. Nonspherical particles fall with 359 

their maximum dimensions aligned horizontally, corresponding to an orientation angle of 90° 360 

measured from the vertical to the particle’s major axis. This broadside-falling assumption is 361 

consistent with microphysical calculations of collision cross section and fall speed, but it may 362 

enhance the simulated dual-polarimetric response because orientation randomization is not 363 

represented. The radar operator also uses a fixed horizontal-viewing geometry at a zero-364 

elevation angle. Therefore, elevation-angle-dependent projection effects are not represented 365 

and may introduce uncertainty when comparing with radar observations at nonzero elevation 366 

angles. Lastly, the bulk apparent density and aspect ratios of SA and RI are treated as modal-367 

mean properties independent of particle size, while the shapes of RD and PI explicitly vary 368 

with particle diameter, allowing the aspect ratio to change across the PSD for a given bulk 369 

mean size. This distinction is especially important for polarimetric variables, as spectral 370 

variability in particle shape strongly impacts ZDR and KDP. Although size–shape dependence 371 

has received limited attention in previous bulk radar operators, it is explicitly incorporated in 372 

the TCWA2 operator to ensure physically consistent polarimetric signals.    373 

After evaluating the sensitivity to individual variables, the horizontal reflectivity factor 374 

ZH,x for category x is parameterized as  375 

𝑍𝐻,𝑥 ≅ 𝑁𝑥𝑓(𝜌𝑥)100.1𝐷𝐵𝑍,𝑥−18,                                          (10) 376 

with a coefficient of determination (R2) reaching 0.9998. The fitted expressions for DBZ,x with 377 

the density correction function f(x) are provided in Appendix C1. Since the ZDR is defined as 378 

the ratio of horizontal to vertical reflectivity, the vertical reflectivity factor ZV,x for category x 379 

is then derived from 380 

𝑍𝑉,𝑥 =
𝑍𝐻,𝑥

100.1𝑍𝐷𝑅,𝑥
,                                                               (11) 381 
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where ZDR,x depends on both PSD parameters and hydrometeor properties. The specific 382 

differential phase KDP,x for category x is expressed as a function of number concentration, PSD 383 

parameters, hydrometeor properties, and radar wavelength (a, with a reference of 0.11 m): 384 

                                     𝐾𝐷𝑃,𝑥 ≅ 𝑁𝑥𝑓(𝛼𝑥, 𝜆𝑥)𝑓(𝜌𝑥)𝑓(𝜙𝑥)
0.11

𝜆𝑎
 ,                             (12) 385 

with the fitted formulations of ZDR,x and KDP,x for each category, as given in Appendices C2 386 

and C3 (R2 > 0.9919). For wet SA and RI, direct fitting to mixed-phase PSDs is difficult 387 

because particles in both groups contain both ice and liquid components. TCWA2, therefore, 388 

adopts a mean-size approximation in which particle shape and density are linearly weighted by 389 

the melting mass fraction fmw. The dielectric constant of wet ice particles, εwx, is computed using 390 

a two-step Maxwell–Garnett mixing formulation (Maxwell-Garnett 1904) and fitted as a 391 

function of bulk density and volume water fraction, fvw. 392 

𝜀𝑤𝑥 = 𝑎 + 𝑏𝑓𝑣𝑤
−1 + 𝑐𝜌𝑥 + 𝑑𝑓𝑣𝑤

−2 + 𝑒𝜌𝑥
2 + 𝑓𝜌𝑥𝑓𝑣𝑤

−1,                     (13) 393 

where 𝑥 ∈ (𝑠, 𝑔), and the coefficients are listed in Table 1. The volume water fraction fvw 394 

follows Ryzhkov et al. (2011, Eq. 10), incorporating ice density effects and modified with a 395 

water-skin exponent from Jung et al. (2008, Eq. 2):  396 

𝑓𝑣𝑤 = (
𝜌𝑥𝑓𝑚𝑤

𝜌𝑤−𝜌𝑤𝑓𝑚𝑤+𝜌𝑥𝑓𝑚𝑤
)

0.3

,                                             (14) 397 

with DBZ,x, ZDR,x, and KDP,x computed for each hydrometeor category, the total bulk radar 398 

variables are obtained by summation: 399 

𝐷𝐵𝑍 = 10𝑙𝑜𝑔10[1018(𝑍𝐻,𝑟 + 𝑍𝐻,𝑖 + 𝑍𝐻,𝑠 + 𝑍𝐻,𝑔)]                  (15) 400 

𝑍𝐷𝑅 = 10𝑙𝑜𝑔10 (
𝑍𝐻,𝑟+𝑍𝐻,𝑖+𝑍𝐻,𝑠+𝑍𝐻,𝑔

𝑍𝑉,𝑟+𝑍𝑉,𝑖+𝑍𝑉,𝑠+𝑍𝑉,𝑔
)                                         (16) 401 

𝐾𝐷𝑃 = 𝐾𝐷𝑃,𝑟 + 𝐾𝐷𝑃,𝑖 + 𝐾𝐷𝑃,𝑠 + 𝐾𝐷𝑃,𝑔                                       (17) 402 

Although TCWA2 is a double-moment scheme with several diagnostic parameterizations, 403 

it provides an internally consistent representation of PSD variability, particle morphology, and 404 

sedimentation within an integrated framework. Additionally, the dedicated bulk dual-405 

polarization radar operator is derived from bin-based scattering integrations and fitted over the 406 

model-resolved PSD space, offering numerical robustness, consistency with the microphysical 407 

assumptions, and computational efficiency suitable for online NWP applications.  408 

 409 
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Table 1. The coefficients for equations 3, 6, 7, 8, and 13. 410 

Eq. parameter coefficients 

3b 

spectral index for accretional growth 

a = −0.4034; b = 7.3787E–3; c = 2.12258E–3;  

d = −8.82895E–2; e = −4.97325E–3; f = 6.7933E–2 

spectral index for diffusional growth 

a = −6.71978; b = −2.29425E–3; c = 4.24353E–3;  

d = −0.502485; e = −5.7981E–2; f = 0.27575 

3c spectral index for wet SA and RI a = –18.4207; b = –0.5; c = –2.94 

6 exponent of the inherent growth ratio a = 9.207E–3; b = –0.1502; c = 0.5656; d = 0.4011 

7a 

SA bulk density T < 0 °C (kg m−3) 

a = 75.401; b = 25.73; c = 0.81468;  

d = 2.3391; e = 1.99767E−3; f = −0.14086 

SA bulk density T ≧ 0 °C (kg m−3) 
a = −64808.666; b = 23113.508; c = −36.46632;  

d = −2060.6; e = −5.7295E–3; f = 6.50574 

7b RI bulk density (kg m−3) 

a = −9.57E−5; b = 3.077E−3; c = −6.8E−2;  

d = 6.8175 

8 SA and RI bulk aspect ratio (shape) 

a = 1.02075; b = −0.406845; c = 4.34893E–2;  

d = 2.046E–2; e = 1.493E–2; f = −1.12522E−3 

13 dielectric constant of wet SA and RI 

a = −1.08923E–2; b = 2.082E–2; c = 4.85535E−6;  

d = −7.6529E−5; e = −1.178E−9; f = −2.96E−6 

 411 

3. WRF idealized simulations 412 

To examine the physical behavior of the TCWA2 microphysics parameterization, a two-413 

dimensional idealized squall-line simulation is performed using the WRF model. The model 414 

setup follows TC20 with 601 horizontal grid points at 1 km spacing and 80 vertical levels. The 415 

simulation is initialized with the Weisman and Klemp (1982, 1984) sounding and integrated 416 

for 6 hours using a 4-second time step, and the model outputs are generated every 10 minutes. 417 

All physical schemes except microphysics are disabled to isolate the effects of the microphysics 418 

parameterization. Section 3.1 presents the spatial distributions of diagnosed microphysical 419 

variables for each precipitating hydrometeor, followed by an analysis of the corresponding 420 

dual-polarimetric radar products in Section 3.2.  421 

3.1 Diagnostic variables  422 

The diagnostic variables parameterized in TCWA2 include the spectral shape and aspect 423 

ratio, both of which depend on the bulk size and hydrometeor number concentration. Figure 3 424 
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shows the instant spatial distributions of number concentration for all categories during the 425 

mature stage of the simulated squall-line system. For CD, the number concentration Nc is 426 

primarily distributed around the melting layer (below the 0 °C isotherm) and within the 427 

convective region (Fig. 3a), with magnitudes on the order of 108 kg–1. The RD number 428 

concentration Nr reaches about 103 kg–1 within the convective core and decreases to 102 kg–1 429 

over the stratiform region (Fig. 3b), displaying a spatial pattern similar to that of CD but 430 

extending to lower altitudes. For PI, the number concentration Ni is highest in the upper cloud 431 

region around 104 kg–1 and gradually decreases to 102 kg–1 toward the mixed-phase region (Fig. 432 

3c). A local enhancement of Ni appears near the mixed-phase zone, due to secondary ice 433 

production. The number concentrations of SA and RI exhibit spatial distributions similar to 434 

that of PI but with higher magnitudes, reaching approximately 105 kg–1 for Ns (Fig. 3d) and 104 435 

kg–1 for Ng (Fig. 3e) .  436 

 437 

 438 

Fig. 3 Spatial distributions of the number concentration (kg–1) for (a) cloud droplets, (b) 439 

raindrops, (c) pristine ice, (d) snow aggregates, and (e) rimed ice (from left to right) at 6 h of 440 

simulation time. The horizontal and vertical axes denote horizontal distance and altitude (km), 441 

respectively. Black dashed lines indicate air temperature isotherms from 20 °C to −50 °C at 10 442 

°C intervals.  443 

 444 

Fig. 4a shows that raindrops are suspended within the convective core up to about 6 km 445 

in altitude, with peak diameters of roughly 1 mm located below the melting layer. In contrast, 446 

smaller bulk diameters are found over the stratiform region, reflecting weaker collision 447 

processes. For PI, the mean diameters near the cloud top are generally smaller than 0.15 mm 448 

and increase to around 0.2 mm as particles fall toward the mixed-phase region (Fig. 4b). 449 

Overall, the diameter distributions of SA and RI exhibit growing variability from the upper 450 

anvil region down to the melting layer (Fig. 4c,d), consistent with gravitational size sorting. 451 

Note that the wet SA and RI appear below the melting layer to represent partial melting, and 452 
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the RI’s diameter continuously increases to 1 mm. Larger particle diameters are seen along the 453 

cloud edges, likely due to sublimation effects aloft. In addition, active collision processes are 454 

present within the convective region above the melting layer, where the SA and PI, which have 455 

relatively low fall speeds, are more often collected by the RD.   456 

 457 

 458 

Fig. 4 Same as Fig. 3, but showing the bulk diameter (mm) for (a) raindrops, (b) pristine ice, 459 

(c) snow aggregates, and (d) rimed ice.  460 

 461 

For RD, the r in Fig. 5a approaches 1 near the melting layer and within the convective 462 

core, indicating relatively broad PSDs in the accretion-dominated region. In the stratiform 463 

region without the presence of the CD, the r slightly increases to 2 due to evaporation through 464 

the switch to diffusion mode. For PI, the i remains below 1 within the upper anvil, reflecting 465 

small ice particles in the diffusion-dominated region (Fig. 5b). As particles descend into the 466 

mixed-phase region, i increases beyond 1, indicating depositional growth and reduced Ni. The 467 

s and g show similar vertical patterns. Both are less than 1 near the cloud top, pointing to 468 

broad PSDs in the anvil region, and gradually rise to about 1.3 above the melting layer through 469 

size sorting (Fig. 5c,d). Higher values of s and g are also observed at cloud edges, due to 470 

sublimation removing smaller particles and narrowing the PSD. Finally, s and g rise sharply, 471 

exceeding 20 just below the melting layer, reflecting melting-induced narrowing of the PSD.  472 

 473 
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 474 

Fig. 5 Same as Fig. 3, but showing the spectral shape parameter for (a) raindrops, (b) pristine 475 

ice, (c) snow aggregates, and (d) rimed ice.  476 

 477 

In Fig. 6a, the bulk ice density i remains nearly constant at 910 kg m−3 as solid ice. For 478 

SA, the s starts around 400 kg m⁻³ near the cloud top and gradually decreases to 100 kg m⁻³ 479 

as particle mass increases (Fig. 6b). This feature reflects the formation of low-density, porous 480 

particles through aggregation. In contrast, the g also begins near 400 kg m⁻³ in the upper cloud 481 

region and increases to 700 kg m⁻³ with increasing particle mass (Fig. 6c), indicating that 482 

enhanced riming produces more compact particle structures. Below the melting layer, both s 483 

and g exhibit locally elevated values due to partial melting, which increases particle 484 

compactness and effective density as liquid water accumulates on ice particles (Fig. 6b,c). The 485 

relatively low g near the convective core can be partly attributed to the diagnostic treatment 486 

of RI density in TCWA2. The SLL parameterization provides a practical approach, but it may 487 

require further refinement as more observational constraints become available. Overall, the 488 

bulk density distributions in TCWA2 illustrate distinct growth pathways of deposition, 489 

aggregation, and riming for three groups of ice particles, respectively.  490 

 491 

 492 
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Fig. 6 Same as Fig. 3, but showing the bulk apparent density (kg m⁻³) for (a) pristine ice, (b) 493 

snow aggregates, and (c) rimed ice.  494 

 495 

Fig. 7a presents that the RD aspect ratio r is about 0.9 within the convective core and 496 

increases toward unity in the stratiform region. For PI, the aspect ratio i is parameterized using 497 

the temperature-dependent habit function (T), leading to distinct shape transitions with height. 498 

Columnar ice crystals dominate at temperatures colder than −20 °C, while plate-like habits are 499 

prevalent between −10 and −20 °C. Above −10 °C, the ice habit shifts back toward columnar 500 

types (Fig. 7b). Consequently, the i varies widely from 7 to 0.1. For oblate SA, the aspect 501 

ratio s indicates highly aspherical particles (~0.4) in the upper cloud region, and gradually 502 

increases to 0.6 near the melting layer through ice aggregation (Fig. 7c). The RI g shows 503 

systematically larger aspect ratios, increasing to about 0.8 below the melting layer due to liquid 504 

water partitioning during melting (Fig. 7d).  505 

 506 

 507 

Fig. 7 Same as Fig. 3, but showing the bulk aspect ratio (shape) for (a) raindrops, (b) pristine 508 

ice, (c) snow aggregates, and (d) rimed ice.   509 

 510 

To demonstrate the relationship between hydrometeor properties and bulk fall speed, 511 

Figure 8 displays the mass-weighted fall speed as a function of bulk diameter for four 512 

precipitation categories. The RD bulk fall speed rises quickly for diameters smaller than 2 mm 513 

and gradually levels off at about 8 m s⁻1. This damping behavior results from increased drag 514 

caused by large drop deformation when r falls below 0.8. For PI, the bulk fall speed varies 515 

significantly, mainly influenced by crystal shape. Particles with more aspherical habits (i.e., 516 

larger deviations of i from one) fall more slowly, as shown by the orange and purple points, 517 

while more spherical crystals (i close to one), represented by the blue points, attain higher fall 518 
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speeds. This emphasizes the high sensitivity of PI sedimentation to habit-dependent effects. 519 

The bulk fall speed of SA shows a consistent dependence on particle density, increasing 520 

steadily from low- to medium-density aggregates. Additionally, RI displays a similar density-521 

dependent relationship but with extra scatter influenced by particle shape. Overall, RD has the 522 

highest average bulk fall speed (3.71 m s⁻1), followed by RI (0.85 m s⁻1), SA (0.46 m s⁻1), and 523 

PI (0.16 m s⁻1), which aligns more closely with the traditional method using fixed parameters 524 

prescribed for specific hydrometeors (i.e., Locatelli and Hobbs 1974).  525 

 526 

 527 

Fig. 8 Scatter plots of bulk mass-weighted fall speed (m s⁻¹) by bulk diameter (mm) for 528 

raindrops, pristine ice, snow aggregates, and rimed ice (from left to right). Points are color-529 

coded by bulk aspect ratio and bulk density. Data are sampled over the simulation period from 530 

1 to 6 h. Mean values are indicated in the upper-right corner of each panel.  531 

 532 

Although TCWA2 captures the main features of variable PSDs, regime-dependent 533 

microphysical variables, and property-dependent fall speeds, the diagnostic approach used here 534 

is inevitably less complex than the NTU scheme, which explicitly tracks particle growth 535 

memory through prognostic moments.   536 

3.2 Dual-polarimetric radar products  537 

The dual-polarimetric radar variables of DBZ, ZDR, and KDP are parameterized in TCWA2 538 

as functions of the PSD, hydrometeor properties, and number concentration. This subsection 539 

investigates the spatial distribution of these radar products in the simulated convective system 540 

and explains how individual hydrometeors contribute to polarimetric signatures.  541 

Figure 9 presents the spatial distributions of simulated horizontal radar reflectivity (DBZ) 542 

along with its breakdown into contributions from RD, PI, SA, and RI. The total radar 543 

reflectivity (Fig. 9a) depicts a deep convective structure marked by strong echoes exceeding 544 
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40 dBZ that extend from near the surface up to about 7 km altitude, followed by a downstream 545 

shift to a stratiform region around 260 km in horizontal distance. Below the melting layer, RD 546 

dominates the reflectivity signal, highlighting the role of melting ice particles in generating 547 

large liquid drops associated with the radar bright band (Fig. 9b). Above the freezing level, SA 548 

mainly contributes to the outflow cloud deck reflectivity (0–25 dBZ), reflecting efficient 549 

aggregation within the main ice cloud region (Fig. 9d). In contrast, RI accounts for the 550 

enhanced reflectivity (>20 dBZ) in the mixed-phase region, indicative of active riming (Fig. 551 

9e). The PI contribution is relatively weak (<0 dBZ) and mostly confined to upper levels, due 552 

to its small particle size (Fig. 9c). This hydrometeor-based breakdown reveals a clear vertical 553 

partitioning of reflectivity linked to deposition, aggregation, riming, and melting processes in 554 

TCWA2.  555 

 556 

 557 

Fig. 9 Spatial distributions of horizontal radar reflectivity (dBZ) at 6 h of simulation time. 558 

Panels from left to right indicates the (a) total signal and contributions from (b) raindrops, (c) 559 

pristine ice, (d) snow aggregates, and (e) rimed ice. The horizontal and vertical axes denote 560 

horizontal distance and altitude (km), respectively. Black dashed lines indicate air temperature 561 

isotherms from 20 °C to −50 °C at 10 °C intervals. 562 

 563 

Figure 10 illustrates the spatial distribution of simulated differential reflectivity (ZDR) and 564 

highlights three common polarimetric features seen in convective systems. First, a prominent 565 

ZDR column (Illinworth et al., 1987; Loney et al., 2002) appears just below and above the 566 

freezing level, mainly caused by RD (Fig. 10b). This feature results from large, oblate liquid 567 

drops lifted by strong updrafts and from reduced particle terminal velocity. It is well 568 

represented by the diameter-dependent RD shape, the fall speed formulation, and the flexible 569 

PSD modeling in TCWA2. Second, a midlevel ZDR band (Kumjain and Ryzhkov, 2008) about 570 

1 dB appears in the melting layer, caused by partially melted SA and RI with increased bulk 571 

density during melting (Fig. 10d,e). Third, a clear cloud-top ZDR enhancement (> 1 dB) is 572 
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simulated at higher levels, mainly due to PI (Fig. 10c). Elevated ZDR in this zone indicates the 573 

presence of columnar solid ice crystals with relatively low fall speeds. Throughout the broader 574 

cloud deck, ZDR remains relatively low (0.1–0.4 dB), mostly due to SA, given the dominant 575 

reflectivity partition. Although PI shows high ZDR values locally within the mixed-phase region, 576 

its contribution to the total ZDR is much less than that of RI.  577 

 578 

 579 

Fig. 10 Same as Fig. 9, but showing the differential reflectivity (dB).   580 

 581 

Figure 11 presents vertical cross sections of simulated specific differential phase (KDP) 582 

and reveals a distinct KDP column (Hubbert et al. 1998; Loney et al. 2002) stretching from 583 

near the surface through the mixed-phase region into upper levels at 7 km, collocated with the 584 

strongest updrafts. This feature is mainly caused by RI within the mixed-phase region and by 585 

RD below the freezing level (Fig. 11b,e). The continuous enhancement of KDP along the 586 

vertical indicates the presence of many aspherical, dense hydrometeors lifted by strong upward 587 

motion. In addition, these particles contribute to localized KDP (> 0.4 ° km⁻¹) near the melting 588 

layer. Above the freezing layer, KDP remains relatively weak across various cloud decks and is 589 

mostly associated with dry SA (Fig. 11d). Contribution from PI at temperatures warmer than 590 

−40 °C is generally minor due to its low number concentration (Fig. 11c).  591 

 592 

 593 
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Fig. 11 Same as Fig. 9, but showing the specific differential phase at C band (° km⁻¹).   594 

 595 

Figure 12 further demonstrates how ZDR depends on spectral shape, aspect ratio, and 596 

apparent density for each type of hydrometeor. For RD, ZDR steadily rises with bulk diameter 597 

and reaches higher (lower) values for smaller (larger) r at the same diameter, indicating more 598 

(less) deformation in broader (narrower) PSDs. For PI, ZDR varies greatly at small diameters, 599 

mainly influenced by particle shape, with highly aspherical crystals producing higher ZDR 600 

despite weaker reflectivity. Dry SA typically results in small ZDR values that decrease as 601 

diameter increases, while wet SA shows moderate ZDR that quickly declines as particles become 602 

denser and more spherical during melting. Similarly, dry RI particles have low ZDR, and wet 603 

RI falls within the intermediate ZDR range.  604 

 605 

 606 

Fig. 12 Same as Fig. 8, but showing the differential reflectivity (dB). Points are color-coded by 607 

the spectral shape, bulk aspect ratio, and bulk density, respectively. 608 

 609 

In summary, these results show that TCWA2 consistently performs across PSD variability, 610 

microphysical diagnostics, sedimentation behavior, and polarimetric radar products, and 611 

provides a physical foundation for applying TCWA2 to real-case simulations and radar-based 612 

model assessments discussed in later sections.  613 

4. Proof-of-concept real-case demonstration using MPAS 614 

The purpose of this section is not to provide a comprehensive operational validation or 615 

scheme intercomparison, but rather to demonstrate that the TCWA2 framework can be stably 616 

integrated into a three-dimensional model and produce physically interpretable polarimetric 617 

signatures. The MPAS model is adopted for real-case simulations because its unstructured-618 
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mesh framework enables seamless multiscale representation of convective systems within a 619 

single, globally consistent domain, while avoiding the lateral boundary issues that are inherent 620 

in limited-area models such as WRF. Additionally, the limited availability of only two 621 

microphysics schemes (WSM6 and Thompson) in MPAS is another strong reason to implement 622 

TCWA2 within the MPAS framework to facilitate broader application and evaluation.  623 

4.1 Model setup and cases 624 

The MPAS model is configured with a variable-resolution mesh comprising 97,031 625 

horizontal cells, with the model top at 30 km. The mesh includes a circular refinement zone 626 

centered at (24.0°N, 121.0°E) with a radius of 850 km. Inside this area, a high horizontal 627 

resolution of 2 km is maintained within about a 150 km radius, gradually expanding to 6 km 628 

toward the outer edges. This setup covers roughly 18.7°–29.2°N in latitude and 115.3°–126.8°E 629 

in longitude (Fig. 13), covering the operational radar network over Taiwan. The 2-km grid 630 

spacing is coarser than the 1-km idealized WRF simulation and may underresolve convective-631 

core updrafts and hydrometeor lofting. Thus, this real-case convection-permitting simulation 632 

is suitable for evaluating overall precipitation organization and qualitative polarimetric 633 

structures, but it should not be interpreted as a complete assessment of TCWA2 behavior within 634 

fully resolved convective cores. For time integration, the model uses a 36 s time step with 4 635 

acoustic sub-steps (the default is 2) to ensure numerical stability and high-resolution efficiency. 636 

For physical parameterizations, the scale-aware New Tiedtke cumulus scheme (Wang 2022) is 637 

used to ensure consistent performance across different mesh resolutions. Boundary layer and 638 

surface processes are represented by the Yonsei University PBL scheme (Hong et al. 2006) and 639 

Monin–Obukhov similarity theory (Monin and Obukhov 1954), respectively. Land-surface 640 

interactions and radiative transfer are handled through the Noah Land Surface Model (Chen 641 

and Dudhia 2001) and the RRTMG scheme (Iacono et al. 2008). For microphysical processes, 642 

simulations using the single-moment WSM6 (Hong et al. 2006) and semi-double-moment 643 

Thompson (Thompson et al. 2008) schemes are performed for comparison with the TCWA2 644 

scheme.  645 

 646 
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 647 

Fig. 13 MPAS model domain and horizontal mesh resolution (km).   648 

 649 

For the case study, an afternoon thunderstorm observed during the TAHOPE field 650 

campaign on June 24, 2022, was selected for evaluation. This event involved a typical 651 

convective system that caused precipitation over western central Taiwan, with a maximum of 652 

over 190 mm accumulated within 12 hours. The heavy rainfall and well-developed leading 653 

convective structure make this case ideal for assessing microphysical performance using 654 

ground-based radar data. Each experiment started at 0000 UTC on June 24, 2022, and lasted 655 

for 12 hours, with initial and boundary conditions provided by the National Centers for 656 

Environmental Prediction (NCEP) Global Forecast System (GFS). Model outputs are 657 

compared with two observational datasets. First, precipitation forecasts are verified against 658 

ground-based observations from the CWA’s Quantitative Precipitation Estimation and 659 

Segregation Using Multiple Sensors (QPESUMS) system (Chang et al. 2021). Second, 660 

simulated polarimetric radar variables are contrasted with Plan Position Indicator (PPI) 661 

observations from four operational CWA radar sites: RCWF (25.07°N, 121.77°E; S band), 662 

RCLY (22.53°N, 120.38°E; C band), RCNT (24.14°N, 120.58°E; C band), and RCSL (25.0°N, 663 

121.4°E; C band). These radar stations collectively cover the leading convective areas of the 664 

event. During this thunderstorm, a leading squall line formed around 0600 UTC on June 24 665 

and dissipated by approximately 1100 UTC. Accordingly, six-hourly radar data were sampled 666 

to match the model output frequency. The results are analyzed with particular focus on the 667 

characteristics of dual-polarimetric radar variables.  668 

4.2 Simulation evaluations 669 

The simulation results are assessed using a hierarchy of precipitation, reflectivity, and 670 

dual-polarimetric diagnostics. Figure 14 displays three simulations that generally replicate the 671 
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elongated north–south precipitation band over western and central Taiwan, with spatial pattern 672 

correlations between 0.53 and 0.55. The mean of the highest 10 precipitation values is 198 mm 673 

for WSM6, 188 mm for Thompson, and 173 mm for TCWA2, compared with 181 mm for 674 

QPESUMS. The WSM6 run produces a larger area of intense rainfall exceeding 90 mm over 675 

central Taiwan, indicating it overestimates the most intense precipitation amounts. Thompson 676 

and TCWA2 generate a narrower distribution of heavy rainfall, closer to the observed value, 677 

for this metric.   678 

 679 

 680 

Fig. 14 Spatial distributions of 12-h accumulated precipitation (mm) simulated using the 681 

WSM6, Thompson, and TCWA2 microphysics schemes, compared with QPESUMS 682 

observations. The pattern correlation for each run is indicated at the top of each panel, along 683 

with the average precipitation of the highest 10 points. The locations of the RCWF (25.07°N, 684 

121.77°E), RCLY (22.53°N, 120.38°E), RCNT (24.14°N, 120.58°E), and RCSL (25.0°N, 685 

121.4°E) radar sites are marked by black circles in the rightmost panel.  686 

 687 

As the location of the leading convective system is identified, a comprehensive evaluation 688 

is performed using grid-to-grid validation against hourly radar observations from 06 to 11 UTC 689 

at four radar stations. Figure 15 shows joint height–DBZ probability density distributions  690 

comparing simulated and observed DBZ. The observed joint distribution displays a frequent 691 

occurrence of reflectivity values between 2–10 km altitude, with reflectivity values mainly 692 
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ranging from 10 to 30 dBZ. Above the melting layer near 5 km altitude, reflectivity steadily 693 

decreases with height, indicating ice growth through riming and aggregation. Enhanced 694 

reflectivity exceeding 30 dBZ around 5 km corresponds to the radar bright band caused by the 695 

melting of large ice particles. The WSM6 simulation captures the overall vertical structure but 696 

has a broader distribution of high reflectivity, suggesting an overproduction of large 697 

hydrometeors. The Thompson scheme shows better vertical coherence compared to WSM6 but 698 

still has an overly extended high reflectivity region below 5 km, especially near the bright band 699 

peak. The pronounced bright band signatures may partly result from the combined effects of 700 

the fixed ice-particle density assumptions in the microphysics schemes and the simplified 701 

treatment of dielectric properties during melting in the radar operator. In contrast, the TCWA2 702 

run shows the closest agreement with the observations, achieving a pattern correlation of 0.99. 703 

The vertical placement and intensity of the reflectivity core depict a realistic transition from 704 

moderate reflectivity at lower levels, to peak echoes within the melting layer, and to weaker 705 

values aloft. Notably, the reflectivity value around 25 dBZ and the enhanced bright band 706 

signals at 4–5 km altitude are captured in both narrow and broad PSD representations. The 707 

lower occurrence of moderate reflectivity at upper levels may be related to the current RI 708 

initiation and warrants further examination in future work. Nevertheless, this improved 709 

depiction suggests that TCWA2 more effectively constrains the hydrometeor PSD through 710 

microphysical growth and sedimentation processes, offering a robust baseline for subsequent 711 

assessment of dual-polarimetric radar variables.  712 

 713 

 714 

Fig. 15 Joint probability density distribution of height (km) and horizontal radar reflectivity 715 

(dBZ) for simulations using the WSM6, Thompson, and TCWA2 microphysics schemes, 716 

compared with observations. The pattern correlation between simulated and observed joint 717 

distribution is indicated at the top of each panel, along with the observed mean reflectivity 718 

magnitude from the CWA measurements.  719 
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 720 

To further validate the dual-polarimetric radar products simulated by TCWA2, Figure 16 721 

shows joint distribution comparisons of ZDR and KDP between the TCWA2 simulation and 722 

observations. The observed joint height–ZDR features a concentrated core between 0.1 and 1.5 723 

dB below 4 km altitude, with a near-surface tail extending toward 3 dB, indicating the presence 724 

of oblate RD in a broad spectrum, along with size-sorting processes. Above the melting layer, 725 

the ZDR core diminishes below 1 dB and gradually weakens with height up to about 15 km. A 726 

slightly enhanced ZDR signal appears above 12 km in the TCWA2 simulation from the 727 

aspherical PI on the cloud top. Overall, the TCWA2 simulation generally reproduces both the 728 

vertical confinement and magnitude of the ZDR core, with a pattern correlation of 0.81. Since 729 

the KDP value depends on the radar wavelength, comparisons are performed separately for S 730 

and C band observations, corresponding to different sampling points. Both joint height–KDP 731 

comparisons show similar levels of agreement. Observations reveal enhanced KDP below 5 km, 732 

with maxima extending toward the surface, reflecting high liquid water content and active 733 

collisional breakup processes. TCWA2 captures this vertical distribution with pattern 734 

correlations of 0.90 and 0.93 for the two KDP configurations, respectively. However, TCWA2 735 

occasionally overestimates KDP near 10 km altitude, which may partly reflect limitations in the 736 

microphysical parameterizations of RI, the fixed horizontal-viewing geometry, and the 737 

broadside-falling assumption for particle orientation without explicit tumbling or electric-field-738 

induced alignment, highlighting the need for further refinement.  739 

 740 

 741 
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Fig. 16 Joint probability density distribution from the TCWA2 simulation (top row) and the 742 

corresponding observations (bottom row). The radar variables shown from left to right are 743 

differential reflectivity (dB), specific differential phase at S band (° km⁻¹), and specific 744 

differential phase at C band (° km⁻¹). The pattern correlation between simulated and observed 745 

distribution is indicated at the top of each panel, along with the observed mean values from the 746 

CWA measurements.  747 

 748 

To account for distinct microphysical regimes and isolate the influence of melting-layer 749 

processes, the simulated and observed radar signatures are analyzed by stratifying the results 750 

to assess whether the simulated raindrop and ice-particle characteristics align with observations 751 

at various heights. Figure 17 illustrates the joint distribution of ZDR and DBZ by dividing them 752 

into three altitude ranges. In the low-level region below 4 km, observations show multiple ZDR 753 

modes associated with liquid-phase hydrometeors. A primary ZDR core is centered around 0.2 754 

dB within 20–30 dBZ, along with a broader distribution below 1 dB across 10–35 dBZ. A 755 

secondary mode with higher ZDR values, reaching about 2 dB, appears between 30 and 45 dBZ, 756 

likely related to increases in RD accretion and self-collection. Occasional instances exceeding 757 

2.5 dB above 40 dBZ are also observed, with this significant deformation mainly caused by 758 

melting of large oblate ice particles in a broad PSD. The TCWA2 simulation closely reproduces 759 

both the magnitude and variability of the observed ZDR–DBZ relationship dominated by RD. 760 

Within the mixed-phase layer between 4 and 6 km, the observed ZDR cores for strong 761 

reflectivity (> 40 dBZ) are substantially reduced, while sporadic ZDR enhancements (around 762 

0.1–0.15) are contributed by partial melting into liquid drops. TCWA2 effectively simulates 763 

this transition from rain-dominated conditions to mixed-phase wet SA and RI across the 764 

melting layer. Above 6 km, both observations and simulations exhibit low ZDR and DBZ values, 765 

generally below 1 dB and 30 dBZ, consistent with near-spherical ice particles. TCWA2 766 

reproduces this pattern well, achieving a pattern correlation of 0.99. The relative magnitude of 767 

ZDR against DBZ indicates the effectiveness of its ice microphysical parameterizations. Overall, 768 

the generally good agreement between simulated and observed ZDR–DBZ distributions across 769 

all altitude ranges demonstrates that TCWA2 effectively captures the vertical evolution of 770 

hydrometeor size and shape in this convective system.  771 

 772 
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 773 

Fig. 17 Height-stratified joint probability density distribution of differential reflectivity (dB) as 774 

a function of radar reflectivity (dBZ) from the TCWA2 simulation (top row) and the 775 

corresponding observations (bottom row). Panels are grouped by altitude ranges: low (<4 km), 776 

middle (4–6 km), and upper (>6 km). Pattern correlations are indicated at the top of each 777 

TCWA2 panel, along with the observed mean ZDR values.  778 

 779 

Figure 18 further depicts the joint distributions of KDP at S band against DBZ by dividing 780 

the results into three altitude zones. Since KDP is directly proportional to the number 781 

concentration of nonspherical particles, this analysis offers a strict constraint on how the 782 

number density related to asphericity is represented. In the low-altitude region below 4 km, 783 

observations exhibit a main distribution centered near 30 dBZ and ranging roughly from 10 to 784 

50 dBZ, with most KDP values staying below 1° km⁻¹. A secondary population with higher KDP 785 

reaching up to 2.5° km⁻¹ appears at strong reflectivity over 45 dBZ, mainly from large melting 786 

oblate ice particles. The TCWA2 simulation produces a narrower core between 30 and 40 dBZ 787 

and occasionally overestimates KDP at reflectivities above 40 dBZ. However, it still captures 788 

the observed relationship between KDP and DBZ. In the mixed-phase layer between 4 and 6 km, 789 

the observed KDP distribution has a similar shape, but with lower peak values and less frequent 790 

occurrences, reflecting a smaller amount of liquid water confined to partial melting. TCWA2 791 

replicates this weaker KDP signal during phase changes. Above 6 km, both observations and 792 

simulations show low KDP and DBZ values, generally under 1° km⁻¹ and 45 dBZ, aligned with 793 

ice-dominated hydrometeors and minimal liquid water occurrence. Although TCWA2 matches 794 

the overall pattern of the observed distribution, the simulated core shifts slightly from the 795 

observed 10–25 dBZ range to 15–30 dBZ. This bias is probably caused by uncertainties in 796 
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observational sampling with S-band radar at a relatively long distance from the convective 797 

system.  798 

 799 

 800 

Fig. 18 Same as Fig. 17, but showing the specific differential phase at S band (° km⁻¹).  801 

 802 

Figure 19 shows the joint distributions of KDP and DBZ at C band, divided by altitude, 803 

offering an independent assesment of the simulated hydrometeor signatures with a shorter radar 804 

wavelength. Compared to S-band data, C-band KDP is more sensitive to raindrop size and 805 

number concentration. In the low-level layer below 4 km, observations reveal a dominant KDP 806 

core within 30–40 dBZ, mostly below 1° km⁻¹, with noticeable KDP increases when reflectivity 807 

exceeds 30 dBZ. Peak KDP values reach about 5° km⁻¹ and occur more often at high reflectivity 808 

than in S-band data, reflecting the stronger wavelength dependence of KDP at C band. The 809 

TCWA2 simulation closely reproduces both the magnitude and reflectivity dependence of the 810 

observed distribution. In the layer between 4 and 6 km, where mixed-phase hydrometeors are 811 

present, observed KDP values decline and become more tightly clustered, reflecting diminishing 812 

liquid water content and phase changes. TCWA2 captures this vertical shift of melting and 813 

liquid water depletion across the melting layer with a pattern correlation of 0.97. Above 6 km, 814 

both observations and simulations show weak KDP values, generally below 1°km⁻¹, consistent 815 

with ice-dominated hydrometeors and limited supercooled liquid water. Although there are 816 

occasional discrepancies with KDP over 1° km⁻¹, likely linked to RI signatures, TCWA2 still 817 

reproduces the overall distribution well, with a high pattern correlation of 0.98.  818 



-32- 

 

 819 

 820 

Fig. 19 Same as Fig. 17, but showing the specific differential phase at C band (° km⁻¹).  821 

 822 

The real-case MPAS simulations show that TCWA2 reproduces the observed vertical 823 

reflectivity patterns and height-dependent dual-polarization signatures, with generally good 824 

pattern correlations. Although some discrepancies remain at higher levels, partly due to 825 

observational limitations, ice-phase uncertainties, and simplified particle-orientation 826 

assumptions, the evaluations indicate that TCWA2 provides a practical framework for 827 

simulating convective microphysical processes.  828 

All simulations were run with MPI parallelization across 32 CPU cores. The total wall-829 

clock times, with microphysics-component times in parentheses, were 402 (22), 511 (34), and 830 

550 (118) s for the WSM6, Thompson, and TCWA2 simulations, respectively. Compared with 831 

Thompson, the TCWA2 microphysics component required about 3.5 times as much 832 

computational time, primarily due to revised parameterizations and additional calculations of 833 

dual-polarization radar variables. However, the total wall-clock time increased by only 39 834 

seconds, or about 7.6%, in this model configuration. Thus, TCWA2 remains computationally 835 

practical because it retains a double-moment prognostic framework while diagnosing 836 

additional microphysical and radar-related properties.  837 

5. Summary 838 

This study introduces TCWA2, a double-moment bulk cloud microphysics scheme 839 
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designed for operational weather prediction that utilizes dual-polarimetric radar observations 840 

at the Taiwan CWA. By emulating the triple-moment NTU scheme, TCWA2 preserves a 841 

gamma-type PSD with adjustable spectral shape parameters, diagnoses hydrometeor-related 842 

properties, and revises the number sinks during diffusional loss. Additionally, TCWA2 843 

incorporates theoretically based fall-speed formulations that account for particle density and 844 

aspect ratio, allowing the assessment of how PSD variation and particle morphology affect 845 

sedimentation processes. To connect the gaps between BMPs and radar diagnostics, this study 846 

further develops a customized bulk dual-polarization radar operator based on offline bin-based 847 

scattering calculations integrated over the model PSD range using the Rayleigh approximation.  848 

The idealized WRF squall-line simulation illustrates the spatial distribution of 849 

microphysical diagnostics, the physical behavior of parameterized variables, and the leading 850 

factors on bulk fall speeds for each hydrometeor. The simulated polarimetric variables show 851 

realistic spatial features, and the contributions of individual precipitating categories to the dual-852 

polarimetric radar products are quantified through decomposition analysis. Key radar 853 

signatures, including the melting layer bright band, KDP column, and ZDR column, are well 854 

reproduced. Additionally, the role of size-shape dependence in determining raindrop ZDR in 855 

terms of different spectral shape parameters is specifically highlighted.  856 

For the MPAS real-case simulation of an afternoon thunderstorm event on 24 June 2022 857 

during the TAHOPE field campaign, validations against observed precipitation and radar 858 

reflectivity indicate that the TCWA2 scheme well captures the convective system's geographic 859 

distribution and vertical structure. The joint probability density distribution analysis of ZDR and 860 

KDP yields similar conclusions, despite some overestimation in the upper levels. In particular, 861 

the joint distributions of radar reflectivity and polarimetric variables show generally good 862 

agreement with observations, with pattern correlations exceeding 0.9 across three altitude 863 

layers. These results indicate the capability of TCWA2 and its embedded bulk radar operator 864 

to represent the dominant microphysical characteristics of liquid-, mixed-, and solid-phase 865 

hydrometeors in radar signatures. Remaining discrepancies in the polarimetric variables may 866 

partly reflect uncertainties associated with ice-phase parameterizations, particle-orientation 867 

assumptions, and the fixed viewing geometry.  868 

Although the TCWA2 scheme demonstrates strong cross-platform performance in both 869 

idealized and real-case simulations, several areas still require further enhancement. First, 870 

systematic comparisons between TCWA2 and the sophisticated NTU scheme could identify 871 
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which processes would benefit from prognostic treatment or revised parameterizations. Second, 872 

since SA and RI heavily depend on growth history, their shape representations could be 873 

improved by introducing size-dependent relationships. Third, the melting fraction is currently 874 

treated diagnostically, and implementing a prognostic approach would allow for a smoother 875 

mixed-phase transition across the melting layer. Additionally, refining the parameterization of 876 

number reduction during melting could improve physical realism. Finally, the derivation of 877 

dual-polarimetric radar scattering integrals could be extended using the T-matrix algorithm to 878 

account for additional electromagnetic effects associated with larger particles.  879 

In summary, the TCWA2 scheme provides a foundation for data assimilation, as radar-880 

relevant hydrometeor properties are accessible from the microphysics parameterization and are 881 

formulated consistently with the radar operator. The bulk particle terminal velocities diagnosed 882 

by TCWA2 allow for process-level validation against observed radial velocities. Additionally, 883 

the distinct microphysical properties among different categories and their corresponding 884 

polarimetric radar signatures provide interpretable guidance for radar-based hydrometeor 885 

classification algorithms. This physically consistent formulation of the radar forward operator 886 

can help reduce representativeness errors and enhance convective-scale short-term forecasts 887 

when assimilating dual-polarimetric radar observations. Consequently, the bulk dual-888 

polarization radar operator has been integrated into the MPAS-JEDI (Joint Effort for Data 889 

assimilation Integration) system for future radar data assimilation tasks.  890 
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 907 

Appendix A. Parameterizations of bulk fall speed and parameters 908 

A1. Bulk moment-weighting fall speed 909 

The generalized expression for the bulk fall speed associated with the k-th moment is 910 

parameterized as   911 

𝑣𝑥,𝑘 = 𝑅𝑥𝑒𝑥𝑝 (
𝑎𝑥 + 𝑏𝑥𝑦𝑥,𝑘 + 𝑐𝑥𝑧𝑥 + 𝑑𝑥𝑦𝑥,𝑘

2 + 𝑒𝑥𝑧𝑥
2 + 𝑓𝑥𝑦𝑥,𝑘𝑧𝑥

+𝑔𝑥𝑦𝑥,𝑘
3 + ℎ𝑥𝑧𝑥

3 + 𝑖𝑥𝑦𝑥,𝑘𝑧𝑥
2 + 𝑗𝑥𝑦𝑥,𝑘

2 𝑧𝑥

) 𝑓(𝜌𝑥)𝑓(𝜙𝑥)𝑓(𝜌𝑎)   (A1) 912 

where 𝑥 ∈ (𝑟, 𝑖, 𝑠, 𝑔) , 𝑘 ∈ (0, 3)  represents the moment order, 𝑦𝑥,𝑘 = 𝑙𝑛(𝛼𝑥 + 2 + 𝑘) , and 913 

𝑧𝑥 = 𝑙𝑛𝜆𝑥. The air density correction f(a) follows Heymsfield et al. (2007). The scaling factor 914 

Rx is set to 10−5 for PI and 10−3 for the remaining categories. The density correction is unity for 915 

RD. For ice particles, it is parameterized as  916 

𝑓(𝜌𝑥) = (
𝑎 + 𝑏𝑦𝑥 + 𝑐𝑧𝑥 + 𝑑𝑦𝑥

2 + 𝑒𝑧𝑥
2 + 𝑓𝑦𝑥𝑧𝑥

+𝑔𝑦𝑥
3 + ℎ𝑧𝑥

3 + 𝑖𝑦𝑥𝑧𝑥
2 + 𝑗𝑦𝑥

2𝑧𝑥

) ≤ 1,                              (A2) 917 

where 𝑥 ∈ (𝑖, 𝑠, 𝑔), 𝑦𝑥 = 𝑙𝑛𝐷𝑥, and 𝑧𝑥 = 𝑙𝑛𝜌𝑥.  918 

The shape correction 𝑓(𝜙𝑥) is unity for RD, and 𝜙𝑥
1/3

 for SA and RI. For PI, the correction 919 

depends on crystal habit 𝑓(𝜙𝑖) = 𝐷𝑖0
𝜁/2

 and 𝑦𝑥,𝑖 = 𝑙𝑛(𝛼𝑖 + 𝜁 + 2 + 𝑘)  for prolate crystals, 920 

whereas 𝑓(𝜙𝑖) = 𝐷𝑖0
−𝜁

 and 𝑦𝑥,𝑖 = 𝑙𝑛(𝛼𝑖 − 𝜁/2 + 2 + 𝑘)  for oblate crystals.  921 

ζ = (𝛽 − 1)/(𝛽 + 2) the ice growth ratio (see CT16; TC20).  922 

A2. Bulk fall speed parameters for ventilation effects 923 

In addition to the moment-weighted fall speed described in Section A1, fall-speed parameters 924 

are necessary to determine the ventilation factor (e.g., vapor diffusional and melting processes). 925 

The bulk terminal velocity for hydrometeor category x is represented by a power-law form. 926 

𝑣𝑥 = 𝑎𝑣,𝑥𝐷𝑥
𝑏𝑣,𝑥 ,                                                          (A3) 927 
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where av,x and bv,x are the prefactor and exponent parameters, respectively, derived according 928 

to the parameterization of Khvorostyanov and Curry (2002).  929 

A2.1 Raindrops 930 

For RD, the parameters of av,r and bv,r are separately expressed as  931 

𝑎𝑣,𝑟 = 𝑒𝑥𝑝 (
𝑎 + 𝑏𝑦𝑟 + 𝑐𝑧𝑟 + 𝑑𝑦𝑟

2 + 𝑒𝑧𝑟
2 +

𝑓𝑦𝑟𝑧𝑟 + 𝑔𝑦𝑟
3 + ℎ𝑧𝑟

3 + 𝑖𝑦𝑟𝑧𝑟
2 + 𝑗𝑦𝑟

2𝑧𝑟

),                    (A4) 932 

𝑏𝑣,𝑟 = 𝑎 + 𝑏𝑦𝑟 + 𝑐𝑧𝑟 + 𝑑𝑦𝑟
2 + 𝑒𝑧𝑟

2 + 𝑓𝑦𝑟𝑧𝑟 + 𝑔𝑦𝑟
3 + ℎ𝑧𝑟

3 + 𝑖𝑦𝑟𝑧𝑟
2 + 𝑗𝑦𝑟

2𝑧𝑟.  (A5) 933 

Where 𝑦𝑟 = 𝑙𝑛(𝛼𝑟 + 2), and 𝑧𝑟 = 𝑙𝑛𝜆𝑟.  934 

A2.2 Ice particles 935 

For ice-phase species 𝑥 ∈ (𝑖, 𝑠, 𝑔), the prefactor av,x is parameterized as 936 

𝑎𝑣,𝑥 = 𝑒𝑥𝑝 (
𝑎 + 𝑏𝑦𝑥 + 𝑐𝑧𝑥 + 𝑑𝑦𝑥

2 + 𝑒𝑧𝑥
2 + 𝑓𝑦𝑥𝑧𝑥

+𝑔𝑦𝑥
3 + ℎ𝑧𝑥

3 + 𝑖𝑦𝑥𝑧𝑥
2 + 𝑗𝑦𝑥

2𝑧𝑥

) 𝑓(𝜌𝑥𝑎)𝑓(𝜙𝑥).       (A6) 937 

Where , 𝑦𝑥 = 𝑙𝑛(𝛼𝑥 + 2), and 𝑧𝑥 = 𝑙𝑛𝜆𝑥. The ice density correction f(xa) applied to av,x is 938 

𝑓(𝜌𝑥𝑎) = (
𝑎 + 𝑏𝑦𝑥 + 𝑐𝑧𝑥 + 𝑑𝑦𝑥

2 + 𝑒𝑧𝑥
2 + 𝑓𝑦𝑥𝑧𝑥

+𝑔𝑦𝑥
3 + ℎ𝑧𝑥

3 + 𝑖𝑦𝑥𝑧𝑥
2 + 𝑗𝑦𝑥

2𝑧𝑥

) 𝐷𝑥
𝑏𝑣,𝑥[1−𝑓(𝜌𝑥𝑏)]

 ,     (A6a) 939 

where 𝑦𝑥 = 𝑙𝑛𝐷𝑥 , 𝑧𝑥 = 𝑙𝑛𝜌𝑥 . The shape correction f(x) is defined as 𝜙𝑥
1/3

 for SA and RI, 940 

whereas it is  𝐷𝑖0
𝜁/2

  for prolate PI and 𝐷𝑖0
𝜁/2

 for oblate PI crystals. The exponent bv,x is given by:  941 

𝑏𝑣,𝑥 = (
𝑎+𝑐𝑙𝑛𝑦𝑥+𝑒𝑙𝑛𝑧𝑥+𝑔𝑙𝑛𝑦𝑥

2+𝑖𝑙𝑛𝑧𝑥
2+𝑘𝑙𝑛𝑦𝑥𝑙𝑛𝑧𝑥

1+𝑏𝑙𝑛𝑦𝑥+𝑑𝑙𝑛𝑧𝑥+𝑓𝑙𝑛𝑦𝑥
2+ℎ𝑙𝑛𝑧𝑥

2+𝑗𝑙𝑛𝑦𝑥𝑙𝑛𝑧𝑥
) 𝑓(𝜌𝑥𝑏)                       (A7) 942 

Where 𝑥 ∈ (𝑖, 𝑠, 𝑔), 𝑦𝑥 = 𝑙𝑛(𝛼𝑥 + 2), and 𝑧𝑥 = 𝑙𝑛𝜆𝑥. The ice density correction f(xb) applied 943 

to bv,x is  944 

𝑓(𝜌𝑥𝑏) =
𝑎+𝑐𝑙𝑛𝐷𝑥+𝑒𝑙𝑛𝜌𝑥+𝑔𝑙𝑛𝐷𝑥

2+𝑖𝑙𝑛𝜌𝑥
2+𝑘𝑙𝑛𝐷𝑥𝑙𝑛𝜌𝑥

1+𝑏𝑙𝑛𝐷𝑥+𝑑𝑙𝑛𝜌𝑥+𝑓𝑙𝑛𝐷𝑥
2+ℎ𝑙𝑛𝜌𝑥

2+𝑗𝑙𝑛𝐷𝑥𝑙𝑛𝜌𝑥
≥ 1                        (A7a) 945 

where 𝑦𝑥 = 𝑙𝑛𝐷𝑥, 𝑧𝑥 = 𝑙𝑛𝜌𝑥.   946 

All coefficients appearing in Eqs. (A1)–(A7) are listed in Table A. 947 

 948 

Table A. The coefficients and determination (R2) for the equations in Appendix A. 949 

Eq. parameter (unit) coefficients R2 



-37- 

 

A1 

RD bulk fall speed    

(m s−1) 

ar = 3.9042777; br = −1.7108382; cr = 2.079987; dr = −0.43640423;     

er = −0.26248077; fr = 0.58061442; gr = 2.8473168E−4;                        

hr = 4.5413262E−3; ir = −1.6518188E−2; jr = 1.9159654E−2 

0.9995 

PI bulk fall speed       

(m s−1) 

ai = 6.2503876; bi = −2.3672621; ci = 2.8701539; di = −0.53583075;      

ei = −0.36592677; fi = 0.76858786; gi = −3.1184644E−3;                          

hi = 9.0974178E−3; ii = −2.9301941E−2; ji = 3.1551241E−2 

0.9992 

SA/RI bulk fall speed 

(m s−1) 

ax =11.340988; bx =1.3909409; cx = −0.95275936; dx =−1.128589E−2; 

ex = 0.12025388; fx = −0.21512648; gx = 1.825244E−2;                           

hx = −1.0767504E−2; ix = 3.159366E−2; jx = −3.1975557E−2 

0.9992 

A2 
ice density correction 

on vx 

a = 0.27573; b = −0.48822051; c = 0.45512963; d = 2.7896597E−2;      

e = −0.21716796; f = 0.14683485; g = −1.2330147E−3;                            

h = 2.4876837E−2; i = −1.3548357E−2; j = −8.3478882E−4 
0.9983 

A4 
 RD fall speed 

parameter av,r 

a = 45.43683; b = 18.220453; c = −18.360234; d = 3.3500426;              

e = 2.694486; f = −5.7437089; g = 0.12341375; h = −0.11349924;           

i = 0.36417943; j = −0.39128002 
0.9988 

A5 
RD fall speed 

parameter bv,r 

a = 5.7968956; b = 2.0351912; c = −2.2590687; d = 0.42145694;           

e = 0.32980961; f = −0.68616779; g = 1.5334834E−2;                              

h = −1.4014021E−2; i = 4.4802292E−2; j = −4.9353351E−2 
0.9936 

A6 

PI  fall speed 

parameter av,i 

ai  = 8.9688466; bi  = 0.221992; ci  = 2.3629275; di = −0.21793693;              

ei  = −2.4224483; fi = 0.015890892; gi  = 0.2218761; hi = 0.014198651;     

ii  = 0.19151978; ji = −0.02955316; ki = −0.39781101 
0.9997 

SA/RI fall speed 

parameter av,x  

ax= 4.7457886; bx= 0.92280056; cx = −0.92255288; dx =7.9043734E−2; 

ex=5.9176938E−2; fx=−0.12956678; gx=0.20479573; hx= −0.19214126;    

ix = 1.1777632E−2; jx  = 1.0020604E−2; kx =  −2.1600193E−2 
0.9997 

ice density correction 

on av,x   

a = 0.27573; b = −0.48822051; c = 0.45512963; d = 2.7896597E−2;     

e = −0.21716796;  f = 0.14683485; g = −1.2330147E−3;                        

h = 2.4876837E−2; i = −1.3548357E-2; j = −8.3478882E−4 
0.9983 

A7 

PI fall speed 

parameter bv,i  

ai  = 1.1672061; bi = 0.23004501; ci  = 0.29961176; di = −0.22880535;              

ei = −0.32111992; fi = 0.017796996; gi = 0.029231253; hi = 

0.01555279; ii = 0.025582889; ji = −0.032232357; ki = −0.051957511 
0.9933 

SA/RI fall speed 

parameter bv,x  

ax = 0.53870773; bx = 8.3720637E−2;  cx = −9.6585127E−2; dx = 

9.6295511E−3; ex=6.3328852E−3; fx=−1.3736835E−2; gx=0.19838252; 

hx=−0.18921664;ix=0.012491957;jx=9.9099794E−3;kx=−2.1563555E−2 
0.9908 

 ice density 

correction on bv,x  

a = 0.99428907; b= −0.18786418; c= −0.17868626; d= 1.3016182E−2; 

e = 1.3809212E−2; f = 7.96172E−3; g = −0.19249585; h = 

−0.18015756; i= 1.3125865E−2; j= 1.3979134E−2; k =8.4353006E−3 
0.9752 

 950 

Appendix B. Number sink due to vapor diffusional processes 951 

In NWP, phase-change processes such as evaporation and sublimation are vital for 952 

regulating cold pool formation and the structure of precipitating systems. However, deriving 953 
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realistic sink rates for hydrometeor number concentration in BMPs remains challenging, 954 

because number sink is less directly proportional to mass lost rate and highly dependent on 955 

both environmental conditions and the evolving PSD (Seifert 2008). Therefore, many current 956 

BMPs adopt pragmatic closures that relate the number sink to mass loss by assuming a fixed 957 

mean volume size (e.g., Khairoutdinov and Kogan 2000; Milbrandt and Yau 2005b; Morrison 958 

and Grabowski 2007). While such assumptions may be adequate for broad PSDs (i.e., small or 959 

zero ) associated with drizzle in stratocumulus clouds (Khairoutdinov and Kogan 2000), they 960 

may be inappropriate for heavy convective rain (Seifert 2008), where PSD shapes vary 961 

substantially across different microphysical regimes. Since the  in TCWA2 is adjusted 962 

according to the growth regime, a revised treatment of number loss during evaporation and 963 

sublimation is necessary to ensure realistic PSD evolution.  964 

The mass change rate of an individual particle due to evaporation or sublimation follows 965 

vapor diffusional growth theory (Pruppacher and Klett 1997): 966 

𝑑𝑚

𝑑𝑡
= 2𝜋𝐴𝑓𝑣(𝐷)∆𝑆,                                                       (B1) 967 

Where D is the diameter, A is a thermodynamic correction factor depending on air temperature 968 

and pressure, fv is the ventilation factor, and ∆S is the supersaturation ratio with respect to water 969 

or ice. The particle mass can be expressed as  𝑚 = (𝜋/6)𝜌𝑥𝐷3, so the differentiation of Eq. 970 

(B1) yields:  971 

𝑑𝐷2

𝑑𝑡
=

8

𝜌𝑥
𝐴𝑓𝑣̅∆S,                                                             (B2) 972 

where 𝑓𝑣̅  denotes the ventilation coefficient obtained from the modal mean diameter for 973 

simplicity. The solution of Eq. (B2) for D = 0 over a model time step Δt represents the threshold 974 

diameter for total evaporation or sublimation, which can be solved as follows: 975 

      𝐷∗ = √−
8

𝜌𝑥
𝐴𝑓𝑣̅∆𝑆∆𝑡.                                                    (B3) 976 

Here, ΔS is negative under subsaturated conditions. Once the threshold diameter is determined, 977 

the fraction of particles evaporated or sublimated within the time step can be derived from the 978 

incomplete gamma function (+1, 𝐷∗) based on the gamma-type PSD. To ensure numerical 979 

consistency between mass and number tendencies, both an upper limit of 0.9 and a variable 980 

constraint 
6𝑑𝑄/𝑑𝑡

𝜋𝜌𝑥𝐷∗
3  are applied to the number loss fraction, where dQ/dt is the evaporation or 981 

sublimation mass loss rate. This formulation explicitly accounts for PSD variability across 982 
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different thermodynamic environments, enabling the calculation of the number sink suitable 983 

for BMPs in flexible gamma-type PSDs. However, the above approach cannot be easily 984 

extended to melting-induced number loss because the presence of an additional riming kernel 985 

prevents deriving an analytical solution for the threshold diameter.  986 

 987 

Appendix C. Parameterizations of bulk dual-polarization radar variables 988 

C1. Horizontal radar reflectivity 989 

For raindrops (RD), the radar reflectivity is parameterized as  990 

𝐷𝐵𝑍,𝑟 = (𝑎 + 𝑏𝑦𝑟 + 𝑐𝑦𝑟
0.5 + 𝑑𝑧𝑟

2 + 𝑒𝑧𝑟
0.5) − 200,                      (C1) 991 

where 𝑦𝑟 = 𝑙𝑛(𝛼𝑟 + 2) and 𝑧𝑟 = 𝑙𝑛𝜆𝑟.  992 

For pristine ice (PI), the density correction is 𝑓(𝜌𝑖) = 1.9382 × 10−6𝑒1.9261ln𝜌𝑖, and the radar 993 

reflectivity is given by  994 

𝐷𝐵𝑍,𝑖 = (𝑎 + 𝑏𝑦𝑖 + 𝑐𝑦𝑖
2 + 𝑑𝑦𝑖

3 + 𝑒𝑧𝑖) − 200.                            (C2) 995 

For dry snow aggregates (SA) and rimed ice (RI), the density correction is 𝑓(𝜌𝑥) =996 

1.544 × 10−5𝑒1.95714566ln𝜌𝑥, and the radar reflectivity is parameterized as   997 

𝐷𝐵𝑍,𝑥 = (𝑎 + 𝑏𝑦𝑥 + 𝑐𝑦𝑥
2 + 𝑑𝑦𝑥

3 + 𝑒𝑧𝑥) − 250,                           (C3) 998 

where 𝑥 ∈ (𝑠, 𝑔), 𝑦𝑥 = 𝑙𝑛(𝛼𝑥 + 2), and 𝑧𝑥 = 𝑙𝑛𝜆𝑥.  999 

C2. Differential reflectivity 1000 

For RD, the differential reflectivity is expressed as a function of the PSD: 1001 

𝑍𝐷𝑅,𝑟 = 10−4𝑒𝑥𝑝 (
𝑎 + 𝑏𝑦𝑟 + 𝑐𝑧𝑟 + 𝑑𝑦𝑟

2 + 𝑒𝑧𝑟
2 + 𝑓𝑦𝑟𝑧𝑟

+𝑔𝑦𝑟
3 + ℎ𝑧𝑟

3 + 𝑖𝑦𝑟𝑧𝑟
2 + 𝑗𝑦𝑟

2𝑧𝑟

).             (C4) 1002 

For PI, ZDR,i depends on the ice growth ratio , bulk density i, and PSD:  1003 

𝑍𝐷𝑅,𝑖 = 10−6𝑒𝑥𝑝 (
𝑎+𝑏𝑦𝑖+𝑐𝑦𝑖

2+𝑑𝑧𝑖+𝑒𝑧𝑖
2+𝑓𝑧𝑖

3

1+𝑔𝑦𝑖+ℎ𝑦𝑖
2+𝑖𝑦𝑖

3+𝑗𝑧𝑖
) 𝑓(𝜌𝑖)𝑓(𝜙𝑖).                   (C5) 1004 

Here, 𝑦𝑖 = 𝑙𝑛(𝛼𝑖 + 2), 𝑧𝑖 = 𝑙𝑛𝜆𝑖 , and Di is the bulk volume-weighting diameter (m). The 1005 

density correction is 𝑓(𝜌𝑖) = 𝑎𝑙𝑛𝜌𝑖
3 + b𝑙𝑛𝜌𝑖

2 + c𝑙𝑛𝜌𝑖 + 𝑑 , and the shape correction is 1006 

𝑓(𝜙𝑖) = 𝑎 + 𝑏𝐷𝑖 + 𝑐𝜁𝑖 + 𝑑𝐷𝑖
2 + 𝑒𝜁𝑖

2 + 𝑓𝐷𝑖𝜁𝑖 + 𝑔𝐷𝑖
3 + ℎ𝜁𝑖

3 + 𝑖𝐷𝑖𝜁𝑖
2 + 𝑗𝐷𝑖

2𝜁𝑖.  1007 

For dry SA and RI, ZDR,x is independent of the PSD and given by  1008 
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𝑍𝐷𝑅,𝑥 = 0.384𝑓(𝜌𝑥)𝑓(𝜙𝑥),                                                    (C6) 1009 

where 𝑥 ∈ (𝑠, 𝑔). The density correction is 𝑓(𝜌𝑥) = 𝑎𝑙𝑛𝜌𝑥
3 + b𝑙𝑛𝜌𝑥

2 + c𝑙𝑛𝜌𝑥 + 𝑑, and shape 1010 

correction is 𝑓(𝜙𝑥) = 𝑎𝑙𝑛𝜙𝑥
3 + b𝑙𝑛𝜙𝑥

2 + c𝑙𝑛𝜙𝑥 + 𝑑.  1011 

C3. Specific differential phase 1012 

For RD, the parameterization of KDP,r depends on the PSD:  1013 

𝐾𝐷𝑃,𝑟(𝐷𝑟
̅̅ ̅ < 7 × 10−4 𝑚) = 10−10𝑒𝑥𝑝 (𝑎 +

𝑏

𝑦𝑟
+

𝑐

𝑦𝑟
2 +

𝑑

𝑦𝑟
3 +

𝑒

𝑦𝑟
4 +

𝑓

𝑦𝑟
5 + 𝑔𝑧𝑟)      (C7a) 1014 

𝐾𝐷𝑃,𝑟(𝐷𝑟
̅̅ ̅ ≥ 7 × 10−4 𝑚) = 10−10𝑒𝑥𝑝(𝑎 + 𝑏𝑦𝑟 + 𝑐𝑧𝑟 + 𝑑𝑦𝑟

2 + 𝑒𝑧𝑟
2 + 𝑓𝑦𝑟𝑧𝑟)  (C7b) 1015 

For PI, KDP,i is parameterized as 1016 

𝐾𝐷𝑃,𝑖 = 2 × 10−18𝑒𝑥𝑝 (
𝑎+𝑐𝑦𝑖+𝑒𝑧𝑖+𝑔𝑦𝑖

2+𝑖𝑧𝑖
2+𝑘𝑦𝑖𝑧𝑖

1+𝑏𝑦𝑖+𝑑𝑧𝑖+𝑓𝑦𝑖
2+ℎ𝑧𝑖

2+𝑗𝑦𝑖𝑧𝑖
) 𝑓(𝜌𝑖)𝑓(𝜙𝑖),             (C8) 1017 

with the shape correction 𝑓(𝜙𝑖) = 𝑎 + 𝑏𝐷𝑖 + 𝑐𝜁𝑖 + 𝑑𝐷𝑖
2 + 𝑒𝜁𝑖

2 + 𝑓𝐷𝑖𝜁𝑖 + 𝑔𝐷𝑖
3 + ℎ𝜁𝑖

3 +1018 

𝑖𝐷𝑖𝜁𝑖
2 + 𝑗𝐷𝑖

2𝜁𝑖 , and the density correction 𝑓(𝜌𝑖) = 1.75 × 10−6𝑒𝑥𝑝(1.93990711𝑙𝑛𝜌𝑖)  for 1019 

prolate crystals and  𝑓(𝜌𝑖) = 1.89 × 10−6𝑒𝑥𝑝(1.92963337𝑙𝑛𝜌𝑖) for oblate ones.  1020 

For dry SA and RI, KDP,x is parameterized as  1021 

𝐾𝐷𝑃,𝑥 = 10−15𝑒𝑥𝑝(𝑎 + 𝑏𝑦𝑥 + 𝑐𝑦𝑥
−1 + 𝑑𝑧𝑥)𝑓(𝜌𝑥)𝑓(𝜙𝑥),              (C9) 1022 

where 𝑥 ∈ (𝑠, 𝑔) . The density correction is 𝑓(𝜌𝑥) = 1.974 × 10−5𝑒𝑥𝑝(1.90820312𝑙𝑛𝜌𝑥) , 1023 

and the shape correction is 𝑓(𝜙𝑥) = 𝑎𝑙𝑛(200𝜙𝑥)3 + 𝑏𝑙𝑛(200𝜙𝑥)2 + 𝑐𝑙𝑛(200𝜙𝑥) + 𝑑.  1024 

All coefficients appearing in Eqs. (C1)–(C9) are listed in Table B.  1025 

 1026 

Table B. The coefficients and determination (R2) for the equations in Appendix C. 1027 

Eq. parameter (unit) coefficients R2 

C1 
raindrop radar 

reflectivity (dBZ) 

a = 1950.2082; b = 29.685692; c = −17.761215; d = 328.61414;           

e = −1122.8963  
0.9998 

C2 
pristine ice radar 

reflectivity (dBZ) 

a = 389.04082; b = 18.161704; c = 1.3401764; d = −0.07360894;                

e = −26.137103 
0.9999 

C3 
dry SA and RI radar 

reflectivity (dBZ) 

a = 428.62235; b = 18.226687; c = 1.299724; d = −0.070558679;                

e = −26.070123 
0.9999 
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C4 

raindrop differential 

reflectivity  < 3 (dB) 

a = 10.243103; b = 0.46561642; c = 1.7270962; d = 5.8974032E−3;     

e = −0.34268382; f = 0.10193409; g = −0.11005788;                             

h = 0.015622039; i = −0.038623263; j = 0.10413007 

0.9952 

raindrop differential 

reflectivity  ≧ 3 (dB) 

a = 27.639873; b = 3.7680268; c = −4.3382556; d = 0.36498072;         

e = 0.29286255; f = −0.58159197; g = 9.968596E−3;                             

h = −7.1806791E−3; i = 0.023642573; j = −0.028767891 

0.9919 

C5a 

prolate PI differential 

reflectivity (dB) 

a = 14.944267; b = 0.81352662; c = 0.017457083; d = −1.0656229;     

e = −5.7896291E−3; f = 1.5319165E−4; g = 0.055103824;                           

h = 6.4429319E−4; i = 3.1949658E−5; j = −0.074007127 

0.9965 

density correction  a = 0.0585053; b = −0.80223023; c = 3.75756297; d = −5.86526003 1 

shape correction 

a = −0.01644484; b = 0.010454643; c = 9.4367973; d = 

−2.6137203E−3; e = 5.7453232; f = 0.3234453; g = 2.0622912E−4;                           

h = −1.3945604; i = −2.2879493; j = −0.013856582 

0.9998 

C5b 

oblate PI differential 

reflectivity (dB) 

a = 15.403512; b = 0.23766201; c = 0.043446339; d = −1.0304909;     

e = −1.0984324E−3; f = 1.2486698E−4; g = 0.016035009;                           

h = 1.9240953E−3; i = 8.1195417E−5; j = −0.064166621  

0.9921 

density correction a = 0.05683556; b = −0.77585835; c = 3.62207807; d = −5.63826259 1 

shape correction 

a = 0.12567123; b = −0.077409338; c = −8.3245922; d = 0.013440196; 

e = 8.7068519; f = −0.53878869; g = −7.0609359E−4;                           

h = 6.371616; i = −1.6563927; j = 0.032682807 

0.9998 

C6 

density correction a = 0.1454252; b = −1.97576772; c = 9.33469066; d = −14.95051206 1 

shape correction a = −8.85535E−3; b = −0.10877652; c = 0.24567081; d = 3.06007047 0.9997 

C7a 
RD specific differential 

phase D < 0.7 mm (° km⁻¹)  

a = 14.837602; b = −18.786496; c = 72.211021; d = −124.16879;         

e = 98.39131; f = −28.355229; g = −0.092813834 
0.9963 

C7b 
RD specific differential 

phase D ≧ 0.7 mm (° km⁻¹)  

a = 35.450715; b = 2.4505311; c = −1.4651261; d = −0.22974058;         

e = −0.22139098; f = 0.29382343 
0.9999 

C8a 

prolate PI specific 

differential phase          

(° km⁻¹) 

a = 54.728473; b = 0.081702748; c = 7.4097498; d = −0.085895343;   

e = −7.5413134; f = 7.6712618E−4; g = 0.25580463; h = 

4.5412963E−4; i = 0.25257362; j = −9.3521894E−4; k = −0.50222586 

0.9996 

shape correction 

a = −6.7191022E−3; b = 0.030489666; c = 7.6470878; d = 

−0.01097138; e = 9.8497711; f = 0.83287327; g = 9.1590015E−4;                           

h = −7.2917335; i = −2.2235781; j = −0.053116593 

0.9998 
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C8b 

oblate PI specific 

differential phase         

(° km⁻¹) 

a = 55.096057; b = 0.078240442; c = 7.4047265; d = −0.083742581;   

e = −7.6277374; f = 5.4080817E−4; g = 0.25324833; h = 

2.9610344E−4; i = 0.25735457; j = −5.9621769E−4; k = −0.50528828 

0.9997 

shape correction 

a = 0.044182106; b = −0.020578987; c = −8.8659688; d = 

2.2174675E−3; e = 5.2415098; f = −0.40918383; g = −3.696556E−5;                           

h = 3.5504491; i = −1.4353113; j = 0.022796706 

0.9999 

C9 

dry SA and RI specific 

differential phase            

(° km⁻¹) 

a = 44.30884; b = 2.9903578; c = −0.25943237; d = −3.0036608 0.9999 

shape correction a = −9.58782E−3; b = −0.10043861; c = 0.22095032; d = 3.06677159 0.9998 
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