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Abstract 26 

In the present work, long-term (10 years) raindrop size distribution (RSD) 27 

measurements from Joss-Waldvogel Disdrometer (JWD) installed at National Central 28 

University (NCU, 24°58'6"N 121°11'27"E), Taiwan and vertical profile of radar reflectivity 29 

were used to analyze the variations in gamma parameters of six seasons (winter, spring, mei-30 

yu, summer, typhoon, and autumn) and types of precipitation.  The normalized gamma 31 

distribution of RSD revealed that the highest mean Dm (Mass-weighted average diameter) 32 

values occurred in summer, whereas the highest mean log10Nw (normalized intercept parameter) 33 

values were found in winter. Furthermore, most of the rainfall rate falling at less than 20 mm 34 

h-1 occurs in Northern Taiwan. In this study, we used radar reflectivity to differentiate between 35 

convective and stratiform systems. It was revealed that the mean Dm values are higher in 36 

convective systems, whereas the mean log10Nw values are higher in stratiform systems. The 37 

structure of RSD in stratiform systems remains constant in all seasons; however, convection is 38 

similar to maritime type. The microphysical characteristics that are responsible for different 39 

RSD features in different seasons and types of precipitation are illustrated with the help of 40 

contoured frequency by altitude diagrams of radar reflectivity. 41 

 42 
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1. Introduction  51 

Raindrop size distribution (RSD) is a metric widely used in meteorology and hydrology 52 

(Calheiros and Zawadzki, 1987), especially in understanding of the precipitation microphysics 53 

(Rosenfeld and Ulbrich, 2003). RSD varies with regard to the type of rain, location, and as well 54 

as with spatial distribution (Tokay and Short, 1996; Bring et al. 2003; Gatlin et al. 2015). Thus, 55 

the quantitative precipitation estimation (QPE) algorithms for radar measurements through 56 

radar reflectivity (Z) and Rain rate (R) relations (Seliga and Bringi 1976; Ryzhkov and Zrnic 57 

1995; Boodoo et al. 2015) and microphysical parameterization in model (Gilmore et al. 2004; 58 

Cohen and McCaul 2006; Fadnavis et al. 2014; Wainwright et al. 2014; Tapiador et al. 2014; 59 

McFarquhar et al. 2015) are strongly depend on the variation of RSD (Lee and Zawadzki, 2005; 60 

Chapon et al., 2008; Smith et al.,2009; Yoshikawa et al., 2014), which means that it is important 61 

to analyze the RSD in various seasons as well as in various types of rain. 62 

 63 

The size distribution of raindrops is the fundamental property of precipitation from the 64 

perspective of microphysical investigation and remote sensing using radar. In 1948, Marshall 65 

and Palmer (M-P) proposed the rain drop size distribution (RSD). Ulbrich (1983) claimed that 66 

most observations did not fit the M-P method well, particularly when dealing with rain drops 67 

of small size. Ulbrich and Atlas (1984) subsequently proposed the use of gamma distribution, 68 

which included N0, μ and Λ.  The unit N0 represents the intercept as m-3 mm-1-μ, μ represents 69 

the shape, and Λ represents the slope of drop size distribution. Kozu and Nakamura (1991) 70 

reported that gamma distribution is more accurate than the M-P method in describing the 71 

characteristics of RSD. In the analysis of tropical rainfall events, Tokay and Short (1996) 72 

advanced the N0-R relationship to the classification of precipitation as convective and 73 

stratiform systems and also determined that most of the reflectivity in convective systems 74 

exceeds 40 dBZ. Moreover, they noticed that the effects of coalescence and evaporation are 75 
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higher in convection systems than in stratiform systems, such that the gamma parameter (N0) 76 

becomes smaller. By utilizing the data sets of Joss-Waldvogel disdrometer (JWD) and radar, 77 

over Switzerland, Huggel et al. (1996) discovered that precipitation with a bright band is 78 

strongly correlated with large droplets and small N0 and Λ.  79 

 80 

Gamma parameters can be used to describe drop size distribution; however, the value 81 

of N0 (m-3 mm-1-μ) is influenced by the value of μ. Testud et al. (2001) proposed the 82 

normalization of N0, resulting in a redefinition of intercept parameter, Nw (m-3 mm-1). Bringi et 83 

al. (2003) used the method proposed by Testud et al. (2001) in the analysis of observational 84 

data from radar in various climatic regions. They demonstrated that Dm and Nw are strongly 85 

negatively correlated in stratiform systems. This may be due to the two characteristics of 86 

microphysical processes in stratiform systems. The first is an obvious bright band indicating 87 

the melting of large low density snowflakes into rain, resulting in a large value for Nw and 88 

small value for Dm. The second is the lack of a bright band indicating the melting of small solid 89 

graupel and rimed snow particles into rain, causing a small value for Nw and large value for 90 

Dm. This phenomenon was actually called “N0 jump” in Waldvogel (1974). Moreover, by 91 

collecting the observational data, two types of convection systems, “maritime-like” system 92 

with large values of Nw and small values of Dm, “continental -like” system with small values 93 

of Nw and large values of Dm were identified by Bringi et al. (2003). 94 

 95 

Over different parts of the Earth, most previous research on RSD has been focused on 96 

different climatic regions (Bringi et al.2003; Yin et al. 2011; Yin et al. 2013; Giangrande et al. 97 

2014; Gatlin et al. 2015; Wang et al. 2015; Seela et al. 2017), seasons (Jayalakshmi and Reddy 98 

2014; Krishna et al. 2016; Wen et al. 2017), rainfall types (Tokay and Short 1996; Tokay et al. 99 

2008; Sharma et al. 2009; Niu et al. 2010; Thurai et al. 2016), diurnal (Ushiyama et al. 2009; 100 
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Suh et al. 2016) to case studies (Marzuki et al. 2010; Jung et al. 2012; Kumar and Reddy, 2013; 101 

Kumari et al. 2014; Chen et al. 2016; Janapati et al. 2017; Zhang et al. 2017; Wen et al. 2017).  102 

 103 

         In Asia region, comparing the gamma parameters of RSD (Nw and Dm) with center, 104 

leading and trailing edge of the squall line, Chen et al. (2016) reported larger values of rain 105 

parameters in the central squall line. Also, Zhang et al. (2017) noticed distinct RSD in different 106 

squall-line stages and different precipitation type. In southern Taiwan, Xu and Zipser (2015) 107 

conclude that heavy rainfall is mostly associate with quasi-stationary mei-yu front, and 108 

upstream low-level jets and unstable upstream condition constrained with moist neutral storm 109 

environment trigger out heavy precipitation. Besides, storm initiation and evolution (Xu et al. 110 

2012), kinematic structure and microphysical characteristics (Chang et al. 2015; Jung et al. 111 

2012) were observed by Doppler radar. Chang et al. (2009) deduced a relationship between Dm 112 

and height in typhoons using 2DVD and radar data during 2001-2005. Chen (2013) analyzed 113 

the mei-yu front with southwesterly flow, which is responsible for flooding in Northern Taiwan.  114 

 115 

So far, less research was carried out on seasonal RSD over North West Pacific region, 116 

especially over Taiwan with long-term data.  Hence, for the first time, by using 10-years of 117 

RSD and radar reflectivity data, we tried to report the microphysical characteristics of different 118 

seasons (winter, spring, mei-yu, summer, typhoon, and autumn) over north Taiwan.  Our 119 

findings provide an understanding of seasonal variations in RSD and rain type and elucidate 120 

the factors affecting the RSD variations among six seasons. The method and data used in this 121 

work is presents in section 2. The comparison of the seasonal variation and precipitation type 122 

of microphysical characteristics are detailed in section 3. Finally, a summary is provided in 123 

section 4. 124 

 125 
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2. Data and methodology 126 

Taiwan is located in a subtropical monsoon area in the western Pacific Ocean, located 127 

off continental East Asia. The climate is strongly influenced by the East Asian monsoon. The 128 

topography over Taiwan is dominated by the central mountain range, the north-south 129 

orientation of which causes large spatial variations in the island climate. The instruments 130 

(disdrometer, radar, and sounding data stations are shown in Figure 1 and methods used in the 131 

present work are outlined in this section. The rainy days that were recorded by the disdrometer 132 

during the passage of typhoons over Taiwan with Taiwan Central Weather Bureau typhoon 133 

warning periods are considered as typhoon (TY) season. The rainy days in December, January 134 

and February are treated as winter (DJF) season. Similarly, we considered the rainy days in 135 

March, April (MA) as spring, May, June (MJ) as mei-yu, July, August (JA) as summer, and 136 

September, October, and November (SON) as autumn season. In the current study, we 137 

ascertained that the disdrometer data doesn’t include any solid precipitation in winter (snow, 138 

graupel etc) or summer (hail) seasons. To avoid the solid precipitation from the analysis, we 139 

adopted the Chen and Hong et al. (2016) snowfall identification criteria to the disdrometer data 140 

of winter seasons, and we found there were no solid precipitation occurrences over the 141 

observational site (NCU) during 2005-2014, and more details are provided in Seela et al. (2018).  142 

 143 

2.1 Calculation of drop size distribution 144 

The outdoor RD-80 disdrometer is connected to an indoor analog-to-digital converter 145 

(ADA-90), which converts drop pulses into digital signal and sends them to a personal 146 

computer. The disdrometer has a cross-sectional area of F= 0.005 m2. The range of drop sizes 147 

is divided into 20 categories covering a range from 0.359 mm to 5.373 mm (listed in Table 1). 148 

The JWD records the number of drops per minute in each category. The raindrop concentration, 149 

N(Di), can be computed as follows:  150 
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N(D%) =
()

(*∗,∗-(.))∗∆.))
                                                      (1) 151 

 152 

Where ni is the number of drops in ith class, T is the sampling time (60 seconds), V(Di) is the 153 

terminal velocity of the raindrop Di computed from Gunn and Kinzer (1949). As the location 154 

of disdrometer (129 m asl) is not far above the sea level (Figure 1), in computing the terminal 155 

velocity of raindrops, we used the Gunn and Kinzer (1949) equation without adopting any 156 

correction factors to the drop velocity equation. 157 

Formula from Marshall and Palmer (M-P) can be used to convert the number of rain drops into 158 

drop size distribution N(Di) by fitting the observational data to the gamma distribution (Kozu 159 

and Nakamura, 1991) using N0, μ, Λ. The formula is derived by substituting gamma 160 

distribution into Eq. (2): 161 

𝑀1 = ∫ 𝐷1 ∗ 𝑁(𝐷)𝑑𝐷⋈
7 																																																									(2)	162 

 and x=3, 4, 6 for the 3rd (M3), 4th (M4) and 6th (M6) moment of the drop size distribution. 163 

Parameter G can then be derived using Equation (3):  164 

𝐺 = ;<=

;=>;?@
                                                                          (3) 165 

Equations (4), (5), and (6) are the three parameters of gamma distribution (μ, Λ, and N0). RSD 166 

can be reconstructed using the three parameters, as follows:  167 

𝜇 = BBCDEFGC(CFE)
H(BDC)

                                                           (4) 168 

Λ = (IFJ);=
;<

  = (IFJ)
.K

                                                          (5) 169 

𝑁7 =
L(MN<);=
O(IFJ)

                                                                     (6)    170 

                     𝐷7 = 𝐷P
Q.STFI
JFI

                                                                  (8) 171 

                    𝐷P = JFI
L

                                                                            (9) 172 

The radar reflectivity (Z, mm6 m-3) and rain rate (R, mm h-1) are computed by using the below 173 
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equations. 174 

Z = ∑ N(D%)D%SΔD%H7
%XB                                 (10) 175 

																																						R = 6π × 10DJ ∑ V(D%)	N(D%)D%QΔD%H7
%XB                   (11) 176 

  177 

The Dm (mm, Mass-weighted average diameter) can be calculated using RSD. The three 178 

parameters in the gamma distribution can be used to provide an objective description of RSD; 179 

however, N0 (m-3 mm-1-μ) cannot be used in the same manner because it changes with parameter 180 

μ. Nw, a normalized parameter of N0, proposed by Testud et al. (2001) is used in later section. 181 

To obtain reliable data, it was stipulated that any one-minute sample containing fewer than 10 182 

drops or any one-minute sample with a rate of rainfall less than 0.5 mm h-1 were regarded as 183 

noise and excluded.  Limitations inherent in JWD observations leaves the system susceptible 184 

to underestimating the number of small drops or omitting them altogether in cases of heavy 185 

precipitation. This situation is referred to as “dead time effect’’. In this study, the dead time 186 

correction was applied to disdrometer data from Sauvageot and Lacux (1995). To understand 187 

the data quality of JWD, the scatter plot of JWD and CWB (C0C520) hourly accumulated 188 

rainfall for ten years is given in Figure 2a. As the JWD can measure raindrops of up to 5.4 mm 189 

diameter, the drops larger than 5.4 mm would be counted in the largest size bin, which leads to 190 

the underestimation of rate of rainfall in heavy rain events (the data points above 45 mm h-1 in 191 

Figure 2a). This could be the possible reason for the variation between rain gauge and 192 

disdrometer measurements (Tokay and short, 1996). Nonetheless, the linear fit applied to the 193 

scatter plot of ten years’ rainfall showed a high correlation coefficient between the JWD and 194 

CWB (C0CC520) measurements. This clearly suggests that rain integral parameters derived 195 

from the JWD can be utilized in understanding the rainfall RSD characteristics of north Taiwan. 196 

 197 

 198 
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2.2 Radar data 199 

The radar reflectivity mosaic used in the present study is deduced from six ground-200 

based radars installed over Taiwan as shown in Figure 1. Among six radars, four Doppler radars 201 

(Wu-Fan San (RCWF: 121.77oE, 25.07oN), Hual-Lien (RCHL: 121.619oE, 23.989oN), Chi-Gu 202 

(RCCG: 120.086oE, 23.1467oN), Ken-Ting (RCKT: 120.849oE, 21.899oN) which have a beam 203 

width of 1o and wavelength of 10 cm (S-band) are belonged to Central Weather Bureau (CWB). 204 

Chang et al. (2009) mentioned more detail information about these radars. Other two radars 205 

located at Ma-Kung (RCMK: 119.634oE, 23.563oN) and Ching-Chuan-Kang (RCCK: 206 

120.63oE, 24.25oN) are owned by Taiwan air force. The Nyquist velocity of RCMK and RCCK 207 

are 37.18 m s-1 and 37.15 m s-1, respectively. Radar data from QPESUMS (from six operational 208 

Doppler radar units) can be used to differentiate the various types of rain. Observations of 209 

reflectivity from the individual radars were combined to generate 3D reflectivity mosaic grids 210 

(Zhang et al. 2005). The mosaic grids have a spatial resolution of 0.0125 degrees on the 211 

latitude-longitude coordinate system and a 10-min update cycle. The degree of reflectivity 212 

calculated from JWD is positively correlated to the data obtained from QPESUMS (Figure 2b). 213 

The QPESUMS reflectivity is the MOSAIC of six ground-based radars.  Further details on the 214 

QPESUMS reflectivity quality check can be seen in Zhang et al. (2009).  As the reflectivity 215 

profiles are available with high resolution (0.0125 degrees) mosaic grids, the 10-min 216 

reflectivity profile over NCU is obtained by averaging the profiles over NCU location 217 

(24.55°N-24.6°N, 121.0875°E-121.1375°E). The reflectivity plotted in ordinate of Figure 2b 218 

is the lowest level (around 1 km) reflectivity of QPESUMS with grid averaging over NCU.  219 

Since the consideration of nearly 1 km height reflectivity with grid averaging, we can notice 220 

the discrepancy between disdrometer measured reflectivity and QPESUMS reflectivity. 221 

However, most of the data falls within two standard deviations of the regression line. This data 222 

is used as the vertical structure of reflectivity, which can be provided by contoured frequency 223 
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by altitude diagrams (CFADs). The location of NCU is the center of the domain (5 x 5 grid 224 

points) used to calculate CFADs. 225 

 226 

2.3 Classification of stratiform and convective precipitation 227 

Various methods were used to classify stratiform and convective precipitation. 228 

Waldvogel (1974) found that N0 undergoes dramatic changes when the precipitation system 229 

changes. This phenomenon is referred to as N0 jump. Gamache and Houze (1982) used the 230 

reflectivity threshold of 38 dBZ to differentiate the type of precipitation. Tokay and Short 231 

(1996) found that the N0-R distribution may change with the precipitation system. Whereas, 232 

Churchill and Houze (1984) used 40 dBZ threshold to separate the precipitation into stratiform 233 

and convective type. Tokay et al. (1999) designated a rainfall rate exceeding 10 mm h-1 as 234 

convective precipitation. Bringi et al. (2003) applied a standard deviation smaller than 1.5 mm 235 

h-1 to stratiform precipitation and a standard deviation greater than 1.5 mm h-1 to convective 236 

precipitation. By using dual-polarization radar and dual-frequency profiler, Bringi et al. (2009) 237 

developed a procedure to distinct the precipitation into stratiform and convective type, and they 238 

deduced an equation (log10(Nw)=-1.6D0+6.3) that separates the stratiform and convective 239 

regimes. Chang et al. (2009) reported a rainfall rate threshold of 10 mm h-1 to differentiate the 240 

various types of precipitation. In this study, the method developed by Steiner et al. (1995) was 241 

adopted for the differentiation of stratiform and convective systems.  242 

 243 

2.4 Sounding data 244 

 Sounding data plays an important role in defining the melting level and altitude where 245 

the temperature drops to -40o C. The radio sound data available twice daily (00 UTC and 12 246 

UTC) for Banqiao (121.4420oE, 24.9976oN) and Hualien (121.6133oE, 23.9751oN) 247 

meteorological observation stations for the period of 2005-2014 is used in the present. These 248 
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meteorological stations are shown with black open circles in Figure 1. The temperature profile 249 

from the radiosonde data is used to calculate the mean elevations at which the temperature 250 

dropped to 0o C over a period of ten years.  251 

 252 

2.5 ERA-Interim and remote sensing data 253 

Along with the disdrometer and radar data, European Centre for Medium-Range 254 

Weather Forecasts Interim Re-Analysis (ERA-Interim), Moderate Resolution Imaging 255 

Spectroradiometer (MODIS), and Tropical Rainfall Measuring Mission (TRMM) data sets 256 

were used for the disdrometer measured rainy days during ten years of record period over the 257 

observational site (24°-25.2°N and 121°-121.9°E). The convective available potential energy 258 

(CAPE), vertical integral water vapor (VIWV) from ERA-Interim, cloud effective radii (CER) 259 

of ice and liquid particles from MODIS, and storm and bright band heights from TRMM are 260 

used to illuminate the causes for microphysical and thermodynamical discrepancies among six 261 

seasons. More explanation about these data sets can be seen in Seela et al. (2018).  262 

 263 

3. Results and discussion 264 

3.1 Climatology of raindrop size distribution  265 

 Chen and Chen (2003) reported that the monsoon greatly influences precipitation over 266 

Taiwan. To understand rainfall patterns in six seasons over Northern Taiwan, the rate of rainfall 267 

and radar reflectivity from JWD are shown in Figure 3. The frequency of rainfall occurrence 268 

and radar reflectivity are represented using a logarithmic scale in Figure 3a and 3b, respectively. 269 

As shown in Figure 3a, the rate of rainfall is generally less than 15 mm h-1. The most extensive 270 

rainfall rate distribution was observed during the typhoon and mei-yu seasons, whereas the 271 

narrowest rainfall rate distribution was observed during the winter. The results pertaining to 272 

reflectivity (Figure 3b) are consistent with the rainfall rate distribution; i.e., the rainfall during 273 
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the typhoon and mei-yu seasons tended to be heavier. The mei-yu front and orographic rain are 274 

the main sources of rainfall during the mei-yu season, and both are influenced by the southwest 275 

monsoon and sub-synoptic scale of the disturbance from the Tibetan plateau, causing 276 

considerable rainfall on the windward side of the western parts of the central mountain range. 277 

Typhoons and convective systems combine with the southwesterly monsoon bring large 278 

amounts of rainfall in summer (Chen and Chen, 2003). These results indicate that the northern 279 

Taiwan is associated with different precipitating clouds systems in different seasons and are 280 

the major sources of QPE uncertainty through Z-R relations. Figure 4 presents the RSD 281 

distribution in six seasons. After applying quality control to RSD of six seasons, a nearly equal 282 

number of samples for each season except summer are described in the legend of Figure 4. A 283 

larger number of large drops and fewer small drops were observed during the typhoon, mei-yu, 284 

and summer seasons. The distribution in winter is closer to exponential, with more number of 285 

smaller drops than any other season. As most of the precipitating clouds in winter season are 286 

of shallow type (Seela et al. 2018), winter season has a greater number of small drops than 287 

other seasons through collision-coalescence processes. In every season, the raindrops were 288 

observed with a diameter ranging from 0.3 mm to the limit of the instrument at 5.4 mm. Table 289 

2 provides the occurrence percentage of gamma parameters (Dm, Nw, μ, and λ) over a period 290 

of ten years (combining all seasons). The formula for skewness is as follows: where μ is the 291 

mean value of x, 𝜎 is the standard deviation, and E is the expectations of (x-μ). 292 

SK =E (x- 𝜇)3/ s3 293 

The occurrence percentage of gamma parameters quantitatively defines the RSD in the rainfall 294 

in Northern Taiwan using the following: Dm (1.16 mm), μ (5.60 (-)), λ (9.82 mm-1), and log10Nw 295 

(4.36 m-3 mm-1). Precipitation in Northern Taiwan shows higher numbers of small and medium-296 

size drops than what was observed in tropical Malaysia (Lam et al. 2015) and China (Wen et 297 

al. 2017), but larger drops and normalized concentration in Palau (Seela et al. 2017).  Over 298 
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southern India, the Dm (log10Nw) values in south west monsoon (June-September) were found 299 

to be larger (smaller) than north east monsoon (October-December) (Jayalakshmi and Reddy, 300 

2014).  The climatological Dm value of north Taiwan is found to be higher (lower) than 301 

northeast (southwest) monsoon rainfall of southern India. Whereas, the climatological log10Nw 302 

values is larger than both southwest and northeast monsoon rainfall of southern India.  303 

 304 

Figures 5a and Figure 5c respectively present the normalized intercept parameter (Nw), 305 

mass-weighted mean diameter (Dm) (from JWD), and CFADs of reflectivity (from radar) from 306 

observations over a period of ten years. Current Dm-Nw distributions are compared with the 307 

maritime and continental clusters (red and green color rectangular boxes in Figure 5a) of Bringi 308 

et al (2003), and D0-Nw distributions with stratiform and convective separation line (black 309 

dotted line in Figure 5b) of Bring et al. (2009). From the Figure 5a it is apparent that the 310 

climatological Dm-Nw parameters of six seasons are close to “maritime-like” systems. 311 

Moreover, Figure 5b shows that most of the rain appeared to be stratiform, which is consistent 312 

with Figure 3 and Table 2. Vertical structure of precipitation observed by radar is related to 313 

CFADs (Rudolph and Friedrich 2014). The climatology of CFAD (Figure 5c) depicts the 314 

deeper convection of 30 dBZ up to 5.7 km, and with a spread of 7-37 dBZ below melting level. 315 

It also displays the mean profile of vertical reflectivity (vertical white stars line) in combination 316 

with the melting level (horizontal white dotted line) calculated using sounding data. These 317 

results show that the mean melting level is approximately at 4.2 km and the reflectivity 318 

decreases with an increase in elevation, thereby indicating that the particles are smaller and 319 

icing process is more pronounced at higher elevations. Thus, the degree of tilting (-3.74 320 

dBZ/km in climatology) around the melting level can be regarded as the intensity of vertical 321 

motion of hydrometeors associated with various microphysical processes. The accumulation 322 

of ice crystals at higher elevations causes a decrease in reflectivity with height. These outcomes 323 
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are used as a reference in the discussion of seasonal variations in Section 3.2.  324 

 325 

3.2 Seasonal variation 326 

Thompson et al. (2015) proposed a conceptual model to describe the microphysical 327 

processes using a scatter plot or Dm and Nw. In both stratiform and convective precipitation, 328 

increase of liquid water content (LWC) with the increase in drop size was shown to enhance 329 

the process of icing. Conversely, weak convection with small drops was dominated by 330 

condensation and coalescence. Figure 6a provides a scatter plot of Dm and Nw for the six 331 

seasons; Figure 6b depicts the difference between seasonal mean to the annual mean values of 332 

Dm and LWC for six seasons. From the Figure 6a, it is apparent that, except summer season, 333 

rest five seasons have mean log10Nw (Dm) values around (smaller than) maritime convective 334 

clusters of Bringi et al. (2003). Deviations in LWC and Dm can be seen in Figure 6b, indicating 335 

that the ice processes differ according to the season. The distribution of Dm and No values in 336 

six seasons (Figure 6c) are shown to be below the stratiform- convective separation line of 337 

Bringi et al. (2009) (black dotted line in Figure 6c). This confirms that stratiform-type 338 

precipitation is prominent in all seasons, which is consistent with Figure 3. To more fully 339 

elucidate the cloud formation and rain processes in each season, the CFADs of six seasons 340 

were constructed in Figure 7. On the basis of radar reflectivity of CFADs, the six seasons were 341 

then classified as high vertical structures (HVS) and low vertical structures (LVS). Mei-yu, 342 

summer, and typhoon seasons (Figures 7 c, d, e) are associated with HVS, whereas winter, 343 

spring, and autumn (Figures 7 a, b, f) are associated with LVS. The mean melting elevation 344 

associated with strong icing conditions is approximately 5 km for HVS seasons (Figures 7 c, 345 

d, e). Whereas, mean melting elevation associated with weak icing conditions is 4 km for LVS 346 

seasons (Figures 7 a, b, f).  347 

 348 
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The mean reflectivity profile (vertical red stars line) in each HVS season (Figures 7 c, 349 

d, and e) is greater than the annual mean reflectivity profile (vertical white stars line). In 350 

contrast, the mean reflectivity profile in each LVS season (Figures 7 a, b, f) is lower than the 351 

annual mean reflectivity profile. This shows that the environment of HVS seasons is much 352 

warmer and humid to accelerate the growth of raindrops than LVS seasons. Furthermore, tilting 353 

of LVS (HVS) around melting level are about -4.50, -4.80 and -4.10 (-3.80, -2.75 and -1.68) 354 

dBZ/km for winter, spring, and autumn (mei-yu, summer, and typhoon), respectively. The 355 

tilting of LVS or HVS around melting level indicates the various microphysical characteristics 356 

that were affected by the vertical motions. In HVS, the reflectivity profile of summer had 1 % 357 

of 30 dBZ up to 10 km and the spread of reflectivity from 10-46 dBZ below the melting level 358 

(Figure 7d). This shows that the deeper convection occurs in summer than other seasons of 359 

HVS. The 30 dBZ reflectivity is extended up to 7 km in mei-yu season, with a spread of 10-45 360 

dBZ below the melting layer (Figure 7c). Whereas, in typhoon season, the 30 dBZ (~1%) is 361 

extended up to 7.7 km, and a spread of 10-40 dBZ can be seen below the melting layer. 362 

Although the deepest slope is observed in typhoon than mei-yu season, strong wind shear might 363 

break the raindrops to smaller size below the melting layer which results in relatively less 364 

spread of reflectivity (below the melting layer) in typhoon than mei-yu season. The CFADs of 365 

HVS clearly shows that larger drops appeared in summer seasons but high concentration in 366 

mei-yu season.  367 

 368 

In LVS, the reflectivity profile of winter had 1 % of 30 dBZ up to 4.9 km and the spread 369 

from 9-35 dBZ below the melting level (Figure 7a). These consequences indicate shallower 370 

convection takes place in winter than in other seasons of LVS. The reflectivity profile of spring 371 

and autumn had 1 % of 30 dBZ up to 5.5 km and the spread from 5-39 dBZ below the melting 372 

level. Even though spring and autumn seasons appear to have similar vertical structures, 373 
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different melting layer heights between these two seasons is responsible for dissimilar result in 374 

RSD. According to Chen and Chen (2003), spring is a transition period when southwestern 375 

flow gradually increases, bringing warm air from the South China Sea above 850 hpa, which 376 

often meets a cold front from the leeward side of the Tibetan plateau. This causes a transition 377 

from steady rainfall in the winter to convective-type rainfall in the spring. Autumn is not the 378 

rainiest season in Taiwan; however, typhoons and frontal systems during this period bring 379 

considerable rainfall. Following the onset of the northeast monsoon, precipitation increases 380 

greatly on the windward side (over north and north-east Taiwan), and decreases greatly on the 381 

leeward side (Chen and Chen, 2003). During this period, rainfall patterns change from 382 

convective to stratiform. However, both of these seasons are transition time region, the 383 

atmospheric condition alters from warm to cold (in autumn) or cold to warm (in spring) which 384 

adjust the height of the melting level. Both of the results in HVS and LVS have corresponded 385 

with the variation of seasonal RSD over northern Taiwan. To sum up, vertical development is 386 

the dominant factor in RSD. In a later section, CFADs was used to examine types of rain in 387 

each season. 388 

 389 

To further emphasize the dynamic and thermodynamic differences among six seasons, 390 

the convective available energy (CAPE, J Kg-1) and vertical integral water vapor (Kg m-2) 391 

values derived for six seasons as well as for HVS and LVS seasons are depicted in Figure 8. 392 

The CAPE and water vapor values are taken from ERA-interim for the disdrometer 393 

measurement site for the rainy days of each season. From the figure, it can be apparently seen 394 

that the higher CAPE and water vapor values can be seen for summer and typhoon seasons 395 

followed by Mei-yu and autumn. Among six seasons, winter and spring have the lowest CAPE 396 

and water vapor values.  The higher the CAPE value, greater will be the convective activity 397 

with vigorous updrafts and downdrafts. The clouds with higher convective activity (or higher 398 
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CAPE values) reach to deeper altitudes than the clouds with lower CAPE values. This is 399 

confirmed by higher storm and bright band heights for summer, typhoon, and mei-yu seasons 400 

than other seasons (Figure 9). Figure 9a illustrates that the LVS (winter, spring, and autumn) 401 

seasons are typically accompanied with clouds of storm heights less than 4 km. In contrast, the 402 

HVS (summer, typhoon, and mei-yu) seasons have clouds with storm heights higher than 4 km. 403 

With higher storm, bright band heights and intense convection (severe updrafts and 404 

downdrafts), the clouds in summer, typhoon, and mei-yu seasons are associated with larger ice 405 

and liquid particles than the winter, spring, and autumn seasons. This feature can be seen with 406 

higher cloud effective radii (CER) of ice and liquid particles in HVS (summer, typhoon, and 407 

mei-yu) seasons than LVS (winter, spring, and autumn) seasons (Figure 10). The CER values 408 

of ice and liquid particles for six seasons are obtained from MODIS cloud data product for the 409 

disdrometer observational site. As the storm heights of HVS seasons are greater than the mean 410 

zero degree isotherm height of six seasons (4.3 km computed from radiosonde), the clouds in 411 

HVS seasons are associated with cold rain process. Conversely, most of the precipitating 412 

clouds in winter, spring and autumn have their storm heights less than 4 km, and this implies 413 

that the clouds in LVS seasons are mostly associated with warm rain process, in which 414 

collision-coalescence is the dominant process. On the other hand, the HVS seasons have higher 415 

bright band heights with the median value greater than 4.5 km. The LVS seasons have lower 416 

bright band heights with their median value less than 4.5 km. The melting layer is considered 417 

as the transition zone for ice and rain processes, above which super-cooled water and ice 418 

particles can be found. HVS seasons (summer, mei-yu, and typhoon) are associated with a 419 

warmer environment and stronger vertical motion (Figure 8a), which means that a greater 420 

volume of water vapor (Figure 8b) can be carried up to higher elevations, thereby increasing 421 

the size of drops. As the equilibrium vapor pressure of water vapor with respect to ice is less 422 

than that with respect to liquid, at a given subfreezing temperature, the ice crystals initially 423 
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formed through freezing of liquid droplets or by sublimation of water vapor will further grow 424 

to larger size by vapor deposition at the expense of the supercooled water droplets (Yau and 425 

Rodgers 1989; Pruppacher and Klett, 1997). When ice crystals pass through the melting layer 426 

(whereupon aggregation and accretion changes to collision and coalescence), relatively large 427 

ice particles in HVS seasons melt below the melting layer resulting larger drops at the ground 428 

than LVS seasons.  429 

 430 

Table 3 displays the mean, standard deviation, skewness, and kurtosis values of each 431 

parameter in six (winter, spring, mei-yu, summer, typhoon, and autumn) seasons. The use of 432 

these gamma parameters (Table 3) makes it possible to reconstruct the RSD in gamma 433 

distribution form, which is similar to that in Figure 4 but slightly smoother. From the Table 3, 434 

it can be noticed that the summer has maximum mean Dm value followed by typhoon, mei-yu, 435 

spring, autumn, and winter. On the other hand, the winter has the maximum mean log10Nw 436 

value and in sequence by autumn, spring, mei-yu, typhoon, and summer. Very low positive 437 

skewness value for log10Nw in winter indicates that most of log10Nw values are distributed near 438 

to its mean value. Besides, comparatively lower (higher) mean Dm (log10Nw) with very low 439 

positive skewness in winter than other seasons specifies that winter has very large number of 440 

small drops compared to other seasons, which is typically accompanied by collision-441 

coalescence and breakup processes, and are affirmed by lower storm heights (Figure 8) and 442 

mean vertical profiles (Figure 7a). The negative skewness of log10Nw in summer depicts that 443 

most of the population is distributed to the right side of its mean.  Higher mean Dm value in 444 

summer than the rest of seasons with negative skewness for drop concentration (log10Nw) 445 

confirms that the summer has higher concentration of large drops than the rest of seasons. 446 

Among six seasons, highest (lowest) mean Dm (log10Nw) values in summer illustrate that 447 

summer seasons are accompanied with enhanced vapor deposition and aggregation above the 448 
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melting layer and collision-coalescence, evaporation processes below the melting layer, and 449 

are strongly supported by higher CAPE values (Figure 8), and higher mean reflectivity profiles 450 

with deeper extent of 30 dBZ reflectivity in the CFAD (Figure 7d). This clearly demonstrates 451 

that more large drops are observed in summer, whereas more small drops are observed in winter. 452 

This result is in accordance with the previous study by Seela et al. (2018).  In HVS seasons, 453 

the sequence of mean Dm values (highest for summer followed by typhoon and mei-yu) and 454 

log10Nw (lowest for summer followed by typhoon and mei-yu)  values are in accordance with 455 

their relative melting layers heights (Figure 7), convective activity (Figure 8), degree of mean 456 

reflectivity tilting around melting layer, and differences in icing process (Figure 6b). Similarly, 457 

in LVS seasons, the order of Dm (higher for spring followed autumn and winter) and log10Nw 458 

(highest for winter followed by autumn and spring) values are in agreement with the relative 459 

extent of clouds (Figure 9), degree of mean reflectivity tilting (Figure 7), Dm and LWC 460 

distributions (Figure 6b). Relatively lower mean slope parameter (λ) in summer, typhoon, and 461 

mei-yu than the rest of three seasons (winter, autumn, and spring) with higher positive 462 

skewness values confirms that the breadth of the drop size distribution in summer, typhoon, 463 

and mei-yu are larger than winter, autumn, and spring seasons, and this characteristic can be 464 

seen in Figure 4.   465 

 466 

3.3 Rainfall type in different seasons 467 

As the RSD is strongly influenced by the type of rain, it is paramount to investigate the 468 

stratiform and convective forms of precipitation. In the current study, the six seasons’ rainfall 469 

are classified to stratiform or convective type by implementing the reflectivity classification 470 

technique developed by Steiner et al. (1995).  471 

 472 

 473 
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3.3.1 Stratiform  474 

The gamma parameter of six seasons’ stratiform precipitations are provided in Table 4. 475 

The Dm and μ values in HVS seasons exceed those in LVS season; however, the values of Nw 476 

and λ are lower. The mean Dm values in stratiform precipitation of HVS seasons are higher 477 

than LVS seasons with highest mean Dm in summer and lowest in winter. Further, the mean 478 

log10Nw values in stratiform precipitation of HVS seasons are lower than LVS seasons with 479 

highest mean log10Nw in winter and lowest in summer.  Comparatively low positive skewness 480 

values of log10Nw in LVS seasons indicates that most of log10Nw populations are distributed to 481 

the left side of their mean values. On the other hand, negative skewness values of log10Nw in 482 

HVS seasons indicates that most of log10Nw values were tend be distributed to the right side of 483 

their mean values. With higher (lower) mean Dm (log10Nw) values and negative skewness 484 

values for log10Nw, the stratiform precipitation of HVS seasons are associated with large 485 

number of bigger drops than LVS seasons. Because of the quantitative gamma parameters, the 486 

RSD can be constructed in gamma form (Figure 11). From the Figure 11, it can be seen that 487 

for every season the drop diameter was shown to range between 0.3 mm to 4.2 mm, whereas 488 

raindrop concentration was from 100-10000 m-3 mm-1, and the mean rate of rainfall was from 489 

3.46 mm h-1 to 7.05 mm h-1. Moreover, the widest RSD was observed in summer, which means 490 

that summer is associated with a greater proportion of large drops than small drops.  491 

 492 

     Figure 12a presents the scatter plot for log10Nw and Dm associated with stratiform 493 

precipitation for six seasons. The climatological CFAD of six season’s stratiform precipitations 494 

is depicted in Figure 12b, and the distribution of log10Nw and Do for stratiform precipitations 495 

of six seasons is given in Figure 12c. The distribution of these Dm and Nw values (Figure 12a) 496 

are in consistence with the climatological distribution Dm-Nw (as shown in Figure 6), which 497 

emphasizes that most of the rainfall in northern Taiwan are maritime-like. However, the 498 
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stratiform Do-log10Nw values in each season (Figure 12c) run parallel to the stratiform-499 

convective separation line defined by Bringi et al. (2009).  As mentioned in the previous 500 

section, understanding the precipitation vertical structure by figuring the CFAD in stratiform 501 

type (Figure 12b) is the method of knowing the RSD. Its reflectivity had 1 % of 30 dBZ up to 502 

5.5 km with a spread from 8 - 35 dBZ below the melting level. Furthermore, the slop around 503 

melting level is -3.58 dBZ/km. Generally, a vertical structure in stratiform is weaker than in 504 

climatology. The stratiform precipitation CFADs of six seasons are depicted in Figure 13. The 505 

mean reflectivity profile of stratiform type (vertical red stars line) is greater than annual mean 506 

reflectivity profile (vertical white stars line) in each HVS (Figures 13c, d, e) season, and the 507 

mean reflectivity profile (vertical red stars line) of each LVS season (Figures 13a, b, f) is 508 

smaller than then annual mean reflectivity profile (vertical white stars line), which corresponds 509 

with the climatology. Furthermore, tilting of LVS seasons around melting level are about 4.65, 510 

-4.54 and -3.77 dBZ/km for winter, spring and autumn, respectively. HVS seasons can also be 511 

quantified about -3.74, -2.55 and -1.44 dBZ/km for mei-yu, summer and typhoon, respectively. 512 

Different tilting values of six seasons is an indication of various microphysical characteristics 513 

among these seasons. 514 

  515 

In HVS, the reflectivity of stratiform precipitation in summer had 1 % of 30 dBZ up to 516 

7.5 km and the spread from 6 - 40 dBZ below melting level (Figure 13d). In addition, mei-yu 517 

had 1 % of 30 dBZ up to only 6 km and the spread from 5-36 dBZ below the melting level 518 

(Figure 13c). However, the deepest slope still occurred in typhoon season (Figure 13e) with 1 519 

% of 30 dBZ up to 7.5 km and a spread of reflectivity from 6 - 38 dBZ below melting level. In 520 

general, the growth of RSD in summer stratiform is larger than the rest of the HVS stratiform 521 

precipitations. In LVS, the reflectivity of stratiform precipitation in winter had 1 % of 30 dBZ 522 

up to 4.8 km and the distribution of reflectivity vary from 7 - 34 dBZ below the melting level 523 
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(Figure 13a). Though the stratiform precipitation CFADs of spring (Figure 13b) and autumn 524 

(Figure 13f) show similar mean reflectivity profile, they have different heights of 30 dBZ 525 

reflectivity extents. The 1 % of 30 dBZ is extended to 5.5 km and 5.2 km in autumn and spring, 526 

respectively. Moreover, the characteristic of distributions of reflectivity below melting level is 527 

slightly not the same for autumn and spring. A comparison of CFADs in summer (Figure 13d) 528 

and winter (Figure 13a) reveals a distinct difference in the vertical structure of reflectivity. As 529 

reported by Chen and Chen. (2003), the weather condition in winter leads to less rainfall and 530 

small drops. In contrast, a large amount of water vapor from the south-west monsoon and 531 

incoming solar radiation produce strong vertical motion in summer. This tends to exacerbate 532 

the microphysical process resulting in larger drops in summer.  533 

 534 

 3.3.2 Convection 535 

Table 5 list the gamma parameters associated with convective precipitations of six 536 

seasons as well as the reconstructed RSD in these seasons. Analogous to the stratiform 537 

precipitation, convective precipitation of HVS seasons have higher (lower) mean Dm (log10Nw) 538 

values than LVS seasons. With resemblance to the stratiform precipitation, negative skewness 539 

values of log10Nw in convective precipitations of HVS seasons indicates that the most of 540 

log10Nw values were tend be distributed to the right side of their mean values. In contrast, low 541 

positive skewness values of log10Nw in convective precipitation of LVS seasons indicates that 542 

most of log10Nw populations are distributed to the left side of their mean values. The lower 543 

(higher) mean log10Nw (Dm) values and negative skewness values for log10Nw in convective 544 

precipitation of HVS seasons confirms that they are associated with large number of bigger 545 

drops than LVS seasons. The convective precipitation RSDs of six seasons are depicted in 546 

Figure 14, which illustrates that the maximum diameter varies from 4.5 mm to the limitation 547 

of the instrument (5.3 mm), N(D) ranges from 102 m-3 mm-1 to 104 m-3 mm-1, and the mean rate 548 
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of rainfall ranging from 4.33 mm h-1 to 14.52 mm h-1. A larger number of large drops are 549 

observed in summer than in winter (Figure 14), which is in general agreement with the results 550 

in Figure 4 and Figure 11. For the given same size of rain drops, take 3 mm for instance, the 551 

number concentration in convection type is larger than in stratiform type. These results indicate 552 

wider RSD in convection type of rainfall than stratiform type.  553 

 554 

Figure 15a describes log10Nw and Dm distribution with maritime-like and continental-555 

like convective clusters of Bringi et. al., (2003). Most value of Dm and log10Nw in each season 556 

are similar, except winter and summer, which demonstrates distinct microphysics processes 557 

between these two seasons. Furthermore, the convection types in northern Taiwan are near to 558 

the maritime-like convection of Bringi et al. (2003). According to the preceding section, 559 

vertical structure of radar reflectivity (CFAD, Figure 15b) supports in understanding the RSD 560 

of rain type. The reflectivity of convection had 1 % of 30 dBZ up to 6.1 km and the slope 561 

around melting layer is -4.36 dBZ/km. Further, below the melting layer, the reflectivity spread 562 

of 3 to 40 dBZ can be seen in Figure 15b.  As a result, the RSD of convection in north Taiwan 563 

leads to larger diameter than stratiform and climatology. The CFADs of six seasons’ convective 564 

precipitation are depicted in Figure 16. The mean reflectivity profile of each season’s 565 

convection type (vertical red stars line) is greater than annual mean reflectivity (vertical white 566 

stars line) in each HVS seasons (Figures 16c, d, e), and each LVS season showed an opposite 567 

characteristic (Figures 16a, b, f). Moreover, tilting of LVS (HVS) around melting level are 568 

about -4.12, -5.62 and -5.26 (-4.01, -3.42 and -2.68) dBZ/km for winter, spring and autumn 569 

(mei-yu, summer and typhoon), respectively. 570 

 571 

The convective precipitation CFADs of six seasons are illustrated in Figure 16. The 572 

summer season has 1 % of 30 dBZ extending up to 10 km with a spread of reflectivity from 573 
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21- 49 dBZ under the melting layer (Figure 16d). Whereas, mei-yu season showed 1 % of 30 574 

dBZ up to 8.2 km with a spread of reflectivity from 12- 47 dBZ (Figure 16c) below the melting 575 

layer. On the other hand, minimum slope of -2.68 dBZ/km around the melting layer and the 576 

widest distribution of reflectivity (3-46 dBZ) below melting layers are appeared in typhoon 577 

season (Figure 16e). Summer seasons are typically accompanying with thunderstorms, which 578 

are characterized by strong convection, vigorous up and downdrafts, whereas, the mei-yu 579 

season is more strongly associated with frontal systems with little convection, a wide stratiform 580 

area, and widespread rainfall. Among LVS seasons, winter has 1 % of 30 dBZ extending only 581 

up to 5 km and the spread below melting from 15-37 dBZ (Figure 16a), and it shows relatively 582 

weakest convection not only in LVS but also in HVS seasons. The remaining two LVS seasons 583 

(spring and autumn) have similar vertical structure with the same 1 % of 30 dBZ height (6 km), 584 

but with different distribution below the melting layer, 17-43 dBZ and 3-40 dBZ, respectively, 585 

for spring (Figure 16b) and autumn (Figure 16f). 586 

 587 

3.3.3 Skewness between Stratiform and Convection  588 

Positive and negative skewness are influenced by the location of long-tailed distribution. 589 

Positive (negative) skewness shows that long-tailed distribution is located above (below) the 590 

mean value. According to the statistics of log10Nw, the skewness parameters is positive 591 

(negative) value for LVS (HVS). Therefore, we take the winter and summer, the largest and 592 

lowest value of skewness in log10Nw, for detailed investigation. 593 

 594 

 Figure 17 shows positive skewness in winter season. However, negative skewness is 595 

observed in summer season. Because of the long-tailed distribution is located in different sides 596 

of mean value in each season. Top (less) 10% of log10Nw was selected in winter (summer) to 597 

further investigate the physical meaning of skewness. For winter season in both convective and 598 
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stratiform precipitation with positive skewness are associated with low vertical structure (fig. 599 

18 b, d) when compared with mean fields (fig. 18 a, c.). With the positive skewness of log10NW, 600 

the CFAD corresponding to the top 10% of log10Nw clearly shows more concentration of small 601 

drops in both stratiform and convective precipitations (of shallow type) of winter seasons. On 602 

the other hands, convection and stratiform precipitations of summer season with negative 603 

skewness are linked with high vertical structures (fig 18 f, h) when compared with mean field 604 

(fig 18 e, g). The vertical structure of less 10% of log10Nw (fig. 18 f, h) is similar to mean field 605 

(fig. 18 e, g). 606 

 607 

Figure 19 clearly depicts the vertical structure with mean field (red line) and selected 608 

data (blue line, top and less 10% of log10Nw). Winter season (fig. 18b, d) clearly shows that 609 

lower vertical structure occurred in top 10% of log10Nw with positive skewness. Although, 610 

reflectivity profiles in summer below 4 km (around melting layer) are similar to the mean field, 611 

the ice processes are stronger than the mean filed (red line). This indicates that strong 612 

aggregation and riming process occurs in summer, even in HVS. Therefore, it can also be 613 

clearly separated HVS and LVS by its sign in stratiform and convection.   614 

 615 

4. Summery and conclusions: 616 

Taiwan is a subtropical island dominated by mountain ranges extending from north to 617 

south with a maximum altitude over 4000 m. A significant land-sea distribution with complex 618 

terrain greatly hinder efforts to forecast the weather over this Island. This work sought to 619 

overcome some of these difficulties by elucidating seasonal characteristics that manifest in the 620 

type of rain. A disdrometer (JWD installed at NCU) and radar reflectivity (QPESUMS from 621 

CWB) were employed to observe the rain events in each season. Integral rainfall and gamma 622 

parameters are also calculated to identify the factors and microphysical process that determine 623 
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RSD. Mean gamma parameters were listed to quantify the RSD in each season and rain types. 624 

The results from JWD show more concentration of large drops and less concentration of small 625 

drops in summer season. On the other hands, much more small raindrops are occurred during 626 

winter season. This phenomenon originates from different surrounding conditions which leads 627 

to the distinct RSD between summer and winter in northern Taiwan. Besides, the alterative 628 

seasons (spring and autumn) seems to be similar vertical structure that produce slightly unlike 629 

RSD. However, Because of the presence of strong wind shear and upward motions in typhoons, 630 

the typhoon seasons microphysics different from that of the mei-yu season. These 631 

comprehensions can be figured out through the vertical reflectivity profiles not only in seasons 632 

but also in rain type. In the six seasons, the convective systems presented larger drops and 633 

lower concentration than in stratiform systems. Greater vertical motion in convective systems 634 

tends to carry water vapor to higher altitudes, such that the growth of ice crystals is more rapid 635 

than that of water droplets above the melting layer. Strong warm rain process below the melting 636 

layer is also responsible for the formation of larger raindrops in convective systems, compared 637 

to stratiform systems. Moreover, the skewness of log10Nw, separating LVS and HVS, depicted 638 

that the completely different vertical structures within seasons lead to the distinct statistics 639 

distributions. This result can also refer to the changeable atmospheric condition in northern 640 

Taiwan, seasonal variation of RSD. 641 

 642 

This study provides the preliminary investigation of the subtropical RSD during 2005-643 

2014 (ten years) from radar data (QPESUMS) over northern Taiwan. Furthermore, the use of 644 

reflectivity from Doppler radar is suitable only for inferring a rough approximation of particle 645 

size. Moreover, further detail of RSD can be revealed from the parameters of dual polarimetric 646 

radar, such as reflectivity (Zhh), differential reflectivity (Zdr), specific differential phase (Kdp), 647 

and zero lag cross-correlation of horizontal and vertical waves (Rhv). Besides, fuzzy logic 648 
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analysis can also help to particle identifications. 649 
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 948 

Figure 1. Distribution of radar, disdrometer (JWD), radio sounding stations over Taiwan. 949 

Location of radar sites are marked with blue cross (“ X ”)    [Wu-Fan San (RCWF), 950 

Hua-Lien (RCHL), Chi-Gu (RCCG), Ken-Ting (RCKT), Ma-Kung (RCMK) and 951 

Ching-Chuan-Kang (RCCK)]. JWD and automatic weather station of CWB (C0C520) 952 

are marked with red triangle (“▵”), and radiosonde launching stations are marked with 953 

black circle (“o”). 954 

 955 

Figure 2. (a) Rate of rainfall (mm h-1) scatters plot between JWD (y-axis) and rain gauge from 956 

CWB (x- axis). (b) Reflectivity probability scatter plot between JWD (x-axis) and 957 

QPESUMS (y-axis). Regression line (black dashed line) and two standard deviations 958 

(red dashed line) are also shown in Figure 2(b). The color bar in Figure 2(b) indicates 959 

the percentage of occurrence.  960 

 961 

Figure 3. Overview of (a) rate of rainfall (mm h-1) and (b) radar reflectivity (dBZ) calculated 962 

from JWD in different seasons over a period of ten years. The color bar represents the 963 

occurrence frequency in log scale.  964 

 965 

Figure 4. Raindrop concentration [log10N(D), m-3 mm-1] vs. raindrop diameter (D, mm) for 966 

six seasons over a period of ten years. The number in the legend represents data 967 

points of 10-min sampling.  968 

 969 

Figure 5. (a) Distribution of log10Nw (m-3 mm-1) and Dm (mm) over period of ten years (all 970 

seasons). Green and red rectangular boxes represent continental-like and maritime-like 971 
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convection, respectively. (b) Percentage distribution of D0-log10Nw for all seasons with 972 

stratiform and convective separation line (inclined black dashed line) of Bringi et al. 973 

(2009). (c) Radar reflectivity of CFADs over period of ten years (all seasons) with mean 974 

reflectivity profile of six seasons in white star dotted line. The horizontal white dotted 975 

line represents the mean melting layer height of six seasons obtained from radiosonde.   976 

 977 

Figure 6. (a) Distribution of mean Dm (mm) and log10Nw (m-3 mm-1) values with standard 978 

deviation for six seasons. (b) Deviations in mass- weighted mean diameter (D0, mm; 979 

blue color bars) and liquid water content (LWC, g m-3; red color bars) between each 980 

season and all seasons. (c) D0-log10Nw distribution of each season (in different colors) 981 

with stratiform and convective separation line (inclined black dashed line) of Bringi et 982 

al. (2009). 983 

 984 

Figure 7. CFAD of radar reflectivity obtained from QPESUMS of CWB for (a) winter, (b) 985 

spring, (c) mei-yu, (d) summer, (e) typhoon and (f) autumn. Number of data points in 986 

each season are also represented in each figure panel. Vertical star dotted lines in white 987 

and red color (in figure 7a-f) refers to mean reflectivity of six seasons and individual 988 

seasons, respectively.  989 

 990 

Figure 8.  The box and whisker plot of (a) Convective available potential energy (CAPE, J Kg-991 

1) and (b) vertical integral of water vapor (kg m-2) for six seasons, High vertical 992 

structure (HVS) and low vertical structure (LVS) seasons. The center line of the box 993 

indicates the median, and the bottom and top lines of the box indicate the 25th and 75th 994 

percentiles, respectively. The bottom and top of the dashed vertical lines indicate the 995 

5th and 95th percentiles, respectively. 996 
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 997 

Figure 9. The box and whisker plot of (a) storm height and (b) bright band height for six 998 

seasons, High vertical structure (HVS) and low vertical structure (LVS) seasons. 999 

 1000 

Figure 10. The box and whisker plot of cloud effective radius (CER, μ m) of (a) liquid and (b) 1001 

ice particles for six seasons, High vertical structure (HVS) and low vertical structure 1002 

(LVS) seasons. 1003 

 1004 

Figure 11. Gamma distribution using the mean values of stratiform RSD in different seasons. 1005 

The mean rate of rainfall is also shown in the legend.  1006 

 1007 

Figure 12. (a) Mean and standard deviation values of Dm (mm) and log10Nw (m-3 mm-1) for 1008 

stratiform precipitations of six seasons. (b) Total mean CFADs of stratiform 1009 

precipitation of six seasons. The mean melting layer height of six seasons is represented 1010 

with horizontal white dotted line and the mean vertical profiles of reflectivity for six 1011 

seasons is represented with vertical white stars line. (c) D0-log10Nw distribution for 1012 

stratiform precipitations of six seasons with stratiform and convective separation line 1013 

(inclined black dashed line) of Bringi et al. (2009). 1014 

 1015 

Figure 13. Radar reflectivity of CFADs of stratiform precipitation for (a) winter, (b) spring, 1016 

(c) mei-yu, (d) summer, (e) typhoon and (f) autumn. The number of data points in each 1017 

season are represented in each panel. Vertical star dotted lines in white and red indicate 1018 

the mean reflectivity of six seasons and individual season respectively. Horizontal red 1019 

dotted lines represent the mean melting layer of individual seasons. The mean melting 1020 

layer of six seasons obtained from radiosonde is denoted in horizontal white dotted line. 1021 
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 1022 

Figure 14. Gamma distribution of convective RSD in different seasons. Mean rate of rainfall 1023 

also shown in the legend.  1024 

 1025 

Figure 15. (a) Mean value of Dm (mm) and log10Nw (m-3 mm-1) scatter in different seasons of 1026 

convective precipitation. (b) Total mean CFADs of convection with 0 °C (horizontal 1027 

white dotted line) and mean vertical reflectivity (vertical white stars line). (c) D0-1028 

log10Nw distribution for convective precipitations of six seasons with stratiform and 1029 

convective separation line (inclined black dashed line) of Bringi et al. (2009). 1030 

 1031 

Figure 16. Radar reflectivity CFADs of convective precipitation for (a) winter, (b) spring, (c) 1032 

mei-yu, (d) summer, (e) typhoon and (f) autumn. Number of data points in each season 1033 

are represented in each figure panel. Vertical star line in white and red color are mean 1034 

reflectivity of six seasons and individual season, respectively. Horizontal red dotted 1035 

lines (in each figure panel) represent altitude of 0o C for individual seasons. Melting 1036 

layer height obtained from radiosonde is denoted in horizontal white dotted line for six 1037 

seasons.  1038 

 1039 

Figure 17. Histogram of log10Nw in stratiform and convection types. The legends above show 1040 

the skewness in winter and summer. 1041 

 1042 

Figure 18. CFADs of summer and winter with convection and stratiform. a, b, c, and d (e, f, g, 1043 

and h) refer to winter (summer) seasons. Top 10% of log10Nw is present in winter season 1044 

(b, d) and less 10% is present in summer season (f, h). Fig. a and .c, (Fig. e and. g) 1045 

depict the mean field of winter (summer) CFAD. 1046 
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 1047 

Figure 19. Mean radar reflectivity profiles in summer (a and c) and winter (b and d). 1048 

Convection and stratiform precipitation are shown in upper and lower panel, 1049 

respectively. 1050 

  1051 
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Tables 1052 

Table 1 Drop size classes of Joss-waldvogel disdrometer (JWD) 1053 

Drop size 

classification 

Average diameter 

of drops in class 

i , Di mm 

Fall velocity of a 

drop with diameter 

Di, V(Di) m s-1 

Diameter interval of drop 

size class i, 

Delta Di mm 

1 0.359 1.435 0.092 

2 0.455 1.862 0.1 

3 0.551 2.267 0.091 

4 0.656 2.692 0.119 

5 0.771 3.154 0.112 

6 0.913 3.717 0.172 

7 1.116 4.383 0.233 

8 1.331 4.986 0.197 

9 1.506 5.423 0.153 

10 1.665 5.793 0.166 

11 1.912 6.315 0.329 

12 2.259 7.009 0.364 

13 2.584 7.546 0.286 

14 2.869 7.903 0.284 

15 3.198 8.258 0.374 

16 3.544 8.556 0.319 

17 3.916 8.784 0.423 

18 4.35 8.965 0.446 

19 4.859 9.076 0.572 
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20 5.373 9.137 0.455 

 1054 

 1055 

Table 2 Statistics of RSD parameters derived from disdrometer data (Jan 2005- Dec 2014, 10- 1056 

min rain data) in Northern Taiwan. 1057 

 Parameter Mean SD Skewness Kurtosis 

 

Normalized 

Gamma 

logNw 4.36 0.61 0.21 3.36 

Dm 1.16 0.41 0.76 4.72 

μ 5.60 4.2 1.85 10.07 

λ 9.82 7.31 2.35 9.69 

 1058 
 1059 

Table 3 Statistics of RSD parameters derived from disdrometer data (Jan 2005- Dec 2014, 10-1060 

min rain data) in different seasons over Northern Taiwan.  1061 

 Parameter Mean SD Skewness Kurtosis 

 

Winter  

logNw 4.55 0.61 0.08 3.77 

Dm 0.97 0.34 0.92 5.10 

μ 5.6 4.57 1.27 3.41 

λ 11.79 8.9 1.81 3.95 

 Parameter Mean SD Skewness Kurtosis 

 

Spring  

logNw 4.36 0.62 0.25 4.74 

Dm 1.18 0.42 0.77 4.28 

μ 5.12 4.33 2.17 11.36 

λ 9.33 7.44 2.57 4.08 

 Parameter Mean SD Skewness Kurtosis 
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Mei-yu  

logNw 4.22 0.56 0.35 3.88 

Dm 1.31 0.41 0.48 4.34 

μ 5.55 3.91 2.95 4.96 

λ 8.41 5.73 2.94 3.75 

 Parameter Mean SD Skewness Kurtosis 

 

Summer 

logNw 3.68 0.53 -0.66 5.61 

Dm 1.5 0.49 1.62 6.74 

μ 5.63 3.91 2.41 5.96 

λ 7.19 4.15 2.47 4.88 

 Parameter Mean SD Skewness Kurtosis 

 

Typhoon  

logNw 4.02 0.69 0.17 5.43 

Dm 1.35 0.37 0.55 5.78 

μ 6.33 4.09 1.98 5.90 

λ 8.42 4.7 2.27 3.51 

 Parameter Mean SD Skewness Kurtosis 

 

Autumn 

logNw 4.43 0.63 0.11 3.22 

Dm 1.11 0.4 0.75 3.89 

μ 5.64 3.77 1.53 4.67 

λ 10.44 7.24 2.06 3.67 

 1062 
  1063 
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Table 4 Statistics of stratiform RSD parameters derived from disdrometer data (Jan 2005- Dec 1064 

2014, 10-min rain data) in different seasons in Northern Taiwan.  1065 

 Parameter Mean SD Skewness Kurtosis 

 

Winter  

logNw 4.21 0.41 0.29 3.37 

Dm 1.14 0.27 0.51 3.90 

μ 3.51 2.32 0.53 3.34 

λ 6.87 2.59 0.9 3.77 

 Parameter Mean SD Skewness Kurtosis 

 

Spring  

logNw 4.03 0.43 0.15 4.33 

Dm 1.31 0.34 0.83 4.34 

μ 3.81 2.49 1.43 10.10 

λ 6.33 2.41 0.84 3.712 

 Parameter Mean SD Skewness Kurtosis 

 

Mei-yu  

logNw 3.95 0.43 -0.09 3.75 

Dm 1.41 0.33 1.01 6.11 

μ 4.58 2.24 0.83 5.18 

λ 6.43 2.3 0.81 3.72 

 Parameter Mean SD Skewness Kurtosis 

 

Summer 

logNw 3.66 0.46 -0.65 4.75 

Dm 1.59 0.43 1.56 8.31 

μ 4.76 2.53 0.8 4.88 

λ 6.03 2.68 0.84 4.41 

 Parameter Mean SD Skewness Kurtosis 

 logNw 3.83 0.37 -0.47 5.34 
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Typhoon  Dm 1.47 0.3 0.98 6.20 

μ 5.92 3.06 1.12 6.57 

λ 6.98 2.36 0.62 3.71 

 Parameter Mean SD Skewness Kurtosis 

 

Autumn 

logNw 4.09 0.48 0.11 3.06 

Dm 1.28 0.34 0.78 4.45 

μ 4.26 2.28 0.71 4.34 

λ 6.84 2.48 0.8 3.61 

 1066 
 1067 

Table 5 Statistics of convection RSD parameters derived from disdrometer data (Jan 2005- 1068 

Dec 2014, 10-min rain data) in different seasons in Northern Taiwan.  1069 

 Parameter Mean SD Skewness Kurtosis 

 

Winter  

logNw 4.26 0.5 0.21 4.05 

Dm 1.24 0.36 0.77 5.01 

μ 3.34 2.08 0.45 3.51 

λ 6.43 2.78 1.29 4.65 

 Parameter Mean SD Skewness Kurtosis 

 

Spring  

logNw 3.99 0.44 0.23 5.62 

Dm 1.45 0.38 0.49 4.37 

μ 3.7 2.24 2.05 14.77 

λ 5.73 2.37 1.36 5.28 

 Parameter Mean SD Skewness Kurtosis 

 

Mei-yu  

logNw 3.96 0.36 -0.22 4.04 

Dm 1.58 0.35 0.08 2.88 



50 
 

μ 4.64 2.23 0.72 4.54 

λ 5.81 2.16 0.98 3.86 

 Parameter Mean SD Skewness Kurtosis 

 

Summer 

logNw 3.85 0.48 -0.91 7.75 

Dm 1.75 0.43 0.92 4.65 

μ 4.91 3.06 1.55 6.55 

λ 5.4 2.37 1.59 6.64 

 Parameter Mean SD Skewness Kurtosis 

 

Typhoon  

logNw 3.91 0.42 -0.41 5.38 

Dm 1.52 0.38 0.6 4.75 

μ 5.2 2.84 0.46 3.30 

λ 6.46 2.57 0.64 3.21 

 Parameter Mean SD Skewness Kurtosis 

 

Autumn 

logNw 4.03 0.46 0.23 3.62 

Dm 1.41 0.38 0.36 3.36 

μ 4.28 2.31 0.93 5.25 

λ 6.45 2.9 1.08 3.78 

 1070 

 1071 
  1072 
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Figures 1073 

 1074 

Figure 1. Distribution of radar, disdrometer (JWD), radio sounding stations over Taiwan. 1075 

Location of radar sites are marked with blue cross (“ X ”)    [Wu-Fan San (RCWF), 1076 

Hua-Lien (RCHL), Chi-Gu (RCCG), Ken-Ting (RCKT), Ma-Kung (RCMK) and 1077 

Ching-Chuan-Kang (RCCK)]. JWD and automatic weather station of CWB (C0C520) 1078 

are marked with red triangle (“▵”), and radiosonde launching stations are marked with 1079 

black circle (“o”). 1080 
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 1081 

Figure 2. (a) Rate of rainfall (mm h-1) scatters plot between JWD (y-axis) and rain gauge from 1082 

CWB (x- axis). (b) Reflectivity probability scatter plot between JWD (x-axis) and 1083 

QPESUMS (y-axis). Regression line (black dashed line) and two standard deviations 1084 

(red dashed line) are also shown in Figure 2(b). The color bar in Figure 2(b) indicates 1085 

the percentage of occurrence.  1086 

 1087 

Figure 3. Overview of (a) rate of rainfall (mm h-1) and (b) radar reflectivity (dBZ) calculated 1088 

from JWD in different seasons over a period of ten years. The color bar represents the 1089 

occurrence frequency in log scale.  1090 
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 1091 

 1092 

Figure 4. Raindrop concentration [log10N(D), m-3 mm-1] vs. raindrop diameter (D, mm) for 1093 

six seasons over a period of ten years. The number in the legend represents data 1094 

points of 10-min sampling.  1095 

 1096 

 1097 
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 1098 

Figure 5. (a) Distribution of log10Nw (m-3 mm-1) and Dm (mm) over period of ten years (all 1099 

seasons). Green and red rectangular boxes represent continental-like and maritime-like 1100 

convection, respectively. (b) Percentage distribution of D0-log10Nw for all seasons with 1101 

stratiform and convective separation line (inclined black dashed line) of Bringi et al. 1102 

(2009). (c) Radar reflectivity of CFADs over period of ten years (all seasons) with mean 1103 

reflectivity profile of six seasons in white star dotted line. The horizontal white dotted 1104 

line represents the mean melting layer height of six seasons obtained from radiosonde.   1105 

 1106 

Figure 6. (a) Distribution of mean Dm (mm) and log10Nw (m-3 mm-1) values with standard 1107 

deviation for six seasons. (b) Deviations in mass- weighted mean diameter (D0, mm; 1108 

blue color bars) and liquid water content (LWC, g m-3; red color bars) between each 1109 

season and all seasons. (c) D0-log10Nw distribution of each season (in different colors) 1110 

with stratiform and convective separation line (inclined black dashed line) of Bringi et 1111 

al. (2009). 1112 
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 1113 

Figure 7. CFAD of radar reflectivity obtained from QPESUMS of CWB for (a) winter, (b) 1114 

spring, (c) mei-yu, (d) summer, (e) typhoon and (f) autumn. Number of data points in 1115 

each season are also represented in each figure panel. Vertical star dotted lines in white 1116 

and red color (in figure 7a-f) refers to mean reflectivity of six seasons and individual 1117 

seasons, respectively.  1118 

  1119 
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 1120 

 1121 

Figure 8.  The box and whisker plot of (a) Convective available potential energy (CAPE, J Kg-1122 

1) and (b) vertical integral of water vapor (kg m-2) for six seasons, High vertical 1123 

structure (HVS) and low vertical structure (LVS) seasons. The center line of the box 1124 

indicates the median, and the bottom and top lines of the box indicate the 25th and 75th 1125 

percentiles, respectively. The bottom and top of the dashed vertical lines indicate the 1126 

5th and 95th percentiles, respectively. 1127 

 1128 
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 1129 

Figure 9. The box and whisker plot of (a) storm height and (b) bright band height for six 1130 

seasons, High vertical structure (HVS) and low vertical structure (LVS) seasons. 1131 

 1132 

 1133 

Figure 10. The box and whisker plot of cloud effective radius (CER, μ m) of (a) liquid and (b) 1134 

ice particles for six seasons, High vertical structure (HVS) and low vertical structure 1135 

(LVS) seasons. 1136 
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 1137 

Figure 11. Gamma distribution using the mean values of stratiform RSD in different seasons. 1138 

The mean rate of rainfall is also shown in the legend.  1139 

  1140 
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 1141 

Figure 12. (a) Mean and standard deviation values of Dm (mm) and log10Nw (m-3 mm-1) for 1142 

stratiform precipitations of six seasons. (b) Total mean CFADs of stratiform 1143 

precipitation of six seasons. The mean melting layer height of six seasons is represented 1144 

with horizontal white dotted line and the mean vertical profiles of reflectivity for six 1145 

seasons is represented with vertical white stars line. (c) D0-log10Nw distribution for 1146 

stratiform precipitations of six seasons with stratiform and convective separation line 1147 

(inclined black dashed line) of Bringi et al. (2009). 1148 

 1149 

 1150 

Figure 13. Radar reflectivity of CFADs of stratiform precipitation for (a) winter, (b) spring, 1151 

(c) mei-yu, (d) summer, (e) typhoon and (f) autumn. The number of data points in each 1152 

season are represented in each panel. Vertical star dotted lines in white and red indicate 1153 
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the mean reflectivity of six seasons and individual season respectively. Horizontal red 1154 

dotted lines represent the mean melting layer of individual seasons. The mean melting 1155 

layer of six seasons obtained from radiosonde is denoted in horizontal white dotted line. 1156 

 1157 

 1158 

Figure 14. Gamma distribution of convective RSD in different seasons. Mean rate of rainfall 1159 

also shown in the legend.  1160 

  1161 
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 1162 

Figure 15. (a) Mean value of Dm (mm) and log10Nw (m-3 mm-1) scatter in different seasons of 1163 

convective precipitation. (b) Total mean CFADs of convection with 0 °C (horizontal 1164 

white dotted line) and mean vertical reflectivity (vertical white stars line). (c) D0-1165 

log10Nw distribution for convective precipitations of six seasons with stratiform and 1166 

convective separation line (inclined black dashed line) of Bringi et al. (2009). 1167 

 1168 

Figure 16. Radar reflectivity CFADs of convective precipitation for (a) winter, (b) spring, (c) 1169 

mei-yu, (d) summer, (e) typhoon and (f) autumn. Number of data points in each season 1170 

are represented in each figure panel. Vertical star line in white and red color are mean 1171 

reflectivity of six seasons and individual season, respectively. Horizontal red dotted 1172 

lines (in each figure panel) represent altitude of 0o C for individual seasons. Melting 1173 

layer height obtained from radiosonde is denoted in horizontal white dotted line for six 1174 
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seasons.  1175 

 1176 

 1177 

Figure 17. Histogram of log10Nw in stratiform and convection types. The legends above show 1178 

the skewness in winter and summer. 1179 

 1180 
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 1181 
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Figure 18. CFADs of summer and winter with convection and stratiform. a, b, c, and d (e, f, g, 1182 

and h) refer to winter (summer) seasons. Top 10% of log10Nw is present in winter season 1183 

(b, d) and less 10% is present in summer season (f, h). Fig. a and .c, (Fig. e and. g) 1184 

depict the mean field of winter (summer) CFAD. 1185 

 1186 

 1187 

Figure 19. Mean radar reflectivity profiles in summer (a and c) and winter (b and d). 1188 

Convection and stratiform precipitation are shown in upper and lower panel, 1189 

respectively. 1190 

 1191 


