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Abstract 26 

Unlike previous studies from a single disdrometer, this study investigates and 27 

compares the raindrop size distribution (RSD) characteristics of convective 28 

inner-rainband rain (CIR) and convective outer-ranband rain (COR) in Typhoon Maria 29 

(2018), simultaneously captured for the first time by a newly-established 30 

observational network including nine disdrometers in the northeastern Fujian 31 

Province of China. It is shown that the radar reflectivity for the CIR increases sharply 32 

with decreasing height below the melting layer, whereas it remains nearly unchanged 33 

for the COR. This suggests the dominance of collision–coalescence process in the 34 

CIR, i.e., the collection of small raindrops by larger ones as they fall. Thus, the 35 

surface-level CIR generally has far lower concentration of small raindrops and larger 36 

mean raindrop diameter than those previously found in the COR. Close to the tropical 37 

cyclone (TC) eyewall, it is found for the first time that although the raindrops are 38 

relatively large, the raindrop concentration is too low to yield a high rain rate. In 39 

contrast, high rain rates are concentrated at a distance of about 1.5–2.5 times the 40 

radius of maximum wind from the TC center, where there are appropriate normalized 41 

concentrations (log10Nw) and corresponding raindrop diameters. In addition, this study 42 

demonstrates differences between the CIR and COR in terms of the RSD evolution 43 

with increasing rain rate, and the radar reflectivity–rain rate (Z–R) and shape–slope 44 

(µ–Λ) relationships, and confirms the existence of different rain microphysics in 45 

various rain regions of a TC. 46 
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1. Introduction 49 

The spiral rainbands in tropical cyclones (TCs) can be generally categorized into 50 

inner and outer rainbands (Guinn and Schubert 1993; Wang 2009; Li and Wang 2012). 51 

The inner rainbands originate near the eyewall and are mainly within about 2–3 times 52 

the radius of maximum wind (2-3 RMW), where the TC inner-core dynamics 53 

dominate (Wang 2009; Houze 2010; Wang 2012; Moon and Nolan 2015). In contrast, 54 

outer (or distant) rainbands occur often outside the inner-core region, far from the 55 

intrinsic vortex dynamics of a TC (Houze 2010; Li and Wang 2012). Previous studies 56 

have indicated that inner and outer rainbands have different kinematic structures and 57 

features (Willoughby 1978; Montgomery and Kallenbach 1997; Black and Hallett 58 

1999; Bogner et al. 2000; Hence and Houze 2008; Wang 2009; Li and Wang 2012; 59 

Wang 2012; Moon and Nolan 2015), leading to different cloud structures and rain 60 

microphysics (Houze 2010, 2014; Didlake and Kumjian 2017). As a fundamental 61 

property of rain microphysics, the raindrop size distribution (RSD) characteristics 62 

within the inner and outer rainbands have not yet been well investigated. 63 

Previous studies focused on the climatic RSD features of TC rain in different 64 

oceanic basins, and identified that TC rain has a higher concentration of small 65 

raindrops than non-TC rain, probably to enhance evaporation near the ground 66 

(Jorgensen and Willis 1982; Tokay and Short 1996; Tokay et al. 2008; Bringi et al. 67 

2003; Zhang et al. 2006; Chang et al. 2009; Kumari et al. 2014; Deo et al. 2016; 68 
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Janapati et al. 2017; Wen et al. 2018). However, the composite results of these studies 69 

may obscure different RSD characteristics in the various TC rainbands. In fact, 70 

several investigations have noticed different rain microphysics in different TC 71 

rainbands (Ulbrich and Lee 2002; Chen et al. 2012; Wang et al. 2016; Wu et al. 2018; 72 

Bao et al. 2019, hereafter Bao19). Unfortunately, these investigations were 73 

constrained by measurements from a single disdrometer, and could not simultaneously 74 

capture and compare the RSD characteristics of inner and outer TC rainbands. Thus, 75 

Bao19 suggested a dense disdrometer network to fully measure RSD characteristics in 76 

the various rainbands of a TC, to improve radar- and satellite-based quantitative 77 

precipitation estimation (QPE) algorithms for TC rain and microphysical 78 

parameterization schemes used in TC models (Marshall and Palmer 1948; Milbrandt 79 

and Yau, 2005; Thompson et al., 2015).  80 

A new observational network including nine surface disdrometers was recently 81 

established by the China Meteorological Administration (CMA) in northeast Fujian 82 

Province in summer 2017 (Figure 1). Heavy TC rain was measured for the first time 83 

by the observational network when Typhoon Maria passed over the network on 11 84 

July 2018, providing an opportunity to compare the RSD characteristics of its inner 85 

and outer rainbands. Different profiles of vertical velocity over inner- and 86 

outer-rainband regions, as found by Li and Wang (2012) and Wang (2012), may be 87 

responsible for different raindrop growth rates, size sorting, and ultimately 88 

surface-level RSD characteristics (Rosenfeld and Ulbrich 2003; Kumjian and 89 

Ryzhkov 2010). Thus, this study focuses on investigating whether there is also a high 90 
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concentration of small raindrops in inner-rainband rain, as found by Wang et al. 91 

(2016). Note however that the disdrometer rain samples of Wang et al. (2016) were 92 

rather far from the TC center. 93 

Section 2 introduces the data and methods adopted by this study. Convective 94 

structures are briefly discussed in section 3. Section 4 analyzes and discusses the RSD 95 

characteristics and evolution with increasing rain rate in the inner- and outer-rainband 96 

rain of Typhoon Maria, as well as the impact of raindrop concentration and diameter 97 

on the radial distribution of rain rate. The radar reflectivity–rain rate (Z–R) and shape–98 

slope (µ–Λ) relationships of the inner- and outer-rainband rain are compared in 99 

section 5. Finally, conclusions are summarized in section 6. 100 

2. Data and methods 101 

2.1 Data 102 

A new observational network including nine OTT second-generation Particle 103 

Size and Velocity (PARSIVEL; OTT Hydromet, Germany; Löffler-Mang and Joss 104 

2000; Battaglia et al. 2010) disdrometers was established in summer 2017. Each 105 

disdrometer is collocated with a CMA automatic weather station (AWS) in northeast 106 

Fujian Province (listed in Table 1 and shown in Figure 2). Each disdrometer provides 107 

a two-dimensional matrix including 32 nonequidistant classes of particle diameter and 108 

32 nonequidistant classes of fall speed at 1-minute sampling interval if rain occurs, 109 

with drop counts in the two smallest diameter classes set to zero because of the low 110 

signal-to-noise ratio (Löffler-Mang and Joss 2000; Yuter et al. 2006; Jaffrin and Berne 111 

2011). 112 

©2020 American Geophysical Union. All rights reserved.
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The heavy TC rain associated with Typhoon Maria was the first such event 113 

captured by the new observational network. Based on the CMA best track dataset, 114 

Typhoon Maria made landfall with a wind intensity of 42 m s
–1

 at Lianjiang in Fujian 115 

Province, China at around 0910 local standard time (LST) 11 July 2018, and finally 116 

dissipated (TC track no longer updated) at 2000 LST 11 July 2018 (Figure 1). 117 

Therefore, all disdrometers stopped sampling this event at 2000 LST 11 July 2018. 118 

Other observational datasets used in this study include radar data collected by the 119 

China New Generation Doppler Weather Radar (CINRAD/SA) in Ningde, Fujian 120 

Province (blue triangle in Figure 2) and AWS data (e.g., surface rainfall). In general, 121 

accumulated rainfall >50 mm fell along the track of Typhoon Maria and over the 122 

southeastern coast of Zhejiang Province (Figure 1a). 123 

2.2 Methods 124 

As in Bao19, several quality control (QC) procedures suggested by previous 125 

studies (Atlas et al. 1973; Tokay and Bashor 2010; Jaffrain and Berne 2011; Friedrich 126 

et al. 2013) are applied to eliminate spurious raindrops before calculation of RSD 127 

parameters in this study. All RSD parameters and integrated rainfall variables 128 

(Appendix A) are calculated directly from the observed disdrometer data after QC, 129 

using the three-parameter gamma model introduced by Ulbrich (1983): 130 

0( ) exp( )N D N D D  ,                        (1) 131 

where N(D) is the number concentration of raindrop per unit volume and per unit size 132 

interval (mm
–1 

m
–3

), and D is the equivalent raindrop diameter (mm); the intercept 133 

parameter N0 
(mm

–1–µ
 m

–3
), shape parameter µ and slope parameter Λ (mm

–1
) are the 134 
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three parameters of the gamma model. As shown in Bao19, the rain rate derived from 135 

PARSIVEL disdrometer data is consistent with data from rain gauges (not shown). 136 

The S-band radar deployed in Ningde, Fujian Province is situated at 138 m above 137 

sea level. The radar scans a three-dimensional volume within a radius of 230 km, with 138 

an approximately 1° beam width by 1-km range resolution, and 6-minute sampling 139 

frequency for a volume scan. Each volume scan consists of nine sweeps, with 140 

elevation angles ranging from 0.5° (base scan) to 19° (Kim et al. 2014). The radar 141 

reflectivity data used in this study was qualitatively controlled by a Severe Weather 142 

Now-casting System (Wu et al. 2013), and then the quality-controlled volume data is 143 

interpolated into Cartesian coordinates to obtain the constant altitude plan position 144 

indicator (CAPPI) data with horizontal (vertical) resolution of 1 km (500 m). The TC 145 

tracking radar echoes by correlation (T-TREC) technique developed by Wang et al. 146 

(2011) is applied to retrieve the wind field and calculate the RMW of Typhoon Maria 147 

(Figure 2). The outer-rainband region is defined as more than 3 RMW from the TC 148 

center and the inner-rainband region as within an annular region between the RMW 149 

and 3 RMW from the T‐TREC wind field at an altitude of 2 km, as used by Li and 150 

Wang (2012). 151 

The method for identifying the rain samples measured by each disdrometer as 152 

inner- or outer-rainband rain is introduced in Appendix B. Figure 3a highlights the 153 

convective rain region with radar reflectivity >32 dBZ in Figure 2c (Roger et al. 2013; 154 

Barnes and Barnes 2014). The inner rainbands are generally within 3 RMW, whereas 155 

the relatively narrow outer rainbands in which discrete convective cells embedded are 156 

©2020 American Geophysical Union. All rights reserved.
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located mainly outside 3 RMW. In addition, note that the convective elements with 157 

radar reflectivity > 32 dBZ isolated from the inner rainbands (excluding the linkage 158 

with inner rainbands) are herein categorized as outer-rainband convection (Figure 3a), 159 

despite being within 3 RMW. Based on the discrimination criteria in Appendix B, 160 

consequently, the rain duration for the resultant inner- or outer-rainband rain observed 161 

by each disdrometer is listed in Table 1. Based on disdrometer measurements, a 162 

modified classification method of convective and stratiform rain types is adopted in 163 

this study, which was examined more applicable in TC rain and whose detailed 164 

discussion can been found in Bao19. 165 

3. Structure of radar reflectivity 166 

Figure 3b displays the average radius–height cross section of radar reflectivity 167 

approximately transecting the inner and outer rainbands (IR and OR) as indicated by 168 

Figure 2a at 0400 LST 11 July 2018. Stratiform rain (characterized by the bright-band 169 

signature) dominates within the RMW as expected, whereas a strong convective 170 

rainband is located in the inner-rainband region, and the outer rainband is outside 3 171 

RMW. The reflectivity of the inner rainband increases markedly as height decreases 172 

below 4 km (Figure 3b). Even when the inner rainbands approached the land at other 173 

times, the reflectivity still exhibits the increase with decreasing height (not shown). 174 

Thus this can be a reliable signal of the collision-coalescence process of raindrops as 175 

they fall in inner rainbands (Kumjian and Prat 2014; Seela et al. 2018). 176 

To compare the structures of radar reflectivity for the convective inner-rainband 177 

rain (CIR) and convective outer-rainband rain (COR) captured by the new 178 

©2020 American Geophysical Union. All rights reserved.
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observational network, Figure 4 shows the contoured frequency by altitude diagrams 179 

(CFADs) of radar reflectivity for the CIR and COR. This is derived by compositing 180 

the CAPPI radar reflectivity over the disdrometers that measured rain samples of the 181 

CIR (or COR). For the CIR, the average radar reflectivity increases above an altitude 182 

of 9 km, as does its contoured frequency >20% (shading in Figure 4). This is not the 183 

case for the COR. This may partly result from slantwise convection that originates 184 

from the TC eyewall just above the inner rainbands, as indicated by Didlake and 185 

Houze (2013). Thus, Figure 4 does not reveal the real convection-top height of the 186 

inner rainbands in this study. As shown in Figure 3b, the average reflectivity of the 187 

CIR increases pronouncedly with decreasing height below the melting layer, whereas 188 

it remains nearly unchanged for the COR (Figure 4). This can be attributed to stronger 189 

area-averaged ascending motion associated with convergence at the middle and lower 190 

troposphere over the convective inner-rainband region, whereas area-averaged 191 

downward motion is found below 4-km height over the convective outer-rainband 192 

region, as found by Li and Wang (2012). 193 

Figure 5 shows scatterplots of surface rain rate versus distance from the TC 194 

center for the CIR and COR as the inner and outer rainbands (Figure 2) passed over 195 

the observational network from 0330 LST to 0700 LST 11 July 2018. In general, the 196 

CIR has more samples with a high rain rate than the COR, corresponding to a larger 197 

low-level average reflectivity for the CIR (Figure 4). Therefore, this study examines 198 

whether the different convection structures of the CIR and COR result in different 199 

surface-level RSD characteristics. In addition, Figure 5 shows that the largest rain rate 200 
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occurs at 90–120 km from the TC center, far from the eyewall (which is about 50 km 201 

from the TC center). This behavior is investigated in the following section. 202 

4. RSD characteristics 203 

4.1 Composite RSD 204 

Using the modified rain-type classification method of Bao19, 593 (486) samples 205 

are classified as convective rain in the inner-rainband (outer-rainband) region of 206 

Typhoon Maria (Table 2). The mean integrated rainfall parameters show that the CIR 207 

has a larger rain rate, rain water content and mass-weighted mean raindrop diameter, 208 

but lower raindrop concentration, than the COR (Table 2). This is confirmed by the 209 

scatterplots of Dm 
versus log10Nw 

overlaid with the contours of rain rate (Figure 6a). 210 

The CIR has more samples in the region with large Dm 
(smaller log10Nw) and high rain 211 

rate than the COR. In contrast, there are a fair number of samples in the COR with 212 

log10Nw > 4.5 mm
–1

 m
–3

, but corresponding Dm < 1.5 mm (Figure 6a). As a result, the 213 

COR of Typhoon Maria has a similar mean value of Dm (1.51 mm) to those reported 214 

by Wang et al. (2016) and Bao19, but the CIR has a larger Dm (1.72 mm). This is 215 

consistent with the larger radar reflectivity for the CIR at low levels than for the COR 216 

in this study (Figure 4). 217 

Figure 6b shows the composite raindrop spectra for the CIR and COR. Although 218 

the CIR and COR almost have the same spectral width, the CIR has far lower 219 

concentrations of small raindrops, but more midsize (especially 2–3 mm) raindrops 220 

than the COR (Figure 6b). Tokay et al. (2008) found that midsize raindrops make a 221 

significant contribution to the rain rate of heavy rain. Thus, the CIR has a larger mean 222 

©2020 American Geophysical Union. All rights reserved.
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rain rate than the COR (Table 2). 223 

Previous studies have argued that the larger Dm of TC rainfall in Taiwan 224 

compared with that in mainland China is due to the lifting effect of the Central 225 

Mountain Range (Chang et al. 2009). Although it is still difficult to derive vertical 226 

velocity directly from the network (lack of relevant detection instruments or retrieval 227 

technology from single radar) in this study, previous high-resolution numerical 228 

simulations had found the stronger vertical updraft over the convective inner-rainband 229 

region than over the convective outer-rainband region (Li and Wang 2012; Wang 230 

2012). This result may be used to account for the larger Dm for the CIR than for the 231 

COR in this study, because the ascending motion can lift small raindrops upward to 232 

grow into larger raindrops or hold them aloft to be collected by large raindrops via 233 

collision-coalescence process (Seela et al. 2018). This is reflected in the increasing 234 

radar reflectivity with decreasing height below the melting layer (Kumjian and Prat 235 

2014), as shown in Figure 4. Warm-rain process dominates the inner-rainband rain, in 236 

agreement with Wang et al. (2016). In contrast, area-averaged downward vertical 237 

mass transport was found below 4-km height over the outer-rainband region by Li and 238 

Wang (2012). Thus, the small raindrops of the COR fall directly to the ground, 239 

leading to more small raindrops than in the CIR (Figure 6b).  240 

In summary, the CIR has a larger average rain rate and raindrop diameter than 241 

the COR, likely because of collision-coalescence process associated with 242 

mid-to-low-level updraft over the inner-rainband region (Li and Wang 2012; Wang et 243 

al. 2016). Figure 6b shows that the COR has a higher concentration of small raindrops 244 

©2020 American Geophysical Union. All rights reserved.
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than the CIR at lower rain rates (<10 mm h
–1

), similar to the findings of Bao19. Thus, 245 

the evolution of RSD with increasing rain rates will be discussed next. 246 

4.2 RSD evolution with increasing rain rate 247 

Figures 7a–b show the evolution of RSD in the CIR and COR as the rain rate 248 

increases for four rain-rate classes: 5–10 mm h
–1

 (moderate rain), 10–15 mm h
–1

 249 

(moderate-to-heavy rain), 15–30 mm h
–1 

(heavy rain), and >30 mm h
–1

 (torrential 250 

rain). In general, the concentrations at all drop sizes increase monotonically with 251 

increasing rain rate in the CIR (Figure 7a). This is similar to the findings of several 252 

previous studies of weather systems other than TCs (Testud et al. 2001; Niu et al. 253 

2010; PorCù et al. 2014; Bao19), which found that the increase of both raindrop size 254 

and concentration contribute to the increase of rain rate. A common feature of 255 

previous studies is that the initial concentration of small raindrops is not high, far less 256 

than that in the outer rainbands in either Bao19 or this study. In the COR, for rain 257 

rates <30 mm h
–1

, the concentrations of raindrops <1 mm remain nearly unchanged 258 

with increasing rain rate, whereas the concentrations of other drop sizes increase. This 259 

suggests that the concentrations of small raindrops may saturate at the initial stage of 260 

convection. Once the rain rate exceeds 30 mm h
–1

, the concentrations of tiny 261 

raindrops <0.7 mm suddenly increase and the raindrop spectrum (< 3 mm) takes the 262 

form of a double-peak model (Figure 7b), possibly due to the breakup process of large 263 

raindrops as discussed by previous studies (Zawadzki et al. 2001; Rosenfeld and 264 

Ulbrich 2003). Note that this double-peak model of raindrop spectrum (< 3 mm) does 265 

not occur in the CIR (Figure 7a). Previous studies have argued that raindrop 266 
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concentration is not unlimited (Bringi et al. 2003; Wen et al. 2018). Thus, whether 267 

there is some threshold value of concentration of small raindrops at the initial stage of 268 

convection that can be used to determine the subsequent RSD evolution with 269 

increasing rain rate needs to be studied in the future. 270 

Figures 7c–d show the ratios of deviation between RSD at the jth rain rate 271 

[N(Di)j] and the composite RSD [N(Di)c] with respect to the composite RSD [N(Di)c] 272 

at the ith drop size for the CIR and COR, as used in Bao19. The concentrations of 273 

almost all drop sizes in the CIR increase as the rain rate increases. However, the 274 

spectral lines of raindrops < 1 mm nearly overlap for the first three rain-rate classes in 275 

the COR, and even the concentrations of small raindrops at 10–15 mm h
–1 

are slightly 276 

higher than those at 15–30 mm h
–1

. Once the rain rate exceeds 30 mm h
–1

, the 277 

concentrations of tiny raindrops rise sharply, particularly for raindrops of diameter 278 

~0.5 mm. The spectral lines for different rain-rate classes in both the CIR and COR 279 

are quite close near 4-mm drop diameters, because large (> 4 mm) raindrops are 280 

rarely measured in TC rain, as argued by previous studies (Tokay et al. 2008; Deo and 281 

Walsh 2016; Wen et al. 2018). In addition, this study confirms that the increasing rate 282 

of midsize raindrops is the greatest at high rain rates in both the CIR and COR, as first 283 

identified by Bao19. 284 

The mean total concentrations and mean mass-weighted raindrop diameters for 285 

different rain-rate classes are shown in Figures 7e–f, along with the corresponding 286 

increase (percentage) between adjacent rain-rate classes. The COR generally has a 287 

higher mean total concentration and a smaller mean mass-weighted raindrop diameter 288 

©2020 American Geophysical Union. All rights reserved.
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than the CIR in each rain-rate class (Figures 7e–f). The COR has a smaller rate of 289 

increase of mean total concentration than the CIR in the first three rain-rate classes, 290 

but a higher rate of increase of mean raindrop diameter (Figures 7e–f). Once the rain 291 

rate exceeds 30 mm h
–1

, the rate of increase of mean total concentration in the COR 292 

rises sharply (~53.1%), and starts to exceed that in the CIR. This is attributed to the 293 

rapid increase of tiny raindrops, possibly resulted from the breakup of large raindrops 294 

as discussed above. Therefore, this study confirms the argument of Bao19 that the 295 

increase of rain rate in COR is due to the growth of raindrop size rather than the 296 

increase of raindrop concentration at low rain-rate classes, possibly because the COR 297 

already has a very high concentration of raindrops at the initial stage of convection. 298 

Area-averaged rain rate and raindrop diameter are larger in the CIR than in the 299 

COR, possibly due to the raindrop growth via collision–coalescence processes as the 300 

drops fall, as discussed above. Whether the rain rate and the raindrop diameter 301 

increase radially toward the TC center as the updraft increases, and whether the 302 

largest values occur close to the TC eyewall where the strongest updraft is located 303 

remain to be investigated as follows. 304 

4.3 Radial characteristics of rain rate 305 

Figure 8 shows the time-averaged log10Nw 
(red), Dm (blue), and rain rate (purple) 306 

for the CIR and COR at each disdrometer site. The CIR usually has larger Dm (smaller 307 

log10Nw) than the COR, even when measured at the same disdrometer site. However, 308 

four disdrometer sites observed lower rain rates for the CIR than for the COR: 309 

Zhouning (2), Fuan (3), Fuding (5) and Pingnan (9) stations (Table 1; Figure 8). This 310 
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means that although there is larger Dm for the CIR than for the COR, as measured at 311 

any one of these four sites, this does not necessarily result in larger rain rate. Figure 9 312 

shows scatterplots and box plots of the radial distribution of Dm, log10Nw, and rain rate 313 

from all samples of the CIR and COR, with respect to the distance normalized by the 314 

RMW (r/RMW) from the TC center. Note that the rain produced by the single 315 

convective elements (with radar reflectivity >32 dBZ) isolated from the inner 316 

rainbands is categorized as COR, so the innermost location of COR samples is near 317 

2.5 RMW (Figure 9). This implies the discrimination criteria for inner- or 318 

outer-rainband rain applied to this study should be appropriate. In general, the CIR 319 

has more samples with larger Dm and smaller log10Nw than the COR, as shown in 320 

Figure 6a. Moreover, the closer to the TC center, the larger the mean Dm (Figure 9d), 321 

but the lower the mean log10Nw (Figure 9e). The sample with largest Dm appears near 322 

1–1.5 RMW from the TC center as expected, whereas the sample with highest log10Nw 323 

is located 2.5–3.0 RMW from the TC center. In contrast, high rain rates exceeding 30 324 

mm h
–1

 are
 
concentrated near 1.5–2.5 RMW from the TC center (approximately 325 

upwind of inner rainbands). The rain near this area has a wide spread of Dm and 326 

log10Nw (Figures 9d–f), which may be associated with more convective features in the 327 

upwind (outer) portion of inner rainbands, as argued by Didlake and Houze (2013). 328 

The reason why high rain rates occur mainly in this area and not close to the eyewall 329 

is discussed next. 330 

Figure 10 shows scatterplots of rain rate versus log10Nw from all samples (black 331 

points) after QC and those (red points) measured near 1.5–2.5 RMW from the TC 332 
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center. The profile of maximum rain rate with respect to log10Nw 
follows a normal 333 

distribution with mean 4.0 mm
–1

 m
–3

. Rain rates >30 mm h
–1

 often require log10Nw 334 

between 3.8 and 4.2 mm
–1

 m
–3

, and most of these are located near 1.5–2.5 RMW from 335 

the TC center. From equation A5 in appendix A, the calculation of rain rate is 336 

associated with both the concentration and diameter of raindrops. Although most 337 

samples of CIR near 1–1.5 RMW from the TC center (close to the eyewall) have Dm > 338 

1.5 mm (approximately the mean value for the COR; Table 2), the corresponding 339 

log10Nw rarely exceeds 3.8 mm
–1

 m
–3

. As a result, the rain rate close to the eyewall 340 

barely exceeds 30 mm h
–1

 (Figure 9). In contrast, in the area near 1.5–2.5 RMW from 341 

the TC center, the number of samples with log10Nw 
> 3.8 mm

–1
 m

–3
 significantly 342 

increases (Figure 9), as do those with rain rates > 30 mm h
–1 

(Figure 10). These 343 

samples tend to have values of Dm and log10Nw in the top right of the distribution as 344 

shown in Figure 6a.  345 

The radial distributions of log10Nw, Dm 
and rain rate may be associated with the 346 

difference in dynamics with increasing radial distance from the TC center. As 347 

indicated by previous studies (Houze 2010; Li and Wang 2012; Wang 2012), there is a 348 

stronger mean updraft over the inner-rainband region than over the outer-rainband 349 

region, particularly close to the eyewall, leading to larger Dm 
and smaller log10Nw in 350 

the CIR than in the COR (Table 2 and Figure 6a). There is mid-to-low-level rising 351 

motion over the inner-rainband region, as indicated by previous studies (Li and Wang 352 

2012; Wang 2012), which may prevent small raindrops in the CIR from falling 353 

directly to the ground, particularly close to the TC eyewall (Narayana Rao et al. 2008; 354 
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Seela et al. 2018). This is why there is no double-peak structure in the raindrop 355 

spectra of the CIR, even for larger rain rates (Figure 7). This is also why most samples 356 

with Dm 
> 1.5 mm are found close to the eyewall (near 1–1.5 RMW from the TC 357 

center) in this study, even though the rain rate barely exceeds 30 mm h
–1

 because the 358 

raindrop concentration is too low (Figure 9). This may explain why extreme 359 

convection does not necessarily produce extreme rain rate, as argued by Hamada et al. 360 

(2015). 361 

The COR has far fewer samples with Dm 
> 1.5 mm than the CIR, and thus the 362 

COR has fewer samples with rain rates > 30 mm h
–1

 than the CIR (Figure 9c). 363 

Although these COR samples have rather high raindrop concentrations, the absence of 364 

mid-to-low-level updraft over this area is not conducive to raindrop growth, consistent 365 

with the nearly unchanged radar reflectivity below the melting layer (Figure 4). 366 

Consequently, high rain rates often occur in the area near 1.5–2.5 RMW from the TC 367 

center, where the appropriate combination of raindrop concentration and raindrop size 368 

exist (Figs 9c and 10). 369 

5. Z–R and µ–Λ relationships 370 

The different RSD characteristics and evolution of the CIR and COR discussed 371 

in section 3 are bound to result in different Z–R relationships. Figure 11 shows 372 

scatterplots of Z versus R for the CIR and COR from this study, and the corresponding 373 

best-fit lines using the least square method, along with the composite results of seven 374 

typhoons reported by Wen et al. (2018) and the outer-rainband convective rain of 375 

Typhoon Fitow reported by Bao19. The larger Dm gives the CIR a larger coefficient (A 376 
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= 425.99) in this study. Although also classified as convective outer-rainband rain, the 377 

COR in this study has a larger coefficient (A = 237.58) than that of Typhoon Fitow, as 378 

reported by Bao19. This is possibly due to the longer distance between the 379 

disdrometer station and the TC center in Bao19, leading to more samples with small 380 

Dm 
in the convective outer-rainband rain of Typhoon Fitow. There is a similar 381 

discrepancy in the CIR between Wang et al. (2016) and this study, because the 382 

disdrometer is farther from the TC center in Wang et al. (2016). Note that although the 383 

composite relation reported by Wen et al. (2018) may represent the climatic 384 

characteristics of TCs making landfall in eastern China, it may smooth the variable 385 

characteristics in different rain regions of a single TC. Therefore, a variable Z–R 386 

relationship is suggested for radar and satellite QPE in different rain regions away 387 

from the TC center, based on the dense detecting network of disdrometers in eastern 388 

China used in this study. 389 

The µ–Λ relationship has been widely used in the retrieval of RSDs derived from 390 

polarimetric radar data (Ulbrich 1983; Haddad et al. 1997; Zhang et al. 2001; Brandes 391 

et al. 2004; Cao et al. 2008). Figure 12 shows the scatterplots of µ versus Λ and 392 

corresponding best-fit lines for the CIR and COR with rain rates > 5 mm h
–1

 and the 393 

total concentration above 1000 m
–3

, along with the results reported by Chang et al. 394 

(2009), Wen et al. (2018) and Bao19. In general, the fitting lines derived from data of 395 

this study are located between those reported by previous studies, and the CIR has a 396 

different µ–Λ relationship than the COR. For a given Λ, the CIR has a larger µ than 397 

the COR. The µ–Λ relationships in CIR and COR derived from this study are different 398 
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from the composite results of previous studies, which hints the need to use a variable 399 

µ–Λ relationship to retrieve RSDs from polarimetric radar data in different rain 400 

regions of a TC. 401 

6. Summary 402 

To extend previous studies using a single disdrometer, this study investigated the 403 

RSD characteristics and evolution in convective inner-rainband rain (CIR) and 404 

convective outer-rainband rain (COR) of Typhoon Maria (2018), measured 405 

simultaneously for the first time by a newly established observational network 406 

including nine surface disdrometers in the northeastern Fujian Province of China. The 407 

focus was on investigating whether there is also high concentration of small raindrops 408 

in the CIR as found in previous studies of the COR, and the impact of raindrop 409 

concentration and diameter on the radial distribution of rain rate from the TC center. 410 

It was demonstrated that the radar reflectivity for the CIR sharply increases as 411 

the altitude decreases below the melting layer, whereas it remains nearly unchanged 412 

for the COR. This result suggests raindrop growth via a collision–coalescence 413 

(warm-rain) process (the collection of small raindrops by larger ones as they fall) 414 

dominates in the CIR, as argued by previous studies. 415 

Consequently, the CIR has more samples with large surface rain rates than the 416 

COR. Moreover, unlike previous findings, this study found that the CIR does not have 417 

a high concentration of small (<1 mm) raindrops, as does the COR, even though they 418 

have almost the same spectral width. In contrast, the CIR generally has more midsize 419 

(especially 2–3 mm) raindrops, accounting for larger integrated rain rate and 420 
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mass-weighted mean raindrop diameter compared with the COR. 421 

The radial distributions of rain rate, Dm 
and normalized intercept parameter 422 

log10Nw from all samples after QC show for the first time that the closer to the TC 423 

center, the larger (smaller) the Dm (log10Nw). Despite the large Dm close to the TC 424 

eyewall, the rain rate barely exceeds 30 mm h
–1

 due to the low raindrop concentration 425 

(log10Nw barely exceeds 3.8 mm
–1

 m
–3

) in this area. In contrast, rain rates >30 mm h
–1

 426 

occur mainly in the area near 1.5–2.5 RMW from the TC center (approximately 427 

upwind of inner rainbands), where appropriate values of log10Nw (3.8–4.2 mm
–1

 m
–3

 in 428 

this study) and corresponding Dm exist. This may also explain why extreme 429 

convection does not necessarily produce extreme rain rates as argued by Hamada et al. 430 

(2015). 431 

Different radar reflectivity–rain rate (Z–R) and shape–slope (µ–Λ) relationships 432 

are found in the CIR and COR, as well as different RSD evolution with increasing 433 

rain. The RSD evolution with increasing rain rate in the COR is in agreement with 434 

Bao19 in the outer rainbands, whereas in the CIR the raindrop concentrations at all 435 

drop sizes increase almost monotonically with increasing rain rate. Note that the 436 

double-peak distribution of the raindrop spectrum in the COR and Bao19 does not 437 

occur in the CIR, even when the rain rate has exceeded some threshold value.  438 

Based on the measurement of TC rain derived from a newly established 439 

observational network, this study further demonstrates different rain microphysical 440 

characteristics in various rain regions away from the TC center, in agreement with 441 

previous studies. However, all the disdrometers were located on the right side of the 442 
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track of Typhoon Maria, and did not collected all rainfall samples over the land. Thus, 443 

whether RSDs on the left side of the track also have the characteristics found in this 444 

study (whether the RSDs have azimuthal dependence) needs to be justified by further 445 

analysis of more TC cases in the future. In addition, the impact of vertical velocity on 446 

the radial RSD of TC rain needs to be investigated further through upgrading the 447 

network (e.g., implementing vertical-pointing radar), as well as the ability of 448 

high-resolution TC simulations in representing the impact of raindrop concentration 449 

and diameter on the rain rate with decreasing radius from a TC center in future work. 450 

 451 

Acknowledgements 452 

This study was supported jointly by the National Key R&D Program of China 453 

2017YFE0107700 and 2018YFC1506400, the National Natural Science Foundation 454 

of China (41675051, 41705036, 41775064 and 41975069). General data used in this 455 

study can be found at open access http://data.cma.cn/en/?r=data/index, and public user 456 

can freely apply for an online account in accordance with the data policy of the China 457 

Meteorological Administration. The radar CAPPI and disdrometer data is available on 458 

http://pan.sti.org.cn/f/cf5496478f/. We thank the Editor and anonymous reviewers for 459 

their valuable comments that greatly improved the manuscript. 460 

APPENDIX A 461 

Calculation of rain parameters 462 

Based on the three-parameter gamma model (Ulbrich 1983), the number 463 

concentration N(Di) of the ith size class (Di) can be represented as follows: 464 
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where nij is the raindrop count at the ith size class and the jth velocity class recorded 466 

by the disdrometer; Δt is the sampling time (60 s);
 
Vj (m s

–1
) is the measured fall 467 

velocity at the jth velocity class; ΔDi is the diameter interval at the ith size class; and 468 

Aeff(Di) (mm
2
) is the effective sampling area at the ith size class (Battaglia et al. 2010; 469 

Jaffrain and Berne, 2011), which can be calculated as follows: 470 
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Thus, several integrated rainfall parameters can be derived from N(Di) 
as follows: 472 
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where Nt is the total concentration of raindrops (m
–3

); Z is the radar reflectivity factor 477 

(mm
6 

m
–3

), R is the rain rate (mm
 
h

–1
); W is the rain water content (g

 
m

–3
); N(Di) is the 478 

number concentration for the raindrop at the ith size class (Di) as presented in Bao19; 479 

ρw is the density of water (1000 kg
 
m

–3
); Vj (m s

–1
) is the measured fall velocity at the 480 

jth velocity class and ΔDi is the diameter interval at the ith size class. 481 

In addition, the nth-order moment, the mass-weighted mean diameter Dm (mm) 482 

and normalized intercept parameter Nw (mm
6 

m
–3

) (Ulbrich and Atlas 1998; Zhang et 483 
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al. 2003) are defined as follows: 484 
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and N0, µ, Λ of the gamma model are solved using the second, fourth, and sixth 488 

moments as suggested by Vievekanandan et al. (2004). 489 

 490 

APPENDIX B 491 

Discrimination between inner- and outer-rainband rain 492 

The criteria used to discriminate whether the rain sample measured by any 493 

disdrometer is inner- or outer-rainband rain are as follows. 494 

1) If the disdrometer site lies beneath the inner rainbands within ~3 RMW (outer 495 

rainbands outside ~3 RMW) both at the ith (Ti) and i+6minth (Ti+6) time, all seven 496 

samples measured by this disdrometer from Ti to Ti+6 are categorized as 497 

inner-rainband (outer-rainband) rain. 498 

2) If the disdrometer site lies beneath the inner rainbands at the ith (Ti) time, but 499 

beneath the outer rainbands at the i+6minth (Ti+6) time, the first four rain samples 500 

measured by this disdrometer from Ti to Ti+3 are categorized as inner-rainband rain, 501 

and the last three from Ti+4 to Ti+6 are categorized as outer-rainband rain. 502 

3) In contrast, if the disdrometer site is initially beneath the outer rainbands at the ith 503 

(Ti), but are beneath the inner rainbands at i+6minth (Ti+6), the first four (last three) 504 
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rain samples measured by this disdrometer from Ti to Ti+3 (from Ti+4 to Ti+6) are 505 

categorized as outer-rainband (inner-rainband) rain. 506 

4) Outer rainbands are generally characterized by discrete convective elements with 507 

various organizational freedoms embedded within widespread stratiform 508 

precipitation region. Thus, if the disdrometer site is beneath a convective element 509 

with radar reflectivity > 32 dBZ (distinguishing the convective region suggested 510 

by Roger et al. 2013) isolated from the inner rainbands (excluding the linkage 511 

with inner rainbands), despite being within the inner edge of 3 RMW, all rain 512 

samples measured by this disdrometer from Ti to Ti+6 are categorized as 513 

outer-rainband rain. 514 
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 691 

Table 1. Duration of convective inner-rainband rain (CIR) and convective outer-rainband rain 692 

(COR) measured by each disdrometer, with mean values of mass-weighted diameter Dm, 693 

normalized intercept parameter log10Nw, and rain rate R. 694 

Station 

number 

Station 

name 

Duration 

11 July 2018 (LST) 

Dm  

(mm) 

log10Nw 

(mm
-1

mm−3
)  

R 

 (mm h−
1
) 

CIR COR CIR COR CIR COR CIR COR 

1 Shouning none 0352–1646 0 1.55 0 3.92 0 9.01 

2 Zhouning 0830–1030 

0409–0829 

& 

1031–2000 

1.54 1.37 3.85 4.22 8.4 11.47 

3 Fuan 0800–1040 

0321–0759 

& 

1041–1503 

1.48 1.58 3.96 3.96 8.68 10.03 

4 Zherong 0800–1040 

0231-0759 

& 

1041–1655 

1.69 1.52 4.00 4.06 19.16 13.15 

5 Fuding 0512–0729 0237–0511 1.69 1.58 3.92 4.10 15.32 17.40 

6 Gutian 0924–1500 1501–2000 1.85 1.62 3.66 3.79 12.45 8.58 

7 Xiapu 0400–0750 0244–0359 1.77 1.47 3.92 4.02 18.13 9.21 

8 Ningde 0531–1200 1201–1632 1.75 1.30 3.65 4.25 9.75 7.53 

9 Pingnan 0857–1300 

0608–0856 

& 

1301–2000 

1.63 1.31 3.84 4.23 7.89 9.53 

 695 

 696 

Table 2. Sample numbers, mean values (± sample standard deviations) of rain rate R, radar 697 

reflectivity Z, rain water content W, mass-weighted diameter Dm, and normalized intercept 698 

parameter log10Nw 
for the CIR and COR. 699 

Region Samples 
R 

(mm h
−1

) 

Z  

(dBZ) 

W 

(gm
−3

) 

Dm
  

(mm) 

log10Nw 

(mm
−1

mm
−3

) 

CIR 593 14.67±8.69 40.0±3.5 0.83±0.44 1.72±0.25 3.86±0.24 

COR 486 11.19±5.83 37.7±3.3 0.71±0.32 1.51±0.25 4.03±0.26 

 700 

  701 
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Figure 1. (a) Track of Typhoon Maria and accumulated rainfall (mm) observed by rain gauges 702 

from 1008 LST to 1208 LST 11 July 2018, and (b) intensity of Typhoon Maria from the 703 

best track dataset issued by the China Meteorological Administration (CMA). “1108”, 704 

“1114” and “1120” denote 0800 LST, 1400 LST and 2000 LST 11 July 2018, 705 

respectively. 706 

Figure 2. Observed radar reflectivities (dBZ) at Z = 2 km at (a) 0400 LST, (b) 0600 LST and (c) 707 

0838 LST 11 July 2018. The wind field is overlaid on (a). In (b) and (c), the circles 708 

indicate the radius of maximum tangential wind (RMW) and 3 RMW at Z = 2 km, both 709 

estimated by the T-TREC technique. The blue points indicate the center of Typhoon 710 

Maria as determined by the CMA, “IR” and “OR” denote the inner and outer rainbands, 711 

the red numbers are the locations of the nine disdrometer sites, and the blue triangle 712 

denotes the location of the Ningde radar station (NDRD). In (a), the black lines are radii 713 

of length 250 km extending from the TC center, every 5° from 40° to 60° with due west 714 

0°. (d) Radius–time Hovmöller diagram of the azimuthally averaged radar reflectivity 715 

(dBZ) from 0300 to 1500 LST 11 July 2018; the black line denotes the evolution of the 716 

RMW at Z = 2 km. 717 

Figure 3. (a) As in Figure 2c, but to highlight the convective area with radar reflectivity >32 dBZ 718 

as identified by Roger et al. (2013). (b) Average radius–height cross section of 719 

reflectivity along the black lines in Figure 2a at 0400 LST 11 July 2018. 720 

Figure 4. Contoured frequency by altitude diagrams (CFADs) of radar reflectivity (dBZ) for (a) 721 

CIR and (b) COR. The contour interval is 5%, and the shaded regions indicate values 722 

of >20%. The solid thick lines denote the average profiles, and the dashed lines indicate 723 

altitudes of 4 and 9 km, and reflectivities of 15 and 30 dBZ. 724 

Figure 5. Scatterplots of rain rate R (mm h
–1

) versus distance from the TC center for the CIR (red 725 

points) and COR (blue points), as the inner and outer rainbands (IR and OR) indicated 726 

by Figures 2a–b passed over the observational network from 0330 LST to 0700 LST 11 727 

July 2018. 728 

Figure 6. (a) Scatterplots of the normalized intercept parameter log10Nw 
(mm

–1 
m

–3
) versus the 729 

mass-weighted diameter Dm (mm) for the CIR (red points) and COR (blue points) using 730 

the rain-type classifcation method modified by Bao et al. (2019). The cyan circle and 731 

plus indicate mean values for the CIR and COR, respectively, and contours denote the 732 

rain rate (mm h
–1

; thick contour is 30 mm h
–1

). The solid line indicates the regression 733 

relationship for stratiform rain using the least square fit, and the two rectangles represent 734 

the maritime (upper) and continental (lower) convective clusters reported by Bringi et al. 735 

(2003). (b) Composite RSDs of CIR (red solid line) and CIR (blue solid line), as well as 736 

RSDs of CIR (red dashed line) and CIR (blue dashed line) for rain rate <10 mm h
–1

. 737 

Figure 7. Evolution of RSD in the (a) CIR and (b) COR as the rain rate increases; the ratio of 738 

deviation [N(Di)j–N(Di)c]/N(Di)c
 
between RSD at the jth rain rate and composite RSD 739 

with respect to composite RSD for (c) CIR and (d) COR; (e) mean values of total 740 

concentration (m
–3

) and (f) mass-weighted diameter (mm) at different rain rates in the 741 

CIR (red bars) and COR (blue bars), as well as the corresponding increase (percentage) 742 
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between adjacent rain-rate classes. 743 

Figure 8. Mean values of normalized intercept parameter log10Nw (mm
–1 

m
–3

), mass-weighted 744 

diameter Dm (mm), and rain rate R (mm h
–1

) for CIR and COR measured by each 745 

disdrometer station. The solid line denotes the locations of Typhoon Maria issued by the 746 

CMA every 1 h.  747 

Figure 9. Radial distributions of (a) mass-weighted diameter Dm (mm), (b) normalized intercept 748 

parameter log10Nw (mm
–1 

m
–3

) and (c) rain rate R (mm h
–1

) with respect to the radius 749 

normalized by RMW (r/RMW) from total samples of CIR (red) and COR (blue) after 750 

QC. (d–f) Corresponding box plots with a distance bin of 0.5 RMW from the RMW. The 751 

lower and upper ends of the boxes indicate the 25% and 75% values, the bar in the 752 

middle is the median value, and other bars (pluses) denote the non-outlier extreme 753 

(outlier) values. 754 

Figure 10. Scatterplots of rain rate R (mm h
–1

) versus normalized intercept parameter log10Nw 
 755 

(mm
–1 

m
–3

) for all convective samples after QC (black) and for those within an annular 756 

region between 1.5 and 2.5 RMW from the TC center (red). Blue dashed lines denote a 757 

rain rate of 30 mm h
–1

 and normalized intercept parameters of 3.8 and 4.2 mm
–1 

m
–3

. 758 

Figure 11. Scatterplots and corresponding best-fit lines of radar reflectivity Z (mm
6
 m

–3
) versus 759 

rain rate R (mm h
–1

) for CIR (red) and COR (blue), as well as the best fit lines of 760 

previous results reported by Wen et al. (2018) and Bao et al. (2019). 761 

Figure 12. Scatterplots and corresponding best-fit lines of shape parameter µ versus slope 762 
parameter Λ (mm

–1
) for CIR (red) and COR (blue), as well as the best fit lines of 763 

previous results reported by Chang et al. (2009), Wen et al. (2018) and Bao et al. (2019). 764 

 765 

 766 
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