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Abstract 50 

Variations in raindrop size distribution (DSD) during the southwest monsoon (SWM) 51 

season over different climatic regions in the Indian subcontinent and adjoining seas are studied 52 

in this paper using five years (2014–2018) of global precipitation measurement dual-frequency 53 

precipitation radar derived DSDs. The rain rate (R) stratified DSD measurements show clearly 54 

that land, sea, and orography differ in their mass-weighted mean diameter (Dm) values. 55 

Irrespective of R, Dm values of deep rain were found to be larger in continental rain than in 56 

maritime and orographic rain. However, for shallow storms, the Dm values were smaller for 57 

continental rain than for orographic and maritime rain. Based on the Dm values and their 58 

variations with R of the deep systems, the regions could be categorized into four groups, within 59 

which the Dm values were nearly equal: (1) the northwest India (NWI) and the southeast 60 

peninsular India (SEPI); (2) the foothills of the Himalayas (FHH) and the central India (CI); 61 

(3) the northeast India (NEI) and the Bay of Bengal (BOB); and (4) the Arabian Sea (AS), the 62 

Western Ghats (WG), and the Myanmar coast (MC). Compared to other geographical regions 63 

of the Indian subcontinent, the Dm values of the deep systems were the largest over NWI and 64 

SEPI and the smallest over the WG, MC, and AS; while for shallow systems, the Dm values 65 

were the largest over the BOB and AS and the smallest over the SEPI and NWI regions. Though 66 

the cloud drops were smaller over the continental regions, the raindrops were larger than in the 67 

maritime and orographic rain regions. The microphysical and dynamical processes that occur 68 

during precipitation play a vital role in altering the DSDs of continental rain. 69 

 70 

 71 

 72 

 73 

1. Introduction 74 
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India has an agro-based economy and receives the majority of its annual rainfall during 75 

the south Asian monsoon season, also known as the southwest monsoon (SWM) season 76 

(spanning June to September). The monsoonal precipitating systems occur at large spatial 77 

scales, but exhibit significant spatiotemporal variability in terms of rainfall as well as the types 78 

of precipitating systems over the Indian subcontinent (Gadgil 2003; Goswami 2005; Rajeevan 79 

et al. 2010; Kulkarni et al. 2011; Saikranthi et al. 2013, 2014, 2018; Rao et al. 2016). These 80 

studies have demonstrated the importance of the climatologically homogeneous rainfall regions 81 

in various scientific and general applications. Romatschke et al. (2010), Saikranthi et al. (2014; 82 

2018; 2019a; 2019b), and Rao et al. (2016) demonstrated that precipitating systems 83 

characteristics were distinctly different in different climatic regions of India. For example, deep 84 

convective systems are dominant in the northeast India, in the foothills of the Himalayas (FHH), 85 

and in the northern Bay of Bengal (BOB) regions, while shallow rain is predominant over the 86 

Arabian Sea (AS; see Fig. 1 for the geographical regions of India). The widespread stratiform 87 

rain dominates in the monsoon trough zone. Therefore, it can be assumed that the raindrop size 88 

distribution (DSD) also varies across the different climatic regions of the Indian subcontinent 89 

and the adjoining seas. 90 

DSD is a fundamental property of rain and is essential in understanding the 91 

microphysical processes that occur at the different stages of a precipitating system. The large 92 

spatiotemporal variations in the characteristics of tropical precipitating systems (Houze et al., 93 

2015; Saikranthi et al., 2018) produce differences in DSDs within the storm, from one storm 94 

to another and from season to season (Atlas et al., 1999; Tokay et al., 2002; Rao et al., 2001; 95 

2009; Bringi et al., 2003; Rosenfeld and Ulbrich, 2003; Kozu et al., 2006; Ulbrich and Atlas, 96 

2007; Kirankumar et al., 2008; Radhakrishna et al., 2009; Radhakrishna and Rao, 2009, 2010). 97 

Spatiotemporal variations in DSDs have been studied extensively using various types of 98 

disdrometer measurements, mainly in the southern peninsula of India, the Western Ghats (WG), 99 
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and Kolkata (Verma and Jha, 1996; Rao et al. 2001, 2009; Reddy and Kozu, 2003; Maitra, 100 

2004; Suresh and Bhatnagar, 2005; Kozu et al. 2006; Kirankumar et al., 2008; Radhakrishna 101 

et al., 2009; Radhakrishna and Rao, 2009, 2010; Harikumar et al. 2010; Chakravarty and Raj, 102 

2013; Konwar et al., 2014; Lavanya et al. 2019). However, the characteristics of DSDs have 103 

not been explored in other regions of the Asian summer monsoon, mainly due to a lack of DSD 104 

measurements. 105 

The DSDs derived from dual-frequency precipitation radars (DPR) aboard the global 106 

precipitation measurement (GPM) core satellite provide an opportunity to study their 107 

characteristics at any given region between 60°N and 60°S latitudes. The quality of the GPM-108 

DPR derived DSD parameters, mass-weighted mean diameter (Dm in mm), and normalized 109 

DSD scaling parameter for concentration (Nw in mm−1 m−3) have been assessed in ground 110 

validation studies at various geographical regions (Radhakrishna et al., 2016; Tokay et al., 111 

2017; D’Adderio et al., 2018). Radhakrishna et al. (2016) showed that in the Gadanki region 112 

of southeast peninsular India (SEPI), the GPM-DPR derived Dm values (version 3) could 113 

reproduce seasonal variations, although they were not as pronounced in the disdrometer 114 

measurements. On the other hand, Nw has been found to agree poorly with disdrometer 115 

measurements, even at a seasonal scale. Tokay et al. (2017) interpolated DSDs obtained from 116 

two-dimensional video disdrometers to a grid scale of GPM-DPR (5 × 5 km) and compared the 117 

Dm values over northern Oklahoma during GPM overpasses. Their analysis showed good 118 

agreement between the Dm values obtained from the two datasets at a grid scale. D’Adderio et 119 

al. (2018) compared the Dm values derived from ground-based C-band polarimetric radars and 120 

GPM-DPR over Italy and demonstrated that they were well matched, not only at the near 121 

surface clutter-free bin altitude but also at all other altitudes. 122 

The aforementioned ground validation studies indicate the potential of GPM-DPR 123 

derived Dm values to characterize DSDs over any given region of interest. The statistical 124 
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characteristics of DSDs are crucial in the single-frequency (SF) retrieval algorithm, which uses 125 

climatological DSD variations in different climatic regions at a monthly scale. The present 126 

study is the first to utilize DSD measurements (as the observations are sparse over the Indian 127 

subcontinent) from GPM-DPR to assess the DSD variations for deep and shallow systems over 128 

different climatic zones of the Indian subcontinent and adjoining seas. 129 

2. Data 130 

The precipitation radars onboard the core satellite of the GPM constellation operate at 131 

Ku- (13.6 GHz) and Ka-bands (35.5 GHz) to yield the three-dimensional structure of 132 

precipitation (Hou et al., 2014). GPM-DPR reflectivity profiles are classified into three major 133 

types: convective, stratiform, and others, based on the existence of bright band and surface rain 134 

(Awaka et al. 2016). The convective and stratiform reflectivity profiles of surface rain and echo 135 

top height above 0°C isotherms are segregated in deep rain, which has both ice and liquid 136 

phases. On the other hand, the reflectivity profiles of surface rain and echo tops below 0°C 137 

isotherms are classified as shallow rain, which has only a liquid phase. The DSDs used in the 138 

present study were obtained from the lowest clutter-free bin of the GPM-DPR level 2 version 139 

6 dataset between 2014 and 2018. SF and dual-frequency (DF) algorithms used to retrieve the 140 

DSDs from GPM-DPR were examined by Meneghini et al. (1997), Rose and Chandrasekar 141 

(2006), Seto and Iguchi (2011), Seto et al. (2013), Liao et al. (2014), and Radhakrishna et al. 142 

(2016), depending on the availability of the reflectivity pixels of the two radars. The Dm values 143 

were identified using the attenuation (k) to reflectivity (Ze) ratios in the SF algorithm and the 144 

Ku- to Ka-band reflectivity ratios in the DF algorithm. Mathematically, these ratios are 145 

represented as follows: 146 

𝑘

𝑍𝑒
=

𝐺(𝜆, 𝜇, 𝐷𝑚)

𝐹(𝜆, 𝜇, 𝐷𝑚)
                                                    (1) 147 

             𝐷𝐹𝑅 (𝑑𝐵) = 10log10 (
𝑍𝐾𝑢

𝑍𝐾𝑎
) = 10log10 [

𝐹(𝜆𝐾𝑢, 𝜇, 𝐷𝑚)

𝐹(𝜆𝐾𝑎, 𝜇, 𝐷𝑚)
]        (2) 148 
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where µ denotes the shape factor of the gamma size distribution,  is the wavelength (mm), 149 

and DFR represents the dual-frequency ratio. The terms k, G(,µ,Dm), and F(,µ,Dm) are 150 

defined as follows: 151 

𝑘 = 𝑁𝑤𝐺(𝜆, 𝜇, 𝐷𝑚)                                                (3) 152 

𝐹(𝜆, 𝜇, 𝐷𝑚) =
𝜆4

𝜋5
|
𝑛𝑤

2 + 2

𝑛𝑤
2 − 1

|

2

∫ 𝜎𝑏(𝐷)𝑓(𝐷; 𝜇, 𝐷𝑚)𝑑𝐷

𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

              (4) 153 

𝐺(𝜆, 𝜇, 𝐷𝑚) = 4.343 × 10−3 ∫ 𝜎𝑒(𝐷)𝑓(𝐷; 𝜇, 𝐷𝑚)𝑑𝐷

𝐷𝑚𝑎𝑥

𝐷𝑚𝑖𝑛

            (5) 154 

In the above equations, D is the diameter of the raindrop (mm), nw is the refractive index of 155 

water, b is the backscattering cross-section (mm2), and e is the extinction cross-section (mm2) 156 

of the raindrops at a given temperature. The term f(D;µ,Dm) is obtained from the normalized 157 

gamma distribution (Testud et al., 2001) as follows: 158 

𝑁(𝐷) = 𝑁𝑤𝑓(𝐷; 𝜇, 𝐷𝑚)                               (6) 159 

𝑓(𝐷; 𝜇, 𝐷𝑚) =
6(𝜇 + 4)(𝜇+4)

44Γ(𝜇 + 4)
(

𝐷

𝐷𝑚
)

𝜇

exp [
−(𝜇 + 4)𝐷

𝐷𝑚
]       (7) 160 

where  denotes the mathematical gamma function. In the SF algorithm, the ratio mentioned 161 

in equation (1) is a monotonically decreasing function of Dm as long as Dm takes true values 162 

(Seto et al., 2013). However, in the DF algorithm, the DFR mentioned in equation (2) is a 163 

monotonically increasing function of Dm when Dm > 1 mm for a fixed µ (=3) value (Seto et al., 164 

2013; Liao et al., 2014; Radhakrishna et al., 2016). Therefore, Dm can be retrieved individually 165 

from either k/Ze or DFR, and Nw is considered from the lookup tables using Ze values. In the 166 

present study, only near surface clutter free bin Dm values greater than 1 mm were considered 167 

to avoid the data with retrieval errors. 168 

 The accumulated rainfall dataset was taken from the integrated multi-satellite retrievals 169 

for GPM (IMERG) version 5 (research/final run) with a spatial resolution of 0.1° × 0.1° and a 170 
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temporal resolution of 30 minutes between 2014 and 2018. More details on the technical 171 

aspects of the IMERG dataset can be found in Huffman et al. (2017). To understand the particle 172 

size distribution in the clouds, a Moderate Resolution Imaging Spectroradiometer (MODIS) 173 

AQUA satellite level 3 (MYD08) cloud effective radius (CER) liquid (Platnick et al. 2017) was 174 

used during the same period. The CER is the ratio of the third moment to the second moment 175 

of the particle size distribution (i.e., it represents the weighted mean of the size distribution of 176 

the cloud particles within a cloud column). The CER in the MODIS level 3 daily dataset is a 177 

collection of retrieved valid cloud products of level 2 data pixels within a calendar day. These 178 

pixels are first combined and are then gridded by weighting the respective ice/liquid water 179 

cloud pixel counts within a 1 × 1 spatial resolution. 180 

In the present study, the different climatic zones of the Indian subcontinent are 181 

considered based on the work of Saikranthi et al. (2014). The regions were selected to ensure 182 

that the seasonal characteristics of precipitation were similar in a given region. The identified 183 

regions are shown in Fig. 1, with the approximate boundaries shown in white color. Fig. 1 also 184 

depicts the SWM seasonal accumulated rainfall in shaded colors, the overlaid black arrow lines 185 

indicate the strength, and the arrows indicate the direction of the wind at 850 hPa. The Indian 186 

subcontinent is segregated into nine regions: two dry regions - the northwest India (NWI) and 187 

the southeast peninsular India (SEPI), the FHH, the Central India (CI) (the core monsoon zone), 188 

two oceanic regions - the BOB and the AS, two coastal regions - the WG and the Myanmar 189 

coast (MC), and the northeast India (NEI). The accumulated rainfall during the SWM season 190 

over the Indian subcontinent showed a large spatial variability, with the maximum rainfall over 191 

the NEI, MC, and WG regions and the minimum rainfall over the NWI region. SEPI, FHH, 192 

NEI, and NWI received the majority of their rainfall from deep convective systems, the BOB 193 

and MC from wide core convective regions, the CI from widespread systems, and the WG and 194 
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AS from shallow systems (Houze et al., 2015; Saikranthi et al., 2013; 2018); therefore, the 195 

DSDs also demonstrate different characteristics over these regions. 196 

3. Results 197 

The Dm values derived from GPM-DPR were grouped into eight rain rate intervals, 198 

following Radhakrishna et al. (2016). The mean Dm values for each of the nine climatic zones 199 

are depicted in Fig. 2a. The total number of rainy pixels observed in each rain rate interval 200 

along with the occurrence (in %) of the different kinds of precipitating systems are listed in 201 

Table 1. At each rain rate interval, the mean Dm was estimated only when the number of data 202 

points was over 100. The segregated mean Dm values depicted in Fig. 2a showed large spatial 203 

variability over the Indian subcontinent during the SWM season. As R increased, Dm also 204 

increased in all the regions, but the rate of increase was different in different regions. The 205 

differences in Dm were not apparent at the first two rain rate intervals (R < 2 mm h−1) due to 206 

the truncation of the dataset with Dm < 1 mm. At any given R, the Dm values were the largest 207 

over the SEPI and NWI regions, followed by the FHH, CI, the BOB, and NEI, and were the 208 

smallest over the MC, WG, and AS regions. This indicated the presence of more bigger drops 209 

and/or fewer smaller drops in the continental systems than in the maritime precipitating systems 210 

(Rao et al., 2001; Tokay et al., 2002; Rosenfeld and Ulbrich, 2003; Radhakrishna et al., 2009; 211 

Radhakrishna and Rao 2010; Lavanya et al., 2019). Within the continental precipitating 212 

systems, the number density was higher for the bigger drops and was lower for the smaller 213 

drops in the SEPI and NWI regions than in the FHH and CI regions. However, within the 214 

surrounding seas of India, the number density of smaller drops was high and was lower for 215 

larger drops over the AS than the BOB at all rain rates. In contrast to land and sea regions, the 216 

two coastal regions (WG and MC regions) had similar type of DSDs, but when compared to 217 

land regions and the BOB, the smaller drops were engulfed. The small Dm values observed 218 

over the AS and WG regions could be due the high occurrence of shallow systems that produce 219 
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greater numbers of smaller drops, as they lack of sufficient time to grow before reaching the 220 

surface. 221 

DSDs are distinctly different for deep and shallow rain, with a relatively larger number 222 

of smaller sized drops in shallow systems than in deep systems (Munchak et al., 2012). To 223 

study DSD variations in deep and shallow systems, the precipitating systems were divided into 224 

deep and shallow and the Dm values were grouped based on R for each type of system. The 225 

mean values of Dm for the deep and shallow systems are depicted in Figs. 2b and 2c, 226 

respectively. The R–Dm curves of deep and shallow systems were the same for the AS and WG 227 

regions, which indicated that the DSDs of the deep and shallow systems over these regions 228 

were similar. For deep systems, at any given R, the number density of larger sized raindrops 229 

was higher and lower for smaller sized raindrops over the SEPI and NWI regions, respectively, 230 

than over other regions of Indian subcontinent, while the opposite was true for the AS, WG, 231 

and MC regions. On the other hand, for shallow storms, the change in mean Dm with R was 232 

minimal (< 0.2 mm) in all regions (Fig. 2c). For shallow storms, at a given R, the Dm values 233 

were the largest over the AS and BOB regions, followed by the WG, MC, FHH, and NEI, and 234 

were the smallest over the SEPI region. The R–Dm curve for shallow rain (Fig. 2c) was present 235 

only at the first few rain rate intervals for the NWI and SEPI regions due to the lower 236 

occurrence of shallow storms with higher intensities (Table 1) over these regions (Houze et al., 237 

2015; Saikranthi et al., 2013; 2014; 2018). For shallow storms, at a given R, the larger drops 238 

were observed more frequently in maritime systems than in continental systems, whereas the 239 

opposite was true for deep storms. DSDs of the deep and shallow systems were similar in the 240 

AS and WG regions. 241 

The standard deviation of Dm at each rain rate interval for different regions during the 242 

presence of different systems is shown in Fig. 3 to examine the statistical significance of the 243 

Dm values at different rain rate intervals. The standard deviation of Dm increased gradually from 244 
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0.3 to 0.5 mm as R increased in all regions. However, its value was less than the difference in 245 

Dm observed between the continental and maritime systems (> 0.7 mm) during medium and 246 

high rain rates. The R–Dm curves were similar in (1) the SEPI and NWI regions, (2) the FHH 247 

and CI regions, (3) the BOB and NEI regions, and (4) the AS and WG regions. These features 248 

could also be observed in the calculated probability values (P-values) at a 95% confidence level 249 

(not shown), which indicated similar Dm values for (1) the CI and FHH regions, (2) the AS and 250 

WG regions, (3) the BOB and NEI regions, and (4) the SEPI and NWI regions and were 251 

distinctly different between continental, maritime, and orographic forced regions. Compared 252 

with the continental regions, the DSDs differed significantly between dry (NWI and SEPI) and 253 

wet (CI and FHH) regions. In addition, differences in the DSDs were significant between the 254 

BOB and AS. 255 

4. Discussion 256 

 Stochastic collections of cloud drops grow from cloud condensation nuclei, which 257 

results in the non-uniform growth of hydrometeors and produces particle size distribution. DSD 258 

differences and in turn variations in Dm seen at the near surface can either originate at the cloud 259 

formation stage and/or during the descent of precipitation particles to the ground. The 260 

spatiotemporal variations in Dm depend on the dominant microphysical and dynamical 261 

processes that occur during the descent of precipitation particles (Rosenfeld and Ulbrich, 2003; 262 

Rao et al., 2009; Radhakrishna et al., 2009). The dominant processes that affect the shape and 263 

spectrum of DSDs were illustrated by Rosenfeld and Ulbrich (2003). For example, 264 

condensation/vapor deposition and aggregation/riming/collision–coalescence increase the size 265 

of hydrometeors, while evaporation/sublimation and breakup reduce them. 266 

Updrafts/downdrafts, advection by horizontal wind, and entrainment/detrainment processes are 267 

dynamical processes that affect Dm. Updrafts curb the smaller drops, which are carried to aloft 268 

by active convective cells and are then deposited into other regions of the mesoscale convective 269 
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systems, where they later fall out. Thus, these smaller drops have enough time to grow by 270 

condensation/collision–coalescence processes and fall as either medium or large raindrops. 271 

Therefore, the concentration of medium- and large-sized raindrops increases at the expense of 272 

smaller raindrops. However, downdrafts increase the downward flux of the drops, where the 273 

density of the smaller drops increases more than the medium and larger raindrops. 274 

 MODIS provides the CER of ice, water, and mixed particles; however, the present study 275 

used the CER for liquid (Platnick, 2000). The mean CER for liquid over different regions of 276 

the Indian subcontinent is shown in Fig. 4. The CER for liquid was larger for maritime clouds 277 

than for continental clouds, which is in good agreement with prior studies (Rosenfeld and 278 

Ulbrich, 2003; Radhakrishna et al., 2009). The CER for liquid was large over the AS, BOB, 279 

MC, WG, and NEI regions and small over the NWI region. The large CER values observed 280 

over the WG, MC, and NEI regions could be due to the clouds formed due to the orographic 281 

lifting of maritime air mass carried by monsoonal winds (Fig. 1) from the surrounding seas. 282 

Within the land regions, the cloud particles were the largest over the FHH, followed by the CI 283 

and SEPI regions and were the smallest over the NWI region. The CER distribution and DSD 284 

at the near surface are shown in Figs. 2 and 4 and indicated that the maritime clouds contained 285 

larger cloud drops than the continental clouds, while the raindrop population at the near surface 286 

showed the exact opposite trend. Therefore, it can be concluded that the microphysical and 287 

dynamical processes that occur during the descent of precipitation particles play a vital role in 288 

modulating the Dm observed at the near surface over land regions, corroborating the findings 289 

of Rao et al. (2009) and Radhakrishna et al. (2009). 290 

 To describe the dominant microphysical processes that occur in the descent of 291 

hydrometeors, the vertical profiles of reflectivity are considered for both deep and shallow 292 

systems, as depicted in Fig. 5. In deep systems (Fig. 5a), the reflectivity increased with 293 

decreasing altitude from 10 to 5 km in all regions. The growth rate of hydrometeors between 294 
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10 and 7 km was approximately the same in all the regions, but was quite different from 295 

altitudes of 7 to 5 km. The growth rate was the highest over the MC region, followed by the 296 

NEI and BOB regions, and was the lowest over the SEPI region. Comparing the seas and 297 

adjacent orography regions, the growth rate was lower over the AS and WG than over the BOB 298 

and MC regions. A negative slope (from 4 to 0.5 km altitude [i.e., from a top to bottom 299 

direction]) was observed in the median reflectivity profiles of deep systems below 4 km altitude 300 

in all regions, with the exceptions of the SEPI and NWI regions. This suggested that the 301 

predominance of low-level hydrometeor growth could be due to collision–coalescence 302 

processes over the AS, BOB, WG, MC, NEI, CI, and FHH regions. However, the rate of the 303 

collision–coalescence process was relatively different in these regions. The growth rate was 304 

highest over the WG, followed by the NEI, MC, and AS regions, and was the lowest over the 305 

CI region, where the collision–coalescence and breakup/evaporation processes were nearly in 306 

equilibrium. The positive slopes observed over the SEPI and NWI regions indicated that the 307 

low-level hydrometeor size reduction could be due to evaporation and/or collisional breakup 308 

processes. The reflectivity profiles of shallow storms (Fig. 5b) showed negative slopes in all 309 

regions, which indicated low-level hydrometeor growth. Comparing the land regions with the 310 

sea and orography regions, the growth rate was less over the land regions and minimal over 311 

SEPI. In the absence of evaporation, the higher growth rate of raindrops resulted in larger Dm 312 

values over the seas than over the land regions. This could be due to the prevalence of moist 313 

atmosphere at low levels over oceans that minimizes the evaporation rate and hence results in 314 

relatively large drops compared with land regions. The reflectivity profiles of the AS and WG 315 

regions (excluding the bright band region) indicated that the dominant hydrometer growth 316 

occurred below the melting region for both the deep and shallow systems. Therefore, the Dm 317 

values observed for these two systems were also similar over these two regions (Figs. 2b and 318 

2c). 319 
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The vertical profile of the reflectivity (Fig. 5) was made by gathering the various 320 

precipitation systems at different stages. Though it provides a broad picture, the height 321 

variation of individual reflectivity profiles provides better insight into the dominant 322 

microphysical processes.   For instance, to understand the dominant microphysical processes 323 

over different regions, Hirose and Nakamura (2004) used gradients in the rain rate of between 324 

2 and 3.5 km from the individual reflectivity profiles of the TRMM. In the present study, we 325 

adopted the same methodology and estimated the reflectivity gradients as being between 2 and 326 

3.5 km (Z) for each profile. A positive Z indicated the growth of the hydrometeor and a 327 

negative Z represented the decay of the hydrometeor. The cumulative distribution of Z for 328 

deep and shallow rain over different climatic regions in India is depicted in Fig. 6. The 329 

cumulative distribution of Z showed that around 55%–60% of profiles evidenced positive 330 

gradients for deep rain over the AS, BOB, WG, MC, and NEI (Fig. 6a), which indicated the 331 

dominance of hydrometeor growth through the collision–coalescence process. On the other 332 

hand, Z was negative for around 60%–65% over NWI and SEPI, which indicated the decay 333 

of the hydrometeors as a result of the evaporation of rain drops. The growth and decay 334 

processes were nearly in equilibrium (about 50%) over the FHH and CI regions. Regardless of 335 

the region, hydrometeor growth mechanisms were found to be dominant (> 70% of the time) 336 

during shallow rain. The rate of growth processes varied from one region to another. The 337 

growth rate was the highest over the WG region, followed by the NEI, MC, and AS regions, 338 

and was the lowest over the FHH and CI regions. The microphysical processes inferred from 339 

the above analysis (Fig. 6) are consistent with those obtained from the median vertical profiles, 340 

as shown in Fig. 5. 341 

 Vertical velocity information was not available during the overpass times of GPM; 342 

therefore, convective rain was considered a proxy for the up- and downdrafts over a given 343 

region in studying the effects of vertical wind on DSDs. The occurrence and intensity of deep 344 
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convective rain were higher over the land region than over the nearby seas (Romatschkeet al., 345 

2010; Saikranthi et al., 2014; Rao et al., 2016). This indicated that the occurrence, as well as 346 

the strength of updrafts, was higher in the continental clouds than in the maritime clouds. 347 

 Over the NWI and SEPI regions, although smaller sized cloud drops were abundant, 348 

the near surface DSD of deep systems showed fewer small drops and more large-sized 349 

raindrops. The evaporation process that occurred below 4 km altitude and the frequent 350 

convection (Saikranthi et al. 2014) together reduced the number of small-sized raindrops and 351 

increased the large raindrops, which in turn increased the Dm values, as noticed in Fig. 2a and 352 

2b. Similar to the NWI and SEPI regions, the frequent occurrence of convection and low-level 353 

hydrometeor growth in the FHH and CI regions could result in larger raindrops and fewer small 354 

raindrops, in turn resulting in large Dm values. However, when compared to the NWI and SEPI 355 

regions, the evaporation was negligible in these two regions, which could result in smaller sized 356 

drops and small Dm values. Compared to inland regions (except NEI), the low-level 357 

hydrometeor growth was higher and the frequency of convective rain was lower over the BOB 358 

and NEI regions, which could result in considerable smaller drops and small Dm values. Though 359 

the low-level hydrometeor growth was the same over the AS and BOB regions, the infrequent 360 

convection could result in a greater abundance of small drops over the AS than over the BOB. 361 

The DSDs of orographic forced rainfall systems possessed larger numbers of smaller sized 362 

drops (Rosenfeld and Ulbrich, 2003) than the other types of rain systems, which is why the Dm 363 

values were the smallest over the WG and MC regions. 364 

 For shallow precipitating systems, the larger cloud drops and the high growth rate of 365 

low-level hydrometeors over the AS and BOB resulted in more number of larger drops and 366 

large Dm values than seen in other regions. The Dm values were similar in the WG and MC 367 

regions, not only for the deep systems but also for the shallow systems; however, the deep and 368 

shallow systems’ Dm values were different. The low hydrometeor growth rates over land 369 
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regions produced a profusion of smaller sized raindrops and resulted in smaller Dm values than 370 

those over the sea and surrounding orographic regions. 371 

5. Conclusion 372 

 Utilizing five years of GPM-DPR-retrieved DSD datasets, the present study 373 

characterized the variations in Dm in deep and shallow precipitating systems over different 374 

climatic regions of the Indian subcontinent and the adjoining seas for the first time. The 375 

segregated Dm dataset, which was based on R during the principal rainy season (SWM), 376 

revealed the following: 377 

1) At a given R, the Dm values of deep systems were nearly equal for four groups of regions 378 

during the SWM season (i.e., for (1) the NWI and SEPI regions, (2) the FHH and CI 379 

regions, (3) the NEI and BOB regions, and (4) the AS, WG, and MC regions). 380 

2) For a given intensity, the Dm values were large for deep systems and small for shallow 381 

systems over the continent compared with the maritime precipitating systems. This 382 

indicated that there were more bigger raindrops in continental deep storms than in maritime 383 

deep storms and fewer in continental shallow storms than in the corresponding maritime 384 

storms. 385 

3) The near surface Dm values of the deep systems were the largest over the NWI and SEPI 386 

regions, which indicated the presence of more bigger raindrops and fewer small-sized 387 

raindrops than in other regions of the Indian subcontinent. However, the clouds over these 388 

regions showed larger CER values. Evaporation below 4 km altitude and the presence of 389 

updrafts together reduced the number of small-sized raindrops and permitted only large 390 

raindrops to fall. Thus, the observed Dm values at any giver R were larger in these regions 391 

than in other regions of the Indian subcontinent. Nevertheless, relative to other regions, a 392 

lower hydrometeor growth rate produced more small-sized drops and subsequently small 393 

Dm values in shallow storms over these regions. 394 
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4) The Dm values over the FHH and CI indicated the presence of more number of larger drops 395 

and fewer small-sized drops than those over maritime and orographic systems. A high 396 

frequency of convection and a lower hydrometeor growth rate at low levels compared with 397 

maritime and orographic rain systems were responsible for the above-mentioned features. 398 

However, for shallow storms, the Dm values were smaller over these regions due to the 399 

presence of smaller cloud drops and a lower hydrometeor growth rate than those in 400 

maritime storms. 401 

5) The storms formed over the northern BOB advect to the NEI region by monsoonal winds, 402 

such that the Dm values observed over the BOB and NEI were identical. Comparing the 403 

maritime Dm of the deep systems, the concentration of large drops was higher in the BOB 404 

than in the AS, though the DSDs were the same for the shallow storms. A high frequency 405 

of convection over the BOB was responsible for the observed Dm differences between the 406 

AS and BOB. 407 

6) The Dm values of the deep systems were the smallest over the AS, MC, and WG regions, 408 

which indicated an abundance of small raindrops and fewer large-sized raindrops 409 

compared with the other regions. On the other hand, for shallow systems, the Dm values 410 

were larger than the continental and smaller than the maritime shallow storms. This was 411 

due to the less evaporation and high growth rate of hydrometeors compared with maritime 412 

and continental shallow storms. 413 

7) The Dm values were similar for deep and shallow systems over the AS and WG regions. 414 

This was mainly due to the dominant low-level hydrometeor growth over these two regions 415 

for both systems. 416 
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Figure captions 568 

Figure 1: Spatial distribution of the southwest monsoon season (from June to September) 569 

rainfall over the Indian subcontinent during the study period 2014 and 2018. The 570 

overlaid black arrow lines indicate the strength and the arrows indicate the direction of 571 

the wind at 850 hPa. The white closed boundaries specify different climatic zones 572 

considered in the present study. 573 

Figure 2: (a) Near surface mean Dm (mm) at different rain rate intervals obtained from GPM-574 

DPR during the SWM season in different climatic zones. (b) and (c) are the same as (a), 575 

but for deep and shallow precipitating systems, respectively. 576 

Figure 3: (a) Standard deviation of near surface mean Dm (mm) shown Fig. 2, at different rain 577 

rate intervals obtained from GPM-DPR during the SWM season in different climatic 578 

zones. (b) and (c) are the same as (a), but for deep and shallow precipitating systems, 579 

respectively. 580 

Figure 4: Box plot of MODIS level-3 CER for liquid over different climatic zones of the Indian 581 

subcontinent during the SWM season. The central mark on each box represents the 582 

mean and the bottom and top edges of the box indicate the 25th and 75th percentiles, 583 

respectively. The bottom and top whiskers represent the 5th and 95th percentiles and the 584 

up and down direction triangles represent the 1st and 99th percentiles, respectively. The 585 

top and bottom dashes represent the maximum and minimum CER values, respectively. 586 

Figure 5: Vertical profiles of median reflectivity derived from GPM-DPR during the presence 587 

of (a) deep systems and (b) shallow systems in the SWM season over different climatic 588 

zones of the Indian subcontinent. 589 
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Figure 6: Cumulative distribution of reflectivity gradients (Z2km–Z3.5km in dBZ) for (a) deep and 590 

(b) shallow rain obtained from GPM-DPR. 591 

Table Caption 592 

Table 1: Number of rainy pixels used to estimate the mean Dm shown in Fig. 2 for all types of 593 

rain (without parentheses), and the percentage occurrence of deep systems (within 594 

parentheses) and shallow systems (square brackets). 595 
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Figure 1: Spatial distribution of the southwest monsoon season (from June to September) 621 

rainfall over the Indian subcontinent during the study period 2014 and 2018. The 622 

overlaid black arrow lines indicate the strength and the arrows indicate the direction of 623 

the wind at 850 hPa. The white closed boundaries specify different climatic zones 624 

considered in the present study. 625 
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Figure 2: (a) Near surface mean Dm (mm) at different rain rate intervals obtained from GPM-638 

DPR during the SWM season in different climatic zones. (b) and (c) are the same as (a), 639 

but for deep and shallow precipitating systems, respectively. 640 
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Figure 3: (a) Standard deviation of near surface mean Dm (mm) shown Fig. 2, at different rain 648 

rate intervals obtained from GPM-DPR during the SWM season in different climatic 649 

zones. (b) and (c) are the same as (a), but for deep and shallow precipitating systems, 650 

respectively. 651 
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Figure 4: Box plot of MODIS level-3 CER for liquid over different climatic zones of the Indian 659 

subcontinent during the SWM season. The central mark on each box represents the 660 

mean and the bottom and top edges of the box indicate the 25th and 75th percentiles, 661 

respectively. The bottom and top whiskers represent the 5th and 95th percentiles and the 662 

up and down direction triangles represent the 1st and 99th percentiles, respectively. The 663 

top and bottom dashes represent the maximum and minimum CER values, respectively. 664 
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 682 
 683 

Figure 5: Vertical profiles of median reflectivity derived from GPM-DPR during the presence 684 

of (a) deep systems and (b) shallow systems in the SWM season over different climatic 685 

zones of the Indian subcontinent. 686 
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 713 

Figure 6: Cumulative distribution of reflectivity gradients (Z2km–Z3.5km in dBZ) for (a) deep and 714 

(b) shallow rain obtained from GPM-DPR. 715 
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Table 1: Number of rainy pixels used to estimate the mean Dm shown in Fig. 2 for all types of 727 

rain (without parentheses), and the percentage occurrence of deep systems (within 728 

parentheses) and shallow systems (square brackets). 729 

  730 

 731 

 

Rain rate 

(mm h-1) 

 

AS 

 

BOB 

 

NWI 

 

WG 

 

FHH 

 

CI 

 

SEPI 

 

MC 

 

NEI 

 

0.5-1 

123622 

(50.4%) 

[49.6%] 

122550 

(75.5%) 

[24.5%] 

22754 

(76.9%) 

[23.1%] 

39821 

(50.3%) 

[49.7%] 

60269 

(80.3%) 

[19.7%] 

66413 

(72.9%) 

[27.1%] 

16619 

(80.4%) 

[19.6%] 

47254 

(68.6%) 

[31.4%] 

23427 

(64.6%) 

[35.4%] 

 

1-2 

108519 

(55.9%) 

[44.1%] 

112320 

(81.5%) 

[18.5%] 

22267 

(84.5%) 

[15.5%] 

40255 

(55.7%) 

[44.3%] 

53608 

(86.7%) 

[13.3%] 

62739 

(80.9%) 

[19.1%] 

14282 

(88.8%) 

[11.2%] 

47120 

(76%) 

[24%] 

22833 

(73.2%) 

[26.8%] 

 

2-4 

76612 

(71%) 

[29%] 

93442 

(89.7%) 

[10.3%] 

17715 

(92.2%) 

[7.8%] 

31324 

(69.6%) 

[30.4%] 

40963 

(92.6%) 

[7.4%] 

49867 

(89.7%) 

[10.3%] 

10397 

(94.7%) 

[5.3%] 

40840 

(86.3%) 

[13.7%] 

18628 

(84.1%) 

[15.9%] 

 

4-8 

42663 

(85.3%) 

[14.7%] 

59545 

(95.1%) 

[4.9%] 

9567 

(95.9%) 

[4.1%] 

17672 

(81.5%) 

[18.5%] 

23009 

(96.4%) 

[3.6%] 

26783 

(94.6%) 

[5.4%] 

4694 

(98%) 

[2%] 

26509 

(92.4%) 

[7.6%] 

11525 

(91.6%) 

[8.4%] 

 

8-16 

16584 

(94.1%) 

[5.9%] 

25019 

(97.8%) 

[2.2%] 

4049 

(97.7%) 

[2.3%] 

7506 

(89%) 

[11%] 

9153 

(98.5%) 

[1.5%] 

10355 

(97.4%) 

[2.6%] 

1654 

(99.5%) 

[0.5%] 

11793 

(96.1%) 

[3.9%] 

5299 

(95.9%) 

[4.1%] 

 

16-32 

7091 

(98.5%) 

[1.5%] 

13123 

(99.5%) 

[0.5%] 

1839 

(98.8%) 

[1.2%] 

3239 

(95.6%) 

[4.4%] 

3954 

(99.4%) 

[0.6%] 

4222 

(99.2%) 

[0.8%] 

627 

(99.8%) 

[0.2%] 

5647 

(98.9%) 

[1.1%] 

2431 

(98.7%) 

[1.3%] 

 

32-64 

3369 

(99.5%) 

[0.5%] 

7079 

(99.8%) 

[0.2%] 

655 

(99.5%) 

[0.5%] 

1242 

(98.4%) 

[1.6%] 

1518 

(99.7%) 

[0.3%] 

1448 

(99.9%) 

[0.1%] 

208 

(99.5%) 

[0.5%] 

2675 

(99.5%) 

[0.5%] 

1013 

(99.6%) 

[0.4%] 

 

64+ 

1416 

(99.7%) 

[0.3%] 

3658 

(99.9%) 

[0.1%] 

341 

(99.7%) 

[0.3%] 

405 

(99.5%) 

[0.5%] 

577 

(100%) 

[0%] 

529 

(100%) 

[0%] 

85 

(100%) 

[0%] 

1259 

(99.8%) 

[0.2%] 

599 

(99.8%) 

[0.2%] 


