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Abstract 7 

The vertical structure and dynamics of deep convective clouds plays an important role during 8 

the Indian summer monsoon period. The characteristics of deep convective cells (DCC) and 9 

their microphysics remain unclear, especially during the onset phase of the monsoon. Further, 10 

the intensity of convection is an important element, which plays a key role in the progression 11 

of the monsoon. Thus the present study focuses on characterizing DCC over a coastal 12 

location Thumba (8.5
0
 N, 77

0
 E) during the onset of the Indian summer monsoon periods of 13 

2017, 2018 and 2019 using C-band polarimetric Doppler Weather Radar (DWR) 14 

measurements in terms of their intensity, vertical extent, top heights and their microphysical 15 

properties. A method is devised to identify the DCC from the DWR observed reflectivity 16 

cross-sections. The results showed that the occurrence of reflectivities in the range of 30-40 17 

dBZ dominates below 6 km and the reflectivities in the range of 10-20 dBZ dominates above 18 

6 km. The diurnal evolution of DCC also been investigated and it is found that these systems 19 

peak at three local time intervals viz., 5-7, 11-14 and 16-19 hrs during the study period. The 20 

present results provide a quantitative assessment of DCC including their diurnal evolution 21 

during the onset of Indian summer monsoon season over Thumba using DWR observations 22 

for the first time. 23 
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 25 

1. Introduction 26 

Tropical convective systems play a vital role in general circulation of the atmosphere, rainfall 27 

distribution and also in the energy budget of the Earth’s atmosphere (Riehl and Malkus, 28 

1958; Tao et al., 2006). Apart from this, the dynamics associated with the convective storms 29 

produce severe weather systems and play a crucial role in stratosphere-troposphere exchange 30 

processes. The world’s deep convection occurs mainly over the tropical belt (e.g., Sherwood 31 

and Dessler, 2000; Dessler, 2002; Zipser et al., 2006; Kelley et al., 2010; Xu and Zipser, 32 

2012; Balogun et al., 2020; Wu et al., 2020). These convective cloud systems have a wide 33 

range of size, intensity and depth across the globe. Gettelman et al. (2002) studied the 34 

distribution of convective clouds and found that the deepest intensive clouds occur over the 35 

western Pacific Ocean region. Among many convective systems, the deep convective cells 36 

(DCC), whose cloud top extend beyond 12km altitude play a key role in modulating 37 

atmospheric dynamics and energetics (e.g., Houze et al., 2015). Recently, Liu and Zipser 38 

(2015) examined the deep intense convective storms using one-year Global Precipitation 39 

Measurement (GPM) observations and listed the valuable information on these systems. Once 40 

the deep convection penetrates into the lower stratosphere and subsequently affects the 41 

composition of the stratosphere by pumping water vapour from the troposphere. Therefore, 42 

the DCC play a major role in regulating the Earth’s climate by transporting heat, water 43 

vapour, and momentum from the lower to upper troposphere and lower stratosphere (e.g., 44 

Gettelman et al., 2002; Fu et al., 2006; Randel et al., 2010). The DCC is generally associated 45 

with intense updrafts, growth of particles in the solid phase and lightning production. 46 

Realizing the importance of DCC, there have been numerous studies across the globe to 47 

understand its distribution, structure and dynamics. Most of the studies on deep convective 48 

systems have been explored by using various space and ground-based measurements such as 49 
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microwave and infrared remote sensing measurements from satellite (e.g., Toracinta and 50 

Zipser, 2001; Gettelman et al., 2002; Das et al., 2016;), space-based radar and lidar 51 

measurements (e.g., Nesbitt et al., 2000, 2006; Cecil et al., 2005; Subrahmanyam and Kumar, 52 

2013; Qie et al., 2014; Liu and Zipser, 2005, 2015; Subrahmanyam and Kumar, 2018; Wu et 53 

al., 2020; Subrahmanyam et al., 2020) and ground-based radar (e.g., Cifelli et al., 2002; 54 

Kumar et al., 2005; Uma and Rao, 2009). 55 

 56 

As aforementioned, the DCC has significant regional characteristics and their microphysical 57 

properties also differ from one geographical location to another. Especially, the Indian 58 

summer monsoon (ISM) region plays an important role in producing the intense deep 59 

convective systems (e.g., Subrahmanyam and Kumar, 2013; Subrahmanyam et al., 2020). 60 

There have been many studies on deep convective systems over tropics as well as over the 61 

ISM region using space-based observations (e.g., Toracinta and Zipser, 2001; Liu et al., 62 

2003; Liu and Zipser, 2005, 2009; Boccippio et al, 2005; Zipser et al., 2006; Houze et al., 63 

2007; Nesbitt et al., 2010; Schumacher et al., 2010; Romatschke and Houze, 2010, 2013; 64 

Romatschke et al., 2010; Houze, 1989; Hence and Houze, 2011; Houze et al., 2015; 65 

Subrahmanyam and Kumar, 2013, 2018; Subrahmanyam et al., 2020). Most of the earlier 66 

studies focused on the nature of convection using TRMM precipitation radar data and 67 

provided new insight into the convective systems. Studies by Hence and Houze (2011& 68 

2012) and Boccippio et al. (2005) documented the statistical behaviour of the vertical 69 

structure of convective systems using TRMM radar reflectivity measurements. Though the 70 

the space based observations provide information on deep convection across the globe, 71 

ground-based radar observations are also equally important to investigate the temporal 72 

evolution of the deep convective systems at regional scales. Thus both ground and space 73 

based observations of deep convection complement each other. Among ground based 74 
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observations, DWR provides volumetric measurements of convective systems at high spatial 75 

and temporal resolution and able to capture their spatio-temporal evolution at regional scales..  76 

 77 

Even though there are studies on the vertical structure and dynamics of clouds during the 78 

Indian summer monsoon period, the characteristics of DCC and their microphysics remain 79 

unclear, especially during the onset phase of the monsoon. Further, the intensity of 80 

convection is an important element, which plays a key role in the progression of the monsoon 81 

(Xu, 2011). To better understand the link between the vertical structure of precipitating 82 

clouds and the monsoon progression, it is very important to characterize the vertical structure 83 

of DCC embedded in the large-scale monsoon and its evolution.  As mentioned earlier, DWR 84 

observations of precipitating clouds provide a unique opportunity to characterize the DCC.     85 

In this regard, a study is carried out to investigate the distribution of DCC using C-band 86 

DWR observations, which is a very first  indigenously built polarimetric radar installed in the 87 

southern coast of India (Trivandrum, Kerala) to monitor the severe weather systems. In this 88 

communication, we present results obtained from C-band DWR observations of spatial and 89 

vertical structure of DCC and its diurnal evolution during onset of Indian summer monsoon 90 

over Thumba. Section 2 provides the details of the DWR and methodology followed, results 91 

are discussed in section 3 and summery is provided in section 4.  92 

 93 

2. Data and Methodology 94 

C-band DWR operating at Thumba is indigenously developed by Bharat Electronics Limited 95 

(BEL) based on technology provided by Indian Space Research Organization (ISRO) in 96 

2015. This radar is located in the Indian state of Kerala, which is known as gateway of ISM 97 

and is shown in figure1 along with topographical features around the radar site. The radar is 98 

located right at coast of the Arabian Sea and flanked by the Western Ghats on the east. C-99 
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band DWR routinely collects a full scan of dual-polarization measurements, which includes 100 

the Reflectivity (Zh), Radial velocity (V) and Spectrum width (σ). The central operating 101 

fequency is 5.625 GHz, the peak power is 250 kW, and the gain of the antenna is 45 dB. The 102 

more details of the system can be found in Kumar et al. (2020) and Subrahmanyam and Baby 103 

(2020). Apart from these base products, polarimetric products such as differential reflectivity 104 

factor (Zdr), differential propagation phase (ɸdp) and cross co-polar correlation coefficient 105 

(ρhv) are also retrieved. Zdr is the ratio, ɸdp is the phase difference and ρhv is the correlation 106 

between the horizontally and vertically polarized signals. Zdr provides information on the 107 

shape and size of the hydrometeors whereas the range derivative of  ɸdp known as  specific 108 

differential phase (Kdp) is very useful in identifying the intense precipitation regions as well 109 

as for distinguishing the water droplets from ice. ρhv is very useful in distinguishing the 110 

meteorological and non-meteorological echoes and represents the homogeneity of the radar 111 

targets within the radar pulse volume. For the present study, we have used C-band DWR 112 

observations over Thumba during the onset phase (1
st
 week of June) of ISM of 2017, 2018 113 

and 2019. 114 

 115 
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 116 

Figure 1: Geographical location of C-band DWR along with topographical features (color 117 

       map) and radar range circles. The radar location is shown by a red filled circle. 118 
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 119 

Figure 2: A typical range height indicator (RHI) of radar reflectivity corresponding to black solid line shown in the inset.. The cross section 120 

      shown in the inset depicts the horizontal structure of radar reflectivity at 3 degree elevation on 2
nd

 June at 1049 UT. The rectangular     121 

      box shown in the figure highlights the DCC.122 
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A convective system typically embodies a stratiform and convective element (e.g., Houze, 123 

1982) as shown in Figure 2, which depicts a range height indicator of radar reflectivity. The 124 

cross section shown in the inset depicts the horizontal structure of radar reflectivity at 3 125 

degree elevation on 2
nd

 June 2017 at 1049 UT. The RHI corresponds to the solid black line 126 

shown in the inset. The rectangular black box highlights the DCC portion of the convective 127 

system, whose echo tops are reaching as high as 14 km. The central objective of the present 128 

study is to investigate the number of occurrence of DCC during the onset phase of the ISM. 129 

We have followed the widely employed methodology for identifying the DCC profiles from 130 

C-band DWR observations (Barnes and Houze, 2013; Zuluaga and Houze, 2013; Houze et 131 

al., 2015). The DCC’s are defined as those contiguous three dimensional convective C-band 132 

DWR echoes exceeding certain thresholds. Figure 3 (a) shows a schematic representation of 133 

radar reflectivity profile for identifying the DCC profiles from C-band DWR observations. 134 

Figure 3(b) illustrates the flow chart of the present algorithm developed for identifying the 135 

DCC. C-band DWR echoes with reflectivity magnitudes ≥40dBZ anywhere in the altitude 136 

profile are defined as convective echoes in the first step of identification. Although both 30 137 

and 40 dBZ thresholds are better indicators of DCC, we followed 40 dBZ thresholds for 138 

stringent DCC identification in the present study (Barnes and Houze, 2013). It is reported that 139 

40 dBZ threshold is better suited for identifying the DCC over the land whereas 30 dBZ is 140 

better suited over the Oceans (Barnes and Houze, 2013). Further, the identified DCC profiles 141 

should have cloud base & top ≤3 km & >10 km, respectively with thickness >6 km as shown 142 

in the flow chart. We also estimated the depth of 40 dBZ reflectivity as shown in Figure 3(a). 143 

The number of DCC occurrence is estimated as the convective profile counts in each grid 144 

point (2 km and 0.5 km intervals in horizontal and vertical). Based on the height coverage, 145 

the convective profiles further subdivided into shallow convection, whose cloud tops are 146 
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below 6 km. Using this methodology, the DCC are identified and their diurnal evolution is 147 

also investigated. 148 

 149 

Figure 3: (a) Schematic representation of radar reflectivity profile for identifying the DCC 150 

      profiles from C-band DWR observations and (b) Flow chart followed for the DCC 151 

      identification. 152 

3. Results and Discussions 153 

Figure 4 shows the mean range-height sections of reflectivity and differential reflectivity 154 

during the onset of ISM. From this figure, it is evident that the cloud echo tops are extending 155 

up to 16 km at ~ 25 km away from the radar location (Figure 4a). The convective core 156 

echoes, whose reflectivity values exceed 40 dBZ and above can be seen in figure 4(a) and 157 

this type of DCC cores are mainly produced by the young and vigorous convection with 158 

strong updrafts (Romastacke et al., 2010). Further, the locations of DCC echoes in the clouds 159 

are capable of rapid vertical transport of air from the lower troposphere to the stratosphere as 160 

seen in Figure 4(a). It is also known that the impact of convection depends on the depth of the 161 
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convective cloud (May, 2013). The observed reflectivity at the top of the DCC has the 162 

magnitude in 20-25 dBZ range, while the DCC core has reflectivity of the order of 45 dBZ  163 

mostly confined between ~3 to 8 km altitude region. There are multiple convective cells 164 

embedded within figure 4(a) with horizontal scales extending up to ~100 km. This 165 

observation suggests that the observed DCC has the organized convection with multiple cells 166 

during the onset of ISM. Homeyer and Kumjian (2015) also observed organized convective 167 

systems that contains multiple convective cells using radar measurements. The larger Zdr 168 

values are found in the core region of the DCC, as shown in Figure 4(b). These large Zdr 169 

values in the convective core region especially above 5 km represent particles coated with 170 

super cooled liquid water, which are lifted by the intense updrafts in the DCC. The upper 171 

portion of convective core has Zdr values of  ~1 dB and corresponding Zh values are found to 172 

be around 20 -25 dBZ . These low-Zdr regions may suggest the presence of nearly isotropic 173 

hydrometeors. Figure 4 is an example of a typical system with embedded DCC. The observed  174 

reflectivity structure embedded DCC may differ from one case to another. Therefore, to study 175 

the generalized structure of DCC, contour frequency by altitude diagram (CFAD) of 176 

reflectivity are constructed for the DCC profiles as well as for the shallow convective cases 177 

(i.e., radar echo top < 6km) as shown in figure 5. The number of occurrences of reflectivity in 178 

each 2 dBZ interval at each 0.5 km height interval is estimated. The number of occurrences at 179 

each altitude interval is normalized by the total number of observations at that level following 180 

the method reported by Yutter and Houze (2005). 181 
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 182 

 183 

Figure 4: The mean range-height section of (a) reflectivity and (b) differential reflectivity during the onset of ISM.184 
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3.1 Statistical distribution of Zh, Zdr, 20 & 40 dBZ echo top height and depth 185 

Figure 5 (a-b) shows the CFAD of Zh and Zdr for DCC cases and (c-d) for shallow convection 186 

cases during the onset of ISM of 2017, 2018 and 2019. The frequency of occurrence of  Zh 187 

values  in the range of 30 - 40 dBZ dominate the altitude region of 2-6 km and the occurrence 188 

of 10-20 dBZ values dominate the altitude region of 7-11 km in the DCC as shown in figure 189 

5(a). The transition of low reflectivity dominant region to relatively high reflectivity 190 

dominant region takes place around 5-6 km, which corresponds to 0°C isotherm over the 191 

study region. The CFAD depicted in figure 5(a) thus distinguish the liquid water droplet and 192 

ice particle region. As mentioned earlier, a typical convective system comprises of  193 

convective as well as stratiform region and it is well-known that stratiform region exhibits a 194 

large reflectivity around 0°C isotherm in radar observations known as radar bright band. 195 

However, in DCC, radar bright band will be absent due to intense up and down drafts.    196 

Intense outliers occur at all the altitude levels below 6-7 km in DCCs with Zh as high as 40 197 

dBZ and above. The range of reflectivity distribution narrows down from lower to upper 198 

troposphere. As the monsoon convection has the maritime characteristics with less electrical 199 

nature, there can be a  rapid decrease of Zh above the freezing altitude as seen in Figure 5(a) 200 

along with the presence of graupel or hail (Keenan and Carbone 1992; May and Ballinger, 201 

2007). There is a substantial population of ~ 30 dBZ reflectivity in the DCC with tops 202 

exceeding ~12 km. The echo tops reaching as high as 14-15 km confirms that the observed 203 

profiles are associated with the DCC. Most of the earlier studies using space based radar 204 

observations reported the vertical structure of precipitating clouds over the Western Ghats 205 

during the ISM having echo tops reaching ~10 km. The present analysis on the other hand 206 

shows DCC reaching as high as 14 km during the onset of the ISM as depicted in figure 5(a). 207 

Due to limited temporal sampling of the space based radars, there is a chance that these 208 

systems might have under sampled the DCC.  The distribution of Zh at high altitudes shows  209 
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 210 

Figure 5: Contour Frequency Altitude Distribution (CFAD) of C-band DWR measured (a) 211 

Radar reflectivity and (b) Differential Reflectivity for the DCC. The CFADs shown 212 

in (c) and (d) are same as (a) and (b), respectively but for the shallow convection 213 

cases. The C-DWR observations during the onset of ISM of 2017, 2018 and 2019 214 

are used to construct the CFADs, 215 

the low frequency of occurrence of relatively high  Zh values of the order of 30-40 dBZ 216 

indicating the presence of graupel or small hail. The vertical velocities in the deep convective 217 

core are several meters per second or greater (e.g., Kumar et al., 2005). This is one of the 218 

principal reasons for the higher cloud tops in the DCC exceeding above ~14 km. In the 219 

presence of such strong updrafts, the dominant growth mechanism for precipitation particles 220 

is the collection of cloud water by the larger drops and/or ice particles sweeping out the cloud 221 
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water in their fall paths (e.g., Kirankumar et al., 2008). Moreover, the strong updrafts allow 222 

for the larger particles to grow for a long period. These updrafts of the growing particles 223 

increase their residence time in the cloud and thus their opportunities to form as bigger 224 

hydrometeors as seen in Figure 5(b). This figure depicts the CFAD of Zdr corresponding to 225 

the radar reflectivity shown in figure 5(a). From this figure, it is evident that the larger Zdr 226 

values (~ 2- 3 dB) representing large droplets are confined in the 1- 10 km altitude region. 227 

These larger Zdr values further suggest that the DCC core region has the stronger updrafts, 228 

which facilitate the formation of larger diameter droplets as discussed earlier. The smaller Zdr 229 

values (~ 1 dB or less) are found above 10 km altitude, which indicates that those regions are 230 

dominated by nearly isotropic hydrometeors. Figure 5(c) shows the CFAD distribution of Zh 231 

in shallow convective clouds during onset of ISM. The frequency of occurrence peaks at ~22 232 

dBZ in the ~ 1.5 to 4 km altitude region. In shallow convective cases, the maximum Zh value 233 

is found to be around ~ 50 dBZ, whereas the maximum concentration of Zdr found to be 234 

around 1 dB as seen from Figure 5(c & d). These observations are consistent with the warm 235 

rain processes, which is one of the dominant modes of precipitation during ISM. Thus figure 236 

5 summarizes the observed features of the DCC in terms of frequency of occurrence of radar 237 

reflectivity and differential reflectivity.  238 

 239 

This section focuses on the spatial distribution of 20 and 40 dBZ echo top heights in the DCC 240 

during the onset of ISM. In general, 20 dBZ echo top is a reasonable reflectivity threshold of 241 

the storm activity (e.g., Wu et al., 2018). In this study, we have also considered 40 dBZ echo 242 

top height, which indicates the intense convection (e.g., Goudenhoofdt and Delobbe, 2013). 243 

Figure 6 shows the spatial distribution of mean 20 and 40 dBZ echo top heights in the DCC. 244 

The maximum occurrences of 20 dBZ echo top height is found to be around 7-9 km altitude 245 

and concentrated within 50 km radius from radar center during the onset of ISM. There are a 246 
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few regions, where 20 dBZ echo top height exceeds beyond 10 km in the DCC. In fact, this 247 

aspect can be inferred from figure 5(a) itself; however, figure 6(a) provides the spatial 248 

distribution of 20 dBZ top heights. On the other hand, the echo tops of 40 dBZ, which are 249 

associated with very intense convection, are having mean heights of 2-3 km and exceeding 4 250 

km on a few occasions as shown in Figure 6 (b). Romatchke and Houze (2011) observed that 251 

mean reflectivity of 40 dBZ echo tops are reaching up to 6 km in deeper convective systems 252 

during South Asian monsoon using TRMM observations. Zhang et al. (2006) also observed 253 

that the deep convective systems have echo tops between 6 and 12 km over China. The 254 

regions with relatively high 40 dBZ echo tops play an important role in producing the large 255 

precipitation and occasionally penetrate into the lower stratosphere. The locations of 40 dBZ 256 

radar echoes also indicate the lightening regimes (Xu and Zipser, 2012; Liu et al., 2012). 257 

Further, we estimated the depth of 40 dBZ echoes as discussed in section 2. Figure 6(c) 258 

shows the spatial distribution of 40 dBZ echo depths in the DCCs. This quantity indicates the 259 

depth of strong convection in the DCC during the onset of ISM. The maximum depth of 40 260 

dBZ echoes is found to be around 4 km with fewer occurrences and the depths in the range of  261 

1.5 - 2 .5 km has maximum occurrences. From this figure, it can be inferred that the storm top 262 

heights can reach as high as 14 km occasionally with intense convection up to 6  km with a 263 

maximum depth of 4 km during the onset of ISM. One more inference that can be drawn 264 

from figure 6 is that there is a preferential formation of DCC with higher echo top heights 265 

and depth over oceanic region as compared to land region during the initial phase of the 266 

monsoon. 267 
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 268 

 269 

 270 

Figure 6: Spatial distribution of (a) 20, (b) 40 dBZ mean echo top heights and (c) 40 dBZ echo depth in the DCC observed during the onset 271 

phase of ISM of 2017, 2018 and 2019. 272 

 273 

 274 
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Figure 7(a) shows the mean vertical profile of 20 (dotted line) and 40 dBZ (solid line) radar 275 

echo precipitation features and 7(b) shows the 40 dBZ radar echo depth in the DCC. The 276 

maximum occurrence of 40 dBZ is found to be 30% at about 2km altitude level and a 277 

secondary peak of occurrence is found to be between 4 to 6 km altitude levels. In contrast to 278 

40 dBZ radar echoes, the maximum occurrence of 20 dBZ is found to be around 7 km level. 279 

The maximum occurrence of depth of 40 dBZ echoes is found to be below 3km level (Figure 280 

7b). Therefore, 20 and 40 dBZ radar echoes in the DCCs peaks in upper and lower 281 

tropospheric altitudes, respectively. These profiles represent the mean characteristics of the 282 

vertical extent of the DCC with information on the intense part of these systems. As the 283 

secondary peaks of 40 dBZ in the upper level and 20 dBZ in lower levels may be associated 284 

with the isolated convective systems, which are typically small in horizontal scales.  285 

 286 

 287 

Figure 7: Vertical profile of frequency of occurrence of 20 and 40 dBZ mean echo top 288 

heights in the DCC.  289 

 290 
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 291 

Figure 8 shows the diurnal evolution of occurrence of 40 dBZ reflectivity as a function of 292 

echo depth. As mentioned earlier, the depth of 40 dBZ reflectivity represent the intense 293 

convective systems. From this figure, it is evident  that the 40 dBZ reflectivity occurance 294 

peak at three local time intervals viz., 5-7, 11-14 and 16-19 hrs LT with varying depths 295 

during the study period. Apart from these, a mid-night peak is also observed. The maximum 296 

occurrences of DCC at these local times are associated with depths below 4 km as seen in 297 

Figure 8.  In general, the convective systems with echo tops above 7 km are having relatively 298 

smaller area during early morning and midnight, while they are relatively larger in area 299 

during late-evening and night times. Homeyer and Kumijan (2015) also observed that the 300 

convective storms are typically small in spatial scales in late-afternoon and further evolve 301 

into organized convective systems that persist overnight.  302 

 303 

 304 

Figure 8: Diurnal evolution of 40 dBZ depth observed by C-band DWR during the study 305 

      period.306 
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4. Summary 307 

The present study characterized the spatial distribution of the DCC by employing the C-band 308 

DWR observations during the onset of the ISM of 2017, 2018 and 2019. The important 309 

results are summarized below. 310 

1. A method similar to Barnes and Houze (2013) is devised to identify the DCC profiles 311 

in volumetric C-band DWR observations, based on this method an algorithm is 312 

devised to estimate frequency of occurrence of DCC during the study period. 313 

2. The frequency of occurrence of DCC is quantified using CFAD. The echo tops are 314 

noted to be reaching as high as 14-15 km, which were not noted in the earlier spaced 315 

based observations. It is also noted that the distribution of Zh narrows down from 316 

lower to upper troposphere. The occurrence of reflectivities in the range of 30-40 dBZ 317 

dominates below 6 km and the reflectivities in the range of 10-20 dBZ dominates 318 

above 6 km. A marked shift is noted at 5-6 km in the CFAD.  319 

3. Larger (smaller) Zdr values are found below (above) 10 km in DCC regions. However, 320 

the observed Zdr values at higher altitude above 10 km are relatively low, which may 321 

be attributed to isotropic nature of hydrometeors at these altitudes. Larger values of 322 

Zdr are observed less frequently at higher altitudes and this may be attributed to the 323 

presence of graupel or small hail.  324 

4. The CFAD for shallow convective systems are also constructed, which show the 325 

dominance of 20-30 dBZ occurrence and nearly isotropic hydrometeors during the 326 

study period.  327 

5. The statistical distribution of 20 and 40 dBZ echo top heights and depths in DCC are 328 

estimated. The threshold of 20 dBZ is used to find the DCC boundaries whereas 40 329 

dBZ thresholds are used to find the intense part of the DCC.  330 
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6. The maximum depth of 40 dBZ echoes is found to be around 4 km with fewer 331 

occurrences and a depth of 2 km having maximum occurrences.  332 

7. The diurnal evolution of DCC is also investigated in terms of frequency of occurrence 333 

of 40 dBZ echo depth and found that it peaks at three local time intervals viz., 5-7, 11-334 

14 and 16-19 hrs LT during the onset of the ISM.  335 

The present study thus brought out the observed features of DCC during the onset of the ISM. 336 

It is known that the latent heat released in the DCC are one of the important drivers of the 337 

monsoon circulation and the results discussed in the present study may be helpful to 338 

delineating the role of DCC formed during the onset in the progression of the ISM. 339 
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