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Abstract 
 

Deep convective clouds play an important role in global energy balance through vertical 

transport of water vapor, momentum and energy, altering radiation and also influence 

hydrological cycle via precipitation. These clouds are organized mainly at Synoptic scale 

(~1000 km), Mesoscale (~100 km) and storm-scale (~10 km) and involve interactions from 

micro-scale (e.g., cloud condensation nuclei and droplets) to planetary scale. Physical 

processes associated with such clouds are the largest sources of uncertainty in atmospheric 

weather and climate models. Clouds involve rich physics and therefore, studying and 

understanding of convective clouds is an important research area in weather and climate 

sciences.   

In present work, the mesoscale and storm scales of convective cloud systems are addressed 

using spacebrone and ground based Doppler weather (conventional and polarimetric) radars. 

The work started with the analysis of cloud systems over Tibetan Plateau. These cloud 

systems are observed to be very deep in nature. After finding the underestimation of radar 

reflectivity especially in convective regime, analysis is further extended in entire latitudinal 

belt of 38°N-38°S. The coincident data collected with the precipitation radar (PR) onboard 

TRMM (Tropical Precipitation measuring Mission) satellite and profiling radar (CPR) 

onboard CloudSat satellite is used. It is shown the PR measures properties of convective part 

but it misses portions of the anvil part of mesoscale convective cloud systems (MCSs). CPR 

measures the full spatial extent of MCSs however its reflectivity values are very low due to 

the strong attenuation suffered by the radar beam while passing through a precipitating 

convective cloud. CPR beam gets attenuated severely during convective rain episodes 

especially below 6 km height. While going by their technical specification, we can expect 

substantial overlap in the radar reflectivity factor for convective clouds, very little overlap is 

observed. One should be very careful while drawing conclusions on the cloud characteristics 

measured with the PR and CPR. I felt that it is better to study the cloud properties using 

ground radars, hence, most of the results reported in the thesis are based on ground radar 

data.  

As part of the Continental Tropical Convergence Zone (CTCZ) program of the Ministry of 

Earth Sciences, Govt. India, India Meteorological Department (IMD) made available its 



   

Doppler weather radar (DWR) data for the years 2012 and 2013 to researchers within the 

country. Using IMD DWR data, life cycle of monsoonal MCSs over Indian monsoon zone 

and properties of storms embedded within MCSs are studied at five locations, namely, 

Kolkata, Hyderabad, Nagpur, Patiala and Delhi. Stages in the lifecycle of MCSs have been 

explored including convective area and precipitation fractions. It was observed that intense 

precipitation within an MCS is confined to several pockets having areas much smaller than 

that of an MCS. Those convective cells are called storms in this work. Storm is a 

precipitating convective cloud having a volume of more than 50 km3 of connected pixels 

with radar reflectivity factor of at least 30 dBZ. The results of storm properties are reported 

for the first time using the DWR data for the Indian subcontinent. It is observed that the 

growth phase of an MCS is characterized by a rapid increase in the number of storms. An 

MCS can have more than one growth and decay phases during its lifetime. MCS may 

contain few or large number of storms depending upon geographic location and life phase. 

Average area of storms varies from less than 20 to more than 250 km2, while average storm 

height lies typically between 6 and 10 km. In one extreme case, it is found even 17 km. 

Average convective precipitation fraction (CPF) is 40% or less, highest at Kolkata, 

Hyderabad, Patiala and Delhi (~40%) and the least at Nagpur (13%). Average convective 

area fraction (CAF) is less than 15% at all locations.  The maximum CAF and CPF can go 

higher up to 45% and 90% respectively. The most intense convective clouds are observed 

over Patiala and Delhi where 30 dBZ radar echoes are found above 10 km. These locations 

lie near Himalayan foothills. According to previous studies, this region experiences intense 

convective systems due to high degree of potential instability caused by high moisture flux 

from low-level air flow from Arabian Sea to over foothills of Himalayas which interacts 

with extra moisture supplied from soil wetted from earlier precipitation. The vertical 

structure of MCSs is different at each radar location. These differences appear remarkably 

below 5 km and above 10 km altitudes. The final part of the thesis is based on the analysis 

of data from a polarimetric DWR located at Delhi. Using polarimetric DWR radar 

reflectivity data at Delhi (a land Indian region), the three prominent features of an MCS 

(Severe precipitation (below 4 km), melting band (at ~4 km) and anvil structures at higher 

altitudes (~12 km) are captured in vertical distributions of convective and stratiform echoes. 

Convective clouds are very deep over the Delhi region, many of them extended beyond 16 



   

km. The typical storm duration is an hour while few exceed 3½ hours. Storms those have 

large average areas and long durations contribute more in precipitation amount. The average 

precipitation rate (R) of storms is estimated in between 5 and 34 mm hr-1. The total 

accumulated precipitation (Pacc) derived from polarimetric variable (Kdp) is as large as 250 

mm in 6 days at Delhi. The cloud liquid water content (M) is derived using horizontal radar 

reflectivity (Zh, property of cloud volume observed by the radar beam which is which is 

proportional to the 6th moment of the diameter of hydrometeors) and specific differential 

phase (a measure of phase difference between horizontally and vertically polarized waves). 

The mean of cloud liquid water content derived from Zh (~1 gm m-3) is just half of that 

derived from Kdp. However, their maximum bound (~4.2 gm m-3) are found similar but have 

different frequencies. At each altitude, values of M vary largely which reflects the natural 

variability in clouds. One of the important finding is that the Pacc and M estimates are found 

to be more realistic when derived using polarimetric variable.  
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1 
Introduction 

 

1.1. Background 

 More than 1.7 billion people inhabit South Asia making it the most densely populated 

region on the Earth. South Asia occupies less than 4% of Earth’s land surface area while 

supports nearly a quarter of the world population. Rainfall received during the summer 

monsoon season, namely, during 122 days of June to September, is very crucial for the very 

survival of the people here, in particular to the local agriculture that is able to feed such a 

huge population. Monsoon rainfall is an outcome of complex interactions and physical 

process and clouds are central to this. A large number of studies have been and are being 

carried out addressing the Indian Monsoon (e.g., Rao 1976; Krishnamurti 1985; Webster et 

al. 1998, Gadgil 2003; Mapes et al. 2005; Kelly and Mapes 2011; Tyagi et al. 2012; Hunt et 

al. 2016, to name a few). The strongest planetary scale circulation during the boreal summer 

is associated with the South Asian monsoon (e.g., Webster et al. 1998). A large number of 

field campaigns have been carried out targeting the South Asian/Indian monsoon (e.g., Bhat 

and Narasimha 2007). Despite the major efforts in the past, one important aspect of the 

Indian Monson, namely, the associated cloud microphysical and dynamical processes 

remain poorly understood. This study is aimed towards partially filling this knowledge gap 

using weather radar data.  

 This chapter is organized as follows. Section 1.2 briefly describes some related studies 

on clouds and cloud systems followed by the status with respect to the Indian monsoon 

clouds in section 1.3. Section 1.4 discusses outstanding issues and objectives of the thesis. 

  

1.2. Study of convective clouds 

 Clouds play key role in Earth’s weather and climate. Clouds influence Earth’s energy 

budget by altering both shortwave and longwave radiation (e.g., Ohmura and Gilgen 1993, 
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Rossow and Zhang 1995; Kiehl and Trenberth 1997). Among different types of clouds, deep 

convective clouds are the most important ones in the global energy balance because they 

accomplish vertical transport of energy, water vapor and momentum. Latent heat released in 

tropical deep convective clouds drives the large scale circulation of the tropical atmosphere 

and influences Earth’s water and energy cycles (Charney 1969; Gill 1980; Zhang and 

Krishnamurti 1996; Holton 2004). Deep convective clouds are organized at different spatial 

scales e.g., planetary, synoptic (~1000 km), mesoscale (~100 km) and convective (~10 km) 

(Houze and Cheng 1977, Nakazawa 1988). Understanding their structure, organization and 

space-time variation is a frontier area of research in tropical meteorology (Randall et al. 

2007). Physical processes associated with convective clouds are the largest sources of 

uncertainty in weather and climate models (Kerr 2009). Clouds involve multi-scale 

interactions ranging from micro-scale (e.g., cloud condensation nuclei and droplets) to 

planetary scale. Hence, clouds involve rich physics and are practically source of fresh water 

on land.  

 Therefore, the study and understanding of convective clouds is important in the global 

context too. Information about clouds has been collected in different ways. For example, 1) 

from visual observation that provides qualitative properties (e.g., cloud shape, texture, cloud 

base altitude, etc.; International Cloud Atlas is a classic example), 2) through in-situ 

observations made with an instrumented aircraft (e.g., Stith 1995; Albrecht et al. 1995), and 

3) remote sensing. In situ observations are expensive and provide data along the track of the 

aircraft. Owing to aircraft safety considerations, aircraft measurements are not made inside 

severe thunderstorms and convective clouds. Thus, whilst in situ measurements are very 

useful, these data are biased towards less intense clouds and their spatial and temporal 

coverage is also limited. Ground weather radars provide information on three dimensional 

structures of clouds, and the present understanding of the mesoscale organization in deep 

convective cloud systems came from their data (e.g., Houze and Betts, 1981; Houze 1989; 

Houze 2004). In a mesoscale convective system (MCS), cumulonimbus (Cb) clouds in 

various stages of development coexist with anvil cloud formed by the merger of 

old/decaying Cb clouds (Houze 1989). A spectacular example of MCS organization is seen 

in squall lines, a propagating MCS with convective precipitation (from Cb clouds) towards 

the leading edge with trailing stratiform precipitation (from anvil cloud) (Houze 1989). The 
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stratiform precipitation region is characterized by slow ascent in the upper troposphere 

(above the freezing level), a prominent melting band (bright band in radar reflectivity field) 

and wide spread slow precipitation at lower levels. In some cases of MCS, active Cb clouds 

and stratiform precipitation coexist, but convective cells are randomly distributed within 

MCS. For example, in the MCSs that form in the Australian monsoon clouds (e.g., Mapes 

and Houze 1992; Cifelli and Rutledge 1998; Takahashi et al. 2008) convective cells 

embedded within stratiform areas of MCSs are observed, whereas during the break phase, 

squall line structures are more common. The DWR observations made during the South 

China Sea Monsoon Experiment (SCSMEX) revealed that the lifetime of MCSs was 6 to 12 

hours (Lau et al. 2000). Large scale circulations during the summer monsoon onset give rise 

to the formation of MCS over that region (Ding et al. 2006).  

 A wide range of horizontal scale (linear dimension) is associated with mesoscale, from 

~10 km to up to 1000 km in the literature and is further subdivided in to -, -, - 

mesoscales (e.g., Orlanski, 1975). The MCSs over East Asia region are of -scale with 

average area of more than 123000 km2 and average lifetime of 4.5 hours (Li et al. 2012). 

During the DYNAMO program (Rowe and Houze 2014), S-band polarimetric radar 

observations were taken. They observed the enhanced stratiform precipitation in the active 

phases of MJO. The number frequency of wet aggregates peaks near melting level while dry 

aggregates are concentrated between 7 and 8 km altitudes. The dry and wet aggregates both 

peak during rainy days with dry aggregates leading wet aggregates which indicates the 

transition from convective phase to the stratiform phase.  

 One of the practical limitations of ground radars is their very limited spatial coverage. 

Weather satellites have proven to be very powerful tools in the study of convective clouds. 

Satellites provide information on clouds over the entire globe at high spatial and temporal 

resolutions. Early satellites mostly measured cloud top properties (e.g., Brightness 

temperature, OLR and albedo) or column integrated properties (e.g., integrated water vapour 

amount and cloud liquid water path). Using satellite data, cloud top height, spatial coverage, 

formation and dissipation, propagation, diurnal variation, etc., have been studied (e.g., 

Chang 1970; Streten and Troup 1973; Sikka and Gadgil 1980; Velasko and Fritsch 1987; 

King et al. 1992; Waliser and Gautier 1993; Lau and Crane 1995; Wielicki et al. 1996; 

Kummerow et al. 1998; Diner et al. 1998; Rocca and Ramanathan 2000, Gambheer and 
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Bhat 2000; Mathon et al. 2002; Morel and Senesi 2002; Schmetz et al. 2002; Stephens et al. 

2002; Jirak et al. 2003; Rossow and Duenas 2004; Winker et al. 2009). Studies based on 

such data could address two dimensional aspects of clouds at synoptic scale (~O(1000 km), 

mesoscale (~O(100 km) and microscale (~O(10 m)) (Lin 2007).  

The vertical structure of clouds is equally important. Information on the 3D structure of 

cloud systems over vast areas of the globe was not available until the launch of precipitation 

radar (PR) onboard TRMM satellite in the year 1997 (Kummerow et al. 1998). The PR and 

the cloud profiling radar (CPR) onboard CloudSat satellite which was launched in the year 

2006 (Stephens et al. 2002, 2008) provided unprecedented data on convective clouds based 

on which a large number of studies have been carried out (e.g., Nesbitt et al. 2000; Stephens 

et al. 2002; Zipser 2006; Stephens et al. 2008; Cetrone and houze 2009; Li and Schumacher 

2011; Bhat and Kumar 2015; Kumar and Bhat 2016, to name a few). Based on the analysis 

of the PR data, Alaca and Dessler (2002) observed that continental convection extends to 

higher altitudes than oceanic counterparts. Nesbitt et al. (2000) and Toracinta et al. (2002) 

showed that continental clouds have greater magnitude of reflectivity extending to higher 

altitude compared oceanic clouds in the tropics. Toracinta et al. (2002) noted that for the 

oceanic systems, the 40 dBZ reflectivity contour lies mostly below 7 km level, with one 

third of the systems that do not have the 40 dBZ echo at all. Li and Schumacher (2011) 

studied the anvil clouds associated with convective cloud systems using 10 years (1998-

2007) PR data. Anvil area and echo-top heights were highly correlated with convective rain 

area and to lesser extent on intensity of reflectivity. The average echo top of anvils identified 

by the 17 dBZ reflectivity is 8.5 km with an average thickness of 2.7 km. The University of 

Utah prepared a TRMM Precipitation Features (PFs) data base merging multi sensor data of 

TRMM satellite (Nesbit et al. 2000). This data set has been extensively used to extract 

properties of tropical cloud systems (e.g., Nesbit et al. 2006; Li et al. 2008, 2012). Liu et al. 

(2008) compared and contrasted properties of deep clouds (e.g., areal extent) derived from 

the PR reflectivity and brightness temperatures (Tb) from microwave channels. While Tb 

criterion shows more frequent deep cloud activity over the west Pacific Ocean, the PR data 

shows that land masses of central Africa, Argentina and India contain deeper and 

horizontally more extensive PFs compared to oceanic regions. Xu and Zipser (2012) report 

that 70-80% of total rain is contributed by storms having 40 dBZ radar echoes reaching 
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above 6 km over continent regime whereas only 40% monsoonal rainfall and 10% oceanic 

rainfall involve microphysical processes (e.g. freezing of raindrops, rimming of graupel etc.) 

in mixed phase regions.  

TRMM-PR data has also been used to study regional features of precipitating clouds 

and individual weather events including tropical cyclones and warm clouds. Houze et al. 

(2007) examined the structure of clouds over the Himalayan region during June-September 

2002 and 2003. Deep intense convective echoes with 40 dBZ echo >1000 km2 in horizontal 

dimension occurred preferentially just upstream of and over the lower elevations of the 

Himalayas, most frequently in the northwestern indentation of the barrier. The wide intense 

echoes (40 dBZ echo>1000 km2 in horizontal dimension) also occurred along the central 

portion of the Himalayas, and rarely over the Tibetan Plateau. Pessi and Businger (2009) 

examined the relationship between lightening and precipitation rate over the North Pacific 

Ocean. Convective rainfall rate, radar reflectivity, storm height, ice water path show a 

logarithmic dependence on lightning rate. Cetrone and Houze (2009) studied the anvil cloud 

structure of MCSs in monsoonal regions and reported that the thick portions of anvils show 

distinct differences from one climatological regime to another. The thick anvils of West 

African MCSs have a broad, flat histogram of reflectivity in their upper portions and a 

maximum of reflectivity in their lower portions. The reflectivity histogram of the Bay of 

Bengal thick anvils shows a sharp peak at all altitudes with modal values that increase 

downward. The reflectivity histogram of the maritime continent thick anvils is intermediate 

between that of the West African and Bay of Bengal anvils. Romatschke and Houze (2011) 

examined the nature of precipitating clouds associated with the south Asian monsoon. 

Orography is shown to have a large influence on the type of cloud, for example, 

precipitation is mainly from small, but highly convective systems along the western 

Himalayas whereas from stratiform clouds farther east along the foothills. Liu et al. (2008) 

addressed some questions on warm rain clouds and reported that clouds with tops below the 

freezing level contribute 20% and 7.5% of the total rainfall over tropical oceans and land 

respectively, a large fraction of which are not independent but attached to deep cloud 

systems.  

Very few studies are carried out using both the PR and CPR data. Cetrone and Houze 

(2009) studied the differences between maritime, continental and oceanic MCSs using the 



 

6 
 

PR and CPR data for one monsoon season in 2006-2007. They examined precipitating 

convective and stratiform regions of MCSs using the PR data, whereas, for the non-

precipitating part of anvil clouds (identified using the criterion radar reflectivity factor <-10 

dBZ below 5 km) CPR data was used. Below the freezing level, West Africa and Bay of 

Bengal MCSs are found to have the highest and the lowest modal reflectivity, respectively. 

In their upper portions, the thick anvils of West Africa MCSs have a broad, flat histogram of 

reflectivity, while corresponding case over the Bay of Bengal has a sharply peaked 

distribution. For thick anvils (now using the CPR data), the mode of radar reflectivity is 

around -5 dBZ at 9 km for Bay of Bengal clouds while for West African clouds, it occurs at 

~0 dBZ at 8 km. It may be noted that although Cetrone and Houze (2009) use the PR and 

CPR reflectivity products, but the two are not compared. Yuan et al. (2011) delineated the 

differences in CFADs (contoured frequency by altitude diagrams) of continental and oceanic 

regions. For thick anvil clouds, CFADs of radar reflectivity over continental regions are 

broader and have high reflectivity mode at 10 km compare to that obtained over oceanic 

regions. Li and Schumacher (2011) studied the anvil clouds associated with tropical deep 

convection, and found that the anvil cloud top height obtained from the PR data are 

underestimated by ∼5 km compare to that obtained from CPR data. 

Vertical profiles of heating associated with convective and stratiform clouds have 

distinctly different shapes (Houze 1982, 1989). The large scale circulation responds to the 

resultant heating profile, i.e., the area weighted average of convective and stratiform heating 

over the life span of MCSs (Houze 1989). Thus, information on the relative contributions of 

convective and stratiform precipitation during MCS’s life cycle is useful which requires that 

convective and stratiform echoes are identified. Convective area fraction (CAF, i.e., fraction 

of the total cloudy area covered by convective rain) and convective precipitation fraction 

(CPF, convective precipitation to the total precipitation ratio), and its counterpart, namely, 

stratiform precipitation fraction (SPF) (e.g., Steiner et al. 1995) are some of the measures 

used to quantify their relative contributions. CAF and CPF have been derived from both 

ground based Doppler radar data (e.g., Steiner et al. 1995; Guy et al. 2011) and spaceborne 

radar data (e.g., Schumacher and Houze, 2003a). Analysis of the PR data shows that SPF 

varies in the range 20% to 65% in the tropical belt 20°S to 20°N with its values over oceanic 

regions being larger compared to that over the continents (Schumacher and Houze 2003).  
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1.3. Study of monsoon clouds 

 India Meteorological Department (IMD) has been operating weather radars since 1952, 

using which some studies have been carried out (Abhilash et al. 2007; Chatterjee et al. 2008; 

Mukhopadhyay et al. 2009). Since early 2000, IMD started operating DWRs at few stations 

however data were not publicly available for long. In the absence of IMD DWR data, 

information on monsoon clouds in South Asia has mainly come from the analysis of satellite 

data.  

 The PR data has been extensively used for monsoon cloud studies (Nesbitt et al. 2000; 

Houze 2007; Liu et al. 2008; Liu and Zipser, 2008; Li and Schumacher 2011; Bhat and 

Kumar 2015 etc.) while the CPR data to a limited extent (Zhang et al. 2007; Luo et al. 2008; 

Yuan et al. 2011; Rajeevan et al. 2012 etc.). Studies of MCS over the South Asian region 

are carried out using INSAT pixel level data (Laing and Fritsch 1993; Gambheer and Bhat 

2000, Roca and Ramanathan 2000) and numerical simulation experiments using regional 

models (e.g., Das et al. 2006; Rao et al. 2007). Gambheer and Bhat (2000, 2001) carried out 

a detailed study of the life cycle characteristics of MCS over the Indian region including the 

size and number distribution, regions of formation and dissipation, propagation 

characteristics, diurnal variation, etc., using 3 hourly IR (infrared) imageries for April 1988-

March 1989 period. About 20%-40% of CSs have life spans less than 6 hours, while a few 

systems live for more than 24 hours. The mean speeds of propagation of CSs varied in a 

narrower range of 7 to 9 m s-1, which is much less when compared to systems over the 

Atlantic Ocean. There is also strong diurnal variation across the Indian sub-continent, head 

Bay of Bengal, and equatorial and southern Indian Ocean. Morning and early noon are 

found preferred time of convection over the head bay region while convective activity peaks 

during late night and early morning hours over other parts of the Indian Ocean (Gambheer 

and Bhat 2000, 2001). There have been a few studies on MCSs over the Indian region India 

using radar observations (Houze and Churchill 1987; Webster et al. 2002). During 

JASMINE (Joint Air-Sea Monsoon Interaction Experiment) carried out over the equatorial 

Indian Ocean and southern Bay of Bengal during April-May of the year 1999 radar 

measurements of cloud systems were made from the American research ship Ron Brown 

(Webster et al. 2002). The results seem to indicate that MCSs over the Bay have structures 

broadly similar to those observed over the tropics. 
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 Combining disdrometer and MST (Mesosphere-Stratosphere-Troposphere) radar data 

collected at Gadanki (13.5°N, 79.2°E), Rao et al. (2001) conclude that 54%, 12% and 34% 

of the total precipitation result from convective, stratiform and transition stages, 

respectively. CPF values are less in the southern parts of India and more in the north and 

towards the foothills of the Himalayas (Pokherel and Sikka, 2013; Saikranthi et al. 2014). 

Pokhrel and Sikka (2013) showed that CPF varied from ~40% to more than 75% over the 

Indian region, with higher values occurring near the foothills of the Himalayas. Saikranthi et 

al. (2014) estimated that the CPF values over the northwes India is 64% and it decreases 

when moves towards the central India (~47%) and west coast of India (~34%). Rajeevan et 

al. (2012) examined the vertical structure of Indian monsoon clouds using CloudSat 

retrieved products. They showed that the deep convective clouds have large vertical extent 

(~14 km) over the South Asian monsoon region. They also observed the large cloud 

water/ice content over the North Bay of Bengal region. 

 

1.4. Objectives 

 What has been said in the earlier sections is a miniscule of a large body of literature on 

tropical clouds including that of the South Asian monsoon. Next I briefly summarize what is 

known about tropical clouds (without giving references for the sake of brevity). Initial 

understanding of MCS came from GATE observations. Subsequent studies have supported 

the idea that MCS possesses a structure that is nearly universal, i.e., they contain a region of 

active cumulus and cumulonimbus (Cb) clouds and a connected anvil region (formed by the 

merger of old Cb clouds) with well separated updrafts and downdrafts. MCS passes through 

a life cycle of growth, mature and decay stages. Life span of MCSs can vary from few hours 

to more than a day. Within a geographic region, MCSs have preferred places of formation, 

they propagate and eventually decay, all tied up with the diurnal cycle. The nature of the 

tropical MCSs over continental and oceanic regions is different in terms of their vertical 

structure. The CAF and CPF values show large variation between ocean and continental 

areas, and also between active and break phases of the monsoon. The properties of (deep) 

cloud systems associated with the South Asian monsoon have been investigated using 

satellite measured infrared brightness temperature data as well as the PR data. The former 
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mainly refers to the properties of cloud top, whereas the latter also provides cloud vertical 

structure. 

Despite the simplicity of conceptual model of MCS (e.g., Houze 1981, 1989), MCSs 

still remain among the most important and difficult to understood problems in atmospheric 

sciences. The main reason being, deep clouds form under a variety of environmental 

conditions which strongly influence the cloud droplet nucleation and precipitation processes. 

Differences in synoptic conditions and local surface characteristics also add to natural 

variability in clouds. Some problems, especially if one considers regional characteristics of 

MCSs, remain to be addressed. For example, temporal evolution of the three dimensional 

structure of MCSs remains unknown over the South Asian region despite the critical role of 

monsoon clouds to the economy of the region. For the geographic region investigated in the 

present study, namely, the main monsoon zone over the Indian sub-continent (land area 

north of 18º N and to the south of the Himalayas), no study exists on CPF/SPF estimates 

derived from DWR data.  

The global coverage of the PR comes at the cost of a sampling time interval of several 

hours. Hence the PR is not suited to study the temporal evolution of MCSs which ideally 

requires data of ground weather radars. The latter was not publicly available over the Indian 

region for a long time. This work started in 2011, and in the absence of IMD’s DWR data, 

idea was to use available PR and CPR data to understand the vertical structure of MCSs 

embedded in South Asian monsoon cloud systems. Past studies using the PR data had 

looked at the Indian monsoon clouds including that in the Himalayan region, but study on 

cloud systems over the Tibetan Plateau was missing. Tibetan Plateau plays a key role in the 

Indian monsoon (Rao 1976), but the nature of cloud systems there was not known. So, I 

started with the study of cloud systems over this region using the PR and CPR radar 

reflectivity (Ze) data. As shown in Chapter 3, while nice looking vertical structures of deep 

cloud systems are seen there, some major differences exist between the vertical profiles of 

Ze obtained from the PR and the CPR data. In the meantime, IMD DWR data became 

publicly available for the monsoon seasons of 2012 and 2013, and I decided to base my 

work on the analysis of this data. Accordingly, the main objective of the present work also 

shifted but the focus remained on the vertical structure and temporal evolution of MCSs in 

monsoon clouds.  



 

10 
 

Important objectives of the thesis work are as follows. 

1) Vertical structure of clouds over the Tibetan Plateau using the PR and the CPR data.  

2) Identify the convective echoes in MCSs over Indian monsoon zone, their temporal 

evolution and quantify their contribution to the total area cover and precipitation and 

interconnection between storms and MCSs.  

3) Understand differences in MCSs that form in different climatic regimes. 

4) Explore storms embedded within MCSs and their important properties 

5) Estimate precipitation amount and cloud liquid water content in monsoon clouds using 

radar reflectivity data and polarimetric variables. 

Following is the structure of the thesis: The second chapter briefs about data and methods 

used in the present study. The third chapter covers the study of Tibetan Plateau clouds using 

spaceborne radar observations followed by a comparison of the PR and CPR Ze data. The 

fourth chapter reports the temporal evolution of MCSs and their interconnection with the 

storms (embedded within them) at five different locations of the Indian monsoon zone. The 

fifth chapter reports an analysis of C-band polarimetric radar data to study convective storms 

(e.g., duration, size, height, speed and direction of movement etc.) and precipitation 

accumulation and cloud liquid water content estimates. Chapter 6 summarizes the work. 

 

 

 



 

 
 

2 
Data and Methods 

 

In this chapter, the data and methods used in the thesis work are described.  Section 2.1 gives 

detailed information about the data taken from spaceborne and ground instruments. Section 

2.2 briefs about data quality control followed by definitions of MCS and storm. Sections 2.3 

to section 2.8 discuss methods of analysis. 

 

2.1. Data 

2.1.1. Spaceborne instruments 

 Data from two types of spaceborne sensors are used in the study, namely, a) weather 

radar, and 2) brightness temperature from Indian geostationary satellite Kalpana-1. 

2.1.1.1. CPR and PR  

 The PR and CPR are two spaceborne weather radars flying in space since 1997 and 2006, 

respectively. Their technical specifications are given in Table 2.1. The PR is a Ku-band radar 

(wavelength 2.2 cm; frequency 13.8 GHz) on board non-sun-synchronous satellite TRMM at 

an altitude of 402.5 km (post orbit boost in August 2001, and the orbit height was 350 km 

when launched in 1997) from the Earth’s geoid (Kummerow et al. 1998; Kummerow et al. 

2000).   The TRMM is a joint venture between NASA and JAXA. The TRMM’s orbit covered 

the latitude range from 38°S to 38°N, and having a non-sun-synchronous orbit, it visited a 

geographic region several times a day (the number of visits is a function of latitude (see e.g. 

Kummerow et al. 1998 and Chapter 3). Of interest to this study are PR’s spatial coverage and 

measurement capabilities in clouds. This work uses PR data for the July 2006 to December 

2010 period and hence I consider the PR characteristics for this period only. The PR has a 

swath of 250 km, made of 49 beams of 0.7o width with a foot print size of 5 km in the 

horizontal at zenith and vertical resolution of 0.25 km and 80 vertical levels. The basic 

measurement of the PR is the equivalent radar reflectivity factor Ze (defined in Section 



 

12 
 

2.1.2.1). The dynamic range of the PR is ~70 dBZ with the minimum detectable signal strength 

of ~17 dBZ. The CPR is W-band (wavelength 3.2 mm; frequency 94 GHz) radar on board 

NASA's A-Train (polar orbiting sun-synchronous) satellite constellation at an altitude of 705 

km. Swath width of the CPR is 1.4 km and its vertical resolution is 0.24 km. Its minimum 

detectable signal strength is -29 dBZ and dynamic range is ~70 dBZ. Thus common 

measurement range of the PR and the CPR is from 17 to 41 dBZ.    

    

2.1.1.2. Kalpana-1 satellite  

 Kalpana-1 satellite is the first geostationary meteorological satellite launched by Indian 

Space Research Organisation in the year 2002 (http://www.isro.gov.in/Spacecraft/Kalpana-

1). It features very high resolution scanning radiometer (VHRR) having three channels namely 

visible, thermal infrared (TIR) and water vapor bands with spatial resolutions of 2 km at nadir 

for visible and 8 km for TIR and water vapor channels with temporal resolution of 30 minutes 

at the altitude of 35,786 km above Earth's surface. The main datasets provided by Kalpana-1 

satellite are infrared brightness temperature (TB) and outgoing longwave radiation (OLR).  

 

Table 2.1. Technical specifications of CloudSat CPR and TRMM PR.   

Characteristics 
CloudSat 

CPR 
TRMM PR 

Frequency, GHz 94 13.8 

Pulse Width, µsec 3.3 1.6 

Pulse Repetition Frequency, Hz 4300  2776 

Minimum Detectable Signal, dBZ -29  17 (18)*  

Dynamic Range, dBZ ~70 ≥70 

Vertical Resolution, m 240 250 

Cross-track foot print, km 1.4 4.3 (5.0)*  

Along-track foot print, km 2.5 4.3 (5.0)* 

Swath width, km 1.4 217 (247)*  

* TRMM orbit height was boosted from 350 km to 403 km in August 2001. Numbers inside the brackets 

correspond to post orbit height increase. 

  

2.1.2. Ground-based instruments 

2.1.2.1. Non-polarimetric DWR  
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 DWR is the best known active device to observe cloud properties in 3-dimensional space 

with high temporal resolution (typically one radar volume scan every 10 minute). IMD 

operates several DWRs in different parts of India. Data of available DWRs were made 

accessible to research community in India for the summer monsoon seasons of 2012 and 2013 

under the CTCZ (Continental Tropical Convergence Zone) program (a sub-program of the 

Indian Climate Research Programme). The main objective of the CTCZ programme is to 

understand the space-time variation of precipitation over the monsoon zone (CTCZ, 2009). 

The present study uses DWR data collected during the 2013 monsoon season. Requiring good 

temporal continuity of data, I selected five DWR stations meeting the requirements, namely, 

Delhi (DLI), Hyderabad (HYD), Kolkata (KOL), Nagpur (NGP) and Patiala (PTL) (Figure 

2.1). The technical specifications of DWRs are given in Tables 2.2 and 2.3. IMD procured 

two Vaisala C-band polarimetric DWRs in the year 2010 and installed them at Delhi (28.6°N, 

77.2°E) and Jodhpur (26.2°N, 73°E). The non-polarimetric radar has single polarization and 

gives radar reflectivity (Ze: a proxy for the hydrometeor concentration in clouds; Houze 2014, 

pp. 83) radial component of Doppler velocity (VR: component of velocity of target along the 

radar beam) and spectrum width (W: distribution of velocities within single radar volume).  

One of the primary products of a DWR is the radar reflectivity factor (Z) which is proportional 

to the 6th moment of the diameter of hydrometeors present in the sampling volume (Houze 

2014, pp 83). Z is given by (e.g., CIMO 2008)  

                                

                       (2.1)  

 

where Vp is radar beam volume, Di diameter of hydrometeors occupying the volume, c speed 

of light, λ radar beam wavelength, Pt transmitted power, Go radar antenna gain, K dielectric 

constant of water, r the range (distance between antenna and target), Θ and Φ radar beam 

width in horizontal and vertical and τ is radar pulse duration. Few key assumptions are made 

while deriving Eqn. (1), important ones being (a) beam intensity attenuation caused by the 

atmospheric constituents (gaseous and hydrometeors when present) is negligible, and (b)  

, 
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Figure 2.1. Geo-locations of S-band DWRs overlaid USGS global 30 arc-second terrain elevation. Radius of the 

outer circle around each radar location is of 150 km. Abbreviations used here are the following: DLI-Delhi, 

HYD-Hyderabad, KOL-Kolkata, NGP-Nagpur, PTL-Patiala. 

 

scattering by cloud drops/droplets is Rayleigh (CIMO 2008). When attenuation is not 

negligible, corrections are applied while Z is given out as a product (Iguchi and Meneghini 

1994; Testud et al. 2000; Gorgucci and Chandrasekar, 2005). The definition of Z accounts for 

differences in λ, antenna characteristics, transmitted power, and distance of target from the 

radar, hydrometeor type, etc. Sampled volume may contain liquid, ice, melting ice particles 

or mixture of these depending on the conditions of the cloud. In ordinary radar measurements, 

the numbers of particles, composition and shape are not known and an equivalent radar 

reflectivity factor (Ze) is defined by assuming that the backscattering particles are spherical 

water drops. For single polarized radars, Ze is given as a product, and it is implicitly 

understood that it is property of a cloud, in particular, a measure of the amount of condensed 

water per unit volume (Houze 1993). It is observed from Eqn. (2.1) that Z is defined in two 
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ways, namely, the 6th moment of the hydrometeor diameters per unit sampling volume, and 

from radar hardware characteristics, returned power Pr and phase of hydrometeors in the 

sampling volume. The former is uniquely defined for a given drop size distribution (DSD, 

N(D)), i.e., number of hydrometeors between diameter D and D+dD in a unit volume of cloud 

air which is given by  

                             (2.2)  

 

The latter is measured by the radar assuming hydrometeors to be liquid drops. Rain rate R (see 

Doviak and Zrnic 2006) is given by  

                        (2.3) 

                      

where w is the fall speed of the hydrometeors which is a function of diameter D and air density 

(Gun and Kinzer 1949). Hence for a given DSD, Z and R are uniquely related, and this forms 

the basis of the reflectivity-rainfall (Z-R) relationships (Marshall and Palmer, 1948) which 

does not explicitly include radar characteristics.   

2.1.2.2. Polarimetric DWR  

 Details of polarimetric radar can be found in Bringi and Chandrasekhar (2001) and 

Doviak and Zrnic (2006). Briefly, a polarimetric radar sends beams that are horizontally and 

vertically polarized, and from the returned signals received in two polarizations, polarimetric 

variables are calculated. A polarimetric DWR gives separate Z values corresponding to power 

transmitted in both horizontal and vertical polarizations (namely Zh and Zv). When 

hydrometeors present in sampling volume are non-spherical, then the two beams experience 

different hydrometeor cross sections, path lengths in condensed water, etc. A polarimetric 

DWR provides three important variables in addition to Z and radial component of Doppler 

velocity. (a) Differential reflectivity (Zdr) which is defined as the difference between 

horizontal and vertical reflectivity in dBZ units. It is expressed in decibel (dB) unit. The 

expression for Zdr is 
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 Table 2.2. Geo-locations of the S-band DWRs, their technical specifications, scan angles and data availability.  

Specifications 
Station 

KOL* HYD* NGP* PTL* DLI* 

Geo-location 

(Lat*, Lon*, Alt*) 

(22.6°N, 88.4°E, 35 

m) 

(17.4°N, 78.4°E, 560 

m) 

(21.1°N, 79.1°E, 

335 m) 

(30.4°N, 76.5°E, 277 

m ) 

(28.6°N, 77.1°E, 235 

m) 

Wavelength (cm) 10.43 10.52 10.43 10.52 10.62 

Scan elevations (°) 0.2°/0.49°, 0.99°, 1.99°, 2.99°, 4.49°, 5.99°, 8.99°, 12°, 16°, 21° 

Azimuths (°) 0° - 359° 

Gate Size (m) 500 500 250 500 250 

Beam Width 1° 

No. of volume 

scans 
355 202 337 377 97 

Date of Available 

MCSs 

20-Aug-2013 

21-Aug-2013 

02-Sep-2013 

03-Jun-2013 

05-Jun-2013 

10-Jun-2013 

13-Jun-2013 

23-Jun-2013 

11-Jun-2013 

08-Jul-2013 

08-Aug-2013 

13-Jun-2013 

14-Jun-2013 

*Abbreviations Lat, Lon, Alt, KOL, HYD, NGP, PTL and DLI refer to latitude, longitude, altitude, Kolkata, Hyderabad, Nagpur, Patiala and 

Delhi respectively. Abbreviations Jun, Jul, Aug and Sep refer to June, July, August and September respectively.
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Table 2.3. Specifications, provided products and data availability of C-band polarimetric 

DWR. 

 

 

 

 
 

Figure 2.2. Typical ranges of Zdr and Kdp and corresponding target characteristics (Courtesy: National Weather 

Service, USA). 

 

Specifications 

Geo-location 

(Lat, Lon, Alt) 
28.6°N, 77.2°E, 253 m 

Wavelength 5.33  cm 

Scan elevation angles 
0.49°, 0.99°, 1.99°, 2.99°, 4.49°,  

5.99°, 8.99°, 12°, 16°, 21° 

Azimuths 0° -359° 

Gate Size 300 m 

Beam Width 0.95° 

Products used Zh, Zdr, Kdp 

Data used 

10-June-2013, 11-June-2013, 13-June-

2013, 14-June-2013, 15-June-2013, 16-

June-2013 
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hydrometeors in cloud volume. b) Differential propagation phase Φdp (=Φh - Φv), which is the 

phase difference between horizontal and vertical polarized returned signals. c) Specific phase 

(Kdp): It is range derivative of differential propagation phase i.e., 
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                  (2.4) 

The Kdp has unit in deg km-1. It is independent to attenuation and less sensitive to variations 

in drop size distributions (DSDs) compared to Zh. The main advantage of a polarimetric DWR 

is that it not only measures hydrometeor concentration but also characterizes the hydrometeor 

type. Some typical examples of hydrometeor types provided by National Weather Service 

(NWS), USA are shown in Figures 2.2. It can be noticed that interpreting hydrometeor type 

from Zdr and Kdp is not trivial and often combined with additional information (e.g., altitude 

of zero degree isotherm, cloud base height, etc.) to characterize hydrometeors more 

accurately.  

 A snap shot of clouds sampled by the polarimetric radar at Delhi is shown in Figure 2.3. 

It shows the projection of columnar maximum radar reflectivity Zh (top panel), differential 

reflectivity Zdr (mid-panel) and specific differential phase Kdp (bottom panel) observed on 11 

June at 0712 LST. The corresponding vertical sections taken along line AB are shown in 

panels (b), (d) and (e), respectively. The color bars on right refer to Zh (in dBZ), Zdr (in dB) 

and Kdp (in deg km-1), respectively. Vertical section (Figure 2.3 b) does not show the presence 

of a melting layer suggesting that the MCS was in the development/growth stage at that time 

instant. Zdr varied in -0.5 to + 3 dB range (Figure 2.3 c, d). A positive Zdr implies an oblate 

object with larger size in the horizontal. However, associating a given Zdr with hydrometeor 

type is not trivial (Fig 2.2). For example, large rain drops, wet graupel and wet snow can have 

a Zdr> 0 dB (Ryzhkov and Zrnic, 2006). Kdp is sensitive to oriented oblate rain drops while 

spherical hailstones do not contribute to Kdp (Bringi and Chandrasekar, 2001. pp 390). 

Generally higher Kdp values correspond to areas of heavy rain or the presence of ice crystals, 

while light rain and aggregated dry snow have small Kdp (Ryzhkov and Zrnic, 2006). Zh>45 

dBZ, Zdr>1 dB and Kdp>2 deg km-1 together imply that heavy precipitation dominated by large 

rain drops were present at this time in the lower troposphere. Kdp>2 deg km-1 and Zdr ~ 0 dB 

suggest the dominance of ice crystals in the upper troposphere in areas away from deep clouds 

and nearer to location B (Figure 2.3 e, f).   
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Figure 2.3. Projection of column maximum of radar reflectivity Zh, differential reflectivity Zdr and specific 

differential phase Kdp are shown in panels (a), (c) and (e) respectively observed on 11 June at 0712 LST. The 

corresponding vertical sections taken along line AB are shown in panels (b), (d) and (e), respectively. The color 

bars on right refer to Zh (in dBZ), Zdr (in dB) and Kdp (in deg km-1) respectively. 
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2.2.   Quality control of DWR data 

 Except for the DWR at Kolkata (manufactured by Selex ES GmbH Germany and installed 

in 2002), other DWRs (manufactured by Beijing Metstar Radar Co., Ltd, China) are new and 

installed in or after 2011. IMD follows a regular calibration procedure, and the main steps 

include internal calibration (linear receiver calibration, phase calibration along with 

monitoring of transmitter peak power and system noise once every volume scan cycle) and 

(external) sun calibration (http://metnet.imd.gov.in/projects_doc/sop_dwr.pdf). Further, Ze 

data are passed through a quality check procedure to remove possible noisy echoes. Data 

within 150 km range of radar are only considered to avoid super refraction and radar beam 

widening effects (which increase with radar range, e.g., Booker, 1946; Donaldson, 1970). Ze 

values below 1 km altitude are discarded to avoid the contamination by echoes generated from 

multiple reflections from ground (Fabry, 2015, pp. 55). Echoes having their radial component 

of velocity VR = 0 all the time correspond to reflections from fixed objects (such as tall 

buildings and mountains) and have been removed using clear sky echoes.  

Radar volume scan data is available every 10 minutes and is in the spherical polar co-

ordinate system. Original Ze values are converted to three-dimensional (3D) Cartesian co-

ordinate gridded data using Radx-algorithm (version 20141125) developed at the Research 

Applications Laboratory, National Centre for Atmospheric Research, USA (Dixon, 2014). Re-

gridded data have 40 vertical levels, each separated by 0.5 km, and the horizontal pixel size is 

2 km × 2 km. 

 

2.3. Definition of mesoscale convective system 

Cumulonimbus (Cb) cloud systems exist in a hierarchy of scales and the most studied 

among them is mesoscale. Mesoscale spans a large range in horizontal dimension (from less 

than 10 km to more than 1000 km, e.g., Orlanski, 1975). Houze (2004) defined MCS as a 

cumulonimbus cloud system that produces a contiguous precipitation area ~100 km or more 

in at least one direction. For the present study period, it was observed that the number of cases 

satisfying this criterion is few, and thus not convenient to study the temporal evolution of Cb 

cloud systems. Basically, the early evolution stage of MCS is missed. After some trial, 

following procedure is adapted for identifying cloud systems from the re-gridded radar 

reflectivity data. A pixel is identified as cloudy if Ze>10 dBZ, a value well above the DWR 
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noise level within 150 km radar range. Columnar maximum value of Ze is projected onto a 

horizontal plane. In this projection, connected cloudy pixels having an area of at least 1600 

km2 and containing at least one pixel with Ze≥30 dBZ are identified. No condition is put on 

the shape of the area. The identified MCS is tracked and included in the study if the system 

lasted for at least two hours. Its linear dimension exceeds 40 km in at least one direction which 

falls in the meso- scale range according Orlanski (1975), and a cloud systems identified with 

the above procedure is called an MCS. It may be noted that precipitation feature (PF) is 

another term often used in the study of convective clouds using the PR (e.g., Nesbit et al. 

2006) and DWR (e.g., Lang et al. 2007) data. For example, Nesbit et al. (2006) fit an ellipse 

that encompasses connected cloudy pixels and take twice the length of the major axis as its 

linear dimension, a definition also followed by Lang et al. (2007). For the present MCS, if an 

ellipse were to be fitted to the area and twice the major axis taken as its size, then that number 

would come close to Houze’s (2004) minimum size criterion. Owing to its limited range, radar 

might have sampled a portion of a large MCS and including such cases in the analysis is not 

desirable. A case study was carried out with DWR and Kalpana-1 satellite TB data when both 

are simultaneously available. Contour lines of TB were projected onto radar’s maximum Ze 

map (Figure S1). Examination of several such plots revealed that the best area overlap between 

CSs derived from radar and satellite data occurs for the latter’s contour defined by TB = 220 

K. An MCS is included for a detailed analysis if good overlap is visually observed between 

radar and satellite data derived cloud systems. This, along with the life span criterion of at 

least two hours, reduced the total number of MCSs that could be studied to 13 (2 each at Delhi 

and Hyderabad, and 3 each at Kolkata, Nagpur and Patiala). Sample structures of MCSs are 

shown in Figures 2.4 and 2.6. 

 

2.4. Convective echos identification algorithm 

The maximum updraft speed inside a cloud characterizes if it is convective or stratiform 

type (Houze 2014, 142-143 pp.) with the former having higher (>5 m s-1 during growth and 

early mature stages) and the latter having lower (typically <1 m s-1) values. Operational DWR 

scan elevations (e.g., the maximum elevation angle is 21° in IMD’s volume scans, see Table 

2.2 and 2.3) are not suitable for deriving updraft speeds. Hence, the precipitation type is 



 

22 
 

 
 

Figure 2.4. Contour lines of infrared brightness temperature overlaid onto the horizontal projection of the 

maximum Ze of all vertical levels for an MCS observed over Kolkata on 2 September, 2013. Different plots 

correspond to time (a) 0730 UTC, (b) 0800 UTC, (c) 0830 UTC, and (d) 0900 UTC.  

 

inferred from the Ze field. There are several algorithms discussed in the past studies which are 

used to identify convective and stratiform precipitation types from operational DWR 

measurements. These utilize certain features of the Ze field normally associated with MCSs. 

For example, the stratiform part of an MCS contains a melting layer/bright band (e.g., Houze 

2004). Compared to the stratiform portion of MCSs, the convective portion contains higher 

amount of hydrometeors per unit volume (and therefore high Ze). Furthermore, convective 

ascents are confined to relatively narrow areas (Houze 2014, pp. 152). High values of Ze (away 

from the melting band) as well as larger horizontal gradients in Ze characterize convective 

clouds. Algorithms for identifying convective and stratiform precipitation pixels make use of 

one or more such features of the Ze field. A few of the CS-algorithms used the bright band 

method to identify stratiform precipitation (e.g., Rosenfeld et al. 1995).  Some early studies 
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on CS classification used a fixed threshold for Ze, and pixels with Ze above a prescribed 

threshold value are declared as convective and the remaining pixels become stratiform (e.g., 

Houze 1973; Churchill and Houze 1984; Steiner and Houze 1993). Steiner et al. (1995) added 

a peakedness criterion in which pixels having their Ze below the threshold but stand out 

compared to their immediate neighbors are also treated as convective. Biggerstaff and 

Listemaa (2000) considered the bright band fraction (BBF) and horizontal (∇H) and vertical 

(∇z) gradients of Ze to classify convective and stratiform echoes.  

The present algorithm has been developed taking further the ideas proposed in Steiner et 

al. (1995) and Biggerstaff and Listemaa (2000). To begin with, a 2-dimensional (2D) map of 

Ze field is constructed for each volume scan by taking the maximum Ze between 2 and 3 km 

altitudes (includes 2, 2.5 and 3 km levels of the re-gridded data) at each horizontal grid of the 

cloud system (Figure 2.5). It may be noted that high Ze values are not uncommon in the bright 

band (i.e., stratiform) region of an MCS. To avoid sampling near the melting level (which is 

typically between 4 and 6 km over the study area during the summer), the 2-3 km height band 

has been chosen for the 2D map. Convective clouds are highly transient and hydrometeors 

concentration at any given level changes with time. Basing the CS separation on an 

instantaneous Ze field at one fixed height may not correctly reflect the true convective nature 

of the cloud system. Hence the present algorithm combines information from three levels. 

Convective pixels are identified from the following three steps. 

 

1) A pixel with Ze ≥40 dBZ is taken as convective (follows Steiner et al. 1995). 

 

2) Apply the background reflectivity (BG) criterion (follows the spirit of Steiner et al. 1995).  

 

For each pixel with Ze<40 dBZ, mean of nonzero echoes (Zbg ) within a rectangular area of 

484 km2 and containing the pixel at the center is calculated. Let ΔZe = Ze - Zbg. Pixels 

satisfying the criterion ΔZe>10 - Zbg
2/180 (0≤ Zbg<40 dBZ) are treated as convective.  

 

3) Horizontal gradient criterion (follows Biggerstaff and Listemaa 2000). For the remaining 

pixels, horizontal gradient of reflectivity (Zs) is calculated from the equation, 
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                               (2.5)  

 where Zx (=∂Z/∂x) and Zy (=∂Z/∂y) are gradients (calculated using central difference method) 

along x- and y-directions, respectively. A pixel is considered convective if its Zs≥3.5 dBZ km-

1. This threshold value was arrived at after visually examining horizontal and vertical sections 

of several MCSs and seeking good agreement between manual judgment and what the 

algorithm gives. Sum of the pixels obtained from the above three steps gives the total number 

of convective pixels in the 2D map, and along with their entire column of cloudy pixels 

constitute convective part of the cloud system. The remaining pixels (and columns) are treated 

as stratiform. Figure 2.5 shows how each step of the algorithm contributes to the convective 

pixels. For the cloud system shown in figure 2.5, the maximum number of convective pixels 

is identified by the BG criterion. Figure 2.6 shows an example of convective and stratiform 

areas identified by the algorithm. 

 

2.5. Definition of storm 

 2-D projections of Ze (e.g., Figures 2.3, 2.4 and 2.6) show that the high values of Ze are 

confined to a few to several pockets within the areas identified as ‘convective’. These pockets 

contain active convective clouds at that time instant. Dixon and Weiner (1993) defined a 

‘storm’ as a set of connected pixels having Ze above a prescribed threshold and the total 

volume of these pixels is at least 50 km3. Dixon and Weiner (1993) took radar data collected 

near Denver and explored Ze threshold values between 30 and 40 dBZ, and adopted 35 dBZ 

to identify storms. In a study of storms that formed in the Sidney area, Potts et al. (2000) used 

a 30 dBZ threshold and called them 30-dBZ storms. Johnson et al. (1997) used multiple 

reflectivity thresholds (WSR- 88D Build 9.0 storm algorithm known as SCIT algorithm) 

which in their opinion performed better than the single Ze threshold of 30 dBZ followed in the 

WSR- 88D Build 7.0 storm algorithm. In this study, 30-dBZ storm (henceforth ‘storm’) is 

defined as a set of connected pixels in 3D space with a reflectivity threshold of 30 dBZ and 

the threshold criterion is satisfied in a volume of at least 50 km3. Storm is extracted 

considering only those echoes which are identified as convective and using the TITAN 

(Thunderstorm Identification Tracking Analysis and Nowcasting - a set of applications 

developed at RAL, NCAR, Dixon and Wiener, 1993). The TITAN-algorithm is used to track



 

 
 

 

Figure 2.5. Illustration of the steps involved in the identification of convective pixels in MCS. The cloud system was observed over Nagpur at 1330 LST on 14 

June 2013: (a) projection of maximum Ze between 2 and 3 km (b) pixels having Ze ≥ 40 dBZ (convective). (c) convective pixels resulting from the BG criterion. 

(d) horizontal gradient in Ze. (e) convective pixels resulting from the Zs criterion and (f) total convective pixels. 
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Figure 2.6. (a). Projection of the maximum Ze between 2 and 3 km for an MCS observed at 2120 LST on 14 

June, 2013 over Nagpur. (b) Convective and stratiform areas for the cloud system shown in (a). (c) Vertical cross 

section along the line AB in panel (b). In (a) and (b) filled red circle shows location of radar.  

 

Table 2.4. Relationships used for estimating rain rate R (mm hr-1). 

No. Relationship Symbol a b 

1. Iguchi et al. 2000 Zh=aRb RIG †(148)c,(276)s (1.55)c,(1.49)s 

2. 
Hunter et al. 1996; @MP 1948 

Zh=aRb 
RHMP (300)c, (200)s (1.4)c, (1.6)s 

3. 
Bringi and Chandrasekhar 2001 

R(Kdp)=a(Kdp/f
*)b 

RBC 129 0.85 

4. Doviak and Zrnic 1993 

R(Kdp)=a(Kdp
#λ)b 

RDZ 5.1 0.86 

@ MP-Marshall and Palmer (1948); †foot suffixes c and s denote convective and stratiform 

precipitation; *f is radar frequency =5.62 GHz for the Delhi C-band radar; #λ is radar beam 

wavelength= 5.33 μm 
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 Table 2.5. Relationships used for estimating cloud liquid water content M (gm m-3). 

 

No. Relationship Symbol c d 

1. 
Greene and Clark 1972 

M(Zh)=cZh
d 

MGC 0.57 3.44×10-3 

2. 
Bringi and Chandrasekhar 2001 

M(Kdp)=c(Kdp/f
*)d 

MBC 3.565 0.77 

3. 
Doviak and Zrnic 1993 

M(Kdp)=c(Kdpλ
#)d 

MDZ 0.34 0.702 

*f is radar frequency =5.62 GHz for the Delhi C-band radar; #λ is radar beam wavelength= 5.33 μm 

 

the storms and a threshold of 30-dBZ is initially applied. It may so happen that this volume 

contains two or more closely spaced but distinct convective cells. A second threshold of 40 

dBZ is applied to identify such cases to separate distinct storms and further extend outer 

boundary to 30 dBZ. All identified storms are tracked using Tracks2Ascii algorithm which 

provides instantaneous as well as aggregate characteristics (e.g., duration, area, volume, track 

etc.) of each storm. This data is used to understand the relationship between storm 

characteristics and MCS evolution.  

 

2.6. Z-R and Z-M relations 

 Radar does not measure precipitation directly and empirical relations between 

instantaneous R and Ze expressed in the form Ze = aRb (e.g., Marshall and Palmer, 1948; 

Rosenfeld and Ulbrich, 2003) are inverted for estimating precipitation. Coefficients ‘a’ and 

‘b’ are not unique and depend on DSD and drop fall velocities (Marshall and Palmer, 1948, 

Atlas et al., 1999). Table 2.4 lists some of the rain rate relationships employed for estimating 

R in this work. The present study uses the convective and stratiform rain relations Z=148R1.55 

and Z=276R1.49, respectively (here Z is expressed in mm6m-3 units), i.e., the same as that given 

by Iguchi et al. (2000) adopted in TRMM 2A25 rainfall version 5 dataset. These Z-R relations 

are further improved by Iguchi et al. (2009) which are adopted in 2A25 rainfall version 7 

dataset but vast literature based on PR data used Z-R relations from Iguchi et al. (2000). Hence 

to assess the consistency of our results, the same Z-R relations are used for precipitation 

estimation comparison. Other Z-R relationships for convective and stratiform precipitation are 

adopted from Hunter et al. (1996) and Marshall and Palmer (1948), respectively. Using Kdp, 
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the rainfall estimates are obtained from R-Kdp relations from Bringi and Chandrasekhar (2001) 

and Doviak and Zrnic (1993). Amount of condensed water in precipitation form is of great 

meteorological interest. From the data of ordinary radars, the so called Z-M relation (e.g., 

Greene and Clark 1972), where M is cloud liquid water content (units: g m-3) is used to 

estimate M knowing Z. One major advantage of polarimetric radar is that its data products Zdr 

and Kdp contain information about M and relations for M have been derived using these 

variables (e.g., Bringi and Chandrasekar, 2001, Ch. 8). Here M is estimated using three 

different relations which are listed in Table 2.5. 

 

2.7. Contoured frequency by altitude diagram, area time integral, radar 

estimated rain volume, precipitation amount 

 The contoured frequency by altitude diagram (CFAD) was first introduced by Yuter and 

Houze (1995) for studying the average characteristics of several convective clouds measured 

by radar. At each height, frequency of occurrence of reflectivity is generated in different bins 

considering all Ze profiles for each cloud, and then a 2D map created combining data at 

different levels. In the present study, the reflectivity bin size is kept at 5 dBZ. The height 

intervals for CPR and PR are kept fixed 0.24 and 0.25 km, respectively while for DWRs data, 

the height interval is kept at 0.5 km. Further, the number of cases in a reflectivity bin at each 

level k is normalized by the total number of cases (Nk) at that level. Normalized individual 

histograms are combined and contours of frequency of occurrence are plotted with reflectivity 

along x-axis and height as ordinate. CFAD provides a method of pictorially representing the 

vertical variations in cloud systems. This is alright as long as values of Nk at different levels 

are comparable. However, when the sample number becomes small, the statistics obtained is 

not representative or robust. In order to avoid the inclusion of cases with small Nk, Yuter and 

Houze (1995) imposed the condition that number Nk should not be less than 10–20% of Nm, 

where Nm is the maximum value among all Nks. In this work, if Nk is less than 10% of Nm (i.e., 

Nk/Nm ≥ 0.1) then that level data is excluded from CFAD structure.  

 Convective area fraction (CAF, i.e., fraction of the total echo area within MCS occupied 

by convective echoes) is calculated taking the 2D map constructed for identifying the 

convective pixels within an MCS. R is computed taking CAPPI (constant altitude plan position 
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indicator) at 1.5 km height. For each volume scan, precipitation rates for convective and 

stratiform echoes are estimated separately by applying respective Z-R relations and 

precipitation volume rate (PVR) is obtained. The ratio of convective to total PVR gives CPF. 

Area time integral (ATI) combines spatial extent and life span of a precipitation event 

(Doneaud et al. 1981) and is defined by the sum    

ii

i

tAATI  
               (2.6) 

where Ai is the area over which rain is detected at ith time instant and Δti is the time interval 

between two consecutive observations.  

The radar estimated rain volume (RERV) is the rain rate integrated over an area A during time 

T. The expression for RERV (Doneaud et al. 1984) is given by  

 
T A

dtdARRERV   ,            (2.7) 

where R is the instantaneous rain rate (in mm hr-1), dA and dt are the infinitesimal area and 

time increments and the double integrals are taken over entire area 'A' (in km2) covered by 

radar beam during time span of T (in hour) (Atlas et al. 1990). Using mean value theorem, the 

expression for RERV can be re-written as 

 
i

ii

T A

tARdtdARRERV cc  ,            (2.8) 

where integral over area and time is defined by 
i

ii tA , known as ATI. Rc is the average rain 

rate in the space time volume which is obtained only in the precipitation area 'A' which is 

enclosed by a threshold value of Ze. Here, ATI is approximated by finite summation (Atlas et 

al. 1990). 

ATI and RERV are related in the form of power law relation, i.e.,  

RERV=K(ATI)b           (2.9) 

where K and b are the coefficient and exponent which are unique for data of peculiar ATI and 

RERV values. From expressions (2.6), (2.8) and (2.9),  

Rc=RERV/ATI=K(ATI)b-1           (2.10) 

Hence from above relation, the average rainfall rate using K and b is estimated. if b<1, then 

larger storms with longer durations will give lower average rainfall rates (See Doneaud et al. 

1984 for more details).  
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Precipitation amount 'P' is expressed as mass of rain water accumulated during storm lifetime 

and is calculated from  

 
T A

w dtdAR ρP

                           (2.11) 

where ρw is the density of water (~1000 kg m-3) and R is rain rate. The double integration is 

performed over storm area 'A' and over storm duration 'T'. 

 

2.8. Vertical profile of radar reflectivity   

 Tall Cb clouds connect the boundary layer to the upper troposphere and play a major role 

in the vertical transport of energy in the atmosphere. Hence knowing the vertical structure of 

Cb clouds becomes important. Vertical profile of radar reflectivity (VPRR) is a method 

proposed by Zipser and Lutz (1994) to extract vertical profiles from a radar volume scan. 

Maximum Ze is searched among the pixels identified as convective in the 2D map (Figure 

2.5). Keeping the column containing this pixel at the centre, maximum Ze is searched in a box 

of 6 km×6 km at different levels, and the cloud cell is assigned this value at respective heights. 

A cloud cell so obtained is called a VPRR. The rationale behind searching neighboring 

columns is that Cb clouds are often not perfectly vertical owing to wind shear and a Cb cloud 

might have been captured in neighboring columns in a radar volume scan. The Ze values in 

all the nine columns associated with the cloud cell already constructed are set to zero, and the 

procedure repeated till no more convective pixels remain.  

 



 

 

3 
Properties of clouds over the Tibetan Plateau and 

comparison of CPR and PR reflectivities 
 

3.1. Motivation 

 Tibetan Plateau works as elevated land heat source and associated upper air circulation 

influences the Indian monsoon (Rao, 1976; Boos and Kuang, 2010; Chen et al. 2014, etc.). 

Not much information was available in the literature on the cloud systems over this region 

including how clouds over the Tibetan Plateau evolve with season. This thesis work started 

with analysing cloud systems over the Tibetan Plateau by examining their horizontal and 

vertical organisation using the CPR data. First let us look at the seasonal evolution of moist 

static energy (MSE) over the Tibetan Plateau region. If moist air from near the surface rises 

and forms a cloud conserving its MSE, then the height to which its cloud top reaches is 

approximately the level at which MSE of cloud air equals that of the environment. Figure 

3.1 shows the vertical profiles of MSE from May to September. Lhasa is at an elevation of 

about 3.6 km above sea level. Here depending on the month, MSE decreases with height in 

the lowest 3 to 4 km layer of the atmosphere. July and August months have the highest MSE 

at the surface and in the lower troposphere. At Nagquo, if the lowest (i.e., surface) level is 

not considered, MSE increases with height in May, and thus not favorable for convection. 

June and September months have well mixed MSE structure in the lowest 2 km layer of the 

atmosphere. It is seen from Figure 3.1 that in all these months, top most height of clouds is 

about 10 km or less. Next let us see next what CPR data shows. 

 Figure 3.2 shows Kalpana-1 IR brightness temperature on 25 May, 2009. The large 

scale clouds over the region were associated with the tropical cyclone Aila. The thick line 

shows the path of descending overpass of CPR on the same day, and the corresponding  
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Figure 3.1. Average vertical profiles of moist static energy measured at upper air stations in the Tibetan 

Plateau region during May to September months in the year 2008. Left: Lhasa (29.6°N, 91.1°E) and, right:  

Nagquo (31.4°N, 92°E). The radiosonde data is obtained from the University of Wyoming for both the 

locations.  

 

 

 

 

Figure 3.2. Brightness temperature measured by Kalpana-1 satellite over Indian region. The red line shows the 

descending overpass of CPR through the cyclone AILA observed at 18:30 LST on 25 May, 2009.  

 

vertical distribution of Ze is shown in Figure 3.3. The cloud band is more than 1000 km in 

the horizontal, and vertical extent is more than 10 km but less than 15 km. Some vertically 

inclined individual convective cells can be identified in the section in the southern sector 

and extensive stratus clouds in the northern sector. Data below the plateau surface is noise. 

The maximum Ze within deep convective clouds is less than 25 dBZ. As the season 

progresses, vertical extent of convective clouds become deeper and echo top heights 

exceeding 17 km are observed (Figure 3.4). Vertical profiles of monthly mean of maximum  
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Figure 3.3. Vertical section through a cloud system over the Tibetan Plateau captured with the CPR. The 

colorbar coded here is CPR radar reflectivity in dBZ units. The signatures of deep convective cloud and 

melting band (around 5 km altitude) are captured. Thick red line shows the land surface elevation of Tibetan 

Plateau along the section. 

 

 

Figure 3.4. Cloud systems over Tibetan Plateau observed by CloudSat on (a) 7 August, 2007, (b) 13 July, 

2008, (c) 19 July, 2008 and (d) 10 August, 2010. The colorbar coded here is radar reflectivity in dBZ. 

 

Ze at different levels are also prepared and shown in Figure 3.5. The Ze values reach 

maximum in the peak monsoon month of July and August and decrease prior and after these 

months. Average maximum echo top heights are as high as 15 km in July and August which 

correspond to very deep clouds, and such deep echo top height is much higher than that 

based on the MSE profile analysis. There could be three reasons for this. There is variation 
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Figure 3.5. Vertical profiles of monthly mean of maximum Ze over Tibetan Plateau during for the year 2008. 

Each profile corresponding to each month is mean of all vertical profiles of the maximum Ze during that 

month. Panels (a) and (b) are corresponding to CPR ascending and descending overpasses over Tibetan 

Plateau. 

 

in the vertical profile of MSE on synoptic time scales. The soundings shown in Figure 3.1 

correspond to that taken at 00 UTC, which is early morning (near sunrise) over the Tibetan 

Plateau area. Diurnal variation is large over the land surface and that could make the surface 

MSE much more unstable in the afternoon hours. Lastly, MSE is calculated using phase 

change of water from vapor to liquid. Glaciation at sub-freezing temperatures adds 

additional heating to the air parcel and can also enhance the cloud parcel buoyancy.   

Thus deep convective (Cb) clouds are present over the Tibetan Plateau during July-

August months. One point of concern is that the maximum Ze never exceed 25 dBZ. 

Previous studies (Steiner et al. 1995, Houze 2004 etc.) suggest that convective echoes have 

Ze more than above 35 dBZ. Values of maximum Ze in Figure 3.5 are well below this and 

two questions, namely: a) do deep convective clouds over  the Tibetan Plateau really have 

low Ze and hence hydrometeor concentration?, or b) low value of maximum Ze an artifact of 

high attenuation of the CPR beam in convective clouds?  

To address these questions, I compared vertical profiles of Ze obtained from the CPR and the 

PR. To my knowledge a study that compares PR and CPR reflectivities was not available in 
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the public domain and this study is aimed at filling the gap by using coincident (collocated 

and near simultaneous) data from both satellites.  

 

3.2. Coincident CPR and PR measurements 

 For a fair comparison, it is important that both satellites measure a given sampling 

volume near simultaneously. PR and CPR have different swath widths, footprint sizes and 

orbital trajectories. Because the satellite carrying the former is non-Sun-synchronous and 

that carrying the latter is Sun-synchronous, their orbits do intersect approximately 30 times 

per day. As part of CloudSat project, 2D-CloudSat-TRMM Product is made available at 

www.cloudsat.cira.colostate.edu (a note prepared by Carty and Kuo in 2008 and available at 

the website gives product details). In this product, intersect is defined as both TRMM and 

CloudSat observing the same geographic location on the surface of the Earth with time 

difference of 50 minutes or less. The intersection of CloudSat path with the midpoint of PR 

swath is taken as the point of intersection. The present work uses the CPR reflectivity 

product 2B-GEOPROF and PR attenuation corrected reflectivity product TRMM 2A25, both 

archived under 2D-CloudSat-TRMM dataset. Two data subsets are prepared around the 

point of intersection. For the PR data, PR blocks data that includes the entire PR swath from 

10 scans before and 10 scans beyond the region of intersection. The PR curtain data, a 

subset of PR block data containing interpolated PR data along the CloudSat track using a 

simple nearest neighbour approach to match the CPR horizontal resolution, but no vertical 

resolution matching is performed. CPR curtain data includes the CPR track data 50 scans 

before the point of intersection to 50 scans beyond the point of intersection. These are called 

coincident overpasses. 2D-CloudSat-TRMM dataset spans July 2006 to December 2010, i.e., 

approximately 4 years and 6 months, providing ∼29,000 coincident overpasses. Figure 3.6 

shows a few examples of PR and CPR coincident overpasses. Because of the difference in 

their pixel sizes, sampling volumes do not completely overlap. Basically CPR slices through 

clouds and provides a vertical section along its track, whereas PR captures the 3D structure 

∼250 km across. Figure 3.7 is a pictorial representation of intersection points of CRP and 

PR coincident overpasses. It is seen that the entire latitudinal belt of 38°N-38°S is covered 

more or less uniformly with coincident overpasses.  

http://www.cloudsat.cira.colostate.edu/
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Figure 3.6. Example of TRMM PR and CloudSat CPR coincident overpasses observed on 8 July 2008 over Bay 

of Bengal (top); 13 July 2008 over Tibetan Plateau (middle), and 10 August 2010 over Tibetan Plateau (bottom). 

Continuous lines show the path of CloudSat and parallelograms PR footprints. For PR, the maximum reflectivity 

in each vertical column of the grid is projected onto the plane. Color bar on the top refers to PR Ze in dBZ units. 
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3.3. Methodology 

 PR and CPR sampling volumes (footprint sizes in particular) are different and there 

could be a time delay of up to 50 minutes, thus making one-to-one comparison of 

instantaneous Ze profiles from these two radars not very meaningful. However, the statistics 

of their Ze values can be compared for the coincident overpasses for the following reasons. 

In most of the results presented here, cases are included where clouds were precipitating by 

requiring that PR Ze ≥ 25 dBZ at least at one vertical level (moderate rain and heavy snow 

expected e.g., Houze 1993). As seen from Figure 3.7, oceans dominate the study area where  

 

 
Figure 3.7. Intersection points of coincident CPR and PR overpasses for the period July 2006 to December 

2010. 

  

precipitating clouds are normally found in the presence of large scale low level convergence 

(e.g., Cotton and Anthes 1989) which tends to be a synoptic scale feature. Then major 

changes in the properties of cloud population within an hour are not expected. Since PR is 

not Sun-synchronous, there is equal probability of PR sampling before and after a CPR pass. 

Thus, there is no bias in the sampling time difference between PR and CPR coincident 

passes. Present study uses a large number of coincident overpasses spanning four and half 

years. Therefore the statistics so obtained is expected to represent average properties of 

precipitating cloud population in the study region. In the following, analysis is performed 

considering two cases:  
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Figure 3.8. Number of coincident points at different vertical levels for case 1 and case 2. For case 1, both CPR 

and PR show similar trend but not exactly identical owing to the difference in their footprint sizes. Numbers of 

coincident points are very few above 15 km. For case 2, CPR shows a peak around the freezing level and at 2 

km height, whereas PR has peak at 2 km and numbers drop drastically above 10 km.  

 

 

Case 1: Includes data from coincident passes where both PR and CPR share common 

sampling volume, i.e., collocated. Further, the PR volume contains Ze≥25 dBZ at least at one 

vertical level. 

Case 2: Includes data from grids surrounding the collocated point as well. Thus majority of 

the volumes are not collocated but both radars sampled the same area near simultaneously. 

No condition is imposed on magnitude of Ze. Layer of the atmosphere between 2 and 18 km 

altitude range is considered with the lower limit imposed to avoid possible ground 

contamination, and the upper limit to save computational time since probability of getting 

valid Ze is very small above this height (Figure 3.8). 

 

3.4 Results and discussion 

 Figure 3.9 shows the CFADs of CPR and PR reflectivities. Horizontal extent at any 

given height gives the observed range of Ze and maximum indicates the most frequently  
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Figure 3.9. Contoured frequency by altitude diagrams (CFADs) of reflectivities for case 1 (top) and case 2 

(bottom). The bin size for Ze is 5 dBZ and height intervals are 0.24 km and 0.25 km for CPR and PR respectively. 

The color bar shows the frequency (in %) of reflectivity occurrence. Differences in the maximum heights of the 

contours and abrupt ending are due to the number of points falling below the 10% criterion used in CFADs (see 

text for details). The contours’ values lower than the minimum detectable limit of 17 dBZ has been discarded in 

PR CFAD. 

 

measured value (related to the cloud type) at that height. The most striking feature observed in 

Figure 3.9 (a) is that the peaks in CFADs are distinctly different for CPR and PR so much so 

that it seems that these two radars are sampling different class or populations of clouds. The 

differences in the horizontal range are far outside the claimed accuracies of ∼ 1-2 dBZ of 

CPR and PR and their modes are separated by more than 10 dBZ below 10 km height. CPR 

mode bends towards lower values of Ze below 4 km height whereas PR shows the opposite 

(Figure 3.10 a). Nature of the vertical variation of maximum frequency of occurrence of 

CPR and PR reflectivities are also different (Figure 3.10). CPR has two maxima, one at 

lower (∼2 km) and another at higher (∼14 km) altitudes. The maximum frequency at the 

higher altitude indicates that CPR captures the anvil clouds associated with MCSs, and the 

other peak is likely to correspond to low level convective clouds (perhaps precipitating 
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cumulus congestus and low level stratus). PR Ze shows a peak frequency of occurrence 

between 6 and 7 km height centered on Ze = 22.5 dBZ while there is no peak in CPR CFAD 

in this height range. CFADs of CPR and PR reflectivities for case 2 look different but the 

main observation made earlier, namely the two radars appear to sample different cloud 

populations holds good here too (Figure 3.10 b). The total area considered in the analysis 

included tropics and mid-latitudes, and cloud systems may exhibit different vertical 

variations in cloud hydrometeor properties in these two regions. To explore if the agreement 

is better in the tropics, analysis was repeated considering the tropics only (i.e., 30◦S-30◦N). 

Results more or less reproduced the features observed above and thus the conclusions 

remain the same for the tropics as well. Figure 3.10 (c) shows the frequency distributions of 

CPR and PR reflectivities for case 1 considering all levels between 2 and 18 km. CPR Ze is 

slightly negatively skewed whereas PR Ze is positively skewed. The maxima in the 

reflectivity distributions of CPR and PR are approximately at 9 and 22.5 dBZ, respectively. 

Number of occurrences of Ze values above 20 dBZ is negligible in CPR measurements. As 

per the technical specifications (Table 2.1) measurement range of CPR is -30 dBZ to +40 

dBZ , while the PR Ze values start at ∼17 dBZ. Therefore some overlap of CPR and PR 

distributions is expected but not observed in Figure 3.10 (c). This suggests that the W-band 

radar signal gets strongly attenuated in precipitating clouds, especially below 6 km height 

where PR Ze shows higher values. Figure 3.10 (c) reveals that CPR range ends where PR 

begins, i.e., PR and CPR cover two ends of precipitating clouds, namely PR measurement 

capability limited to active precipitating clouds, and CPR more reliable in measuring the 

spatial extent of cloud systems but not their hydrometeor concentrations (e.g., anvil clouds 

away from convective core). Matrosov (2014) examined a precipitating event using near-

coincident data from CPR and KGWX WSR-88D radars and found that both CPR and 

WSR-88D radars are able to capture the high cloud tops due to their higher sensitivities 

(lower detectable Ze<-28 dBZ) however CPR misses the severe precipitation features at 

lower altitude levels (<4 km). Another study by Matrosov (2015) compared CPR profile 

with KSHV WSR-88D radar and revealed that CPR is able to capture the bright band level 

but it is missed by WSR-88D radar. They also found that both radars are able to sense the 

anvil portion of the clouds due to their higher sensitivity limits. Vertical extent of the clouds 

captured by CPR is higher than PR as reported previously (Li and Schumacher 2011). 



 

41 
 

 

Figure 3.10. (a) Vertical variation of the mean reflectivity for CPR and PR for case 1. The error bars 

correspond to one standard deviation about the mean. At no height, two measurements come close to each 

other, and mean trends are in opposite directions below 6 km level. (b) Vertical variation in the maximum 

frequency of occurrence of CPR and PR reflectivities for case 1 indicating the preference for a certain Ze to 

occur more frequently at that height, and the mode itself a function of height as shown in Figure 3.9. (c) 

Histograms of the reflectivities for CPR and PR for case 1. Reflectivity values at all heights are taken into 

consideration while constructing these histograms. Curves (in red and black colors) are the probability density 

functions obtained by fitting normal distribution function. 
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Figure 3.11. Vertical cross sections of PR Ze superimposed on that of CPR along the CloudSat path for the 

cases shown in Figure 3.6 in the same order. Discrete vertical bars and blue color correspond to PR and CPR 

reflectivities, respectively. High values at the bottom may be due to surface reflectance (especially over the 

Tibetan Plateau). The color bar shows the radar reflectivity values in dBZ. 
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Hence combining data from these two radars may lead to more realistic picture of the spatial 

structure of convective cloud systems. For example, PR curtain reflectivity is superimposed 

over the CPR curtain reflectivity in Figure 3.11. In this case, PR data reveals convective 

towers while the CPR a much extended region of cloudiness. 

 

3.5. Summary  

 Very deep convective cloud systems form over the Tibetan Plateau during July-August 

months. This understanding was made possible by data of spaceborne radars, namely the 

CPR and the PR that provided vertical profiles of clouds globally. However, both CPR and 

PR have measurement limitations. Here the coincident 2D-CloudSat-TRMM product for 

comparing the radar reflectivities of CloudSat CPR and TRMM PR radars is used. The PR, 

essentially meant to measure characteristics of precipitating clouds, misses the anvil part of 

mesoscale convective systems, and the full spatial extent of MCSs is not covered. The CPR 

captures the cloud spatial coverage better. However, CPR reflectivity values are much lower 

due to the strong attenuation suffered by the radar beam operating in W-band specifically 

below the melting layer (~4 to 5 km above ground level). CPR signal gets attenuated 

severely in precipitating clouds, more so below 6 km height. Stephens (1994) attributed this 

attenuation to ‘non-Rayleigh scattering regime’ mainly caused by scattering of radar wave 

by large hydrometeors when their sizes become comparable to or greater than the radar 

wavelength. Kollias et al. (2007) have reported that the radar signal attenuation is more 

prominent as radar wave frequency increases.  

 

Figure 3.12. Intercomparison of probability distributions of radar reflectivity obtained from CloudSat CPR, 

TRMM PR and DWR. 
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Therefore, although the technical specifications of the two radars indicate that their 

measurements have common overlap region in 17 to 40 dBZ range, the actual data show 

very little overlap in their measured Ze values. These limitations are to be considered while 

deriving conclusions on cloud properties from PR and CPR data. Having realised the 

limitations of the CPR, especially below 8 km altitude, I decided not to interpret the cloud 

microphysical processes responsible for producing the average CPR profiles observed, say 

in Figure 3.5. It is felt that ground radar may provide more correct information on the 

vertical structure of monsoonal clouds. Figure 3.12 shows the probability distribution of 

CPR and PR Ze values. It is observed that the probability distributions of CPR and PR 

reflectivities have very little overlap. A significant portion of reflectivity values are missing 

between these two. The ground weather radar reflectivity distribution covers the gap area 

between the distributions from CPR and PR. Thus ground radars provide more accurate 

information on the true nature of clouds. DWRs have very high sampling frequency (1 

volume scan/10 minute) but have a limited spatial coverage (useful data limited to typically 

150 km radius around the DWR location). Hence the PR and ground radars complement 

each other.  

 

 



 

 

4 
Characteristics of mesoscale convective systems 

 

4.1. Preface 

 Seasonal (June to September) monsoon rainfall over India was 106% of its long period 

average in the year 2013, and eighteen monsoon synoptic systems formed during the season 

(Pai and Bhan 2013). Many cloud systems formed around the five DWRs considered in this 

study, however, majority of them formed elsewhere, came within DWR range for some time 

and then moved out. The key objectives of this work are to understand the temporal 

evolution of MCSs and their interconnections with storms. For this purpose, a case of MCS 

is studied if MCS either evolved and dissipated within the radar range or spent at least major 

fraction of its life within this area.   

 The typical 2D and 3D structure of MCS is shown in Figure 4.1 and 4.2. The data is for 

MCS observed over Patna on 14 August in the year 2012 at 8:42 UTC. The color in 2D 

structure is the maximum radar reflectivity factor at all vertical levels and the ellipses are the 

areal coverage of the storms. Here storms are identified using single threshold identifications 

using Tz=30 dBZ. It shows the merging of two storms that formed at nearby locations. After 

a period of 40 minutes (4 consecutive radar scans), these two storms merge together and 

become one big storm which has large areal coverage as well as high vertical extent (>14.5 

km) compare two the earlier existed storms (~12.5 km). After merging of these two storms, 

the bigger storm moves in the direction of the movement of MCS. It is a classic example of 

how two storms merge together within MCS. The vertical structures of MCS across the 

storm track at different time instants are shown in Figure 4.2. Each panel is distant at the 

interval of 10 minutes. It can be seen how the storms within the MCS form, evolve and 

decay with time. One storm forms and merges with the other and become bigger one. As 

time progresses further, the bigger storm decays and formation of another storm takes 

places. This process of formation and decay and merging and splitting of storms happens  
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Figure 4.1. Merging of two storms within the MCS observed over Patna on 14 August in the year 2012 at 8:42 

UTC. 

 

 

Figure 4.2. Vertical structures of storms within MCS. Each panel is obtained at the interval of 10 minutes. 
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within the lifetime of MCS. How the number of storms within the MCS varies and how they 

behave within the lifetime of MCS? How much these storms contribute in total convective 

area? How much the convective echoes contribute in total area and precipitation within 

MCS lifetime? Are these MCS formed over different DWR locations show spatial 

differences? How much they differ in vertical dimension? All these issues are looked in 

detail in this chapter. 

 The total 13 MCSs (2 each at Delhi and Hyderabad, and 3 each at Kolkata, Nagpur and 

Patiala) are selected (see section 2.3 for details). I start with presenting the case of the 

longest observed MCS at each of the five stations. Figure 4.3 shows temporal evolution of 

area of the MCSs. The longest observed MCS among these is at Kolkata, seen for nearly 

eight hours (Figure 4.3 a). Here, the MCS was first detected around 07 LST, its area rapidly 

increased in the next two hours, fluctuated around a mean for the next three hours and 

rapidly decreased in the last two hours. In the current study, these three time intervals are 

associated respectively with growth, mature and dissipation stages of the MCS. MCSs at 

other DWR stations had substantial stratiform area when they were identified for the first 

time, and moved out of radar range before fully dissipating. Figure 4.4 shows IMD 

radiosonde measured temperature profiles when the above MCSs were observed. 

 

4.2. MCSs case studies 

 Temporal evolutions of MCSs (1 each at Kolkata, Hyderabad, Nagpur, Delhi and 

Patiala are shown in Figures 4.5 to 4.9, respectively. Each figure includes a satellite imagery 

depicting the position of the MCS in the large scale setting (e.g. Figure 4.5 a), projection of 

the columnar maximum Ze showing an instantaneous 2-D structure of the MCS (Figure 4.5 

b), pixels identified as convective (Figure 4.5 c) and rain rate at 1.5 km altitude (Figure 4.5 

d). Storms correspond to more active convective cells, and temporal variation in the number 

of storms is included in the figures (e.g., Figure 4.5 e). The next set of sub-plots show total 

storm and convective areas, CAF and CPF, and associated rain volume rates. Cloud bands 

seen over Kolkata region on 2 September (Figure 4.5) were not associated with a monsoon 

synoptic system. A depression had passed over this area about 10 days earlier (Pai and Bhan 

2013) and deep convection was mainly confined to east coast of India and foothills of the 

Himalayas. The MCS developed in an atmosphere having a deep moist layer (Figure 4.4).  
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Figure 4.3. Temporal evolution of convective, stratiform and total area of MCSs observed on (a) 2 September 

2013 over Kolkata, (b) 5 June 2013 over Hyderabad, (c) 13 June 2013 over Nagpur, (d) 11 June 2013 over 

Patiala and (e) 13 June 2013 over Delhi. Here the stratiform and total areas are divided by 5 so that areas look 

comparable and fit in the same graph. 

 

Other MCSs shown, are formed in the northward propagating cloud bands during the 

monsoon onset phase (i.e., active phase of monsoon). MCS that formed at Kolkata on 2 

September 2013 formed and dissipated within the radar range (Figure 4.5), and is discussed 

first. This MCS developed in the morning hours (Figure 4.5 e and h). Kolkata area has a 

diurnal variation in convection with more activity observed around 14:30 LST however, 

morning hours are also not uncommon (Sahany et al. 2010). Change in the number of storms 

between two volume scans is the net difference between new ones added versus old ones 

decayed within an MCS. It is observed that the number of storms does not increase or 

decrease monotonically with time during the growth as well as the decay stages (Figure 4.5 

e). The growth phase is characterized by a rapid increase in the number, and the maximum 

of 23 is reached about an hour before the storm (and also MCS) area peaked (Figure 4.3). 

Convective area increased by more than three times in the first two hours (Figure 4.5 f), and 

then started decreasing. Nearly half of the convective area is occupied with storms. During 

the initial stages of development, 40 to 50% of the MCS area was convective which 



 

 

 

Figure 4.4. Skew-T log p diagram of temperature and dew-point temperature from radiosonde data measured over (a) Kolkata (2 September), (b) Hyderabad (5 

June), (c) Nagpur (13 June), (d) Patiala (11 June) and (e) Delhi (13 June) in the year 2013. 
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Figure 4.5. MCS observed on 2 September 2013 over Kolkata. (a) Satellite IR brightness temperature at 0904 

LST. Circles shown here are 50 km distant each other having radius of outermost circle of 150 km. (b) Spatial 

extent of the MCS at 0900 LST revealed in the projection of the maximum Ze between 2 and 3 km. Units of x- 

and y- distances are the number of pixels of the re-gridded data in respective directions, and the pixel size is 2 

km × 2 km.  Arrow at the top left corner points in the direction of the gross movement of the MCS around this 

time. (c) Pixels contain convective precipitation. Many of the pixels marked in red belong to storms. (d) Spatial 

distribution of the instantaneous rain rate at 1.5 km height. The color bar is in logarithmic scale. (e) Temporal 

variation in the number of storms embedded in the MCS. (f) Time evolution of total storm (As) and convective 

(Ac) areas within the MCS. (g) Convective precipitation fraction (CPF) and convective area fraction (CAF) 

and (h) total and convective precipitation accumulation rates. 
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contributed ~80% of the total precipitation (Figure 4.5 g). After the first half an hour, CAF 

started decreasing rapidly with time even as the convective area grew rapidly. This is owing 

to a faster increase in the stratiform precipitation area (Figure 4.3 a). While CAF reduced 

below 20% after two hours, CPF remained above 60% and the latter shows a slower decay 

rate compared to the former in the first 4 hours. Last three hours of the MCS saw rapid 

decrease in CPF from ~60% to less than 10% while CAF remained ~10%. Temporal 

variation of rain volume rate at 1.5 km altitude (Figure 4.5 h) closely follows that of the 

convective area (Figure 4.5 f). 

 Relative position of convective and stratiform echoes in an MCS is important for it 

reflects the dynamics behind the formation of new convective cells (Houze 1989). In squall 

lines for example, a line or row of convective cells are seen at the leading edge (cold 

outflow driven by downdrafts of precipitating clouds lifts high moist static energy air ahead 

facilitating development of new cells) with a trailing stratiform area (formed by the merger 

of old cells), a formation that is common in tropical cloud clusters (Houze 1989). In some of 

the MCSs, active convective cells are randomly distributed within a cloud system wherein 

local (e.g., land surface) features aid in the development of new cells (Houze 1989).  In the 

MCSs over the main monsoon zone, both cases are observed (Figures 4.5-4.9). For example, 

convective echoes are arranged in L-shape with a prominent line formation at Kolkata 

(Figure 4.5 c). Resemblance of squall line/arch formation is seen at Patiala (Figure 4.8 c) 

and Hyderabad (Figure 4.6 c). MCS organization is less clear at Delhi (Figure 4.9) while 

convective pixels are randomly distributed at Nagpur (Figure 4.7). MCSs form both during 

the active and break phases of monsoon, and the phase of monsoon could influence MCS 

type. For example, in Australia, MCSs that form during the break monsoon are mostly 

squalls while convective bands embedded in stratiform regions are common during the 

active monsoon period (e.g., Cifelli and Rutledge 1998). MCS at Nagpur is not squall type 

and is dominated by stratiform echoes (Figure 4.3 and 4.7). As shown later, here stratiform 

precipitation dominates the monsoon seasonal precipitation. In northwest India (e.g., Patiala 

and Delhi), convection tends to be very intense (e.g., Zipser et al. 2006, Kumar and Bhat 

2016), result of a combined effect of low level moist air flow originating from the Arabian 

Sea, local evaporation enhancing moist instability and a stable/drier lower troposphere that 

allows strong instability to build up (Romatschke and Houze 2011). 
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Figure 4.6. As Figure 4.5, but for MCS observed on 5 June 2013 over Hyderabad. Instantaneous snapshot is at 

2330 LST. 
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 Close examination of Figures 4.5-4.9 shows that temporal evolution of an MCS inferred 

from the variation in number of storms can be very different from that based on how MCS 

area changes with time. Within the life span of an MCS, there can be more than one 

intensification and decay phases if one goes by the number of storms. For example, the MCS 

at Hyderabad was past its formation stage when the algorithm first detected it (Figure 4.6) at 

18 LST, the number of storms varied between 8 and 18 in the first two hours, thereafter, the 

number of storms decreased with time and reduced to 1 around 2140 LST (Figure 4.6 e). 

Number of storms increased after 22 LST again, reaching a maximum of 18 past 23 LST. 

While this was happening, the stratiform precipitation area was showing an overall a growth 

trend (Figure 4.3). Somewhat similar behavior is observed in the MCSs at Nagpur and 

Patiala. Storm is a sub-set of convective echoes. Convective area is mostly made of storms 

at Hyderabad (Figure 4.6 f), whereas storms occupy a small fraction of the convective area 

at Nagpur (Figure 4.7 f), and Kolkata (Figure 4.5 f), Patiala (Figure 4.8 f) and Delhi (Figure 

4.9 f) fall between these two. CPF has large variation during the life cycle of an MCS. When 

convection is intensifying, CPF is more than 70% at Kolkata, and then gradually decreased 

with time, whereas at Nagpur, CPF is below 35% throughout (Figure 4.7 g). It is to be noted 

that CPF varies from one MCS to another at a given location, and sampling issue to be noted 

while comparing CPFs in Figures 4.5 to 4.9. This issue will be explored in upcoming 

section. 

 

4.3. Average convective area and precipitation fraction 

 Average statistics of CAF and CPF calculated considering other MCSs at respective 

locations are shown in Figure 4.10 (a, b) respectively. CAF is the highest at Kolkata (mean 

~13%) and the least at Nagpur (~4%). Mean CPF at Kolkata, Delhi and Hyderabad is ~40%, 

and the lowest (average ~13%) is observed at Nagpur. A 25-30% standard deviation of CPF 

basically arises from the large temporal changes in CPF during the life cycle of MCSs. CPFs 

shown in Figure 4.10 (a, b) are arithmetic averages (i.e., average of instantaneous CPF 

values in respective areas), and generally underestimate the actual contribution of 

convective precipitation to the accumulated rainfall. The ratio of accumulated convective 

precipitation and total (convective+stratiform) precipitation during the entire life span of the 

MCS (henceforth CPFa) gives better estimation of the convective rain contribution. For the   
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Figure 4.7. As Figure 4.5, but for MCS observed on 13 June 2013 over Nagpur. Instantaneous snapshot is 

taken at 1830 LST. CAF is rather small here, often less than 5%. 
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Figure 4.8. As Figure 4.5, but for MCS observed on 11 June 2013 over Patiala. Instantaneous snapshot is taken 

at 1300 LST. 
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Figure 4.9. As Figure 4.5, but for MCS observed on 13 June 2013 over Delhi. Instantaneous snapshot is taken 

at 0830 LST. 
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studied here, CPFa values are: Kolkata (63%, 39%, 24%); Hyderabad (59%, 54%); Nagpur 

(35%, 16%, 14%); Patiala (36%, 38%, 56%); Delhi (54%, 30%). One question that arises is 

the representativeness of CAF and CPF based on a few case studies of MCSs at different 

stations. Restricting the study to MCSs alone may miss out the true extent of convective 

contributions. Convective echo algorithm can be applied to any pixel within the radar range 

area. In order to better characterize the nature of monsoon precipitation, the same 2D map 

which was used to identify MCSs is considered for identifying convective pixels within the 

entire radar range area. Remaining cloudy pixels are treated as stratiform. This was carried 

out for all radar scan volumes of July-August months. This data is used to obtain average 

CAF and CPF for the two-month period, and the outcome of the exercise is shown in Figure 

4.10 (c, d). Average CAF is <10% at all the five locations with Nagpur having the least 

value (~3%), followed by Hyderabad (4%), Kolkata (6%), Patiala (7%) and the maximum 

 

Figure 4.10. Statistics of convective area fraction and convective precipitation fraction for (a) and (b) for 

MCSs considered for life cycle studies and (c, d) for all clouds within 150 km radar range during July and 

August. All data are from S-band except for Delhi which is C-band. See Figure 2.1 for the station abbreviations 

shown along the x-axis. Filled circle and the horizontal bar nearest to it are the average and the median of the 

population, respectively.  
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at Delhi (9%). CPF also has the same order, but numerical values are different. Stations in 

central India, i.e., Nagpur (15%) and Hyderabad (19%) have low CPF, Kolkata and Patiala 

have ~40% and Delhi close to 50%. Therefore, in the southern part of the monsoon zone, 

stratiform precipitation dominates and convective precipitation fraction increases towards 

north. The pattern in the spatial differences seen in the mean values of CPF in Figure 4.10 

are in broad agreement with the earlier studies of CPF based on the PR data, i.e., less in the 

southern parts of the monsoon zone and more in the north and towards the foothills of the 

Himalayas (Schumacher and Houze 2003; Pokherel and Sikka 2013; Saikranthi et al. 2014), 

however numerical values are different. These CPF values are found lower than those based 

on the TRMM PR data products. 

 

4.4. Area and height of the storms 

  Temporal variation of average area of storms for the five MCSs is shown in Figure 

4.11 (a). Storm area varied from less than 20 km2 to more than 160 km2. At Kolkata and 

Hyderabad, storm area peaked just before MCSs started dissipating. Average storm area is 

the lowest at Nagpur (between 20 and 30 km2) and is more than 50 km2 in other areas. How 

storm dimensions in the monsoon zone over India compare with those reported from 

elsewhere? The thresholds specified for storm identification in different studies are not 

unique, and therefore, direct comparison is not fair. During North American Monsoon 

Experiment (NAME) over the coast and Gulf of California, Lang et al. (2007) defined storm 

which contains at least 16 km2 of convective echoes. Data from same NAME experiment is 

also used by Rowe et al. (2011) which assumes the storm area of at least 10 km2 to track 

storms within MCS using TITAN. Despite the differences in the thresholds followed, it turns 

out that storm areas reported in different regions are not very different and lie in a few tens 

to a couple of hundred square kilometers range (e.g., Novo et al. 2014; Shah et al. 2015; 

Yang et al. 2016). In the hierarchy of convective cloud systems, 1-10 km size is called scale-

D and cloud cells on this scale are also described as cumulus-scale cores of convective 

activity (e.g., Houze and Cheng, 1977). Storm height (defined as the average of the 

maximum height of individual storms in the MCS at any instant) is shown in Figure 4.11  
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Figure 4.11. (a) Temporal variations of the average area of storms embedded in the MCSs shown in figures 4.5 

to 4.9. (b) Average height of the storms. On average, storms at Nagpur are much narrower but their height is 

marginally more compared to the rest. In the dissipation stage of the MCS at Kolkata, both the number of 

storms and their area decreased. 

 

(b). Note that storm is defined by the Ze threshold of 30 dBZ and storm height in a way 

reflects the average height of the tallest 30 dBZ echoes in the MCS. Average storm height 

lies in 7 to 10 km range and storm height fluctuates on time scales of less than an hour. The 

highest storm height is observed at Delhi (11.5 km) and followed by Nagpur (10.5 km). 

Storm height decreased with time at Kolkata during the dissipation phase. Around the time 
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when the number of storms is the lowest at Hyderabad (Figure 4.6 e), the storm height is 

also found minimum (Figure 4.11 a). Previous study by Hirose and Nakamura (2002) 

suggests that the storm height during the season of May and October is around 6 km over 

Indian land regions. Mukhopadhyay et al. (2005) used IMD DWR observations at Kolkata 

to study the northwest storms. They found that the maximum storm height (outermost 

boundary of 30 dBZ echo) is around 16 km which indicates the signature of strong 

convective and lightning activities. Since MCS moved out of radar range at most locations, 

nature of storm height variation during the dissipation phase could not be ascertained. 

 

4.5. ETH distributions  

 The maximum of echo top heights of 30 dBZ (henceforth ETH30) and 40 dBZ 

(henceforth ETH40) are used as measure of the intensity of convection (e.g., Zipser et al. 

2006; Heymsfield et al. 2010). The presence of ETH30 and ETH40 above 10 km implies the 

presence of updrafts exceeding 10 m s-1 in the cloud (Heymsfield and Schotz, 1985; 

Heymsfield et al. 2010). Figure 4.12 shows the vertical distribution of ETH30 and ETH40 for 

convective echoes. The mode of ETH30 lies between 6 km and 8 km at Hyderabad, Patiala 

and Delhi, whereas the mode is around 3 km at Nagpur and below 3 km at Kolkata. ETH30 

at Kolkata shows a secondary peak at 5.5 km. Patiala has the deepest ETH30 and more than 

15% of them extend above 10 km, whereas, the corresponding number at Kolkata is less 

than 1%. Less than 50% of 40 dBZ echoes penetrate above 4 km (Figure 4.12 d), ETH40 

peaks around 4 km (Delhi being an exception) and a very small fraction of 40 dBZ echoes 

are found above 10 km. Houze et al. (2007) termed 40 dBZ echo extending beyond 10 km 

altitude in the TRMM PR reflectivity field as deep intense convective echo. It is observed 

from Figure 4.12 (b) that their frequency is generally low everywhere, however in a relative 

sense, higher in Delhi and Patiala areas, a result consistent with the PR data based study by 

Houze et al. (2007).  

 

4.6. VPRRs 

 For more in-depth information on vertical extent of convective part of MCS, the VPRRs 

for all MCSs observed at each DWR location are prepared. Figure 4.13 (a-e) shows location 

wise mean VPRRs with 1-standard deviation indicated. The tallest convective clouds are 
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.  

Figure 4.12. Distributions of echo top heights of 30 dBZ and 40 dBZ within convective echoes. (a-b) 

probability, (c-d) cumulative probability. 

 

observed at Nagpur (~13-14.5 km) and Patiala. Patiala is in the vicinity of Western 

Himalayan foothills which earlier studies had identified as one of the locations favorable for 

intense convection (Zipser et al. 2006; Romatschke et al. 2010). The vertical extent of 

convective cells is the lowest at Hyderabad. In the mixed phase region (approximately 

between 5 km and 8 km), average VPRR (Figure 4.13 f) shows a rapid decrease with height 

at Kolkata and Delhi and a slower rate of decrease at the other three stations. The differences 

in VPRRs at the five stations are large above 8 km. This is the altitude where echoes of 30 

dBZ exist (Figure 4.13 a-e). Patiala and Nagpur are the places, where echoes reaches higher 

(>14 km), indicates the presence of strong updraft, probably higher convective instabilities.  
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Figure 4.13. (a-e) Vertical profiles of radar reflectivity (VPRR) of convective echoes in MCSs. N is the total 

number of VPRRs and thick line is the mean profile of all VPRRs. The horizontal lines around the mean curve 

indicate 1-standard deviation of all VPRRs. (f) comparison of mean of all VPRRs at different stations. 

 

The height at which VPRR peaks is also different at different places. VPRR peaks at 2 km at 

Hyderabad, at 2.5 km at Nagpur, at 5 km at Delhi and near to the surface at Kolkata and 

Patiala. Many factors are involved in deciding the shape of VPRRs that include phase 

change of condensed water between liquid and ice (e.g., Fabry and Zawadzki, 1995), cloud 

microphysical and dynamical processes (e.g., Heymsfield et al. 2010), and the humidity 

structure of the lower troposphere and intensity of convection (e.g., Liu and Zipser 2013). 

Fabry and Zawadzki (1995) discussed how the change in phase and shape of hydrometeors 

can change the vertical profiles of reflectivity especially when ice crystals cross the melting 

band and turn into liquid phase. Heymsfield et al. (2010) showed that the updrafts and 

downdrafts in both land and oceanic convective storms are higher in mid-troposphere (6-8 

km) than sea-breeze and tropical cyclone storms. Generally higher values of low-level 

humidity favor an increasing Ze towards the surface below the freezing level (e.g., Liu and 

Zipser 2013) and Kolkata profiles are in agreement with it (Figure 4.4). Delhi has a drier 

lower troposphere (Figure 4.4) which favors a decreasing Ze towards the surface. Patiala 

profile remains a puzzle because the lower troposphere is dry (e.g., compared to Kolkata, 

Figure 4.4), but Ze increases in this layer. 
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4.7. Summary 

 The temporal evolution of MCSs observed during the summer monsoon season are 

reported for the first time using the DWR data collected at five different locations in the 

main monsoon zone over the Indian subcontinent. An important part of the study is the 

identification and study of storms (convective cells) embedded in MCSs. Our results on CPF 

are in broad agreement with the results obtained from the PR data. The main findings are as 

follows. Growth phase is characterized by a rapid increase in the number of storms. Within 

the life span of an MCS that lasts for more than 5 hours, there can be more than one 

intensification and decay phases. MCS contains one or more number of storms depending 

upon their life phase. Storm area varies from less than 20 to more than 160 km2. Average 

storm height typically varied in 6 to 10 km range. Average convective area fraction is the 

least at Nagpur (~4%) and highest (~13%) at Kolkata. Convective precipitation fraction can 

be as high as 80% during the initial growth phase of MCS and then decreases with time, 

often not monotonically. During the growth phase of MCS, convective area fraction 

decreases more rapidly compared to the convective precipitation fraction. Average 

convective precipitation fraction is 40% or below at all the five locations, higher at Kolkata, 

Hyderabad and Delhi (~40%) and the least at Nagpur (13%). Arithmetic average generally 

underestimates the actual contribution of convective precipitation to the total precipitation 

from an MCS. For example, convective echoes contributed 55% of the total precipitation at 

Hyderabad, i.e., nearly 15% more than the average value. The mode of 30 dBZ echo height 

lies between 6 km and 8 km at Hyderabad, Patiala and Delhi, whereas it is around 3 km at 

Nagpur and below 3 km at Kolkata. A secondary peak is observed near 5.5 km at Kolkata. 

Patiala has the deepest 30 dBZ echoes with more than 15% of them extending above 10 km. 

40 dBZ echo tops peak around 4 km (Delhi being an exception) and only a very small 

fraction of them are found above 10 km. Average VPRRs at Hyderabad, Nagpur and Patiala 

show similarities in the mixed phase region while differences amplify above 10 km height 

however dissimilarities are noticed at lower and upper troposphere. These similarities and 

dissimilarities of VPRRs are governed by the peculiar microphysical and dynamical 

processes associated with the MCS observed at each DWR stations.  

 



 

5  
Properties of convective clouds measured by a 

polarimetric DWR at Delhi 
 

It is stated in the literature that use of polarimetric variables improves the rainfall 

estimation (e.g., Bringi and Chandrasekhar 2001; You and Lee 2015; Yoon et al. 2016). 

A polarimetric DWR data enables better characterization of hydrometeors in clouds 

(Park et al. 2009). Utility of polarimetric DWR has not been tested under the Indian 

conditions. In this chapter, an analysis of the data collected with IMD’s Delhi C-band 

polarimetric DWR is presented. Delhi is close to the Thar Desert and therefore 

convection is not frequent but can be intense when it occurs (Sikka 1997; Medina et al. 

2010). For example, using the TRMM data, Zipser et al. (2006) showed that Northwest 

India and the foothills of the Western Himalayas are among the favorable locations for 

the occurrence of the most intense convective clouds on the Earth. Here deep and intense 

convective clouds with 40 dBZ echo area >1000 km2 in horizontal dimension are known 

to occur (Houze et al. 2007). One of the important findings shown in the previous 

chapter is that MCSs contain storms which themselves could be made of several 

individual Cb (convective) clouds joined together. I considered Delhi as an ideal location 

to study storms using C-band polarimetric DWR data. 

 Regarding the large scale setting when the measurements were taken, IMD declared 

the onset of summer monsoon in southern India on 01 June in the year 2013, which 

happens to be the climatological onset date, and then the monsoon covered the entire 

country by 16 June, nearly a month ahead compared to the normal (Pai and Bhan 2013). 

Associated with the rapid progress of the monsoon, Delhi region experienced significant 

convective activity during June 10-16, 2013. This Chapter focuses on the convective 
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clouds that formed during the above period. Figure 5.1 shows a couple of satellite 

imageries captured by the Indian geostationary satellite KALPANA-1 and atmospheric 

vertical thermal structure for four days. Lower troposphere was moist during this period. 

Mid-troposphere was moister in the evening compared to morning, and the upper air 

thermal structure is characterized by rapid changes during this period, including a strong 

diurnal component. 

 Results are presented in the following order. In section 5.1, vertical structures of 

convective and stratiform echoes are presented. Storms properties (e.g., duration, area, 

size, etc.) are discussed in section 5.2. Section 5.3 gives the precipitation accumulation 

estimates using Zh and polarimetric variable along with inter-comparison of both with 

rain gauge data. Vertical profiles of cloud liquid water content in storms are presented in 

section 5.4. 

 

5.1. Vertical structure of convective and stratiform echoes 

Figure 5.2 shows horizontal and vertical sections of cloud systems captured by the C-

band DWR at three instants. In the top panel, randomly distributed pockets of convective 

areas are observed and the MCS in its early mature stage. Top of the convective clouds 

extend beyond 18 km, and the 30 dBZ echoes have penetrated 13 km. An hour later 

(middle panel), previous convective cells have weakened/merged, a few deep convective 

cells are present but cloud top height has decreased. The MCS is in late mature stage. An 

hour after this (bottom panel), area dominated by convective cells is occupied by 

stratiform echoes. It is not clear if the system was dissipating or moved out of the radar 

range. To see how Zh is distributed vertically in these two classes of echoes at Delhi, 

VPRRs of convective and stratiform echoes during the period 6 June and 10-16 June are 

extracted and their CFADs are shown in Figure 5.3. Note that CFAD shows the spread 

among radar echoes at each altitude. It is observed from Figure 5.3 that the minimum 

value of convective echo, which is around 22 dBZ at lower levels increases with height  
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Figure 5.1. Top: KALPANA-1 IR brightness temperature, left: 11 June, 2013 at 1300 LST; right: 13 June, 

2013 at 0830 LST. Lower panels: Skew-T logp diagrams of temperature and dew-point temperatures at 

Delhi on 10, 11, 13 and 14 June in the year 2013. Line legend is same in all sub-plots. 

 

to 35 dBZ at 4 km, whereas the maximum value of Zh increases from ~52 to ~54 dBZ in 

the same height range. Above 4 km, both the minimum and maximum values of Zh 

decrease with height, the minimum more rapidly. Since Zh values below 10 dBZ are not 

included in this plot, change in slope of the minimum Zh as well as the natures of CFADs 

are not accurate above 8 km. 



 

67 

 

 

Figure 5.2. Left panel shows the projection of column maximum Zh. Right panel a vertical section long 

line AB shown in left panel. Date is 11 June 2013 and top, middle and lower panels were observed at 0530 

IST, 0630 IST and 0730 IST, respectively.  

 

For the same reason, in the CFAD of the stratiform echoes, the lower limit could be 

biased. The maximum value of stratiform Zh increases with height from 30 dBZ to ~38 

dBZ at 4 km, then decreases with height and reaches at minimum Zh value of 12 dBZ 

near 12 km. The highest reflectivity values in both the cases are observed around 4 km 

height. Altitude of the 0°C isotherm is ~4.8 km during the study period. Noting that the 

radar beam width increases with distance and is more than 1.5 km at 100 km range, radar 

cannot capture the height as well as the thickness of the melting layer or bright band 

accurately. Given this limitation, the peak Zh seem to be located in the melting layer, and 

the bulge around this height in the CFAD contours of stratiform echoes suggests the 
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Figure 5.3. Contoured frequency by altitude diagrams (CFADs) for (a) convective and (b) stratiform cells. 

Variable used is Zh. Color bars for panels (a) and (b) show the frequency of radar echoes. Panels (c) and 

(d) show the vertical profiles of mean Zh and the maximum frequency of occurrence of Zh, respectively. 

 

presence of bright band (Figure 5.3 b). The mean of convective CFAD shows an 

increasing value with height between 2 and 4 km, and then decreases rapidly above 4 km 

(Figure 5.3 c). Peak frequency of occurrence in the distribution of Zh increases with 

height initially, peaks at 2.5 km and then rapidly decreases with height for convective 

clouds (Figure 5.3 d). The shape of the average Zh profile is closely related to cloud 

microphysical processes, cloud dynamics and phase change of water between liquid and 

ice (Fabry and Zawadzki 1995; Bhat and Kumar 2015). Shape of the average profiles in 

Figure 5.3 are similar to that obtained from S-band DWR data except for the altitude of 

highest reflectivity (which is at 5 km for the S-band DWR (Figure 4.13e) while is 

noticed at 4 km from C-band DWR). Maximum reflectivities in the mean profiles differ 

by ~4 dBZ (see Figures 4.13e and 5.3c). The average profile of stratiform echoes shows 

a peak around 4 km, a rapidly decreasing trend towards the surface. Both evaporation (if 

the sub-cloud layer is dry) and break up of rain drops make Zh to decrease towards the 
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surface below the cloud base (Liu and Zipser 2013). Increasing frequency of occurrence 

in the distribution of Zh implies that more number of clouds is similar to each other at 

that altitude. The trend is opposite for the stratiform clouds with a maximum between 14 

and 15 km. 

 

5.2. Storm properties 

 In this section, the statistics of the instantaneous and average properties of storms 

are discussed. The total number of individual storms identified during 6 June and 10-16 

June 2013 is 507. Figure 5.4 (a) shows the distribution of storm duration. It is found that 

the storm survives typically for an hour while few exceed 3½ hours. More than one-third 

of these individual storms propagated at speeds of 30 km hr-1 or more whereas majority 

of the storms move with speeds of 25 km hr-1 or less (Figure 5.4 b). The typical 

movement of the storms is in northwest and southeast directions (Figure 5.4 c). Few 

storms have their peak area as large as 400 km2 (Figure 5.4 d). The horizontal structure 

of Zh and a vertical section through an intense storm observed at 0700 LST on June 11 is 

shown in Figure 5.4 (e, f). All the pixels in this storm are connected in 3D space and 

pixels having Zh>42 dBZ constituted an area of 480 km2 (in horizontal projection) and 

have maximum vertical extent of 8 km. These are massive storms or intense convective 

clouds. 

 The temporal evolution of properties of the long-lived storm (3½ hours) is shown in 

Figure 5.5. The maximum Zh (Zmax) remained above 52 dBZ for more than 3½ hours, 

with the peak value of 62 dBZ (Figure 5.5 a). The echo top heights (ETHs) of 30 dBZ 

and Zmax echoes are more than 16 km and between 2 and 5 km respectively (Figure 5.5 

b). The mean Zh varied between 40 and 46 dBZ. These numbers indicate that this storm 

was very severe and intense in nature. The Zmax occurred around and below the 0°C 

isotherm with an average height ~4.5 km. Except for the early 30 minutes or so of 

storm’s life span, ETH of the 30 dBZ echo remained above 10 km. When 30 dBZ echo is 

observed at 10 km level, it suggests strong lightning activity (Zipser and Lutz 1994; Liu 

et al. 2012). The storm area remained more than 100 km2 most of the time and attained a 

maximum size of 450 km2 (Figure 5.5 c). The storm volume and area together (Figure 

5.5 c) suggest that the thickness of the storms (i.e., average depth of 30 dBZ reflectivity 

layer) was nearly 10 km.  
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Figure 5.4. Storms characteristics: (a) Life duration, (b) Propagation speed, (c) Propagation direction and 

(d) area. (e) Horizontal projection of the columnar maximum Zh and (f) Vertical section taken along line 

AB for storm observed on 11 June at 0700 LST whose area exceed than 400 km2. 

 

Figure 5.6 illustrates the relationship among few of the properties of storms averaged 

over their life duration. To understand if any relation exists between average area of 

storms and their duration, their scatter plot is shown (Figure 5.6 a). It is found that there 

is no clear relation between the two, however those that lived longer than 1.5 hours had 

attained an average area of more than 100 km2. The average precipitation amount 

resulting from storms shows an increasing trend with the area time integral (ATI) 
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Figure 5.5. (a-c) Temporal evolution of properties of long-lived storm (~3½ hours) observed on 13 June 

2013. (a) Maximum and average values of Zh, (b) ETH of 30 dBZ and Zmax echoes and precipitation rate 

calculated at an altitude of 1.5 km. Precipitation rate is expressed in mm hr-1
 units, (c) Area and volume. 

Note that the area is multiplied by 10 to fit the two curves in the same plot.  

 

especially for storms having large average area and longer duration (>1.5 hours) (Figure 

5.6 b). There is no relationship between average precipitation amount and maximum 

ETH (Figure 5.6 c). It suggests that even if a storm attains high vertical extent, it may not 

yield higher precipitation amount. It also must be noted that the precipitation amount is 

calculated referring to Zh field at 1.5 km altitude and it may not exhibit any relation with 

ETH. The relationship between ATI and radar estimated rain volume (RERV) is almost 
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Figure 5.6. Average characteristics of storms: (a) Scatter plot between mean echo area (EAmean) and storm 

life duration. (b) Scatter plot between mean echo area and area time integral ATI. (c) Scatter plot between 

maximum echo top height and total precipitation amount expressed as mass of rain water. (d) Scatter plot 

between ATI and total precipitation amount. The symbols ‘×’ and ‘filled circles’ correspond to storms 

with life duration of less and more than one and half hour, respectively. 

 

linear on the log-log scale implying a power law relation between the two (Figure. 5.6 d). 

The calculation based on coefficient obtained from their power law estimates, the 

average precipitation rate in storms is in 5 to 34 mm hr-1 range (see section 2.7 for 

calculations). 

 

5.3. Total accumulated precipitation 

 One of the main advantages of a polarimetric DWR over single polarization DWR is 

a better estimation of cloud liquid water content and precipitation (Bringi and 

Chandrasekhar, 2001). To understand the impact of including polarimetric variables in 

the estimation of rain rates and total accumulated precipitation, four different relations 
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for R using Zh and Kdp are considered (Table 2.4) To find how much amount of 

precipitation is received over Delhi during June 6 and June 12-16, the total accumulated 

precipitation (Pacc; in mm) is derived. The precipitation is calculated at CAPPI of 1.5 km 

altitude. The probability and cumulative probability distributions of rain rates derived 

from Zh and Kdp variables are shown in Figure 5.7. Probability of rain rate estimates 

derived from Zh is higher at lower rain rates and rapidly decrease as R increases. In case 

of Kdp derived R, the probability is less for smaller R, shows much smaller decrease with 

R as R increases beyond 20 mm hr-1. Kdp derived R estimations show higher rain rates, 

with a maximum up to 120 mm hr-1 (Figure 5.7 a). About 90% of Zh derived R lies below 

40 mm hr-1 while more than 35-40% of Kdp derived R is found beyond the 40 mm hr-1 

(Figure 5.7 b). The maximum Pacc derived from Kdp is found up to 250 mm or more 

however Pacc calculated from Zh is found less than 25 mm (Figure 5.8). To check which 

estimate is better, rain gauge rainfall data of IMD rain gauge network is compared with 

DWR derived rainfall (Figure 5.10). The rain gauge locations around Delhi DWR are 

shown in Figure 5.9. For comparison of gauge rainfall with that derived from DWR, the 

mean and standard deviation of the precipitation of all 9 pixels (each pixels' area is 4 

km2) at CAPPI of 1.5 km around each rain gauge location are estimated. It is observed 

that the Pacc from Zh using (1) Iguchi et al. 2000 and (2) Hunter et al. 1996 (for 

convective precipitation) and Marshall and Palmer (1948) (for stratiform precipitation) 

as adopted by National Weather Service (NWS) are highly underestimated compared to 

rain gauge rainfall. The normalized bias and root  

 

Figure 5.7. (a) Probability and (b) cumulative probability distribution of precipitation rates derived from 

different Z-R relations (see Table 2.4).  
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Figure 5.8. Horizontal structure of total accumulated precipitation (in mm) during 6, 12, 13, 14, 15 and 16 

June derived using (a) RIG, (b) RHMP, (c) RBC and (d) RDZ (see Table 2.4 for functional forms).  

 

mean square error for each pair of rainfall relations with rain gauge rain are shown in 

Table 5.1. Here, the normalized bias (NB) between the IMD rain gauge rainfall (Rgauge) 

and DWR derived rainfall (RDWR) is calculated from the equation (Bringi et al. 2001): 

 




























N

1i

gauge

N

1i

gaugeDWR

R
N

1

RR
N

1

NB  .                (5.1) 

The root mean square error (RMSE) is estimated from the equation, 

2

N

1i

2

gaugeDWR

N

)R(R

RMSE





  .               (5.2) 

Pacc from Zh have large normalized biases (NB's) and root mean square errors (RMSEs). 

On contrary, Pacc derived from Kdp are in better agreement with gauge rainfall  
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Figure 5.9. The distribution of IMD rain gauges around C-band polarimetric Doppler weather radar 

(28.58°N, 77.22°E). The rain gauges within the 5 km radius (in white filled-in circles) around DWR are 

excluded in the rainfall estimates. Following are the IMD rain gauge locations: (1) Pusa (77.16°E, 

28.64°N), Akshardham (77.27°E, 28.61°N), Mungeshpur (76.97°E, 28.82°N) Narela (77.08°E, 28.85°N), 

Pitampura (77.15°E, 28.7°N), Aya Nagar (77.02°E, 28.68°N), Palam (77.12°E, 28.57°N), Lodi Road 

(77.24°E, 28.59°N), Safdarjung (77.23°E, 28.66°N), Delhi Ridge (77.18°E, 28.62°N), Delhi University 

(77.1°E, 28.7°N). 

 

Figure 5.10. Comparison between DWR and Rain gauge accumulated precipitation. The vertical bar at 

each data point is the 1-standard deviation of rainfall accumulation at each DWR pixel around the rain 

gauge location. 
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accumulations. The least NB (0.22) and RMSE (~27 mm) are found for R-Kdp relation 

from Dovaik and Zrnic (1993) (Table 2.4 in Chapter 2 and Table 5.1). The maximum 

Pacc calculated from Zh is less than 20 mm. It indicates that the rainfall estimates derived 

from the polarimetric variable Kdp are more realistic than that derived from Zh. The Z-R 

relations are location as well as event specific (drop size distribution (DSD) is more 

fundamental). In the current study, the rainfall estimates from Z-R relations used may not 

be appropriate for cloud systems at Delhi. On the other side, Kdp is a function of phase 

shift in both horizontal and vertical polarized beams and its value is independent of DSD 

of hydrometeors and depend more on liquid water path seen by each beam (Bringi and 

Chandrasekar 2001). Although R-Kdp relations involve several assumptions (e.g. on 

orientation distributions of falling drops, raindrop axis ratio; see Bringi and 

Chandrasekar 2001, 538 pp. and Dovaik and Zrnic 1993) which are related to the shape 

and geometry of the hydrometeors, they gave better estimates.  

 

Table 5.1. Normalized bias and RMSE between rain gauge and DWR derived 

accumulated precipitations. 

 

No. Rain rate relation Symbol 
RMSE 

(mm) 
NB 

1. Iguchi et al. 2000 Zh=aRb RIG 65.5 -0.98 

2. 
Hunter et al. 1996; MP 1948 

Zh=aRb 
RHMP 65.9 -0.90 

3. 
Bringi and Chandrasekhar 2001 

R(Kdp)=a(Kdp/f)
b 

RBC 45.8 0.59 

4. 
Doviak and Zrnic 1993 

R(Kdp)=a(Kdpλ)
b 

RDZ 27.6 0.22 

 

5.4. Vertical profiles of cloud liquid water content 

 To further investigate the microphysical nature of the clouds, the vertical profiles of 

M for convective echoes are obtained. The M values derived from different relations 

(Table 2.5, Chapter 2) are shown in Figures. 5.11. M varied from less than 0.02 gm m-3 

to nearly 4.8 gm m-3. The large dynamic range of M shows natural variability during the 

lifetime of clouds. More importantly, both the magnitude of M and its variation in the 

vertical depend on the relation used for estimating M. MGC (Table 2.6, Chapter 2) yields 

the lowest mean values of M of about 1 gm m-3 (Figure 5.11 a) while that based on MBC 

and MDG have mean about 2 gm m-3 throughout the altitude levels (starting from 1.5 km  
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Figure 5.11. Cloud liquid water content (M) estimated using (a) MGC, (b) MBC, and (c) MDZ (see Table 2.5 

for functional forms). The filled circles are the average values of M at each altitude. Here, the horizontal 

bar within the box is the median value, and the lower and upper limits of M show 25% and 75% percentile 

of the data. Black dots beyond 75% percentile of M indicate the outliers in data. 

 

till 4.5 km) (Figure 5.11 b and c; (Table 5.2). The maximum value of M is somewhat 

similar (~4.2) however the frequency of such higher M values is large for that derived 

from Kdp compare to that derived from Zh. The peak in mean profile of M derived from 

Zh is observed at 3.5 km while it is missing in that derived from Kdp. Small changes in  
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Table 5.2. Mean and maximum cloud liquid water content (M) derived from Zh and Kdp.  

 

No. CLWC relation Symbol 
Mean 

(gm m-3) 

Max 

(gm m-3) 

1. 
Greene and Clark 1972 

M(Zh)=cZh
d 

MGC 1 4.8 

2. 
Bringi and Chandrasekhar 2001 

M(Kdp)=c(Kdp/f
*)d 

MBC 2.2 3.9 

3. 
Doviak and Zrnic 1993 

M(Kdp)=c(Kdpλ
#)d 

MDZ 2.4 4.2 

*f is radar frequency =5.62 GHz for the Delhi C-band radar; #λ is radar beam wavelength= 5.33 

μm 

mean values of M at each altitude for MGC, MBC and MDZ relations is noticed. Given the 

large differences in the values of M at each altitude, which one is likely to be correct? 

Answering this requires independent observations. Aircraft measurements made over 

Bareilly (which is situated in this region and not very far from Delhi) show mean M of 

0.27 gm m-3 during the summer monsoon period (Morwal et al. 2012). Owing to safety 

considerations, aircraft avoids intense convective clouds, and aircraft samples are biased 

towards cumulus and cumulus congestus clouds. A higher M is expected in intense 

convective systems containing Cb clouds. Therefore, M estimates from (Kdp) relations 

are likely to be closer to reality. However, further studies are needed to confirm this. 

 

5.5. Summary  

 This is the first study that reports the properties of convective clouds over the Indian 

region using data collected with a polarimetric DWR. Vertical structures of convective 

and stratiform echoes have been obtained, and storms and their characteristics are 

extracted. The vertical distribution of convective and stratiform echoes captured the 

signatures of heavy rainfall (below 4 km), melting band (~4 km) and anvil clouds at 

higher levels (~12 km). It is found that the convective clouds are very deep over the 

Delhi region, many of them extended beyond 16 km and a few even penetrated the 

altitude level of 18 km. The highest values of Zh for both convective and stratiform 

echoes are observed around 4 km altitude, i.e., near the 0°C isotherm. The typical storm 

duration is an hour while few exceed 3½ hours. More than one-third of these individual 

storms propagated at speeds of 30 km hr-1 or more whereas majority of the storms move 

with speeds of 25 km hr-1 or less. The typical movement of the storms is in northwest 

and southeast directions. The temporal evolution of long-lived storm which had lifetime 
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of ~3½ hours shows that the average ETH of 30 dBZ more often remains above 10 km, 

indicates the presence of lightning and intense convective activities. It is found that the 

storms with higher vertical extent (>8 km) and large ATI contribute to the large 

precipitation amount. ATI and RERV are found to be strongly correlated. The 

precipitation rate (R) of storms is estimated between 5 and 34 mm hr-1. During the 6 days 

period, the total accumulated precipitation (Pacc) derived from Kdp is found as large as 

250 mm. Comparison of Pacc with rain guage rainfall Pguage accumulation shows that Pacc 

derived from polarimetric variable Kdp is closer to the Pgauge while Pacc derived from 

conventional Z-R relations are highly underestimated. The mean of cloud liquid water 

content derived from Zh (~1 gm m-3) is just half of that derived from Kdp. However their 

maximum bound (~4.2 gm m-3) are somewhat comparable but their frequency at each 

vertical level differ largely. Those estimates based on relations involving polarimetric 

variable seem more realistic. These aspects need further investigation to narrow down 

the differences. 

 

 



 

 
 

6 
Conclusions 

 

The present work reports the characteristics of convective clouds using spacebrone and 

ground based Doppler weather conventional and polarimetric radars. The mesoscale and 

storm scales of cloud systems are studied in detail.  

 First part of the work covers study of clouds using TRMM PR and CloudSat CPR data. 

It is concluded that the PR, essentially meant to measure characteristics of precipitating 

clouds, misses the anvil part of mesoscale convective systems, and the full spatial extent of 

MCSs is not covered. CPR captures the cloud spatial coverage better. However, its 

reflectivity values are much lower due to the strong attenuation suffered by the radar beam 

operating in W-band. CPR signal gets attenuated severely during rain, more so below 6 km 

height. Their measurements show very little overlap in their measured Ze values. It is found 

that these radars have their respective limitations that need to be kept in mind while drawing 

conclusions on the cloud characteristics measured by PR and CPR.  

 In the second part, the life cycle of MCSs are discussed along with the properties of 

storms embedded in MCSs observed during the summer monsoon season which was 

reported for the first time using the DWR data over the Indian subcontinent. The convective 

echoes identification is done and their contribution in total area and precipitation are 

estimated. It is observed that the growth phase is characterized by a rapid increase in the 

number of storms. Importantly, within life span of an MCS, more than one life phases (e.g., 

mature or decay phase) may exist. MCS may contain a few too many storms whose area 

varies from less than 20 to more than 160 km2 having average storm height typically varied 

between 6 to 10 km. During the initial growth phase of MCS, the convective precipitation 

fraction can be as high as 80% and then decreases with time, often not monotonically. The 

average convective precipitation fraction is 45% or below at all the five locations, higher at 
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Kolkata, Hyderabad and Delhi (~40%) and the least at Nagpur (13%). Arithmetic average 

generally underestimates the actual contribution of convective precipitation to the total 

precipitation from an MCS. For example, convective echoes contributed 55% of the total 

precipitation at Hyderabad, i.e., nearly 15% more than the average value. Patiala has the 

deepest 30 dBZ echoes with more than 15% of them extending above 10 km. 40 dBZ echo 

tops peak around 4 km (Delhi being an exception) and only a very small fraction of them are 

found above 10 km. MCSs clearly exhibit the regional differences via vertical profile of 

radar reflectivity. The average VPRRs at Hyderabad, Nagpur and Patiala show similarities 

in the mixed phase region while differences amplify below 5 km and above 10 km height. 

The peculiar microphysical and dynamical processes associated with each MCS govern 

VPRRs. 

 In the third part, findings from storm-scale are revealed and documented in detail. 

Using polarimetric DWR radar reflectivity data at Delhi (a land Indian region), the vertical 

distributions of convective and stratiform echoes captured the signatures of heavy rainfall 

(below 4 km), melting band (~5 km) and anvil clouds at higher levels (~12 km). It is found 

that the convective clouds are very deep over the Delhi region extended beyond 16 km. The 

highest values of Zh for both convective and stratiform echoes are observed around 4 km 

altitude, i.e., near the melting level. The temporal evolution of long-lived storm of lifetime 

of ~3½ hours shows that the average ETH of 30 dBZ more often remains above 10 km, 

indicates the presence of lightning and intense convective activities. It is found that the 

storms with higher vertical extent (>8 km) and large ATI contribute to the large precipitation 

amount. ATI and RERV are found to be strongly correlated. The precipitation rate (R) of 

storms is estimated between 5 and 34 mm hr-1. The total accumulated precipitation (Pacc) 

derived from Kdp is found as large as 250 mm during 6 June and 10-16 June, 2013. 

Comparison of Pacc with rain guage rainfall Pguage accumulation shows that Pacc derived from 

Kdp is closer to the Pgauge while Pacc derived from conventional Z-R relations are highly 

underestimated. The mean of cloud liquid water content (M) derived from Zh (~1 gm m-3) is 

just half of that derived from Kdp. However their maximum bound (~4.2 gm m-3) are 

comparable but differ in their frequency at each vertical level. The M estimates based on 

relations derived using polarimetric variable seem more realistic than that derived using 

conventional Zh. These aspects need further investigation to narrow down the differences. 
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In future, I would like to explore more DWR data from both single-polarized and 

polarimetric to understand the monsoonal clouds’ structures over Indian region. Comparison 

of DWR data with Ka- (35.5 GHz) and Ku- (13.6 GHz) band radars onboard Global 

Precipitation Measurement (GPM) satellite will be another task which will reveal the 

limitations and sensitivities of sensors and will be helpful in validation of spaceborne 

reflectivity products using ground based platform. One of the prominent result from my 

thesis suggests that the rain estimates derived from polarimetric radars and rain gauges are 

nearer compare to that derived from single-polarized radars hence there is urgent need to 

strengthen the DWR network by installing more polarimetric radars (or upgrade the 

previously deployed radars) at various Indian land and oceanic locations. If the whole Indian 

region is covered by these polarimetric radars then it will be possible to get full tile of 

quality rainfall data over India which will be much more reliable than rainfall from space-

borne sensors (e.g., TRMM PR, GPM PRs etc.) and will be more homogenous compare to 

rainfall ground networks (e.g., rain gauge, disdrometer etc.). Comparing it with model 

rainfall estimates will be another important step to improve our modelling outcomes over 

Indian region which will help to understand the monsoonal clouds’ characteristics. In fact, it 

will further benefit to improve the cloud and convective parameterization in weather and 

climate models specifically over Indian region which are still inadequately applied. 

Teaching a full time course on radar meteorology will be my one of the important priorities. 

In upcoming years, more research units should come in existence which will be fully 

dedicated to radar meteorology where one may get expertise in this prestigious field of 

meteorology which is least known till date in India.  
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