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Abstract C-band radars were installed at Baramati and
Shegaon as a part of operational cloud seeding program of
Maharashtra State in the monsoon season (June—Septem-
ber) 2004. These provided first time a unique opportunity
to study (1) characteristics of precipitating monsoon clouds
(2) convection and (3) number of seedable clouds over
Indian meteorological subdivisions of Madhya Maharash-
tra (rain-shadow) and Vidarbha (drought-hit). The mon-
soon season is divided into active and break periods. The
cloud characteristics studied are: diurnal variation, cloud
top heights and durations. Diurnal variation of cloud fre-
quency shows maximum in the afternoon hours (10-11
UTC) and minimum in the early morning hours (3—4 UTC)
in both the periods. Cloud tops show trimodal distributions
with modes at 2-3, 8-9 and above 9 km. Mean cloud dura-
tion is 55 min. Congestus has been found prominent cloud
type (65%) with mean top height of 6.76 km. Frequency of
cumulonimbus clouds is found higher in the break periods.
Cloud scale is taken as a metric for characterization of con-
vection. Maximum frequency of cloud scale is found at C
scale (mesoscale: area 1001000 km?). Mesoscale Convec-
tive System has been found dominating convection type.
The convection over the area has been shown to be hybrid
type, consisting of basic oceanic type modulated by land
convection. Convective clouds having maximum reflectivi-
ties between 25 and 35 dBZ, suitable for hygroscopic and
glaciogenic seeding, are found in a large number. Under-
standing of characteristics of clouds and convection is
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useful for the diagnostic and precipitation enhancement
studies over the rain-shadow/drought-hit regions.
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1 Introduction

Mesoscale mountains entail the rain-shadow region on the
lee side (Xie et al. 2006). Western Ghats (WG) are mes-
oscale mountains. These run parallel to west coast of India,
in the north south direction at a distance of 50 km from the
coast, with mean height of 0.9 km above mean sea level
(amsl) and north—south length of 1100 km. A rain-shadow
region is formed on the leeward side (east) of it with mean
rainfall of 650 mm (Gunnell 1997). Figure 1a shows map of
India and meteorological rain-shadow subdivisions. These
are: (1) Madhya Maharashtra (indicated by number 4), (2)
Marathawada (indicated by number 5), (3) Telangana (indi-
cated by number 6), (4) Rayalseema (indicated by number
7) and (5) North Interior Karnataka (indicated by num-
ber 8). The Vidarbha subdivision (indicated by number 9)
is drought-hit area in the monsoon season 2004. Madhya
Maharashtra receives mean monsoon rainfall of 579.5 mm
with high coefficient of variability (ratio of standard devia-
tion (SD) to mean expressed as percentage) of 21.4%. All
India mean monsoon rainfall is 840 mm with SD of 10%
(Parthasarathy et al. 1995). Low monsoon rainfall over
the Madhya Maharashtra region is due to dynamic effects
of WG (Narkhedkar et al. 2015). The rainfall during the
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Maharashtra
District Map

Fig.1 a Map of India showing the cyclonic circulations (black cir-
cles). Numbers 1-9 indicate: /| monsoon trough (straight line), 2
Western Ghats (zigzag line along the west coast of India), 3 off-shore
trough along the west coast of India (straight line). Figure shows
location of the rain-shadow subdivisions Madhya Maharashtra (4),
Marathawada (5), Telangana (6), Rayalaseema (7) and North Interior
Karnataka (8) and drought-hit subdivision Vidarbha (9). b District
map of Maharashtra showing: Meteorological subdivisions of Maha-
rashtra (/ Konkan and Goa, 2 Madhya Maharashtra, 3 Marathawada
and 4 Vidarbha), radar station Baramati (B: black open circle), radar
station Shegaon (S: black solid circle) along with the respective study
areas (green circles) and the area scanned by the radars (red circles),
study region for rainfall/ ECMWF analysis /NCEP reanalysis data
(black rectangular region), Radiosonde station Aurangabad (solid
red circle). Few districts of Maharashtra (red letters Ns Nasik, Am
Ahmednagar, Pn Pune, St Satara and Sg Sangli) are also seen

summer monsoon season over these regions is widely vari-
able (Ramachandran and Banerjee 1983; Mukherjee et al.
1979, 1980a, b).

In the past cloud seeding experiments were conducted
over Madhya Maharashtra subdivision for rainfall enhance-
ment (Murty et al. 2000). The objective of cloud seeding
is to enhance the rainfall in the young, non-precipitating/
weakly precipitating convective clouds. Convective clouds
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with reflectivity of 25 dBZ are in the build-up stage of rain-
fall initiation. Weckwerth et al. (2011) showed that convec-
tion initiates when the radar reflectivity is above the thresh-
old of 28-36.5 dBZ. In another study, May and Ballinger
(2007) showed that clouds having reflectivity of 35 dBZ are
lightly precipitating. These studies indicate that convective
clouds having reflectivities in the range 25-35 dBZ are in
the convection initiation stage.

X and C-band radars are precipitation radars (Doviak
and Zrnic 2006; Bringi and Chandrasekar 2001; Rinehart
2010). These detect clouds in which rainfall process is pre-
sent. The earliest radar based cloud study over this region
refers to Mani and Venkiteshwaran (1961) who used small
airborne radar in the pre and post-monsoon seasons of
1953. X-band radar was used over northern India for cloud
seeding operations in the past (Chatterjee et al. 1969, 1978,
1993, 1995, 1996; Chatterjee and Prakash 1986, 1989,
1990a, b; Prakash and Chatterjee 1997). X-band radar has
the wavelength in the range 2.5-4.0 cm and frequency
8—12 GHz whereas C-band has the wavelength 4-8 cm
and frequency 4-8 GHz. The X-band radar has lower range
because of the low wavelengths (Rinehart 2010). Lower
range (80-100 km) and higher attenuation of X-band radar
limit the use of X-band radar for cloud seeding operations.
In our previous paper (Morwal et al. 2016a, referred as
M16 in the following discussions) we used C-band radar
data for studying cloud characteristics and convection over
the rain-shadow region during the post-monsoon season of
2011.

The State Government of Maharashtra conducted the
cloud seeding operations over Madhya Maharashtra and
Vidarbha subdivisions in the monsoon season 2004. Two
C-band radars were operated from Baramati (B, Madhya
Maharashtra subdivision) and Shegaon (S, Vidarbha sub-
division) (locations are denoted by open and solid black
circles in Fig. 1b) in the monsoon season. These provided
unique cloud dataset in the monsoon season over Madhya
Maharashtra and Vidarbha subdivisions. The first objective
of the present study is to investigate the aggregate charac-
teristics of clouds over the study areas.

C-band radars have been used to study cloud charac-
teristics over eastern Atlantic in GATE (GARP (Global
Atmospheric Research Program) Atlantic Tropical Experi-
ment) by Houze and Cheng (1977) and over the west
Pacific warm pool region in TOGA COARE (Tropical
Ocean Global Atmosphere Coupled—Ocean—Atmosphere
Response Experiment) by Johnson et al. (1999). The cloud
characteristics investigated in the present paper are com-
pared with those brought out in GATE and TOGA COARE
experiments. The radars used in the present study are of
same type to those used in GATE and TOGA COARE.
However, radar operational and scan strategies are bet-
ter in the present study. The GATE radar used 1200 UTC
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observations only. Present study utilizes observations at
all the hours of the day. In the GATE and TOGA COARE
studies the time resolution for the volume scan was 10 min
whereas it is 6 min in the present study.

Deep convection plays an important role in the verti-
cal transport of mass, momentum and energy in the trop-
ics (Riehl 1979). Understanding of the spatial and temporal
variation of convection is helpful in understanding the gen-
eral circulation of the atmosphere. Apart from this global
perspective, at a regional level understanding of convection
is important for understanding local circulation. Knowl-
edge of space time variability of convection and clouds is
important for identifying potential seeding opportunities.
The clouds are the visible form of moist convection and
therefore they are most suitable candidates for studying
the convection. The tropical convection is categorized into
different scales based on the area occupied by the clouds
(Houze and Cheng 1977; Houze 1993; Johnson et al. 1999,
M16). Studies regarding space—time variability of convec-
tion using radar data are lacking over the study region.
Hence, the second objective of the paper is to understand
the characteristics of prevailing monsoon convection using
C-band radar derived cloud population data.

The study focuses on the statistical characteristics of
clouds and not on the derived rainfalls. Hence rigorous
radar calibrations and inter comparisons are not required
(M16 and references there in). This approach has been
used in many earlier studies carried over tropical oceanic
and land regions (M16, Kumar et al. 2013a, b; May et al.
2012; May and Ballinger 2007; Johnson et al. 1999; Houze
and Cheng 1977; Lopez 1976, 1977). There is a large inter-
annual rainfall variability in the region (Rao 1976). So anal-
ysis of one season data may be considered as a limitation to
the study. The monsoon season has characteristic feature of
active and break conditions. The study is focused on cloud
characteristics in active and break conditions. These active
and break conditions have common features irrespective of
the inter-annual variability (Rao 1976). This justifies use of
single season radar data for getting representative statisti-
cal characteristics of clouds and convection. Studies using
limited data have been carried out by May and Ballinger
(2007) over Darwin, Australia. Other cloud studies using
limited data have been referred in M16.

The convection is initiated in the convective clouds
whose reflectivity is in the range 25-35 dBZ. Therefore,
these convective clouds are considered as suitable candi-
dates for the seeding operations. The third objective of the
paper is to quantify seeding opportunities based on this
range of reflectivities.

The flow of the paper is as follows. In all there are nine
sections. The data utilized in the present study is described
in Sect. 2. The meteorological conditions in 2004 monsoon
season are given in Sect. 3. The statistical characteristics

of clouds (first objective of the paper) are discussed in
Sect. 4. Convection characteristics (second objective of the
study) are given in Sect. 5. Section 6 describes the statis-
tics of seedable clouds (third objective of the study). The
detailed discussion of large scale dynamical and thermody-
namical processes is given in Sect. 7. The interrelationship
between the observed statistical properties of clouds, con-
vection and population of seedable clouds (three objectives
of the paper) is discussed w.r.t. the large scale dynamical
and thermodynamical forcing in Sect. 8. Section 9 is the
concluding session.

2 Data

Two 5 cm C-band radars were operated from 23 June-30
September 2004 (study period) one each at Baramati
(18.18°N, 74.61°E, 552 m amsl) and Shegaon (20.78°N,
76.68°E, 288 m amsl) as a part of the Rain Enhance-
ment Program of the State Government of Maharashtra.
Radars had a range of 250 km in the horizontal (marked
by red circles in the Fig. 1b). There were 26 horizontal
levels located at 0.75 km intervals in the vertical start-
ing with first level at 1 km. Full-volume radar data at
6 min resolution was interpolated to Cartesian grids with
0.75 km % 0.75 km X 0.75 km resolution. The volume con-
sisting of 0.75%0.75%0.75 km® is minimum detectable
volume. At a distance >120 km from the radar, the cloud
detection by the radar is limited by beam spreading and
minimum detectable reflectivity above the noise level (May
and Ballinger 2007; Kumar et al. 2013b). Therefore, areas
spanned by 120 km radius (marked by green circles in
Fig. 1b) from Baramati and Shegaon have been taken for
the study. These areas are referred as Baramati and She-
gaon regions, respectively. Each area consisted of 264 X 264
grid points at the resolution of 0.75 km. The radar’s techni-
cal details are given at the web-site of Weather Modifica-
tion Inc. (http://www.weathermodification.com/weather-
radar-systems.php). TITAN (Thunderstorm Identification,
Tracking, Analysis and Nowcasting) software (Dixon and
Wiener 1993) has been used to identify clouds from radar
reflectivity data. TITAN software has been used for cloud
characteristic studies by May and Ballinger (2007) and
Kumar et al. (2013a). The radar calibrations were similar
to that described in M16. The clouds are identified as 3-D
regions with minimum reflectivity of 5 dBZ in the Carte-
sian volumes, as per the procedure followed by Kumar et al.
(2013a, b), May et al. (2012), May and Ballinger (2007)
and M16. Total 6797, 9469 clouds (Tables 2, 3) were
observed over Baramati and Shegaon regions, respectively.

Synoptic features prevailing during 2004 over the study
areas have been taken from Indian daily weather reports
(Weather in India 2005). Daily gridded rainfall data at a
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resolution of 1°x1° for the study period has been taken
from India Meteorological Department (IMD) website
(http://www.imdpune.gov.in) for the rectangular regions
around Baramati (16-20°N, 73-76°E, black rectangle in
Fig. 1b) and Shegaon (19-22°N, 75-78°E, black rectangle
in Fig. 1b). This has been used for identifying monsoon
activity over the two regions. Upper air radiosonde data of
the nearest station Aurangabad (19.9°N, 75.3°E) (shown
by red solid circle in Fig. 1b) have been downloaded, for
the study period, from the website of University of Wyo-
ming (http://weather.uwyo.edu/upperair/sounding.html)
for understanding the thermodynamical structure of the
atmosphere and thermodynamic forcing. In order to esti-
mate the dynamic parameters over the Baramati and She-
gaon regions gridded data have been downloaded from
daily analysis of ERA Interim, Atmospheric model from
European Centre for Medium-Range Weather Forecasts
(ECMWEF) (http://data-portal.ecmwf.int/data/d/interim_
full_daily/levtype=pl) (Dee et al. 2011) at 00/12 Z. Daily
mean values of ECMWEF data have been computed by sim-
ple averaging of 00 and 12 Z data. The data have resolu-
tion of 0.125x0.125 latitude/longitude. Using the wind
data, wind shear in the lower (850-925 hPa) and middle
(400-850 hPa) layers, convergence/divergence and verti-
cal velocity “omega” fields at 925, 850,700, 600, 500, 400,
300, 250, 200, 150 100 hPa levels have been computed.
NCEP/NCAR reanalyzed latent and sensible heat flux data
at 2.5°x2.5° latitude/longitude resolution (http://www.esrl.
noaa.gov/psd) (Kalnay et al. 1996) have been used for com-
puting Bowen ratio.

3 Meteorological conditions in the 2004 monsoon
season

Monsoon circulation has number of stationary features
at different levels. These are: (1) monsoon trough (MT)
at surface (shown by 1 in Fig. 1a) (2) Mascarene high at
surface, (3) westerly low level jet (LLJ) at 850 hPa level,
(4) Tibetan high at 200 hPa level and (5) tropical east-
erly jet (TEJ) at 100 hPa level (Krishnamurty and Bhalme
1976). The monsoon circulation developed due to these
stationary forcings provides moisture and convergence
at lower levels to form clouds during the monsoon sea-
son. Apart from this, there are a few transient features.
These are: (1) low pressure systems (LPS) over central
India and Bay of Bengal (BoB), (2) off-shore west coast
trough (WCT) at surface (black solid line indicated by
number 3 in Fig. 1a) and (3) Cyclonic circulations in the
lower (850 hPa) and middle (700-500 hPa) levels over
central India (black circles in Fig. 1a). LPS are catego-
rized into low, depression, deep depression and tropical
cyclone depending on minimum pressure at the center of
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the circulation (Mooley 1973). These LPS provide addi-
tional convergence of moisture in the lower levels for the
formation of widespread and deep clouds. The monsoon
circulation becomes active over entire India during pres-
ence of LPS. The moisture convergence occurs in the
WCT region. Gentle orographic ascent over windward
side of WG provides additional lifting of the moisture.
This gives rise to formation of clouds over the windward
side of the WG. These clouds are advected over Madhya
Mabharashtra study area by the low level westerly winds.
The cyclonic vorticity associated with cyclonic circula-
tions in the middle levels provides lifting of moisture in
the mid tropospheric levels for the formation of clouds
over Vidarbha region. The clouds are also formed over
the Vidarbha study area when LPS is present over BoB
and central India.

Monsoon onset occurred over the Baramati and She-
gaon on 7 and 10 June, respectively (Weather in India
2005). In the year 2004, monsoon rainfalls over Mad-
hya Maharashtra and Vidarbha were +16 and —31%
of long term normal (Table 1). From Table 1 it is seen
that normal rainfall during the summer monsoon season
(June—September) over the windward side of the WG

Table 1 The actual rainfall, climatology of rainfall (mm) and depar-
ture of rainfall (%) for the months from June—September 2004 and for
the monsoon season (June—September) 2004 over the meteorological
subdivisions of Maharashtra State. Source: http://metnet.imd.gov.in/
mausamdocs/35631.pdf

Konkan Madhya Maratha- Vidarbha (V)
and Goa Maharashtra wada (M)
(KG) (MM)
June (J)
Actual 641 189 113 133
Normal 675 134 144 167
Departure —5% 41% —21% -20%
July (J)
Actual 894 151 218 225
Normal 1069 238 192 329
Departure —16% —37% 13% -30%
August (A)
Actual 1070 285 79 230
Normal 712 176 194 300
Departure 50% 62% —60% —23%
September (S)
Actual 242 190 186 89
Normal 347 151 174 180
Departure —30% 25% 7% —51%
Monsoon season (June—September)
Actual 2847 815 595 678
Normal 2802 700 704 976
Departure 2% 16% -16% -31%
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(Konkan and Goa regions) is very high (2802 mm) as
compared to the regions lying on the leeward side of the
WG (~700 mm over Madhya Maharashtra and Maratha-
wada). It increases in the east (~976 mm over Vidarbha).

The study period is divided into active (ACT) and break
(BRK) periods based on daily area-mean rainfall amounts.
The study is focused on long durations of ACT and BRK
periods. The time series of area-mean daily rainfalls (mm)
over Baramati (black solid line solid circle) and Shegaon
(red solid line solid circle) regions during summer season
of 2004 along with climatological area-mean daily rainfalls
(solid lines with green color for Baramati and blue color for
Shegaon) are shown in Fig. 2. The area-mean daily rain-
falls during 2004 were above the climatological area-mean
daily rainfall during 25 July—6 August (13 days) over both
the regions. This is categorized as ACT period. During
this period three LPS were present (23-24 July, 27 July-2
August, 2-6 August) over India (Weather in India 2005).
Higher rainfall in this period was due to the presence of
both stationary as well as transient features viz. LPS, WCT
(Weather in India 2005). During the period MT was south
of its normal position which is a typical feature in active
monsoon conditions (Parasnis and Morwal 1991).

The area-mean daily rainfall during 2004 was below the
climatology area-mean rainfall during 23 June—14 July (22
days) and 17 August—5 September (20 days). These are cat-
egorized as BRK1 and BRK2 periods, respectively. Tran-
sient features viz. WCT and cyclonic circulations in the
lower and middle tropospheric levels were present during
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Fig. 2 Climatological (CLI: 1971 to 2005; solid green line for Bara-
mati region and blue line for Shegaon region) and study period (2004:
black (Baramati region) and red (Shegaon region) solid lines with
solid circles) daily area-mean rainfall (mm) during 23 June-5 Sep-
tember over Baramati (16-20°N, 73-76°E) and Shegaon (19-22°N,
75-78°E) regions. Vertical lines delineate the different active (ACT:
25 July-6 August 2004) and break (BRK1: 23 June—14 July, BRK2:
17 August-5 September 2004) periods

these periods. These systems provided dynamical forcing
for the formation of clouds in BRK periods. BRK1 period
occurred in the beginning of the monsoon season whereas
BRK?2 period occurred nearly at the end of the monsoon
season 2004 when the monsoon was approaching the with-
drawal phase.

4 Statistical cloud characteristics

The first objective of the paper is to investigate the aggre-
gate characteristics of the clouds over the study region.
This has been addressed in context with: diurnal variation,
heights of cloud tops and the durations of clouds. These are
described in the following sub-sections.

4.1 Diurnal variation

Among the different timescales, diurnal variation is par-
ticularly important. Clouds are most affected by the diur-
nal cycle of earth’s surface heating/cooling and bound-
ary layer moisture convergence. The diurnal variation has
been studied over continental and marine regions (M16
and references there in) for understanding the nature of
convection. Keenan et al. (1989) found maximum cloud
frequency around 1430-2030 h local time over the land in
the Australian Monsoon Experiment (AMEX). Yang and
Slingo (2001) showed that deep convection over the oce-
anic regions tends to reach its maximum value in the early
morning hours. M16 observed maximum in cloud fre-
quency in the morning 8-10 IST (Indian Standard Time is
local time which is ahead of UTC by 5 h and 30 min) and
minimum in the evening 4-5 IST in the post monsoon sea-
son over the rain-shadow region.

The diurnal variations of cloud frequencies in BRK1,
ACT and BRK2 periods over Baramati and Shegaon
regions are shown in Fig. 3a—f, respectively. Number of
clouds in BRK1, ACT and BRK?2 periods are 2618, 2875,
1304 and 2694, 3811, 2964 over Baramati and Shegaon
regions, respectively. These are equivalent to 119, 221, 65
clouds day~! in the three periods over Baramati and 122,
293, 148 clouds day~! in the three periods over Shegaon
region, respectively. Maximum clouds are seen in ACT
period. However, the cloud populations are not insig-
nificant in the BRK periods but comparatively lesser in
BRK?2 period over Baramati. Prominent features of diur-
nal variability are: (1) existence of clouds all the hours of
day (2) strong similarity in the frequency distributions in
all the three periods. The maximum frequency is seen at
10-11 UTC and minimum at early morning hours at 3—4
UTC. The maximum frequency observed here is similar
to that observed by Keenan et al. (1989), and is different
from that observed by Bergman and Salby (1996) over the
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Fig. 3 Diurnal variation of number of clouds (%) over (a—c) Bara-
mati and (d—f) Shegaon regions during break (BRK1 and BRK2) and
active (ACT) monsoon conditions of 2004. First and second arrows

continental region and by M16 over the rain-shadow region
in the post-monsoon season. The peak frequencies are 11,
7, and 11% in BRK1, ACT and BRK?2 over Baramati region
and 11, 7, 7% in BRK1, ACT and BRK2 periods over She-
gaon region, respectively. The diurnal variation is smoother
(less difference between maximum and minimum) in ACT
period as compared to BRK periods.

4.2 Distribution of cloud population

Following the methodology used by Johnson et al. (1999)
and that used in M16, based on maximum cloud top
heights, clouds are categorized as (1) shallow cumulus
(referred as cumulus): clouds with maximum top heights
from 0 to <4 km, (2) congestus: clouds with maximum top
heights from 4 to <9 km and (3) cumulonimbus: clouds
with maximum top heights >9 km. Figure 4a—f shows time
series plots with 12 h resolution of cumulus (black solid
line), congestus (red solid line) and cumulonimbus (blue
solid line) clouds, along with the percentage of cumulative
frequency distribution (represented by the same color with
dashed line) of clouds in the three periods over Baramati
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Time (UTC)

Time (UTC)

indicate the time classes associated with the minimum and the maxi-
mum frequency, respectively

and Shegaon regions, respectively. These are normalized
with respect to total number of clouds. It is seen that fre-
quency of cumulus (black line) is the lowest and that of
congestus (red line) is the highest with intermediate fre-
quency of cumulonimbus (blue line in Fig. 4a—f; Table 2)
clouds during BRKI1, ACT and BRK2 periods. From
Fig. 4a it is seen that over Baramati region the frequency of
cumulonimbus clouds during BRK1 period is comparable
to that of congestus on many occasions indicating the high
probability of thunderstorms during this period. It is also
evident that frequency of occurrence of congestus clouds
is very high during the ACT period over both the regions
(Fig. 4b, e).

Table 2 shows the statistics of number of clouds (nor-
malized to total clouds) in the three periods over the two
regions. The frequency of cumulus varies from 5.77 to
24.46%. The frequencies are highest in BRK2 periods over
the two regions (Baramati: 17.94% and Shegaon: 24.46%).
The frequencies of congestus vary from 51.15 to 71.45%
over the two regions. The frequencies are higher during the
ACT period over the two regions (Baramati: 67.79% and
Shegaon: 71.45%). A good percentage of clouds (>51%) in
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Fig. 4 12-hourly variation of normalized frequency distribution and
cumulative frequency distribution for cumulus, congestus and cumu-
lonimbus clouds (normalized w.r.t. total clouds) over (a—c) Baramati

BRK periods indicates existence of good number of oppor-
tunities for cloud seeding operations in the BRK periods.
There is a large variability in cuamulonimbus frequencies. It
varies from 8.20 to 42.93%. The frequencies are highest in
the BRK1 period over both the regions (Baramati: 42.93%
and Shegaon: 23.31%).

4.3 Cloud top heights

Radar derived cloud top heights differ from actual cloud
top heights. The difference is less than 1 km for deep
cells and more for lower and mid tropospheric cells
(Kingsmill and Wakimoto 1991; May and Ballinger
2007; Kumar et al. 2013a, M16). Even with this limita-
tion radar derived cloud top maximum heights are found
useful for understanding the broad nature of the con-
vection and hence have been used in past studies (May
and Ballinger 2007; Kumar et al. 2013a, M16). Fig-
ure 5a—f shows the frequency distributions of maximum
cloud top heights over Baramati and Shegaon regions in
BRK1, ACT, BRK2 periods, respectively. The vertical

Aug06
Augl7 {8
Aug20
Aug24
Aug28
Sep01

and (d—f) Shegaon regions for break (BRK1 and BRK2) and active
(ACT) monsoon periods of 2004

grey lines delineate the three cloud categories discussed
in Sect. 4.3. First four classes (1-4 km class) represent
cumulus, next five classes (4-9 km) represent congestus
and next 11 classes (9-19 km) represent cumulonimbus
clouds. The maximum frequency in the cumulus classes
is associated with the clouds having tops of 2-3 km in all
the periods. In the congestus classes, the maximum fre-
quency is in the 8-9 km class in the BRK1 and ACT peri-
ods whereas it is in the 5-6 km class in the BRK?2 period.
In the cumulonimbus classes, the maximum frequency is
seen in the 11-12 km class in the BRK periods and in the
9-10 km class in the ACT period. The mean top maxi-
mum heights of three categories of clouds during BRK1,
BRK?2 and ACT periods are given in Table 2. Mean top
heights are 8.93, 8.05 and 7.39 km over Baramati and
7.51, 6.74 and 5.63 km over Shegaon in BRK1, ACT and
BRK?2 periods, respectively. The higher mean heights
in BRK1 period are due to highest frequency of cumu-
lonimbus clouds in this period. Mean cloud top heights
over both the regions are more than those observed by
M16 over Telangana subdivision in the post monsoon
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Table 2 Statistics of number of clouds (normalized to total clouds in
%), cloud maximum top, cloud duration, cloud area (percentage con-

July and BRK2: 17 August-5 September) and active (ACT: 25 July—6
August) monsoon conditions during 2004 over the study areas of Bar-

tribution to the total area) for cumulus (0—4 km), congestus (4-9 km)
and cumulonimbus (>9 km) clouds for break (BRKI1: 23 June-14

amati and Shegaon

Cloud type Baramati region Shegaon region
BRKI1 ACT BRK2 BRK1 ACT BRK2
Number of clouds (normalized to total)
Cumulus 155 (5.92%) 166 (5.77%) 234 (17.94%) 179 (6.64%) 563 (14.77%) 725 (24.46%)
Congestus 1339 (51.15%) 1949 (67.79%) 751 (57.59%) 1887 (70.04%) 2723 (71.45%) 1996 (67.34%)
Cumulonimbus 1124 (42.93%) 760 (26.43%) 319 (24.46%) 628 (23.31%) 525 (13.78%) 243 (8.20%)
Total 2618 2875 1304 2694 3811 2964
Grand total 6797 9469
Cloud maximum top (km)
Cumulus 2.84 291 2.81 2.76 3.01 2.78
Congestus 7.60 7.40 6.74 6.74 6.63 6.02
Cumulonimbus 11.35 10.82 12.29 11.20 11.30 10.88
Mean 8.93 8.05 7.39 7.51 6.74 5.63
Cloud duration (min)
Cumulus 41.39 54.49 46.59 47.85 45.08 59.02
Congestus 3743 40.76 44.58 42.37 52.57 59.46
Cumulonimbus 68.59 65.92 51.24 94.32 104.67 95.12
Mean 51.04 48.20 46.57 54.84 58.64 62.28
Cloud area (%)
Cumulus 1.82 0.99 6.13 2.08 3.61 8.79
Congestus 25.06 42.81 50.42 31.76 96.39 51.66
Cumulonimbus 73.12 56.20 43.45 66.16 48.96 39.55

season (~7.67 km), that found by Braham (1958) over
Tucson, Arizona semi-arid region (~6 km), that over
GATE (4.8 km) (Houze and Cheng 1977) and less than
those over Darwin, Australia (~8 km) during wet season
(Kumar et al. 2013a).

The frequency distribution of cloud top heights in
the present study is different from that observed in the
GATE experiment over east Atlantic (Fig. 6 of Houze and
Cheng 1977). The difference is due to absence of con-
gestus mode over GATE region. It is also different from
four cloud mode distribution over the Darwin, Australia
during three wet seasons using the CPOL radar obser-
vations (Kumar et al. 2013b). First two modes observed
in the present study are similar to those observed by
Kumar et al. (2013b). However, the height of the conges-
tus observed here is slightly higher than that of mode 2
observed by Kumar et al. (2013b). Mean cloud top height
over the area is comparable with the heights of the 30
dBZ small convective systems over the Sulaiman Range,
western foothills of Himalaya, 30 dBZ medium convec-
tive systems over the central, eastern foothills of Hima-
laya. However these are higher than the heights of the
30 dBZ small convective systems over the west coast of
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India and Myanmar (Romatschke and Houze 2011, their
Table 2).

4.4 Cloud duration

The clouds are always in different stages of their life cycles.
The processes of splitting and mergers are occurring at a
given instant of time. At the boundary of the study area,
clouds formed outside the domain enter in the study area.
Similarly clouds in the study area go out of the study area.
All these factors limit the accurate determination of the
cloud life times. Care is taken to consider clouds which
have been formed and remained in the study area in order
to eliminate the clouds entering into or leaving the study
area. The longer cloud durations are either due to single
cloud lasting for a long period or larger cloud formed by
the merging of small clouds lasting for a long period of
time. These longer duration clouds lie on the extreme end
of the cloud life time frequency distribution and will not
affect the mean duration unless their frequencies are higher.

Figure 6a—c, g—i show the percentage frequency distri-
bution of cloud durations during BRK1, ACT and BRK2
periods over Baramati and Shegaon regions, respectively.
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Fig. 5 Frequency distribution for cloud maximum top heights over
(a—c) Baramati and (d—f) Shegaon regions during break (BRK1 and
BRK?2) and active (ACT) monsoon periods of 2004. The vertical grey

The cloud durations are given at an interval of 25 min
because the minimum cloud duration is 12 min due to
availability of the volume scans at 6 min interval. However,
for the convenience of presentation the plots are made at
an interval of 25 min similar to that done in M16. It is seen
that mean duration varies from 47 to 62 min (Table 2). The
distributions are positively skewed. The first two classes
contribute more (~75%) to the total cloud durations. This
indicates the dominance of small duration clouds. The low-
est frequencies (<3%) are found to be associated with the
longer duration clouds (duration >100 min). Therefore, the
mean duration is not affected by the longer duration clouds
which might have formed due to merger of smaller clouds.
Intermediate frequencies (~10-13%) are linked with the
medium duration clouds (50 <duration <75 min). The fre-
quency distribution is similar to that observed over eastern
Atlantic in TOGA COARE (Fig. 9 of Houze and Cheng
1977). May and Ballinger (2007) observed the exponential
distribution of cloud durations over Darwin, Australia. The
mean duration is comparable to that observed by M16 but it
is lesser than that observed over the GATE region (88 min)

Cloud Max Top (km)

Cloud Max Top (km)

lines represent the cumulus, congestus and cumulonimbus categories
from left to right

(Houze and Cheng 1977) and is higher than that over the
Darwin, Australia (30 min) (May and Ballinger 2007).
The maximum cloud duration is 375 min. It is compara-
ble to that observed by M16 (390 min) but lower than that
reported by Houze and Cheng (1977) (500 min) over the
GATE region. Thus the mean and maximum cloud dura-
tions over the study region are more or less similar to that
observed by M16 in the post monsoon season, however
lower than that observed over GATE area.

4.5 Testing log normality of cloud durations

The clouds are formed purely due to random process or
due to dynamical forcings. The test of log normality of
cloud parameters help to understand whether the vari-
ability is governed by random process or some dynamic
forcing. With this point of view frequency distributions
of cloud durations are tested for lognormal distribution.
The lognormal distribution is associated with the param-
eters having a single modal value at smaller scale and pro-
gressively lower values at the larger scales (Lopez 1976;
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Fig. 6 Frequency and cumulative (CFD, plotted in log-probability
format) frequency distribution for cloud durations over (a—f) Bara-
mati and (g-1) Shegaon regions during break (BRK1 and BRK?2) and
active (ACT) monsoon periods of 2004. The straight line in CFD is
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the cumulative log-normal distribution computed from the average
(Avg) and standard deviation (Std) of the logarithms of the observed
cloud durations



Characteristics of precipitating monsoon clouds over rain-shadow and drought-hit regions... 3581

Johnson et al. 1999). The frequency distribution of height
of cloud maximum tops (Fig. 5) showed multimodal dis-
tribution and hence is not considered for testing the log
normality. In Fig. 6d—f, j-1 cumulative frequency distribu-
tions (%, CFD) of cloud durations are shown for the three
periods over both the regions. The cumulative lognormal
distribution (straight line) is fitted using the mean (Avg)
and standard deviation (Std) of the logarithms of the cloud
durations of the respective periods as shown in all the plots.
It is seen that CFD lies along the fitted lognormal distribu-
tion straight line except at the higher end of the spectrum.
This feature is also observed by Lopez (1977) over differ-
ent locations (shown by him in Table 3; Fig. 5) and Houze
and Cheng (1977) over Atlantic in the GATE experiment
(their Fig. 10). CFD for the long lived clouds (duration
>200 min) are lesser than that shown by lognormal distri-
bution. This indicates that long period clouds might have
been formed due to merging of smaller clouds associated
with dynamic forcing such as wind shear and not due to
random processes.

5 Characteristics of convection

The second objective of the paper is to understand the char-
acteristics of prevailing monsoon convection using C-band
radar derived cloud population data. This point is discussed
in this section. In the tropical atmosphere clouds occur in

wide spatial scales ranging from isolated cumulus to large
cloud clusters (Gambheer and Bhat 2000; Bhat and Kumar
2015). The cloud distribution over Indian region has been
studied extensively using satellite radiance data (Gross-
man and Garcia 1990; Laing and Fritsch 1993; Roca and
Ramanathan 2000; Gambheer and Bhat 2000 and; Bhat and
Kumar 2015). These studies describe cloud characteristics
on larger scales. Laing and Fritsch (1993) described cloud
characteristics in mesoscale convective complexes (MCC)
having spatial scale more than 50,000 km?. These MCCs
were associated with LPS. Sampling interval was 3 h in
the study conducted by Gambheer and Bhat (2000). Low
clouds are not detected under the high cloud cover in the
satellite observations. The radar gives cloud information
with high spatial time resolution in the lower end of the
cloud size spectrum overcoming the limitations in the satel-
lite observations.

5.1 Scale wise cloud statistics

As was done in M16, the convection has been classified
into different spatial scales based on cloud sizes. These are:
synoptic scale (Scale A: size >10° km?), cloud cluster scale
(Scale B: size 10°-10° km?), mesoscale-1 (Scale B/C: size
10°-10° km?), mesoscale-2 (Scale C: size 10*-10° km?)
and cumulus scale (Scale D: size 1-102 km?). The radar
observations are taken up to 120 km range, which limits
identification of clouds up to B/C scales only. Figure 7a—f

Table 3 The average number

N Scale type Baramati region Shegaon region

of clouds (%), cloud area

(%), cloud maximum top and BRK1 ACT BRK2 BRK1 ACT BRK2

cloud duration for D scale

(area: 1-100 km?), C scale Number of clouds (%)

(area: 100-1000 km?) and B/C D scale 29.11 22.47 36.89 36.82 34.71 42.48

scale (area: 10007105 km?) C scale 65.13 69.95 59.66 57.68 58.91 52.02

?L)l;ybziik];ﬁilz(;l 12732323;1_%5 B/C scale 5.77 7.58 3.45 5.49 6.38 5.50

September) and active (ACT: Total 2618 2875 1304 2694 3811 2964

25 July—6 August) monsoon Grand total 6797 9469

conditions of 2004 over the Cloud area (%)

;t}?:gyaf);eas of Baramati and D scale 6.03 3.29 8.18 6.39 5.26 7.67
C scale 47.05 40.55 48.16 38.97 36.13 38.38
B/C scale 46.92 56.15 43.66 54.63 58.60 53.94

Cloud maximum top (km)
D scale 7.84 7.18 6.75 5.94 5.29 4.37
C scale 9.13 8.13 7.68 8.13 7.23 6.323
B/C scale 12.10 9.85 9.23 11.56 10.14 8.80
Mean 8.93 8.05 7.39 7.51 6.74 5.63
Cloud duration (min)

D scale 22.71 24.60 26.22 27.58 28.31 32.29
C scale 49.25 42.24 47.85 55.94 56.77 65.83
B/C scale 214.23 173.16 241.93 226.11 241.12 260.26
Mean 51.04 48.20 46.57 54.84 58.64 62.28
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Fig. 7 Frequency of occurrence of radar clouds of D, C and B/C scales over (a—¢) Baramati and (d—f) Shegaon regions for break (BRK1 and
BRK?2) and active (ACT) monsoon periods of 2004. Solid circle indicates the area occupied (%) by the clouds in each scale

shows the frequencies of occurrences of D, C and B/C
scales along with the percentages of areas occupied by
them (value along with big solid circle) over Baramati and
Shegaon regions for the periods BRK1, ACT and BRK2,
respectively. The frequencies of D scale are 29, 22 and 37%
over Baramati and 37, 35 and 42% over Shegaon in BRK1,
ACT and BRK2 periods, respectively (Table 3). Houze and
Cheng (1977) observed that the frequencies of occurrences
of D scale echoes were 72, 68 and 55% in Phase I, IT and
IIT over the GATE region during the summer season. Thus,
the present values of D scale are much smaller as compared
to the values over the GATE region. These are lesser than
those observed by M16 in the post monsoon season. It is
seen from Fig. 7a—f that the horizontal areas covered by the
D scale in these periods over the two regions are 6, 3, 8%
and 6, 5, 8%, respectively (Table 3).

The frequencies of occurrences of C scale clouds are
65, 70, 60% and 58, 59, 52% over Baramati and She-
gaon regions in BRK1, ACT, BRK2 periods, respectively
(Table 3). It is seen from Fig. 7a—f that the areas covered
by C scale in these periods are 47, 41, 48% and 39, 36,
38% over the Baramati and Shegaon regions, respectively
(Table 3). Corresponding C scale frequencies in Phase I, IT
and III over GATE area were 22, 25 and 40%, respectively.
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The comparison indicates that C scale frequencies over
GATE region are lower than that obtained in the present
study.

Frequencies of occurrences of B/C scale are 6, 8, 3%
and 5, 6, 5% over Baramati and Shegaon regions in BRK1,
ACT, BRK3 periods, respectively (Table 3). These are the
lowest among three scales. From Fig. 7a—f it is evident
that the horizontal areas occupied by this scale are 47, 56,
44% and 55, 59, 54% over Baramati and Shegaon regions
in BRK1, ACT, BRK2 periods, respectively (Table 3). It is
seen that this scale occupies substantial area. It is noticed
that C and B/C scales together occupy more than 90% of
the total area.

Figure 8a—f show the relationships between the cloud
scales and the cloud maximum top heights over the two
regions. Table 3 shows scale wise cloud top heights in the
three periods. It is clearly evident from the figure and the
Table 3 that the cloud maximum top height increases from
D to B/C scale for all the periods. The D scale heights are
7.84,7.18, 6.75 km and 5.94, 5.29 and 4.37 km over Bara-
mati and Shegaon regions, respectively in the three peri-
ods. The heights of D scale are lower over Shegaon region
compared to Baramati region. The mean cloud top heights
over the GATE region for the three scales were 4.3, 5.8 and
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Fig. 8 Average cloud maximum top height in different size ranges
(black solid line) and averages for different scales (D, C and B/C
scales, red dashed line) along with its average over (a—c) Baramati

9.9 km, respectively (Houze and Cheng 1977). Thus, for D
and C scales, the values over the GATE region are lower
as compared to that over the study region. C scale and B/C
scale clouds have higher tops in BRK1 period than in other
periods. The cloud tops during the monsoon season are
comparable to those observed by M16 in the post monsoon
season.

The association between the cloud scales and the cloud
duration during the BRK1, ACT and BRK2 periods are
shown in Fig. 9a—f over the Baramati and Shegaon regions,
respectively. The cloud duration was found to be positively
correlated with the horizontal cloud area. Duration of D
scale varies from 23 to 32 min, C scale varies from 42 to
66 min and B/C scale varies from 173 to 260 min (Table 3).
Monsoon season cloud durations over the study region are
smaller than those in the post monsoon season. Houze and
Cheng (1977) observed that mean duration of B/C scale is
more in Phase III period when there was increased synoptic
scale activity.

5.2 Mesoscale convective systems (MCS) and sub-MCS

Mesoscale convective systems (MCS) are cloud clusters
having large horizontal areas. Fair weather cirrus clouds

Cloud Area (km?)

10° 10°* 10’ 10 10° 10
Cloud Area (km?)

and (d—f) Shegaon regions for break (BRK1 and BRK?2) and active
(ACT) monsoon periods of 2004

are also having a large horizontal area. However, these
clouds are high in the troposphere and are not precipitating.
So these are not observed by the radars. Similarly, marine
stratus clouds are having a large horizontal area. Our study
region is over the land and therefore marine stratus clouds
are not the part of population of clouds studied here. The
convection over Pacific warm pool region has been stud-
ied in TOGA COARE using MCS (Johnson et al. 1999).
They divided MCS into two categories: sub-MCS and
MCS. Sub-MCS category was defined if the cloud horizon-
tal area was <100 km? and MCS category was defined if
the area was >100 km?. MCSs contain adjacent convective
clouds >100 km? in scale whereas the sub-MCS category
refers to clouds whose adjacent convective precipitation
echoes are <100 km? in horizontal scale (Houze 1993).
MCS have regions of both convective and stratiform pre-
cipitation (Houze 2004). These two categories represent the
isolated (sub-MCS) and organized (MCS) convection. Echo
height distribution plots have been used by DeMott and
Rutledge (1986) for all the three cruises of the Vickers and
by Lopez (1976) in the Barbados area. The present study
has used the same approach for studying the convection.
The frequency of cloud top heights (%) for the MCS (green
line), sub-MCS (red line) and all the clouds (black line) are
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Fig. 9 Average cloud duration in different size ranges (black solid line) and averages for different scales (D, C and B/C scales, red dashed line)
along with its average over (a—c) Baramati and (d—f) Shegaon regions for break (BRK1 and BRK2) and active (ACT) monsoon periods of 2004

shown in Fig. 10a—f over Baramati and Shegaon regions
for BRK1, ACT and BRK2 periods, respectively. The fre-
quency distributions are more or less similar in all the three
periods. The MCS is the dominant category in all the three
periods. MCS frequencies vary from 57.5 to 77.5%. Previ-
ous studies (M 16, Johnson et al. 1999 and; Rickenbach and
Rutledge 1998) over oceanic and land regions reported the
most common occurring category as sub-MCS. It is seen
that the frequency of MCS is lower in comparison to that
of sub-MCS in the 2-3 km range and vice versa for heights
>8 km. Johnson et al. (1999) reported sub-MCS and MCS
peaks at 3.5 and 7.5 km, respectively. They concluded that
the isolated (sub-MCS) convective echoes are shallower
than those organized echoes (MCS). Over the study area
the second mode of sub-MCS clouds is found to reach up to
MCS cloud heights.

In order to understand the development of MCS it is
essential to examine the vertical wind shear of horizon-
tal winds. The vertical wind shear plays an important
role in (1) organization of tropical convection (LeMone
et al. 1998) and (2) interaction among the clouds to grow
from small to large sizes (LeMone 1989). Many obser-
vational and numerical studies have investigated the
effect of vertical wind shear on intensity and organization
of MCS (Chen et al. 2015; Jensen et al. 2011; Coniglio
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et al. 2006; Weisman and Rotunno 2004; Schumacher and
Houze 2003; LeMone et al. 1998; LeMone 1989; Rotunno
et al. 1988). Gyakum and Cai (1990) reported that ver-
tical wind shear prevails in the lower (700-800 hPa),
middle (300-700 hPa) and upper (200-300 hPa) tropo-
spheric layers frequently. It was reported earlier that
wind shear is strong if its absolute value is >4 ms~! for
lower layer (1000-800 hPa) and >5 ms™! for middle layer
(800—400 hPa) (LeMone et al. 1998). Figure 11a, b shows
the time series of wind shear in the lower (850-925 hPa,
solid line with open circle) and middle (400-850 hPa,
solid line with solid circle) tropospheric layers over Bara-
mati and Shegaon regions, respectively. The vertical grey
lines indicate the separation of BRK1, ACT and BRK2
periods. The horizontal dashed lines mark the region
of wind shear between —4 to +4 ms~'. Over both the
regions, it is seen that middle layer (400-850 hPa) wind
shear is strong and easterly (negative) throughout the
study period. Shear is stronger during the ACT period
than that in BRK periods. The low layer (850-925 hPa)
wind shear is westerly (positive) during majority of the
study period. It is weak and oscillating about zero value
in BRKI1 period. It is continuously decreasing during the
BRK?2 period. It is strong (>4 ms™') on most of the days
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Fig. 10 Frequency distribution of cloud maximum top heights (%)
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soon periods of 2004

Wind shear (ms™)

Jul 23
Jul 3
Jul 23

Aug 2
Aug 12
Aug 22

Sep 1

Jul 13

Aug 2
Aug 12
Aug 22

Sep 1

Fig. 11 Time series of wind shear (ms™!) for 850-925 and 400-850 hPa layers during break (BRK1 and BRK2) and active (ACT) monsoon
conditions of 2004 over a Baramati and b Shegaon regions. The vertical lines delineate the different monsoon conditions
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during ACT period. The strong wind shears in both the
layers are favorable for the organization of convection.

6 Statistics of the seedable clouds

The third objective of the paper is to quantify seeding
opportunities based on the radar reflectivities. This point
has been addressed in this section. The clouds are catego-
rized into convective and stratiform based on the distribu-
tion of the reflectivity. Many schemes are available to clas-
sify the rainfall from precipitating clouds into convective
and stratiform components (Churchill and Houze 1984,
Steiner and Houze 1993; Rosenfeld et al. 1995; DeMott
et al. 1995; Steiner et al. 1995 and; Biggerstaff and Lis-
temma 2000). In this paper we have used the scheme of
Steiner et al. (1995). In this study gridded Cartesian radar
reflectivity data at 3.25 km CAPPI (Constant Altitude Plan
Position Indicator) at ranges less than 120 km have been
used to classify the clouds into convective and stratiform
types. The algorithm has three steps as given in Steiner
et al. (1995) to select the convective clouds. Any remaining
nonzero reflectivity areas are then classified as stratiform.

This algorithm is applied for all the data for break and
active monsoon condition over the Baramati and Shegaon
regions. The frequency distribution of maximum radar
reflectivity (%) for the convective (dashed line) and strati-
form (solid line) clouds during break (BRK1 and BRK?2)
and active (ACT) monsoon conditions of 2004 over Bara-
mati and Shegaon region are shown in Fig. 12a—f, respec-
tively. From these plots it seen that in general the convec-
tive clouds are more as compared to stratiform clouds
during both active and break monsoon conditions. During
break monsoon conditions the frequency distributions of
stratiform clouds showed negative skewness and leptokur-
tic distribution with mode around 30 dBZ (Fig. 12a, c, d, f)
whereas during active monsoon conditions it is positively
skewed and mode is below 25 dBZ (Fig. 12b, ). The modal
value of the frequency distribution of convective clouds is
more or less same and has a lesser frequency in comparison
to stratiform frequency during the break monsoon condi-
tions (Fig. 12a, c, d, f). During active monsoon conditions
the modal frequencies are nearly same for the convective
and stratiform clouds (Fig. 12b, e).

The main goal of the seeding program was to increase
the rainfall by hygroscopic and glaciogenic seeding. The
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Fig. 12 Convective and stratiform frequency distributions for radar
reflectivity at 3.25 km altitude over (a—c) Baramati and (d—f) She-
gaon regions during break (BRK1 and BRK2) and active (ACT)
monsoon periods of 2004. The vertical grey lines are drawn at 25 and
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35 dBZ which is the reflectivity range for seedable convective clouds.
The total number of stratiform (ST) and convective (CN) clouds are
also given in each plot
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experiment was conducted to enhance the precipitation as
the precipitation efficiency of the clouds over this region
is very low with respect to rainfall processes. Cloud seed-
ing with large hygroscopic particles at the base and silver
iodide particles in the super cooled regions of clouds is car-
ried out to enhance the efficiency of rainfall process (Sarah
et al. 2012; Murty et al. 2000; WMO 2000; Silverman
2000; Bruintjes 1999). The mean freezing level is ~5 km
and the mean cloud top height in the monsoon season over
study region is ~7-8 km (Fig. 5a—f). This indicates that the
cloud tops are above the freezing level indicating presence
of mixed-phase clouds. Hence these are suitable for glaci-
ogenic seeding in the upper portions of the clouds where
super-cooled water co-exists with ice particles. Clouds
in the reflectivity range 25-35 dBZ are considered to be
suitable for seeding as these are in the stage of convec-
tion initiation (May and Ballinger 2007; Weckwerth et al.
2011). Figure 13 shows the number of convective clouds
with maximum reflectivities 25-35 dBZ over Baramati
(red bars) and Shegaon (green bars) regions in the three
periods. The number of convective clouds is the highest
in ACT period. There exist a large number of convective
clouds suitable for seeding even in break periods over both
the regions. This indicates that good seeding opportunities
are available when there is an urgent need of water for sus-
taining the crops. Seeding opportunities also exist in ACT
periods for enhancing the existing rainfall to increase the
water levels in the dams for irrigation and hydroelectric
power generations. It is seen from Table 2 that the mean
durations of congestus are in the range 38—60 min. These
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Fig. 13 Distribution of convective clouds associated with reflectiv-
ity of 25-35 dBZ over Baramati and Shegaon regions during break
(BRK1 and BRK?2) and active (ACT) monsoon conditions of 2004.
Numbers in bracket indicate the total convective clouds over the
respective region. Total number of clouds in BRK1, ACT and BRK2
is also indicated

periods ensures enough time for aircraft to reach the clouds
for conducting seeding operations.

7 Large scale dynamical and thermodynamical
characteristics

In this section interrelationship between observed aggre-
gate properties of clouds, convection, number of seedable
clouds and large scale dynamical, thermodynamical fea-
tures is discussed.

7.1 Heat fluxes and Bowen ratio

Clouds are formed because of (a) low level convergence of
moist air on large scale, (b) rising of thermals due to sur-
face heating by solar radiation (Morwal et al. 2016b) and
(c) orographic lifting. The orographic lifting mechanism
is absent over the study region as it is located on the lee-
side of WG. The thermal eddies are generated by sensible
and latent heat of the Earth’s surface due to solar radia-
tion reaching the Earth’s surface (Morwal et al. 2016b).
The intensity of these thermal eddies govern the base and
width of the convective clouds generated due to solar heat-
ing (Williams and Stanfill 2002). The Bowen Ratio (BR)
is an indicator of intensity of thermals. It is defined as
the ratio of sensible heat (SHF) to latent heat (LHF) flux
(Bowen 1926). The time series of SHF, LHF and BR for
the three periods over Baramati and Shegaon regions are
shown in Fig. 14a, b, respectively. The three periods are
delineated by vertical grey lines in the figure. Over the
Baramati region the SHF values are in the range —10 to 30
Wm~™2 (Fig. 14a). SHF values are relatively higher in the
BRK periods and lower in the ACT periods. The LHF val-
ues range from 120 to 160 Wm™2. The LHF values show
oscillating feature about mean value of 140 Wm~2. The BR
varies from O to 0.13 and follows the variation of SHF. The
BR values are lower in ACT periods than that during BRK
periods. The low values of BR (0-0.13) during the study
period indicate oceanic type of land surface (Williams and
Stanfill 2002; Morwal et al. 2016b). Comparatively higher
BR values in the BRK periods are conducive for intense
thermals and deep clouds.

7.2 Wind divergence and vertical velocity

Figure 15a, b shows distribution of divergence (10° s7hH
and vertical velocity (Omega hPa s~!) from 925 to 100 hPa
levels over Baramati region and Fig. 15c, d over She-
gaon region. These parameters are reported from 925 hPa
because the average height of the terrain over the study
region is ~500 m amsl. The three periods are deline-
ated by black vertical lines. It is seen from Fig. 15a that

@ Springer



S. B. Morwal et al.

SHF (Wm?)

(%] [3¢) ™ ™
N -— - N
c 3 -— —
5 ] =} =]
5 = =

Aug 2
Aug 12
Aug 22

Sep 1

1.6
114

o - N
N

o o o -
=N N (-] o
(ug) oney uamog

5 2 © o o
NON

Jun 23
Jul 34
Jul 13 4

Fig. 14 Time series of latent and sensible heat fluxes (Wm™2) and Bowen ratio during break (BRK1 and BRK2) and active (ACT) monsoon
conditions of 2004 over a Baramati and b Shegaon regions. The vertical lines delineate the different monsoon conditions

over Baramati region the divergence prevails in lower
(900-850 hPa) and higher (150-100 hPa) layers. The con-
vergence is seen to prevail in the middle (850-400 hPa)
layer. In the ACT period convergence is intensified.
From Fig. 15c it is clearly evident that over Shegaon
region the weak convergence is present in the lower lev-
els (900-700 hPa) during the three periods. The upward
motion is observed from 900 to 300 hPa level over Bara-
mati in BRK1 period (Fig. 15b). In ACT period it extends
up to 200 hPa level. Over Shegaon region, upward motion
occurs above 800 hPa level (Fig. 15d).

7.3 Thermodynamical characteristics

Figure 16a shows the time series of surface thermody-
namic variables viz. relative humidity (RH, %, grey line),
dry-bulb temperature (Tt, °C, black line with solid circles)
and dew point temperature (Td, °C, grey line with open cir-
cles) obtained from the radiosonde observations conducted
at Aurangabad. The dry-bulb temperature is high~23 °C
during BRK1 period and drops to ~22 °C thereafter and
remains nearly constant in ACT and BRK?2 periods. The
dew point temperature is ~21 °C throughout the study
period. Higher SHF and BR values in BRKI1 period are
due to higher dry bulb temperatures. The RH values
are smoothed using 5 point average. High RH (>85%) is
seen in all the three periods. The time series of equiva-
lent potential temperature (6., K) is shown in Fig. 16b.
It is high (>340 K) on all the days. The maximum value
of 0, is 359 K. Mean value of 0, is ~353 K in the BRK1
period and remains constant at ~349 K in ACT and BRK2
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periods. Figure 16¢c shows the time series of CAPE (Con-
vective Available Potential Energy, J kg™!) in the study
period. CAPE values are high (>1000 J kg~') in BRK1 and
ACT periods. Time series of convective inhibition (CIN) is
shown in Fig. 16d. Large negative values of CIN are seen
in BRK1 period. In ACT periods CIN values are near to
zero interspaced with moderate negative values. The time
series of LCL (lifting condensation level, hPa) and LFC
(level of free convection, hPa) are shown in Fig. 16e. The
LEC is close to LCL on many days in all the three periods.
However, there are days when LFC pressures were near
to 600 hPa. The LCL and LFC are at lower levels during
ACT period as compared to BRK periods by 10-12 hPa.
Figure 16f shows moisture profiles in the three periods. In
the ACT period RH is high (>85%) up to 400 hPa level.
In BRK1 and BRK2 periods high RH is seen up 500 hPa
level.

8 Discussion

As stated above, clouds are formed because of (a) low
level convergence of moist air on large scale, (b) rising
of moist air in thermals which are formed due to surface
heating by solar radiation (Morwal et al. 2016b) and (c)
orographic lifting which is non-existing over the study
region. Over the rain-shadow region mechanism of rain-
fall has been discussed by Narkhedkar et al. (2015). Their
study showed that anticyclonic vorticity and divergence
are generated over the rain-shadow region below 850 hPa
in the wind field due to orographic effect of WG. Further,
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they showed that wind convergence occurs at and above
850 hPa level which produces upward motion thereby
transporting the moisture above 850 hPa level. Accord-
ing to Mapes and Houze (1993) convergence in the lower
levels produces convection in two steps: (1) by extend-
ing the high 6, layer from the Earth’s surface up to higher
levels and (2) by cooling the surrounding environmental
air adiabatically thereby lowering LFC of the ascending
air. LFC at lower levels and close to LCL in ACT periods
as seen in Fig. 16e is the result of low level convergence
produced by LPS in this period.

Divergence in the low, middle and upper troposphere
(Fig. 15a, c) act as a barrier by limiting the growth of
convective clouds vertically and thus controls the heights
of the tops of the clouds. The divergence results in pro-
ducing shallow cumulus, congestus and deep convective
clouds with maximum top heights at 2.5, 9 and >10 km
as seen in Fig. 5.
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Baramati and (¢, d) Shegaon regions. The vertical lines delineate the
different monsoon conditions

This study showed that the BR values are low (Fig. 14a,
b). Further, it is observed that these values of BR are more
or less similar to the climatological values over the rain-
shadow region in the post-monsoon season (Morwal et al.
2016b). Low BR values indicate ocean type surface con-
ditions. This is because of wetness of the soil due to rain-
fall activity. BR values are comparatively higher in BRK
periods (Fig. 14a, b) indicating generation of stronger ther-
mals favorable for formation of deep convective clouds.
The high CAPE values (especially in BRKI1 period)
(Fig. 16¢) indicate existence of large potentials for the
development of deep convective clouds. High CAPE val-
ues during BRK periods overcome the high CIN to form
the clouds. It is shown in Sect. 4.3 that cloud frequencies
in the classes >10 km are higher in the BRK1 and BRK2
periods than those in ACT period. Higher RH in the mid
levels (seen in Fig. 16f) is due to transport of moisture by
the shallow cumulus clouds which is consistent with that
observed by Johnson et al. (1999) in the trade wind region.
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The detrainment of moisture from the tops of the shallow
clouds keeps the middle troposphere moist. This middle
level moisture acts as a fuel for formation of deep clouds.
Thus effect of higher BR values, higher CAPE and high RH
in the middle tropospheric levels in the BRK periods is to
produce higher frequencies of deep clouds in BRK periods.
This feature is similar to the finding of May and Ballinger
(2007) that there was an increase in deep convective activ-
ity in the break conditions over Darwin.
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The diurnal variation (shown in Fig. 3a—f) is smooth
and is having peak in the afternoon hours at 10-11 UTC.
Smooth diurnal variation indicates that convection sustains
throughout the day. The surface is of oceanic type during
the study period. It is well known that diurnal variation
of surface temperature over the ocean is weak. Figure 16a
shows that on the daily time scale, surface is warm and
moist throughout the study period. This warm and moist
oceanic type surface keeps the boundary layer warm and
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moist over the study area to sustain the convection through-
out the day producing smooth diurnal variation. Over the
oceans, the diurnal variation of surface temperature is
not strong. Therefore, the ocean surface remains warm
throughout the night time. This warm surface provides
moisture in the boundary layer. As the solar radiation heats
the surface, the convection starts and clouds are formed in
the morning. Whereas, over the land the diurnal cycle of
surface temperature is very strong. The surface cools in
the night time. The solar radiation requires a longer time to
heat the surface to develop the convection currents. So the
peak in the convection and clouds occur in the afternoon
hours over land. The large scale convergence at lower lev-
els is produced by stationary and transient synoptic systems
throughout the day. Superimposed on this constant forcing
is the thermal forcing due to land surface heating by solar
radiation. Combined effect of these forcings is to shift the
peak to the afternoon hours at 10-11 UTC.

The growth of clouds from D scale to C scale is due
to prevailing wind shear in the lower levels resulting into
maximum frequency of C scale clouds during monsoon
season. This shear is also responsible for higher frequency
of MCS over the study area.

Convection over the tropical rain-shadow region dur-
ing the monsoon season is different from that reported ear-
lier over other tropical oceanic and land regions (GATE,
TOGA COARE and Australia). Over the GATE region fre-
quency of D scale clouds is the highest whereas over the
study region C scale is having the highest frequency. The
higher C scale frequency is due to high wind shear in both
lower and middle tropospheric layers during the monsoon
season. The averages of maximum cloud top heights in the
three scales are higher over study region than those over
GATE region. Over the study region trimodal distribution
of cloud types is seen whereas bimodal distribution and
absence of congestus are seen over the GATE region. How-
ever, mean duration of the clouds is higher over the GATE
region (88 min) than that over study region (55 min). Mean
cloud duration over the study region (55 min) is more than
that over Darwin, Australia (30 min). The sub-MCS cate-
gory of the convection type is found dominant over TOGA
COARE region whereas MCS is dominant convection type
over the study region. Height of congestus is more over the
study region than that over Darwin, Australia.

The differences in the convection characteristics
between the study area and other tropical regions may be
related to difference in surface conditions and circulation
features. The surface over the study area acts like ocean (as
deduced from BR values) producing oceanic type of con-
vection. However, it is a land surface so gets some charac-
teristics of land convection. So convection over the study
area becomes hybrid type, basic oceanic type, modulated
by land type. The land convection peaks in the afternoon

hours and oceanic convection peaks in the morning hours.
The peak in the 10-11 UTC in the afternoon hours over
the study area is in between the peaks over the land and
ocean. The dominant cloud scale over the study area is C
scale whereas it is D scale over the GATE area. This is
due to contribution from land type convection (strong) and
strong wind shear over the study area. Maximum cloud top
heights of all the scales obtained in the present study are
higher than those over GATE area. This feature is also due
to contribution from land convection.

Monsoon circulation has stationary features like mon-
soon trough, Mascarene high etc. Under these stationary
features, there is a slow rising motion of moist air over the
Indian region which is favorable for formation of clouds.
In active period the transient features like LPS are present
over India. These transient features intensify the moisture
convergence at low levels. This is an additional source for
the formation of clouds. In break conditions, the stationary
forcing is present and in addition sensible heating oper-
ates to raise the moist air for the formation of clouds. It is
worthwhile to report that the convection in the two break
periods over the study area is different. This feature is dif-
ferent from circulation features in active and break condi-
tions over Darwin, Australia discussed by May and Ball-
inger (2007). Over Darwin, mean wind direction changes
from westerly to easterly from active to break conditions.
Over the study area wind direction remains same in both
the periods as winds are driven by prevailing stationary cir-
culation. The presence/absence of transient features leads
to active/break conditions over the study area. The BRK1
occurred immediately after monsoon onset. The rainfall
has just started and soil is yet to become wet completely.
Low level wind shear is yet to get established. On the con-
trary BRK2 occurred after the ACT period. The soil has
become wet. Therefore, surface temperatures and CAPE
values (Fig. 16a, c) are higher in BRK1 period than those
in BRK2 period. This results in higher maximum cloud top
heights in BRK1 period than those in BRK?2 period.

9 Conclusions

The cloud characteristics and convection characteristics
over the study area have been investigated. The diurnal var-
iation of monsoon clouds over rain-shadow and drought-
hit areas showed maximum in the afternoon hours 10-11
UTC and minimum at early morning hours 3-4 UTC.
The wind divergence at different levels limits the vertical
growth of clouds leading to trimodal distribution of clouds
viz. cumulus, congestus and cumulonimbus. The promi-
nent cloud type over the rain-shadow region (drought-hit
region) is congestus with mean heights of 7.6, 7.4 and
6.7 km (6.7, 6.6 and 6.0 km) contributing 51.2, 67.8 and
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57.6% (70.0, 71.4 and 67.3%) to the total available clouds
during BRKI1, ACT and BRK2 periods, respectively.
Mean cloud duration is 55 min with maximum duration of
375 min. The cloud duration follows lognormal distribu-
tion except at higher end. The clouds are classified based
on the area covered by them into different scales from
cumulus to synoptic scale. Frequency of C scale (mes-
oscale, 100 km? <area <1000 km?) clouds has been found
maximum (52-70%). The study reveals presence of large
number of convective clouds suitable for rain enhancement
(reflectivity: 25-35 dBZ). The convection over the region is
dominated by MCS type. The maximum cloud top heights
are higher in the break periods than active period. The con-
vection over the region is oceanic type modulated by land
type. Hence, cloud characteristics are found different from
those over other tropical oceanic and land regions. Under-
standing of the convection through cloud population will
be useful in diagnostic and model studies of rainfall over
the rain-shadow (drought-hit) region and for cloud seeding
operations for rain enhancement.
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