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indicate the shifting pattern of rainfall events in this area. 
Decrease in rainfall and rainy days will ultimately trigger 
greater extraction of groundwater for irrigating crops and 
results in decline of groundwater level. Decrease in rain-
fall pattern and its variability are likely to reduce soil 
moisture; while extreme rainfall events in the later mon-
soon months are likely to increase storm runoff. This ac-
cumulated runoff water from adjoining fields of higher 
elevation poses a serious threat to crops in the depression 
areas; sometimes it causes total yield losses. Groundwater 
recharge through artificial groundwater recharge struc-
tures installed in low-lying agricultural areas is one of the 
feasible solutions for controlling flood water damage.  
Installation of artificial groundwater recharge in these 
low-lying areas can effectively control excess flood water 
by draining off excess water into aquifers to improve 
groundwater recharge and its quality. 
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Raindrop size distributions (RSD) of southwest (SW – 
June to September) and northeast (NE – October to 
December) monsoon heavy precipitation are measured 
with PARticle SIze and VELocity (PARSIVEL) dis-
drometer and Micro Rain Radar (MRR) deployed at 
Kadapa (14.47N; 78.82E), a semi-arid continental 
site in Andhra Pradesh, India. RSD characteristics 
stratified on the basis of rainrate showed that the 
mean values of raindrop concentration of small  
(medium) drops are less (more) in SW when compared 
with NE monsoon heavy precipitation. Gamma func-
tion applied to heavy precipitation events showed that 
the mean value of mass weighted mean diameter, Dm 
(normalized intercept parameter log10

 Nw) is higher 
(lower) in SW monsoon than NE monsoon. Stratiform 
and convective precipitating cloud fraction observed 
during SW and NE monsoons revealed that contribu-
tion of stratiform precipitation is predominant for the 
seasonal variation in raindrop size distribution. The 
coefficient and exponent values of the Z–R relations 
are higher in SW than NE monsoon in both stratiform 
and convective precipitation. 
 
Keywords: Raindrop size distribution, rainrate, mass 
weighted mean diameter. 
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IN India, agriculture mainly depends on monsoon rainfall. 
Andhra Pradesh (AP) is the most disaster-prone area in 
terms of drought, floods and cyclones. The problem of 
water shortage in arid zones of AP occurs due to low an-
nual rainfall, excessive temperatures in summer, drastic 
climatic conditions and the unfavourable distribution of 
rainfall throughout the year. Based on the agroclimatic 
conditions, Kadapa experiences nearly 60% of rainfall in 
southwest (SW) monsoon and more than 30% in northeast 
(NE) monsoon seasons. Kadapa is located in the central 
part of Rayalaseema region of AP and its annual average 
rainfall is much below the national average. Rainfall is an 
important meteorological parameter, which has direct appli-
cation to agricultural production and water resources. 
Monsoon rainfall associated with heavy rainrates may 
produce natural disasters such as flooding. The precipita-
tion variability is directly allied to the variability of rain-
drop size distribution (hereafter RSD). The characteristics 
of such heavy rainfall events can be understood with the 
help of RSD information. The RSD is related to the rain 
integral parameters such as rainrate (RR), radar reflecti-
vity (Z) and rain water content (W). Knowledge about 
RSD will be useful in remote sensing, telecommunica-
tions, soil erosion, modelling of clouds and larger scale 
systems as well as in interpretation of radar and radiometric 
measurements. Numerous studies on RSD in terms of 
maritime and continental1, diurnal, seasonal, intra-
seasonal2–4, different storms5–7 and rain types8–10 were 
conducted across the globe. In India, RSD studies on sea-
sonal4,11, spatial12 and cyclonic13,14 were carried out. Our 
understanding of the RSD variation, especially, with dif-
ferent heavy precipitation types is still far from complete, 
and more analyses of in situ measurements under a wide 
variety of climatic regimes are needed. Hence, we have 
attempted to study RSD characteristics of SW (June to 
September) and NE (October to December) monsoon 
heavy precipitation observed in Kadapa, a semi-arid  
region of India. 
 The observation site, Yogi Vemana University Campus 
(1428N, 7842E, 150 m amsl), is about 15 km from  
Kadapa city in the southern part of India. RSD are meas-
ured using a laser-based disdrometer named PARticle SIze 
and VELocity (PARSIVEL) disdrometer. Detailed infor-
mation of the PARSIVEL disdrometer is given by Loffler-
Mang and Joss15 and in brief by Kumar and Reddy14. It 
measures hydrometeors of size ranging from 0.2 to 5 mm 
for fluid precipitation and 0.2 to 25 mm for solid precipi-
tation and particle velocity ranging from 0.2 to 20 m/s. 
Micro rain radar (MRR) collocated with PARSIVEL dis-
drometer is utilized to separate precipitating cloud frac-
tions into stratiform and convective. MRR is capable of 
providing vertical structure of precipitation and RSD pro-
files. MRR is a low-cost vertical profiling radar used to 
determine the enhanced radar reflectivity at zero degree 
isotherm (bright band)16,17. Instrumentations and method-
ology of MRR can be found in a study by Löffler-Mang 

and Kunz18. In this study, only heavy precipitation events 
associated with maximum rainrate value greater than 
100 mm/h are considered. The RSD of such heavy  
precipitation events observed in SW (8568 min) and NE 
(7020 min) monsoon seasons of 2010 and 2011 are utilized. 
 The rain drop concentration N(D) (mm–1 m–3) at an  
instant of time from the PARSIVEL disdrometer are  
obtained from the equation 
 

 
32

1
( ) ,. . .

ij
i

j ij

n
N D

A t V D


   (1) 

 
where nij is the number of drops reckoned in the size bin i 
and velocity bin j, A (m2) and t (s) are the sampling area 
and time, Di (mm) the drop diameter for the size bin i and 
Di the corresponding diameter interval (mm), Vj (m/s) is 
the fall speed for the velocity bin j. From the rain drop 
concentration N(D), drop diameter (D) and fall velocity 
Vj, the nth order moment of the drop size distribution is 
expressed as 
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where n stands for the nth moment of the size distribu-
tion. 
 The one-minute RSD are fitted with gamma function 
suggested by Ulbrich19 and is given as 
 
 N(D) = N0Dexp(–D), (3) 
 
where D (mm) is the drop diameter, N(D) (mm–1 m–3) the 
number of drops per unit volume per unit size interval, N0 
(mm–1 m–3) the number concentration parameter,  the  
 
 

 
 

Figure 1. Mean raindrop concentration of SW and NE monsoon 
heavy precipitation. 
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Figure 2. Rate size distribution of SW and NE monsoon heavy precipitation for different rainrates. 
 
 
shape parameter and  (mm–1) is the slope parameter. 
The mass-weighted mean diameter Dm (mm), shape para-
meter  and slope parameter  (mm–1) are evaluated from 
the 3rd, 4th and 6th moments of the size distribution. 
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The normalized intercept parameter Nw (mm–1 m–3) defined 
by Bringi et al.20 
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where w (1 g/m3) represents the density of water and W 
(g/m3) represents the liquid water content for the corre-
sponding size distribution. 

 The mean values of RSD of total SW and NE monsoon 
precipitation are shown in Figure 1. Throughout this arti-
cle, raindrops below 1 mm and above 3 mm diameter are 
considered as small and large drops respectively. Rain-
drops from 1 to 3 mm diameter are considered as midsize 
drops. From the figure, it is clear that the mean RSD of 
small drops is less in SW monsoon compared to NE  
monsoon heavy precipitation; whereas the mean RSD of 
mid-size and large drops up to 4 mm have higher concen-
tration in SW than NE monsoon. Large drops above 
4 mm diameter have lower concentration in SW than NE 
monsoon. 
 The RSD measured with PARSIVEL disdrometer are 
stratified into 12 rainrate classes (0.1  RR < 0.2, 0.2  
RR < 0.4, 0.4  RR < 0.7, 0.7  RR < 01, 01  RR < 02, 
02  RR < 04, 04  RR < 07, 07  RR < 10, 10  RR < 
20, 20  RR < 30, 30  RR < 50 and RR  50). The 
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Figure 3. Variations in mean values of Dm, log10(Nw),  and  in each rainrate class of SW and NE 
monsoon precipitation. 

 
 
rainrate classes are considered in such a way that mean 
value of each rainrate class is approximately equal in 
both the seasons. Rainrate statistics of SW and NE mon-
soon heavy rainfall are given in Table 1. From the table, 
it is observed that the mean value of each rainrate class is  
approximately equal in both the seasons except at RR  
50 mm/h and each rainrate class has higher duration in 
SW than NE monsoon. The skewness is higher in SW 
than NE monsoon for light rainrate (RR < 02 mm/h) and 
is lower for rainrate above 2 mm/h. However, both the 
seasons have positive skewness. This means that most of 
the rainrate values are concentrated on left of the mean, 
with extreme values to the right. Both the seasons have 
kurtosis values less than 3 except at rainrate class greater 
than 50 mm/h. This implies that the distribution is flatter 
than a normal distribution with a wider peak. The proba-
bility for extreme values is less than that of a normal dis-
tribution, and the values are wider spread around the 
mean. 
 The RSD variations of SW and NE monsoon heavy pre-
cipitation in different rainrate classes are shown in Figure 
2. The RSD concentration of small drops is higher in NE 
than SW monsoon for the rainrate classes of less than 
20 mm/h, and for the rainrate above 20 mm/h, concentra-
tion in NE monsoon is either slightly higher or equal in 
magnitude. The difference in RSD concentration of small 
drops during SW and NE monsoon rainfall decreases with 
the increase in rainrate. The RSD concentration of mid-
size drops is smaller in NE than SW monsoon for all the 
rainrate classes except for RR > 50 mm/h which is equal 
in both the seasons. For the large drops, no such consis-
tent pattern is observed for both the seasons. The varia-
tion of small drop concentration in SW and NE monsoons 

is similar to that observed by Rao et al.4. However, the 
variation in concentration of mid- and large-drops in SW 
and NE monsoons is different from that of the observa-
tions of Rao et al.4. 
 To understand the RSD variability, SW and NE mon-
soon heavy precipitation RSDs are fitted to gamma func-
tion19. The variation of mass weighted mean diameter Dm 
(mm), normalized intercept parameter Nw (mm–1 mm–3), 
shape  (–) and slope parameter  (mm–1) with rainrate 
class of SW and NE heavy precipitation are shown in 
Figure 3. It can be noticed from this figure that mean  
values of Dm are higher in SW than NE monsoon heavy 
precipitation in all the rainrate classes except at 
RR  50 mm/h. The mean value of Dm increases with the 
increase in rainrate class in both the seasons. This feature 
is consistent with the observations of other research-
ers4,21. The Dm value varied from 1.01 to 2.06 mm in SW 
monsoon and it ranges from 0.86 to 2.07 mm in NE mon-
soon heavy precipitation. The difference in mean Dm  
between SW and NE monsoon rainfall varied from 0.15 
to 0.32 mm. This difference is smaller compared to the  
difference observed at Gadanki4. This variation in Dm  
difference between Gadanki and Kadapa may be due to 
local climate and topography around observational sites 
of Gadanki and Kadapa as well as different measuring 
principle of the (impact and laser) disdrometers22. The 
mean of normalized intercept parameter log10 Nw is 
higher in NE than SW monsoon in all the rainrate classes 
except at RR > 50 mm/h. The mean  value is higher in 
SW monsoon for RR < 0.7 mm/h and is lower at above 
0.7 mm/h than the near  value for NE monsoon rainfall. 
In all the rainrate classes, mean value of slope parameter 
is lower for SW than NE monsoon. Mean values of Dm, 
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Figure 4. Mean and standard deviation of normalized intercept parameter (log10 NW) versus average 
mass weighted mean diameter (Dm) for convective and stratiform precipitation during SW and NE 
monsoon. 

 
 
Table 3. Mean values of  (dimensionless),  (mm–1), Dm (mm) and Nt (m–3) in the stratiform and convective precipitations of SW and NE  
 monsoon precipitation 

 Stratiform Convective 
 

 Dm (mm) log10(Nw) (m–1 mm–3) Dm (mm) log10 (Nw) (m–1 mm–3) 
       (–)  (mm–1)      (–)  (mm-1) 
Season Mean Standard Mean Standard Mean Mean Mean Standard Mean Standard Mean Mean 
 

SW monsoon 1.250 0.297 3.990 0.402 10.212 12.843 1.237 0.446 4.159 0.603 13.347 16.215 
NE monsoon 1.112 0.237 4.222 0.526 11.318 15.220 0.984 0.436 4.834 0.641 13.507 21.152 

 
 
Nw,  and  for SW and NE monsoon heavy precipitation 
at different rainrates are given in Table 2. Variation of 
mean values of log10 Nw (along with standard deviation) 
with the Dm for diffent rainrate classes in both the 
seasons is shown in Figure 4. The SW monsoon has 
larger Dm and smaller log10 Nw values in all the rainrate 
classes than NE monsoon rainfall. The difference in mean 
and standard deviation in log10 Nw between SW and NE 
monsoon seasons decreases with the increase in rainrate 
class. 
 Precipitation is generally considered to be divided into 
two distinct types: stratiform and convective. Identifica-
tion of RSD features with these two precipitation types is 
useful and important for numerous applications3,5.  
Several rain classification schemes have been proposed 
by researchers9,20,23 using different ground-based instru-
ments such as disdrometer, profiler and radar. In this 
study, the SW and NE monsoon heavy precipitation is 
classified into stratiform and convective rainfall using 
MRR. If an enhanced reflectivity at the zero degree iso-
therm (bright band) is observed using MRR, then the cor-
responding rainfall is considered as stratiform; otherwise 
the rainfall is considered as convective. An example  
of the rainfall events (of 11 June 2010) classified as 
stratiform precipitation, showing a bright band is given in 

Figure 5. The classification procedure assumes that strati-
form rain tends to spread horizontally with fragile type of 
rain intensities, while convective system displays high in-
tensities. The RSD of convective and stratiform rainfall 
observed during SW and NE monsoons are shown in  
Figure 6. In SW monsoon, a clear difference in raindrop 
concentration between convective and stratiform precipi-
tations of all (small, midsize and large) raindrops can be 
seen. In the NE monsoon, small drops have less differ-
ence in raindrop concentration; whereas midsize and 
large drops have large difference in drop concentration 
between convective and stratiform precipitation. Small 
and large drops in SW monsoon stratiform precipitation 
have less drop concentration than NE monsoon stratiform 
precipitation. Midsize drops in SW stratiform precipita-
tion have higher concentration in SW than NE stratiform 
precipitation. Convective precipitations of both SW and 
NE monsoon seasons have nearly equal raindrop concen-
tration for all (small, midsize and large) raindrops. This 
suggests that the RSD difference between both the sea-
sons is mainly due to the differences in RSD of stratiform 
rather than convective precipitation. 
 Mean values of log10 Nw (mm–1 mm–3), Dm (mm),  (–) 
and  (mm–1) of stratiform and convective precipitations 
of both the seasons are given in Table 3. It is apparent 
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Figure 5. Time–height cross-section of (a) rainrate (RR) (mm/h), (b) radar reflectivity Z (dBZ), (c) fall  
velocity w (m/s), (d) liquid water content (LWC) (g/m3) of the stratiform cloud fraction from a precipitat-
ing cloud observed on 11 June 2011. 

 

 
 

Figure 6. Rate size distribution of SW and NE monsoon heavy precipitation in stratiform and convec-
tive regimes. 
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Table 4. Z–R relations for different seasons and precipitations for Kadapa and Gadanki locations 

Location Kadapa Gadanki 
 

Season/type of precipitation Z = A * Rb Z = A * Rb 
SW monsoon Z = 300.500 * R1.375 Z = 407.00 * R1.32 (ref. 23) 
  Z = 264.30 * R1.468 (ref. 3) 
  Z = 293.18 * R1.441 (ref. 4) 
NE monsoon Z = 163.324 * R1.350 Z = 155.00 * R1.39 (ref. 23) 
  Z = 72.30 * R1.697 (ref. 3) 
  Z = 186.43 * R1.549 (ref. 4) 
SW monsoon stratiform Z = 334.132 * R1.424 Z = 251 * R1.48 (ref. 23) 
NE monsoon stratiform Z = 245.349 * R1.283 
SW monsoon convective Z = 265.586 * R1.341 Z = 178 * R1.51 (ref. 23) 
NE monsoon convective Z = 122.407 * R1.430 

 
 

 
 

Figure 7. Mean and standard deviation of normalized intercept  
parameter (log10 Nw) versus average mass weighted mean diameter (Dm) 
for convective and stratiform precipitation of SW and NE monsoon 
seasons. 
 
 

 
 

Figure 8. Percentage occurrence (duration in minutes) of bright band 
(BB) and no bright band (NBB) of SW and NE monsoon.  
 
 
that for both the seasons, the mean Dm value is higher in 
stratiform than convective precipitation; whereas the 
mean value of log10 Nw is higher in convective than strati-

form precipitation in both the seasons. Both stratiform 
and convective precipitations of SW monsoon are associ-
ated with higher Dm values and smaller log10 Nw values 
than NE monsoon precipitations. The slope and shape para-
meters are higher in both the precipitations (stratiform 
and convective) of NE than SW monsoon. The convective 
precipitations of both the seasons are associated with 
higher  and  values than stratiform precipitation. 
Variation of mean and standard deviation of log10 Nw 
with Dm for convective and stratiform precipitations of 
SW and NE monsoon seasons is given in Figure 7. The 
stratiform precipitation of SW and NE monsoon seasons 
is associated with higher Dm and lower log10 Nw values; 
and their corresponding convective precipitations are as-
sociated with lower Dm and higher log10 Nw values. These  
results are consistent with different microphysical forma-
tion mechanics involved in the stratiform (large Dm and 
smaller log10 Nw) and convective (small Dm and large 
log10 Nw) precipitation classification suggested by Bringi 
et al.20. Stratiform precipitation is associated with melting 
of large dry snowflakes, whereas convective precipitation 
is associated with melting of tiny graupel or smaller 
rimed ice particles. However, both convective and strati-
form precipitations of SW monsoon are associated with 
higher Dm and lower log10 Nw values than NE monsoon. 
This may be due to the persistence of stratiform precipita-
tion for longer duration in SW than NE monsoon and this 
can be ascertained from Figure 8. This figure clearly 
shows the occurrence of higher percentage of stratiform 
precipitation and a slightly higher convective precipita-
tion in SW monsoon than NE monsoon. 
 Differences in RSD for different seasons and types of 
precipitation may lead to different Z–R relations. If a  
single Z–R relation is used for different locations, there is 
a possibility of underestimation or overestimation of rain-
rates with the weather radars. Hence, in this study, pre-
sent work radar reflectivity (Z) and rainrate (R) relations 
are obtained for SW and NE monsoon seasons as well  
as for stratiform and convective types of rainfall over  
Kadapa. The coefficient A and exponent b of SW and NE 
monsoon rainfall as well as their corresponding stratiform 
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and convective rainfall are given in Table 4. The coeffi-
cient A and exponent b are higher in SW than NE monsoon. 
However, Gadanki and other researchers3,4,23 reported 
that the coefficient A is higher and exponent b is lower in 
SW than NE monsoon. In both convective and stratiform 
precipitations, SW monsoon has higher coefficient (A) 
values than NE monsoon. In both the seasons, coefficient 
A is larger for stratiform than convective precipitation. 
Similar type of observational results have been obtained 
by Kozu et al.3 and Rao et al.4. 
 A field experiment was conducted at Kadapa located in 
a region of tropical, continental, semi-arid climate. A  
total of 15,588 min raindrop size distributions measured 
with a PARSIVEL disdrometer and MRR is analysed to 
discern the similarity and difference between stratiform 
and convective rains, to determine the statistical pattern 
of the raindrop size distribution during SW and NE mon-
soon heavy precipitation. The RSD stratified on the basis 
of rainrate showed that the concentration of small drops 
is less in SW than NE monsoon precipitation and a  
reverse pattern is observed for midsize drops. In both the 
seasons, the mass weighted mean diameter (Dm) increases 
with increase in rainrate class. The RSD fitted to gamma 
function showed that mean value of mass weighted mean 
diameter, Dm is higher and normalized intercept parame-
ter log10 Nw is lower in SW than NE monsoon. In the  
entire rainrate classes, SW monsoon rainfall is associated 
with larger Dm and smaller log10 Nw values compared to 
that of NE monsoon rainfall. The rainfall classification 
done with MRR showed a clear difference in RSD bet-
ween convective and stratiform precipitations of SW and 
NE monsoon seasons. Both the seasons have similar RSD 
concentration in convective precipitation. However, there 
is difference in RSD concentration of stratiform precipi-
tation of both the seasons. Radar reflectivity and rainrate 
(Z–R) relations are derived for seasons as well as types  
of precipitation. The coefficient A and exponent b are 
higher in SW than NE monsoon. In both the seasons,  
the coefficient A is larger for stratiform than convective 
precipitation. 
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