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Abstract

Seasonal and regional variations of Drop Size Distributions (DSDs) of rain are
studied at Kohima (25.67° N, 94.08° E) in northeastern India and Rampurhat
(24.17° N, 87.78° E) in eastern India, using six years (2017-2022) of data from the
OTT Parsivel? disdrometer. The DSDs are quantified with gamma distributions
and analyzed based on parameters such as slope (A, mm™'), shape (), nor-
malized intercept parameter (N,,, mm~!-m~3), mass-weighted mean diameter
(D, mm) and radar reflectivity factor (Z, dBZ). Seasonally, larger raindrops pre-
vail during the pre-monsoon and smaller ones during the monsoon at both sta-
tions. Regionally Rampurhat exhibits larger drops compared to Kohima. In both
seasons and stations, larger raindrops are found for convective rain than strat-
iform rain. The observed seasonal and regional variations of surface D, align
with Global Precipitation Measurement (GPM) onboard Dual-frequency Precip-
itation Radar (DPR) observations. Distinct clusters of D,,-log;oN,, suggest mar-
itime characteristics at Kohima and continental characteristics at Rampurhat.
Power law relationships are found for N,,-R, D,,-R and Z-R. Exponent values
of Z-R relationships indicate that microphysical processes are mainly driven by
both breakup and collision-coalescence (number and size-controlled) processes.
Extremely large-size raindrops (~8 mm) and intense rainfall (R > 150 mm-hr—1)
are noted during convective rain at Rampurhat.
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parameterization of the rain microphysical process of
precipitation systems in Numerical Weather Prediction

Understanding of rain’s Drop Size Distributions (DSDs)
in different geographical locations is important as it has
a regional and seasonal variability and has wide appli-
cations in the remote measurement of rain, design of
radio communication links, modeling of soil erosion and

(NWP) models. The natural variation of rain’s DSDs lead
to non-unique radar reflectivity factor (Z)-rainfall inten-
sity (R) relationships, which pose a greater challenge to
find an optimum relation for quantitative precipitation
estimation. Observing DSDs across diverse locations can
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help minimize the knowledge gap on the microphysical
properties of rain. Therefore, studying DSD variability
across locations with significantly different topographical
and climatic conditions is essential. In this study, based
on six years (2017-2022) of long-term observations made
using OTT particle velocity (Parsivel?) disdrometers, we
report on the DSD variability between two locations: Ram-
purhat, West Bengal, India, situated in the plain valley
near the Bay of Bengal, and Kohima, Nagaland, India,
located in the hilly terrain of northeast India.

Aspects of seasonal, regional, and diurnal variations of
DSDs have been reported from different locations across
the globe. For example, Kozu et al. (2006) studied seasonal
and diurnal variations of rain DSDs in the Asian monsoon
region at different stations (Gadanki [India], Singapore
and Kototabang [Indonesia]). They reported that DSDs
at Gadanki have significant seasonal variation, whereas
DSDs at Kototabang have significant diurnal variation,
while Singapore has less diurnal and seasonal variations.
Over India, Radhakrishna et al. (2009) reported distinct
spatial and seasonal DSD characteristics during the south-
west and northeast monsoon seasons between an inland
station, Gadanki, and a coastal station, Cuddalore. The
study of rain microphysical properties over the northeast-
ern and eastern parts of India is limited, with only a few
recent reports, such as those by Murata et al. (2020) and
Longkumer et al. (2023). Due to the lack of long-term con-
tinuous DSD observations, the seasonal variations in DSD
between the hilly terrain of northeast India and the plain
valleys near the Bay of Bengal remain largely unknown.
Differences in DSD parameters between these two con-
trasting regions are, however, naturally expected due to
variations in topography, wind patterns, large-scale circu-
lation, and local convection. Understanding such regional
variability is crucial, as rain parameters are highly variable.

Using long-term measurements of DSDs, many stud-
ies have reported regional variations of DSD. In-situ DSD
measurements and storm structures over the Western
Ghats indicate that rainfall occur mostly from shallow
clouds, which are characterized by small-size raindrops
(Das et al., 2017; Konwar et al., 2014). Over Colorado,
raindrops at a foothill station were observed to be smaller
in size than those at a plain station (Friedrich et al., 2016).
Seela et al. (2017) reported diverse rain DSDs in Palau and
Taiwan, with relatively larger-size raindrops at Taiwan
stations. In southern China at Zhuhai, Zhang et al. (2019)
reported higher occurrences of smaller drops compared
to eastern and northern China as reported by Chen
et al. (2013) and Wen et al. (2017), respectively. At an
inland station in Malaysia, Johor, a relatively higher con-
centration of large-size raindrops was observed compared
to Gan and Manus Island in the Indian Ocean and Pacific
Ocean, respectively (Alhilali et al., 2018). A systematic
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variation of DSD characteristics and corresponding Z-R
relationships during convective and stratiform rain at
inland and coastal stations in South Korea was reported by
Suh et al. (2021). The difference in DSDs between the cen-
tral and southern regions of South Korea was highlighted
by Loh et al. (2019).

The continental and maritime characteristics of DSDs
can be evaluated from two DSD parameters, namely, Ny,
and D,,, where N,, is the generalized intercept parameter
of normalized gamma DSD and D,, is the mass-weighted
mean diameter (Bringi et al., 2003; Tenorio et al., 2012).
The continental nature is found to be associated with
larger D, and smaller N,,, whereas the maritime nature is
found to be associated with smaller D,, and larger N,. The
regional variability of rain’s DSDs observed along the equa-
tor in Indonesia using a network of disdrometers shows
maritime-like DSD and the influence of both oceanic
and continental systems over the four stations (Marzuki
et al.,, 2013). During the Meiyu season in China, Chen
et al. (2013) reported distinct rain DSD characteristics at
Nanjing compared to other stations. Inland convective
clouds along the leeward side of the Western Ghats (WGs)
indicate a composite of maritime and continental charac-
teristics (Konwar et al., 2022). The DSD of WGs bears a
signature of maritime characteristics (Krishna et al., 2021).
According to Lavanya and Kirankumar (2021), the DSD
parameters observed at Thumba, a coastal station in Ker-
ala, indicate that pre-monsoonal rainfall primarily origi-
nates from continental sources, and monsoonal rainfall is
predominantly maritime in nature, while post-monsoonal
rainfall reflects a combination of both maritime and conti-
nental influences. Shaik et al. (2024) reported regional and
seasonal variation of rain DSDs at Kolkata, an inland sta-
tion in eastern Peninsular India and Trivandrum, a coastal
station in southern India. Their results were found to be
consistent with the continental and maritime character-
istics of rain DSDs. This study throws some light on the
continental and maritime properties of DSD over Kohima
and Rampurhat.

A pertinent question arises, what is the comparison
between the in-situ measured and satellite measured
DSD parameter? For example, in the data of the Global
Precipitation Measurement (GPM) satellite, equipped
with an onboard Ku (13.6 GHz) and Ka (35.5GHz)
Dual-Frequency Precipitation Radar (DPR), which esti-
mates DSD parameters, i.e., D,, and N,,. Many studies have
analyzed the estimated D,, from GPM-DPR and reported
on rain properties. For example, Seto et al. (2016) reported
larger (smaller) D, values over land (ocean). The results
also show seasonal variation of D,, over India, showing
larger values from February to May and from September
to November and smaller values in July and December.
Similarly, Yamaji et al. (2020) also highlighted larger Dy,
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values over the land than the oceans for deep-cloud sys-
tems. The result also shows seasonal variation of D,, over
the northwest Pacific Ocean, where variation is attributed
to the change in the dominant precipitation systems. Over
the mid-latitude and subtropical regions, the D,, shows
larger values during winter and summer, attributing them
to extratropical frontal systems and tropical disturbances,
respectively. During the Indian summer monsoon Kumar
and Silva (2019) studied the vertical characteristics of Z
and DSD parameters for intense convective clouds, where
the result shows a large hydrometeor size and lower con-
centrations for intense Z profiles. The result also shows
a larger (smaller) hydrometeor size over the Western
Himalaya foothills (Bay of Bengal). Over the land and
topographic areas, the size of hydrometeors was larger
whereas over oceanic areas the concentrations of hydrom-
eteors were higher. A similar result is also reported by
Radhakrishna et al. (2020) for deep systems showing
larger D,, values for continental rain as compared to
maritime and orographic rain. They also reported that
northwest India and southeast Peninsular India (Western
Ghats, Myanmar Coast and Arabian Sea) exhibit large
(small) D,, values. They further reported that for shallow
systems, the D,, values are smaller for continental rain
compared to maritime and orographic rain, while north-
west India and southeast Peninsular India (Bay of Bengal
and Arabian Sea) show the smallest (largest) D,, values.
The present study focuses on comparing D, values as
measured by the GPM satellite with surface observations.

The manuscript aims to address the following scientific
objectives:

« To understand the regional and seasonal variations in
rain DSDs between a hilly station in northeastern India
and a plain region in eastern India.

« To determine the continental and maritime characteris-
tics of rain DSD.

« To understand cloud microphysical properties and
dynamical properties of the atmosphere of these two
locations.

The manuscript is organized as follows. Section 2 pro-
vides details about the study region; Section 3 describes
observational systems and methodology. The results of
the study are discussed in Section 4. Section 5 consists
of a discussion and summary and Section 6 provides the
conclusion.

2 | STUDY REGION AND
OBSERVATION STATIONS

The present study regions, i.e., Rampurhat (24.17° N,
87.78° E, 40 m above mean sea level (amsl), located in
the Chotanagpur plateau of eastern India and Kohima
(25.67° N, 94.08° E, 1500 m amsl) located in the Patkai
hill range of northeast India, are shown in Figure 1.
We also show the mean wind at 850 mb pressure level
obtained from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis dataset version
5.0 (ERA-5) (Hersbach et al., 2018). The eastern region
of India is one of the most active convective zones in the
globe, where fatality rate due to lightning strikes is signifi-
cantly high (Illiyas et al., 2014). Frequent deep convective
systems occur over this region during the pre-monsoon
and monsoon seasons (Bhatt & Nakamura, 2005, 2006;
Choudhury et al., 2015; Houze et al., 2007; Romatschke
et al., 2010; Romatschke & Houze, 2011; Romatschke &
Houze Jr., 2011; Roy et al., 2017, 2023; Zipser et al., 2006).
During the pre-monsoon, interactions of different air
masses (warm, moist southerly vs cool, dry westerly)
and strong land heating over the Chotanagpur Plateau
provide favorable synoptic conditions for the genesis of
Nor’westers (Litta et al., 2012; Yamane & Hayashi, 2006),

(b) Monsoon season

FIGURE 1  Study region with 30 - 8000
ground observatory at Rampurhat ‘ ' 7000
(24.17° N, 87.78° E) and Kohima 28 28 o ;
(25.67° N, 94.08° E) during the (a) I 2
pre-monsoon and (b) monsoon seasons. 2% 26k 5000 g
The small black squares indicate both =ZJ NN : 1in'm|';u;-h‘n o ! 4000 ;
locations, while the large-size (white) 3 9 & \'"\‘:"\r."\’:&‘-;‘j - P w0 :
boxes indicate the area considered for NSO 1 A A 3000 2
analysis of ERA-5 reanalysis data. Rt S : -‘L_ - 2000 &
Mean wind at 850 m is also shown on 22 ::::::*J R : ______ =
the respective panels. Color shading RS WS N PR (' /42 I O 1000
represents the topographical features. 20 420 0
[Colour figure can be viewed at 8 %0 9 8 %0 9
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whereas during the monsoon the influence of the south-
westerly monsoon winds, low-pressure systems, and
monsoon depressions originating in the Bay of Bengal
produces widespread, sustained, and often heavy rainfall.

The rain events over the northeastern region are gen-
erally associated with mesoscale structures of convection,
which are embedded in much larger-scale convec-
tive organization (Choudhury et al., 2015; Goswami
et al., 2010). They showed that the interaction of
mesoscale circulation with the local topography gener-
ates southward-propagating gravity waves and associated
strong updrafts, culminating to deep convective systems
and extreme rainfall. The region of the eastern Himalaya
foothills in the northeast consists of relatively weak
Mesoscale Convective Systems (MCSs) with marginal
changes in their intensity from pre-monsoon to monsoon.

The two regions, Kohima and Rampurhat, have dis-
tinctly different cloud microphysical and thermodynam-
ical and electrical properties of precipitating systems
(Biswasharma et al., 2021; Choudhury et al., 2015; Roy
et al., 2017, 2020; Roy et al., 2023). Given the differences
in topography, meteorological, thermodynamic and pre-
cipitating systems between these two locations, a study
highlighting the regional and seasonal difference in DSD
properties for different types of rain has been carried out
in a comprehensive and integrated manner. To the best of
our knowledge, the present study is the first of its kind over
these regions.

3 | OBSERVATIONAL SYSTEMS
AND DATA PRODUCTS

3.1 | OTT Parsivel® Disdrometer

OTT Parsivel? Disdrometer (OPD) is a second-generation
laser-based optical disdrometer manufactured by OTT
Hydromet, Germany. It is designed for both counting
and measuring the size and fall speed of all types of
precipitating particles. The working principle of OPD
has been discussed extensively (Battaglia et al., 2010;
Friedrich et al., 2013; Friedrich & Kalina, 2013; Jaffrain
& Berne, 2011; Loffler-Mang & Joss, 2000; Raupach &
Berne, 2015; Tokay et al., 2014; Yuter et al., 2006). The OPD
has an optical sensor which produces a horizontal rect-
angular sheet of light having dimensions of 180 x 30 mm?
with a thickness of 1 mm. The laser beam is produced by a
650-nm laser diode with an output power of 3 mW. When
the precipitating particles fall on the light sheet, there is
a decrease in the signal resulting in a reduced voltage at
the receiver, where the amplitude of the signal deviation
is a measure of the particle size, and the duration of the
signal allows an estimate of the particle fall velocity. It can
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measure the particle size and fall velocity within the range
of 0.2-25 mm and 0.2-20 ms™!, respectively. The measured
particles are stored in size diameter and fall velocity bins
in a 32x2 matrix corresponding to 32 non-equidistant
classes of diameter and 32 non-equidistant classes of
fall speed. The first two lower classes of diameter are
kept empty always because of their low signal-to-noise
ratio (Battaglia et al., 2010; Jaffrain & Berne, 2011; Niu
et al., 2010; Tokay et al., 2013). Battaglia et al. (2010)
described in detail the retrieval rationale of the OPD. The
measurement of particle diameter by the OPD is done
by following the spheroid model derived from Andsager
et al. (1999) to estimate particle size as a function of
voltage reduction. Particle sizes with diameter D< 1 are
assumed to be spherical (axis of rotation = 1), for particles
with D between 1 and 5 mm, the assumed axis ratio varies
from 1 to 1.3 linearly and for particles with D> 5 mm, the
axis ratio is taken as 1.3 (Yuter et al., 2006). Loffler-Mang
and Joss (2000) compared the DSD observations from
OPD with the Joss-Waldvogel disdrometer and found that
the error in determining size in the whole range did not
exceed + 100 pm. For the measurement of fall velocity, the
error is larger, around 25% for the smallest drops (0.3 mm)
and decreasing to 10% for the largest drops (5 mm). Like
any other instrument, OPD also suffers some instrument
errors such as quantization error, marginal effect error,
splashing effect error, insensitivity to smaller drops error,
and multiple drop occurrence error as discussed in many
articles (Battaglia et al., 2010; Jaffrain & Berne, 2011;
Janapati et al., 2017; Krajewski et al., 2006; Loffler-Mang
& Joss, 2000; Niu et al., 2010; Yuter et al., 2006). The spec-
ification of the details of the OPD is provided in Table S1.
The present study is carried out by analyzing six years
(2017-2022) of observations at Kohima and Rampurhat.
The time resolution for the present study is 1 min.

The rain drop number density N(D;) is calculated by
using the following equation

32
jj
ND)= ) ————,
() zsff.At.x/j.ADi

j=1"¢

(3

where D; is the mean of the ith diameter class, n; is the
number of drop within the ith size and velocity bin j.

%). L is the
length of the laser beam (180 mm), W is width of the laser
beam (30 mm), and At is the sampling time, V; (m/s) is the
fall speed for the jth velocity bin. AD; is the ith diameter
interval (mm).

The nth moment of rain DSDs is expressed as follows:

Sest(D;) is the effective sampling area L(W -

32
M, = ZN(Di)le‘ADi. (4)

i=1
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From the moment equations (4), various rain integral
parameters such as rain rate R (mm-hr~!), rain liquid
water content W (g-m~3) and radar reflectivity factor Z
(mm®-m~3) are calculated by using N(D;), i.e.:

32 32
6
R= 223" D ViN(D)D;AD;, 5)
10 i=1 j=1
p 32
= —= % N(D;)D;AD,, 6
6000; (D)D} AD; (©)

where the density of water (py)=1.0g-cm™3.
32
Z= ZN(D;)D?ADi. (7)
i=1

The normalized gamma DSD parameters are used
to characterize microphysical properties of rain (Bringi
et al., 2003; Sekhon & Srivastava, 1971; Testud et al., 2001;
Willis, 1984). The normalized gamma DSD is of the follow-
ing form:

D H
N(D) =wa(;4)<D—> exp

m

@+ u)Dﬂ] . ®)

m

where

4 u+4
fo =S G

TETud G)

u is a measure of the shape of the gamma DSD (Bringi
et al., 2003; Ulbrich, 1983; Ulbrich & Atlas, 1984). D (mm)
is the raindrop diameter. D,,, (mm) is the mass-weighted
mean diameter and N,, (mm~—3-mm~™!) is the normalized
intercept parameter.

Further, D,, (mm) and N,, (mm~!-m~3) can be cal-
culated from the following equations (Bringi et al., 2003;
Testud et al., 2001):

32
D - Ms_ 221 DIN(D)AD; (10)
m - - b
Ms 32 D3N(D;)AD;

4 (103w 128(M3)°
Nw=—< ; >= ( 34); 1)
mpw \ Di 3(My)
5 0.5
(7-11n) — (n? + 14n + 1)
M= ; (12)
2m-1)
0.5
M
A= []72(# £+ 4)] : (13)
4
where
2
n= My . (14)
M,M;

3.2 | Comparison of OPD with a tipping
bucket rain gauge

Prior to using OPD data, validation of the instrument was
carried out using simultaneous measurements from an
Automatic Rain Gauge (ARG). Thirty minutes of rain-
fall accumulation from these two systems were compared
for both Kohima (14,820 rainy minutes) and Rampurhat
(5670 rainy minutes), as shown in Figure 2. These mea-
surements show a good correlation of 0.97 and 0.90 over
Kohima and Rampurhat, respectively. The OPD shows a
slight underestimation compared to the rain gauge with
biases of —0.26 mm and —0.63 mm over Kohima and Ram-
purhat, respectively. This underestimation is accompanied
by increased scattering at higher rain accumulation at both
stations, indicating a larger measurement error under such
conditions. Overall, the performance of the two instru-
ments shows a better fit over Kohima with an RMSE value
of 0.35mm compared to 0.98 mm at Rampurhat. Similar

(a) Kohima (b) Rampurhat
14F Y=0.68x+0.142 14F Y=0.65x+0.25
Correlation=0.97 Correlation=0.90
12} RMSE=03s 12} RMSE=0.98 %
Bias=-0.26 ¥ Bias=-0.63
10f % 10 %*:
A * A -
8t 8
o o %* %*
o * J* S
’H#‘ %
4 e 4 @
%*
FIGURE 2  Scatter plots of 2 *
30-min rain accumulation measured by 2 : : . s 0 2 2 2 2 2 2 2
OPD and ARG over (a) Kohima and (b) 0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Rampurhat. ARG ARG
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results were also reported at Cherrapunji in northeast-
ern India by Murata et al. (2020), where the OPD showed
underestimation compared to the rain gauge.

3.3 | Classification of rain types using
OPD observations

The classification of different rain types using a disdrom-
eter has been done by many researchers using different
methods. Classification of stratiform and convective rain
types was shown by Bringi et al. (2003); Chen et al. (2013);
Marzano et al. (2010); Testud et al. (2001); Tokay and
Short (1996); Wang et al. (2020); and Zhang et al. (2019).
Further, the classification of rain into three types, con-
vective, stratiform and either stratocumulus or mixed
type of rain, was also reported by Xie et al. (2020) and
Zeng et al. (2020). For this study we considered only rain-
drops having a diameter ranging from 0.25 to 8 mm. An
event is considered rainy if there is continuous rain of
R>0.5mm-h~! for at least 10 min. To get a better under-
standing of the characteristics of rain DSDs for different
precipitation types, we classified the rain into three types,
i.e., stratiform, mixed and convective rain by following
Bringi et al. (2003) and Marzano et al. (2010). For any
rainfall event, if at any instantaneous moment ¢,, R is
<5mm-hr! within the time range [t,—Ns, t,+Ng],
and the standard deviation is <1.5mm-hr~!, the event
is classified as a stratiform event. If R is >5mm-hr!
and the standard deviation is >1.5mm-hr~! within the
time range [t, — N, t, + N;], the event is classified as a
convective rainfall event and those events which are nei-
ther stratiform nor convective are considered as mixed
rainfall events. The N value is set to five samples in
this study.

34 | GPM-DPR

The Global Precipitation Measurement (GPM) mis-
sion, launched on February 27, 2014, from Japan’s
Tanegashima Space Center, advances precipitation mea-
surement through the Dual Precipitation Radar (DPR)
and Microwave Imager (GMI). The DPR includes Ku-band
(13.6 GHz) and Ka-band (35.5GHz) channels, offering
high-resolution precipitation profiling. As the second
spaceborne precipitation radar following Tropical Rainfall
Measuring Mission (TRMM’s) Precipitation Radar, the
DPR provides Level-2A data (2A-DPR, version 07A) with
an ~5km nadir footprint. This study utilizes the DSD
parameter, namely mass-weighted mean diameter (D,,)
obtained from the lowest clutter-free bin of the GPM-DPR
2A-DPR data to compare with the OPD observation,
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which is crucial for understanding rainfall microphysics
(Iguchi et al., 2010). A total of 249 and 355 overpasses
of DPR during 2017-2022 over Rampurhat and Kohima
were considered. These overpasses were selected within a
2° x 2° box centered over each region (Kohima and Ram-
purhat). The GPM products (2A-DPR) were obtained from
the NASA/Goddard Space Flight Center’s science team
and PPS (https://storm.pps.eosdis.nasa.gov/storm/).

3.5 | Moderate resolution imaging
spectroradiometer (MODIS)

MODIS, an Earth-observing sensor onboard the Terra and
Aqua satellites, captures atmospheric and surface proper-
ties with global coverage every 1-2days. Terra follows a
morning equatorial crossing (north-to-south), while Aqua
crosses in the afternoon (south-to-north). The primary
focus of this study is on the cloud Liquid Effective Radius
(LER) derived from MODIS-Aqua data. LER character-
izes the size of liquid water droplets in clouds, a critical
parameter in understanding cloud microphysics and radia-
tive properties. The MODIS-Aqua dataset (2017-2022) was
employed to examine seasonal and regional variations in
cloud LER, providing insights into cloud properties and
their role in atmospheric processes.

3.6 | ERA-5reanalysis data
The ERA-5 reanalysis dataset offers high-resolution
insights into atmospheric dynamics with hourly data
at a 0.25°x0.25° resolution across 37 vertical pressure
levels (1000-1 hPa). It integrates observations from satel-
lites, weather stations, and balloons with NWP models,
generating vertical air motion data (omega, ). Omega
represents upward (negative) or downward (positive) air
motion, essential for understanding convective dynamics,
storm development, and monsoonal processes, to under-
stand the dynamical properties of the atmosphere. The
vertical wind during the pre-monsoon and monsoon sea-
sons is studied by using fifth-generation ERA-5 datasets
(Hersbach et al., 2018). ERA-5 calculates vertical pressure
velocity or omega which is estimated from the horizontal
divergence equation of wind (Tanaka & Yatagai, 2000).
Although we utilized reanalysis datasets, we ensured
their reliability by validating the ERA-5 total precipitation
data against surface rainfall observations from rain gauges.
To assess this, we compared the daily accumulated surface
rainfall in 2018 over the two study regions. Scatter plots,
provided in Figure S1, demonstrate a reasonably good cor-
relation of 0.55 for Kohima and 0.42 for Rampurhat. This
establishes the ERA-5 dataset as sufficiently reliable for the
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relevant areas, supporting its use in subsequent analyses
within this study.

For consistency and comparability across datasets, a
2 x 2° spatial region around the ground observatory was
selected for all the platforms beside the ground observa-
tions. This facilitates an integrated analysis of precipitation
microphysics, cloud properties, and atmospheric dynam-
ics using GPM-DPR, MODIS, and ERA-5 data. Matching
ground-based observations with satellites and reanalysis
data point-by-point in space and time is challenging due
to their differing original purposes and spatial-temporal
resolutions. Our overall broad goal, however, is to identify
qualitative and statistical patterns across these multiplat-
form datasets. This approach enables a comprehensive
intercomparison, enhancing the reliability and validity of
the obtained results while bridging the gap between local-
ized measurements and broader-scale analyses.

4 | RESULTS
4.1 | Rain DSD characteristics

The seasonal and regional variations of the average N(D)
for stratiform, mixed and convective rain are shown in

_(a) Stratiform _

(b) Mixed

Figure 3a—c respectively. The number of spectra averaged
and average R for each case are provided in Table 1. The
corresponding properties of D, log1oNy,, A and y for strat-
iform, mixed and convective types of rain at both stations
during pre-monsoon and monsoon are shown by the box
plots in Figure 4. The Q, (50th percentile), Qs (75th per-
centile), UW (Upper Whisker) values of Dy, logi;oNy, A
and u parameters are provided in Table 2. Details of sea-
sonal and regional characteristics of DSDs are discussed in
the following sections.

4.1.1 | Regional variability of DSDs

The mean DSD spectra (Figure 3) over Rampurhat
distinctly shows higher concentration of larger drops
(D>2mm) as compared to Kohima for all rain types
both during pre-monsoon and monsoon season. Whereas
the concentration of smaller drops (D <1mm) is signif-
icantly higher over Kohima. The presence of giant rain-
drops (D ~8 mm) in mixed and convective rains at Ram-
purhat during the pre-monsoon and monsoon seasons
is noteworthy. This phenomenon could be attributed to
intense convective activities over Rampurhat during these
seasons. The existence of raindrops larger than 8 mm

_(c) Convective

ND) [m>mm]

7 8 0 1 2

4 5 6 7 8

Drop Size Diameter D[mm]

FIGURE 3

An N(D) versus D plot during the pre-monsoon and monsoon seasons over Kohima (blue) and Rampurhat (red) for (a)

stratiform, (b) mixed and (c) convective types of rain (Kpy;, Kohima pre-monsoon; Ky, Kohima monsoon; Rpy;, Rampurhat pre-monsoon; and

Ryn, Rampurhat monsoon). The black vertical bar indicates the drop intercept (D). [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Number of utilized rain DSD spectra and average R.
Number of utilized DSD spectra (average R, mm-hr!)
Premonsoon Monsoon
Station Stratiform Mixed Convective Stratiform Mixed Convective
Kohima 2912 (1.5) 3903 (4.1) 565 (17.3) 12,763 (1.5) 16,140 (5.7) 1566 (16.4)
Rampurhat 1030 (1.6) 2212 (11.0) 1232 (38.6) 4864 (1.6) 9650 (11.2) 3447 (38.8)
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model for stratiform (St), mixed (Mix) and convective (Con) types of rain over Kohima and Rampurhat during the pre-monsoon (P) and
monsoon (M) seasons. [Colour figure can be viewed at wileyonlinelibrary.com]

(D>8mm) appears plausible, but further investigation
and measurements using precise instruments are required.
Extremely large raindrops have been documented in other
regions; for example, raindrops of D ~ 8.8 mm have been
observed beneath cumulus congestus clouds in Brazil
(Hobbs & Rangno, 2004). Gatlin et al. (2015) also reported
giant raindrops (D>8 mm) in tropical, subtropical, and
high-latitude continental regions, with the largest rain-
drops, measuring D~ 9.7 mm, observed in subtropical
locations.

The Q,, Qz and UW values from Table 2 and Figure 4 all
show consistently larger (smaller) values of D,, (logi1oNyy,
A and u) over Rampurhat compared to Kohima for all rain
types during both the pre-monsoon and monsoon seasons.
The results indicate broader DSDs with larger drops and

lower concentrations of smaller drops over Rampurhat
compared to Kohima. It is also found that the value of u
is positive at both the stations for all rain types, indicating
concave downward DSD shape. The regional variability of
rain DSDs during both the seasons shows the prevalence
of a higher concentration of larger drops at Rampurhat.

4.1.2 | Seasonal variability of DSDs

To understand the seasonal characteristics of rain DSDs,
the drop intercept D; is determined. D is the diame-
ter where two DSDs intersect. Over Kohima the D; val-
ues between pre-monsoon and monsoon indicate 0.81,
2.40 and 2.00mm for stratiform, mixed and convective
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TABLE 2

Dy, logiyNy,, A and p values for different types of rain at Kohima and Rampurhat during the pre-monsoon and monsoon

seasons as observed from OPD. Q, indicates 50th percentile, Q; indicates 75th percentile and UW indicates the upper whisker of different
DSD parameters. The values during the monsoon are indicated within parentheses.

Kohima premonsoon (monsoon)

Rampuhat premonsoon (monsoon)

Q: Q3

Dy, Stratiform 1.02 (0.97) 1.27 (1.17)
Mixed 1.20 (1.06) 1.47 (1.29)
Convective 1.76 (1.47) 2.20(1.84)

log1oNyy Stratiform 3.86 (3.91) 4.24 (4.46)
Mixed 3.92 (4.26) 4.20 (4.52)
Convective 3.81(4.14) 4.09 (4.35)

A Stratiform 11 (13) 20 (26)
Mixed 8(12) 13 (21)
Convective 4(7) 8(12)

7l Stratiform 7(9) 14 (17)
Mixed 6(9) 9 (15)
Convective 4(6) 7 (10)

Abbreviations: Q,, 50th percentile; Qs, 75th percentile; UW, upper whisker.

rain (Figure 3). Pre-monsoon rain shows a higher con-
centration of larger drops (D> Dy), while monsoon rain
shows a higher concentration of smaller drops (D < Dy).
This indicates a dominance of larger drops during the
pre-monsoon and smaller drops during the monsoon sea-
sons. The peak of N(D) over Kohima is 0.56 mm for all rain
types in both the seasons. As the season progresses, a sig-
nificant increase in the concentration around the peak D
is observed for all rain types. It is interesting to note that
though R remains comparable during the pre-monsoon
and monsoon seasons (Table 1), the DSD characteristics
underwent substantial changes. Seasonally, at Kohima,
as shown in Figure 4 for all rain types, the Q,, Qs and
UW show larger D,, and smaller log;oN,,, A and y values
during the pre-monsoon season. This indicates a higher
concentration of larger drops with broader DSDs and fewer
smaller drops. Thus, distinct seasonal DSD characteristics
are observed for different rain types over Kohima.

At Rampurhat, peak N(D) occurred at diameters of
approximately D ~0.69 mm, 0.81 mm and 0.81 mm dur-
ing the pre-monsoon season, and 0.56 mm, 0.56 mm and
0.69 mm during the monsoon season for stratiform, mixed
and convective rain, respectively. Unlike Kohima, there is
a shift in the peak D, which moves toward smaller drops
from the pre-monsoon to the monsoon season. The D; val-
ues for pre-monsoon and monsoon seasons are 0.56 mm,
0.72mm and 0.75mm for stratiform, mixed and convec-
tive rain, respectively. Pre-monsoon rain shows a higher
concentration of larger drops (D > Dj), while monsoon rain
a shows higher concentration of smaller drops (D < Dy).

Uw Q: Qs uw

1.90 (1.76) 1.83 (1.60) 2.23(2.13) 3.30 (3.39)
2.18 (1.95) 2.30(2.03) 3.06 (2.65) 4.95 (4.48)
3.37(2.77) 3.28 (2.68) 424 (3.42) 6.75 (5.41)
5.18 (5.58) 2.77 (2.98) 3.13 (3.39) 4.24 (4.76)
5.07 (5.38) 2.93 (3.10) 3.27 (3.65) 439 (5.18)
4.86 (5.11) 2.96 (3.22) 3.33(3.58) 4.42 (4.53)
41(53) 4(5) 6(8) 12 (15)

26 (43) 3(4) 4(6) 8(12)

13 (23) 2(3) 3(4) 4(7)

29 (34) 4(5) 707) 13 (15)

19 (31) 2(3) 4(6) 9(12)

13 (21) 2(3) 3(4) 6(9)

This indicates a dominance of larger drops during the
pre-monsoon season and smaller drops during the mon-
soon season. Similarly, the Q,, Q3 and UW also show larger
D,, and smaller log;oN,,, A and p during the pre-monsoon
season, indicating a higher concentration of larger drops
with broader DSDs along the larger drops and fewer
smaller drop compared to the monsoon season, as shown
in Figure 4.

In terms of rain types at both stations during both
seasons, the convective rain consistently shows larger
(smaller) values of D,, (A and u) compared to the strat-
iform and mixed rain, suggesting broader DSDs among
larger drops. The DSD characteristics of mixed types of
rain lie between stratiform and convective rain in all
cases. Over Kohima, the stratiform rain shows a larger
value of log;oN,, suggesting a higher concentrations of
smaller drops, whereas at Rampurhat a higher concentra-
tion of smaller raindrops is prevalent during convective
rain. Interestingly, convective rain over Rampurhat is asso-
ciated with a higher concentration of both smaller and
larger drops.

4.2 | GPM-DPR DSD observation

We also analyzed GPM-DPR-estimated D,, over both the
locations. This analysis aims to investigate the variability
of D, across rainfall types, seasons, and regions, while
validating the reliability of the results through interin-
strumental comparisons between GPM-DPR and OPD
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observations. This ensures the robustness and reliability of
the analysis in understanding precipitation microphysics.
The box plots of GPM-DPR-estimated D,, at Kohima
and Rampurhat for stratiform and convective rain dur-
ing the pre-monsoon and monsoon seasons are shown in
Figure 5a,b, respectively. The corresponding values of the
Q,, Q3, and UW values of the D,, parameter are provided
in Table 3. The analysis of D,, values highlights significant
seasonal, regional, and rain-type-specific variations. Sea-
sonally, both Kohima and Rampurhat exhibit larger Q,,
Qs3, and UW values during the pre-monsoon compared
to the monsoon season, indicating the presence of larger
raindrop sizes in the pre-monsoon period, likely due to
stronger convective activity. Regionally, Rampurhat con-
sistently shows higher D,, values than Kohima for both
stratiform and convective rain in both seasons, suggesting
microphysical differences influenced by local atmospheric
dynamics and topography. Convective rain demonstrates
notably larger D, values compared to stratiform rain at
both stations and in both seasons, reflecting the role of
intense updrafts in promoting the growth of larger rain-
drops. The largest D, values are observed for convective
rain at Rampurhat during the pre-monsoon, with a Q5 of

Royal Meteorological Society

24mm and a UW of 4.0 mm, whereas the smallest D,,
values occur for stratiform rain at Kohima during the
monsoon, with a Q, of 1.0 mm and a UW of 1.6 mm. These
findings emphasize the combined influence of regional,
seasonal, and rain-type dynamics on raindrop size distri-
butions. Overall, the results suggest that seasonally over
each station and each type of rain, D,, is larger during the
pre-monsoon compared to the monsoon season. Region-
ally, in each season and for each type of rain, Dy, is larger
at Rampurhat compared to Kohima. Across both stations
and seasons, D, is larger during convective rain compared
to stratiform rain. The seasonal and regional variations of
D,, for different types of rainfall observed from OPD are
in agreement with the GPM-DPR observations. This con-
sistency between independent datasets strengthens the
reliability of our findings.

4.3 | Maritime and continental rain DSD
characteristics

A scatter plot between the median values of log;oN,, and
D,, with interquartile range (IQR) for different types of

_(b) Monsoon_

FIGURE 5 Boxplots of
GPM-DPR-derived D,, for stratiform
(S) and convective (C) rain over
Kohima and Rampurhat during the (a)

(a) Premonsoon
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from GPM-DPR measurements.

:

Rampurhat

pre-monsoon and (b) monsoon
seasons. [Colour figure can be viewed
at wileyonlinelibrary.com|

D,, value for different types of rain at Kohima and Rampurhat during the pre-monsoon and monsoon seasons as observed

D,, (mm)
Premonsoon Monsoon
Station Q; Q; uw Q; Qs uw
Kohima Stratiform 1.1 1.3 1.7 1.0 1.2 1.6
Convective 1.5 1.9 3.1 1.2 1.4 2.1
Rampurhat Stratiform 1.1 1.3 1.9 1.1 1.3 1.7
Convective 1.7 24 4.0 1.4 1.8 3.2

Abbreviations: Q,, 50th percentile; Qs, 75th percentile; UW, upper whisker.
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rain during the pre-monsoon and monsoon seasons over
Kohima and Rampurhat is shown in Figure 6 along with
the maritime and continental regimes as suggested by
Bringi et al. (2003). Two distinct clusters between log;oN,,
and D,, are noted. The nature of the clusters suggests that
the rain DSDs at Kohima exhibit maritime characteristics,
while those at Rampurhat display continental characteris-
tics during both seasons.

4.4 | Relationships of N,,—R and D,,,-R
To facilitate the better parameterization of the normal-
ized gamma rain DSD model over the study region, the
power law relationships for N,,—R (N, =A;R') and D,,—R
(D =A,Rb?) are derived. The occurrence of extremely
intense rainfall (R > 150 mm-h~!) at Rampurhat is note-
worthy. The scatter plots of N,—R at Kohima and Ram-
purhat for stratiform, mixed and convective types of rain
during the pre-monsoon and monsoon seasons are shown
in Figure 7. The values of coefficient A; are consistently
higher during the monsoon compared to the pre-monsoon
at both stations for all rain types, indicating a higher con-
centration of smaller raindrops in the monsoon.
Regionally, A; values were higher at Kohima than
Rampurhat for all seasons and rain types, suggesting
a greater concentration of smaller drops in Kohima.
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— T Maritime, Bringi et al., 2003
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FIGURE 6  Scatter plot of the median values of log;,N,,

versus D,, for different types of rain during the pre-monsoon and
monsoon seasons over Kohima (blue) and Rampurhat (red).
[Colour figure can be viewed at wileyonlinelibrary.com]

While stratiform rain generally exhibited lower A; values
than convective rain, an exception occurred during the
pre-monsoon at Rampurhat where stratiform rain had
higher A; values.

Seasonally, exponent b; values are higher for all types
of rain during the pre-monsoon in Rampurhat and during
the monsoon in Kohima. Regionally, Rampurhat exhibits
larger b; values across all rain types in the pre-monsoon,
while in the monsoon, Kohima shows higher b; val-
ues, except for stratiform rain, where Rampurhat’s values
remain larger. In both seasons, stratiform rain over Ram-
purhat and convective rain over Kohima display large
negative b; values, indicating a lower concentration of
smaller drops with increasing R, suggesting dominant coa-
lescence processes. Conversely, during the pre-monsoon
in Rampurhat for convective rain, and during the mon-
soon in Kohima for stratiform rain, large positive b, values
are observed, indicating a higher concentration of smaller
drops with increasing R, likely due to increased drop
breakup.

The scatter plots of D,, versus R at Kohima and Ram-
purhat for the stratiform, mixed and convective types of
rain during the pre-monsoon and monsoon seasons are
shown in Figure 8. The equation of the fitted power law
(D, =A,R"?) for each case is provided in the respective
figure panels. The values of coefficient A, are consistently
higher during the pre-monsoon compared to the monsoon
at both stations for all rain types, indicating a predomi-
nance of larger raindrops in the pre-monsoon. Addition-
ally, A, values were higher at Rampurhat than Kohima
across all seasons and rain types, suggesting a greater
prevalence of larger drops at Rampurhat. These regional
and seasonal variations in coefficient A, are consistent
with the corresponding patterns observed in D,, values.
While stratiform rain generally exhibited higher coeffi-
cient values than convective rain, an exception occurred
during the pre-monsoon at Rampurhat where convective
rain had higher A, values.

Seasonally, values of exponent b, are higher for strat-
iform rain in the pre-monsoon and for the mixed and
convective rain in the monsoon season over Rampurhat.
In Kohima, larger b, values are observed for the stratiform
and mixed rain in the pre-monsoon, and for convective
rain in the monsoon season. Regionally, Rampurhat shows
larger b, values for stratiform rain, while Kohima exhibits
higher b, values for both mixed and convective rain in both
seasons. In all cases, b, shows positive values indicating an
increase in concentration of larger drops with increasing R,
while stratiform rain over Rampurhat and convective rain
over Kohima show larger b, values suggesting stronger
drop coalescence.
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Scatter plot of N,,—R at Kohima (blue) and Rampurhat (red) for stratiform, mixed and convective rain during the

pre-monsoon (upper panel) and monsoon (lower panel) seasons. [Colour figure can be viewed at wileyonlinelibrary.com]

4.5 | Z-Rrelationships and associated
rain microphysical processes

To facilitate better estimation of rainfall from weather
radar and to understand the involved microphysical pro-
cesses for the observed rain DSD, the power law Z-R rela-
tionships are derived for each season at the two stations for
different types of rain.

The scatter plots of Z versus R over Kohima and Ram-
purhat for stratiform, mixed and convective types of rain
during the pre-monsoon and monsoon seasons are shown
in Figure 9. The equation for the fitted power law (Z = ARY)
for each case is provided in the respective figure panels.
Seasonally, it is found that, at both stations and for each
type of rain, the coefficient value A is higher during the
pre-monsoon season compared to the monsoon, suggest-
ing the presence of larger drops during the pre-monsoon
compared to the monsoon. Regionally, during both sea-
sons, and for each type of rain the A value is higher at
Rampurhat compared to Kohima, suggesting the presence
of larger drops at Rampurhat compared to Kohima. In

terms of rain type, except for the case of Rampurhat during
the pre-monsoon season, the coefficient value is higher for
stratiform rain compared to convective rain, whereas dur-
ing the pre-monsoon at Rampurhat the coefficient value is
higher for convective rain.

Overall, the seasonal and regional variation of the coef-
ficient value of Z-R relations for each type of rain is consis-
tent with the regional and seasonal characteristics of D,,—R
relations. Similarly, the seasonal and regional variation of
exponent b follows the same pattern with the seasonal and
regional variation of the exponent b, of D,,—R relations.

Moreover, the value of exponent b of a Z-R relation
provides information on the prevailing microphysical pro-
cesses. In their study of the microphysical interpretation of
the Z-R relation, Steiner et al. (2004) pointed out that the
variability of the raindrop size distribution is bounded by
either size- or number-controlled conditions, with condi-
tions of a coordinated mixed control embedded in between
those extremes. Based on raindrop spectra observations,
Smith and Krajewski (1993) found the limiting values of
the exponent b for number-controlled and size-controlled
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pre-monsoon (upper panel) and monsoon (lower panel) seasons. [Colour figure can be viewed at wileyonlinelibrary.com]

conditions to be 1 <b<1.79. The lower value of b indi-
cates the number-controlled process, whereas the higher
value suggests the size-controlled process. Since convec-
tive, stratiform, and mixed categories have already been
classified, it is easy to imagine that cloud microphysical
processes will also differ according to each classification.
In addition to this, the seasonal characteristics and differ-
ences between each of the locations examined in this study
were also investigated.

During the pre-monsoon season at Rampurhat, strati-
form rain is governed by the size-controlled process with
a b value of 1.97, whereas mixed and convective rain are
predominantly governed by coordinated mixed processes,
with b values of 1.45 and 1.32, respectively. At Kohima,
stratiform, mixed, and convective rain are governed by
coordinated mixed processes with b values 0of 1.50, 1.51 and
1.66, respectively.

During the monsoon season at Rampurhat, stratiform
rain is governed by the size-controlled process with a b
value of 1.70, whereas mixed and convective rain are pre-
dominantly governed by the coordinated mixed process

with b values of 1.48 and 1.52, respectively. At Kohima,
stratiform and mixed rain are governed by the coordinated
mixed process with b values of 1.32 and 1.44, respec-
tively, while convective rain is found to be governed by the
size-controlled process with a b value of 1.75. The results
suggest a significant seasonal and regional variation in the
prevailing microphysical processes, attributed to different
climatic regimes.

To facilitate a comparative study with other stations
across the globe, the coefficient A and exponent b of the
Z-R relationship for different types of rain at various loca-
tions are presented in Table S2. The Z-R relationships
obtained from OPD are included. Significant variations
are observed in the coefficients and exponents of the Z-R
relationships, highlighting substantial differences in the
microphysical processes and properties from one location
to another. Regardless of the rain type, the coefficients
and exponents are found to range between 74 and 1408
and 1.22 and 1.97, respectively. This variation may be
attributed to the different climatic regimes and prevailing
microphysical processes. However, it is important to note
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that variations in Z-R relationships, in addition to being
influenced by the type of rain, season, and geographical
location, also depend on the measuring instruments,
measurement techniques, sampling time, and analysis
methods.

4.6 | Cloud Liquid Effective Radius
profiles over Kohima and Rampurhat

The Cloud LER derived from the MODIS instrument
onboard the Aqua satellite is used for understanding
cloud and rain microphysics. LER provides insights into
the size distribution of liquid cloud droplets, which plays
a significant role in determining cloud optical properties,
radiative behavior, and precipitation processes. In the
context of cloud and rain microphysics, LER serves as a
critical link between cloud microstructure and precipita-
tion formation. Studies have demonstrated a relationship
between droplet effective radius and precipitation water
content, highlighting the importance of LER in under-
standing precipitation processes (Braga et al., 2021).

Additionally, accurate retrievals of LER from satellite
instruments like MODIS are essential for climate research,
as they inform models that predict cloud behavior and
precipitation patterns (Fu et al., 2022; Lin et al., 2023).
Therefore, incorporating LER analysis into studies of
cloud and rain microphysics enhances our comprehen-
sion of cloud development and precipitation mechanisms,
contributing to improved weather forecasting and climate
modeling. Box plots of Aqua-MODIS-derived LER dur-
ing the pre-monsoon and monsoon seasons over Kohima
and Rampurhat are shown in Figure 10a—-d, respectively.
During the pre-monsoon season the Q, (Qs) values over
Kohima and Rampurhat are found to be 14.5 pm (15.5 pm)
and 16.0 pm (16.5 pm) respectively. Similarly, during the
monsoon season they were found to be 10.5 pm (11.0 pm)
and 13.0pm (13.75pum) over Kohima and Rampurhat,
respectively.

It is observed that, seasonally, LER is larger during
the pre-monsoon season compared to the monsoon sea-
son. During both seasons, LER is larger over Rampurhat
than Kohima. The seasonal and regional variation of LER
is consistent with the corresponding variation in Dy,.
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4.7 | Vertical velocity profiles over
Kohima and Rampurhat

The height profiles of vertical velocities (w, Pa-s™!) are
shown in Figure 11. The solid black line represents the
mean value of w at every vertical level. The horizontal
error bars represent the standard deviations from the mean
at each pressure level. Negative values indicate upward
velocity and positive values indicate downward motion.
At Kohima during the pre-monsoon and monsoon sea-
sons, toward the lower heights (<4.0 km) the mean value
of w is found to be approx. —0.05 and —0.04 Pa-s~! respec-
tively, whereas at Rampurhat, during the pre-monsoon
and monsoon seasons, toward the lower heights (<4.0 km)
the mean w is found to be approx. —0.11, and approx.
—0.08 Pa-s™1, respectively. At both stations, the standard
deviation of @ during the pre-monsoon season is signifi-
cantly higher compared to during the monsoon season. It
is observed that seasonally, at both stations, w is larger dur-
ing the pre-monsoon than the monsoon season. Region-
ally, for each season, w is larger at Rampurhat compared
to Kohima. The results suggest a prevalence of stronger
convection during the pre-monsoon season than the mon-
soon season. The seasonal and regional variation of w is
consistent with the rain drop size, which indicates that
the occurrence of larger drops is associated with stronger
convection.

5 | DISCUSSION AND SUMMARY

The seasonal and regional variation of surface DSDs was
studied at Kohima in northeastern India and at Ram-
purhat in eastern India during the pre-monsoon and
monsoon seasons. The rain DSDs are analyzed in terms
of A, u, Ny,, D, and Z. Seasonally, at both stations, both
A and p exhibit smaller values during the pre-monsoon

season compared to the monsoon season. Regionally,
Kohima shows larger values of both A and u in both sea-
sons compared to Rampurhat. Overall, convective rain
exhibits lower A and u values in both seasons at both
stations compared to mixed and stratiform rain.

Atboth stations, the pre-monsoon season is found to be
associated with smaller N, and larger D,, compared to the
monsoon season. Regionally, Kohima is associated with
larger N, and smaller D,, values compared to Rampurhat.
Over Kohima stratiform rain shows a higher concentration
of smaller drops whereas convective rain is associated with
a higher concentration of larger drops.

However, at Rampurhat convective rain is associated
with a higher concentration of both smaller and larger
drops. The presence of large raindrops may be attributed
to the strong in-cloud updraft which could suspend
mid-size raindrops and help them collide and coalesce
with other raindrops. Some of these raindrops can sur-
vive breakup processes and reach the surface while others
can break up and further become smaller by evapora-
tion. Note that smaller raindrops evaporate faster than big
raindrops (Pruppacher and Klett, 1996). Another possible
reason for the occurrence of smaller raindrops at Ram-
purhat could be the high cloud base and relatively drier
atmosphere, which may cause additional evaporation and
reduce raindrop size (see the Figure S2). Due to the above
reasons, extremely small and large raindrops may occur
over Rampurhat during convective rain. The D,, value
from GPM-DPR was analyzed for variability across rainfall
types, seasons, and regions to validate the reliability of the
results through interinstrumental comparisons between
GPM-DPR and OPD observations. The seasonal and
regional variations of near-surface D,, for different types
of rainfall, as observed from the GPM satellite’s onboard
Dual-frequency Precipitation Radar, are consistence with
surface observations. The characteristics of the coefficient
values in the N,,-R and D,,-R relationships for different
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types of rain are consistent with the regional and seasonal
variations of Ny, and D,, parameters, respectively. Overall,
it is observed that, although both the stations are inland,
the DSD characteristics at Kohima exhibit maritime fea-
tures in both seasons, whereas those at Rampurhat exhibit
continental characteristics. The maritime (continental)
nature of rain DSDs at Kohima (Rampurhat) is primarily
attributed to a shallow (deep) precipitating system over
the northeastern (eastern) part of India (Roy et al., 2017).
The seasonal and regional variability of rain DSDs has
also been reported by other researchers in different parts
of India. Radhakrishna et al. (2009) found significant sea-
sonal and regional differences in DSD between the inland
station Gadanki in Andhra Pradesh and the coastal sta-
tion Cuddalore in Tamil Nadu during the southwest and
northeast monsoons. For the same R, the concentration of
small drops is higher, while that of large drops is lower,
during the northeast monsoon compared to the southwest
monsoon at both locations. They also reported contrasting
rain DSD characteristics at these two stations. Smaller and
larger drops are found predominantly at Gadanki, whereas
medium-sized drops are more prevalent at Cuddalore. The
DSD differences are more pronounced during the north-
east monsoon. They also noted that seasonal variation is
less pronounced at Cuddalore compared to Gadanki. Over
Gadanki, Reddy and Kozu (2003) and Rao et al. (2009)
also reported larger rain drops during the southwest mon-
soon compared to the northeast monsoon. The seasonal
variation of rain DSDs over the study region, showing
larger drop sizes during the pre-monsoon compared to
the monsoon season, is consistent with the findings of
Kozu et al. (2006) and Sarma et al. (2016) at Gadanki
as observed using a Joss Waldvogel Disdrometer, and of
Longkumer et al. (2023) at Kohima, observed using a
Micro Rain Radar (MRR). The larger raindrops during
the pre-monsoon season are attributed to stronger vertical
wind velocity driven by the atmospheric instability, lifting
mechanism, and moisture availability over the region. The

results from the present study show that DSDs are wider
for convective rain and less spread out for stratiform rain,
consistent with the results from Chen et al. (2013) and
Zhangetal. (2019). Based on GPM-DPR observations, Rad-
hakrishna et al. (2020) reported regional differences in rain
DSDs across the Indian subcontinent and adjoining seas,
with different topography, during the southwest monsoon.
They reported significant differences in D, values for a
given R over land and sea, and orographic rain. Irrespective
of R, the D,, values for deep rain were found to be larger
in continental rain than in maritime and orographic rain.
However, for shallow storms, the D,,, values were smaller
in continental rain than for orographic and maritime rain.
The scatter plot of D,,~log1oN,, shows two distinct clus-
ters for Kohima and Rampurhat. At Kohima, it has lower
D,, and higher log;oN,,, whereas at Rampurhat, the oppo-
site is observed with higher D,, and lower log;oN,,. Overall,
at Kohima (Rampurhat) the median values of D,, and
lower N,, vary in the ranges of 1.0-1.8 mm (1.6-3.3 mm)
and 3.8-4.3 (2.7-3.3), respectively. The Dy,-log;oN,, val-
ues at Kohima, despite being an inland station, suggest
a maritime characteristic, and the values at Rampurhat
indicate a continental characteristic. This result is consis-
tent with the reported maritime and continental rain DSD
characteristics at various locations across the globe (Bringi
et al., 2003; Radhakrishna et al., 2009; Shaik et al., 2024).
Broadly, the nature of the empirical relationships
log1oNy—R derived at Kohima and Rampurhat during the
monsoon seasons, where the coefficient values are found
to be larger for convective rain compared to stratiform
rain, is similar to those reported by Zhang et al. (2019)
in southern China (V,, =11140R%?® for convective rain;
N,, = 8920R%?8 for stratiform rain). Similarly, the nature of
the empirical relationships D,,-R derived at Kohima and
Rampurhat during the same seasons, where the coefficient
values are found to be larger for stratiform rain compared
to convective rain, is similar to the findings reported by
Zhang et al. (2019) in southern China (D,, = 1.4R%!* for
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convective rain; D,, =1.43R%16 for stratiform rain). The
smaller multiplicative coefficient value of the Z-R rela-
tionship at Kohima compared to Rampurhat is also in
agreement with the maritime characteristics reported by
Bringi et al. (2003).

Similarly, the regional and seasonal characteristics of
the coefficient values of Z-R relationships for each type of
rain are consistent with D,, variation. The value of expo-
nent b of the Z-R relationships suggest that, during both
seasons and at both stations, the microphysical processes
are predominantly governed by coordinated mixed pro-
cesses (i.e., number- and size-controlled processes), except
for stratiform rain at Rampurhat during the pre-monsoon
and monsoon seasons, and convective rain at Kohima,
which are associated with size-controlled processes. The
seasonal and regional variability of Z-R relationships has
been extensively reported by many researchers worldwide,
as shown in Table S2 (derived from the OPD). A wide vari-
ation in the A and b values is observed across the globe,
which may be attributed to different climatic regimes and
prevailing microphysical processes.

To understand cloud microphysical properties related
to observed rain DSDs, Aqua-MODIS-measured cloud
LER is considered. Seasonally, cloud LER is found to be
larger during the pre-monsoon seasons compared to mon-
soon season. Regionally for each season, cloud LER is
found to be larger over Rampurhat compared to Kohima.
The seasonal and regional variation of reported cloud LER
over the region is consistent with the reported seasonal
and regional variation of cloud Ice Effective Radius (IER)
(Biswasharma et al., 2021; Choudhury et al., 2015). The
larger cloud LER and IER during the pre-monsoon season,
as well as over eastern India (Rampurhat) is attributed to
stronger convection, due to the higher magnitude of ver-
tical velocity during the pre-monsoon season, as reported
in the present work. Due to the larger value of Convective
Available Potential Energy (CAPE) and the prevalence of
colder clouds, stronger convection over Rampurhat com-
pared to Kohima during the pre-monsoon season is also
reported by Biswasharma et al. (2021). Similar results, that
is, stronger convection over eastern India compared to the
eastern Himalaya foothills, are also reported by Choud-
hury et al. (2015) and Roy et al. (2017, 2023). The shape
of rain DSDs is significantly affected by the dynamical
(Atlas et al., 2000; Kollias et al., 2001; Sharma et al., 2009)
and microphysical processes (Sarma et al., 2016; Sharma
et al.,, 2009; Ulbrich & Atlas, 2007). The presence of
strong updrafts enhances the collision—coalescence pro-
cess below freezing level and the rimming process above
freezing level, which in turn results in the formation of
larger raindrops which is reflected in larger value of D,,.
The results of seasonal and regional variation of w obtained
from the ERA-5 dataset suggest the prevalence of stronger

convection during the pre-monsoon compared to the mon-
soon season over both stations. The seasonal and regional
variation of the nature of raindrop size is consistent with
the nature of LER and w, which suggests that the occur-
rence of larger drops during the pre-monsoon is associated
with stronger convection in the season. The analysis of
the Z-R relationship, cloud droplet size, and the verti-
cal distribution of @ (Figures 9-11) highlights the physi-
cal processes that shape rain characteristics over Kohima
and Rampurhat. Seasonal and regional differences in rain-
drop size are linked to the intensity of convection and
cloud properties, particularly during the pre-monsoon sea-
son. Stronger updrafts during this period drive processes
such as collision and coalescence of droplets, as evidenced
by the larger cloud LER. This results in the formation
of larger raindrops, further indicated by the higher coef-
ficient of the Z-R relationship during the pre-monsoon
compared to the monsoon season. These findings deepen
our understanding of rainfall formation across different
climatic regions and demonstrate how Z-R relationships
are shaped by varying microphysical and dynamical condi-
tions. In numerical modeling, this knowledge is essential
for refining the parameterization of cloud microphysical
processes, particularly in regions with strong seasonal vari-
ability. Improved representation of convective intensity
and DSDs in models could enhance the accuracy of simula-
tions for precipitation events. For weather forecasting, the
observed seasonal variations in Z-R relationships provide
afoundation for improving radar-based rainfall estimation
techniques. Incorporating these findings into forecasting
systems can enhance the reliability of real-time rainfall
predictions and support early warning systems.

6 | CONCLUSIONS

A study on the seasonal and regional variation of rain
DSDs, their properties, and associated microphysical pro-
cesses for different rain types was conducted during the
pre-monsoon and monsoon seasons at Kohima (northeast
India) and Rampurhat (eastern India) using OPD observa-
tions. Rain is classified as stratiform, mixed and convective
(Bringi et al., 2003). This study examines the seasonal and
regional variation in rain DSD using the gamma model
parameters and the variation of rain DSD properties in
terms of A, u, Ny, Dy, and Z parameters. The summary of
the study is as follows:

« Over Kohima, a constant peak diameter of 0.56 mm in
the DSDs is observed for all rain types in both sea-
sons, with a significant increase in drop concentration
around the peak diameter as season progresses from
pre-monsoon to monsoon. In contrast, at Rampurhat,

85U017 SUOWIWOD aA1e8ID 3|qeol(dde aLp Aq pausencb afe sejoie O 8sn J0 Sa|nJ Joj AriqiT8uIUO /8|1 UO (SUONIPUOD-pUe-SW.SI W00 A8 1M ARe.d [puljuo//Sdny) SUORIPUOD pue sw.e L 8y} 88s *[Gz0g/TT/TT] uo Ariqiiauliuo A8im ‘Uein JO AseAlun Aq TS6t b/Z00T 0T/10p/wod 8| iM Aleiq 1 pulJuO'SIBLL//SANY WO} pepeo|umod ‘69. ‘G202 ‘X0L8LLYT



LONGKUMER ET AL.

Quarterly Journal of the 18 of 22

NRMets

the peak diameter varies with both season and rain
type, shifting toward smaller drops from pre-monsoon
to monsoon.

« Rampurhat shows a predominance of larger drops
(D>3mm) while Kohima shows a predominance of
smaller drops (D < 1 mm) for all rain types in both sea-
sons. Rampurhat has larger (smaller) values of Dy, (A, u,
and N,,) compared to Kohima, indicating a higher con-
centration of larger raindrops and a lower concentration
of smaller drops. The presence of extremely large rain-
drops (~8 mm) and intense rainfall (R > 150 mm-hr~!)
during convective rain can be noted.

« Convective rain shows larger (smaller) values of D,
(A, and u) compared to stratiform rain in both regions,
suggesting a higher concentration of larger raindrops
during convective rain.

« Kohima has a higher concentration of smaller rain-
drops (larger logioN,,) during stratiform rain, while
Rampurhat shows smaller drops alongside larger drops
during convective rain.

« The pre-monsoon season shows a dominance of larger
drops, while the monsoon season is characterized by
smaller drops over both stations.

« During the pre-monsoon, larger values of D,, and
smaller values of A, u, and N,, are observed for all rain
types at both stations, suggesting a higher concentration
of larger raindrops and a lower concentration of smaller
drops during the pre-monsoon.

« The seasonal variation of D, for different types of
rainfall, as observed from OPD, is consistent with the
GPM-DPR observations.

« The scatterplot of D,,-log;oN,, shows the existence
of two distinct clusters for Kohima and Rampurhat.
The median values of D,, and N,, at Kohima (Ram-
purhat) range from 1.00-1.80 mm (1.60-3.30 mm) and
3.80-4.30(2.70-3.30), respectively. The D,,-log;oN,, val-
ues at Kohima suggest a maritime characteristic, and
those at Rampurhat suggest continental characteristics.

« Coefficients of N,,—R (D,,—R and Z-R) are larger during
the monsoon (pre-monsoon) at both stations, indicating
a higher concentration of smaller (larger) drops in the
monsoon (pre-monsoon), respectively.

« Regionally, larger coefficient values of N,,—-R (D,,-R
and Z-R) are observed over Kohima (Rampurhat) dur-
ing both seasons, with smaller (larger) drops over
Kohima (Rampurhat). Stratiform rain shows smaller
(larger) coefficient values at both stations, except dur-
ing the pre-monsoon at Rampurhat, where convective
rain shows smaller (larger) values. The exponent val-
ues of Z-R relationships indicate that microphysical
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processes are mainly governed by a coordinated mix
process, except for stratiform rain at Rampurhat and
convective rain at Kohima, which are associated with
size-controlled processes.

« Cloud LER is larger in the pre-monsoon compared to
the monsoon season at both stations, with larger values
over Rampurhat than Kohima. This pattern is consis-
tent with the variation in D,,,.

« The seasonal and regional analysis of vertical velocity
(w) shows that negative w values (upward motion) are
larger in the pre-monsoon at Rampurhat. It suggests
stronger convection and larger rain drops during the
pre-monsoon at Rampurhat.

Overall, the present study demonstrates distinct sea-
sonal and regional variability in rain DSDs and their asso-
ciated microphysical processes for different types of rain
over the eastern and northeastern parts of India. The
study will help improve rainfall measurements through
remote-sensing techniques in the region and contribute to
better parameterization of rain processes in NWP models.
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