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Abstract: The pressing need for accurate and reliable precipitation measurements and forecasting
poses theoretical and technological problems. Remote-sensing instruments with increased coverage
and sensitivity (such as space-borne and ground-based radar) are available; however, their full
exploitation requires physical calibration and validation based on a deep knowledge of precipitation
microphysics. This study reports a detailed analysis of the evidence of non-terminal velocities in a
mid-latitude (Bologna, Italy) and a tropical location (Kolkata, India). The data from two identical
disdrometers OTT-Parsivel2 were analyzed to shed light on the nature of the raindrops that fall
at a velocity that is significantly higher (i.e., super-terminal drops) or lower (sub-terminal drops)
than the terminal velocity expected for the raindrop sizes. The results show a significant fraction of
super- and sub-terminal drops in both locations. The percentages of both super- and sub-terminal
drops were higher in Kolkata. However, the difference was more notable for convective rain. The
percentages of both super- and sub-terminal drops were found to be high within a drop diameter
of 1 mm. The number of sub-terminal drops seemed to increase with an increase in diameter for
drops larger than ~2.5 mm. The natural rain in Bologna showed stronger evidence of drop break-up
in correspondence with the evolution of non-terminal velocities. Moreover, this study once again
pointed toward the fact that the process of break-up cannot be neglected in natural rain of tropical or
mid-latitude locations. We found that 7% and 10% of rain samples in Bologna and Kolkata seemed to
be subjected to drop break-up. The results indicate that radar measurements of rain in the tropics
or mid-latitude regions, relying on the Gunn-Kinzer relationship between velocity and diameter,
should be verified by observations of disdrometers for a high precision QPE.
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1. Introduction

One of the major challenges in operational meteorology and its applications is to
provide accurate and reliable measurements of the precipitation rate and precipitation
characteristics at different spatial and temporal scales, which are of interest for several
disciplines, such as climatology, hydrology, agriculture, soil science, water management
and the prevention and mitigation of hydrogeological disasters.

In this respect, ground-based rain gauges fail to provide measurements with the
required frequency, spatial density and coverage, especially in places with unfavorable
topography [1]. On the other hand, ground-based weather radars provide spatially and
temporally continuous, quantitatively reliable precipitation fields [2], especially if organized
in networks [3], which can also be assimilated into numerical weather prediction models to
improve performances [4].
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However, radar-based Quantitative Precipitation Estimation (QPE) is challenging due
to uncertainties associated with the true rain Drop Size Distribution (DSD) and also due to
spatiotemporal variation of rain microphysics [5].

Two significant technological advancements emerged in the last decade to substantially
upgrade the QPE capabilities: a wider spread of new disdrometric measurements and the
exploitation of precipitation-focused satellite missions. The recent availability of limited-
cost disdrometers boosted the interest in precipitation microphysics for both theoretical and
application studies [6-8], making available datasets acquired in dedicated experimental
campaigns directly devoted to the calibration of remote sensing algorithms [9] and even in
nearly operational regional networks [10].

Precipitation-focused satellite missions, such as the Tropical Rainfall Measurement
Mission [11] and the Global Precipitation Measurement [12], make available radar obser-
vations from space, increasing the chance of: (1) high-quality precipitation monitoring
over the global ocean [13]; (2) passive microwave sensor calibration for high-resolution
algorithms [14]. High-resolution, high-quality, near-real-time, global operational products
are available directly from GPM [15] and other entities [16,17] and are widely used by a
growing community [18].

Since a radar detects the power backscattered by falling raindrops (i.e., reflectivity),
the accuracy of the rainfall estimation depends, among others, on the relation between the
measured reflectivity and rainfall rate, which is strongly related to the rain microphysical
structure, that disdrometric measurements can infer. Raindrops, having a wide range of
diameters from some hundreds of micrometers to some millimeters, fall with different
terminal velocities due to gravitational pull, buoyancy and air resistance.

Their fall speed is strictly related to the drop size; however, the knowledge of a
theoretical form of the relationship linking fall speed and size is hindered by the complex
interplay between falling drops and turbulent air fluxes. Experimental studies provided
empirical velocity-diameter (V-D) relationships, making the measurement of the drop fall
speed a valuable proxy to infer the drop size. However, the large spatiotemporal variability
of rain microphysics makes the statistical studies of rain DSD crucial for different locations,
rain types and climates [19].

Even though there are instruments capable of measuring the raindrop velocity and
diameter separately (i.e., laser/optical devices), a large class of widely used instruments,
such as Joss—Waldvogel disdrometers [20] or vertical pointing Doppler radars [21], entirely
depends on the statement that each drop falls at its specific terminal velocity. There-
fore, the measurement of rain DSD is governed by the relationship between the raindrop
diameter and terminal velocity: the first form of this relation evolved from laboratory
experiments [22]. Later, several researchers [23-25] tested and modified this relation for
natural rain events.

The Gunn-Kinzer relation (GK hereafter) assumes the air density to be the same as
that of sea level. This inadequacy, crucial in radar calibration, is resolved by an empirical
factor applied to the original equation for locations other than sea level [26,27]. However,
even then, the presence of drops with velocity outside the expected terminal velocity range
has been reported by several works [28-30]: drops with a fall velocity lower than 70% of
their terminal velocity are labelled as sub-terminal, whereas drops falling at larger than
130% of the terminal velocity are considered super-terminal [28].

In natural rain, very large raindrops, grown by coalescence, break-up into smaller
drops as a result of their unstable nature (hydrodynamical break-up) or, more frequently,
after collisions with smaller drops (collisional break-up) [31,32]. Break-up usually produces
many smaller drops that, because of inertia, fall at the same high speed as the bigger
original drop, at least right after the break-up: this is a possible source for super-terminal
raindrops. On the other hand, the coalescence after the collision of two smaller drops
produces a single large drop that travels with the speed of the bigger drop colliding and
thus can be labelled as sub-terminal.
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The non-terminal velocity is expected to be revealed right after the generating process,
break-up or coalescence and eventually relaxes toward GK or similar values. It was argued
that the presence of super-terminal drops in the drop spectra may have been due to some
erroneous measurements; however, several studies have confirmed the existence of super-
terminal drops in different locations all over the world with several instruments, including
Parsivel and 2DVD disdrometers [33,34]. The authors in [35] reported a substantial fraction
of super-terminal drops during each of the six rain events studied using a network of
laser disdrometers.

Despite using different instruments, such findings align with the results in [28]. More-
over, large raindrops with low speed turned out to be evident above 3 mm drop diame-
ter [29,36]. Wind turbulence was reported to have a significant impact on the presence of
non-terminal velocities. The authors in [30] reported a decrease in the drop velocity, i.e.,
the presence of more sub-terminal drops with increasing wind turbulence. Researchers
identified 9.4% of the raindrops larger than 1.0 mm in volume equivalent diameter as
sub-terminal during the passage of a tornado [37]. The authors in [38] reported a notable
correspondence between the rain rate and super/sub-terminal drop abundances. On the
other hand, super-terminal velocities are reported to increase with altitude because of the
lower air density [39].

Several studies have presented evidence of non-terminal drops over different regions
around the globe [28,36]. The studies were mostly case-based ones. The DSD character-
istics of natural rain have significant spatiotemporal variations due to several reasons,
including topography, wind circulation and climatic conditions [40]. This feature is particu-
larly prominent between tropical and temperate locations [41,42]. Hence, the DSD shape
modification and modelling errors inevitably differ in different climatic regions.

Furthermore, populations of large drops are reported to differ largely over different
parts of the globe, with the highest concentration in tropical rain [43]. Therefore, it is
interesting to study the occurrence of super-/sub-terminal raindrops in natural rain in
contrasting climate regions. However, studies on the variation of DSD characteristics and
velocity—diameter relationships for different rain categories and climatic regions are ex-
tremely limited. The very few studies that attempted a variation of non-terminal raindrops
over different sites were also based on sites in the near vicinity [33].

Numerous laboratory experiments and numerical studies have attempted the under-
standing of collisional break-up as one of the most important processes in rain formation.
The authors in [6] reported notable evidence of drop break-up in natural rain. Studies on
drop break-up in natural rain over tropics, however, are rare. Therefore, it is of valid interest
to investigate the occurrences of drop break-up in natural rain over different latitudes and
to understand the role of drop break-up in the percentage of non-terminal drop witnessed.

The current study, for the first time, presents a rigorous investigation of the evidence of
non-terminal raindrops on a statistically robust extensive rain database over two completely
different climatic regimes, one over mid-latitude and another in tropics, namely Bologna
(Italy) and Kolkata (India). The present work describes a thorough study on the deviation of
actual fall velocities from the empirical relations using a rain dataset measured by Parsivel
disdrometers.

The study presents a comparative analysis of the deviation in V-D relationship from
the GK relation between the two locations along with the quantitative analysis of super-
and sub-terminal drops. The evidence of drop break-up in natural rain of the two places is
investigated. The current work also investigates the role of break-up and coalescence in the
percentage of super- and sub-terminal drops in these two locations.

The rest of the work is structured as follows. Section 2 presents the instrumental set-up
in the two sites, describing the data and methodologies, while the results are reported in
Section 3 and discussed in Section 4. Section 5 is devoted to the conclusions.
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2. Materials and Methods
2.1. Location and Experimental Setup

The rain DSD information is retrieved by two optical laser-based disdrometers OTT-
Parsivel?, installed at the Department of Physics and Astronomy “Augusto Righi” of the
University of Bologna (Bologna, Italy, 44.49°N, 11.34°E, 65 m a.s.l.) and at the Indian
Statistical Institute (Kolkata, India, 22.68°N, 88.38°E, 9 m a.s.l.). The study locations of
this work are shown in Figure 1. Bologna has a humid subtropical climate with an annual
rainfall ranging between 460 and 900 mm.

Figure 1. Location of the two study areas (red stars).

The city is situated at the foot of the Apennine Mountains and maintains a maximum
and minimum temperature profile of about 18 and 8 °C. On the other hand, Kolkata, located
on the eastern bank of the Hoogly River, has a tropical wet and dry climate with an average
temperature of 26 °C. The city receives most of its rainfall because of the Bay of Bengal
branch of the southwest monsoon from June to September. The annual rainfall is around
1760 mm.

The two disdrometers used in this work are particle-size- and velocity-measuring
devices: these disdrometers can measure the raindrops in 32 diameter bins with mid values
ranging from 0.062 to 24.5 mm and non-uniform bin sizes of 0.125, 0.5, 1, 2 and 3 mm. The
device is capable of measuring raindrop velocities in 32 bins within 0.05 to 20.8 m/s with
bin spreads of 0.1, 0.2, 0.4, 0.8, 1.6 and 3.2 m/s. The instrument provides the count of the
falling raindrops structured in a matrix of 32 x 32 diameter and velocity bins [42]. The
disdrometer consists of two sensor heads (transmitter and receiver), and a horizontal laser
beam is continuously transmitted toward the receiver head. A reduction of laser voltage is
produced by raindrops crossing the laser beam.

The duration of the signal decrease is used to compute the drop speed (V), while the
amplitude of signal decrease is used to calculate the drop diameter (D). Advanced digital
signal processing makes it capable of measuring rain intensities from as low as drizzle
to as high as tropical thunderstorms. Small drops measured by Parsivel disdrometers
were known to underestimate the actual count as it misses some small drops; however,
Parsivel2 improved this significantly from its predecessors [44]. In addition, the surface of
Parsivel2 sensor heads is equipped with a particular splash protector that breaks up the
raindrop-impacting sensor heads, thus, preventing the undesirable passing of raindrop
fragments across a laser beam. In this way, no secondary rainfall spectra are detected by the
disdrometer. Furthermore, the sampling time of the measurements is set as 60 s to mitigate
statistical fluctuations.

2.2. Methodology

The Bologna dataset consisting 4965 rain minutes within the period of April 2019 to
January 2021 as well as 3263 rain minutes during November 2017 to October 2018 from
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Kolkata are considered here. For both locations, rain minutes with intensities less than
1 mm/h were removed to minimize noise and non-significant events. The GK relationship
was used to compute the terminal velocities of the drops in this analysis. The deviation
of the V-D curve is studied from the GK relation. However, the first two diameter bins
of Parsivel are not considered here to minimize erroneous measurements due to the low
signal-to-noise ratio [44].

This analysis was performed focusing, first, on the effect of precipitation type on
the variation of the V-D relationship. The datasets for both the locations are separated
into the two major precipitation types, i.e., convective/stratiform, see Table 1, to study
the impact of precipitation type on the super- and sub-terminal drop occurrence. The
convective/stratiform separation for Kolkata was performed, minute by minute, based
on the empirical relation between Ny-R as proposed by [45] for tropical rain, whereas the
Bologna database was classified in convective and stratiform rain based on the classification
scheme using Ny-A relationship as proposed by [46] for mid-latitude rain.

Table 1. Number of DSDs in the C/S classes.

Kolkata Bologna
Convective 1503 2137
Stratiform 1760 2828
Total 3263 4965

This study considered both deep and shallow convection. The V-D spread and devia-
tion of the mean V-D line from the GK relationship were studied for both locations. The
analysis was performed for the entire dataset and separately for convective and stratiform
rain as well. Further, the quantification of super- and sub-terminal drops was attempted.
This analysis also was performed for all rain types separately. The drops with a velocity
below 0.7 Vierminal Were considered sub-terminal drops, whereas drops with a velocity
beyond 1.3 Vierminal Were termed as sub-terminal drops [28]. Here, the distribution of wind
speed, measured at a sampling rate of 30 min, was studied.

The rain datasets were further investigated for the evidence of break-up of drops based
on the highest slope (HS) algorithm proposed by [6] in order to assess the relationship
between break-up and super-terminal drop occurrence. The HS analysis was performed
only for rain samples with higher rain intensity (>5 mm/h) as proposed in [6]. The HS
algorithm analyses the DSD spectrum between 1.0 and 2.6 mm diameters by computing the
slope of the linear best fit. The use of the slope of the linear fit was observed to be reliable
and robust in identifying the changes in the slope of DSD. This can avoid isolated spikes
that exist due to the natural DSD variability. The 1 min disdrometer measurements were
averaged over 2 min to achieve a more stable sampling and to maintain a large-enough
dataset. The rain databases were classified according to the highest slope observed in the
drop-size distribution.

Next, event-wise analysis was conducted instead of the rain sample-based method
used until now. For the following analysis, the entire datasets were grouped into “events”:
an event is defined as a series of consecutive rain minutes, where rain minutes are defined
as minutes with rain exceeding 0.01 mm/h or having more than 10 drops in the DSD.
Furthermore, if two events are separated by a dry period shorter than 60 min, they are
grouped in a single event. A total of 54 events were studied in Bologna, whereas 41 events
were studied in Kolkata. The fraction of super- and sub-terminal drops were studied in
each of these events in both locations.

Thereafter, the events with only average rain intensity higher than 3 mm/h were
chosen to investigate the role of break-up and coalescence on the percentage of non-terminal
drop in the natural rain of these two study locations. The filtering of events was done in
this way because break-up is expected more in events with high rain intensity [47]. This
has resulted in 26 events in Kolkata and 14 events in Bologna for this particular analysis.
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Here, a baseline approach was attempted. The event databases in each of the two
regions were divided into two classes: (1) events with an average super-terminal fraction
of drops (within 0.3-1.6 mm) higher than the average super-terminal percentage of all
these events and (2) events with a fraction of super- terminal drops lower than the all-
event average.

Next, the relation between the fraction of break-up minutes, i.e., break-up minutes
divided by total rain minutes and the fraction of super-terminal drops in a particular event
were studied for these events. Finally, to investigate the relationship between sub-terminal
drops and increased coalescence, the peak value of the mass-averaged drop diameter (Dp,),
defined as the ratio between the fourth and the third moment of the DSD for each minute,
was studied. The relation between the peak value of Dy, in a particular event and the
fraction of sub-terminal drops in that event was studied to investigate whether any direct
correspondence exists between the two. The procedure can be summarized as follows:

Data are collected in Bologna and Kolkata.

The bulk analysis is performed on samples with at least R > 1 mm/h.

Convective/Stratiform classification performed.

Velocity—diameter relationship in natural rain of the two places is studied.

Super- and sub-terminal fractions of drops are computed.

Highest slope of DSD is computed for samples with R > 5 mm/h after averaging DSD

in 2 min samples.

g.  Events are selected as continuous minutes of rain with at least 10 drops/minute with
gaps lesser than 60 min.

h.  For the impact of break-up and coalescence, we considered only events with at least
average rain intensity of 3 mm/h.

i.  Thenon-terminal drops were studied as a function of the peak mean volume diameter

and fraction of break-up minutes.

e oan T

3. Results
3.1. Comparative Rain Microphysical Structure and Non-Terminal Drop Occurrence

A comparative analysis is initially performed between the DSDs in the two study
locations to determine the basic rain microphysical similarities/dissimilarities. A higher
concentration of small raindrops up to 1 mm was noticed in Bologna compared to Kolkata
(Figure 2a). Kolkata appeared to show a higher population of medium and large raindrops
above 1 mm, with the difference increasing with diameter. Large drops reaching approxi-
mately 5 mm in diameter were observed in Kolkata, whereas Bologna showed the largest
raindrops around 4 mm in diameter.
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Figure 2. Cont.
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Figure 2. Raindrop size distribution in Kolkata and Bologna for (a) the whole dataset, (b) convective
rain and (c) stratiform rain.

The number concentration was further compared for the two locations separately
for the broad categories of rain: convective and stratiform. The DSD for convective rain
showed (Figure 2b) almost comparable number concentrations for the small drops (<1 mm)
in the two places. Higher population of drops was observed in natural rain of Kolkata for
drops greater than 1 mm. Large drops around 5 mm in diameter were noticed in convective
rain at Kolkata, whereas Bologna showed large drops approximately around 4.5 mm in
diameter. The stratiform rain presented a higher number concentration in Bologna for
small and large drops, whereas an abundance of medium-sized drops is noticed in Kolkata
(Figure 2c).

The stratiform rain in Bologna has raindrops up to as large as 3 mm in diameter. On
the other hand, the DSD of stratiform rain in Kolkata did not show any drops larger than
2.5 mm in diameter.

Next, the spread of the raindrop velocity—diameter relation in the two study locations
was studied for the whole datasets and separately for the convective and stratiform rain
as well (Figure 3). The average velocity-diameter (V-D) spread in natural rain in the two
places was studied for up to a significant level of drop concentration along with the mean
velocity—diameter relation obtained by studying the drop population in different diameter
and velocity bins where velocity and diameter are sampled keeping the original Parsivel2
classes (Figure 3a—f). Figure 3a shows the V-D spread for the whole rain datasets in Kolkata
and Bologna.

In both the places, the mean V-D curve went beyond the GK line for very small drops,
which signifies the presence of velocities higher than the terminal velocity. Subsequently, for
drops greater than 1 mm, the mean V-D curve deviates toward values lower than GK line,
which increases with the increasing diameter. This lowering indicates velocity values lower
than the expected ones for a particular raindrop diameter. A wider spread of the V-D spectra
was noticed in Kolkata. A similar analysis was repeated for convective and stratiform
categories of rain to investigate the influence of convection on the V-D relationship. The
V-D spectra for convective rain (Figure 3b) were wider than the mean rain spectra for the
entire dataset, both in tropical (Kolkata) and mid-latitude locations (Bologna).

However, the spread was wider in Kolkata as in the case of the whole rain dataset. The
stratiform rain, on the other hand, showed slightly less deviation of the mean V-D curve
from GK line in comparison with the convective rain for both locations. In both cases, the
deviation was more prominent in Kolkata (Figure 3c—f). This analysis points toward the
presence of a significant amount of non-terminal raindrops in both locations.

Therefore, a quantitative analysis of super- and sub-terminal drops in the rain spectrum
was performed to have a deeper view of the matter. Figure 4 shows the fraction of super-
and sub-terminal drops in the different diameter bins in both the study locations. The
presence of super-terminal drops was witnessed for small drops (up to around 1 mm in
diameter) in both cities. A slightly higher super-terminal drop fraction was noticed in
Kolkata (Figure 4a).
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Figure 3. Spread of velocity—diameter spectra for the whole dataset in (a) Kolkata and (b) Bologna; for
convective rain in (c) Kolkata and (d) Bologna and for stratiform rain in (e) Kolkata and (f) Bologna.
The colors represent the number of drops on the logjg scale. In the x- and y-axis, the diameters and
velocities are sampled with the original Parsivel2 classes. The green line is the GK line, and the red
line is the mean of the V-D relationship observed for the dataset with the standard deviations shown
as error bars.
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Figure 4. Fraction of (a) the super- and (b) sub-terminal drops in the natural rain of Kolkata and
Bologna. The fraction of sub- and super-terminal drops represents the ratio between these drops and
the total number of drops.

On the other hand, the sub-terminal drops were significant for drops larger than
~0.8 mm in both the locations (Figure 4b), which became lowest around 2.5 mm of diameter
and again started increasing. Similar signatures were noticed in the sub-terminal drops for
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both locations; however, the percentage of sub-terminal drops was higher in Kolkata in
comparison with that in Bologna.

The DSD samples were studied further to quantify super- and sub-terminal drops
separately in convective and stratiform rain. The super-terminal drop fraction in convective
rain was slightly higher in Kolkata (Figure 5a). The stratiform rain also showed a similar
signature. However, the difference was smaller in this case (Figure 5b). In addition, the
percentage of super-terminal drops was slightly higher in convective rain in both locations,
likely due to drop break-up, which is dominant in highly convective rain events [6]. Sub-
terminal drops are reportedly significant for drops larger than 3 mm [29].

Convective Stratiform

10°

10-1 L

102

0.31

—_
o
o
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I Bologna

(b)

0.68 1.06

Fraction of
super-terminal drops
=

-
o
N

0.68 1.06 0.31

Drop diameter (mm) Drop diameter (mm)

Figure 5. Fraction of super-terminal drops for (a) convective and (b) stratiform rain in Kolkata and
Bologna. The fraction of super-terminal drops represents the ratio of these drops and the total number
of drops.

Figure 6a,b shows the fraction of sub-terminal drops in convective and stratiform rain
in the two study locations considered. In both types of rain, Kolkata showed a higher
percentage of sub-terminal drops, more evident for larger drops. The fraction of sub-
terminal drops decreased with drop diameter until 3 mm and then started increasing in
convective rain for both places (Figure 6a). On the other hand, the stratiform rain showed
drops until 3 mm in diameter, and the fraction of drops decreased with the increasing
diameter (Figure 6b). However, the decrease of sub-terminal fraction with diameters (until
3 mm) was much steeper in stratiform rain.

Convective Stratiform

0.31

10°

Il Bologna
I Kolkata

10-1 L

Fraction of
sub-terminal drops

102

0.81 1.62 3.25 6.5 0.31 0.81 1.62 3.25 6.5

Drop diameter (mm) Drop diameter (mm)

Figure 6. Fraction of sub-terminal drops for (a) convective and (b) stratiform rain in Kolkata and
Bologna. The fraction of sub-terminal drops represents the ratio of these drops and the total number
of drops.

The above analysis suggests significantly high super- and sub-terminal drop fractions
in the natural rain of Kolkata in both the rain types. However, the behavior of non-terminal
drops was similar in the two places.
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3.2. Investigation of Physical Processes Involved in Presence of Non-Terminal Raindrops

The probable mechanism that can significantly influence the raindrop velocity is the
break-up of drops [33]. Therefore, an investigation was performed next to check for the
signature of drop break-up in rain DSD. Since the break-up is more likely to occur in intense
rain [48], rain samples with an intensity lower than 5 mm/h were not considered in this
particular analysis.

The highest slope (HS) of DSD was studied within a drop diameter range of 1-2.6 mm
to assess the signature of the break-up, based on the algorithm proposed by [7]. The slope
of the linear best fit is computed and considered as the highest slope of that instant.

Here, the HS algorithm was implemented after a 2 min averaging of the DSD samples
in order to minimize the undesired instabilities. The distribution of HS values in the two
places looked comparable except for a slightly wider spread in Bologna (Figure 7). The
HS, in most of the instances, showed a value within the range of —2 to 0 for both the
places. Therefore, this interval is subdivided into four uniform classes, and two other
classes were defined outside this range (Table 2). The drop break-up is expected to exist for
HS > —-0.5 [6].

0.4

[ Bologna
[ Kolkata

o
w

Normalized frequency
o o
= ()

Figure 7. Distribution of HS values in natural rain of Bologna and Kolkata.

Table 2. Number of DSD samples (2 min) in different HS classes. Cells in grey represent classes
where break-up exists.

Kolkata Bologna
HS< -2 88 176
—2<HS<-15 124 164
-15<HS< -1 201 187
—-1<HS<—-05 120 100
—0.5<HS<0 39 56
HS >0 26 22

It is interesting to note that almost 7% and 10% of the rain samples in Bologna and
Kolkata correspond to fifth and sixth HS classes, i.e., showed evidence of drop break-up
(Table 2). Therefore, the break-up in natural rain in these two places cannot be neglected.

Wind turbulence is reported to be a major influencer in the modulation of raindrop ve-
locities and also in the capability of the disdrometers to perform reliable measurements [48].
An increase in wind speed during rain episodes was reported to cause an enhancement in
the number of collisional-break-up events, producing larger proportions of super-terminal
drops, whereas turbulence can lead to sub-terminal drops [35].

Therefore, it was of valid interest to look at the wind speed during the events consid-
ered. Here, wind speed data measured at an interval of 30 min were obtained from the
automatic weather station at the Kolkata airport within an aerial distance of 6 km, whereas,
in Bologna, the wind measurements were procured with a cup anemometer placed close to
the disdrometer, with a 30 min sampling rate.
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The wind speed distribution (Figure 8) showed the dominance of windy events in
Kolkata, which can be a possible catalyst behind the higher non-terminal drops in natural
rain of the location.
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Figure 8. Distribution of wind speed during rain events.

3.3. Identification of Causes behind Non-Terminal Drops in Individual Events

The results showing the evidence of non-terminal velocities and the presence of drop
break-up in the natural rain of the two places interested us in further event-wise analysis.
Therefore, the fraction of non-terminal drops in individual events was studied next for
all the events. Figure 9a,b show the fraction of super-terminal drops witnessed in each of
the events (along vertical axis) in Kolkata and Bologna, respectively, as a function of the
drop size.

Bologna

(b)
0.56 1.18
Drop diameter (mm)

Figure 9. Fraction of super-terminal drops in the rain events in (a) Kolkata and (b) Bologna. The color
bar represents the fraction of drops. The x-axis represents the drop diameters binned by Parsivel2
classes, whereas the y-axis shows the different events for each site.

Few events in Kolkata showed signs of super-terminal drops up to a diameter of
1.2 mm, whereas some events witnessed super-terminal velocity only in tiny drops less
than 0.9 mm (Figure 9a). On the other hand, super-terminal drops were witnessed in
Bologna for small (<0.6 mm) drops during most of the events. However, even though the
different events studied showed a significantly varied fraction of super-terminal drops
(Figure 9b), it is evident that the presence of super-terminal drops was not an event-specific
phenomenon.

The event-wise analysis agrees with the previous findings of a higher super-terminal
raindrop fraction in Kolkata. Figure 10a,b showed the fraction of sub-terminal drops
witnessed in each of the events in Kolkata and Bologna, respectively. The diversity among
rain events was well evidenced in sub-terminal spectra, which is more prominent in events
in Bologna (Figure 10b). Most of the events in Bologna showed approximately 20% of
sub-terminal drops within a diameter of around 2 mm, and few of them continued until
longer in the diameter spectrum and witnessed a much higher percentage of sub-terminal
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drops. In Kolkata, a higher percentage of sub-terminal drops were observed in almost all
the events, which varied between 20% and 40%.

Kolkata Bologna

10

020

cC

230
40
50

0.56 1.18 2.37 4.75 () 0.56 1.18 2.37 475 (p)
Drop diameter (mm) Drop diameter (mm)

Figure 10. The fractions of sub-terminal drops in the rain events in (a) Kolkata and (b) Bologna.
The color bar represents the fraction of drops. The x-axis represents the drop diameters binned by
Parsivel2 classes, whereas the y-axis shows the different events for each site.

The presence of sub-terminal drops was generally consistent in all events until a drop
diameter of 2 mm, after which it varied for the different events. However, the percentage
of sub-terminal drops was lower within a drop diameter of 2-3 mm, after which it again
started increasing. The variation among the different events was slightly less in Kolkata
than in Bologna (Figure 10a).

This study attempted a baseline approach to look at the contribution of break-up in
the presence of super-terminal drops in the rain events. This study was performed for
only rain events with an average rain intensity greater than 3 mm/h since the process of
break-up and coalescence are dominant in the higher rain intensities [47]. In both locations,
the events were classified into two categories: (1) events with an average super-terminal
fraction of drops (within 0.3-1.6 mm) higher than the average super-terminal percentage of
the entire dataset and (2) events with a fraction of super- terminal drops lower than the
average (Table 3).

Table 3. Statistics of non-terminal drops in Bologna and Kolkata **.

N A_V,F rage 1 No. of Events Higher No. of Events Lower
on-ermina Non-Terminal Fraction = Non-Terminal Fraction
Fraction

Super 0.09 9 5

Bologna
Sub 0.08 7 7
Super 0.05 9 17

Kolkata
Sub 0.21 8 18

** The events with higher non-terminal fraction represent events with higher than average non-terminal drops.

When —0.5 < HS <0, this class can be considered as a transition where the break-up is
negligible compared to the equilibrium DSD. When HS > 0, the break-up starts becoming
dominant [6]. Here, for analyzing the role of break-up in the super-terminal fraction of
drops, we considered minutes with HS > 0.25 where the break-up will be significant. A clear
dominance of break-up occurrences was noticed in Bologna in the first class (Figure 11b),
whereas the signature was not very identifiable in Kolkata. The fraction of break-up minutes
was notably high in Bologna.
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Figure 11. Distribution of the fractions of break-up minutes in events with lower (than average)
and higher (than average) percentage of super-terminal drops in (a) Kolkata and (b) Bologna. The
break-up minute fraction represents the ratio of the number of break-up minutes with the total
rain minutes.

A similar approach was repeated in the case of sub-terminal drops to verify if the
process of coalescence had any visible role in it. The peak mean volume diameter (D)
appeared to have a dominance of higher values in the rain class, with a higher sub-terminal
fraction in both places (Figure 12a,b). Although this study is not sufficient to infer the
coalescence as the sole reason behind the process, this abundance of medium and large
drops in the rain spectra points toward the occurrence of coalescence in the natural rain of
the two locations.

o

Kolkata Bologna
>
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[ Lower sub e
g 0.3
© 02
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£ 0.1 ]
|—|—| @ 2 0 e
12 0 2 6 8 10 12
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Figure 12. Distribution of the peak Dy, in events with a lower (than average) and higher (than
average) percentage of sub-terminal drops in (a) Kolkata and (b) Bologna.

Therefore, the event-wise correspondence between non-terminal drops and evidence
of significant dros break (HS > 0.25) and coalescence were further investigated. Figure 13,
reported for both sites and for each event, the fraction of non-terminal drops as a function of
break-up minute fraction and peak Dp,. Our previous findings were further supported with
a good association between the break-up minute fraction (ratio of the number of break-up
minutes and total rain minutes) in Bologna, whereas it did not look that imperative in
Kolkata (Figure 13a). Furthermore, a significant correspondence was noticed between the
peak Dy, and sub-terminal drops in both places (Figure 13b), which indicated the major
role of the coalescence process in the presence of the sub-terminal drop fraction in natural
rain in these locations.
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Figure 13. Relation between (a) the break-up minute fraction and fraction of super-terminal drops
and (b) peak Dy and fraction of sub-terminal drops in Kolkata and Bologna. The break-up minute
fraction represents the ratio of the number of break-up minutes with the total rain minutes.

4. Discussion

This study reports the basic microphysical differences between rainfall in tropical
and temperate locations (Kolkata and Bologna). The tropical site showed an abundance
of medium and large drops in general and convective rain, whereas Bologna presented
a much higher concentration of small drops. The results find good agreement with an
abundance of large drops in tropical rainfall as reported by [43]. The stratiform rain in
Bologna appeared to have larger drops (~3 mm) than in Kolkata (~2.6 mm). In addition,
the concentration of large and medium drops was higher in stratiform rain in Bologna. The
V-D curve showed visible deviation from the GK line in both places. The spread of the V-D
curve was much higher in convective rain.

It is an established fact that natural rain is accompanied by complex air motions, and
this can deviate the shape, size and velocity of raindrops [49-51]. The authors in [52] also
reported the deviation of V-D spread from the GK relationship. However, this area of
research still demands extensive investigation. This current work attempted a rigorous
analysis on a statistically robust large dataset for the quantification of non-terminal drops in
tropics and mid-latitude. Clouds are usually extremely turbulent systems [53] and rainfall
is associated with different scales of upward and downward air.

Here, a wider spread and deviation of the V-D curve was observed in convective
rain, which finds good agreement with our general understanding of convection. The
deviation was larger in Kolkata in all rain types. To be specific, the quantification of
non-terminal drops, both super- and sub-terminal drops, showed a higher percentage in
Kolkata. However, the difference was more prominent in convective rain. Evidence of a
significant amount of super- and sub-terminal drops was reported over the Indian region
by [54] as well. The percentage of sub-terminal drops was found to be high within a drop
diameter of 1 mm, which continued to decrease until ~2.5 mm and then started to increase
again. [29,36] also reported a high percentage of sub-terminal drops for raindrop diameters
larger than 3 mm.

A higher probability of wind speed over Kolkata location is likely to serve as one of
the major influencers here, which is also in accordance with the results reported in [30]. The
event-wise analysis confirmed the occurrences of non-terminal drops were not an event-
specific phenomenon in the natural rain of these two places. It is to be noted that the rain
databases consist of rain events from all the seasons. All the events presented a significant
percentage of both sub- and super-terminal drops below 1 mm diameter. [54] reported very
similar outcomes over the Indian region, whereas [36] also reported a significant fraction of
super-terminal drops for drops smaller than 1 mm.

DSD is the most fundamental property of precipitation and, therefore, can facilitate
many kinds of numerical modelling and field studies. In-depth knowledge of DSD struc-
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ture and its variation is therefore extremely crucial in remote-sensing-based precipitation
retrieval algorithms [55]. A couple of physical processes and their interplay were reported
to dictate the shape of DSD in case of natural rain [56]. Collisional break-up and coalescence
are the two major mechanisms involved in said process [31]. Moreover, 7% and 10% of the
natural rain samples in Bologna and Kolkata appeared to be subjected to drop break-up.

Notable correspondence was observed between drop break-up occurrences in an
event and the percentage of super-terminal drops in Bologna. The results fall in line with
previous reports [29]. On the other hand, both places showed good agreement between
the sub-terminal drop fraction and the presence of a large mean volume diameter, which
signifies the occurrence of coalescence. Comparative studies reporting the microphysical
differences between tropical and mid-latitude rain are limited. The current study can be
useful in understanding the characteristic differences in natural rain in the two regions.

Moreover, the comparative evidence of non-terminal velocities between tropical and
mid-latitude regions and the role of the break-up and coalescence in the same can propose
better insight into the improvement of radar rain meteorology in a global aspect. Incorpo-
rating measurements from different rain measuring instruments from a few more climatic
regions can be an excellent future goal to facilitate a pathway to understanding this process
in a more robust manner.

5. Conclusions

The current work discusses the necessity of reconsidering the terminal velocity notion
in velocity—-diameter relationships of natural rain. The study reports a thorough analysis of
evidence of non-terminal velocities in a tropical and a mid-latitude location. The effects of
influential parameters, such as convection and wind speed, are also analyzed regarding the
deviation of the velocity—diameter relation from standard approximation. The study reveals
an abundance of large- and medium-sized drops in the convective rain of Kolkata, whereas
Bologna appeared to have a clear dominance of small raindrops. On the other hand, the
stratiform rain in Bologna presented larger drops (~3 mm) than in Kolkata (~2.6 mm).

Significant lowering of the mean V-D curve was noticed from the GK line in both
Bologna and Kolkata, which increased towards larger raindrops starting from 1 mm in
diameter. The study ascertained the presence of a significant amount of super- and sub-
terminal drops in the natural rain of both tropical and mid-latitude regions in all types of
rain (convective and stratiform). The percentages of both super- and sub-terminal drops
were higher in Kolkata. However, the difference was more notable for convective rain. The
percentage of super- and sub-terminal drops was found to be high within a drop diameter
of 1 mm.

The number of sub-terminal drops showed an increase with an increase in the drop
diameter for drops larger than ~2.5 mm. This study also found a notable drop break-up
occurrence in natural rain in the two sites. We found that 7% and 10% of the natural rain
samples, respectively, in Bologna and Kolkata appeared to be subjected to drop break-up.
The event-wise study performed in each site confirmed that the non-terminal drops were
not event-specific.

A significant correspondence was observed between the drop break-up and the per-
centage of super-terminal drops in natural rain of Bologna. Both places showed a good
correlation between the sub-terminal drop fraction and large mean volume diameter, which
signifies the role of coalescence in the percentage of slower drops. The findings imply that
ground-based or satellite-borne radars relying on the GK relationships should therefore
be verified by disdrometers for the calibration of precipitation remote-sensing algorithms.
The outcomes of this study once again suggest the need for retrieved raindrop size and
velocity instead of the consideration of standard velocity—diameter relationships, such as
Gunn—Kinzer, for precise measurements.
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