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Abstract. The effect of aerosols on cloud droplet num-
ber concentration and droplet effective radius is investigated
from ground-based measurements over a high-altitude site
where clouds pass over the surface. First aerosol indirect ef-
fect (AIE) estimates were made using (i) relative changes
in cloud droplet number concentration (AIE;) and (ii) rel-
ative changes in droplet effective radius (AIEs) with relative
changes in aerosol for different cloud liquid water contents
(LWCs). AIE estimates from two different methods reveal
that there is systematic overestimation in AIE, as compared
to that of AIEs. Aerosol indirect effects (AIE, and AIEy)
and dispersion effect (DE) at different LWC regimes rang-
ing from 0.05 to 0.50 gm™> were estimated. The analysis
demonstrates that there is overestimation of AIE, as com-
pared to AIEg, which is mainly due to DE. Aerosol effects
on spectral dispersion in droplet size distribution play an im-
portant role in altering Twomey’s cooling effect and thereby
changes in climate. This study shows that the higher DE in
the medium LWC regime offsets the AIE by 30 %.

1 Introduction

There exists a strong correlation between aerosol and cloud
microphysics: more aerosols leads to many smaller cloud
droplets for a fixed liquid water content, which increases the
cloud optical thickness and cloud albedo (Twomey, 1974).
This is termed aerosol indirect effect (AIE), which in turn
cools the Earth’s surface. But anthropogenic aerosols having
complex chemical composition will broaden cloud droplet

spectral width and reduce the AIE (Liu and Daum, 2002).
Several theoretical and observational studies of aerosol-
cloud interaction and estimation of AIE on maritime as well
as continental clouds have been conducted worldwide. How-
ever, the magnitude of this AIE still remains uncertain be-
cause of the complexity in the estimation (Menon et al.,
2008).

In the estimation of AIE, in many numerical models, the
effect of dispersion is not considered, but the field studies of
the indirect aerosol effect show that polluted marine clouds
and clouds of continental origin generally have both larger
number concentration and a larger relative dispersion (¢) of
the droplet size distribution relative to clean marine clouds
(Liu and Daum, 2002). Hudson and Yum (1997) reported that
the spectral width (o) of cloud droplet spectra was greater
with higher N, from the Atlantic Stratocumulus Transi-
tion Experiment (ASTEX) conducted in 1992. They also ob-
served that this small o difference can be noticed if cloud
parcels with droplets of same mean diameter were consid-
ered. Liu and Daum (2002) show the relation between rel-
ative dispersion of cloud droplet size distribution and num-
ber concentration of cloud droplets from 13 different exper-
iments, of which 11 cases show higher relative dispersion
with higher N¢,, and a slight decrease in the other two.

Pandithurai et al. (2012) reported aerosol-cloud relation-
ships and estimated AIE for warm continental cumuli over
the Indian subcontinent using Cloud Aerosol Interactions and
Precipitation Enhancement Experiment (CAIPEEX) aircraft
campaign data sets and observed influence of higher cloud
condensation nuclei (CCN) concentration on cloud droplet
dispersion as it significantly offsets AIE over continental
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clouds. They also indicated that the dispersion effect may
be implicitly included in the estimation of AIEs derived us-
ing relative changes in cloud effective radius (Refr) with rel-
ative changes in aerosol concentration (Nyc). Hudson and
Noble (2013) reported that the increase in relative disper-
sion is largely due to decrease in droplet mean radius rather
than increase in spectral width. However, Liu et al. (2013),
Pandithurai et al. (2012), and the present study showed that
the spectral width of droplet spectra shows increase if we
consider a fixed mean droplet radius. Martins et al. (2009)
showed that the increase in aerosol loading due to biomass
burning aerosols decreases the spectral width and in turn en-
hances the Twomey cooling effect. These contrasting reports
suggest that more work is needed on this topic.

Aerosol semi-direct effect also plays an important role as
absorbing aerosols enhances the atmospheric heating due to
absorption of solar radiation, which in turn changes the rel-
ative humidity and thereby inhibits cloud development and
burns off the clouds (Huang et al., 2014). Since the percent-
age/fraction of absorbing aerosol at this site during study pe-
riod (monsoon season) is much less compared to scattering
type aerosol, which is detailed in Sect. 2, the semi-direct
effect due to absorbing aerosol (e.g. BC) is comparatively
much less. So the aerosol semi-direct effect is not dealt with
in this study.

Thus in the present work aerosol effects on cloud micro-
physical properties from collocated simultaneous measure-
ments over Mahabaleshwar, Western Ghats region in the In-
dian state of Maharashtra, have been studied. Detailed anal-
ysis of AIE and its offset due to dispersion effect (DE) at
different cloud liquid water content (LWC) regimes are pre-
sented.

2 Data used

The recently set up High Altitude Cloud Physics Lab-
oratory (HACPL) at Mahabaleshwar (17.56°N, 73.4°E;
1348 ma.m.s.l.) has various ground-based instruments for
observation of aerosol as well as clouds. The observatory
is situated in the Western Ghats, wherein during monsoon
season the temperature is varied between 17 and 23°C
and relative humidity varied between 85 and 100 % with
an average rainfall of 500cmyr~—!. It is also observed
that the site is covered by warm continental clouds most
of the time during the summer monsoon season. Interest-
ingly, observation from laboratory has shown that the to-
tal aerosol concentration in the size range (5nm to 30 um)
varies from 100 to 25000 cm™3, and occasionally it reached
up to 40000 particlescm™ and CCN concentration from
400 to 20000cm~3. The aerosol and CCN concentra-
tion measurement shows that the region experiences higher
aerosol concentrations during monsoon season in spite of
washout/scavenging due to precipitation (Leena et al., 2016).
The chemical composition of submicron aerosols over this
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Table 1. Data sampling dates/periods used in this study during
which no precipitation was recorded.

Date From To Total
Indian standard time (IST)  (minutes)
06 Jun 2013 16:07 16:40 33
11 Jun 2013  08:38 09:13 35
12Jun 2013  09:10 12:37 207
23 Jun 2013  09:54 10:59 65
15 Jul 2013 22:35 22:51 16
25 Jul 2013 09:53 10:37 41
07 Aug 2013 19:51 22:40 169
16 Aug 2013 10:04 17:19 75
18 Aug 2013 18:02 20:39 279
21:00 23:02
19 Aug 2013 19:58 23:01 183
20 Aug 2013 22:04 23:31 87
Total 1190

site during monsoon season is found to be dominated by or-
ganics (77 %), sulfates (14 %), chlorides (4 %), and nitrates.
Significant fraction of secondary organic aerosols could be
formed from volatile organic compounds emitted from the
wet vegetation. Also, the monsoon winds can bring a signifi-
cant amount of coarse sea salt particles.

In this work, we have made an attempt to study the influ-
ence of aerosol on cloud microphysical properties and their
relationship using data collected during 2013 monsoon sea-
son. We have related cloud microphysical properties such
as cloud droplet number concentration (CDNC) and cloud
droplet effective radius (Refr) to CCN concentration (Nccp)
measured simultaneously by using various ground-based in-
struments, and the details are described below. It is to be
noted that, for the present study, data considered were ex-
plicitly for non-rainy conditions; cloud probes were operated
only during non-rainy cloudy conditions, and the possibility
of even small drizzles was eliminated by comparing the data
with rain rates obtained from impact disdrometer. After scru-
tinizing the entire data set, about 20 h of data was considered
for analysis, as detailed in Table 1.

2.1 CCN counter

The CCN counter, which is a continuous flow thermal gradi-
ent instrument (Roberts and Nenes, 2005) manufactured by
Droplet Measurement Technologies (DMT Inc.), was used
for CCN concentration measurement. It was configured to
operate at a fixed supersaturation (SS) of 0.6 % and sampling
rate of 1 Hz. This CCN counter has a thermal gradient diffu-
sion chamber in which a supersaturated water vapour condi-
tion is created. This supersaturated water vapour condenses
on the CCN in the sample air to form droplets. An optical par-
ticle counter (OPC), using side-scattering technology, counts
and sizes the activated drops.
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2.2 Cloud Combination Probe

Cloud microphysical parameters were collected with a Cloud
Combination Probe (CCP) from DMT Inc, which is a com-
bination of cloud droplet probe (CDP) and a hot-wire lig-
uid water content probe (HW-LWC). The CDP measures the
cloud droplet size distribution (DSD) and concentration of
droplet sizes from 3 to 50 um, categorized into 30 channels.
The CDP uses a laser to illuminate particles and forward-
scatter their light. The detected scattered light is then used
to size the particles. The intensity of the scattered light de-
pends upon the size, composition, and shape of the particle.
LWC was measured using the hot-wire probe and also esti-
mated from CDP drop size distribution measurements. For
calculating spectral dispersion in cloud droplet size distribu-
tion and to estimate AIE, cloud droplet mean radius (rp,),
spectral width of DSD (o), and relative dispersion (&) were
calculated from the data obtained from CDP. The mathemat-
ical definition of ry,, o, and ¢ is as follows:

n
Y N:r;
im = —z'—;v — (M)
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where N; is the droplet concentration within channel i, r; the
midpoint radius for size channel i, and N the total droplet
concentration.

3 Analysis procedure

As per Twomey’s hypothesis, cloud droplet number concen-
tration increases and cloud droplet size decreases with an in-
crease in aerosol concentration for a fixed liquid water path
(LWP). AIE can be estimated by utilizing both cloud droplet
number (AIE;) and droplet effective diameter (AIEy) (Fein-
gold et al., 2003) through the following expressions:

1 Alog N,
AIE, = - = 287¢ 4)
3 Alogo
AlogR
AIES:_M7 (5)
Aloga

where AN, is the relative change in cloud droplet number
concentration, Reg the cloud drop effective radius, and o is
the aerosol or CCN concentration.

Refr in the above relation is the ratio between third and
second moment of CDP-measured cloud droplet size distri-
bution (Hansen and Travis, 1974). Reg is an important pa-
rameter in aerosol—cloud interaction studies and can be ex-
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where n is the number of droplet sizing bins (30 bins for
CDP), p; is the particle count for bin i, and 7; is the mean
radius in micrometres of bin i. For Re¢ parameterization, cli-
mate models use a one-third power law which relates cloud
liquid water content (LWC) and number concentration (N,)
(Slingo, 1990; Bower et al., 1994; Liu et al., 2006), and the
same can be written as

Ry ] 2WE 3 -
eff = 47_[[0WNC ’

where py is the water density and S is the effective radius
ratio, which is a function of the spectral shape of the cloud
droplet size distribution. Previous studies show that consider-
ing the dispersion effect is important for estimating AIE (Liu
et al., 2008; Peng and Lohmann, 2013).

Liu and Daum (2000, 2002) put forward an expression cor-
responding to a gamma distribution to describe the 8 depen-
dence on spectral droplet size distribution, which is as fol-
lows

12

—_— 8

[1+¢62]" ®
where ¢ is the relative dispersion of the droplet size distri-
bution and can be defined as the ratio of the standard de-
viation to the mean radius of the droplet size distribution.
Liu et al. (2008) studied the relation between 8 and (L/N,)
(water per droplet or specific cloud water content) to avoid
uncertainties in the existing B(e)—N, relation to explain the
dispersion effect. The relation between 8 and (L/N,) can be
expressed as

L\
5=“ﬁ(ﬁ) ; )

where o is the intercept of the power law fit between 8 and
L/Nc; bg is the dispersion factor defined as the percentage of
the offset in the Twomey cooling effect, due to the dispersion
in the cloud droplet size distribution.

4 Results and discussion

To understand the interaction of aerosol with cloud mi-
crophysical parameters, cloud droplet number concentration
(CDNC) and its effective radius (ED) against CCN concen-
tration are plotted and displayed in Fig. 1. It can be noted
from this figure that higher CCN causes a larger number
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Figure 1. Variation of cloud microphysical parameters (droplet
number concentration and effective diameter) with CCN number
concentration.

of cloud droplets. At the same time higher droplet number
regime has a smaller effective droplet diameter. For estimat-
ing AIE, CCN concentration, cloud droplet number concen-
tration, and droplet effective diameter at different liquid wa-
ter contents were examined. Figure 2 depicts the relation be-
tween the cloud microphysical parameters, CDNC, ED, and
LWC. It clearly shows the reduction in the ED with increase
in CDNC for all LWC values. Sharing the same available lig-
uid water content by more cloud droplets leads to reduction
in its size.

4.1 AIE estimation from droplet effective diameter and
number concentration

It is to be noted that the correlations between CCN and
CDNC as well as between CCN and Re.f are statistically
significant for all LWC bins considered in this study. The
significant test for CCN versus CDNC and CCN versus Regr
for different LWC bins is found to be statistically significant
with a strong confidence level. Figure 3a shows the variation
of CDNC with CCN concentration for three different narrow
LWC bins 0f 0.20, 0.21,and 0.22 g m~3. It shows an increase
in CDNC with an increase in CCN concentration. The value
exponents of power law fit between CDNC and CCN were
0.24, 0.23, and 0.22. This results in AIE, estimates of 0.08,
0.076, and 0.074 respectively.

Analysis of the variation of R with CCN concentra-
tion (Fig. 3b) shows the reduction in Reg with an increase
in CCN concentration. The linear fit to the log—log plot of
Refr and CCN shows a good correlation for each individ-
ual LWC bin where the value of exponent (AIEs) varies as
—0.055, —0.051, and —0.050, respectively, for LWC bins
of 0.20, 0.21, and O.22gm_3. From this, it is clear that in-
creased CCN concentration led to a larger number of cloud
droplets of smaller size, which is generally termed aerosol
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Figure 2. The contour plot shows the relationship between cloud
microphysical parameters, cloud droplet number concentration
(CDNC), droplet effective diameter (ED), and LWC. ED decreases
with increase in CDNC for all LWCs.

indirect effect, represented herein by AIEs. It can be noted
that AIE, values are about 30-40 % higher than AIE;. This
clearly suggests that the overestimate of AIE, may be due
to some other effects such as dispersion and entrainment.
Some of the previous investigations of AIE, using aircraft
measurements generally relate sub-cloud aerosol measure-
ments with in-cloud droplet number concentrations without
grouping it into constant LWC bins and attributed the over-
estimation to entrainment mixing processes (Shao and Liu,
2009). The systematic discrepancy between AIE, and AIEq
is caused primarily by the differential loss of cloud liquid wa-
ter between clean and polluted clouds (Shao and Liu, 2006).
Previous studies have also shown that droplet dispersion ef-
fect can partly offset the Twomey cooling effect. However,
there is no clear demonstration of observed differences be-
tween AIE, and AIEs. This warrants a study on why AIE,
overestimates AIE;. This study clearly provides an observa-
tional demonstration of overestimation of AIE; as compared
to AIEg and how the droplet dispersion effect offset brings
down the AIE, close to AIE;.

We have analysed the LWC variation of non-precipitating
clouds for the period considered in this analysis, which is
presented in Fig. 4 as a frequency distribution of LWC. It can
be seen that it is varied from 0 to 1 gm™ with a maximum
percentage occurrence between 0.05 and 0.5gm™3. Thus
considering this, aerosol indirect effect in terms of num-
ber concentration and droplet size has been calculated for
each bin of liquid water content. From Fig. 5, it is observed
that beyond 0.35 gm™3 of LWC, the variability of the values
seems to be high due to less availability of data and lower
statistical significance, which is separated by a dotted line in
the figure. For this AIE analysis, CCN and cloud microphys-
ical properties (CDNC, Rcfr) were first grouped for differ-
ent LWCs, and a bin interval of 0.01 gm’3 was selected. In
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cloud droplet number concentration (CDNC) and CCN concentration versus cloud effective radius (Refs) for three LWC bins (0.20, 0.21,
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Figure 4. Frequency distribution plot of the measured LWC.

Fig. 5, the aerosol indirect effect and dispersion factor for the
mentioned LWC ranges are represented, in which the green
line corresponds to AIE;, the black line to AIE;, and the blue
line to dispersion factor.

The estimated AIE shows its maximum value at lower
LWC regime, reduced to half in the moderate LWC regime,
and falls to a minimum at higher LWC range. In this obser-
vation, the maximum AIE estimated from droplet concentra-
tion and size is 0.103 (AIE,) and 0.088 (AIE). Pandithu-
rai et al. (2012), using CAIPEEX aircraft data, reported AIE
over India from both methods is found to be 0.13 (AIE,) and
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Figure 5. Aerosol indirect effect estimates using AIE;, AIEs, and
the dispersion factor for the LWC ranges are represented. Green,
black, and blue lines correspond to AIEg, AIE,, and dispersion fac-
tor respectively.

0.07 (AIEy). In the lower LWC regime, reduced collision—
coalescence may cause a large number of smaller droplets
with almost same size, which increases the AIE and reduces
the dispersion factor.

4.2 Dispersion effect

It is well known from earlier studies that droplet relative
dispersion (¢) is an important cloud microphysical parame-
ter, which is defined as the ratio of spectral width of cloud
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Figure 6. Scatter plots showing the changes in relative dispersion (¢) and spectral width of cloud droplet (o) with CCN number concentration.

droplet size distribution (o) to mean radius (rp). Liu and
Daum (2002) noted that higher CCN concentration will
cause broader cloud droplet spectra, which will reduce cloud
albedo — thus tending to reduce the AIE. From Fig. 6a, it
can be seen that the relative dispersion increases with CCN
concentration, which is similar to previous studies (Liu and
Daum, 2002; Pandithurai et al., 2012).

Apart from this, Fig. 6b shows the observed variation of o
with CCN concentration, for fixed mean radius for three nar-
row ranges 4—4.5, 4.5-5, and 5-5.5 um, in which o increases
with Nccn. This observation is similar to that reported by pre-
vious investigators through aircraft measurements (Hudson
and Yum, 1997; Miles et al., 2000; Pandithurai et al., 2012).
Hudson and Yum (1997) demonstrated that standard devia-
tion of cloud droplet spectra will be higher at higher CCN
concentration from the ASTEX experiment of 1992. In gen-
eral, clean maritime clouds have larger droplet size and larger
o, while polluted continental clouds have smaller drops with
smaller o. According to Yum and Hudson (2005), the large
dispersion observed in the continental polluted cloud was
possibly due to smaller droplets rather than broader droplet
spectrum. From this observation, we can see that the increase
in relative dispersion in polluted continental clouds is not
only because of the reduction in droplet radius at higher
Ncen but also due to increase in o. According to Liu and
Daum (2002), anthropogenic aerosols have a complex chem-
ical composition, which leads to broader activated drop size
distribution, and those small droplets in the cloud compete
for water vapour and broaden the size spectrum.

Atmos. Chem. Phys., 16, 8423-8430, 2016

Further, effective radius ratio, 8, is an increasing func-
tion of relative dispersion, €, of a cloud droplet. The value
of B varied from 1.06 to 1.28. Similarly the value of ¢ var-
ied from 0.27 to 0.59. Higher ¢ corresponds to higher CCN
concentration. Figure 7 shows the relation between water per
droplet (L/N) and effective radius ratio, 8. It is found that
B decreases with L/N, and the linear fit to the data gives
the following relation with a correlation coefficient of 0.73.
The dispersion factor estimated from whole data set is 0.07.
A value of bg =0.07 indicates that the dispersion can offset
AIE by 21 % (3 x 0.07).

4.3 AIE estimation considering dispersion effect

Earlier studies (Peng and Lohmann, 2003; Liu et al., 2008;
Liu and Daum, 2002) have reported that the dispersion ef-
fect tends to offset the AIE in the range from 10 to 80 %. On
the contrary, Martins and Silva Dias (2009) reported that the
dispersion effect enhances the Twomey cooling for biomass
burning aerosols in the dry region. Shao and Liu (2006) pro-
posed that the real strength of the AIE should be the sum of
the Twomey cooling effect and the compensating effects such
as droplet dispersion effect. In most of the previous works,
the AIE is calculated mainly by one of the following meth-
ods: either aerosol versus cloud droplet number or aerosol
versus Refr. A few studies have reported that accurate repre-
sentation of AIE needs to consider (i) the dispersion effect
and (ii) entrainment effects. In this study, we present both
the methods and systematic difference, which can be mini-
mized by considering the dispersion effect. From this study,
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the maximum dispersion factor bg is found to be 0.098 for
LWCof0.21¢g m~3. The corresponding AIE; was 0.077, and
the dispersion effect is found to be —0.023, which can offset
the AIE, effect by 29.6 %. Therefore, the resultant AIE, is
0.054 (0.077-0.023). This resultant AIE, is close to the esti-
mated AIEg (0.051) using Refr for the same LWC bin. From
this, we can clearly state that dispersion effect is implicitly
included in the estimation of AIEs. This analysis is presented
in Fig. 8, which shows the variation of AIEg and resultant
AlE,, i.e. AIE,+dispersion effect for different LWC regimes
along with dispersion offset in percentage. The dispersion ef-
fect is much less at lower LWC regimes where AIE has its
maximum value and tends to increase with LWC; it shows
a maximum at moderate LWC regime and then found to re-
duce at higher LWC regimes. From the figure we can see that
resultant AIE; closely agrees with AIE; for all LWC range
except in the lower LWC where the dispersion effect is too
small, and the AIE has its maximum value.

5 Summary and conclusion

Aerosol indirect and dispersion effects on monsoon clouds
over a high-altitude site in Western Ghats using in situ in-
struments were studied. Advantage of simultaneous mea-
surement of aerosol and cloud microphysical properties have
been utilized from this observatory and studied (i) discrep-
ancy between aerosol indirect effect estimates from different
methods, (ii) the variation in albedo susceptibility with LWC,
and (iii) the dispersion effect variation with LWC and the re-
sultant AIE. Over the Indian subcontinent, the relative disper-
sion is found to increase with aerosol concentration in con-
tinental clouds sampled through aircraft measurements over
several regions during the CAIPEEX experiment (Pandithu-
rai et al., 2012; Prabha et al., 2012). Higher concentration
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of anthropogenic aerosols with different chemical composi-
tion and sources can contribute to cloud droplets of different
sizes. An increase in spectral width of the drop size distribu-
tion (o) with N¢¢, for a given mean cloud droplet radius was
also observed, indicating a broader spectrum at high aerosol
concentration. As Liu and Daum (2002) suggested, this in-
creasing tendency of o, and hence ¢, might be because of
several possible reasons, such as mixing of clouds at different
developmental stages, or it may be due to strong collision—
coalescence.

The AIE is found to be maximum in low liquid water con-
tent clouds, but at the same time dispersion of cloud droplet
size distribution is much less. While considering clouds with
moderate liquid water content we can see an increase in dis-
persion effect, which offsets the AIE. At higher LWC, the
dispersion as well as AIE is found to be decreased. In this
study, we investigated the effect of aerosol on cloud effec-
tive radius and droplet number concentration. The maximum
aerosol indirect effect derived from relative changes in cloud
droplet effective radius (AIEs) and relative changes in cloud
droplet concentration (AIE,) with respect to relative changes
in aerosol were found to be 0.088 and 0.103, respectively,
with a maximum dispersion offset of 29.6 %. From the re-
sultant AIE,, it is clear that in AIE estimate using droplet
concentration, the dispersion effect should be taken into ac-
count for correct estimation of AIE. It is also confirmed that
AIE estimation from effective droplet radius implicitly in-
cludes the dispersion effect. As the droplet effective radius is
a ratio of third and second moment of DSD, the dispersion
in DSD is implicitly included; hence the AIE estimates ob-
tained through relative changes in observed Ref do not need
to correct for the dispersion effect.

Atmos. Chem. Phys., 16, 8423-8430, 2016
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6 Data availability

The data used in this study are from the data repository of
HACPL, part of IITM, Pune. The data used in this study
can be found in the following link: http://www.tropmet.res.
in/~majfiles/acp-16-1-2016.html.
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