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Abstract

The extensive damages of extreme rainfall events (EREs) and associated natural disasters on the natural and anthropogenic
resources and the enormous economic losses underscore the requirement for developing early warning systems to mitigate the
impact of such disasters. However, accurate forecasting of EREs at a regional scale and at higher lead times is challenging
due to the uncertainties involved in the model predictions. This study proposes a novel technique to nowcast the heavy and
extreme rainfall events using the early signatures of the microphysical evolution of mesoscale convective clouds. The nowcasting
method integrates the cloud top temperature (T)-cloud effective radius (re) profile derived using remote sensing methods and
logistic regression modelling to estimate the probability for the occurrence of heavy and extreme rainfall events. The capability
of the method is demonstrated by nowcasting different recent EREs over the windward slopes of the southern Western Ghats
(Kerala, India). The results of the analysis of the T-re profiles of the normal, heavy and extreme rainfall events of August 2018
are significantly distinct and indicates polluted (aerosol-rich) scenario during EREs. The study suggests significant interactions
between moisture availability and aerosol concentration during the occurrence of EREs in August 2018, along with their
independent effects. The proposed technique shows distinctive competency for nowcasting the EREs at a regional scale with an
overall accuracy of 93% and at a lead time of not less than six hours. This study highlights the significance of the aerosol-cloud
interactions in the occurrence of EREs of the region and suggests the importance of the aerosol pollution leading to EREs and

associated natural disasters.
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Abstract

The extensive damages of extreme rainfall events (EREs) and associated natural disasters on
the natural and anthropogenic resources and the enormous economic losses underscore the
requirement for developing early warning systems to mitigate the impact of such disasters.
However, accurate forecasting of EREs at a regional scale and at higher lead times is challenging
due to the uncertainties involved in the model predictions. This study proposes a novel technique
to nowcast the heavy and extreme rainfall events using the early signatures of the microphysical
evolution of mesoscale convective clouds. The nowcasting method integrates the cloud top
temperature (T) - cloud effective radius (re) profile derived using remote sensing methods and
logistic regression modelling to estimate the probability for the occurrence of heavy and extreme
rainfall events. The capability of the method is demonstrated by nowcasting different recent EREs
over the windward slopes of the southern Western Ghats (Kerala, India). The results of the
analysis of the T-re profiles of the normal, heavy and extreme rainfall events of August 2018 are
significantly distinct and indicates polluted (aerosol-rich) scenario during EREs. The study
suggests significant interactions between moisture availability and aerosol concentration during
the occurrence of EREs in August 2018, along with their independent effects. The proposed
technique shows distinctive competency for nowcasting the EREs at a regional scale with an
overall accuracy of 93% and at a lead time of not less than six hours. This study highlights the
significance of the aerosol-cloud interactions in the occurrence of EREs of the region and
suggests the importance of the aerosol pollution leading to EREs and associated natural

disasters.

Keywords: Nowcasting; aerosols; cloud-microphysics; extreme rainfall events

1. Introduction

Extreme rainfall events (EREs), leading to flash floods and landslides, pose a significant risk to
life, agriculture, infrastructure, and livelihood.The frequency of occurrence of EREs is expected
to increase in the warming climate with increased atmospheric moisture transport (Hamada et al.,
2015; Kumar et al., 2019). Mitigation of the impacts of EREs and the consequent natural disasters
needs focused attention to reduce the economic and societal losses. However, accurate
forecasting of EREs at a regional scale and at higher lead times is still challenging despite the
recent scientific advances in numerical weather prediction capabilities, as the predictions are
embedded with uncertainties generated from different sources (Mao et al., 2018; Srinivas et al.,
2018; Wang et al., 2021). On the other hand, significant improvements have been achieved in the

nowcasting of EREs using remote sensing-based observations of active meteorological systems
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(Fortelli et al., 2019). Numerical weather prediction (Wilson et al., 1998; Radhakrishna et at.,
2012; Sun et al., 2014), radar extrapolation (Li and Lai, 2004; Fox and Wikle, He et al., 2013;
Xiang et al., 2020; Ravuri et al., 2021) and stochastic models (Sirangelo et al., 2007; Metta et
al., 2009; Pulkkinen et al., 2019) are the standard methods of nowcasting EREs. However, these
methods rely on large corpora of high-resolution observation networks such as Doppler weather
radars, automatic weather stations, wind profilers, and radiometers that monitor and deliver
reliable data at short spatial and temporal intervals. In regions with scarce ground observations,
remote sensing-based observations of active meteorological systems, have demonstrated their

great potential for nowcasting EREs.

The nowcasting of EREs using remote sensing data usually relies on cloud top temperature (T)
as a key signature of cloud development (e.g., Shukla et al., 2017). However, the occurrence of
EREs is strongly influenced by numerous additional factors related to the internal dynamics and
microphysics of mesoscale convective systems (Ahmed and Schumacher, 2015; Roca and
Fiolleau, 2020). For instance, aerosol pollution/enrichment influences the cloud development and
precipitation formation processes (Guo et al., 2015; Zhao et al., 2010), and the increasing
concentration of anthropogenic aerosols modify the cloud microphysical processes (Rosenfeld et
al.,, 2008). The knowledge about the cloud microphysical processes and cloud-aerosol
interactions is presumably critical in the accurate forecasting/nowcasting of the EREs (Mao et al.,
2018). The existing remote sensing-based methods of nowcasting do not consider aerosol-cloud
interactions and the consequent changes in the cloud microphysical evolution, which is a major
limitation for accurate nowcasting of EREs. Rosenfeld and Lensky (1998) suggested that the
vertical evolution of cloud effective radius (re) is an indicator of the cloud development leading to
the occurrence of EREs. The present study proposes a method that uses the satellite-derived T-
re profile to nowcast EREs at a regional scale, and is demonstrated using the data pertaining to
the recent EREs in Kerala, highlighting the significance of the aerosol-cloud interactions in the
EREs of the region and suggest the importance of the aerosol enrichment (pollution). The
windward slopes of the Western Ghats (eg., Kerala State of India) experienced unprecedented
and widespread EREs consecutively in the last four years (2018 — 2021), which caused extensive
flooding (in the lowlands) and numerous landslides (in the highlands) across the region (Fig. S1).
Though the proposed nowcasting model is not specific to any geography, its performance
evaluation in such a densly populated region experiencing strong monsoonal flow could reinforce

its accuracy.

2. Material and Methods

The development of the nowcasting technique involves three major components: (1) general

characterisation of the EREs, (2) assessment of T-re profiles of the different rainfall events in
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August 2018, and (3) nowcasting of EREs using the variables derived from the T-r. profiles and
particle size distribution of clouds. The methodology is demonstrated using the information
pertaining to the EREs experienced in Kerala State (between 2001-2018) with particular
emphasis to the EREs occurred in August 2018. The details of the data used and the methodology

adopted are given in the following sections.

2.1. Characterisation of EREs

The rainfall events of Kerala between 2001 and 2018 were extracted from the India Meteorological
Department (IMD) gridded precipitation dataset at a spatial resolution of 0.25° x 0.25° (Pai et al.,
2014). Following the guidelines of the IMD (Forecasting Circular No. 5/2015/3.7), the rainfall
events over Kerala were regrouped, based on the accumulated daily rainfall depth value, into
three: extreme, heavy and normal rainfall events. The rainfall events with a daily rainfall depth
exceeding 204.4 mm were classified as EREs. The daily rainfall depth of less than 115.6 mm was
considered a normal rainfall event, and the transitional range from 115.6 mm to 204.4 mm was

classified as a heavy rainfall event.

The rainfall events of August 2018 were analysed using the total precipitable water vapour
(TPWV) and aerosol loading over the region. Since the vertically integrated moisture flux provides
prior information of the imminent heavy rainfall activity, the TPWV data were used to assess the
moisture availability. The TPWV data for this study were extracted from the Modern-Era
Retrospective analysis for Research and Applications, version 2 (MERRA-2; GMAO, 2015)
reanalysis data, which are available at a spatial resolution of 0.5° x 0.5° and a temporal resolution
of 1 hour. The significance of aerosol columnar content in the occurrence of EREs of the region
was investigated by analysing the aerosol optical depth (AOD) data from the Moderate Resolution
Imaging Spectroradiometer (MODIS) instrument. Numerous researchers have extensively
validated the MODIS AOD products (Choudhry et al., 2012; Misra et al., 2015; Sayer et al., 2013;
Tripathi et al., 2005). The daily AOD (550 nm) from Collection 6.1, level 3 AOD products (1°)
derived from Terra’s MODIS measurements, was used in this study. Further, the independent and
interaction effects of the moisture availability and aerosol loading were assessed using the two-
way analysis of variance (ANOVA) on the 18 years (2001-2018) of data of the Indian summer

monsoon season.
2.2. Assessment of T-re profile of rainfall events
The evolution of cloud particles through various cloud microphysical stages leading to

precipitation can be inferred from the characteristic T-re profile for convective systems (Rosenfeld

and Lensky, 1998). The hourly cloud properties (of August 2018), such as T and r., were acquired
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from the NASA Langley Cloud and Radiation Research Group (http: //www-angler.larc.nasa.gov).
The NASA-Langley cloud and radiation products are produced using the Visible Infrared Solar-
infrared Split-Window Technique, Solar-infrared Infrared Split-Window Technique, and Solar-
infrared Infrared Near-Infrared Technique (Minnis et al., 2008). Satellites retrieve re by measuring
the statistical moment of cloud drop size distribution described by Nakajima and King (1990) and
can be represented as Eq. 1.

B fooo r3n(r)dr

B fooo r2n(r)dr M

e

where n(r) is the concentration of cloud radius having radius r. For a given temperature, r. is
assumed to be a conserved property (Rosenfeld and Lensky, 1998). Thus, the temporal evolution
of individual cloud particles can be inferred from a single satellite image with multiple cloud
particles at different stages of vertical development. In this study, the T-re relationship was
assessed using the following steps (after Rosenfeld and Lensky (1998). First, the RGB image
composed of red for visible reflectance, green for 3.9 um brightness temperature, and blue for
10.8 um brightness temperature were compiled to identify convective cloud clusters. With the aid
of the RGB composite image, a window containing cloud elements representing all cloud growing
stages were defined. Further, the 10, 25, 50, 75, and 90 percentiles of r. for each 1°C interval of
T was calculated. The percentiles indicate the sampling amount for each 1°C interval of T. The
shape of the 50" percentile (median) was analysed to ascertain the various microphysical stages.
The characteristics of the T-re curve, implying the different microphysical stages of cloud
development used for the nowcasting procedure, were extracted from the median curve, as is

illustrated in Fig. 1.
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Fig. 1: Conceptual diagram illustrating various attributes extracted from the T-re curve.
Cloud base temperature (Ty), the cloud base particle size (ry), depth of the diffusional zone (D),
cloud height in terms of temperature exceeding the 14 pym precipitation threshold (T14), and the

mixed-phase initiation height (T.) were extracted from the T-re curve.
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In convective clouds, droplets grow mostly by diffusion near the base such that r. is proportional
to Da, where D, is the depth above cloud base approximated by the cloud base temperature (Ty).
Thus, Ty and the cloud base particle size (r,) were extracted from the T-re curve. Since the polluted
(aerosol-rich) environments have a more probable number of activated cloud condensation nuclei
(CCN) at the cloud base, such cases are often marked by deep diffusional zones, which can be
extracted as the depth of the diffusional zone (D). Coalescence and cloud formation processes
amplify the particle growth rate and are crucial to the precipitation process. The coalescence
growth of droplets becomes efficient beyond the r, crit of = 14 ym. Therefore, the cloud height in
terms of the temperature exceeding the 14 um precipitation threshold (T+14) was extracted. Cloud
droplets grow faster with height during the mixed-phase and can be identified as a sudden change
in the slope of the T-re curve. As the contribution of mixed-phase processes is essential for an
ERE, the mixed-phase initiation height is extracted from the T-re curve as T.. The particle size
distribution of clouds during normal, heavy and extreme rainfall events reveals distinct profiles.
The heavy and extreme rainfall events are bimodal compared to normal rainfall events (Fig. 2).
The first peak occurs at 14 uym (D14) and the second at 70 um (D7), where the second peak is
probably due to larger ice particles held by stronger updrafts during heavy/ extreme rainfall
D

events. Thus, the ratio D“ was also extracted.
70

10000 .
. Normal
Heavy
8000 - I Extreme
6000
1
e |
5]
O
40004
2000 111
0 10 20 30 40 50 60 70 80 90 100
r, (um)

Fig. 2: Particle size distribution of cloud particles during normal, heavy, and extreme
rainfall events. The particle size distribution of clouds during normal, heavy and extreme rainfall
events reveals distinct profiles. The heavy and extreme rainfall events exhibit dual peaks
compared to normal rainfall events: first peak around 14 ym (D14) and the second one around 70

Mm (D70).

2.3. Nowcasting of EREs

The variables extracted from the T-re profile were used for the nowcasting of EREs. Logistic

regression was fitted on the attributes extracted from the T-r. curve to nowcast the EREs in terms
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of their probability of occurrence. The coefficients of the logistic regression for the variables were
estimated using Eq. 2.

_Pr0bevent  _ ¢~Do=b17p=b2Ty=b3Dz=bsT14=bsTy 2)

1- prObevent
where b, b1, bz, bs, bs, and bs are the regression coefficients. The process of estimating the
logistic coefficients is similar to that used in multiple regression except that, instread of using
ordinary least squares as a mean of estimating the model, the maximum likelihood method is
used. The model was fitted for the Monsoon month of August 2018 witnessing normal, heavy,
and extreme rainfall events. Once the coefficients are estimated, the probability for the occurrence
of heavy and extreme rainfall at any given time can be estimated using the variables extracted
from the T-re curve at that time. The half-hourly gauge calibrated precipitation product from the
Integrated Multi-Satellite Retrievals (IMERG; Huffman et al., 2019) was used to validate the
accuracy of the nowcasting technique by comparing the probability of occurrence for EREs and

the corresponding rainfall intensity at an hourly time scale.

3. Results and Discussion
3.1. Characterisation of the EREs over Kerala (2001-2018)
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Fig. 3: Rainfall characteristics over the study area: (a) One-day maximum rainfall (2001 to
2018) based on the 0.25° x 0.25° gridded rainfall dataset (Pai et al., 2014) for the Indian sub-
continent, (b) temporal distribution of normal, heavy and extreme rainfall events in terms of the
frequencies of occurrence, and (c) frequency of EREs in the analysed domain (enclosed by the

black rectangle) during the period. Only the rainfall values above 64.5 mm are plotted in (b).

The analysis of the rainfall events over Kerala from 2001 to 2018 indicates that the region

experienced 222 heavy rainfall events (daily rainfall depth > 115.6 mm) during the period, among
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which 32 were EREs (i.e., daily rainfall depth > 204.4 mm). Although the probability for the
occurrence of EREs is very low (i.e., exceedance probability less than 1%) in the region, recent
years (2018, 2019, and 2020) witnessed the occurrence of multiple EREs across Kerala due to
large-scale moisture convergence below 800 hPa (Mukhopadhyay et al., 2021). The monthly
rainfall of Kerala of August 2018 was 96% excess than normal, while the region received large
excess (123%) rainfall during August 2019. The ERE of August 2018 recorded 319 mm of
maximum daily rainfall, one of the most extreme events recorded in the last century. Among the
32 EREs in Kerala between 2001 and 2018, roughly 65% of the events occurred during the Indian
summer monsoon season (mostly in July and August) (Fig. 3b). Although most regions of Kerala
experienced EREs during the period, frequent occurrences are clustered around 9° 30’ N and 12°
N latitudes (Fig. 3c). However, as a departure from this general pattern, Kerala witnessed
widespread EREs in 2018 and 2019. Hence, the EREs of August 2018 were analysed in detail to

understand the effect of moisture availability and aerosol loading on the occurrence of the EREs.
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Fig. 4: Effect of moisture availability and aerosol loading on EREs: (a) variability of moisture
availability (in terms of the TPWV) during normal, heavy, and extreme rainfall events between
2001 and 2018, (b) time series of daily TPWYV, rainfall, and collection 6.1, level 3 Terra’s MODIS
AOD during August 2018, and (c) mean rainfall profile for the different percentile classes of AOD
and TPWV.
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One of the major ingredients conducive for the occurrence of EREs is moisture advection, which
is governed by various synoptic-scale features (Breugem et al., 2020). Temporal variability of the
TPWYV of the normal, heavy and extreme rainfall events (between 2001 and 2018) is shown in
Fig. 4a. Despite the overlaps between the types of rainfall, the extreme and heavy rainfall events
are characterised by relatively larger TPWV values than normal rainfall events. Obviously, a large
moisture influx is necessary to form precipitating clouds that could yield heavy rainfall. Indeed,
low-level jets and atmospheric rivers are the two major large-scale meteorological structures
responsible for large-scale atmospheric moisture transport during heavy and extreme rainfall
events in the region (Lyngwa and Nayak, 2021; Xavier et al., 2018). The intensification of the
monsoon low-level jet core speed, westerly wind depth, zonal water vapour flux, horizontal wind
shear and cyclonic vorticity brings a sufficiently large supply of moisture and triggers strong
convection resulting in the occurrence of EREs during the Indian summer monsoon season
(Xavier et al., 2018). The geographic setting of Kerala in the Indian peninsula along the western
coast ensures sufficient moisture supply during the monsoon season with an increasing trend of
near-surface water vapour over the tropical Indian Ocean (Rajeevan et al., 2008). The
significance of the anomalously large amount of moisture supply from the neighbouring oceans
in the EREs of August 2018 in Kerala was discussed by Lyngwa and Nayak (2021) and Mohandas
et al. (2020), and the former observed that the air parcels had high moisture content near the
Indian Ocean and increased in moisture over the Arabian Sea. However, all the events with higher
TPWV values did not result in heavy or extreme rainfall events (Fig. 4a), which hints at the
importance of other factors, such as concentration of CCN in the cloud formation processes

produce heavy or extreme rainfall events.

The analysis of the wind trajectories of August 2018 indicates transport of aerosols from the
Arabian Sea and the Indian Ocean, the Arabian Peninsula, and the Indo-Gangetic plains (Fig.
S2), implying the significance of dust, mixed (dust-anthropogenic) aerosols, and sea-salt in the
occurrence of EREs in the regional context. Atmospheric aerosols can alter the number and size
of cloud drops, cloud lifetime, cloud microphysics and eventually, the precipitation formation
(Kaufman et al., 2002; Ramanathan, 2001). In addition to the availability of atmospheric moisture,
the formation of the cloud droplet from the available atmospheric moisture relies on the fraction
of aerosol particles that serve as CCN. However, the interaction between moisture availability and

aerosol concentration is non-linear and somewhat complex.

Temporal variability of the MODIS AOD, moisture availability, and rainfall during August 2018 is
shown in Fig. 4b. A higher concentration of aerosols with a low moisture supply tends to form a
large number of smaller cloud droplets, thus inhibiting processes leading to the occurrence of
rainfall. Such conditions were noted on 3 and 4 August 2018. A similar suppressing effect as a

result of increased CCN on precipitation to shut off warm rain process in convective tropical clouds
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was discussed by Rosenfeld (1999). Definitely, such cases result in low collision rates delaying
raindrop formation (Khain et al., 2005). On the contrary, smaller AOD with sufficient moisture
supply leads to the formation of a lesser number of large droplets. The ambient supersaturation,
in those cases, is weakly consumed by the limited CCN resulting in faster growth of limited
droplets that fall quickly as weak rain (Koren et al., 2014). The days 1, 7, 11, and 13 of August
2018 are examples of such scenarios leading to normal rainfall events. Indeed, the high rainfall
events are characterised by significantly higher AOD along with sufficient moisture supply. An
increase in rainfall is observed with an increase in the AOD at larger TPWV conditions (Fig. 4c),
while for the lower TPWV conditions, an increase in the AOD shows low rainfall due to the
formation of a larger number of smaller droplets. Similar observations of increased rainfall with
aerosol concentrations in deep clouds having high liquid-water content were shown by Li et al.
(2011). Over the Indian summer monsoon region, such scenarios of increased surface rainfall

during polluted cases were shown by Choudhury et al. (2020) and Sarangi et al. (2017).

Table. 1: The independent and interaction effects of aerosols and moisture availability on rainfall

over Kerala.
Source of variation F Feric P — value
AOD 17.22725 2.3813 1.19E-13
TPWV 36.68272 2.3813 1.53E-28
Interaction 2.826614 1.6541 0.000165

The results of the ANOVA show the significant role of the AOD and TPWV and their interaction
on the occurrence of rainfall of the region (p < 0.001; Table 1). It may be noted that the aerosol
concentration over Kerala shows a significant increasing trend (Fig. S3) which could invigorate
cloud formation and intensify rain rates (Koren et al., 2012). The significant increase in aerosol
loading over Kerala could impact the radiation budget (Ramanathan et al., 2005; Schwartz, 1996)
and the cloud lifetime and their microphysics (Steinfeld, 1998; Twomey, 1977). Hence, it is
expected to increase the occurrence of EREs over the region with the increasing atmospheric
water holding capacity (IPCC, 2007) and the increasing trend of column integrated water vapour

over the Indian Ocean (Trenberth et al., 2005) as a response to the climate warming.

3.2. \Variation of the T-re profiles between normal, heavy and extreme rainfall events

The daily plots of the T-re profile were analysed to study the vertical evolution of cloud particles.
Figure 5 shows three cases of cloud clusters resulting in normal (Fig. 5a), heavy (Fig. 5b) and
extreme rainfall events (Fig. 5¢) in August 2018. During EREs (Fig. 5f), the T-re profile is
characterised with condensation dominated diffusional zone above the cloud base. The

diffusional zone is initiated as the expansion of rising moist air increases the ambient
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supersaturation, and the excess vapour activates the aerosol particles by condensation, forming
activated cloud droplets. The re is not sufficiently large enough (re < 14 pm) to support the warm
rain process (Freud and Rosenfeld, 2012; Suzuki et al., 2010). The number of the activated cloud
droplets (Nj) at the cloud base for a specific cloud base updraft velocity is determined by the
number of CCN (Nccen) (Rosenfeld, 2018). In highly polluted conditions, a large number of aerosol
particles provides sufficient Nccn for cloud formation. Each activated cloud droplet acts as a tiny
sink adsorbing excess water vapour. Higher N, produces more but smaller cloud droplets with a
narrow size distribution resulting in a less efficient collision-coalescence process. The cloud
droplets grow much slower during the diffusional zone reaching colder altitudes with smaller re,
delaying collision-coalescence. As the depth of the diffusional zone is primarily determined by N,
(Rosenfeld et al., 2014), the deep diffusional zone during EREs (Fig. 5f) indicates higher N4, which
implies a polluted scenario. Though shallower, the heavy rainfall events are also marked with
diffusional zones above the cloud base. However, the normal rainfall events are devoid of the
diffusional zone and are characterised by the collision-coalescence region above the cloud base.
Faster growth in re is observed until it stabilises around 14 ym. Moreover, this is a case of a clean
environment with less Ncen producing low Na. The CAIPEEX study also showed similar cases of
clouds with low Na while developing in less polluted conditions of lower Ncen (Konwar et al., 2012).
The limited activated cloud droplets absorb most of the excess vapour and grow much faster in
radius resulting in a smaller number of large cloud droplets with increased chances of collision
and subsequent coalescence. The stabilisation of r. at around 14 ym with further vertical growth
during normal rainfall events is an indication of the warm rain process. Using a cloud parcel model,
Rosenfeld (2002) showed that the rainwater fraction increases sharply for r. above 14 ym. This
is also evident from the simultaneous stabilisation of 75 percentile of re at a radius of 25 pm (Fig.
5d). The presence of cloud droplets with the re of 25 ym breaks the colloidal stability of the cloud,
resulting in an efficient collision-coalescence process (Lamb, 2003). The warm rain mechanism
thus established larger cloud droplets from the cloud tops, balancing additional coalescence,
rendering the observed stabilisation of r, (Rosenfeld, 2018). Such a warm rain process could also

lead to rain washout of aerosols, thus limiting CCN for further cloud growth.
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Fig. 5: Variation of the T-r profiles between normal, heavy and extreme rainfall events:
Cloud RGB composite image during (a) normal, (b) heavy, and (c) extreme rainfall events. The
colour is composed of red for visible reflectance, green for 3.9 um solar infrared temperature, and
blue for 10.8 um brightness temperature. The analysed cloud clusters are bounded in the white
polygon. Vertical cloud microphysical structure of (d) normal, (e) heavy, and (f) extreme rainfall
events. The 10, 25, 50, 75, and 90 percentiles of re are plotted. The vertical bars denote the
vertical extent of the microphysical zones represented as D - diffusion, C - collision-coalescence,

R - warm rainout, M - mixed phase, and G - glaciation.

Further evidence of a polluted scenario during ERE is ascertained from the delayed inception of
the coalescence zone above the freezing level (Fig. 5f). Aircraft measurements reported similar
cases of delayed coalescence zone up to the -5 °C isotherm in highly polluted environments over
the Indo-Gangetic plains (Konwar et al., 2012). Supercooled raindrops at -12°C to -17°C are the
primary initiators of precipitation in such clouds, indicating the presence of Ice Nuclei (IN) or giant
CCN seeding the clouds. Insoluble aerosol particles, such as desert dust, are the primary natural
sources of IN (Rosenfeld, 2018). The presence of giant CCN and dust particles (Supplementary
Fig. 2) in a moist environment in the convective clouds developed over the geographical extent

of the present study was pointed out by Konwar et al., 2014.

An interesting similarity was noted between the extreme and normal rainfall events in the
glaciation zone, where the clouds in both the events are glaciated near -20°C. However, the

underlined processes may be different in both cases. Although the heavy concentration of desert
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dust facilitates glaciation in clouds near -20°C (Ansmann et al., 2008), secondary ice formation
processes, such as ice multiplication, can also glaciate clouds at this range (Rosenfeld and
Woodley, 2000). Such ice multiplication processes become significant when cloud droplets grow
larger than 12 um (re) at a range of -3°C to -8°C (Hallett and Mossop, 1974). This is a characteristic
of normal rainfall events, where the early collision-coalescence promotes the cloud drops to a
larger radius (re > 12 ym). The glaciation in such cases occurs much warmer than those induced
by the presence of desert dust (Rosenfeld et al., 2011). The occurrence of smaller cloud droplets
(at the range of -3°C to -8°C) and glaciation colder than -20°C during EREs suggest the presence

of dust aerosols and subsequent IN concentrations.

The updraft velocity does not affect the depth of diffusional zone for a given N, but it can delay
the increase of re with height above the height of rain initiation (h (re~14 pum)) as there is less time
for raindrop formation in the fast-rising parcel (Rosenfeld et al., 2007). Such strong updrafts are
evident during EREs (Fig. 5f) from the steeper collision-coalescence zone. Moreover, the deeper
diffusional zone of EREs dominated by condensation increases the column loading of condensed
water and releases latent heat resulting in stronger updraft velocity. The re in such cases reaches
the rain threshold (14 pym) at heights colder than 0 °C isotherms, making most of the cloud water
available for mixed-phase processes. These processes release latent heat, further invigorating
the updraft velocity (Li et al., 2011; Rosenfeld et al., 2008). Meenu et al. (2020) pointed out similar
latent heat positive feedback during the analysis of the extreme event of 9 August 2018 using
multi-satellite observations and numerical simulations. A sudden decrease in the re at the
temperature range between -20°C and -18°C is observed consistently in all the rainfall events
(Fig. 5). This could be due to the formation of ice crystals which commonly appear when the
temperature is between -10°C and -15°C, though detailed analysis is required to reinforce this
conclusion. The relatively low vapour pressure of ice causes water vapour to diffuse from many
cloud droplets to fewer ice crystals (Lamb, 2003), thus reducing the cloud top r.. Once the ice
crystals attain sufficient sizes, cold cloud growth mechanisms are initiated, resulting in faster

growth of re with further height.

3.3. Nowcasting of EREs

A logistic regression model was fitted for the rainfall of August 2018, and the estimated
probabilities of normal and heavy/extreme rainfall events are shown in Fig. 6a. The plot shows a
significantly higher probability during heavy and extreme rainfall events. At a probability cut-off of
0.5 for heavy and extreme rainfall events, the model shows an overall accuracy of 93%, illustrating
the capability of the model for nowcasting the EREs. The efficiency of the model performance is
evident from the receiver operating characteristic curve (Fig. 6b), which shows an area under the

curve (AUC) of 0.97. Although we examined the capability of the model to nowcast different
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Fig. 7: Nowcasting of EREs: Nowcasting the heavy/extreme rainfall events of (a) 8 August 2018
and (b) 15 August 2018. The half-hourly gauge calibrated precipitation product from the IMERG

was used to represent the temporal variation of rainfall.

On 8 August 2018, Kerala received heavy rainfall, followed by an ERE on 9 August. The rainfall
rate of IMERG data suggests that the rainfall intensified around 9:00 PM on 7 August (Fig. 7a).
The modelled probability for the occurrence of a heavy/ extreme rainfall event is also shown in
Fig. 7a. The probability for a heavy/ extreme rainfall event remains low up to 2:00 PM on 7 August
2018, after which it shows a high probability for the occurrence. The modelled probability
decreases during the early hours on 8 August, and a subsequent decrease in rainfall intensity are
observed. However, from 8:00 AM onwards, the model shows high probability till 9 August, which
is indicative of the ERE on 9 August 2018. Similarly, the rainfall rate of IMERG data indicates that
Kerala received heavy rainfall on 14 August 2018, followed by EREs on 15, 16, and 17 August.
The temporal pattern of the rainfall rate shows that rainfall intensified around 3:00 AM on 14
August (Fig. 7b). The modelled probability for a heavy/ extreme rainfall event remains low up to
12:00 PM on 13 August 2018, after which it shows a high probability for heavy/ extreme rainfall.
The temporal variability of the modelled probability values of the first ERE (8-9 August 2018)
shows the potential for the occurrence of a heavy/extreme rainfall event seven hours before the
rainfall intensification. Similarly, during 15-17 August 2018, the technique provides a warning for
the occurrence of a heavy/extreme rainfall event 15 hours before the rainfall intensification. The
correlated variability between the rainfall intensity and the modelled probability generated by
nowcasting indicates that the technique is capable of nowcasting the extreme rainfall event earlier

to its intensification.

4. Summary and conclusion

This study proposed a technique to nowcast the heavy and extreme rainfall events using the early
signatures of the microphysical evolution of mesoscale convective clouds. The nowcasting
technique utilised different characteristics of the T-r profile, representing different microphysical
stages of cloud development, and logistic regression modelling to estimate the probability for the
occurrence of EREs. The capability of the method was demonstrated by nowcasting the different
EREs that occurred in recent years across the southern Western Ghats (Kerala, India). It is noted
that the interactions among the aerosol loading and moisture availability were also significant
(other than their independent effects) in the occurrence of EREs of August 2018. The analysis of
the T-re profiles of the normal, heavy and extreme rainfall events of August 2018 was significantly
different and indicated a polluted (aerosol-rich) scenario. The deep diffusional zone and the
delayed inception of the coalescence zone above the freezing level also indicated the significance

of aerosols during EREs. The proposed technique showed distinctive competency for nowcasting
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the EREs at a regional scale with an overall accuracy of 93% and at a lead time of seven to fifteen
hours. The results of this study emphasise the requirement for systematic and long-term
monitoring and characterisation of aerosols to understand their role in the EREs of the region.
The results help implement better policies to mitigate the impacts due to EREs and associated

natural hazards.
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Supplementary Material 1: Recent floods across Kerala

Kerala is the south-western State of India extending between 8° 18’ - 12°48’ N latitude and 74°
52’ - 77° 22’ E longitude. The Arabian Sea borders the state in the west and the Western Ghats
in the east. The state experiences mesoscale circulations during pre-monsoon and monsoon
seasons, aggravated by local orographic disturbances due to the elevation gradient of the
Western Ghats. The state receives an average annual precipitation of about 3,000 mm (CWC-

Report, 2018), 70% of which is contributed by the Indian summer monsoon.
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Fig S1: Flood-affected areas during the August 2018 floods over Kerala derived from the
SENTINEL 1 SAR images.

The consecutive floods of large return periods over the state during 2018, 2019 and 2020 show
an alarming situation of the rising EREs. Contrary to the long-term rainfall trends, Kerala
experienced a remarkably higher amount of rainfall during the first half of the Indian summer
monsoon season in 2018. During August 2018, the state experienced two severe EREs on
record. During the first ERE (8 - 10 August 2018), a few meteorological stations of the state
received more than 50% of the normal monthly rainfall in just three days. However, most of the
state exceeded the normal monthly rainfall by 50% in the second ERE (15 - 17 August 2018),
causing widespread flooding affecting almost 5.4 million people (KSCSTE-Report, 2019).
Several districts were inundated for more than two weeks due to the floods. The analysis of
SENTINEL-1 Synthetic Aperture Radar (SAR) data collected from NASA’s Alaska Satellite
Facility Distributed Active Archive Centre gives a visual perspective of the flood over central
Kerala (Fig. S1). Comparison of pre- (16 July 2018) and post-flood (21 August 2018) SAR images
reveal that roughly 22% (925 km?) of the analysed area was inundated. About 341 major
landslides were reported from ten districts during the EREs of August 2018, where 143 landslides

ravaged the ldukki district.

The ERE occurred during August 2019 in Kerala was the result of the formation of a low-pressure
system and later a depression over the northwest Bay of Bengal off north Odisha-West Bengal
coasts on 6 August 2019. The widespread flooding and landslides across the districts of northern

Kerala caused severe damage to both the built and natural ecosystems. The low-lying areas of
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the major river systems were inundated, and more than 2 lakh people were displaced. Kerala
witnessed 80 landslides in eight districts over the three days (August 8-11, 2019) as the death
toll crossed 120. However, the most devastating landslide witnessing the highest ever recorded
casualty occurred during the EREs in 2020 in Pettimudy, Idukki. While most of the landslides in
the state during recent years were primarily triggered by the EREs, anthropogenic interferences
also contributed to the instability of the slopes (KSCSTE-Report, 2019). However, most recent
landslide events show no significant changes in land use, suggesting the significant role of the

extraordinary rainfall events (Martha et al., 2019)
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Supplementary Material 2: Wind Trajectory computations

The wind trajectory vectors were analysed to understand the wind patterns and aerosol transport
pathways over Kerala using the PC-Windows-based NOAA HYSPLIT model (Rolph et al., 2017;
Stein et al., 2015). Seven days backward trajectories were computed every hour at 850 hPa from
a central location (10.5°N, 76.3°E) over Kerala. These trajectories were then clustered to an
optimal number of clusters based on the total spatial variance explained by the clusters (Fig. S2).

The analysis was performed for 2001 and 2018 using the 2.5 NCEP reanalysis data.
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Fig S2: Wind trajectory clusters from a central location (10.5°N, 76.3°E) over Kerala during
2001



84

85
86
87
88
89
90
91
92
93
94

95
96

97
98
99
100

101
102
103

104
105
106

107
108
109

Supplementary Material 3: Aerosol variation over Kerala

The atmospheric aerosols with hygroscopic properties act as CCN over which water condenses,
and hence their variation can impact cloud formation and further precipitation. The time-series of
the AOD over Kerala as observed from the MODIS is shown in Fig. S3. The Mann-Kendall trend
test indicates a significantly increasing AOD over the region since the beginning of the 21st
century, implying the increasing concentration of aerosols. Various researchers reported such
observations in Thiruvananthapuram (Kerala) using ground-based measurements (Moorthy and
Satheesh, 2000). They observed a peak AOD during the monsoon season and reported its
primary contribution from sea-salt aerosols with occasional contributions from transported desert
dust. They also noted an increasing trend in AOD due to an increase in urbanisation and other

anthropogenic sources.
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Fig S3: Temporal variation of AOD over Kerala from 2001 to 2018.

References

Martha, T.R., Roy, P., Khanna, K., Mrinalni, K., Vinod Kumar, K., 2019. Landslides Mapped
using Satellite Data in the Western Ghats of India After Excess Rainfall During August
2018. Curr. Sci. 117, 804. https://doi.org/10.18520/cs/v117/i5/804-812

Moorthy, K.K., Satheesh, S.K., 2000. Characteristics of aerosols over a remote island, Minicoy
in the Arabian Sea: Optical properties and retrieved size characteristics. Q. J. R.
Meteorol. Soc. 126, 81-109. https://doi.org/10.1002/qj.49712656205

Rolph, G., Stein, A., Stunder, B., 2017. Real-time Environmental Applications and Display
sYstem: READY. Environ. Model. Softw. 95, 210-228.
https://doi.org/10.1016/j.envsoft.2017.06.025

Stein, A.F., Draxler, R.R., Rolph, G.D., Stunder, B.J.B., Cohen, M.D., Ngan, F., 2015. NOAA’s
HYSPLIT Atmospheric Transport and Dispersion Modeling System. Bull. Am. Meteorol.
Soc. 96, 2059-2077. https://doi.org/10.1175/BAMS-D-14-00110.1



