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Abstract: The Himalayan region is facing frequent cloud burst and flood events during the summer
monsoon e.g., Kedarnath flood of 2013. It was one of the most devastating event which claimed
thousands of human lives, heavy infrastructure and economic losses. Fast moving monsoon, pre-
existing westerlies, and orographic uplifting was reported as the major reason for cloud burst over
Kedarnath in previous research. Our study illustrates the vertical distribution of aerosols during
this event and its possible role using Weather Research and Forecasting model coupled with chem-
istry (WRF-Chem) simulations. Model performance evaluation shows that simulations can capture
the spatial and temporal pattern of observed precipitation during this event. Model simulation at
25km and 4km horizontal grid resolution without any changes in physical parameterization shows
very minimal average difference in precipitation. Whereas simulation at convection permitting scale
shows detailed information related to parcel motion compared to coarser resolution simulation. This
indicates parameterization at different resolution needs to examine for better outcome. The result
shows up to 20-50% changes in rain over area near Kedarnath due to the presence of aerosols. The
simulation at both resolution shows significant vertical transport of natural (increases by 50%+) and
anthropogenic aerosols (increases by 200%+) during the convective event. Which leads to significant
changes in cloud property, rain concentration and ice concentration in presence of aerosols. Due
to aerosol-radiation feedback, the important instability indices like convective available potential
energy, convective inhibition energy, vorticity etc. shows changes near Kedarnath.
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1. Introduction

Dimri et al., (2017) reviewed dynamic, thermodynamic, and physical reasons of cloud
burst cases in Himalayan region, and their impact to society in detail. Generally, interac-
tion of fast-moving monsoon with existing active westerlies [2] and orographic uplifting
often results havoc in the central Himalayan region [3]. Himalayan foothills make an in-
tersection point where northward moving monsoon, active westerlies and orographic lift-
ing produces high convection and thunderstorm activity [4]. Previous study has indicated
that presence of aerosols can enhance or suppress rain over Asian region [5]. Indo Gan-
getic Plain (IGP) which is known as a hotspot of anthropogenic pollution in South Asia
[6] as well as deserts of Rajasthan and middle east Asia [7] supply ample aerosols to Him-
alayan region.

Aerosol-Cloud-Precipitation interaction is considered a complex system and much
remains to be understood [8-10]. Aerosols act as cloud condensation nuclei (CCN), which
is necessary to form cloud and rain [8]. Some of the aerosols act as ice nuclei (IN) [11,12]
which may hold the water content in clouds and delay the precipitation [13]. In the pres-
ence of excess aerosols, smaller cloud droplets are formed which reduces the precipitation
amount [8]. In the form of CCN and IN in clouds, aerosols affect the cloud properties such
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as brightness, cloud cover, cloud top temperature and cloud top pressure [14-16]. Pres-
ence of aerosol layers above or below a cloud can affect the cloud cover in either way
[15,16]. Andreae and Rosenfeld (2008) reported that natural aerosol and CCN concentra-
tion is lower over land and cloud formation over the continent mostly results from an-
thropogenic emissions. More CCN (more aerosols) leads to smaller and narrower cloud
droplet size and distribution which results into suppressed warm rain and enhanced cold
rain. Higher CCN in mix phased cloud makes it deeper and enhances lightning activity
with more flashes [17]. Increase of 1-30% dust and sea salt concentration affect the cloud
property and precipitation significantly;15% increase in dust concentration may delay
rain by one hour was reported [12]. Up to 70% increase in CCN over northwestern Europe
due to aged Saharan dust is reported by Bégue et al., (2015). Increased cloud fraction (~5%)
and decreased cloud top pressure (~40mb) is reported due to elevated aerosol concentra-
tion over Atlantic [16]. Several studies have indicated that aerosols are not only limited to
acting as CCN/IN, but that they also affect radiation derived parameters (such as convec-
tive available energy (CAPE) and convective inhibition energy (CIN) important in predic-
tion of severe weather [10,19].

Most of the extreme precipitation events over western Himalaya are observed during
the month of September based on the records available from 1875-2010 [20]. On 16t -17t
June 2013, a rapid arrival of monsoon in northern India along with the presence of strong
westerlies over the region was one of the major causes for a massive precipitation event
over Kedarnath, India [21-24]. Kedarnath (30.73°N, 79.06°E; 3553 m from sea level) is a
small town in Indian state of Uttarakhand in the Himalayan region. This study focuses
on the atmospheric analysis during the Kedarnath flood which occurred during 16t - 17t
June 2013, which was followed by significant flooding over western Nepal 17t - 18t June
2013, an event which was later called as Himalayan tsunami [21]. Kedarnath floods
claimed loss of hundreds of human life and damaged vast infrastructure [22]. Many stud-
ies after the event tried to analyze the causes for such devastation. Some of the observation
[1,22] and model [23] based studies have analyzed meteorological conditions, orographic
and climatic prospective [21,25] and effect of chemistry on precipitation [5].

This study tries to understand the vertical distribution of aerosols at the synoptic and
convection permitting scales during the Kedarnath heavy precipitation event using re-
gional Weather Research Forecast coupled with chemistry (WRF-Chem) model. Model
horizontal grid resolution of below 5x5km is considered as convection permitting scale
where there is no need of specific cumulus parameterization schemes in the model [26,27].
Additionally, we discuss how the presence of aerosols affected radiation and altered the
severe weather indices, which are important in prediction precipitation and severe
weather.

2. Data and Methodology

2.1. Observations

In-situ data for various stations obtained from Meteorological & Oceanographic Sat-
ellite Data Archival Centre (MOSDAC) of Indian Space Research Organization (ISRO)
containing precipitation, relative humidity, wind direction and speed, temperature and
near surface pressure were used in this study. MOSDAC collects data from Indian Mete-
orological Department (IMD) and various Automated Weather Station (AWS) from dif-
ferent sources (https://www.mosdac.gov.in/).

Tropical Rainfall Measuring Mission (TRMM) monthly level 3 data (TRMM_3A12)
available at horizontal grid resolution of 0.5° x 0.5° (https://disc.gsfc.nasa.gov/datacollec-
tion/TRMM_3A12_7 html) was used to analyze the general trend over the study region.
Further analysis is performed using TRMM-TMPA (Multi-satellite Precipitation) level 3
data at 0.25° x 0.25° spatial resolution which was available at 3 hourly temporal resolu-
tions.
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Atmospheric infrared sounder (AIRS) Aqua level 3 daily product available at 1° x 1°
resolution (AIRX3STD) downloaded from https://search.earthdata.nasa.gov/ was used to
understand the cloud property during heavy precipitation event. Moderate Resolution
Imaging Spectroradiometer (MODIS) level 3 Terra (MODO08_D3) and Aqua (MYD08_D3)
daily product available at 1° x 1° resolution were also used along with AIRS. Both the
satellite products provided cloud fraction, cloud top pressure and temperature which
were useful to understand the cloud properties.

2.2. Model Setup

Six set of simulations were performed to analyze the vertical transport of bulk aero-
sols during Himalayan extreme precipitation event. Out of these, three sets of WRF sim-
ulations were performed at the resolution of 25 km for the domain consisting whole In-
dian subcontinent (6.5°-36.0°N, 53.0°-103.0°E; Fig. S1) with MOZCART, MOZART and
WREF without chemistry option. Similarly, another three sets of WRF simulation were per-
formed at the resolution of 4 km covering area between 28°-32.0°N, 74.25°-85.75°E that
covered significant portions of the IGP and Himalayas. One week spin up time was used
to stabilize the chemistry in the single domain model simulations. Event analysis was car-
ried out using the data from 3 days before to 3 days after the event. Details of the WRF
simulations with MOZCART chemistry (WC25) and without chemistry at 25 km (WREF25)
horizontal grid resolution and similarly at the 4 km (WC4 and WRF4 respectively) are
outlined in Table 1. Thompson Graupel Scheme a double-moment microphysics scheme
is used in simulations, that consist of six classes of moisture species along with number
concentration of ice for prediction of cloud properties. To understand the aerosol-cloud-
radiation feedback, the cloud effect to the optical depth in radiation is also activated in
simulations. Supporting figure S1 shows domain of simulation at the resolution of 25 km
and 4 km (red box), and location of Kedarnath (black dot).

Table 1: Domain and parameterization details for different simulations.

Simulations WCQC25 WREF25 WC4 WRF4
Centered at 22°N, 78°E 30°N, 80°E
Resolution 25x25 km 4x4 km
No. of grids 130 x 203 x 40 223 x 555 x 40
Domain 6.5°-36.0°N, 53.0°-103.0°E 28°-32.0°N, 74.25°-85.75°E
Chemistry Scheme MOZCART - MOZCART -
Convective parameterization Kain-Fritsch Scheme [1]
Planetary boundary layer physics Yonsei University Scheme (YSU) [2]
Shortwave radiation physics Dudhia Shortwave Scheme [3]
Microphysics Thompson graupel scheme [4]
Longwave radiation physics RRTM Longwave Scheme [5]
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Land-atmosphere interaction Unified Noah Land Surface Model scheme [6]

Surface layer option

MMS Similarity Scheme [7]

Photolysis

Madronich fast-Ultraviolet-Visible Model (F-TUV) [8]

3. Results and Discussion
3.1. Precipitation Analysis

Normal rain was reported during monsoon 2013 throughout India, except few
states of India like Bihar, Arunachal Pradesh and Jammu [24], whereas June 2013 was
reported with excess rain over most of the India, except north-east India [24].
Uttarakhand faced more than 191% excess rain during the month of June, which was
highest compared to any other state, while overall monsoon recorded only 12% excess
rain. As per IMD records, more than 13 districts of Uttarakhand recorded excess rain
during June 2013 which was an unusual event in the month of June [21].

This study used TRMM monthly surface rain rate data product (TRMM_3A12)
from January 1998 to December 2014 to understand the rain pattern in Uttarakhand, a
state of India, and over Kedarnath, the Himalayan Mountain city. The year 2013 was a
neutral year in terms of El-Nifio nor La-Nina. Analysis of seasonal and annual average
precipitation over Uttarakhand for the year 2013 suggested that it was an average year
in terms of accumulated precipitation when compared to other years from 1998-2014. On
the other hand, monthly analysis suggested that in 2013, the month of June observed
highest precipitation compared to any other year. Area averaged rain rate taken from
few horizontal grids over Kedarnath suggests that seasonal and annual rain rate for the
year 2013 was average during the analysis period, whereas rain rate was higher
compared to the state of Uttarakhand. Kedarnath grid suggests rain rate during the
month of June and monsoon of 2013 was highest compared to any other year from 1998-
2014 (supporting Table S1 and supporting figure S2).

Fig. 1 shows the results of 3 days accumulated rain (from 16-18 June 2013) over the
simulation domain from TRMM and different versions of the WRF model. TRMM
accumulated rain (Fig. 1a) shows heavy precipitation (greater than 100mm) over the
western coast, northern India, Western Nepal and along with the area near to south
eastern Bay of Bengal (BoB). Fig. 1b shows accumulated precipitation from the WRF
WC25 simulation. The model reproduces major precipitation when compared to TRMM
precipitation results, with some minor differences. Fig. 1c shows accumulated rain from
WRE25 simulation which again is like TRMM observation with minor differences. Fig.
1d shows the difference in accumulated rain produced by WC25 to WRF25 simulation.
The results show that precipitation is reduced in central and north-eastern part of India
with chemistry option turned on. However, northern India (majorly Uttarakhand), over
Arabian Sea and Bay of Bengal shows increased rain in simulation with chemistry on.
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Figure 1. Three days accumulated rain from a) TRMM, and those from WRF simulations
b) WC25, c) WREF25 and d) difference in rainfall between WC25 and WRF25.

Similar results are seen for the 4km resolution model simulations (Fig. 2). WRF
with MOZCART chemistry (WC4) and WRF without chemistry (WRF4) show similar
features of accumulated rain when compared to each other while there are differences
when compared to the results obtained from TRMM. It must be noted that grid
resolution between the model simulation and TRMM observation also leads to some of
the observed differences. Most of the focused area of study shows decrease in
precipitation from the simulations with chemistry turned on whereas few areas also
show increase in precipitation. Both sets of simulations (25 km and 4 km) show effect of
aerosols on precipitation amount in either direction (i.e., increase or decrease). WC25
shows most of the area over and near to Uttarakhand produces more rain in presence of
aerosols while WC4 shows less rain in presence of aerosols except few concentrated

places.
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Figure 2. Three days accumulated rain from a) TRMM, and simulation of WRF at 4 km
resolution b) WC4, c) WRF4 d) difference of rain produced by WC4-WRF4.

Study by Chawla et al., (2018) using combination of different parameterization
schemes in WRF simulations shows that most of the combinations were able to capture
spatial precipitation feature for 15 — 18t June 2013, as in TRMM with some differences.
Previous study using WRF-Chem simulation by Kedia et al., (2018) suggests 20%
increase in precipitation over Uttarakhand due to chemistry, using 15 days average
simulated and observed rain over the region for analysis. Average precipitation and
other parameters for 15 days were shown as aggregate illustrating the impact of aerosols
however without providing temporal resolution for the event. Thus, it is difficult to
compare our results with Kedia et al. (2018).

Fig. 3 presents time series of precipitation at four stations in Himalayan Mountains
of Uttarakhand from 15% - 20t June 2013, these four-station present nearest stations to
Kedarnath. In-situ observation at all four stations show that precipitation starts from
morning of 16 and ends on the morning of 18t. Similar trend is observed through
satellite for same time period. All four model simulations can correctly predict the start
and end pattern of precipitation, and peaks in precipitation with some minor temporal
shifts. At all the four stations, WC25 shows early rain whereas WRF25 shows delayed
rain when compared to each other. Both WC4 and WRF4 shows delayed rain matching
each other as well as matching with WRF25 simulation trend, but predict higher rainfall
compared to WRF25 for the peak rain during these days. WC25 however matches the
timing of the rainfall better with TRMM observations compared to other simulations.
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Figure 3. Precipitation from different simulation and observation from 15th - 20th June
2013 for Champawat, Pipalkoti, Pandukeshwar and Lambgarh.

Supporting Table S2, shows coefficient of determination (R2) between TRMM, in-
situ observation, and all four simulations with the observations for the period from 15t —
20t June 2013. Over Kedarnath TRMM and model simulations show low value of R2
(0.36-0.41). At other places, TRMM and in-situ data shows R2 in the range of 0.32-0.60;
R2 for TRMM and model ranges between 0.32-0.95 except for Dehradun. R2 between in-
situ observation and model ranges between 0.23-0.93, except for Jolly Grant. R2 at Jolly
Grant between TRMM and in-situ observation is 0.60, between observation and model is
less than 0.31. Observed accumulated rain at Jolly Grant was high as 200 mm/day (in-
situ), model produces less than 100 mm/day during event days, and model does not
perform well at Dehradun station too. Over other stations model replicates the strength
and period of precipitation. Observation based report from IMD presents heavy
precipitation on 16* and 17t June 2013, [24] which is evident in all model simulations
and satellite observations too (Fig. 3). Other observation studies also show heavy
precipitation on 16t and 17t over most of Uttarakhand region [21,22,25,34].

Fig.1,2 and 3 suggest that all models simulations adequately capture the spatial and
temporal coverage of precipitation, with some difference in amount of precipitation.
WC25 and WRF25 show up to 50 mm/day rain difference at some of the stations,
whereas WC4 and WRF4 show negligible precipitation difference. Additional analysis
suggests more rain at 25 km simulation without chemistry at Dhanauri (~20 mm/day),
Jolly Grant (~60 mm/day), Dehradun (~70 mm/day) and Mandal (~100 mm/day).
Whereas more rain is produced at 25 km simulation with chemistry in places like
Kedarnath (~40 mm/day), Champawat (~60mm/day), Nainital (~15 mm/day), Lambagrh
(~40 mm/day), Pandukeshwar (~10 mm/day) and Pipalkoti (~20 mm/day). WRF and
WRF-Chem were able to simulate precipitation well over most of the observation
stations, which is further corroborated by TRMM observations. Given the model’s ability
to replicate the rainfall over Uttarakhand, we present the model-based analysis on
monsoon dynamics, cloud properties and aerosols during this event.

3.2. Monsoon Dynamics


https://doi.org/10.20944/preprints202107.0609.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 July 2021 d0i:10.20944/preprints202107.0609.v1

8 of 19

Indian Meteorological Department (IMD), India and Department of Hydrology and
Meteorology (DHM), Nepal reported onset of the summer monsoon on 15th and 14th
June 2013, respectively. Due to heat low (high temperature leads to low pressure zone)
over northern India and high-pressure zone over adjacent ocean, moisture moves with
wind from ocean to northern India during monsoon. Fig. 4a shows counterclockwise
cyclonic motion of wind direction implies strong low pressure (WC25 due to full
chemistry option) zone over northern India on 16th June, which guided the moisture
from ocean towards the land. WC4 shows consistent winds flowing from south-east to
north-west (Figure not shown). Fig. 4b shows strong low-pressure zone on 17t system,
towards the north. Same low pressure zone further moved towards the western Nepal
(Fig. 4d) on 18t which created flood situation in western Nepal
(https://www .icimod.org/?q=10932); after 19t this system disappeared (Fig. 4e & f).
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Figure 4. Daily wind speed at 850 hPa from 15" - 20 June (a-f) Simulation WC25.

Singh and Chand, (2015) had shown the presence of a low pressure zone over
central India (Rajasthan and Madhya Pradesh) as simulated by their model on 16t June.
Ray et al., (2014) reported presence of low-pressure system during 16t and 17t over
central India. Dynamical interaction of monsoon due to low pressure system over central
India with mid latitude western disturbance results into heavy rainfall [2,22,24]. Similar
wind pattern and low pressure were simulated in all the simulation. Precipitation
pattern is also simulated well in the simulations with respect to observation and
previous literature.
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In-situ observation for all stations listed in supporting table shows strong low
pressure near to surface, about 4-6 hPa lesser than average atmospheric pressure on 17t,
WC4 and WRF4 simulations represent better pressure at different stations in comparison
to simulation WC25 and WRF25 mainly due to higher model resolution which better
reflects topography height. Low pressure indicates unstable atmosphere and higher
probability of precipitation. High surface relative humidity (=90 %) was observed during
16t and 17t and the model also simulated high relative humidity for all the stations (>
80%). Persistent higher humidity indicates higher probability of precipitation in that
area. Observation and model both show rapid decrease in relative humidity from the
morning of 18t June. Observed surface temperature on 17t June at all stations fell (~ 3°-
5°C) compared to average temperature. Similarly, WC25 and WRF25 shows temperature
fall of ~4°-6°C while WC4 and WRF4 shows a fall of ~ 2°-6°C. All the parameters show
normal atmospheric conditions from the morning of 18t June in comparison with event
days. Literature based on observation shows 70-100% humidity, low pressure and low
wind during event days over Kedarnath [21].

3.3. Cloud Property

Fig. 5 shows average cloud fraction (CF) from MODIS (Aqua and Terra) satellite (a-
b) and average model simulated cloud fraction (c-d) for 16t and 17t June 2013. Both
satellite and model show similar feature on 16t (Fig. 5a, c), dense clouds from Arabian
Sea to North India passing through central India along with some dense clouds in south
eastern Bay of Bengal. Both satellite and model-based observations show that all of
Uttarakhand and western Nepal was covered by dense clouds on 16t. On 17t, satellite
does not show dense cloud fraction over Uttarakhand and western Nepal whereas the
model does simulate dense cloud fraction over area. However, on 17%, the satellite data
does shows similar cloud fraction features over Western Ghats, Arabian Sea and Bay of
Bengal as seen on the 16t

(a) 16 June (b) 17t June
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Figure 5. Average Cloud fraction on 16th and 17th June a) and b) Satellite MODIS (Aqua
and Terra combined), c) and d) Model respectively.
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Model analysis reveals whole of Arabian Sea, Bay of Bengal and central India is
covered with low and mid-level clouds (Figure not shown). In this study low cloud is
consider up to 800 hPa, mid-cloud below 450 hPa and high cloud above 450 hPa. Along
with low and mid-level clouds, Uttarakhand, Western Nepal, small part in Arabian Sea
and Bay of Bengal was covered with dense high-level clouds on 16t and 17t June.
Satellite observed low cloud top pressure (CTP) over Uttarakhand compared to
surrounding areas (~300 hPa) on 16% and (~400 hPa) on 17%, indicating presence of high-
level cloud over Uttarakhand.

Low cloud top temperature (CTT) was observed from satellite (~ -30°C to -40°C) on
16t and (~ -20°C to -30°C) on 17t over Uttarakhand and Western Nepal. CTT from
model simulation was lower in comparison with surrounding over Uttarakhand and
western Nepal (~-10°C to -20°C) on both days. WC4 simulates further cooler CTT on 17t
(~-30°C to -40°C). Presence of aerosol mostly produces warmer cloud top at WC25
except some places near to Kedarnath, WC4 simulated changes in CTT variation (+
15°C). Lower CTP and CTT indicates the deep cloud with high amount of precipitation
[13].

At 25 km resolution, presence of aerosols affects cloud fraction by +25% away from
the major sources of emission (inferred from Fig. 1d). Presence of aerosols simulated
more cloud at low level whereas decrease in the high-level clouds, while the mid-level
clouds get affected in both ways over the domain of simulation. Similar results were
simulated at 4 km resolution with and without aerosols for both days. The presence of
aerosols played a role in creating warm clouds at central and eastern parts of India, the
same region where aerosols affected precipitation negatively (Fig. 1d). Satellite data
along with model shows low CTT and CTP over Kedarnath during 16* and 17t compare
to previous days. Model indicates presence of dense high cloud over Kedarnath which
could result in a heavy downpour.

3.4. Aerosol Concentration

Satellite and model analysis suggests presence of dense high-level (above 6 km)
clouds over Kedarnath, so we analyzed aerosols above 6 km (above ~500 hPa). Our
results show that over Kedarnath, there is an elevated concentration of anthropogenic
and natural aerosols at high altitude during the event days. Fig. 6a-b shows area average
concentration of black carbon (BC) over Uttarakhand (~29°-31°N, ~78°-81°E) from 15t -
19th. Night of 17t shows highest BC concentration at 500 hPa (> 0.25 pg/m3) and above in
WC25 whereas it was (> 0.05 pg/m3) in WC4 simulations, columnar average BC
concentration was higher by ~0.1 pg/m3 in WC25 whereas it was lower in WC4 from
previous day. Fig. 3 shows precipitation peak was present for similar period over most
of the stations. Similarly natural aerosol Dust shows higher concentration at 500 hPa and
above in the both simulations WC4 and WC25 (Fig. 4c-d).
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Figure 6. (a-b) BC concentration from 15t - 19t June 2013 at 850 hPa, 500 hPa, 300 hPa
and columnar average at 4km and 25 km resolution, (c-d) for Dust. (e) Rain number and
(f) ice number concentration with different model simulations.

Other bulk aerosol species like organic carbon (OC), dust (different size), sea salt
(different size) and sulfate shows similar elevated peaks at 500 hPa and above. Table 2
presents difference in concentration of various aerosol species at 850 hPa, 500 hPa, 3 hPa
and total column average. The methodology of calculating the difference in
concentration is as follows:

For any aerosol species X (BC, OC, dust (all size), sea Salt (all size), sulfate), AX=Area
Average concentration (average (Non Precipitation dates))- Area Average concentration
(average ( Precipitation date)) ............ €))
X= Column,850 hP’a,500 hPa or 300 hPa

Non Precipitating dates=15t% ,18th ,19th and 20t

Precipitation date=16t or 17t

Area Average over Uttarakhand (~29°-31°N,~78°-81°E)
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Table 2: Aconcentration for different aerosols and A in absolute percentage in model
column and at 850 hPa, 500 hPa, 300 hPa for 16t and 17t  June 2013 over Kedarnath at
25km resolution.

Aerosols 16t June 2013

A Column A 850 hPa A 500 hPa A 300 hPa

ug/m3 | % ug/m3 | % ug/m3 % ug/m3 %
BC -0.001 -0.56 -0.225 | -25.10 | 0.156 200.26 0.029 142.23
ocC -0.023 -2.15 -1.672 | -28.86 | 1.038 226.53 0.177 240.49
DUST1 0.685 36.86 2.409 40.01 1.124 45.43 0.352 95.92
DUST2 1.264 29.56 4.893 34.38 2.069 38.09 0.775 104.79
DUST3 0.766 26.03 3.189 30.91 1.384 40.55 0.549 137.52
DUST4 -0.054 -5.85 -0.764 | -17.66 | 0.357 50.64 0.149 230.30
DUST5 -0.031 -4790 |-0.165 |-57.98 | -0.027 -39.57 0.003 19.12
SEA SALT1 0.008 93.74 0.026 71.09 0.015 210.09 0.002 41.50
SEA SALT2 0.075 128.65 | 0.22 71.48 0.146 493.88 0.021 1478.02
SEA SALT3 0.058 152.67 | 0.194 87.73 0.083 540.52 0.011 3580.23
SEA SALT4 0.0002 873.93 | 0.0011 | 653.67 | 0.0001 1481.69 | 0.00001 43480.71
sulf -0.028 -2.82 -1.349 | -28.99 |0.711 85.37 0.126 72.73
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17t June 2013

A Column A 850 hPa A 500 hPa A 300 hPa

ug/m3 | % ug/m3 | % ug/m3 % ug/m3 %
BC 0.03 20.82 -0.039 | -4.36 0.154 197.75 0.031 151.07
ocC 0.189 17.89 -0.473 | -8.17 0.981 214.08 0.152 205.95
DUST1 0.298 16.05 1.412 23.44 0.489 19.75 0.108 29.43
DUST2 0.615 14.37 | 3.033 21.31 1.212 22.31 0.227 30.63
DUST3 0.423 14.38 2.063 20.00 0.999 29.29 0.148 37.05
DUST4 -0.043 -4.62 -0.773 | -17.85 | 0.387 54.91 0.042 64.18
DUST5 -0.025 -38.44 | -0.137 |-48.18 |-0.012 -17.96 0.001 -7.58
SEA SALT1 0.008 93.29 0.031 86.71 0.011 148.71 0.001 9.00
SEA SALT2 0.077 132.31 | 0.284 91.95 0.107 362.54 0.009 690.37
SEA SALT3 0.036 95.69 0.137 61.89 0.047 307.40 0.004 1261.94
SEA SALT4 0.0001 | 220.35 | 0.0002 | 122.56 | 0.00003 | 291.73 0.000002 | 7656.47
sulf -0.056 -5.60 -1.087 | -23.37 | 0.405 48.55 0.073 41.89

Most of the bulk aerosol species BC, OC, dust and sea salt shows elevated
concentration at 850 hPa and above specially at higher elevation of 500 hPa. DUST5
decreases while Sea Salt4 and Sea Saltl increase insignificantly on 16t and 17t at all
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elevations. Near surface (850 hPa) concentration of DUST4, BC and OC decreases during
heavy precipitation events. At 500 hPa and above, BC, OC, Dust2, 3, 4 and Sea Salt2, 3
increases significantly during the precipitation event days. Sulfate concentration was
less in column and near surface, whereas at 500 hPa and above concentration was
significantly higher during 16t — 17t (Table 2). Similar results are observed with 4km
resolution simulation (Supporting Table S3) with lower ratio of concentration in vertical
layers compare to 25km resolution.

Further analysis at 500 hPa and above suggest bulk aerosols follow the fast
moving moisture content from 15* of June from easter coast of India to Himalayan
region till 18t June. The concenration of aerosols were much higher than the stable
atmospheric condition in that region. Study suggest significant uplifting of aeosols in
mid-troposphere during deep convective events as suggested in previous study [36].
Supporting Figure S3a shows lesser concentration of BC near surface (850 hpa) during
the event period, whereas Supporting Figure S3b and S3c shows significant amount of
BC over 500 hPa and 300 hPa in the active convective area during the event. Other
earosols also shows similar feature in the free troposphere. That indicate strong vertical
transport of aerosols during the strong convective events over the effective region,
which is evident in BC flow analysis in Supporting Figure S4a and S4b. Those figure
shows strong updraft of BC from the plains towards to Hiamalyan region during the
event day. With convection anthropogenic and natural aerosols transport significantly
above 500 hPa and above, which further transported through synoptic monsoon motion
in atmosphere.

Aerosols act as IN and CCN, responsible for creating clouds and precipitation
[11,12]. Model analysis of average columnar rain number concentration (RNC) and ice
number concentration (ICC) over Kedarnath (Fig. 6 e-f), reveal elevated concentration of
RNC during 16t and 17t June while ICC shows elevated concentration on the 17t and a
smaller peak on the 19t%h. While there is significant difference between model simulations
at 25 km and 4 km resolution, there is minimal difference when taking chemistry (i.e.,
aerosols) into account. On 16%, all models simulated good number of RNC whereas ICC
was not significantly high over Kedarnath. Higher RNC delays the precipitation time,
which leads to higher and deeper clouds [17] as observed by satellite and model over
Kedarnath on the 16t (Fig. 5a-b).

On 17t June, above 500 hPa, significantly high amount of ICC was present (figure
not shown), which justifies cooler cloud top, as observed by satellites over Kedarnath.
RNC, ICC (Fig. 6e-f) and precipitation (Fig. 3) patterns suggest two events. First event
(peak) before 17th, which was continuously increasing from the evening of 15th to 16th
that resulted into downpour at late night of 16t —17t%. Second event with RNC and ICC
peak values that was present during daytime of 17t%, leads to precipitation on late
evening but with lesser quantity. Our results suggest that high amount of ICC held the
precipitation within cloud which then moved with the synoptic circulation towards
western Nepal on 18th, resulting into heavy downpour there.

Analysis of extinction coefficient profile from WC25 and WRF25 show higher
difference in extinction coefficient between the heights 2 to 8 km (calculated from
equation 1) whereas RNC significantly increases in presence of aerosols at 4-6 km on
both days over Kedarnath. During both days ICC decreases significantly in the presence
of aerosols. Supporting Fig S5 and 56 shows decreased ICC above 6km during 16th and
17th. Satellites were not able to capture aerosol optical depth (AOD) during event day,
even nearby AERONET station (over Kanpur) doesn’t have data, therefore AOD
comparison with observation was not possible. On 17t CALIPSO shows 3% of data
availability, data loss reported due to a ground station anomaly (https://www-
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calipso.larc.nasa.gov/products/lidar/browse_images/data_event_log.php?s=production&
v=V3-30&browse_date=2013-06-17), whereas 16t and 18t passes were far from the area
of interest.

Analysi suggest, presence of anthropogenic and natural aerosols (BC, OC, Dust,
sulfate and Sea Salt) in free troposphere above 2 km leads to increase in RNC which
results in more precipitation over Kedarnath region. Result shows higher concentration
of aerosols at elevated layers affected the ICC numbers negatively which resulted into
more precipitation into region. Aerosols over the simulation domain affected the cloud
and precipitation in either way.

(@) ppe ung ) oy
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Figure 7. Effect of aerosols on a) CAPE, b) CIN, c) helicity and d) vorticity at 4 km
resolution (WC4-WRF4) during 17th June.

We also considered to evaluate the parameters that are important to indicate severe
weather such as Convective Available Potential Energy (CAPE), convective inhibition
energy (CIN), vorticity and helicity [37,38]. CAPE was simulated high (=1000 J/kg) over
BoB, Arabian Sea and many parts of Indian subcontinent in WC25, whereas Kedarnath
region doesn’t show high CAPE values during the event days. CIN was very less (<50
J/kg) over most of the area except over Pakistan and Northern India (= 100 J/kg), during
event days. Strong (= 12 10°(-5)/s) vorticity is simulated in models along the low-
pressure zone (Fig. 3). Strong helicity (> 400 m2/s2) also simulated over Arabian Sea and
over Uttarakhand. Presence of aerosols affects the radiation over the region which
results into changes on above parameters. At 25 km and 4 km, presence of aerosols
shows (2+ 300 J/kg) changes in CAPE, (2= 50 J/kg) CIN, (=+ 100 m2/s2) helicity, and (>+ 6
*107(-5)/s) vorticity values over many part in the domain of simulation. Over
Uttarakhand, presence of aerosols increased ~200 J/kg in CAPE, ~20 J/kg in CIN, up to
100 m2/s2 in helicity and above 4 * 10-%/s in vorticity.

At 4 km simulation aerosols effect shows up to + 200 J/kg changes in value of CAPE
at the event day in the domain of simulation. (Fig. 7a), CIN values significantly affected
by presence of aerosols. Whereas similar results are simulated at 25 km resolution
simulation (Supporting figure 7a, b). Helicity and vorticity show strong variation in
presence of aerosols over Kedarnath and nearby area at convection permitting scale
(Fig. 7c, d). Helicity and vorticity changes are not very evident at 25 km resolution
(Supporting figure 5¢, d). At convection permitting scale variation in the parameters
affected by orographic and thermodynamic are more evident than at low resolution
simulations.


https://doi.org/10.20944/preprints202107.0609.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 July 2021 d0i:10.20944/preprints202107.0609.v1

16 of 19

Results indicate that the presence of aerosol does not only affect cloud and
precipitation by acting as CCN and IN but also affects the severe weather indices; CAPE,
CIN, helicity and vorticity show significant changes in presence of aerosols. Over the
Uttarakhand and near to Himalayan foothills, CAPE, CIN, helicity and vorticity
significantly increases in presence of aerosols.

4. Summary and Conclusions

Long term (1998-2014) analysis of precipitation from TRMM over Kedarnath sug-
gested that heavy precipitation during month of June over Kedarnath is unusual event.
Analysis shows June of 2013 experienced highest precipitation compared to June month
of any other year from 1998-2014, otherwise year 2013 was recorded as normal monsoon
year. We used six sets of model simulations at 25 km and 4 km resolution (three each),
and further analysis was done using four sets of simulations (two from each resolution).
We dropped two sets of simulations (one from each resolution), since chemistry without
aerosols (MOZART) and without chemistry shows no significant difference in precipita-
tion amount at both resolutions.

All model simulations captured TRMM observed spatial coverage of precipitation
with some differences. Presence of aerosols shows significant increase in precipitation
over Kedarnath and nearby area, whereas suppressed precipitation over central and east-
ern part of India was observed at 25 km resolution. Aerosols at convection permitting
scale (4 km resolution) shows similar results with more regional variation and differences
in precipitation changes due to presence of aerosols. In situ observations and TRMM data
over many stations near to Kedarnath shows that model capture temporal trend and
strength of precipitation with some differences. Model captured the consistent movement
of low-pressure system from central India on 16th to Kedarnath on 17th and further to-
wards western Nepal on 18th, as reported in literature, while it dissipated on 19th. Tem-
perature, pressure, and humidity are also well replicated by model with observation.
Cloud properties such as cloud fraction, cloud top temperature and pressure is also well
simulated by model as observed from satellite.

Model simulation shows deep clouds (above 500 hPa) over Kedarnath and some
other parts over ocean on 16th and 17th. Model analysis suggested presence of aerosols
above 500 hPa which may act as CCN/IC. High amount of RNC and ICC over Kedarnath
on 16th and 17th suggest the role of aerosols in heavy precipitation event over Kedarnath.
Some the stations showed 100 mm/day increase in rain due to presence of aerosols, most
of the stations showed ~+40 mm/day difference. Average profile analysis shows unusual
presence of aerosols over Kedarnath and significant changes in rain and ice concentration
number in presence of aerosols. The effect of aerosols on precipitation was not only lim-
ited to CCN and IN in clouds, aerosol-radiation feedback makes significant alteration in
precipitation. Analysis of CAPE, CIN, vorticity and helicity show positive feedback of ra-
diation in the region where precipitation was high and negative effect on the area where
precipitation was less (Fig. 1d). Himalayan orographic lifting, fast moving monsoon due
to low pressure generated from 15th — 18th June 2013, active westerlies, and aerosols effect
on cloud formation due to direct as CCN/IN and indirect radiative effect made this event
so devastating. Further detailed analysis of such system is necessary to understand verti-
cal transport of aerosols and its” effect on cloud properties and convection dynamics in
the Himalayan region.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1:
Domain of simulation at 25 km resolution, domain of simulation at 4 km resolution (red box) and
Kedarnath (black dot)., Figure S2: Rain rate over Uttarakhand, nearby Kedarnath and over Kedar-
nath average for annual, monsoon and June month., Figure S3: Difference of Extinction Coefficient,
rain and ice concentration profile over Kedarnath during a) 16 June and b) 17* June from WC25,
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WRE25 simulations., Figure S4: Difference of Extinction Coefficient, rain and ice concentration pro-
files over Kedarnath during a) 16t June and b) 17% June from WC4, WRF4 simulations (WC4-
WREF4)., Figure S5: Effect of aerosols on a) CAPE, b) CIN, c) helicity and d) vorticity at 25 km reso-
lution (WC25-WREF25) during 17t June., Figure S6a: BC1 concentration at 850 hPa from 14t - 19t
June 2013., Figure S6b: BC1 concentration at 500 hPa from 14" - 19t June 2013., Figure Sé6c: BC1
concentration at 300 hPa from 14t - 19% June 2013., Figure S7a: BC1 volume flow on 17% June 2013,
25 km resolution (gif)., Figure S7b: BC1 volume flow on 17% June 2013, 4 km resolution (gif)., Table
S1: Average rain rate (mm/hr) over Uttarakhand, Kedarnath and nearby area for the period of 1998-
2014 from TRMM., Table S2: R? of precipitation from different simulation with observed precipita-
tion from in situ and satellite observation., Table S3: Aconcentration for different aerosols and A in
absolute percentage in model column and at 850 hPa, 500 hPa, 300 hPa for 16" and 17** June 2013
over Kedarnath at 4km resolution.
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