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ABSTRACT

Cloud Aerosol Intersction and Precipitation Enhancement Experiment (CAIPEEX), an Indian
MNational Experiment was carried out during 20092015 in three phasss with 2 focus on tha agrosol-
cloud-precipitation Interactions in the premonsaon and meansaon environment and to derive useful
guidelines for cloud seeding purpose In situ observations of aerosel, cloud micraphysics and
associated thermodynamics and dynamlcs were carried out with this campaign There have been
several research papers in refereed journals and data that was collectad during the campaign Has
contributed significantly to the understanding of cloud mitrophysics in different envirenments
over the Indlan fegion These obsarvations are used at procass level undesstanding and develap ment
of process paramsiarization Vertical profiling of aerosol and cloud microphysleal properties W as
carried out for the first time over India during CAIPEEX and revealad insightful understanding én
the warm rain process and its link with subcloud asresols, rain drop formation, ice nucleation elc

Keywords @ Asrostls cloud microphysics: raun drop farmation, ice nucleation

1. Introduction

Cloud Asrosol Interaction and Precipitation
Enhancement Expenment (CAIPEEX) s an Indian
naticral sxperiment with a focus an the research
and applicatlon aspecis of processes in the
premensoon and monsoon clouds The twe main
objectives of the. CAIPEEX program wers g) te
addrzss the physics and dynamics of asrosal
cloud-pracipitation intaractions and b} to formulate
a8 scientific basis for rain formation and rain
enhancement using theé recent cloud seeding
tachnologies. Indian Insiitute of Tropical
Meteorology conductad a cloud seading expanmeant
in the 70's durng which ne definfte conclusions
could be made on the efficacy of seeding. CAIPEEX
was formulated with the understanding that
mansoen rainfall Is heterogensous in space and
time and in spite of axisting rain bearing clouds,
several locations in India experience drought
conditions during the monscan season. The
CAIPEEX program benefitted from the recent
technolegical advances of in situ absarvational
capabllifles to measure cloud and asrosol
mlcrophysics, The main résearch amphasis on
serosals in India has been on its direct sffect and
CAIPEEX is first expariment to investigats the
indirect efiect of aerasels in mensaon clouds: The
basis for cloud droplet and rain drop formation in
monsoon clouds and how asroseol pellution
influences thesa processes has been addressed
in CAIPEEX

2. Observations

Airborne observations of cloud microphysical
paramsters. azrosol size distribution, cloud
candensation nuclel (CCN) concentrations and
environmental parameters such as temperaiure
humidity and winds were camizd out with thz help
of a twin engine Piper Chayene pressusized aircraft
in 2008, which was exploratory 2xperiment for bwo
reasons. | hiswas to survay the asrosol, CCNand
cloud droplet characteristics ovar diffarent pars of
Indiz and to identify a sultable focation to conduct
cloud seading experiment (Kulkarnizt al . 2012 for
details). Dusing the Phass |l of CAIPEEX (during
2010-2011), airborme observations were conducted
with Hyderabad as the base station and ganerally
continental clouds were observed Total of 670
hours of ebservations were carried out under
varying asrosol poilution conditions over these two
phases of the 2xpariment (Phase | in 2005 and
Phase Il jn 2010-2011) CAIPEEX 2011 alsd
Incivded an Intsgrated Ground Observational
Campaign (IGOC) which has made ground to cloud
layer obsservations pessible in anr integrated way,
addressing the thenrmedynamical and microphysical
aspects of canvection over the fes side of Westem
Ghat The information en CAIPEEX and data and
avallablity s at' the website Hhitp//
Wy tropmel res Inf~caipeay/ '

The main focus of CAIPEEX so far was on the
scientific aspects of cloud-asrosolprecipitation
imteractions and the objective with the cloud seading



could be addressad only With the help of collocated
C-band radar. We have cellected 3 few
ohsarvations which have already been discussed
in the report provided at the wabsite http !/
www irapmet res in/~lip/Bublication/Scientific-
Hepers/SR-15 pdf  Formulation of guidelines will
require marz number of observations with aircraft
and collocated C-band radar

The understanding of cloud and precipitation
iormation i essanfial for acourate weather and
climate modeling, where representation of clouds
introduce one of the bigges! uncedainties: Recent
IPCC ARS report states that "Cloud and asrosaol
properdies vary at scales significantly smaller than
those reselved in climate modeis and cloud-scale
processes raspond to asrosol in nuanced ways at
thess sgales Untll  swubgrid-scale
parameterisations of clouds and aerosolcloud
interactions are able to address these issues,
model estimates of aerosol-cloud interactions
and their radiafive effects will carry large
uncertainties”. Data collacied In CAIPEEX field
campaign address these aspecis.

3. Aircraftand Instruments

Details of the aireraft and instruments used in
Fhase | of CAIPEEX have already been described
in Kultkamietal,, (2012, CS), The A=ro Commandsr
5904 (South African Weather Service BAWS) was
used as the CAIPEEX:l research aircraft in 2010
grd 2011, Theinstruments were chosen (Fig. 1) to
have most gaccurate messurements of cloud

particles that have a range of sizes, shapes. and

concentrations. It was noted that water and ice

coexisted in several of the chservations mads in
deep cumulus elouds and mare instruments were
added in 2011 campaign to have detailed and
reproducible obsarvations. Cloud hydrometeors of
differant size and shapes were measured in situ
by aircraft Is invaluable for cloud micophysics
studies. ' '

Cloud droplets (<50 um)were measured with
a forward scattering probe (FSSP was used in
Phase |l and COP in Phaese | and I} Optical aray
probes are used for larger particle sizes which
provides images for size and shape which nesd to
be processad later to danive vanous parametsrs of
interest These ara CIF. PIF and 20-C prabes
having different resolution and ranges asillustrated
in the Figure PMS Forward Scatter Spectromatar
Probe (FSSP-100. 3-47 um), Cloud Asrcsal
Spectromatar (CAZ 0,550 jim), the Clopd lmaging
Probis (TIF, 25-1650 um) Precipitation Imaging Probs
(FiP), Ligquid Water Content (LWC) hot-wire probe,
the King LWC hot-wire probe twe dimensional sisren
probe (20-5° 10-1280 ¢ m)were used in the campaign
Pacsive Cavity Aerosol Spectrometer Probe (PCASF:
D 1-3 um) and CCN counter was used (o
tharacterize tha subcloud aerosol size distribution
and CCN zoncentration The nucleation mode
aerpsol size and conceniraiion were measured by a
high ftow differential mobility anaiyzer (DMA; 0.02
lo 0.47 pm)in 2011 campaign
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Fig.1 Summary of various: instruments usad for serosol, cloud droplet rain drops. ice particla size
gistributions (OMA . Differantial Maobllity analyser PCASP Passive Cavity Aerosol Spectrometar

Probe . FSSP Forward scatiern

specirameter ptabe, CAS, Cloud Asrozol spectrometar, COP

Cloud Oroplat Proba CIP. Clood n'iaghEg;mbE. 2D-5; 2D sterso cloud proba, PIP; Precipitation

imaging Probe) fram 4 phases of CAl
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The single engine Ayres Turibo Thrush aircraft
was used as a seader aireraft |t could disperse
salt micrepowder and had flare racks that camy 20
hyaroscopic or glaciegenic flares The aircraft was
alse instrumented with & PCASP, FS5P, CCN
CPC_LWC and AIMMS probe during 2011
CAIPEEX. '

Beechcraft King Air B-200 aircraft was hired in
the Phase Il with the cloud physics and aerosol
nstrumeantation as illustrated in Figurs 1, in addition
fo the LTC. Total Water conteni probe (TWC),
AIMMS and seveial instruments such as Cloud
Combination Probe (CCP), Chemistry of asrosol
and precipitation particles. CROS gas analysars
were instaiiad by HTM

4. Droplet Size Distribution in
Premonsoon and Monsoon Clouds
Fig.2 gives an example of asrosol and cloud
drapletsize distribution obsarvation during
CAIFEEX It may be noted that the obsarvations
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Fig 2 Asrosol size distribution (a) outside cloud and
cloud dﬁgl&t - precipitation and ice partlcle
size distribution (b) measurad in a congastus
cloud The combined size distribution = from
various probes. There is ‘.I'EI"L good
agreement batween the differant probas.

irt the size ranges from 0.01 to 10000 pm requires
different instruments as illustrated 2arkier The size
distribution from various instruments alsa has an
averiap, which indead demansiratss the quality and
reliability ofthese obsarvations

The indirect effect of asroscls was not
addressad in any of the sbservational campaligns
prior fo CAIPEEX. |n palkited conditions, with mare
aerosol partlicles droplet size J= much smallerand
spectrum is narrower as collision-coslescance is
suppressed as comparad to the cleaner conditions.
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Fig 3 The variation of cloud droplst number
concentration in  the premonsocon,

tramsitien and  monsoon  perieds
(indicated with boundary layer water

vapot) The sbservations corr nding
to hazy conditions are indicated in the
figure. The droplet size distribution in the

premensgon (FRE1, PRE2) and monsoon
cloud [MONT, MON2, MON2) showed
gradual change from the single mode to
muitiple modes in tha conditions during
the monsoan LM{TNE, MON1) with high
aeresal (from Prabha st al . 2012 JGR)



Droplet size distributions (D5Ds) in highly
polluted premonsoon clouds are substantially
narrower thap DSEs (Fig 3) in less polluted
monsoaon clouds High DED dispersion is
afiributed 1o the sxistence of small cloud
droplets with diameters less than 10 um, found
at all levels The prasence of small droplets
lead to the bimodal spectra (Fig 4), which was
more pronounced with the polluted mensoon
clouds Observational evidence for incloud
activation was presanted It was found that such
multipie modes are attributed to incloud
aclivationfevaporation of  particlesicloud
droplets (Prabha et al, 2011, JAS) The
secandary modes In the dropletl slze
distribution as [llustrated In the Figure 5.
Incloud activation may be the pressence of
interstitial aerosol particles in clowd updrafis
and there is high liguid water in the polluted

clouds close fo its top This study emphasizad
the need to include asrosol processing in cloud
maodels, where aerose| activation is designad
only at cloud base

Monwal etal (2012 JASTP) Nustrated the cloud
dropiat size distribution affactive radius ever
geographically different locations in India. The drop
size distrlbution was wider at elevated layers and
the sffective radius Increased with helght Nair =t
al., (2012, AR) illustrated varieus cloud
microphysical parameters in the premensoon
transition to menscon and active menseon
conditions

Padmakumari et al . (2012 lJRS) comparad
the space-bome lidar (CALIPSD) and radar

(CloudSat) together with the alrcraft
observalions [Fig &) Similar features of aerosol
layering and cloud paramsisrs are obssrvad

by both aircraft and CALIPSEG. The CloudSat
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Fig 4 Varigtion of droplet size distribution in the downdrafis (left) and updraiis (right) fiom Cloud Droplet
Proke (CDP) and the Cloud Imaging Probe images of cloud droplsts. graupsl and supsrcooizd
droos in the monsoosn cloud Theiegénd islabeled with Time. Height, droplet number coancantration
liquid water content. sffeciive radius vertical velocity quasistationary suparsaturation and adiabafic
fraction. The mixed phase nature of these clouds was illustrated for the first time with in situ
observations. (derived Prabha et al 2011, JAS)
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Flg.5 CloudSat-and aircraft-derived cloud microphysical parameters such as (a) droplet numbar
concentration, (b) liquid water content, and (c) droplet effective radii. (The bars represent spatial
variation alﬂn%ﬁpecrﬁc lzvel Different symhbols are given for CloudSat, each symbol representing

refrigvals atd

=rent neighbouring Iat-long coordinatzs close to the aircraft profiled area along the

<atellite track ) (Derived from Padmakumarl et al | LIRS 2012),

profiles of liquid water content, droplet number
concentration, and effactive radii &re

underestimated when compared with the

corresponding aircraft profiles 1t 1= also
iltustrated that there is possible dust aerossls
acting as ice nuclel
5. Process Parameterization

A simple paramstenzation for cloud dropiet
effective radius, useful jn the numercal modals was
proposed from CAIPEEX observations of 2009
INairstal 2012 AR) Alinsar relationship batween
the cloud dreplet number cenceniration and
adiabzatic fracilan (2 measure of miving between the
cloud and fts snviranment) was suggested as @
simple farmulation that will be Useful for large scale
madels to predict cloud droplet number
concentration, when cloud liquid water content only
is diagnosed Filter samples collacted an the
CAIPEEX gircrafl are analysed in a thermal
gradient diffusion chamber (TGDE) (developed at
Pune University ) designed to process the ice nuclsi
(IN)zample. IN activatzed by deposition mode over
ic2 supefsaturation of8-24% and ata temperature
rangs of -18.5 ta~13.5 aoC were found to be less
than 5 L-1. These samples correspond to first
observations at savaeal vertical lzve:s including the
cloud layer and over savers! geagraphically distingt
ipcatiens in India during the mensgen season
These observations illustate that the Meyers IN
parameterization currently used in the numerical
madels gverestimate IN concentration at all

supersaturations by an order The simulations
indicats that this can have a slgnificant Impact on
the-spatial distribufion of mixed phase and ics clouds
prediclions.

6. Rain Drop Formation in Monsoon

Clouds

The effactive radius in developing cloud
increases with height and it becomes more thana
critical effective radius when the cellision
coplzscance bacomas very effective The helght
of this critical effective radius (12-14 um) depsnds
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Fig. za&b Verical variation of sfieclive radius
{6, wartical llne Is eflective radiuys
thrashold for warm rain initiation 12 pm)
shows that warm rain initiated atl lowsr
heights over the Bay of Bengal compared
io moderatsly pﬂl‘ruled peninsular land
region and wvery (giht polluted Inda
Gangslic F'Ealn'-"- f Higher CCN

increases ths warm rain depth (b) and

presance of Giant CCN (GCCN; indicatad

size of symbols. color is mass
noarmalized reflectivity) reduces the warm
rain depth. Each point in the plot is an
observation from CAIPEEX (derived from
Konwar at al,, 2012 JGR).

lingarly on the asroseol concentration at the cloud
base as (llusirated from CAIPEEX and several
other fisld campaigns around the world (Freud 2t
al  2011) Incrsase inwarm rain depth with asrasal
Aumber concentration (Figure 8] in several cloud
observations durnng CAIFEEX has besn illustrated
by Konwaretal,. (2012 JGR).

___ lthas been further illustrated from the 2D and
30 bin microphysies simulations (Khainatal | 2013,
JGR) and CAIPEEX obsarvations that the height
of first raindrop formation in mensoon clouds
depends linearly on the droplet number
concentration at cloud base, First raindrops form
in sfightly diluted cloudy volumes at the tops of
bubble cores First rain formation is determined
largely by the basic eondensation and ceflisien
meachanisms in ascending adisbatic volumes
These resulis aiso indicated that we can pradict
the height of the formation of first rain drops
considering the processes of nucleation, diffusian
growth and collisions Thiz idea has lead to the

10

formulation of an autoconversion parametarization
rsing CAIPEEX observations

7. Cloud Microphysics inthe Premonsoon
andMonsoon Cloudsand Dispersion

In polluted conditions. with mere asrosaol

pariicles. droplet size js much smaller and

spectrum is narower as collision-cealescence
is suppressed, compared te the cleaner
conditions A simple parameterization for cloud
droplet effective radius useful in the numerical
modals was propesed from CAIPEEX
abservations of 2009 (Nair et al, 2012, AR).
The asrosol effect on cleud mlcrnph]rﬂicai
proparies and droplet gisparsion
characieristics were addressed by {Pandithurai
at al., 2012 JGR. Prabha st al . 2012b JGR) It
is shown that the enirainmenl effect can
drastically influgnce the draplet dispersion and
Is heterogenzous with helghl. while ralndrop
formation occurrad in the slightly mixed cloud
parcels (Prabha et al 2012b, JGR), indicating
that entrainment sffects did not play a rols in
the raindrop/large drop: formation

The vertical vanation of speciral width and mean
radigs in different aeresal conditions during
maonsgon s Hlustrated in Fig. 7. Mezan radius
ncreases rapldly above cloud base in the clean
monsoon Raindrops form at a lower levelin clzan
manzaon while at elevatad layer in the high aarosol
canditions (indicatad with vartical polating arrow).
Mixing atcloud edges raduces the droplet size and
spactral width, which is filustralad with the adisbatic
fraction (Fig. 7)-Adiabatic fraction is rafic of the liquid
water content measured in the cloud and the
adiabatic 2stimate of liguld water content. The low
adiabatic contant cloud parcals exhibit reduced
droplet mean radivs and spectral width High
adisbatic fraction parcels have maximum spectral
width and meaan radius, Indicating Iarge timplals.l'
drops in adiabatic parcels, also the region for rain
drop formation. The rasults alsoindicate that the
svaporation of cloud dropleis through entrainment
and mixing mechanism ks very impertant and may
lead 10 near linear variation of mean radis with
halght Mesanwhile in adisbatic regions, the draplsat
diffusional growth and collision cealescence
prevails, which lead te @ mose non linear vasiation
of mean radlus with helahtAs avident, the collision
coslescance Is mole active in the clgan monsoon

«clovd at lower elevations In the case of polluted

mansoon cloud, colision coalescence becoms
active at higher lavels.in the cleud
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Fig 7 Vertical variation of mean radius and spactral width of cloud droplet size distribution in thrae different
aerasol environments in moensoon clouds (derved from Prabha et 3l |, 2012 JGR)

8.  Dispersion Effect

Pandithurai et al (2012, JGR) shawed that the
asrosol indirect efiect may be offset by the
dispersion sffect up te 39 % (Fig.8) and this will
have implications to climate/weather model resulls
where dispersion effect is nol ncorporaied

8. Elevated Aerosol Layers and

Mechanism of their Formation

The fine mode (€ 1-3.0 7m) aerosol verical
prafiles up to & km af different regions showed
differant veriical structures mostly Inflisnced by the
atmosgheric boundary layer (ABL) depth as well
as the origin of air mass trajectories and the
presence of clouds (Padmakumarietal 2013, AE)
Elavated asrosol iayers are obsarved during pra-
monseen and during monsoen. Buring monsoon
aerosol number concentration showed strong
vertical gradien! The coarse mode (>3 7m) azrasol
vertical profiles also showed elevatad layers at
higher altitudes due to the incursion of dry alr laden
with dust The spatial distribution shows significant
variation at the elevatad layers as compared to that
in the boundary layer during pre-monsoon, while
high wariability is obsarvad in the boundary layar
during monsean _ _

Spatial and vartical distribution of aerosols near
tha foothilis of the Himaiayas during May 2002 near

"

the foothills of the Himalayas is investigated by
Padmakumari 21 al, {2013 QJRMS) Elevaisd
aergsal layers up 10 4 km (Fig. 9) with varying
concentrations were observad which are atiributed
to sources fram local anthropdgenic activities and
biomass burning, dust from local and lang-range
iransport The asrosdl size distibutions Indicated
increases in both fine and coarse mode asrosols
in =levated layers Single scattening albado profiles
depicted the presence of both absorbing and non-
absorbing type asrosels on different days Clouds
obzzarved above the slevated aszrosaol layers
shawad higher droplet concentrations axcesding
1000 em?3 with smail effeciive radil <8 ?m

The origin oftheze elevaied asrosol layers wars
investigated by Prabha =t &l (20123, JGR)

‘Harizontal filghis acress the Himalayan slopes wete

used to investigate the mechanism that favars
transport across the valley to Tibatan Plateau.
Turbulence measurements fram a horizontal flight
path are used to lllustrate the-scals interactions in
the vartically shearad flow balow the high-level
subtropical westerly j2t Large-eddies that scales 10-
12 km nearthe slopes (Fig 10) could bring pollution
from the vallsy to the Tibetan Plateau through a
circulstion adhering to the slopss. Thers is a
subsidance ragion away from the slopes could
contribute to the bulld-up of pollution in elevated
layers gver the Plains. The vertical velocity and
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tempelature sp=cfra from ressarch flight dats

showed dlear indlcations of (-5/3) slope in the
measoscale range. A conceptual understanding of
the flow in the region close te the foot hills and iis
role in the disfribution of aerosol and cloud
condensation nuclei was illustrated in this study
CAIPEEX absarvations together with WRF-
Chem modsl simulations was usad to investigate
the dust emission from Thar dasert and its rale in
the zlevated azrozol layers and warming and
subseguent influence an the cloud microphysics
of propagating systems from BoB during mensoon
enset of 2009 [Dipu st sl 2012 AE) Itis abserved
that asrosol loading increasad over the cantral
Indian region In spite of the increase in surface
rainfall, atiributed to Increase In slevated iayer
agrosols (2-5 km lavel above surface) The origin
and influence of elevated aerosal layer have been

investigated with the help of WRF-Chem

simulafions by conducting sensitlvity experiments
for dust emissions based on erodible fraction avet

H

=
-

the Thar Desartregion afiriputing to enhanced dust
ernissions by a factor of 125 This rasulted In an
increased radiative heating in the slevated layers,
which lzads to an increase in the ice muing ratio
and lce waler conlent associzted with the monsoon
onseliFlg.11) Itis llustrated that even natural dust
smissions {without changes in anthropogenic
=missions) may alsa infiuence the spatial and
tempors! distribution of cloud and precipitation and
the hydrological cycle:

Special resaarch flights carried out on 18 and
20 Getober 2011 In the Bay of Bangal in the vicinity
of & depression lllusirated the aerossl-cloud
interactions over marine anvironmant (Cashpande
et al . 2013 AR) The conceniration of altken/
accumulation made parficles was high a2t 500 m
above <ea surfacs level over the ocean after the

passage of the deprassion. Thay attributed the

source of these paricles and their subseguent
growth at about 200 km from coastline to oxidation
of dimethyl sulfide (BMS) hecause of upwelling of
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Fig 10 Horizontal distribution ef vertical velocity at § 6 km above mean sea level {a) CAIPEEX flight

tracks are shown with fhick line, alse indicates regiens of (i) gravity waves across slopes along
CAIPEEX fiighttrack . [ii) gravity waves away from slopes, (i)} strong updrafis on the slopesin the
packets (jv) downdraft area on the summit. [v}{narraw convective Updrafts and wide downdraits
on the Platzau. The vertical velocity specira from the CAIPEEX aircrait is comparad with high
resolution model [g% (¢) shows a conceptual u’ndemtand?dg gerived from CAIPEEX observations
and numerical madal for the asrosol spatial distribution and transport across Indo Ganges Valley,
(Derfvad from Prabha et al | 20125 JGR;)
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y incr2asing Dust emission from Thar Desen (d) The
to wel trans:ﬂcm during =nd of May 2009. it shows that

natural emissions itsalf can cantribute to a radiative-dynamically dmen differances in the
precipitaiion and cloud fields. (derivad from Dipu et al , 2012 AE)

the deap ocean water during the depression and
umhmpugﬂm: aerosals transpr:rtaffmm inland. No
evidence of increasing particle coneentration and
grawth has been sbsarved at about B0 bam from
coastline fowards southeast

Pariicle size distribution In cloud freezone (CFZ)
and cloud shadow zone (CSZ) and the radiative
forcing:associated with them wersa investigated by
Konwar &t al.. (2015, JGH). It was shown that
extinction coefficient decreases with mcreasing
distances from the cloud edges. Large deviations
of effective radius of particles from their mean
values are observed in highly humid conditians
however thare was positive comelation with relative
humidity indicating sweliing of asressls in humidifled
environment (Fig.12), Mean radiative surfacs
foreing [SF} and top of the atmosphers (TOA)
forcing in the cloud free zone (CFZ) and cloud
shadow zane (CSZ) indicated that mean surface
cooling may be increasad b),r 4% due 1o the
aerosols in thenzar doud regions and mean TOA
forcing was increased by nearly 20% in the Cloud
shadow region

10.  Vertical Profiling of Black Carbon

Vertical variation of black carben (BC) play an
impertant rale in the direct and indirezt =ffect by
acting 8s an ahsurhlng aerosal or as cloud
condensation orice nuclel which help formation of
couds CAIPEEX ebservations of BC conducted
over two locations were used lo Invesiigate the
aerosal induced radiative farcing {or central India
to the north and the pristine oezan to the south to
llustrate the north south asymmetry in the heating
{Mangj et al., 2011, CD) in that study, a seminal
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Fig. 12 Combined serosol size distribution from
Passive Cavity Aerosol Spectrametar
Probe (PCASP, 01 to 3 ?m) and Cloud
‘Aesrosol Spectrometer (CAS 0:-5-50 7m)
(derjved from Konwar et al | 2015, JGR)

rale played by the absorbing aerasols in the
transition from break to active spells was illustrated
through modification ofthe norihi-south tamperaturs
gradient al lower levels.

Safal etal (2012 STE; Nustrated that the BC
obssrvatiens onboard the aircraft from Bangatore
and Hydsrabad BC mass |padings decreased
monaotonically from 103 to 104 ng/m3 at the surface
to ~102 ngfm3 atan alitude of about 7 km; although
fayers at Intermediatz levels containing
anomalously high BC loadings were frequently
enceuntzred thel were attributed mainly to the
convective transpoft fram surface sources
accompanied by changes in the local boundary
layer-and atmospheric stability. The presence of
8C in clood in the ragions: where clouds are
absarvad have important Implications for cloud
microphysics and subseguent rainfall mechanism
over this region Apart from this, the effecis on
human health are =qually important

Aircraft observatians on vertical prafiles of Black

Catbon [BC) observations conducted during

CAIPEEX lin monrsoon 2008 over Guwahati, in the
Srahmaputra River Valley (BRV) region. NE India
was llustrated by Rahul et al | (2013, SR) They
notad that surface/near surface loading of BC due
to anthropogenic processas causad & healing of 2
K/day The large-scale Walker and Hadley
atmosphernc circulations gssociated with the Indlan
summear monsoon helped In the formation of &
second layer of BC in the upper atmeosphers.
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‘Elevaled layer of BC generales an Upper
atmospheric heating of 2 K/day with the lofting of
BEC asresols.

Simultanecus aircraft observations of Black
Carbon (BC) mass concentrations and cloud
microphysical parameters were used by Paniker
stal, (2014, AE} to lllustrate possible ‘semi direct
effect’ orthe cloud buming effect (Fig 13) Elsvated
pollution fzyers of BC (concentration exceeding 1
?g m-3) observad resufied in instantansous vertical
heating rats inducad by BC in cloud lavers:to be
265 K day-1, leading to a significant reduction in
the measured cloud fiquid waler content (LWE) over
the site BC stimulated hesting was found te be
reducing the cloud fraction (CFR) and may be
mntriﬁuthg to 2 "cloud hurning eﬁi&'q [Seml| diract
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‘Fig 13 Flight tracks from Varanasi (8-30th Sept
2014) and from Juhu Afrport during the
CAIPEEX Phase Il campaign



effect)” over the reglon. The estimated
instantaneous BC induced radiative forcing In the
cloud regime was+12 7 ta + 45 1Wm-2 during the
experimenial peried This large warming and
reduction in cloudiness can decrease the
precipitation aver this vulnerable region

11. Rainfall Characteristics over the
West Coast and over Western Ghat

The machakism responsible for high rainfall over
the Indian westcoas! region has been investigated
by studying dynamical, thermodynamical and
micraphysical processes over the region for the
monsoon season by Mahashkumar etal (2013
€D} The moist adiabatic and multi-lavel inversion
stratifications wers esisting during the high and low
rainfall spells, reape:ﬂvely In the moist adiabatic
stratification regime, shallow and dEep canvective
clouds coexist The low updrafts (as Indicated by
CAIPEEX observations) provided sufficient time
required forwarm rain processes o oroduce ralnfall
from shallow clouds. The updrafts at the high
spectrum-end go abovs freszing leval to generata
ice particles produced dube to mixed-phase rainfall
process from dezp canveclive clouds

Suppiession of rainfall aver the rainfail over the
rain shadow region was dlscussed by Konwar 2t
al, (2010 ACPD) from CAIPEEX observations
Low rainfall avet the rain-shadow region of Westem
Ghats = Investigated by Narkhedkarstal | (2015
CD) Theynatzd that convargance at 850 hPa and
divergence at 400 hPa level s due to dynamical
forcing and generates high frequancy of occumencs
of congestus clouds These congestus clouds are
continental and have high cloud basss and have
targe number of small draplets. The high cloud
bases reduce the depth of warm region In the cloud
leading to an insfficient warm rain process. The
thermodynamic structure showed dry surface leval
and warm and meist middle troposphere with
tongues of dry air and multileva! invarsions which
have been atiributed to advection of asmsol-rich
dry air. They lllustrated the integrated impact of

these factors IS to produce low rainfall averthe rain-

shadow region ofihe north peninsular indla.
CAIPEEX Aircraft obssrvations pver the WG
revealted that forced updraits foster rapid
condensationa! grewth of cloud droplets, triggerning
coaiescanca process within few hundred meters
of cloud depth (Konwar et al., 2013, JGR), giving
the idea that the clouds are dynamically forcad Bi
and mano-madal drop size dislribution ane obsarved
during light and heav;u' rainfall respectively. With
shallow storm heights, small raindrops mainly
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contribuite o both types of rainfall The DSDs ars
paramstarized and thelr radar reflectivity factor-
rainfall intensity refationships wers evaluaied.
suggesting the dommance of collision-coalescencs
processes

12. CAIPEEXPhaselll

The CAIPEEX FPhass Il was planned o taks
place in two parts Fart!in 2014 with-an emphasis
on convective clouds and their vertical structure
during the course of the monsaon season and
investigating the convection invigoration by
aerosols. Beechcraft B200 aircraft was hired with
zseveral staie of the art s2rosol and cloud physics
instruments In 2014, the Phase Ill of CAIPEEX was

conducted in the Ganga Basin with Varanasi as

the base Tha main ohjective of the sxpariment was
fo investigate the hypothesis that peoliution may
h"u.llg::irate clouds. The gmund basad observational
netwark in this region by varicus research groups
adds value 1o the albarne observations to bring it
to & regional campaign There was a special
emphasis in the program fo make chemistry
measurements in clouds, which cauld not bs the
focus of earlier CAIPEEX |and Il campaigns

The Phase Il of CAIPEEX started in May 2014
with a set up of ground based and alrbarne
sbservations staried an 9th Sept 2014 The alrcraft
abservations togethar with the ground based
obzervations were conducted during 2014 48

‘Hours of alrbome observations ware conducted

from Viaranasi during the Phase lIl. Ground basad
cpsarvations were conducted frem the rural
campus of Banaras Hindu Univessity. The Phase
Il also camied out saveral aeresol and precipitation
chemistry measursments on board the alreraf such
as Particlz in Liquid Sampler (PILS), Phote Acoustic
Extinctiometer (PAX) for bleck carbon
measoramanls, Cavity Ring Down Spectrometsr
(CRDS) for CO2, CH4, CO and H20.

HTM ha=s a High Altituds Cloud Physics
taboratory (HACPL] at Mahabaleswar, whers in
situ obsarvations of clovds are conducted with
gieund based observations and with X-band and
Ka-band radars. 26 Hours of akbome observations
viere carried out in 2014 In coordination with the

‘HACPL and Radar observations. Phase [lldatais

currently undergoing comections.

It was also proposed to conduct the cloud
seading 2xparimant in 2015-2016 as part |l of Phass
it .experiment Hewsver, ip coflect more

randomized samples sa that scientifically based
guidelings for the cloud sesding can be derived
there Iz requirement for 3 C-band radar  CAIPEEX



Phaza ||l experiment l= continuing in Varanasi with
detalled airborne obssrvations and ground bassd
observations Invesligaling aerosci-cloud
intaraction.
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