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1 Background and Motivation of CAIPEEX

Indian Summer Monsoon Rainfall (ISMR) shows langeiiannual and intraseasonal
variability. Spatial distribution of coefficient efariation of ISMR shows values of 40
to 100 % over peninsular India. ISMR is also loveothis region. This region is one
of the most vulnerable regions of ISMR. During Wireak monsoon years, acute water
shortages prevail over the region. To alleviate #twesses generated by water
shortages, cloud seeding experiments for rain es@dmaents have been carried out by
state governments of Maharashtra, Karnataka anchranBradesh in recent years.
Generally, weather modification experiments fonranhancements are carried out
over different parts of the world for a wide vayiaif applications such as water

resource management, hydroelectric power generatidragriculture.

Precipitation efficiency, defined as the ratio lo¢ rate of rain reaching the ground to
the flux of water vapor passing through the cloadéb(Marwitz 1972), ranges from
zero in non precipitating clouds to greater thaityufor short times in very intense
convective systems (Cotton and Anthes 1989). Soirteeoordinary thunderstorms
transform less than 20% of the influx of water vajmbo rain on the ground (Braham
1952). Most of the water vapor is lost in the anwf the clouds. As per the recent
study by Gambheer and Bhat (2000), the active Gbdd occupy about 10% of the
area and the remaining area is occupied by thd elmids. In monsoon season, the
precipitable water at any day at any place is abaurh. Average daily rainfall (84 cm
[ 122) is about 0.7 cm. This simple calculationvgtdhat only 10% of available

moisture is converted into rainfall.

The principles of most, if not all, precipitationfencements hypothesis are rooted in
triggering the precipitation earlier in the cloudjthout allowing clouds to get
transformed into anvil stage or without allowing det dissipated. This eventually
results in improvement of efficiency of cloud piatation.

Precipitation initiation and development in cloutln proceed via several physical
paths (figurel.1) involving various microphysicalropesses that proceed
simultaneously but at different rates, with onehda#coming dominant because of its

greater efficiency under given atmospheric condgio
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Figure 1.1 Various pathways by which water vapdraasformed into various types
of cloud particles and precipitation. Adapted frelmuze (1993, 96).

The efficiency with which clouds produce rain ae thurface varies greatly. The
understanding of these processes is very essémtiedin enhancement programmes.
The subject of cloud seeding for rain enhancemantbe considered as a part of the
cloud microphysical studies. The cloud seedinglie®En a controversial subject from
the very beginning. The reason being the compléxraaof the cloud-rain processes,
lack of ground measurements, limited number of dasytrong natural variability in

the large scale atmospheric conditions etc.

The potential for increases in rainfall using cl@adding is strongly dependent on the
natural microphysics (size and concentration ofewdtoplets and ice particles inside
clouds) and dynamics (forces affecting air motiamsand around clouds) of the
clouds that are being seeded. The microphysicsurim dependent on background
aerosol levels, because it is the aerosol partthkgsattract water vapor to form cloud
droplets, and in cold clouds, ice particles. Furtigre, the types and concentrations
of aerosol particles can be influenced by tracegdise., air pollution). Given these
dependencies, the microphysics of clouds can dignificantly from one
geographical region to another, and even betweaross in the same region. In
some instances, clouds may not be suitable forisgedr the frequency of
occurrence of suitable clouds may be too low torardrthe investment in a cloud

seeding program. Both factors need to be evaluatactlimatological sense.



It is therefore essential to understand atmosplagtosols and pollution levels and
their effects on the microphysics and dynamicsattirally forming clouds. This will
help to design the seeding experiment subsequéithe targeted measurements and
additional data show sufficient evidence for clotm®e positively affected by cloud
seeding, the cloud seeding techniques should teexvbluated using a randomization
procedure to statistically demonstrate that thelisgemethod works, and to quantify

any possible increases.

The variability in ISMR has been due to many nogdirly interacting physical

processes associated with the ocean-atmosphedegiamosphere linkages. The local
topography also adds complexity to monsoon vaiitgbilOn one hand the

climatological mean summer monsoon rainfall showsbaist feature with mean ~ 84
cm and SD of 8 cm which provides enough evidencexadtence of adequate CCN
distribution and rainfall processes to occur ndlyir&Vhile on other hand, there are
break monsoon conditions, in which these naturadlgurring rainfall processes are
inhibited because of large scale processes. Eveimgdbreak conditions a good

amount of cloud population is present however fiagyto precipitate.

The basic assumption by which the seeded cloudsl @nhance the precipitation is
that they accelerate the collision-coalescencegz®through introduction of seeds of
larger diameter which modify the droplet size speuattowards larger droplet sizes.
Though it looks simple, there are number of poavisr which our understanding is in
adequate. Therefore it is very difficult to isoldie effect of the seeding in naturally

growing clouds.

During the weak monsoon conditions, there have lbleemands for the cloud seeding
operations for rain enhancement. The operatior@arammes carried out in the last
few years by various state governments were nansfically planned also no

observations of environment as well as clouds weken. Hence no conclusions

could be drawn regarding the impact of the seeding.

The positive results in Indian Institute of Tropiddeteorology (IITM)’s past cloud
seeding experiments have been taken as the bastarfying out the operational
programmes. There are many factors which limit gise of these results in the

present scenario. During the past 30 years, #feedllTM’s experiments, there are



large changes in the atmospheric constituents duanthropogenic activities and
increase in pollution (aerosols) levels.

In this situation there is a strong and urgent nieeda definitive and authoritative
conclusion to be drawn primarily for the scientifieasons to understand different
pathways and secondarily to provide science bagiglhigce to state governments and
other social organizations who consider seeding sslution to mitigate the drought

conditions.

A coordinated sustained national programme of clewdies designed to reduce the
knowledge gaps in the cloud microphysics is reqguifdoud seeding experiments can
be a part of major cloud physics programme. Forresfing the questions stated
above, a carefully designed experiment with all theud microphysical

measurements along with the large scale atmospbeniditions in which the clouds

are embedded is required. Aerosols play an impor@e in the earth-atmosphere
energy balance and cloud formations. Thus additignthere are requirements of

aerosol observations for understanding aerosoddlateractions.

To address these problems, special cloud, aerbsareations over different parts of
the country are essential. In this regard scientnd technical resources in the
country are required to bring together to have laseovational programme to focus on

the key uncertainties in aerosol distribution aaid formation processes.



2 Cloud- Aerosol Interactions

2.1) Introduction

Understanding of clouds, aerosols and their intemacis very essential for

conducting the precipitation enhancement experim&he interactions occur both
ways, clouds influence the aerosol distribution a®tosols influence the cloud
distribution. Aerosols play important role in affieg the individual clouds as well as
large scale atmospheric fields through their aliser@nd reflective properties. Large
scale atmospheric conditions are determining fadtmrthe formation of convergence
and divergence patterns which in turn are respta$ibp cloud formations and further
growths.

Cloud physicists have traditionally designed cloads‘maritime” and “continental”
based on their microphysical characteristics. Madt clouds contain small
concentrations of (about 50 to 100 tntarge droplets and continental clouds contain
larger concentrations of smaller droplets. Theetddhce has been due to the large
differences in the concentrations of cloud condeosanuclei (CCN) over land and
ocean. Maritime clouds precipitate easily by wammcpsses, whereas coalescence is
often suppressed in continental clouds, which oftene to grow to supercooled
levels to precipitate by cold processes. The boynidger air is drawn into the base
of clouds during the formative process. The boupdayer air, as well as free
atmospheric layer air is clean over oceans whataasvery much polluted over the
continents. These large quantities of aerosol aunagons are the source of large
number of CCN in continental clouds. The continergarosol concentration is
extraordinarily variable. Therefore it is prered@scondition to have knowledge of
CCN and aerosol concentrations in different typéssymoptic conditions during

monsoon season.

Aerosol affects clouds by modifying the large seaa@ironment through changing of
energy balance of the atmosphere. Numerical exyets from general circulation
model (GCM) have suggested that atmospheric ctiomlaanomalies induced by
black carbon from coal burning may be a cause 0§ ferm drought over northern

China, and excessive rainfall over southern Chind bdia (Menon et al 2002).



Recently Ramanathan et al (2005) showed that onaté change time scales, as a
result of blocking of solar radiation reaching teerface by aerosol i.e. global
dimming, the earth surface cools, leading to a gmbdpin-down of the tropical water

cycle and eventually weakening of Asian monsoon.

Lau and Kim (2006) have shown that aerosols plggicant role in the subseasonal
variation of the monsoon activity. They proposEtevated Heat Pump’ (EHP)
hypothesis. In simple terms, it may be stated‘i@sliation absorbed by aerosols at
upper levels acts as heat source for the atmospbieculation”. They showed that
increased loading of absorbing aerosols over Indog®8tic Plain in pre monsoon
season is associated with (a) increased heatintheofupper troposphere, with a
formation of a warm-core upper level anticyclonesiothe Tibetan Plateau in April
May, (b) advance of the monsoon rainy season itheor India and (c) subsequent
increased rainfall over the Indian subcontinent daedreased rainfall over East Asia

in June-July.

During break periods, westerly anomalies are oleseowver Indian land mass from
surface to middle levels. These westerly anomadies associated with the large
concentrations of Arabian desert aerosols. Alsotduack of precipitation, the soil
over Indian land region becomes dry and serves@ase of dust and aerosols. Thus
there is large amount of loading of aerosols dubrepk monsoon conditions. There
is lack of understanding regarding the space-timgilution of aerosols during the

phases of monsoon season.

2.2) Aerosol studies in India

Direct radiative effects of aerosols have beenamasly understood over Indian sub-
continent after INDOEX experiment (Jayaraman et18098, Moorthy et al. 2004,

Pandithurai et al., 2004, Pant et al., 2006, Rathanaet al. 2001, Satheesh and
Ramanathan, 2002; Singh et al. 2005, Tripathi e2@0D5). Observational study of
aerosol indirect effects (i.e. aerosol-cloud intéoms) is almost none over the Indian

sub-continent.

IITM developed a unique long-term dataset of adresdical profile over Pune using

a bistatic Argon ion lidar and established a cloi@agy. A study has been made to



understand role of aerosols by correlating the presoon aerosol loading with

ensuing monsoon rainfall (Devara et al., 2002; Peed al., 2003).

ISRO GBP initiated a programme on the topic “Atnfusgc aerosols, Radiation and
Climate Effects” to understand the sources and omitipn of atmospheric aerosols
and their role in modifying the climate. Understiproject, ISRO organized 3 major
campaigns on atmospheric aerosols to charactenzenatural and anthropogenic
sources for bringing out national level aerosolagdtdepth (AOD) maps of the whole
country on a periodic basis. In addition to thealosources by virtue of their
atmospheric dwell time of 7-10 days and transpootnf the marine, continental
sources as well as inter-continental transport makeomplicated in understanding

the aerosol transport and composition over theaimdegion.

In the above direction, ISRO-GBP has undertaken abils pilot land aerosol
campaign during t28" February 2004 covering 15,000 km road length inthgern

India through participation of 10 national instituts.

As a follow up of this pilot land campaign ISRO GBRjanized another campaign
over Indo-Gangetic plains (Hissar, Delhi, Agra, Kan Kanpur, Allahabad, Nainital,
Jaduguda and Kharagpur) through continuous measutsrof aerosols for a period
of entire £'- 31% December 2004. During these campaigns, verticilgs of black
carbon aerosols were obtained in Hyderabad and itamph NRSA aircraft and IIT
Kanpur aircraft, respectively (Moorthy et al., 2004ipathi et al., 2005). In addition
to the above campaigns, ISRO conducted an intejcampaign for aerosols, gases
and radiation budget (ICARB), a muli-instrumentemulti-institutional, muilti-
platform field campaign of ISRO-GBP. In the aboegperiment, segmented
approach was used to obtain the spatio-temporairrdtion, which will then have to

be integrated. Accordingly, the ICARB had thedualing segments:

The land segment — comprising of a national netvedr&kerosol and gas observatories
spread across the mainland and islands (spread Trormvananthapuram to Kullu,

Patiala to Dibrugarh, and islands, Minicoy and MBbatir)

The ocean segment — constituting extensive and futlgredesigned cruise

measurements over the Bay of Bengal (BoB), Tropladian Ocean (TIO) and



Arabian Sea (AS), during the same period, and

The air segment — making measurements of theagtipuofiles of aerosol parameters
and trace gases, from different coastal and infdatlons, around regions covered by

the network/ cruises as close as possible to tier oheasurements.

The above experiment was conducted during pre-nmmsod the campaign period
was selected based on the following criteria:

Season during which atmospheric lifetime of ae®sokufficiently long.

The season should have a good probability of cd&groccurrences so that a good
amount of sun-photometer data as well as outdamsaksamples could be collected
over the entire sub-continent.

The season should have a low probability of occueeof weather phenomena like
cyclones and deep depressions, so that the spdisaibutions of the aerosol
characteristics can be reasonably assumed to lpotally stationary.

Precipitation should be weak. They conducted 26esofrom 5 bases (Bhubaneswar,
Chennai, Thiruvananthapuram, Goa, Hyderabad). rumsnts operated from the
aircraft for aerosols included a micropulse lidam, Aethalometer, an optical particle
counter, a scanning mobility particle sizer, aregnating nephelometer, an ozone

analyzer and a GPS receiver.

The above experiments, where in IITM was also ohehe participants, focused
mainly on direct aerosol radiative effects and diot focus on aerosol-cloud
interactions. Hence, simultaneous measuremerdasrosols and cloud microphysics

are essential to delineate the effect of aerosoldauds and precipitation.

Aircraft observations of the aerosol number conediain and size distribution upto
12.5 km were done (Reus et al. 2001) over Indi@mea®@ in the Indian Ocean
Experiment (INDOEX) programme. In Arabian MonsoorpEriment (ARMEX-1)
conducted in August 2002, aircraft observationswhber concentrations of aerosols
have been carried out at an altitude of 6 km by 3aircraft of the Indian Air Force.
The study by Murugvel et al (2005) showed thahattop of the mixing layer, aerosol
size distribution was bimodal or trimodal. Kamraa€{2003) measured aerosol size

distribution over Indian Ocean during the INDOEX winter monsoon seasons of
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1998 and 1999. They observed a large aerosol ctatien ranging between 4X 10
and 16 cm?® over the north Indian Ocean in the winter monseeason. Aerosol
concentrations are much higher towards the nortihe@fiTCZ. The monomodal size
distribution of the particles observed near coastiradually becomes more and more

organized into bimodal distribution as one procdeat® north to south.

2.3) Cloud Microphysics studies at IITM

IITM in 1967 launched well organized programmeslaiforatory experiments and
field studies aimed at understanding the micromsy®f convective clouds and
precipitation mechanisms. A 3-cm weather radar watalled at Rain and Cloud
Physics Research (RCPR) unit Delhi in 1967. Siheetime RCPR has been engaged
in conducting radar observations of clouds to (ijvesstigate precipitation
characteristics/mechanisms in monsoon clouds, d@yelop a method for radar
estimation of rainfall by comparing the intensity mdar echoes and the rainfall
measured by rain gauges, and (iii) evaluate cleedisg experiments. The important

results obtained under this programme include:

» During the summer monsoon season at New Delhifrédggiencies of occurrence
of warm, cold and mixed (warm and cold) rain preessare 41, 16 and 43%
respectively. The contributions of rainfall to tlseason’s total by the above
processes are 1.8, 52.6 and 45.6% respectivelyaf@eand Ramana Murty,
1984).

* Analysis of radar observations made during 195&!8@wved that about 46 % of
the convective clouds in the Delhi region had eaitextent exceeding 6 km and
might be of cumulonimbus type. Convective cloudshwibps exceeding 6 km
occurred on maximum number of occasions during Ei&y minimum number of
occasions in December. In about 95% of the conwectioud the height of cloud-
tops was limited to 12 km and in about 0.7% catexdéeeded the tropopause.
The maximum echo-top height observed was about20 k

* A study relating to 28 cases of clouds during tlearyl981 suggested that the
growth and decay rates of clouds were in the rary8.3 m/sec and 1.7-15.3
m/sec respectively. The average duration of comeecatlouds was about 40

minutes.
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* Comparison of 24-hour point rainfall as measuredraéin gauge and radar
indicated that out of 106 point-measurements, radder-estimated the rainfall in
73 cases and over-estimated in 33 cases.
Besides precipitation, many cloud microphysicalapaeters like drop size spectrum,
liquid water content, phase of hydrometeors, vaktiotion in cloudsare of much
interest which can be derived from the radar measants. Non-precipitating
clouds, however, are usually poorly detected atviheelengths used in operational
radar networks. These can be better studied hehigequencies at which cloud size
hydrometeors respond. Light precipitation can alsmbserved at higher frequencies.
Even in phenomena involving heavy precipitatiorghhfrequencies are suitable for
observation at close range, as light and portabl#ars are available in these
frequencies which have several advantages for cluhgkrvations at short range.
These radars emit low power, which is adequateusecaf the high reflectivity and
short range, and are light and small and are plertabhey have high sensitivity at a
short range like 10 km. They have quite narrowntieand spatial resolution as high

as a few meters with a small antenna and are feattafl much by the ground clutter.

The Ka band (8.6 mm wavelength; 35 GHz) radar leas lextensively used for cloud
and precipitation studies. Pasqualucci et al. (19@8eloped a radar in this band with
linear and circular polarization capabilities fdowd and precipitation studies. The
attenuation is a linear function of the LWC whiadnaherefore be determined, as the

contribution from hydrometeors.

IITM has proposed a study of characteristicgheftropical clouds during different
phases of convection over the different land statiby employing the mobile Ka
band radar system in the 11 five year plan. Foetstdnding the large scale flow and

cloud —atmosphere interaction, X band radar is pteposed.

12



3 Precipitation Enhancement Experiments

3.1) Indian Status

In India, cloud seeding studies started immediatdlgr the pioneering work by

Vonnegut (1947). Initial attempts in the clouddiag were made at Kolkata in 1952
by late Dr. S. K. Banerji. The technique consistédlispersing seeding agents like
salt and silver iodide by means of hydrogen fillelloons released from ground.
Some attempts were made by Tata firms in 1951dd suds in the Western Ghats
region using ground based silver iodide genera®@PR unit of IITM carried out

randomized warm cloud modification experiments tigito salt seeding during 1957-
1966 in north India. The results of the rainfalabysis showed statistically significant

increases by about 20% on seeded days (Ramana dhdtBiswas 1968).

Randomized salt seeding experiments with fixedrobtérget design were conducted
using ground based generators at Tiruvallur (Teewilr) during the SW and NE
monsoons of 1973, 1975-1977. The results of thegergnents suggested an increase
of 32% during SW monsoon and decrease of 17% diiBgnonsoon (Pillai et al.
1981).

The effect of massive salt seeding on warm maritbon@ulus clouds has also been
studied. A few clouds were seeded using aircrafthiwi50 kms of the coast of
Mumbai during monsoon seasons of 1973 and 1974n@tnese experiments radar
and in-cloud electrical, microphysical and dynarhicdservations were made
(Chatterjee et al 1978). The radar observationscateld increases in areal echo
coverage, vertical extent and echo intensity folfmthe release of salt particles into

the clouds.

3.1.1) Randomized experiments

(a) Delhi Experiment

Two major randomized warm cloud seeding experimemse carried out in India.
The first experiment (Delhi experiment) was carmed during 1957-66 in the Delhi,
Agra and Jaipur regions located in the plains othweest India. Seeding was carried

out during the summer monsoon months of July tote$eper when the prominent
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clouds were cumulus and stratocumulus with thgdstoot exceeding the freezing
level. A fixed control - target design with day damization was adopted for the
experiment. A brief summary of the design and tretaitk of the seeding

methodology used in the experiment are describdiaeifiollowing.

The areas of the target and control sectors ithifee regions varied between 450 and
1270 knf and the density of the rain gauge network varfethfl gauge per 50 - 300
km?. Seeding was carried out either by spraying frbeground a dilute salt solution
using power sprayers and air compressors, or byngus finely powdered mixture of
salt and soapstone in the ratio 10:1 (Biswas gi867). The median radius of the salt
particles was 5 um. The estimated dispersal ratieeasource was approximately 2 x
10" salt particles (radius 5um) per second. The cbafrd target areas were defined
upwind and downwind of the central seeding locaiand comparisons were made
between the rainfall in these two areas for sedd@ladyet) and not-seeded (Control)
days. Seedable days were selected on the basisrtainc meteorological criteria,
particularly in respect of low cloud amount, winkdear and humidity in the lower
levels. Days on which rain occurred frequently onttuously were not considered
as seedable days. Hence, it is unlikely that thwfaih recorded in the control and
target areas could be from the tall convective dfoextending well above the
freezing level which involve ice phase. The aboypdthesis is further corroborated
from the results of the analysis of 7287 aircradparts of the meteorological
observations of monsoon clouds collected during8194951 which indicated that
more than 90 per cent of the low cloud-tops lieobethe freezing level during the

year in India (Pramanik and Koteswaram, 1955).

The results of the statistical analysis indicated@ase in rainfall on seeded days, on
the average, by about 20 % significant at less tharper cent level. (Biswas et al.,
1967, Ramanamurty and Biswas, 1968). Radar obsemgabf the precipitation
development in the clouds in the target and corgtreas were also made during the
later part (1961-65) of experiment. The resultshefradar observed cloud areal echo

coverage indicated an overall positive result eBsding (Chatterjee et al., 1969).

Delhi experiment has apparently provided the gsiedisevidence to show that salt
seeding may have modified the precipitation in espif other limitations, e.g.,.

ground-based generators used for seeding, ladkegbhysical evidence in support of

14



the seeding hypothesis. These limitations have loksgussed by Mason, (1971),
Warner, (1973), Cotton (1982). Warner (1973) adgtat the results of experiment
are ambiguous particularly due to the lack of thgsical evidence in support of a
hypothesis that precipitation from warm clouds barnincreased through salt seeding

technique.

(b) Pune experiment

In order to verify the statistical results obtalnffom Delhi experiment and for
obtaining the requisite physical evidence for therrw cloud seeding hypothesis, a
well designed randomized "Warm Cloud ModificatiorpEriment" with good cloud
physical measurements programme was carried oMiaimrashtra State, near Pune,
during the 11l-summer monsoon seasons (1973-74,-88)/9rom hereafter this

second Indian cloud seeding experiment is refdoes Pune experiment.

A DC-3 aircraft instrumented for cloud physical ree@ments was used for seeding.
The physical measurements carried out in not-seédedtrol) and seeded (Target)
clouds were used for documenting the warm clougameses to seeding (physical

evaluation).

Design

A cross-over design having two sectors with a buifiebetween has been adopted.
The three sectors have been designated as NorthSgNjth (S), and Buffer (B)
sectors (Figure 3.1).

15
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Figure 3.1 Area of Pune experiment
The area of each sector is 1600%kim the crossover design paired target areas are
set-up and either area is seeded at random (ardamézation), in each test event, the
unseeded area serving as the control for that eVéetdata are obtained in the form
of two series. One of the two areas is kept astarga series and the other acts as
control and vice-versa for the other series. Tliecebf seeding can be obtained from

the root-double ratio (RDR) which can be expressed

| I
N! S!
RDR =
NNS SNS

whereN and S denote the average rainfall in the North and Smetttors and the

subscriptss andns denote the seeded and not-seeded days respectiVabn the

16



North area (N) is allocated for seeding (Targetyespondingly the south area (S) is
allocated for not-seeding (Control). Before the omncement of the experiment in
each year a series of random numbers (Fisher ates,Y8953) was taken and used
for the allocation of the seeding of the North &mel South sectors. Each series used
for the experiment in any year was subjected toloanization tests for avoiding any
possible bias due to the repetition of the setrean experiment of sufficient duration
the root-double-ratio provides an estimate of #etdr by which the mean rainfall has
been increased by seeding. The expected value virmuttdose to 1.0 if the seeding
has no effect.

The cross-over design minimizes the noise of therah variability because the
fluctuations of the rainfall in the seeded areasdame extent, get neutralized by the
parallel fluctuations in the highly correlated amhtareas. Pair wise randomization
scheme is employed with the cross-over design fewemting possible chain of
seeding events over the same area, to mitigateettststence effect and thus prove its
sensitivity and efficiency (Moran, 1959). This dgsiis considered to be the most
efficient and requires a high correlation betwe®a rainfall of the target and control
areas. The provision of the buffer area of the saizeeas the target and control areas

would ensure any possible effects due to contamimat
Experiment Area

The experimental area is located on the Lee-sidbeiVestern Ghats in the Deccan
Plateau region at about an altitude of 550 m. &hisut 40 km east of Pune £B2' N,
73 51'E, 559 m asl) and about 120 km from the westst@t Bombay. The
experimental area is perpendicular to the westeidysoon flow and it consists of
three sectors North, South and a Buffer in betwd#entarget and control sectors
(Figure 3.1). The dimensions of the North, Soutt #re Buffer sectors are identical.
The total area of the three sectors is 4806, km

Meteorological Conditions

The experimental area is located in the path ofntfemsoon westerlies. Prominent
weather developments take place in the region wihere is a trough of low pressure
off the west-coast. The region also experiencegathiwhen the axis of the monsoon
trough in the mid-troposphere (2.5 to 3.5 km) iwmeatied along a more southerly
latitude (1§ - 20° N). The experimental area is situated in the samdi-zone on the

17



lee-side of the Deccan Plateau with the averagaamainfall less than 60 cm. About
80 per cent of the annual rainfall is received migirthe summer monsoon season

(June - September).

Rain seems to fall primarily from the clouds bel8wo 4 km. Once the monsoon is
established, the cumulonimbus clouds are pracfieddsent. The freezing level in the
experimental area during the summer monsoon mastas about 6 km and a large
majority (more than 90 per cent) of the clouds di reach higher than 5 km
(Pramanik and Koteswaram, 1953). Hence, the dorhir@n-forming process in
these clouds is the collision-coalescence procHsste are apparently a number of

occasions when the warm cumulus clouds formingénrégion do not give any rain.

Rain gauge Network

In the Experimental area 90 standard type metegicdbrain gauges were installed
and their distributions in the three sectors of Experimental area are as follows:
North Sector (36), South Sector (34) and Buffen (20 the North and South sectors
of the Experimental area, the density of the raingg network is about 1 per 40 %m
and in the Buffer sector it is about 1 per 80°kithe above rain gauge network was
installed and maintained by the India Meteorologizepartment (IMD). The 24-hour
daily rainfall data recorded by these rain gaugesewobtained by the IMD. After
scrutiny checks for the reliability of the rainfallata by the IMD, the data were
supplied to the Institute for the statistical as&yand evaluation of the results of the
Experiment. The 24-hour rainfall measured from 0804. of the given day (seeded)
to 0800 a.m. of the next day was used in the aisalyarious investigators envisage
the possible after effects of seeding and theretbeeinclusion of the night following

a day with seeding does not seem objectionabler(iday 1980).

Rainfall Correlations

Historic rainfall data were available for 6 rairuge stations located three each in the
North and South sectors of the experimental aréar po the commencement of
experiment. The six rain gauge stations are pathefnational network of the rain
gauge stations maintained by the India Meteorolddiepartment. Monthly rainfall
data obtained from these 6 rain gauge stationghi®r24-summer monsoon (June-

September) seasons (1946-62 and 1964-70) were fasdle computation of the
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correlation coefficients (Table 3.1). Mary Selvatak, (1978) evaluated the chances
of detection of the prescribed increases in thefallidue to seeding with a specified

degree of confidence.

Also, daily 24-hour rainfall data obtained from t@@ rain gauge stations located in
the experimental area (North sector 36, South s@tpand Buffer sector 20) on the

284 days of the cloud seeding experiment carrieédiorng the 11-summer monsoon

seasons (1973, 1974, 1976-86) were utilized to cwenthe correlation coefficients

and the results are furnished in Table 3.1

Table 3.1 : Rainfall correlations of different &&s (North, South and Buffer) in the
Experimental Area

Sectors Correlation| Statistical Details of rainfall data usefl
Coefficient || Significance || for Computations
(level-%)
North x South 0.7 0.1 Monthly rainfall data fpr

three stations in each seclﬁr
for 24-summer mMonNsoo
seasons (1946-62, 1964-7()

North x South 0.8 1.0 Daily rainfall data of the 9(
(when north is rain gauge stations in thg
seeded) experimental area for the
North x South 0.8 1.0 days of the experiment qf
(when south is 11-years (1973, 1974, 1978,
seeded) 1979-86)

The results of the correlation coefficients (r) tiwardarly those relating to the daily
rainfall data of the 90 rain gauge stations in éxperimental area i.e. (r) between
North x South when the north and south sectors weegled (0.8 significant at less
than 1 per cent level) can be used as an evidencad similarity in the rain regimes

in the experimental area.

Seeding Techniques and Evaluation Methodologies

Simpson (1978) stated that successful weather matidn experiments share three
outstanding features, namely persistence throudéasat two phases, often requiring
more than a decade, some type of predictive todtratification and a relatively

uncomplicated cloud and / or evaluation situation, by strong target control
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correlations. The classical approach to obtainssizl significance in the face of
high natural variability is to increase the samgilee. However, programmes where
either the understanding of the complex procesmds/ ar the experimental design
were poor, even a hundred years of unevolving naniwled experimentation would
produce merely additional inconclusive or unintegictable statistics. A
supplementary alternative which can mitigate thea size requirement is to make
use of information relating to the concomitant ahtes, i.e. early identification of
stratifications, covariates or predictors. Withaatrly identification of concomitant
variables, the randomization or operational evamatwould probably fail.
Incorporation of a stratification in experiment idg@scan often make the difference
between significant versus inconclusive results ifixed time limit experiment, or

alternately can save some years of expensive enpetation.

Most of the successes in weather modification overge part of their achievement
to identification of concomitant variables, eittarthe outset or after an exploratory
phase of the experiment. It would be satisfyingh& predictor or stratification

variables arise either from clearly understood msysr model simulations. For the
physical understanding and testing of the warm cleonodification hypothesis,

seeding and evaluation methodologies consistingegliential stepwise programmes
to test the applicability of warm cloud modificatidwypothesis, predictor variables

and model simulations are to be adopted.

In view of the factors mentioned above the follogviwo types of seeding techniques
have been adopted depending on the type of distiibwf clouds present in the
experimental area on any day of the experiment. détils of the two types of

seeding techniques are described in the following.

Area Seeding Technique (Total Target)

On any seedable day when the experimental areavexed with a large number of
stratocumulus and cumulus clouds with verticalkhess of 1 km or more and cloud
liquid water content of 0.5 gm Tthe area seeding technique was adopted. On these
days of the experiment the seeding material wasaseld into the clouds at a slow
rate, (10 kg per 3 km flight path) at a height bbat 200 - 300 m above the cloud

base, so as to treat as many clouds as possibéesd@dding material used on any
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experimental day for the area seeding coveringuhele target area was about 1000
kg. As all the clouds in the target area were sgatlés designated as the 'Area
Seeding Technique'. The estimated concentrationthefsalt particles artificially

released into the clouds during their seeding enattea seeding days could be 1-10

per litre of cloud air.

The flight path followed for this type of seedirgjin the form of a loop covering the
40 km width of the target area in about 12 longiadtracks viz., 6 tracks during the
forward direction and 6 tracks during the retunrediion of the aircraft flight covered

in the target area (Figure 3.2). The seeding operatommences a few kilometers
(about 5 to 10 kms) upwind of the western bordetheftarget area. This distance is
determined by computing the time required for tla@sport of the seeded clouds into
the target area under the prevailing westerly wiolsany seeded day. Similarly the
seeding was terminated at a similar distance ab&#ue eastern border of the target

area in the downwind of the experimental area

EXPERIMENTAL SECTOR

Figure 3.2 The track of the seeding aircraft

The above procedure followed for the seeding ofctbads in the upwind area would
facilitate the transport of the seeded clouds th®target area and produce rainfall

which can be recorded by the rain gauge networktéatin the experimental area.
Cloud Droplet Spectra

The aircraft observations of the cloud droplet sf@eobtained from 50 pairs of the
control and target clouds were analysed and the tamiations noticed in the control
and target clouds are shown respectively in Fig@8sand 3.4. The cloud droplet
spectra obtained in the first aircraft penetratiere compared to those sampled after

15-20 minutes following seeding. As seen from tigufe there is a marked increase
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in the concentration of the large size cloud drfppslius 20um) in the case of the
target clouds as compared to that observed indhé&a clouds. This observational
evidence corroborates the warm cloud seeding hggatithat salt particles released
artificially during the seeding of the target clsubdave transformed into large size
cloud drops which facilitate precipitation formatithrough the collision-coalescence
process. The average concentration of large sedctirops with diameter greater
than 50 um observed in the control clouds decrefiset0.187 crit to 0.073 crif in
about 15-20 minutes. Similarly the average conegiotr of large drops in the target
clouds, increased from 0.063 €rto 0.200 crif in about 15-20 minutes. The average
Median Volume Diameter (MVD) in the control cloudsreased from 9.8 um to 10.0
um (2% increase). Similarly in target clouds, twerage MVD increased from 8.7
pum to 11.7 um (increase of 34.8%). The above resuifjgest that the hygroscopic
particles released into the target clouds havestoamed into large size cloud drops
(diameter greater than 50um in about 15-20 minut@k)wing seeding and could
enhance the collision - coalescence process leattinghe early onset of the

precipitation / increase in the precipitation a#itcy / rainfall.
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Liquid Water Content

The aircraft observations of the cloud Liquid WaBemtent (LWC) obtained from the
control and target clouds using the JW-hot wiretrumaent were analyzed. The
observations of the LWC obtained from 60 pairs oftool and target clouds were
considered in the study. The maximum values of LMW obtained from the control
clouds were compared with the maximum values oL¥WME obtained from the target
clouds of identical physical characteristics. Aseatly mentioned earlier, the target
clouds of identical physical characteristics werdested on random basis and
repeatedly seeded. The maximum values of the LW(& wecorded in about 10-15
minutes following seeding. The average values efltWC in the control clouds was
0.6 gm n? (standard deviation 0.11) and that in target clouas 1.0 gm i standard
deviation 0.17). The above results suggest an aseren the LWC of 40% in the
target clouds which is significant at less tharef gent level. The increases noticed in
the LWC are consistent with the preliminary resoléndividual cases of seeded and
not-seeded clouds reported earlier (Murty et &75).

Vertical Velocity
The observations of the vertical air velocity obé&d from the 50 pairs of control and
target clouds were analyzed. The aircraft flighitide was maintained constant while

collecting the above observations and may be reptasve of the conditions at the
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cloud-base level. The maximum positive values & thaft vertical air velocity
obtained from the target and the control cloudsewsrmpared. The average value of
the vertical velocity in the control clouds was 3set" (standard deviation 1.0) and
that in target clouds was 4 m Je(standard deviation 1.1). The above results sugges
an increase of 33% in the vertical velocity of theget clouds following seeding.
Conclusiors

The results of the 11-year Indian warm cloud madiibn has clearly emphasized the
need for the physical understanding, sequentiatidpment in the clouds. The results
suggested that warm cloud responses to seedingitically dependent on the cloud
physical characteristics e.g., vertical thicknessl diquid water content (LWC).
Clouds with vertical thickness greater than 1 ki@ greater than 0.5 gmfrwhen
seeded with salt particles (modal size 10 um; aainagon 1 per litre of cloud air)
produced increase in rainfall of 24 per cent sigaiit at 4 per cent level. Shallow
clouds (vertical thickness less than 1 km, LWC lgmm 0.5 gm ) when seeded
showed tendency for dissipation. The cloud physiteervations made in not-seeded
(control) and seeded (target) clouds have provitade useful evidence to test the
applicability of the warm cloud modification hypetis. Results of the cloud model
computations suggested that moderate convergenibe atoud-base is essential for
the cloud growth and development of precipitationthe real world. Hygroscopic
particle seeding of warm clouds under favourableadyical conditions (convergence
at the cloud-base level) may result in the accetereof the collision-coalescence

process resulting in the enhancement of rainfall.

However, subsequent reanalysis of the rainfall dgt&nanthkrishnan (unpublished

report) did not support the findings of 24% inceeasrainfall.

Therefore these results are required to be takemiocsly. The atmosphere is a
continuous changing chemical laboratory. The distron of the aerosols changes on
all time and space scales. With this view poinT;MIs past results can not be
considered universal and therefore can not be tak®nbasis for operational

programmes in the present situations.
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3.2) International Status

The present cloud seeding programmes use modetruritents, air crafts, new
seeding methods, radars, satellite observationsnanterical models. Typical set up
of the present cloud seeding experiment is showigure 3.5 ( from WMI site). Few

details of these are described in the appendix.
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Figure 3.5 Typical set up of the present cloud sepelxperiment (from WMI site)

During past ten years, cloud seeding has receivednawed interest. This has
especially grown due to the reported positive tesiibm randomized cloud seeding
experiment in South Africa using hygroscopic flarésis has led to many other
programs around the world to consider these tediesigfor their research and
operational work. A review of cloud seeding expemts to enhance precipitation
has been given in Bruintjes (1999), WMO (1999) Bndintjes et al (2003). As these
experiments have triggered the interests of saEntll over the globe, it seems
pertinent to understand these experiments in rafleéails. With this view, South

African and Mexican Experiments are presentedisidéction.
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3.2.1) South African Experiment
The seeding hypothesis postulated in South Afresgreriment was:

“Hygroscopic seeding at cloud base accelerategthwth of large hydrometeors in
the seeded clouds, which harvest more of the dlaisupercooled water before it is
expelled into anvils by the strong updrafts ther@igreasing the efficiency of the
rainfall process” (Mather et al., 1997)”

The experiment designed to test the hypothesis caased out during October to
March of 1991 to 1995 using following equipmentieTair crafts “Weather Bureau
Aero Commander 690" and the “Water Research Cononis®VRC) Commander
500S” were equipped with seeding racks attachetidaear of the engine nacelles.
Each seeding rack held 10 1-kg flares, which wésetecally ignited from a firing
panel in the cockpit. The aircraft "WRC cloud plogsiLearjet” was used to make
microphysical measurements at around -10°C levbbth natural and seeded clouds.
The experiments were conducted within about 100r&dius of the two C-band
radars located at Bethlehem in the Free State amdli@a (near Nelspruit) in the
Eastern Transvaal (Figure 3.6). Both the radareweerated in volume scan mode,

collecting a complete scan about once every 5 min.

Carolina

Bethlehem

SOUTH AFRICA

Fig 3.6 Two research areas in south Africa. Thieles are centered around each
radar and are 200 km diameter.
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3.2.2) Design of South African Randomized Experimén

The experiment was designed in conjunction withGeater of Applied Statistics at
the University of South Africa (Unisa). Two sefspaired envelopes were prepared
at Unisa, one for the Bethlehem and other for Neisgxperiment. One set of each
of the pairs was held in the two seeding aircrafisunching criterion was the
appearance on radar of two or more separate eetxoesding 40 dBZ. After take off
the seeding and cloud physics aircrafts were dicetd the cloud of interest (usually
the strongest echo). On finding a suitable updtht, pilot of the seeding aircraft
would confirm with radar operator that the seleatémud is seen by naked eye and
aircraft radar. With the above conditions fulfillethe pilot would declare a case
(decision time), at which time the radar operatould open the envelope randomly
and communicate the decision to the seeding pitai would open his envelop. The

possible combinations and outcomes are listed IeTA

Table 1 Seeding instruction strategy employed t&emsure that the radar operator

and cloud physics sampling pilots were “blind” agreatment (seed or no seed).

Radar Seeding aircraft Action

Seed No No seed

Seed Yes Seed
No seed Yes No seed
No seed No Seed

Since the seeding pilot did not reveal the contefitiis envelope, both the radar
operator and the cloud physics aircraft crew wel@dbas to the treatment,
eliminating any possible bias in the collectiontbé radar and cloud physics data.
Whatever the outcome, the seeding aircraft staygd the selected cloud for a
minimum 15 minutes after decision time. After cdetipn of the operation, a second

cloud was selected which was at least 20 km away the first cloud.

3.2.3) Results of the randomized South African Expenent

In the 5 year period (1991-1995), there were 1X&sa62 seeded and 65 controls.
The statistical analysis was carried out on tharaerived parameters such as cloud
duration, volume, echo heights, rain masses etthédsloud size and duration varied
largely, the data was divided into quartiles foe tanalysis purpose. Thus data

becomes free from the contamination of the redwltsutliers. The first quartile is the
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value that, when the data are sorted in ascenditgy,cone quarter (25%) of the data
lies at or below this value and three quarterstier above it. The second quartile or
median divides the data in half and third quatiée at the value at which 75% of the
data lies at or below this value. The three questdf the rain masses of the seeded
and not seeded clouds in 10 minutes time windownfaecision time (t = 0) are

shown in fig 3.

Table 2 shows the one-tailed p values calculateggbthe null hypothesis that the
mean of the seeded clouds is larger than the mietre @ontrols. The difference is
found statistically significant. The analysis fouriat the smaller clouds are
apparently responding to treatment first, the sdaprartile next and the third quartile
last. It is a physically realistic result, sinceetlength of cycle from release of the
seeding material at cloud base to its effect ogipitation growth aloft to rainfall on

the ground should be proportional to cloud size.

e =11 :

== = = Mo Sead

Rain Mass (ktons)

Minutes from Decision

Fig 3 Comparison of the first, second and third quastdéthe seeded vs the control
clouds. Note that the seeded clouds peak latelmtithégher rain masses than

their unseeded counterparts.
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TABLE ! Numbers of seeded and control storms in 10-num time windows esther sade of decision time and the p values for the differences
(seeded mumus control) of the three quartiles. The p values of 0.10 or less are in bold, The pumber of stornys that are missng and have zero
ram mass and the 0% confidence hmits for the differences (kton) are shown 1n parentheses.

Number of storms

Tise Seeded Control Cre-tailed p values
window
mn)  (>0) (b (O (=0 Mg () 0 0. )
-10twd 60 (1) (n 59 (1) () 0.22 0.20 034
(-8 41 (38, 69) {—60; 102)
01010 61 (0) (1) 60 m (4) 0.16 0.28 025
(8 62) (—38; 76) (93 1658)
0020 6 (0 @) s @ 0 0.06 0.33 057
(3: 69) (-3 118) (—145: 168)
Wiadd 36 {1 (5) 50 W) {13) 0.03 0.12 0.40
(& 47) (=34 145) (=114; 238)
Wiedd 48 (1) (13 m o {19) 0.02 0.03 0.10
(& 17) (34 175) (~59: 138)
Weesd 42 @ g @ @ - 0.01 0.006
= (34: 176) (T2 417
0060 37 W o 3 ® 69 - 0.03 0.02
= (24: 8T) (28; 385)

3.2.4) Bigg’s Independent Evaluation of South Afrian Data

In the past, Israel experiments with glaciogenseds (silver iodide flares) were held
highly successful. However, reevaluation of theaday Rangno and Hobbs (1995)
showed that the naturally higher precipitationhie horth target area on seeded days
have been considered as seeding induced changeus dlhim of increase in
precipitation due to seeding was rejected. Theeeféor demonstration of
enhancement of precipitation due to seeding unegaily, the data has to be
analyzed thoroughly and independently. With thigeotive, Bigg (1997) evaluated
the cloud seeding results of the South African expent independently. He

identified following problems / shortcomings in tbeginal analysis.

3.2.5) Problems encountered in South African Expement

The analysis by Mather et al.,(1997) suggestedtkizaie was little difference between
rain masses in seeded and unseeded storms unilirBGfter seeding. Since the
hypothesis demands increased precipitation effigien the first 10 min or so after
seeding but gives no reason for increased perfarentrereafter, there appears to be a

discrepancy between theory and observation.

* The comparison for times before decision times inasfficiently detailed to
give a clear picture of whether seeded and comimids had similar past

histories on average.
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* Some indication of the variability in rain massegma period before seeding
commenced would have given a better perspectivéhendifferences that

followed seeding.

* The use of arithmetic means for comparison allowee results to be

dominated a few large storms.

» The use of 10 minute interpolation did not také fulvantage of the available
data and could not give a clear indication of wkeaded and unseeded rain

masses diverge.

* The storm tracking algorithm of the radar softweoatained restrictions that
caused some large storms to be lost. The causbs@nd its influence on the

statistics require discussion.

The discrepancy between theory and observationdcbelexamined by using total
storm mass (cloud water plus precipitation) instezfd rain mass. Improved

precipitation efficiency should cause a measuraddiiction in this quantity relative

to unseeded clouds after first 10 min due to rgront of the cloud water. At the

same time the rain mass should show a measuratiease relative to unseeded
clouds.

A comparison of cloud masses exceeded by 75%, 5@P2%% of clouds at any time
from decision time was made. The comparison @@idiland ¢ of Bigg ) showed
that the initial bias of the seeded clouds was k&doThe life times for small clouds
were prolonged by 10 minutes and 20 min of largenss. The rain mass showed a
small peak (fig 2 of Bigg) during 10 min after dgon time that was consistent with
the “enhanced coalescence” hypothesis. The inciaaséh mass was observed in the

seeded clouds.

Then he considered the ratio of cloud mass M(tjna¢ t after decision to the mass
M(0) at decision time. There was almost exact agere between seeded and control
cloud mass ratio in the 10 min preceding decisiomet The difference became
significant after times ranging from 13 to 26 mifhis new way of analysis strongly

supported that the seeding had a noticeable affectoud mass and duration.
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A further statistics that was used was the propodi rate of change of mass. In this
cloud masses were normalized. The comparison batseeded and control clouds

supported the hypothesis.

In conclusion Bigg remarked that the reanalysiswgigdifferent statistics strongly

reinforced the conclusion of Mather et al. (1997).

3.2.6) Independent reevaluation of South African Eperiment by Silverman

Silverman (2000) independently analyzed the datadsting the seeding results. In
the experiment, the design was changed after tihe ylear by lifting the limit on

convective cloud system size and limit on numberflafes per convective cloud
system. Mather et al (1997) considered all tleglsgy data from both the locations.
How appropriate was to combine data from the twacgd? Silverman (2000)

addressed these points in his analysis. He cond lilnde

The evaluation of cumulative rain mass as functériime is consistent with the

Mather’s finding with quartile analysis.

There was no indication that larger cloud systemEkvwere included because of the

change of the design affected the results.

Bethlehem cloud systems responded more favorabseénling than Carolina cloud
systems did. The reason stated that the proximitfCarolina to Indian Ocean,

provided clouds with maritime nature.

Seeding has no effect on cloud systems whose vellereeed 750 kin(roughly
9X9X9 km size).

3.3) Mexican Precipitation Enhancement Experiment

The promising results of the South African expeninigd to a new program in
Mexico. It was conducted from 1996 to 1998 usingtBdAfrican hygroscopic flares
and in the similar fashion. A four year program vpagposed consisting of physical
studies and a randomized seeding experiment. Duaheadirst field effort in 1996

(July-October), the emphasis was on establishimg itifrastructure and operation

procedures for collecting data to assess weathatitbtens and cloud microphysical
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characteristics in Coahuila. The program was cotatliin the state of Coahuila in

Mexico bordering central Texas.

A C-band radar was used in the study. The Thunol@nskdentification Tracking and
Nowcasting (TITAN) software (Dixon and Weiner 19983s used for the display of
radar data and aircraft position in real time fo purpose of directing the operations.
TITAN was also used as the automated evaluatiolwaog, objectively defining the
experimental unit and producing time series of dlguoperties for use in analysis.
The aircraft used was Piper Cheyenne, twin engirtoprop airplane, equipped with
wing mounted racks carrying 24 hygroscopic flaresl @ basic cloud physics
instrument package.

3.3.1) Design of Mexican experiment

The randomization procedure followed was similathat used in the South African
experiment. The experimental unit was defined asdbud measured by the radar
and tracked by TITAN using a 30 dBZ threshold fdmae period of 20 min prior to

decision time and 60 min after decision time. &wlhg response variables were

chosen:

. Radar estimated precipitation flux
. Total cloud mass

. Cloud mass above 6 km

. Cloud area

. Height of maximum reflectivity.

The hypothesis tested was the value of the respaarsgble larger in seeded clouds
than in the non seeded clouds.
3.3.2) Results of Mexican Experiment

Out of total 94 cases, 43 were seeded and 51 veereseeded. The quartile analysis
showed the statistical significance of increasthenresponse variables in the seeded

clouds. The results substantiated the findingsooitlis African experiment.

In conclusions, these experiments have providedsttientific basis for the rain

enhancement programme. Flare technology has bsed i these experiments.
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However, there are different views and opinionsexegarding alternative ways of
seeding methodology such as ground generatordrethe following section, the
advantages of flares and airborne methods compargobund based methods have

been discussed.

3.4) Advantages of using flares for seeding

There are various advantages of using the flanesdieding purposes. In the past the
seeding material was used to be spread-using fsinfigéd with the aircraft.
Disadvantages of this approach were that large tiigsnof salt were needed and
dispersion of the salt over areas comparable tmadadnflow was difficult. Young
(1996) pointed out that in the past; most of thedsgg material might have been
wasted.

There have been suggestions for ground based tpesiThe seeding particles are
generated by burning organic material in a sméll pbe smoke from it is believed to
go in to clouds and serve as seeding agent. Thibamésm has many pitfalls. Clouds
can occur at any place and the probability of gateel smoke to go to cloud is very
low. The other point is that the atmospheric catioh required must be such that the
smoke without dilation has to reach the cloud bdge. most important thing is that
the seeding material has to go in the updraftoregof the clouds. The ground base
technique can not provide guarantee for smoke i@ lsuch a path to reach the
updraft region in the cloud. Hence ground baseHrtigjue can not be considered an

alternative for flare based technique.

Another alternative suggested is the spray of tagewfrom the top of the clouds.
This approach is difficult to implement as verygaramount of water will be required
to be taken up to high levels in the atmosphereoreldver, no literatures regarding
rates of successes, methodologies etc of grousedbend water spray techniques are

available in the standard peer reviewed journals.

From the environment point of view, the flare teglogy is very appropriate. The
amount of the salt material spread in one seeditsg ¢s only a few kgs. A simple
calculations show that this amounts to additiofraftion of micrograms in one cc of
water which is very negligible compared with thetunally occurring salt
concentrations.

33



4 CLOUD AEROSOL INTERACTION & PRECIPITATION
ENHANCEMENT EXPERIMENT
CAIPEEX

4.1) Cloud —Aerosol Interaction

CAIPEEX has two components viz. (1) cloud — aerostdkraction and (2)
precipitation enhancement experiment. Understandircloud-aerosol interaction is
necessary for the second component of CAIPEEX.raftobservational programme
has been proposed for this. The programme intendaddress following key

uncertainties in respect with cloud-aerosol inteoas:

4.1.1) Cloud/precipitation microphysics Issues

Understand the background concentration, sizes, @mmical composition of
aerosols that participate in cloud processes. Howieation processes relate to
characteristics of aerosol particle; ice nucleatiemolution of droplet spectra in
clouds; relative importance of drizzle in precipiita processes etc.

4.1.2) Cloud dynamics issues
Understand cloud-to-cloud and cloud-mesoscale antEms as these are related to

updraft and downdraft structures in the cloud arawion, life times of clouds.

4.1.3) Cloud modeling Issues
Problems faced in cloud resolving models for shemin prediction of heavy rainfall
precipitation. The proposed observational cloudymmme will help in validating the

cloud simulations.

4.1.4) Seeding related issues
To study the diffusion, transport and spreadingseéding material and its effect
throughout the cloud volume. The cloud growth, digurocesses in the seeded and

unseeded clouds.
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4.1.5) Cloud variability issues

There is large spatial and temporal variabilityceduds over India. The convective
clouds are predominantly found over Bay of Bengald anorth east India.

Interestingly, over the west coast of India, whietense rainfall occurs, the clouds
are relatively shallow. The rainfall processes uctls clouds are poorly known.
Similarly the diurnal variation of clouds over difent parts of India is not studied in
enough details. Such studies are important from uhderstanding of radiative

balance of the atmosphere in the climate studies.

4.1.6) Aerosol distribution issues

Aerosols perturb the radiation balance of the eamtosphere system via two
different mechanisms viz. scattering and absanptioincoming solar radiation. The
scattering of solar energy increases the earthisepry albedo, thereby cooling the
earth's surface. The absorption of solar energgdygpsols changes the atmospheric
heating rates, thereby influencing atmosphericutation. The indirect aerosol effect
results in modification of the shortwave reflectpy@perties of clouds, increase of the
lifetime of clouds and suppression of drizzle fotima (Kaufman and Fraser, 1997;
Kaufman, 1995; Rosenfeld, 2000, Koren et al., 200¥)curate evaluation of aerosol
radiative forcing is critical because it can couateé the warming effect due to
greenhouse gases (Hansen et al.,, 1998; IPCC, 2@igling of surfaces and
warming of some of upper atmospheric layers dugbtprption of solar radiation by

aerosols could also change the stability and heoeection.

The air craft and list of instruments used in thulg are given in the Appendix.

4.2) Proposed experiment for estimation of poterdl in the enhancement of
rainfall in seeded clouds

4.2.1) Precipitation development in seeded clouds

The continental clouds have high droplet conceimatand narrow droplet spectra at
cloud base. The seeding material is dispersedtiaegion at cloud base. Because
these particles are larger and more hygroscopin tha natural particles, cloud
droplets will nucleate preferentially on the segdvarticles. This inhibits a portion of
smaller natural cloud condensation nuclei from Ilb@iog activated because the

droplets already formed as a result of seeding line maximum supersaturation. The
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result is broader-than-natural droplet spectrumr rdaud base that enhances the
potential for precipitation to develop earlier amre efficiently in the lifetime of
cloud. The seeding effect spreads to other partéooids and enhances the formation

of precipitation by Hallett-Mossop (H-M) process.

H-M process is well established secondary ice ggimer mechanism. The primary
ice generation process is formation of ice crystalsevaporation of supercooled
water and deposition on the ice nuclei. In H-M gsxthe raindrops are frozen when
they reach the freezing temperatures. These frolzeps provide more efficient
graupel embryos than graupel formed through thengmy ice nucleation process.
These ice crystals are circulated in the cloud bwrdiraft and updraft. In this

process they breakup providing larger embryosdanétion of the drops.

4.2.2) Seeding conceptual model and physical hypeisis

Cloud condensation nuclei (CCN) and Ice nuclei @) the particles that form cloud
droplets and ice crystals, a small fraction of whinay eventually form raindrops.
The objective of hygroscopic seeding is to altex ttatural CCN to enhance the
formation of the select few cloud droplets thatdree raindrops while glaciogenic
seeding attempts to enhance precipitation formaftoyn increasing ice crystal

concentrations and buoyancy effects through thezing of supercooled water. Thus,
actual measurements of CCN and the natural drgplettra, and ice nuclei and ice
formation, should be an important objective of fledd program. In addition, ice

processes also depend on the characteristics ofdbé droplet spectra.

The effects of hygroscopic seeding are highly ddpahon the natural characteristics
of clouds and precipitation processes. Physicalsmements are therefore important
in order to assess which seeding technique shoeldided and to evaluate the
potential effects from seeding on precipitationsithus important to design airborne
flight patterns for data gathering to answer imaotrtquestions related to the natural
characteristics of clouds. In addition, aircraftaserements of cloud microphysical

characteristics will provide a better understandifhghe natural processes in clouds.
The aircraft data are important to build a climagyl of microphysical characteristics

of clouds in the region to determine the dominaatipitation formation processes in
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clouds and the effects seeding may have on thesegses. These measurements will

also help to validate the model simulations andradservations.

The measurement / detection of CCN/IN might evdhtuse used in a real-time

operation as a selection criterion for choosinglabie clouds. It could also be used to
assess those conditions when seeding would noxjpected to be effective. Such
measurements will also be necessary during theumnaf a randomized seeding
experiment in order to establish one of the physitks between seeding and

potential increases in rainfall.

Based on the physical chain of events in the deveénmt of precipitation in seeded
and unseeded clouds, the seeding conceptual moddiygothesis for microphysical

propagation of the seeding effect can be statéollasvs:

Microphysical seeding conceptual model

. Hygroscopic seeding broadens the cloud droplettspaear cloud base

. Enhances the production of drizzle in the updedions

. The drizzle particles enter into high liquid wateywC) regions of cloud

. Above freezing temperatures, graupels are formeidhmnhances secondary
ice generation in the clouds.

. The recirculation of drizzle and fracture composesitgraupels provide large
size particles for triggering the Langmuir ChaireBigon.

. The tiny water drops grow faster to raindrops dmgstthe rainfall process is

initiated

Seeded clouds will differ from unseeded

. Modified droplet distribution near cloud base

. Enhanced drizzle concentrations near tops of sirret

. Enhanced large drop graupel embryos near freeeirg |
. Enhanced secondary ice generation process

The other seeding techniquegisciogenic seeding, in which ice-producing materials

(e.g., dry ice (solid C¢), silver iodide, liquid propane, etc.) are injettmto a
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supercooled cloud for the purpose of stimulatingcjpitation by the ice particle
mechanism. The underlying hypothesis for glacitgeseeding is that there is
commonly a deficiency of natural ice nuclei andréifiere insufficient ice particles
(~1/liter at —20°C) for the cloud to produce pré&eaifon with maximum efficiency by
the ice particle mechanism.

The conceptual model for glaciogenic seeding i®Bews:

» The natural clouds in their developing stages fieeeoncentrations <1 within
their updrafts at the 26 to -10C level.

= Agl seeding initiates the ice process earlier aboad’s lifetime.

= Agl seeding enhances the production of graupeiezan a cloud’s lifetime and at
lower levels than natural clouds.

= Graupel produced by Agl seeding provides more ram@&mbryos and more rain.

= Additional loading of precipitation at lower levels seeded clouds results in

changes in updraft/downdraft structures and matiffyamic aspects of the storm.

Seeded storms will differ from unseeded storms:

- Enhanced ice concentrations near tops of turrefiseder or daughter cells as
they pass through the %G to -10C level during their growing or developing
stages

- Enhanced graupel in the updrafts and then downdegfons at the edges of
turrets

- Enhanced graupel embryos belo%0

- No differences in the rain drop size distributitde$ween seeded and unseeded

storms

4.2.3) Operational procedure

Objective of each operation is to select suitableddate cloud at random for seeding
and to make the measurements required to detesetriing effect. The seeding will
be carried out in randomized manner, as per destrib the next section. The
procedure is double blind, so the meteorologisgraund and the scientist taking

microphysical observations will not have idea abth# seeding. Two separate
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aircrafts will be used for seeding and cloud andirenmental observations. These

are termed as seeding and research aircrafts teshgc

4.2.4) Radar operations

We propose to use the polarized C band radar)toofitinuously collect information
on natural cloud characteristics, (2) help dirbet dbperations with the cloud physics
aircraft, and (3) provide general information toeftast personnel. The characteristics
of clouds will be monitored by radar to understaxtl the large-scale organization of
the cloud structures, (2) their frequency of ocence and spatial distribution around
the area of study, and (3) the temporal historessi and intensities of individual

storms and rain events.

The instruments used for measuring the variousdcloicrophysical parameters are

(Details are given in Appendix):

. Particle measuring system (PMS)

. Forward Scattering Spectrometer Probe (FSSP: fasorements of cloud
droplets between 2 — 45 um diameters).

. PMS Passive Cavity Aerosol Spectrometer Probe (FRCAS measurements
of 0.1 to 3 um diameter)

. PMS 2D-C optical Array Imaging Probe (for measuremef cloud and
precipitation particles between 25 to 800 um diamet

. PMS 2D-P optical Array Imaging Probe (for measuneimef cloud and
precipitation particles between 0.1 to 6.4mm dieme

. Cloud Liquid Water (CLW) sensor

. Cloud Condensation Nuclei (CCN) counter

. Condensation Nucleus (CN) counter

. Cloud seeding Material (20 hygroscopic flares)
. GPS system for location

. Temperature, pressure and dew point sensors
. Digital Video camera

. Data recording system
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These instruments are important to evaluate thecesffof seeding because they
provide information of the background natural cltgestics with which the seeding

material competes. This instrument package has lEesigned such that all

parameters related to evaluating the seeding patdot clouds could be assessed.
These include instruments to assess aerosols aod grases that contribute to the
formation of droplets and ice in clouds, the midrggical instruments to assess the
natural and seeded precipitation processes, amdinmsnts to characterize the local

thermodynamic structure of the atmosphere in whiohds develop.

During the experiment, it is proposed to enhanogoapheric observational network
by Radiosonde soundings (twice a day) at the lonaéind fine resolution rainfall

measurements for ground validation.

4.2.5) Declaration of case

The radar operator will vector the pilot to mostmrsing clouds. Until decision time,
the radar operator and pilot may converse aboutdlgre of situation, which cloud to
choose and so on. Before launch of the aircra#, ghot will monitor the radar

displays for getting overall clouds populations.

After launch the pilot will search for the suitaloleud for seeding purpose. Then case
is declared. Then decision of seeding will be talkem the randomization procedure

described below.

4.2.6) Randomization procedure

The randomization will be carried out similar touio African experiment. The pilot
will carry set of paired envelops for each casee Tadar operator will open his
envelop which will have options seed or no seedwiHlecommunicate the result to
pilot. The pilot will open his envelop which wilble options yes or no. Based on that
pilot will take decision for seed or not to seddnlthe first case the outcome is seed,
then immediately next case, the decision will bpagie to it i.e. no seed. For the
third case again randomization will be done. Is thay there will be equal number of
seed and no seed cases. On every day there waltjb&l number of seed / no seed

cases so bias of synoptic situation will be removed
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4.2.7) Evaluation of the results of the experiment

The Wilcoxon-Mann-Whiteny (WMW) test will be used test the differences

between the means from two classes. WMW is nonnpetréic test. Therefore the

samples drawn need not be from a particular digioh. The sample size required
for 5% error and 80% power to detect a 25% incr@asain mass due to seeding is

266 case, evenly divided between the seeded arncbtolouds.

4.2.8) Exploratory analysis

Measurements of various cloud properties from radad cloud microphysics
instruments will be compared for the seeded andseetded cloud. Some of the

quantities that will be examined in the exploratphase of the analysis are:

. Cloud drop size distribution near cloud base aot al

. Rain drop size distribution near cloud base

. Concentrations of drizzle-size drops

. Graupel embryos

. Ice formation process (ice crystal concentratioinsing rates etc)

. Duration of cloud after decision to seed

. Area-time integral

. Time history of the number of active clouds

. Precipitation measurements every 5 minutes oveliféiene of cloud
. Cloud mass measurements every 5 minutes ovelrfétiené of the cloud
. Cloud area measurement every 5 minutes over gtaié of cloud

. Cloud mass measurement above 6 km every 5 minutes.

. Cumulative total of rainfall

. Updrafts / downdraft
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5 Implementation of CAIPEEX

The proposed experiment is planned to carry otwophases. Phase | is devoted for
intensive cloud and aerosol observations over miffe parts India. In Phase I
precipitation enhancement experiment would be edrout by artificially the seeding

the clouds.

5.1) Phase | programme

Phase | of the CAIPEEX will be carried out durimg tperiod May through October

2008. The objectives of phase | are:

« To measure background concentrations of aerosols dnCCN during

premonsoon, monsoon and post monsoon periods ovéetcountry.

As discussed above, the seeding particles arereghjto be larger in size than the
existing CCN for triggering rainfall mechanism. Thpace-time distribution of
background CCN will help in designing the flares abpropriate chemical

composition in the phase Il programme.

» Observations of hydrometeors in the clouds.

The information of space-time variations of speadfahydrometeors is very
essential in isolating the marine clouds from tlatimental clouds. It is well
known fact that marine clouds do not respond effelst to the cloud seeding, as

there exists abundance of large size CCN of manirggn.

* Cloud simulation studies by NWP models

The cloud model studies will help to understandcefficies of various paths
leading to precipitation. Also it will enhance thederstanding of the different

mechanisms operating within and surrounding thecckenvironment.

* Preparation of climatology of cloud microphysical poperties

The cloud climatology and information on cloud roghysical properties will be
useful in deciding the opportunity windows of closdeding experiments to be

carried out in phase II.
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» Exploration of possibility of indigenous design oflares.

The background CCN distribution will guide the type flares required in the
phase Il experiment. If flares are produced indigesty, then choices remain

open for use of appropriate type of flares.

» Exploration of possibility of using instrumented Indian aircraft for the
Phase Il and polarized C band radar.

Polarized C- band radar is of great use becausaitlistinguish the hydrometeors
effectively. The knowledge of distribution of hydneteors within the clouds is

essential for deciding the location within the @dor introduction of the larger

size CCN for rain enhancement. Phase | is plannedgithe year 2008. Attempts
will be made to use Indian Instrumented aircrafpoksible. As discussed above,
there were aerosol observations over India in¢lsent past using Indian Aircraft.

The proposed experiment needs cloud microphysg&suments which have not

been used during past experiments.

The alternative is to go for hired instrumentectraft. This approach has many
advantages. The scientists will get hands on eapeei of handling the
instruments. This will be very crucial for procurem, calibration etc of the
instruments in future for long term use in theiise. It will also provide some

lead time for considering option of Indian aircrafth imported instruments.

» Selection of sites for the second phase experiments

The main randomized experiment will be carried iouthe Phase Il programme.
The information gathered in Phase | will be usdéul deciding the site for the
Phase Il experiment.

5.2) Pilot experiment in year 2007

Before carrying out Phase | programme in the y@@82it is proposed to carry out a

pilot experiment in the monsoon season 2007. Thistended for a period of few

weeks. Aerosol observations over some selecte@pbadl be taken. The objectives

of the pilot experiments are:

To reconfirm our objectives proposed in the phase |
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To get familiarization and hands on experience wkrating instruments.
Develop contacts with various governmental orgaions for getting necessary
permissions, availability of suitable air ports &vrcraft landing, fueling etc.

Design the strategy for data archival and transons® participant scientists.

The aircraft observations will be carried out osigferent parts of India. It is planned
to have the sorties in west-east direction covesies and land regions. Each traverse
will start at location north of previous locatiofhe beginning will be at the southern
most part of India.

In addition to regular IMD upper air observationsppsonde will be used to get

atmospheric data during the sorties.

5.3 ) Phase II: Cloud Seeding Experiment

Based on the results of Phase | experiment, a naizéd experiment will be carried
out in the monsoon and post monsoon seasons of y&209 and 2010. The
experiment will use statistical methods in conjiorct with numerical model
simulations to evaluate the performance of the exymnt. It is proposed to use a C
band radar to get information regarding the distitn and intensity (radar
reflectivity in terms of dBz) in a area of aboutOl&m radius. Two aircrafts will be
used, for cloud microphysics observations and cleeglding purposes. Hygroscopic
flares with appropriate particle size distributiovill be used for triggering the
coalescence process in the cloud. TITAN soft weié be used for the online
visualization of cloud distribution and intensignd monitoring the seeding activity.
A dense network of automatic rain guage statiotisbsiinstalled in the experimental
area to measure the rainfall.

Rain water samples will be collected from the sdecleuds and non seeded clouds.
The chemical analysis of rain water samples willcheried out to understand any

contamination of water due to seeding.
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6 Participating National Institutions

CAIMPEEX is national experiment. Various nationatganizations will be

participating in the experiment to achieve the ekpe goals.

IMD’s existing observations will be most useful the experiments. Data from
radiosonde, pilot balloons, Doppler radars, RAS®]| surface observations will be
used for understanding the large scale atmospBaucture during the experiment.
Special intensified rain gauge network over thedseg area will be useful for
evaluating the performance of the seeding. Simetiaa data of rainfall and radar

reflectivity will find useful in modifying MartialPalmer relationship for the region.

NCMRWF'’s high resolution prediction of cloud ameéucdoud liquid water content
will be useful in decision making for the seedihg2003, Maharashtra cloud seeding
programme, NCMRFW provided cloud forecasts for 2@l a8 hours. 24 hour

forecast was found quite useful in the experiment.

The research activities of convection and cloudlw@sg models from 1ISC will be

useful in understanding the convection and simutatiat cloud scales.

PRL, SPL and CESS have aerosol observation progesmusing ground based
methods. The aircraft observations will be usefol validating the existing

observations as well as calibrations of aircraftruiments.

Aerosol and cloud data will used by atmospheriersme departments of Cochin,

Andhra and Pune University for diagnostic studaésiid modeling studies.

Satellite data from Indian satellite will be usefal understanding the large scale
cloud structures existing on a seeding day. Aerobskrvational programme under
ISRO GBP will be useful in planning the CAIPEEX.

It is proposed to have collaboration with the otimational experiments such as
STORM and CTCZ.

It is plan to explore international collaboratiar the pilot phase studies. This will

help in selecting air craft, instruments, data &itjan systems etc.
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7 Expected outcomes

The proposed experiment will generate a wealth tofoapheric, aerosol, cloud
microphysics data which will be found useful in tlesearch for years to come. Some
of the most important outcomes are:

The hypothesis of increase on precipitation by sepdhe clouds will tested.
Attempts will be done to discover under what candg and over which area, the
hypothesis works well and over which area and tingear, it fails. Where it works,
what should be ideal way to achieve best possieteilts. A guide line can be
prepared to state governments interested in ca@rrgut precipitation enhancement

experiments.

There are four ingredients for improving the NuroariWeather Forecasts, viz. (1)
Good model, (2) Good initial data (3) high resauatand (4) good computer power to
run the high resolution model within short timer kaproving the model physics, the
data in the proposed experiment will be used taate the convection schemes and
cloud schemes.

Goswami et al (2006) showed an increasing trenthénextreme rain events over
India. The dynamical features of Mumbai heavyfedirhave been studied by Vaidya
and Kulkarni (2007). Most of these exceptional lyeeainfall events are found to
occur during the period when break is ending andeaspell is to beginning. During
the break conditions, level of aerosol concentretiocn the atmosphere goes high
because of the dry soil and prevailing large ssallesidence. Naturally the clouds
formed during these periods will large number oBBmize particles. Microphysical
processes which lead to heavy precipitation isctedrly understood and it is itself a
scientific problem which needs to be addressed.adresol and radiation data from

the proposed experiment will throw light on some plossible causes of such events.

Experience and data collected will find useful they national experiments such as
STORM, CTCZ and FDP etc.

Other possible side benefits of the proposed progrél be:

» Air Pollution Assessment and associated impacts owtia (health,

visibility, climate)
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* Hydrology Studies
 Water resources

» Enhancing research infrastructure (human resoamésechnology)

Enhancing the scope and utility of existing studi@$e radar data from operational
seeding experiments of Maharashtra, Andhra Pradesh Karnataka are being
analyzed for understanding the cloud variabilitgiothe regions. Another study being
carried out is the estimation of cloud propertisgng satellite data. These existing

studies will be strengthened through the proposedm@ment.
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8 Bar chart of the Implementation Plan

Pilot phase study : | Phase Phase Il Expt.
Expt. | |
Current cloud
and Satellite | ! !
data analysis, | !
cloud model K'band X | !
studie: ! band | . | Assessmer
\ l ! of results
) [ May-October| May-October| May-October |
2007 2008 2009-2010 2011

Figure 8.1 Bar chart of schedule of CAPEEX

The details of air craft instruments, aircraftards, are given in the Appendix.
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Appendix

1 Aircraft Instrumentation for Cloud Studies

The seeding aircraft will be equipped with an omdigb instrumentation system
including a telemetry link to the operations bad®e system will record time in UTC,
GPS position and state variables (pressure, tefgvard-looking video will record
flight conditions. The cloud physics/seeding aifcnaill carry an instrumentation
package to conduct the physical measurements asfpdae randomized experiment
and cloud conditions when no suitable clouds aralave for the seeding. The

aircraft will be fitted with following instruments

VARIABLE INSTRUMENT RANGE ACCURACY  RESOLUTION FREQENCY
Air temperature Rosemount -50°C to 0.1°C 0.01°C 1Hz
102DB1CB +50°C

Air temperature  0.038" DIA. -30°C to 0.05°C/0.3°C0.01°C <1lsTC
(reverse flow) Bead Thermistor +50°C incl DHC
Relative humidity Thermoset Polymer 0to 100% RH 2% RH 0.1% RH 5sTC
(reverse flow) RH Sensor @ 20°C
Barometric MEMS Pressure 0 to 110000 Pal00 Pa 10 Pa 20 Hz
pressure Sensor
u wind component Extended Kalman 0.50 m/s 0.01 m/s 5 Hz
(+ North) Filter (EKF) @ 75 m/s

TAS
v wind component Extended Kalman 0.50 m/s 0.01 m/s 5Hz
(+ East) Filter (EKF) @ 75 m/s

TAS
w wind componentExtended Kalman 0.50 m/s 0.01 m/s 5 Hz
(+ Down) Filter (EKF) @ 75 m/s

TAS
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Position WAAS DGPS 2m(2)) <1lm 5Hz

(Latitude/Longitud

e)

Altitude WAAS DGPS -300 to 180005 m (211) <1lm 5Hz

m

Geometric AltitudeKing KRA 405 0 to 2000 ft 3% < 500 ft 0.48 ft (0.15
Radar Altimeter 5% > 500 ft M)

Roll Attitude ) MEMS -60 to +60° 0.1° 0.01° 5Hz
IMU/GPS/EKF

Pitch Attitude f) MEMS -60 to +60° 0.2° 0.01° 5Hz
IMU/GPS/EKF

Yaw Attitude )/ MEMS 0 to 360° 0.1° 0.01° 5Hz

Heading IMU/GPS/EKF

Angle of attack) MEMS Pressure -15 to +15° 0.03° 0.001° 20 Hz
Sensor @ 150 m/s @ 150 m/s

Side-slip f) MEMS Pressure -15 to +15° 0.03° 0.001° 20 Hz
Sensor @ 150 m/s @ 150 m/s

True Air Speed MEMS Pressure  0to 150 m/s 0.1 m/s 0.01 m/s 20 Hz
Sensor

Video record Sony DCR-DVD 201

Logging, telemetr ESD DTS (GPS) 1 Hz

& event markers

Cloud droplet
spectra

Cloud particle
spectra

Cloud particle
image

Liquid water
content

Isokinetic aerosol
inlet

Aerosol
spectrometer

CCN

DMT CDP

DMT CIP

DMT CIP

DMT LWC-100

CDP calculated

Brechtel double
diffuser inlet

2 t0 50 pm
25 to 1550 pm
25 to 1550 pm
0to 3 g/m 0.05 g/m

>3 gfin
28 Ipm

PMS PCASP SPP-200.1 to 3 pm

DMT CCN counter

0.51t0 10 pum see text
0.1t01.2% SS

1to 2 um, 30L Hz
bins

25um, 62 1Hz

bins

25um

0.01 g/m 1 Hz
1Hz
100 m/s

0.02 pm, 30

bins 1Hz

0.5um,20 1Hz
bins
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2. Aerosol/Radiation Instruments

Microwave radiometric profiler

The microwave radiometer profiler provides vertipadfiles of temperature, humidity
and cloud liquid water content as a function ofghéior pressure at approximately 5-
minute intervals for nearly all weather condition3he profiles are derived from
measurements of absolute microwave radiances (&sque as “brightness
temperatures”) obtained at twelve frequencies enringe of 22-30 Ghz and 51-59
Ghz. The data are useful for input to numericahtiver forecast models and others
that require continuous, high temporal resolutioofiies. The microwave radiance
measurements are useful for testing models of mviave radiation transfer used to

derive the profiles.

Upwelling and downwelling shortwave irradiance
Kipp & Zonen CM22 Pyranometer

Upwelling and downwelling longwave irradiance
Kipp & Zonen CG4 Pyrgeometer
CR10X Datalogger

Three-wavelength integrating Nephelometer

Integrating nephelometers are unique analyticaiunsents useful for short- or long-
term measurements of the light-scattering coefiicief atmospheric aerosols. It
allows to measure both total and backscatter ssgnahis instrument will allow us to
estimate single scattering albedo of aerosols t{fmacof absorption in the total

extinction), which is one of the important paraméte radiative forcing estimates.

Black carbon measurements

The Aethalometer is an instrument that measures suspended carbmrsace
particulates, an important species of air pollutaAerosol Black Carbon ("BC", or
"EC" for Elemental Carbon) is a ubiquitous compdrefrcombustion emissions. It is
most obvious in diesel exhaust, but it is emitteanf all combustion sources together
with other species such as toxic and carcinogergaroc compounds, and it can be
found everywhere Aethalometer uses a continuous filtration and optical transiaiss

technique to measure the concentration of BC im-resd-time.
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Single Particle Soot Photometer (SP2)

It is based on Nd:YAG intracavity laser induced tjgtg incandescence. Direct
measurement of black carbon mass, spherical egmivdlameter derived from mass.

Suitable for airborne mounting in the aircraft cabi

Multiparameter Raman Lidar system for vertical profiling of temperature and

water vapor.
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3 Flares

In the present approach, pyrotechnic flares (figufi§ are used for seeding purposes.

There are two types of flares: Hygroscopic an@cfdgenic.

Figure 9.1. Hygroscopic flare

Each Hygroscopic flare contains 1 kg of sodium gt These flares produce small
salt particles of the uniform size of 0.5 micromeféhese flares are fitted in the racks
attached to the wings of the aircraft. These aesl dier warm cloud seeding method.
The warm clouds are those whose tops lie belovzé¢ne degree isotherm. The flares
are used for seeding in the updraft areas belowbése of convective clouds. The
hygroscopic seeding broadens cloud droplet specamoinaccelerates the coalescence

process.

The glaciogenic flares contain silver iodide astbheding material. They are of two
types viz. Ejectable and BIP (burn in place) havimgsses 20 and 150 gms
respectively. The BIP flares of are fitted in tlaeks attached to the wings. These are
fired in the middle part of the cloud in the updna&igion. Ejectable flares are fitted in
the box at the bottom of the plane. These are fi@d the top of the cloud.

There are significant operational advantages ® fibvim of seeding. The amount of
the material required is less; seeding particlesoarequired uniform size. The target

area for the seeding can be identified precisetiyeqjually seeded precisely.

The majority of the hygroscopic cloud seeding #acarrently in use are based on the
formula of Hindman (1978) that was developed tdidate fog for cover of military

vessels over the sea. The pyrotechnic flare waposed of 18% hydrocarbon binder,
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5% magnesium, 10% sodium chloride, 65% potassiurohfggate and 2% lithium
carbonate. The flares were cast in beer-can siziboard container (12 cm long 7 cm
diameter) and weighed 454 g each. The linear bgrrate of the flare was 0.66 mm
per second.

The chemical combustion reactions in the flare were

KCLO4 » KCL+ 20

NaCl — NaCl

(CHo)n + () 2> NCQ + NHO
After combustion, the composition of the effluerasm

35% KCL

10% NaCl
0.7% LpCOs
8.3% MgO and

46% gaseous products.

YV V V V V

An examination of electron micrographs of seediagiples captured on glass slides
suggest that the salt particles produced in thaibgrof flares nucleate on the MgO
produced in the combustion of the flare. The cormbngemperature of the flare is
unknown, but is most likely in the excess of 200 Under these conditions, the salt
will volatilize and then re-condense rapidly, fongismall particles. There is no clear
cut information regarding how the formation of largarticles depend upon the

temperature.

In the NERP (National Precipitation Research Rrog6. A.) the size distribution of
the particles from the seeding flares was measurad. measurement were made
using a passive cavity aerosol spectrometer prBBAGSP) and a forward scattering

spectrometer probe (FSSP) both manufactured bycRaMeasuring Systems Inc.

61



For these measurements, the instrumented Learjgobuath Africa was flown behind
the seeding aircraft. It was observed that theigiast have log normal distribution.

The majority of the particles were in the 0.2 Oiénmmeter range.

A recent model study by Cooper et al (1997) giveedginsights into the theory
behind hygroscopic cloud seeding and provides guielaon the necessary steps to

optimize the cloud seeding flares.

» If the CCN that are introduced into the cloud fregeding flare are larger in size
than the natural CCN, the introduced CCN will a&tes preferentially over the
natural CCN and change the character of the dree distribution to favor
coalescence and formation of rain.

» The most important contribution to the seedingaftises from the particles in

the size range from 1 to 10 micro meter range.
The conversion to the precipitation was fastest doncentrations of the seeding

material from 50 to 200 cf For above and below of this concentration, the

conversion rate is slower.
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4 View of Instrumented Aircraft

Figures 9.2 and 9.3 present view of the instruntkiaiecraft and cloud physics

instruments ( from Bruintges Personal communication

IED RESEARC

Missions: chemistry and
aerosol mapping,

cloud penetrations,
seeding tnals .

State parameters: T, T, p,
TAS, Hdg, GPS position,
derived winds

Figure 9.2 View of the instrumented aircraft (frorBruintges Personal
communication)

Droplet Measurement Technologies, wuw.dropletmeasurement.com

AIMMS-20

R pr

- _— State Variables;
Particle Analysis and Display Winds, T, RH, 6PS
System (PADS)
=

Aerosol
Measurements

(PCASP) 0.1-3 Cloud Condensation Nuclei
. 1-3 pm

(CCN) 0.07-2% 55

Precipitation fmgl'ng Probe (PIP)

ey 18 Cloud Particle Measurements (CCP)

2-1550 un
Figure 9.3 View of Cloud Microphysics instrumentSon Bruintges Personal

communication
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The most commonly cloud physics instruments usedlascribed briefly below.

1. Cloud Liquid Water Measurement SystélowwC 100)

The LWC100 cloud liquid water measurement systensists of the control unit, the
power supply, and a sensor head (shown here). dit@shead holds the wire-wound
element between two prongs that position it thmreeheés away from the outside
aircraft skin. The sensing element, in conjunctmith a remotely mounted power
supply, is interfaced with the display module. Thgplay is mounted within the data
acquisition system and is interfaced with the compéor recording and displaying
liquid water content measurements.
2. Total Temperature Sensor(RT105)

The RT105 is a de-iced platinum resistance-typal tiemperature sensor for high
performance aircraft applications where accurat@ temperature measurements are
required. The sensing element is protected fromldoraign particles such as sand,
ice and insectsThe sensor features a de-icing heater that diesgat0 watts under
in-flight conditions with 28 volts DC applied. THRT105 is interfaced with the data
acquisition system and accurately measures anthgsspemperatures from -50°C to
+50°C.
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3. Dew Point Temperature Sensor

The Dew Point Sensor is a complete optical dewtmyistem for monitoring in-flight
atmospheric dew and frost points. It is the onlgraift instrument that provides two
stages of thermoelectric cooling. It can reachtfpmsnts between —60°C and -70°C,
depending on mounting configuration and operatmgddions. No auxiliary coolants
are required. Included in the system are a wateluding inlet probe and a pressure
tap for monitoring static pressure. A digital deplwith resolution to 0.1°C is
provided as well as an analog D.C. voltage outpat ts interfaced with the data
acquisition system for display and recording puesos
4. Cloud Particle Probe

Study of complete microphysics requires knowledfthe sizes, number, and shapes
of the hydrometeors (water and ice particles) withie cloud. This probe does
exactly that. A laser shines from one “arm” of girebe onto a row of photo detectors
in the other. When any particle passes betweearths, it shadows the detectors, and
high-speed processing records which of the 32-aléhetector array were shadowed,
and in which order. The image shape can then beratety reconstructed, and the

maximum dimension determined.
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The 2D2-C two-dimensional optical array probe (OA&tbres complete two-
dimensional images of encountered particles fopshanalysis in addition to one-
dimensional sizing.

5) Precipitation Probe

This probe complements the Cloud Particle Prob&udlmicrophysics studies
requires knowledge of sizes, number, and shap&sgér hydrometeors within and
beneath the cloud. A laser shines from one “armthef probe onto a row of photo
detectors in the other. Physical measurement pleiare the same. The arms are
spread to increase the depth of field, and allolarger sampling volume to ensure
representative measurement of the larger, but feuvecipitation-sized particles. The
image shapes are reconstructed, and the maximurendions determined. The
number of particles of each size and shape ardatsdated.

The 2D2-P Precipitation Probe is an aircraft-bommgtrument that utilizes photo
diode array and photo detection electronics.

5 Cloud Droplet Spectrometer ProbgFSSP 100)

The Foreward-Scattering Spectrometer Probe or F&Slsed to measure the sizes

and numbers of cloud droplets. This instrument $esuspecifically on these very
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small droplets, and does not measure larger (ptatgn-sized) drops, or ice
particles. The primary purpose of this instrumeantta determine in real-time the

character of the sampled clouds, that is, whetieyr be maritime or continental.

The FSSP-100 is a one-dimensional laser probeptbatdes sizing of particles up to
45 microns diameter. The probe outputs a paralligtad size code along with a strobe
pulse for each acceptable particle encountered.otiigut is interfaced with the data
acquisition system for collecting, displaying aretarding the data provided. The

available ranges of the FSSP-100 are controllethdylata acquisition system.

5. Instantaneous Vertical Speed Indicator or Linear Aceleration

An aircraft configured for level flight will climior descend only as the air through
which it is flying rises or falls. In studying clds, we take advantage of this fact by
flying cloud penetrations with the aircraft at ctamg attitude. The pilot does not

worry about maintaining constant altitude, but eathllows the aircraft’s motion to be

sensed and recorded, thus providing a measur®wud clp- and downdrafts. Updrafts
are particularly important, for they mark the lacatof the developing cloud volume,

produce additional cloud condensate, and are aftenl to transport seeding agent
upward into cloud when treatment is done from clbade. The BV4.0 is an electric

instantaneous rate of climb indicator that featwm®oth action, rapid response rate
with high accuracy.
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6 Specifications of Radars to be procured in IITM

6.1) Specifications for the Mobile Dual Polarized la-band Doppler Radar

Frequency Range

33-37 GHz (Ka Band)

Transmitter Type

Extended Interactive Klystron/T\Wdsed

Minimum measuring range 100 m
Maximum measuring range 18 km
Range resolution 100 m

Sensitivity

-45 dBz at 5 km

Transmitter Polarization

Both co- and cross-pokdion

Receiver polarization Both
Pulse repetition frequency 2-10 kHz
Beam width 0.5°
Antenna Steerable Parabolic Antenna with Radom

19%}

Azimuth steering

360° with £1° accuracy and 0-4 rpm

Vertical Steering

-2° to +92° with £1° accuracy

Doppler processing

Pulse Pair and FFT

Antenna mounting

Trailor-mountable

Container Shelter for radar system, tower, radaraipr,
air conditioner etc.
Software Custom-built licensed software with abuiit

algorithms for cloud physics studies
Source code to be supplied

Computer and control

Industrial workstations foegiion and contro
of the radar

Power 230V, 50 cycles/s single phase
Calibration BITE and Self calibration
Side lobe for cross polarized Both -25 dB or better
levels

Polarimetric output

Zpr, Kop, Prv, Z, V, 0, @op

Training and Installation

Onsite training and Ifistzon
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6.2) Specifications for the Mobile Dual Polarized Xand Doppler Radar

Frequency Range

9.3 - 9.6 GHz (X-Band)

Minimum measuring range 1 km
Maximum measuring range 80 km
Range resolution 1 km

Sensitivity 0 dBz at 10 km
Polarization Both co- and cross-polarization
Receiver polarization Both
Pulse repetition frequency 2-10 kHz
Beam width 1°
Antenna Steerable Parabolic Antenna with Radom

11%)

Azimuth steering

360° with +1° accuracy and 0-4 rpm

Vertical Steering

-2° to +92° with +1° accuracy

Doppler processing

Pulse Pair and FFT

Antenna mounting

Trailor-mountable

Container Shelter for radar system, tower, radaratpr,
air conditioner etc.
Software Custom-built licensed software with abuit

algorithms. Software source code to be supp

ied

Computer and control

Industrial workstations foeion and contro
of the radar

Power 230V, 50 cycles/s, single phase
Calibration BITE and self calibration
Side lobe for cross polarized Both -25 dB or better
levels

Polarimetric outputs

ZpR, Kop, Prv, Z, V, 0, @op

Training and Installation

Onsite training and Ifistéon
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6.3) Specifications of Micro Rain Radar (MRR) :
Transmit frequency 24.1 GHz

Transmit power 50mw

Receiver-Transmitter Antenna  offset -paraboli6, 1. diameter

Beam Width (1-way, 3 dB) 2°
Modulation FMCW
Height resolution 35...200 m
Averaging time 10 ... 3600 s

29 range gates
Height range from 2 x range resolution
to 30 x range resolution

average power spectra
Measured variables of the receiving signal
with 2048 lines resolution

Interface G500 . 57600 Baud
Power supply 24VDC /25 W
Weight 12 kg

Dimensions 0.6mx0.6mx0.6m
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