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Abstract

Physical batis of cloud seeding and mecteorological considerations involved in the efficient design of
expeniments for rain enhancement are discussed. An analysis of the various designs and statistical
techniques curtently being employed for evaluating the experiments is presented. The limitations of
available statistical methods, when used alone, to establish significantly the changes in rainfall caused
by cloud seeding within a reasonable period of experimentation are brought out. The manner in which
remarkable increase is produced in the power efficiency of some tests when applied along with the
simultaneous measurements of physical covariates or predictor variables and proper stratification of
data is elucidated. The scope of anlayses based on postfactum stratifications or partitioning of data
and the problems of multiplicity of analyses are discussed.

Key words : Cumulus cloud modification, rain enhancement experiment, statistical design and
evalaation.

1. Introduction

There is an impending global energy and water shortage crists. Considerable effort
is therefore presently being made to tap the abundantly available atmospheric resources
like sunshine, wind and precipitation to mitigate the shortages. These energy sources
are renewable and so are perennial components of a country’s natural resources.

Most of the world’s rainfall is produced by cumulus clouds and convective f.ystemsf-".
The region of the southwest monsoon season trough over India and the n¢: ghpourlng
areas has been identified as the area where convective instability is present within det?p
layers and up to greater heights than elsewhere!. The controlled and systematic
modification of these clouds to yield more rain could be 2 very valuable method for
atmospheric resource enhancement. It holds enormous potential benefit for drought
relief, water management, increased food poduction, more effective power generation
and utilization%., Cumulus cloud modification experimentation 18 therefore one of
the most challenging and fruitful opportunities ever offered to the meteorologists to

§Crve society, 35
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Experiments are in progress in India, as in other parts of the world, from fifties, ¢,
study the feasibility of rain enhancement from cumulus clouds. Weather modificatigp
experiments are merely not of academic interest today; both Government and society
are keenly awaiting the successful culmination of these experiments to mitigate the
impending chronic water shortages® . It looks surprising thatinspite of tremendgys
efforts of world scientists in the field, backed by modern technology, very few exper.
ments have successfully demonstrated the capability of rain enhancement. This is mainly
because it is expensive, difficult and time consuming to scientifically establish a cloyg
modification hypothesis than to apply it operationally,

High natural variability in both spacc and time of rainfall from cumulus clougds,
coupled with large inaccuracies in rainfall measuremets, has been the basic difficulty
in evaluating a treatment effect on these clouds. Natural rainfall, within a few hours
duration, has been observed to commonly vary by factors of ~ 10-103, from fraction
of a millimetre to several centimeters, while the largest seeding effects have rarely
exceeded a factor of 3; often a demonstrated increase of 109, would be of priceless valye!,
Scientists have recognised the basic fact that a cumulus cloud can do virtually anything
all by itself in the natural process ; without any sort of intervention, a field of identical
looking clouds can either rain copiously or vanish qutetly. The crux of the problem
1S to estimate what the cloud system would have done had the seeding treatment not
been applied.

Despite major problems involved in the field of rain enhancement, remarkable progress
has been made duning the last few years in cumulus modification. An analysis of the
developments in the statistical design and evaluation techniques of randomized cumulus
modification experiments, culminating in a synthesis of increased physical understanding
and more accurate simulation of cloud processes, advances in accurate in situ and
remote measurement of cloud physical parameters and rainfail at the ground with wide
repertory of classical and Bayesian statistical tools, is presented.

2. Physical basis of cloud seeding

Cloud systems are very complicated and involve processes on several size scales, ranging
from cloud microphysics to large-scale interactions of convective cloud populations,
spanning through several orders of magnitude. Many different responses and outcomes
to the same modification treatment can therefore follow depending upon the initial
conditions of the cloud environment systems.

The total rainfall over an area is strongly influenced by moisture supply, atmospheric
stability, topographic features and the large scale wind fields. The growing cumulus
clouds interact with one another and with their environment including topographtC
features. There appear to be therefore manifold possibilities of modification of cloud
processes by man, either deliberately or madvertently.
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2.1. Modification hypotheses

Enormous amount of energy is expended in natural atmospheric processes, Scientists
have been searching for weak points in the cloud systems where energet.icall - 1l
trigger would produce sizable reaction. A few processes have been found.thair —
at critical points in the transfer mechanism and which present unique 4;)ppn:3»r’tmlit:‘z‘e:cs{:ltlr
influence energy transfer in significant ways. As stated by Braham!!, theories of v;:l 3
response to :?ccding are simplistic and inadequate. Much of the c;:isting knowlezue
about precipitation and ways in which clouds are affected by sceding has come fro?n
experiments in which cloud sceding  was coupled with detailed study of associated
physical and dynamical processes in the prevailing clouds. The most plausible hypo-
theses for rainfall cnhancement by sceding of cumulus clouds based on current scierz;?ﬁc
understanding and intuttion are described. Conclusions regarding the physical mecha-
nisms involved arc tentative and need to be firmly established by detailed measurements
and experimentation, |

The failure to recognise the dominant mechanism and the time and space slot during
which it is most cffective, in the cloud life span, may result in the use of wrong seeding
technique, producing ncgative or no effect on the rainfall. Basic research must there-
fore precede any sceding effort to determine the most effective ®static” or * dynamic’
technique applicable to the clouds under the environmental conditions prevailing in the
aml!,la.

2.1.1. Warm cloud seeding hypothesis

Gravitational instability of cloud particles, which 1§ manifested in rainfall, can be
better exploited in the case of those clouds whose tops do not reach above the freezing
(0° C) level. Such clouds are called warm clouds 2nd rain is produced by the rapid
growth of cloud particles by collision-coalescence mechanism. Here large drops must
exceed a critical size before the process can proceed at any significant rate. It has been
observed': !% that a broad spectrum of drop sizes, with some drops larger than 25 micron
‘radius, is necessary for drops to grow fast by collision-coalescence process and produce
rain. Computations made by Bartlett’® and Berry"” have shown that distributions
having more larger droplets develop faster than those having fewer larger droplets.
The development of large drops by condensation depends on the existence in suﬁicie'nt
numbers of giant nuclei greater than on¢ micron in radius. The fact that clouds exist
so frequently without producing rain is evidence that very often condensation does

.ot produce larger drops'®%.

Warm cloud seeding hypothesis is based on the premise that, seeding of clouds with

giant hygroscopic nuclei or with water spray will enhance the collision and coalescence
of existing droplets sufficiently, to lead to precipitation In 2 cloud which would other-
wise produce no precipitation or produce precipitation belatedly.
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2.1.2. Cold cloud seeding hypothesis

Phase instability of water in the supercooled state i1s exploited in the modificatiop of
clouds whose tops reach above the freezing level. Such clouds are called cold clouds
The dominant mechanism producing precipitation in cold clouds is the three phase 01:
Bergeron-Findeisen process. It has been found that cloud drops remain liquid evep
at sub-zero temperatures and ice crystals, when they form, are much fewer in numper
than the liquid droplets®!. As the saturation vapour pressure over ice is less thap thay
over water, the cloud droplets evaporate and the ice crystals grow rapidly. Since jce
crystals are much fewer in number, they become much larger than the pre-existing
drops. These crystals then fall relative to the remaining small droplets and collect
them. The two processes described above are complementary. The phase change
may initiate collision and coalescence mechanism and lead to the rapid formation of
precipitation in mixed phase clouds. In cold clouds both ice crystal growth and the
collision-coalescence mechanism are in compctition, and the rain may be produced
either way. Which process dominates in a particular situation depends primarily op
the temperature at cloud top, the cloud liquid water content and water drop spectrum??,

Cold cloud seeding hypothesis is based on the premise that crystallization of super-
cooled drops can be stimulated at the lower elevations of clouds with warmer tempe-
ratures by seeding with artificial freezing nuclei such as fine silver iodide particles.
The rationale behind this idea is that, ice crystals formed at warmer temperatures, where
naturally active nuclet are not available, will have extended growth conditions to develop
into large ice crystals., Once large ice crystals are formed, Bergeron-Findeisen mecha-
nism efficiently comes into play and helps in rapid growth of ice crystals at the expense
of water and subsequent production of precipitation.

2.1.3. Static and dynamic cloud modification

Both the above seeding hypotheses visualize altering just the size spectrum of the cloud
particles or its microphysics and thus attempt to increase only precipitation efficiency
of these clouds. This concept, based on precipitation efficiency, is the static seeding
approach and rainfall enhancement of the order of 20% can be expected with this method,

Several numerical cloud models have been developed to simulate the microphysical
processes and their interaction with cloud dynamics®3 26, 1t is found that interactions
between microphysical processes and cloud dynamics are decisive only in the marginal
situations and cloud dynamics has a predominant control on cumulus precipitation
than its microphysics. Earlier, Battan? and Braham?, 2? had also arrived at the same
conclusion for clouds in Missouri (Project Whitetop) and Arizona regions, that, it is
the regional dynamics of the atmosphere, not the microphysical processes, which control
the precip'tation for these clouds. However, Langmuir’s1? idea of invigorating cloud
updrafts to increase the vertical development of the supercooled clouds, by artificially
freezing rapidly the available water content and thereby increasing the cloud buoyancy
by the influx’of released latent heat, was tested for the first time in Australia by Kraus
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and Squires®. The concept has been subsequently utilized in several experiments to

obtain more rainfall through the so-called * dynamicefect” prodac .
individual clouds®-33, produced by seeding of

' The results of these experiments have been a mixed success!l. Only in the Florida
area, it has been demonstrated without doubt that, large increases of rainfall can be
obtained from ‘dynamic seeding’ of individual clouds. The scope of Florida Area
Cumulus Experiments was thercfore enlarged to determine whether rainfall over a
mesoscale area (~ 1-3 x 10'km?) could be increased by ‘ dynamic seeding’. Results
of the experiments conducted during 1970-75 are inconclusive. It is thought that
possible increases in rainfall over the target arez on days with moving radar echoes were
more than offsct by decrcases on days  with stationary echoes™: 3, However, the
results for late 1975 and 1976 with ncw pyrotechpics show® overall increase of about

0%,

The dynamic secding concept has its physical basis in the observations that newly
risen cumulus towers produced by active updrafts consist almost entirely of water
drops even at sub-freezing temperatures around — 10° C*. 3, Provided updraft core
regions 2re quickly and accurately seeded with large number of freezing nuclei (100-
1000 per litre) to produce sudden glaciation of supercooled water and infusion of latent
heat released into the core, fresh buoyancy is generated and the updraft gets invigorated.
This increases the growth and life of the cloud to process more water and thus produce
more raitn. The whole effort is directed at producing microphysical effects to improve
the efficiency of internal microphysical processes. This leads to opt'mization of inter-
action between microphysical and dynamical processes during cloud evolution and in
generating dynamical effects to invigorate the cloud and prolong its lifetime. Large
precipitation increases are thus possible due to better organisation and longer linkage
of the updraft with the low-level moisture field.

It is often wrongly emphasized that  massive seeding’ is necessary for producing
~ dynamical effects in convective clouds. This concept has arisen in the context of
 Florida Area Cumulus Experiment (FACE) where only a narrow time ‘ window’ i‘s
found to exist for effective dynamic seeding before natural glaciation becomes predomi-
nant. The whole reaction has to be very rapid and explosive to be effective in the Florida
area and therefore * massive seeding’ is required™. Experiments have b.een reported
where dynamic effects were produced in convective clouds by seeding with moderate
quantities of dry ice or silver iodide 120 to 700 gm per cloud® ®, 7. From obser-
vations made in summer cumulus clouds in southern Missouri (USA), Koenig® found
that rapid natural glaciation takes place in clouds at freezing levels once large liquid
drops (~ 250 um) are formed in sufficient numbers (~ 100 per m?%). Thus, 1t seems that
dynamic effect could be produced by warm seeding of the clouds. to artificially proﬂu::::
large liquid hydrometeors in the earlier evolutionary stage of mixed phase C]‘:’Udj >
The importance of the early freezing of rain water at temperatures around — 3 C 1(1;
producing dynamic growth has been theoretically demonstrated by Orville an
Hubbard¢z, varjous hypotheses regarding dynamic seeding therefore really need testing
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by undertaking detailed studies of cloud microphysical, dynamical and CnVironmenty|
conditions and their mutual intcraction in different areas. Transfer of gee
techniques and technology from one area to anothcr without careful study and det
specification of all rclevant factors are to be deprecated.

ding
aileqd

3. Characteristic features of convective rainfall

One of the main obstacles in the way of conclusively establishing marginal increases
in rainfall resulting from cloud sceding expriments is the high natural variability of
convective rainfall and its accurate measurements. Changnon and Huff*® have invest;
gated the critical cffect of rainfall variability upon the verification of cloud seeding
experiments w.th two concentrated nctworks for raingeuges, for convective rainfal]
over the Illinois reg'on (USA) for periods of five to ten years. They have suggested
that the results cshould be applicable to other arcas of simtlar topography and raipfall
characteristics. Schickedanz and Hu ff** have given the problem extensive treatmept
for rainfall over the same¢ region. However, the authors have ignored the effect of
msasurement errors in their simulation experiments to test various statistical desigps
for detecting modest (10-20%) increase in areal rainfall.

A unique study at great cost and labour has been done® using highly accurate measure-

2nts from a dense raingu~ge nctwork (3 km#/gauge) oveér 2 mesoscale area (~ 600 km?
near Flornda (USA). Salient features of their results, which depict typical characteristics
cf the summer convective rainfall observed in several parts of the world, are reproduced
below to highlight the formidable nature of the problem.

The daily rainfall patterns Show extraordinary gradients ; while the maximum
rain gradient record was 94 mm in | km in one part, there are several areas in this
small network where there was n-zarly no rain. The point 24-hour rainfalls decrease
to one-half the core miximum in about 3 km. Th2 m3an rain gradient within the
first 3 km of the rain maximum is 7-1 mm/km.

Nearly 509, of the total rainfall was mzasured on 15% of the days w'th rain. About
50% of the rain falls in 109 of the tim2 w'th rain. In the m=an for all days with rain.
50% of the rain volume is contained w'thin about 17% of the area with rain.

4, Rainfall measurement accuracy vs raingauge density requirements

Accurate areal rainfall measurements require raingauge observations on spatial scales
commeznsurate with rainfall variability. A number of investigations have been conducted
to determine the range of accuracy of raingauge networks of different densities in the
mzasurement of convective rainfall**4%. The most comprehensive analysis is provided
by Huff*® in h's review paper.

The problem of accurate rain measurements is basically linked with its detection by
the raingauge network. Rain must be detected before it can be measured. For the
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detection (-_f 90%; of 24-hour rainfall of the order of | mm, tt 1S necessary to have a raj
gauge density of about 65 km? per gauge. For the measurcment of ra.imi'aliz . ::—
than 0-25 mm within a factor of two of the standard network (2-6 km? per gaugi;c%n/r
of the time, a raingauge density of 13 km? per gauge ts required®®, Since surface raj ;
fall data arc mostly being used for verification of cloud modification experiments itIil;
important to bear in mind that the accuracy of arcal mean rainfall measurcmen; is a
function of raingauge density and the true arca mean rainfall. Huff*® has shown that
for convective rainfall area mean gauge rainfall measurements are accurate to within 5%
for raingauge denstties > 1 gauge per 50 km? and for rainfall rates > 10 mm/h;
Further, arca mean reinfall measuremcnt. are idccurate to within [0% for gauge dcnsitic;
> | per 160 km* and for rairfall rates around 4 mm hr. Network with sparse rain-
gauge den.it'es mity not even be adequite to detect small rainfalls. A few raingauges
may although give an unbased estimate of the mean rainfall over an area, vyet the
sampling crror or vanance may be very large,

For the cvaluation of areal rainfall data from cloud sceding experiments, it is useful
if we know the amount of error involved in rain measurement with networks of different
gauge denstt-es and how these crrors are distributed over the experimental area,  For
this purposc, concept of measurement error  distribution has been introduced with
the assumpt'on that these errors are multiplicative?®.  On th's basis, a method of esti-
mating the crrors arising out of the use of sparse rainguage nctwork and the optimum
network required for accurate measurcments has been cevolved. Zawadzki® has
derived analvtical cxpressions for the dctermination of statistical parameters of the
spatial distribution of rainfall, which would provide estimate of error in networks of
uniformly spaced raingauges, fluctuations of the estimates, and variance of the area
averaged rainfall,

Of utmost importance, though often ignored to the detriment of experiment:, is the
problem of timely and accurate recording of raingauge data. A ded'cated and
conscientious ~ervice from the obscrver. is essentizl to achicve the designed accuracy
from the raipgauge networks. Often, data are incomplete and much effort 1s wasted
in ‘cleaning and drying’ of data, to eliminate errors and spurtous measurements,
before processing.

The problem of accurate quantitative prediction of the intensity, duration and distri-
bution of rainfall from sclected field of clouds do€s not appear likely to be solved in
the near future. The results of cloud seeding experiments have neccssarily to be
evaluated by statistical methods utilizing rainfall data from secded_ control events,
under similar meteorological conditions. Therefore, wherever a prccip.ltation' enhance-
ment project is planned, a good rainfall record of the past decade or str!l ea.rher.penods
should be considered an essential preliminary requirement and the optimum raingauge
retwork should be established at the earliest.

5. Radar rainfall measurement—accuracy ¥s raingauge networks

1ainfall measurements, crrors in area

Even though rai es give accurate point
gh raingauges gi po e much larger than the

rainfall measurements arise because distances between gauges ar
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characteristic scales of convective rain cells. Raingauge networks of high density
required for cloud modification experiments are very difficult to properly Maintaip
from the points of view of cost, maintenance, data collection, and data processing, A
radar with capability to detect all the rainfall within 1ts range, over large areq
(~ 70,000 km?), and to provide continuous measurements of rainfall with high $patia|
and temporal resolution for real time processing at on€ location, appears to be a near
perfect tool for recording highly variable convective rainfall. Unfortunately, there
are several inherent €rrors 1n radar measurement process, such as calibration error
large variations in radar reflectivity and rainfall rate (Z — R) relationship from Storn;
to storm and within Storm, radar signal attenuation by precipitation, anomalous wave
propagation, inadequate beam filling by the hydrometeors and evaporation below tpe
radar beam, radar beam blocking due to obstacles and ground clutter, etc’ =83, Great
technological advancements have taken place 1n radar calibration and digital recording
and processing of the data with high resolution and accuracy. Inherent complexities
and errors in the radar method arc still the major obstacles in the regular use of
radar®-%,

Large discrepancies have been observed in the radar measured rainfall in comparison
to high density standard raingauge networks. Attempts have been made to obtain
higher accuracy by combining the spatial capability of radars with the point accuracy
of raingauges, by automatically calibrating the radar with in situ measurements from
a few dense raingauge clusters. Detailed studies have shown that the gauge-adjusted
radar 1s far superior to gauges alone and provides approximate gauge density equi-
valence of ~ 25 km?/gauge*-*°. However, for high accuracy rainfall measurements
(errors £ 20%,) required for cloud modification experiments the utility of radar is
limited, since the raingauges required for calibration are themselves sufficient to give
the desired accuracy®.55

6. Experimental design—physical and meteorological considerations

The basic purpose of experimental design is to use the investigator’s knowledge of the
experimental material to increase the precision of the experiment with randomization
to avoid bias in the results, Experimental design and statistical evaluation procedure
are two logical requirements of the process of acquiring knowledge about natural
processes through experimentation. The essence of a good design is, therefore, to
provide from the evaluation the greatest likelihood of definite and unambiguous answers
set in the modification hypothesis.

It 1s imperative that while designing cloud seeding experiments, optimum raingauge
network over the experimental area must be utilised, if it is to be ensured that diffe-
rences in seeded and control rainfall are real and not due to erroneous rain measure-
ment. To overcome the effect of natural rainfall variability, stringent criteria for
seedability and suitableness of a day for experimentation need to be defined. Till
recently, seeding was done on all days, randomly allotted to seeding, without proven
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thSiCal model qr well tested pl:edictors as guides to objectively screen out days not
helpful to effective cloud seeding. This resulted in reduction of the power of the
statistical tests employed and made longer experimentation nccessary, to acquire bigger
sample size required, to resolve the seeding cffect at an acceptable level of significance.

The other factor wtvhiCh %}ffectﬁ the size of the sample required and thus the statistical
design of the experiment is the magnitude of the seeding effect. The main difficulty
. increasing the magnitude of the seeding effect is the lack of technology to precisely
target the seeding réagent at opportune moments, at the proper place and in just the
required size and conccntratu}_n. Although tremcndous advances have taken place
o the direction by the use of aircraft, better pyrotechnics, encapsulated secding mixtures
precise cloud parameter mcasurements and doppler radars, etc,, the seeding tGChno:
logy has not come up to the opttmum requircments. Concerted efforts are required
to understand the clouds and cloud system in their entirety, so that it may be possible
” cgmprchcnﬁi\'ﬂ“}' describe them. This would enable the experimenter to indicate
"the direction as well as the magnitude of sceding effects expected under specific condi-
tions of climate, local weather, topography and cloud physical features, etct-43,

It was obscrved during cloud seeding experiments conducted in India that individuay
convective clouds during the monsoon season have a short life span and low precipi-
tation efficiency. One of the factors that may be responsible for this is the lack of
giant condensation nuclel at cloud base level, which is also corroborated by measure-
ments®. Under warm seeding hypothesis, this deficiency can possibly be overcome by
‘introducing artificially requisite number of giant condensation nucler to accelerate
condensation<oalescence process in them, and thus leading to enhancement of rain.
This was done by dispensing in developing cumulus clouds as well as in their surroundings,
a micropulverized mixture of common salt and soapstone, in the proportion 10 :1,
with a modal particle diameter of 10 microns. Suitability of the day for conducting
the experiment was determined on the basis of amount of convective cloud cover, base
and heights of likely clouds and winds up to 3 km height. Such experiments are known
as static seeding experiments and rain enhancement expected from them is about 207,

However, for obtaining significant increase in rainfall the rcal hope lies in Success-
fully conducting dynamic cloud modification experiments, wherever feasible. To
reduce meteorological uncertainties a very valuable concept of seedability and seeding
effect has been incorporatgd in the design of these cxperimcntS“. SQCdablhty 1s the
difference in pumerical model predicted cloud top height if seeded and the predicted
top height of the same cloud when not seeded. Seeding effect is the difierence between
Measured cloud top height and the predicted unseeded cloud top height.

oud model is run on computer in real
calibrated radar, to monitor the area
d to get the winds at different heights.
parameters and for photo-

Every morning, during experimental period, cl
Ume with the morning radio sonde ascent and 2
for echo development. Radiowind .ondes areé used 10 ¢

Monitoring aircraft is used to measure cloud; physical
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grammetry. Observed cnvironmental data and estimated radius of cloyd turrets 5

fed into the model. Further decisions regarding seeding operations are taken i t}:e
simulation results indicate suitability of the day. A very high correlatiop betwee:
seedability and sceding effect for the sceded clouds and no corrclation with COontro|
clouds was obtained. which indirectly confirmed soundness of the dynamic seed’y
hypothesis, for the Florida Area Cumulus Experiment. :

7. Experimental design—statistical considerations

Logical requirement of a sceding experiment is the comparison of rainfall ip 2 target
area when clouds are sceded with an estimate of the rain which would have fallen iq
the area naturally. In most cloud sceding experiments, rainfall over a control area s
used as a predictor variable or covarate for target arca rainfzll. Other suitaple
covariates, which would give a measure of those aspects of spatial variability of raipfa]]
which are not adequately covered by the control arca arrangements are also being
employed to reduce the expcriment duration, nceded to detect the seeding effect. Such
predictors are cloud basc height, vertical growth, cloud top temperature, radar echo
motion and coveragc, wind direction and synoptic conditions, etc®-%*, Grent effort is
therefore required to bc made in accurate observation, measurement and documep-
tation of several cloud physical and dynamrcal paramcters during actual cloud seeding
experiment’. Experiments are suitably randomized to avoid chances of bias on the
part of experimenters and to improve statistical significance.

Various designs commonly used for cloud seeding experiments along with their merits
and shortcomings are briefly described below :

7.1. Random experimental (Single area randomization)

The design consists of only one experimental area. The area is seeded or left unsecded
as dictated by the randomization procedurc. Non-seeded area rainfall data act as
control. Only experimental data are used in analysis. Mecthod requires long periods
of experimentation for detecting small increases in rainfall due to inhercnt noise of
large natural rainfall variability. In the statistical sense, perhaps, it is the most valid
design, since no historical data are used and no dubious assumptions are made. Design
1S, however, prone to the adverse effect of persistence if it exists, In spite of its poor
efficiency, this design was employed in the Florida Arca Cumulus Experiment (FACE)
in preference to the most efficient cross-over design to avoid possible dynamic contami-
nation of the control area due to seeding in the target arca’,

7.2. Random historical

The design involves not only a random choice of days or events to be sceded OVer a
single target area, but also includes the historical data as part of the control data for
evaluation of seeding effects. Though there is considerable improvement in efficiency;
the design suffers from the inherent defect that the historical data may not be represei
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. . " h
tative of the experimental periods. All designs involving historical data have the
drawback that the location and density of rainga

; , . uge nctwork, vegetation growth 2nd
urban and industrial developmentin the experimental period will be different from the

one in the historical period.  The designis thus besct with inherent uncertainties in the
‘extrapolation of data to the present or future.

7.3. Target-control

Single target arca (7)) 1s seeded on a randomized basis and a ncarby control area (C)
is left unseeded. Control area is chosen such that it replicates the target area as far as
possible.  Abo oricntation of the arca with respcct to the prevailing winds should be
such that the control arca does not get contaminated when the target area is seeded.
Evaluation of seeding cffects 18 based on inter area comparisons of rainfall by 7-C
differences or 7 C ratios. Random variability is to some extent reduced with this
design, sin<¢ most day-to-day variation affects 7 and Csimilarly’2, This design, though
requircs smalier trme, neceds high corrclation between target and control area rainfalls.
The efficiency of the design considerably improves when more than one control area
1s used-?,

7.4. Crossover or dual target-control

In this design paired target arcas are set up and cither area 1s seeded at random in each
test event. the unsceded arca scerving as the control for that event. The data are obtained
‘in the form of two scries. One of the two arcas is kept as target in a scries and the
other acts as control and vice versa for the other series. Thus, data accumulate twice
as fast as in a simple target-control design, because an effect of seeding appears in
e.ery period. The significance level is usually obtained with the test statist'c root double
rauo (RDR) defined as,

1, C,
RDR = '\/ I s W
Cﬂl Tﬂl ;
which is a geometric mean of the two areas’ S/NS ratios, 'whcn T, and C, refer to area
average rainfall over target and control arcas on respective sceded days and C,, and
T, to rainfall on the corresponding non-sceded days. RDR has the advantage that

it depends di rectly on the amounts of seeded versus non-seeded rainfall as can be seen
by rewriting it as

This design minimizes the noise of natural rainfall variability, because fluctuations pf
r2infall in the seeded area to some extent get neutralized by the paral!e! fluctuations in
the highly correlated control areas. Pairwise randomization scheme is employed with
this design, for preventing possible chain of seeding events over the same area, to mitl-

Eate the persistence effect and thus improve its sensitivity and efficiency™. But this is

liable to a serious objection that, for the second unit the course of action is known 1n
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advance to the experimenters who may subconsciously take a biased decision i Choosip,
proper seedable units™. This design is considered to be the most efficient One
though possibility of dynamic contaminatior} of_ the' nelgh_bouring control area 5o,
what vitiates the results. Dynamic contamination 1S Serious particularly whep the
effect in the control area is opposite to that in the target area.

The crossover design requires a high correlation between * Target* and " Control *
daily rainfalls. This assumes a close proximity of the two areas without causing conta.
mination. As the distance between the areas is increased to avoid contamination, the
correlation decreases and sampling period to achieve significance would correspondip gy
increase. The above conditions are normally quite difficult to fulfil without cop.
promising with the design efficiency.

Further, it appears that the characteristic phenomena of persistence in the natural
rainfall or drought, whether a short term day-to-day persistence or a long term version
operating on a time scale of weeks or months, have considerable negative effects on the
efficiency of seeding experiments™ particularly those with crossover design™ ™, Pre.
cautions are thus necessary to avoid the effects of persistence because it is not possible
from the rainfall measurements alone to isolate these effects.

7.5. Floating target

A floating target means all clouds that are seeded and also includes all those merging
with them, so long as they remain in the target area. The analysis area floats or moves
with the clouds within the fixed target area. This design was first utilized in the
‘ Whitetop * cloud seeding experiment™. Here the floating target was called the « plume’.
It incorporated the area where the winds carried the seeding reagent. Remaining
experimental area, called ‘ non-plume’, formed the control area. This concept has
been developed further with the availability of modern radars for accurate quantitative
rainfall measurements. During the period of experiment, radars are calibrated with
dense raingauge clusters in the experimental area. Randomization is by days. Rainy
and disturbed days are screened out. Floating target forms a part of the total target.
If the uncontrolled background noise due to large unseeded clouds floating into the
target is not serious, floating target rainfall is large and approaches total target rainfall
for successful experiments. Floating target rainfall analysis on seeded and non-seﬁdf_d
days provides 2 more sensitive test of the ecffects of dynamic seeding. This expert-
mental design has been effectively utilized in multiple cloud seeding experiments®.

8. Statistical evaluation techniques
8.1. Unconventional nature of the rainfall distribution

The problem of statistical evaluation of cloud modification experiments for rain enhance:
ment is complicated by the high natural variability of convective rainfall in space and
time. Distributions of rainfall particularly for short periods such as 24 hours aré
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tailed due to occasional very heavy rainfall.

io data has posed tough questions regardi
choice and validity of standard statistical methods, which are l;lased on thegsonl;fi;l:;

of normality and homoscedasticity of the variates. Seeded and control area rainfal
distributions are skew and also do not quite satisfy the condition of homoscedastici l
because the conditional variance of the seeded area rain for different values of contrz
area rain is not constant but is found to be very much dependent on the values of the

latter. So, optimal test_s of normal theory cannot be properly applied to the evaluation
of cloud seeding experiments.

“usually discontinuous at zero and are long-
This unconventional nature of the rainfall

Attempts have bcen made to overcome this difficulty by suitably transforming the
rainfall data so that its distribution approaches normal and thep to apply the tests of
normal thcory on the transformed data, But this raises another problem, because
now it is the increase in the mean value of the transformed variate that can be estimated
and a direct estimatc of the increase in the mean value of the untransformed variate
may be difficult. In fact, it can happen that the mean of the raw data is decreased
while that of the transformed data is increased. This introduces 2 bias and some correc-
tion procedure is necessary®l, With reference to cloud seeding experiments, it was
estimated that the normalising transformation introduced a bias of about 7% in magni-
tude of the average non-seeded rainfall in the target. Since expected increases due to
cloud seeding are of the order of 10 to 15%, this would mean that nearly half the increase
is generated by the bias of the statistical anlaysis®Z.

8.2. Variability of the size and nature of seeding effect

Another crucial problem that needs to be solved before standard statistical methcds
could be properly applied here is the hypothesis or specification regarding the nature
and extent of the effect of seeding. So far, almost everywhere, the results of rain-
making experiments have been uncertain, producing Increases as well as decreases of
different magnitude in the seeded area rainfalls” 8%, This large and irregular
unknown variability in the outcomes of these experiments points glaringly that, the
seeding effect is really not known yet. This made Gabriel and Feder?‘ to aptly sum.
marize the position thus, * Since so little is known about the a!ternatwe one shouq l?e
testing against, it is not only doubtful whether standard techniques are valid butitss

difficult to decide what a good technique is.”

Thus, on the evaluation of rainmaking expériments we are confronted with two types
of abnormal situations :

(1) The test variate, viz., the observed rainfall follows dEStriputions that
been examined, so that no known most powerful tests are available.

(i) Even though the distributions are well known, the altérnative hypothesis r:g;;:jl
ing the expected effect of seeding may not be the one for which a standard most po

test has been devised.

have not



48 P. N. SHARMA

These points are discussed further to clarify the position. Let T and denote
correlated seeded and control area obseived rainfalls, We assume that, somehow the
problem of normalizing transformation is faultlessly solved. X, Y are the corre.
ponding transformed variables, say, e.g., after a square rcot transformation.

where X is now normally distributed with probability density function
_ Ly AN
GO R P S S > (2)

Taov2n’ exp {— (X — ap — a))?20%,

when for a given vaue of Y, the conditional distribution of X is normal with constant
variance ¢? and cocflicients a,, a, arc unknown constants. We are here working under
the assumption that sceding doc$ not change the vatiance and the regression coefficient
a, but it may affect a,. In other wcrds, sceding is considered to have an additive effect,
This is a classical case in which r-test based on normal theory is the optimal test,

But, it is the widely held opinion amongst the meteorologists engaged in cloud seeding
experiments that a multiplicative effect of sceding is the approximation nearest to the
qrue effect. Working in terms of transformed rainfall X on the area designated a:
target (T) and assuming that seeding effect is multiplicative in such a way that, when
the non-seeded or control area rainfall is y, the expected rainfall in the target area is

E(x|y, & =0)
and the expected seeded rainfall is
E(x|y,§) =e* -[E(x]|y,§ =0). (3)

where £ is the effect of seeding. The factor e arises due 1o squaring of the seeding
factor & as the seeding effcct is on the observed or non-transformed data [T; C]. Since
X has a hinear regression on Y and it is conditionally normal

E(X|y, € =0) = a, + a;p; vatiance (x| y, & = 0) = g3, (4)
for the nonseeded case and
E(x |y, &) = as (§) + a,(£) y; variance (x| y, £) = a2(¢), (3)

for the seeded case.

Under the assumption that seeding has a multiplicative effect on rainfall, we get from
eqns. (3), (4) and (5) the following identities for the seeded rainfall in terms of the
observed or non-transformed variable T .

E(T |y, €) =las(§) + o, (§) y)* + 02 (&)
= [(as + a,))? + 0¥ - 2
or E(T|y, Q) = E(T|y, £ = 0) e for all y, (6)
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both sides of the identity are polynomials of the second order in y. Therefore

equating coefficients of the like powers
o (&) = oet

and
a, (5) e ‘119{- (7)

The optimality of the test for no seeding effect & = 0 is now required with respect to
the nonstandard alternatives given by (7). And no such tests based on normal theory
for fixed sample siz¢s are known, which have optimal properties to test the hypothesis
against these alternatives,  We thus find that even under the assumption of normalised
distribution no optimal test of normal theory is available for the nonstandard (muiti-
plicative) hypothesis. In Such situations we have no alterpative except to resort to
asymptotically optimal tests*?.*  which are described in the following paragiaphs.

It is of prime importance that before a field experiment is undertaken, an estimate
of its efficiency and likely power of the proposed statistical tests against various alter-
pative hypothoses available is calculated by using observations akin to those to be
obtained with the contemplated design of the experiment. This would greatly help
" in fixing optimum length of the experimental unit, size of the experimental area and in
esimating the period required to achieve significant results. A number of experi-
ments which proved unproductive and caused a lot of confusion and controversies in
the field could have been stopped in the earlier stages if the researchers had a
real understanding of the nature of seeding effect; further not it is possible to calculate
the power of a test unless the alternative hypotheses, to be tested, are also specified
Various possibilities regardingthe treatment effect including the design for a variable
effect model have been discussed by Neyman®®, Kulkarni®*® and Moran®'. In fact,
it has been found by Kulkarni®® from analysis of the Capadian cloud seeding
experiment data®? that the results of the experiment ar¢ non-significant when tested
for fixed seedingeffects but are significant when tested for variable effects.

8-3. Optimal C(a) and generalized likelihood ratio tests

With a view to remove the difficulty duc to large natural variability in rainfall, Neyman
and Scot'*? developed optimal C(a) tests for evaluation of clcud seeding experiments
These tests are especially suitable when the anticipated treatment effect is nou additive
and the rainfall distribution is skew. Optimal C(a) test is asymptotically locally
most powerful under the circumstances, when the rainfall fits 2 gamma distribmipn and
the expected seeding effect is either a multiplicative increase or decrease in rainfall.
Moreover, the test js insensitive to mild departures of rainfall from gamma distribution.
This distribution is observed with experimental aiees of medium size and units of the
order of a day. In such cases the rainfall probability density function is given by

5Ty‘?-l-e"5* v~ 0
15 = » }010‘)0!}) .
p(yly ) (7 7

LISc.—5
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The € asymptotic test ’ reckons hete the imiting probability as the sample size is i ncreaseq
The asymptotic power #(&, a) can be calculaied easily for the optimal C (o) tests, at‘
the specified level of significance a and a fixed multiplicative seeding effect ¢ from the
two equations

l v (a)
— = S —"IZ d '
1 a ‘\/211' ‘J‘ € 1
—-g {a)
' T4»
| e e e f /% dy
T—»

where v is the value of rormel deviate at a and y is the control area raintall, = is knowy
as a non-centrality parameter. It gives the shift in the distribution curve, produced as a
result cf seeding. The pcwer f thereforo depends on the preassigned value of o through
v (a) anc on the noncentrality parameter =, Larger the value of 7 the higher will be
the value of B, which provides a high capability of separating the real effects from
those produced merely by chance. Relation between power of the test, level of
significance for various values of 7 is computed and depicted in a graphical fcrm by

Neyman and Scott®. 1t is shown there that a reasonable precision of the experiment
is attained when r ~ 2-5 or higher,

The non-centrality parameter is given by the equation
T = A{Np(l — p)}}2log £

N = number of experimental units;

_ p(probability of seeding) = 1/2 in a randomized seed/no-seed experiment.

The equation clearly points out that r 1s Strongly dependent on the experimental
conditions, the anticipated magnitude of the seeding effect to be detected and the
variability of the atmospheric conditions.

The factor A represents all the important design parameters of the experiment such
as the local conditions and variability of rainfall, length of the experimental unit, size
of the area and the statistical test employed. Therefore, while designing a cloud
seeding expcriment attempt has to be made to estimate A and to obtain larger values
for it by suitably selecting the design parameters that are under experimenters’ control.

It has been shown™ that when no predictor variables are utilised and the rainfzll has
a gamma distribution with shape rarameter y, A = /2

This gives a very useful formula for computing the size of a proposed experiment
or the number of units N required to detect the seeding effect to a specified statistica!
significance level, -

472

N = Atliog. o
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If some predictor variables are utilized and the target rainfall X kas a linear regression
“on the predictors with constant conditional variance, then

n 2
AZ = El—au+ 2 a) /"-ra
" i=1
gives the required value of A. It has been further stown hSr Neyman and Scott® that
by inclvding snmultane_ous observations of properly selecied physical covariates vin
the design of an experiment, the period of experimentation required to ackieve signi-
ficant results 1s dramatically redeced. 1t is shown, for example, that the vse of three

properly choscn physical covariates as predictors reduced (he experimental ynits by
nearly a factor of four.

An efficient likelibood ratio test has been developed by Schickedanz and Kraupse®
for testing the significance when the rainfall data fits a gamma distribution. This test is
based on the variation in the scale parameter between seeded and control rainfal]
distributions having same shape parameter, This test is equivalent to testing if the
multiplicative cffect £ is equal to 1, ie., no effect and is based on asymptotic theory,
thereby implyving large sample sizes. The condition of same shape parameter for both
the seeded and control rainfall restricts the wider applicability of this test. In non-
standard sitvations, moreover, maximum likelihood estimates are found difficult to
calculate.

Optimal C(a) test is asymptotically most powerful for the hypotheses of additive or
multiplicative effects of cloud sceding on rainfall, provided the alternative to be tested
is correctly known. But it is found that if the true nature of the effect of seeding is
misjudged, by assuming an additive effect when in reality it is multiplicative or vice
versa, the efficiency of the test is considerably reduced. In fact, in some of the cases
use of wrong criterion may tantamount to reduction in number of observations®? by a
factor of nearly 5. Kulkarni®® has developed the test further to derive the optimality
criteria for testing the variable effects of a treatment for general experimental design,
of which fixed targct-control or crossover designs are special cases.

8.4. Bayesian statistical analysis applied to cloud modification

Because of the time and cost factor involved in conducting cloud modification
experiments, it is very important to utilize all the information that one can have.
The main weakness of most of the existing statistical approaches is. that they do
not permit us to use all that we really know. The av: il_ablc methods are not at all
wrong but they are inadequate®. The Bayesian approach is a part of the qcvclopn?cnt
towards more effective utilization of all relevant data in statistical 31'!31-)"515.. It gives
weightage to the existing data ard enables to determine not only the direction of the
seeding effect but also its magnitude. Simpson 7 ard her_.group v.rere the first fo agapt
the technique of Bayesian analysis to weather modification experiments, A simplified
€Xposition of the analysis as applied to cloud seeding experiments 1§ given by Sharma

and Kapoor® and is briefly presented here.
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The basic idea underlying the Bayesian technique is the assignment cf prior Pfﬁbﬂbility
to one or more test variables. It is quite appropriate and logical to assign a prior probab;.
lity to the variable of maximum interest and about which thare is some physical
knowledge. *Prior* assignment of probability to the truth of hypothesis about the
variable, corresponds to an ‘encoding’ of the knowledge before performing an exper;.

ment and collecting data.

Prior opinion expressed in the form of a probability distribution can usyally be closely
approximatzd by one of just a few common distributions that are easy to use in Bayes’
thcorem. The aproximation may b¢c a member of a natural conjugate family or a vagye
prior. A gamma distribution i§ pethaps thc most .uitablz, because of its great mathe.-
matical tractability and its ability to incorporatc a wide range of prior information
Moreover, daily rainfall data over medium sized cxperimental arcas aie often found to
closely fit a gamma distribution. An approximatc prior distribution can be used if
the posterior distribution that results looks virtually identical to the posterior
that would have been obtained had the actual prior distribution becn used®,

Prior probability distributions are changed by the data to yield posterior probabilities
through the application of Bayes’ thecorem. The theorem automatically weighs the
rélative contributiors of pricr and sample data to the posterior probability distribution,
By employing numerous classes and distributions of priors to the seeding factors, with
data fitting a gamma distribution, Simpson® concluded that arbitrary assignment of
prior probability does not seriously affect the results, However, since the choice of a
prior affects the sensitivity of the analysis and is considered to incorporate available
information and physical knowledge about the variable, full justification must be
given for adopting a particular prior distribution.

Bayesian analysis

Rainfall (x) can quite often be fitted into gamma distribution whose probability density
function is given by

p(::):"""jf,';y')""", y50,550 x>0 Q)

where y and ¢ are the shape and scale parameters respectively, I is the gamma
function*e, 101, |

Its mca.n (#) and variance (¢o% are,
p=(x) =19/5; a® = y[5". | (i1

Suppose that seeded and non-seeded data can be separately fitted into gamma distri-
butions with nearly the same shape parameters, and scale parameters, &, and J, I€SP«”
tively, Also, let {x), and (x), be the expected values of rainfall for seeded and
non-seeded distriibutions. Let the seeding factor F be defined by,

F= (x), ' 4, ' “ (i)

(x)e  6,’
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where the laSF ratio is obtained by virtue of first of 1elations
s,, the.efore, implies moro rainfall in seeded cases compared to
let the effect of sciding be multiplicative,

(1). A smaller value of
non-seeded ones. Also

By virtue of 1¢€lation (111), we can make use ’ ;
\ ’ e of Bayes’ equation for the sca
J to determine the actual seeding factors. Bayes’ equagon for 3 ish YERle paramter

p(315) = p@?2ld |
p(S) (iv)

where

p(6|S) = Posterior probability density distribution of the scale parameter.§ in refe-
rence to the seeded data, S,

p(6) = Prior probability assigned to the scale parameter,
p(S|6) = Likelthood of the sceded data for the scale parameter,
p(S) = Probability of the sceded data. -

Thus. if the prior distribution of é and the likelihood function are known, posterior
distribution of & can be computed. Considering different discrete values of prior F
and the expected value of control rainfall, {x). (assumed equivalent to non-seeded
average rainfall) expected values of prior were computed from the relation,

/4 /4

|, M (. A ‘
k= G, T Flo )
which is derived frcm relations (ii) and (iii). ‘

Bayes' equation (iv) can be solved by assuming pricr probability distribution of J either
a gamma function or a2 uniform distribution. In the following analysis a prior gamma
distribution has been assumed for & to simplify the analysis and because of the ability
of this distribution to incorporate a wide range of prior infermaticn. This does not
limit the scope of the analysis though sensitivity iS somewhat affected by assumurg

peaked or flat gamma distributions!®®,

In the beginning of the experiment a spread out prior distribution of .5 IS pfcfcrabl'e',
though it would be best to assign a uniform prior distribution to é withir a wide range
of seeding effects to avoid any bias¥on the posterior o

KX, 51 . e—R‘,d - <

(6) =" % T | (vi)

where K, and K, are respectively the shape and the scale parameters. | .
Piior .

(8), = KiJK,. vy

K, is calculated from this relation for an assumed value of K,
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Since the seeding trials are indepondent, the likelihood function p (S|6) can be Written

as,
o7 3
p(s|4) = ﬂ L (il

where n is the npumber of seeded cases.

Substituting (vi) and (vii) into (iv), the gamma distribution for posterior 4, is given by

(% wrm .
POIS) = Sy - IR -

Its shaps parameter is (ny + K,) and scale parameter is ( 2 x, + Kj).

(=]

The expected value of posterior dg is, therefore,

ny+ K, 7y + Kn

2, X, + K, X, + Ky/n . (x}
b1

(6]S) =

With this posterior {J),, the actual seeding factor F can be computed using relation
(v). When shapz paramater K, of pior § distribution exceeds about ten, the posterior
gamma distribution tends to Gausstan. Use of Bayes’ equation enables us to obtain
a probability distibution for the seeding factor F, from which we can know the
expected value of seeding factor and its confidence limits.

The chief merit of the Bayesian technique as seen is that itcan be applied sequentially;
the posternior probability from the first stage of expsrimental work serving as the prior
probability of next stage. This method is therefore spacially useful in the evaluation
of cloud sead'ng exp:riments, where data are being collected in stages. As evidence is
being githered, one can stop and see if the current posterior opinion determined by
applying Bayes’ theorem is sufficient to justify termipating the experiment. This i
invaluable in the decision analysis, when it is required to know in advance the number
of years of experimentation required to establish a postulated range of seeding effects.

An essential requirement for applying Bayesian analysis to cloud seeding experiments,
however, is that the distribution of natural rainfall over the area should be known and is
assumed to remain stable in time. It is usually unrealistic to assume that the natural
rainfall distiibution is completely known. A somawhat more realistic situation, viz.,
that the shape parameter y of the gamma distiibution is known and invariant has been
p-esented. The assumption of y being known effectively takes the dispersion of the
dist ibution as known. In cloud modification experiments there would appear to be
. serious doubts about the use of prior information because of likely changes of the
relevant distribution with time, due to climatic trends, variation in storm types or man-
made changes in the environment, The Bayesian theorem has been applied to the scale
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parameter d. A satisfactory or practical Bayesian analysis, however, still remains to be
developed when all the three parameters y, y. and ¢ are unknown,

Bayes’ method appears to be quite rational as well as natural considering its utility

It is presented as an additional powerful technique for evaluati -seed:
; . - on of cl
experiments where basic conditions of the analysis are fulfilled. e el

8.5. Non-parametric tests

There are basically two methodologies of statistical inference, the parametric and non-
parametric. In the previous paragraphs an assessment of the presently available para-
metric tests, for evaluation of cloud sceding experiments, has been made. The para-
metric tests mainly rely on the following assumptions :

(1) observations arc independent;
(i) the distribution of the population is known (usually normal):

(i)) the variances of populations being compared are equal or of knﬁwn ratio
(homoscedasticity of populations):

(iv) measurements are at least on an interval scale,

Because of these clearly defined assumptions a properly applied parametric test is
very powerful. However, some or all of these assumptions may not be valid or veri-
fiable when the sample size is small. In meteorological data where considerable spatial
and temporal serial correlation exists, assumption of independence of observations is
not always likely to be true. Many clever artifices are employed to force a sample distri-
bution into normality for applying a patametric t st, even when there is evidence that
the distribution is highly skewed, as in the case of daily rainfall data. Fortunately the
parametric tests are usually quite effective for moderately non-normal populations.
Homoscedasticity of seeded and control rainfalls is taken for granted while evaluating
the data of cloud seeding experiments. Parametric tests become inexact and less

powerful when their assumptions are violated.

In the non-parametric method no strong assumptions about the population distri-
bution or of the kind mentioned above are made. Assumptions made, if any, arc far
weaker, that variate is random or that it is continuous, etc, about which there iscomplete
confidence in a given situation. Non-parametric methods thcrcl‘?re work well fqr a
wide variety of populations and are particularly useful when sampling from populations
that are far from normal. Some of the non-parametric tests have been adapted and
sharpened up for application to the evaluation of cloud seeding experi.rnénts“"s 1“3j1_“‘.
Detailed procedure for applying these tests along wi_th th_e corresponding pro!aabzht'y
tables of significance values are published comprehensively in the text book of Siegel'*".
Salient features of some of the most efficient non-parametric tests commonly used‘ In

¢valuation of cloud modification experiments are discussed here;
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8.5.1. The Wilcoxon matched pairs signed ranks test

The test takes into account differences between pairs of seeded and non-seedeq raingall
values with appropriate signs. These differences are firstly ranked irrespective of their
signs and the original sign is later affixed to each of the ranks. The test gives More
weight to a pair which shows 2 large difference in magnitude as well as in the directiop
of change. The Null-hypothesis adopted is that there is no difference between the seeded
and non-seeded populations. Under this hypothesis the value of test statistic Z is
approximately normally distributed,

NN D)

T

4
N+DEN+1)’
24 =

where

T = smaller sum of like stgned ranks,

N = number of matched pairs minus the number of pairs whose difference is zero,
significance is tested by referring Z to normal distribution tables.

The power-efficiency of the Wilcoxon matched pairs signed ranks test compared with
the parametric ‘¢’ test under normality assumptions''® is about 95%.

8.5.2. Wilcoxon-Mann-Whitney (W MW) test

This is the most commonly used non-parametric test for evaluation of cloud seeding
experiments. It is applicable when the parent population is not known to be a normal
distribution. The test is used tosearch for central tendency (or location) differences
between seeded and control arca rainfalls. Seeded and control rainfall samples are
pooled together and ranked in their ascending order.

Mann-Whitney!!* U parameter is computed

U = nn, +3‘("‘2+1)—- T

where
n, = number of seeded events;
ny = number of control events;

T = sum of ranks for sample 1;
provided that n; and n, > 8, it is found that U is normally distributed with
mean
bu = mny/2
and | »



CUMULUS CLOUD MODIFICATION EXPERIMENTS FOR RAIN ENHANCEMENT 57

standard deviation

oy = '\/ el ¥ %D .

If U is standardised into @ normal variate with zero mean and unit variance by Z, where

_ iy
U - iy & 2
7z = =] T T e
12

significance 1s tested by referring to normal (0, 1) probability distribution tables.

The power cfficiency of the Wilcoxon-Mann-Whitney test is about 95% of the most
powerful parametric * ¢ test for normal distribution. Tt is the most efficient alternative
to the “ ¢’ test, being without the infirmity of restrictive assumptions and requirements
of the 1  testiod. e

8.5.3. The Kolmogorov-Smirnov two-sample test

The test focuscs attention on the largest deviation between cumulative fiequency distri-
butions of seeded and control rainfall data, If seeded and control values do not differ
significantly. their cumulative distributions will be close to each other. However, if
they differ significantly at any point, the two samples can be considered as belonging to
different populations. Since the test compares the complete form of two distributions
and responds to any differencc in their location, skewness, dispersion, it 1s highly useful
where normality of data cannot be established or is known not to apply.

Cumulative frequency distributions for the seeded and non-seeded rainfall samples
are produced, using the same class intervals. By inspection, largest difference in frequency
for a given class between the two samples is found.

Written formally,
D = maximum [(F, (xi) — F, (xi)],

F,and F,are the frequency distributions of the sceded and control samples respectively
and i is the class for which D is maximum.

The sampling distribution of D is known and the associated probability tables for
different values of the observed D are available!®® 1% 113,

The power-efficiency of this test is about 967 in comparison with the ‘1’ test for

small samples and is somewhat reduced for large samples.

Multivariate statistical analysis

ovariates as predictive devices to

The need interpret physical ¢ ;
to generate, use and interpret phy { is increasingly being felt.

3i30iﬁcantly enhance the power or sensitivity of the experimen
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Therefore, accurate concomitant measurements of several cloud physical apg meteor
logical variables together with the rainfall are becoming available®?™7, pagy son?;
of these variables could be effectively utilized to perform multivariate statistical analysi
to yield truly significant results.

However, the determination of realistic multivariate distributions and developmeyt
of appropriate test function or critical set to be used for a given test becomes highly
difficult because of the involvement of the distributions of all the variables, Attempts
have been made® to extend the procedures employed in two sample (seed/no-seeq)
univariate ranking tests described by Chung and Fraser'™, Mantel and Valand!s, g4
Puri and Sen™®. Though results are not very satisfactory, further developments ip the
use of multivariate analysis should take place with the detailed and accurate measure.-
me nts of cloud microphysical, dynamical and environmental meteorological parameters
becoming @ routine in cloud modification experiments.

8 6. Choice between parametric and non-parametric tests

Applications and comparative merits and demerits of parametric versus non-parametric
tests have been widely discusscd by statisticians!®3 109 M17-119 A major requirement
for weather modification evaluation is the development of statistical techniques which
would utilize the precious experimental data in the most efficient manner by Incorporating
all the information that the observations contain. In many non-parametric tests the
observations are used only through their rank order or sign, thus wasting the infor-
mation. On the other hand, if the resolution of the measurements is less than an interval
scale, the use of parametric tests would, so to say, add information and generate bias
which is as damaging as throwing away of information while using non-parametric
tests. If the experimental data satisfy all the assumptions of the parametric test and if
the measurement 1s of the required strength, then non-parametric tests are much less
efficient. Under the conditions existing in cloud modification experiments, the efficiency
of the powerful optimal C(a) test is quite low. The power at 40% increase of rainfall
is of the order of one-half. With the commonly employed non-parametric tests such
as Wilcoxon-Mann-Whitney, Kolmogorov-Smirnov test and Median test, etc, this
power is much lower (Fig. 6, Page 320 of Neyman and Scott®™).

It would be beneficial to use non-parametric tests together with the parametric tests
to enhance confidence in the results and to provide a stronger basis for drawing corclu-
sions. The non-parametric methods are better utilized in the exploratory phase or test
of concept stage of experiments, when nothing much is known about the sampling
distribution and where the assumption of normality is clearly dubious.

8.7. Use of physical covariates or predictor variables in statistical analysis

It has been rightly pointed out by Simpson!? that without early identification of propet
predictor variables, weather modification experimentation would most likely fail to
yield significant results even after 2 long period of experimentation. Rosenzweig'™
showed that often the use of a proper covariate may prove to be more effective than
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doubling the sample siz¢ in producing conclusive results. Most of the few successes
that could be achicved so far in weather modification have resulted due to early identi-
fication of stratifications, physical covariates or predictor variables. Here strati-
fication means a priori | objective quantitative grouping of experimental units with a
view to improve the statistical analysis and to maximize the chances of detecting effects
of seeding. Stmultancous measurements of physical covariates or predictor variables
are required to forecast the amount of rainfall during a particular experimental unit.
These covariates are to be those atmospheric parameters which would to some measure
reveal the meteorology of local moisture, stability and dynamic seedability conditions,

etc. Moreover, these paramcters should be easily measurable and independent of
whether clouds are seceded or not sceded.

Important predictors that have been used are, for example, precipitable water, mixing
ratio, stability indiwces, cloudbase and cloudtop temperatures, winds aloft, maximum
radar echo volume, maximum reflectivity and maximum echo top, previous rainfall in
the exparimental area during a specified period, ctc. From the candidates list of covariates
those parameters that have the greatest potential to reduce the natural rainfall variabi-
lity are chosen by using stepwis¢c mulitiple linear regression analysis. It is anticipated
that if the incorporation of stratification variables and the measurement of proper
physical covariates is set forth asa design requirement in the planning stage, this would
not only cons'derably shorten the experimental duration by providing a high probability
‘of reaching an accurate conclusion earlier, but also reduce any bias in the experiment
that might inadvertently come 1n122-1%4,

9. Exploratory-confirmatory experiments

Field exp>rimentations in weather modification and multifaceted data analyses, during
the last two decades, have brought the rcalization of the necessity of basic physical under-
standing, sequential or phased design, p:edictors and stratifications, and interdisciplinary
approach. The concept of distinctive * Exploratory® and ° Confiimatory’ experi-
ments has evolved in the field of weather modification. The * Exploratory ' experiment
incorporates phased preprogrammes and subprogrammes, to test the applicability of
the modification hypotheses, testing of the physical numerical models to provide strati-
fications and predictor variables, efficacy and targeting of the seeding reagents to be
employed, and the randomization scheme and experimental unit to be adopted??0,125,128,

The exploratory or discovery stage according to Gabriel'® consists of .:all conce%vab]e
analyses of the experimental results, classified in any reasonable way, with the aim to
verify subjective concepts or intuitions about reésponse of diﬂ'erfmt cloud types ‘(tower
,height, water content, seeding nuclei prevalence, etc.) at different time and space windows
in their evolution and to various types and quantums of seeding reagents. In the explo-
fatory data analysis, techniques do not endlessly proliferate but are ‘evah}ated and
Cither evolve or get discarded. Scientists in the field of weather mod:ﬁﬁcatlon, these
days, are wary to get involved with the randomized confirmatory expef'lfflental phase,
Ull sufficient understanding of the underlying meteorological and statistical structure
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of the meteorological data are established. Design, experimentation and apa]
sequential and cumulative processes. The feedback of knowledge from successfy
short duration exploratory experiments is hoped to bring in more precision ac:
exactness in the specification of the hypotheses to be tested and thereby optimige tlllm
design of the randomized confirmatory experiment!lL,127-129,

YSiS are

10. Maltiple analyses with postfactum stratifications

Statisticians have performed multiple analyses of the pastcloud sceding experiments by
the method of postfactum stratification or partitioning of the data, according to factors
or variables which were not reckoned or controlied in the original experiment but Jager
appeared meaningful? 13-133 These analyses revealed the high complexity and hetero.
geneity of mcteorological data. In the case of project Whitetop, it was found that
both target and control arcas received substantially less rain on seeded days which coulg
be either due to oversceding of clouds, seeding unsuitable clouds, spillover of seeding
into the control arca or to uncontrolled background effects. However, the most
puzzling results came from the analyscs of Berkeley group of statisticians!®.188 who
found the ncgative cffects of sceding extending up to 180 km not only down wind
but also upwind of the target and that, deficiencies on ‘ £’ days partition were not
confined to periods following the start of seeding. Their most ‘sweeping’ conclusion
was that, *‘ the negative differences could hardly have resulted from random selection
of days for seeding ™, and, *“ any conclusions about the effectiveness of seeding one
way or the other, that are based on the Whitetop experiment must be made with extreme
caution ’. But, 1t is to be noted that this result was obtained by adopting & single
area random'zed experiment design in the analysis in place of the original Target-
Control design. In the case of Florida Area Cumulus Experiment (FACE) ‘ Echo
Motion Category’ and Climax Experiment ‘ Cloud top temperature > were revealed as
vital stratification variables on the basis of post-hoc analysis®® 134,

The multiple exploratory data analyses added 2 new dimension to the past experi-
ments, by exploring all possible dominant controls and interactions in the rain process,
and brought about improvements in the design of experiments. But this multiplicity
of analyses also produced many problems and futile controversies, especially when
the post-hoc analyses appeared to cast doubts about strict adherence to the adopted
randomization schemes and a posteriori manipulation of cut off hour of units by the
experimenters!l 133, 135, 1% or fryitless analysis of rainfall data of Swiss Hail prevention
experiment in terms of the personal traits of the weather forecasters on duty.

It should be borne in mind that postfactum analysis is exploration, and not confir-
mation. When multiple analyses are performed, computations of level of significance
or confidence based on standard methods no longer apply. Analyses with some
stratifications may show physically interesting patterns, which can come out by chance
and not as a result of any plausible physical mechanism. In an exploratory phase 8l
the accumulated knowledge or wisdom must be brought into use, to focus the enquiry
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on at the most a moderate number of main questions. Though one should keep an
open mind to the various questions that appear pertinent, the fundamental question
that nccds to be answered in the confirmatory phase must receive the utmost attention
in the cxploratory phase to avoid problems of multiplicity12s, 187, 138,

11. Randomized numerical simulation experiments

The cnormous physical complexity and natural variability of the interactions between
particles and‘motions at scveral sizes and scales in the cloud fields, the errors and
inadequacies tn thc mcasuring systems and sceding nuclei generating and dispensing
technologics coupled with the acute lack of knowledge about the possible range and
direction of the effcct of sceding, have combined in producing too many imponderables
to know, as to what really happens from the nucleus stage to rain. The judgements, sc;
far, were being based on the end product of the complex system, j.e., rain r;aching the
ground, and no questions were asked about the intervening processes. It is now
rcalized that unless @ systems approach is adopted in the field of cloud modification
no significant results will be achieved, even with endless experimentation. The experi-
ments, therefore, should be divided into distinct phases, each phase conducting focussed
experiment on onc of two crucial questions and as the data come, perhaps, a few subsi-
diary questions can be raiscd, but never losing sight of the main question®,

Extensive physical and mcteorological measurements have been made, during the
past cloud modification cxperiments, at great cost and labour. The data must be
utilized to the maximum extent, keeping in mind the inaccuracies, calibration errors,
and the biases, detected in them. Reanalyses of these data, therefore, need to be
performed with the new approach, by numerical simulation of natural and seeded
clouds with cloud models and by conducting randomized (Monte Carlo) numerical
experiments to determine seedability criteria, and to discover dominant control factors,
efficient predictor variables, and stratifications. Some numerical studies combining

model simulations and statistical methods have been performed with this objec-
tivedl, 70, 108, 106, 129, 140

Several randomized computer cxperiments have been performed with the historic:_tl
rainfall data available in different arcas, to assess the possibilities of detecting at a speci-
fied statistical significance level, the marginal changes in rainfall produced. by clo_uf:i
seeding experiments of a reasonable duration in these areas. In thes§ studies, s§ns:1t1.
vities of the various experimental designs and power efficiencies _c,-f different StatlSUFH.l
tests have been computed by taking into consideration t}w important controlling
factors such as the following : (@) the effect of seeding for different types and amounts
of rainfall; (b) the natural variability of rainfall in the area, (c). !;he dcnsn:_y of rain-
gauge network and the errorsin rainfall measurements; (4) variability of sceding ‘:gi‘::f
and (¢) the effect of utilizing different meteorological predictor vanablfts“’“’ 56, :
These studies demonstrated that natural rainfall variability 1s the major obstacle to
resolution of the seeding effect irrespective of the size of the experimental 3“’-’311 A;
discussed earlier, an optimum system of rainfall measurement has to be establishe



62 P. N. SHARMA

keeping in mind the requirements of accuracy, cost, manpower an(_i topography of the
experimental area to partly overcome the hurdIC.. ’I:hc high vanability cap further
be mitigated by adopting stringent scedability critena tg screen out days unsuitahe
for seeding, developing realistic physical modecls or predictor variables, utilizing tpe
most efficient tests available and developing new statistical techniques.

At this point, to close the discussion, perhaps one can do no better than to quote
Harlan Cleveland from his Foreword to the Report!'® The Management of Weather
Resources, Vol. II—* The analysis of physical causcs and effects is still the bottleneck
in atmospheric science. When rational man scts out to produce effects of his own,
he is bound to use statistics—' the science of doing science’—as a primary basis for
judgements about what he accomplished, compared with what would have happepeq
if Nature had not been altered with a human purpos¢ in view. In the managemept
of weather resources, therefore, statisticians and atmospheric scientists—and analysts
of social and environmental impacts, too—must work closcly together to decipher the
consequences of human intervention. ™

12. Conclusion

It is clearly brought out that statistical methods alone are not sufficient in establishing
significantly, without any bias, the results of cloud seeding, by undertaking experiment
of a reasonable duration. Most efficient approach is a synthesis of improved physical
understanding and accurate numerical simulation of cloud processes, the best avail-
able measurement techniques and the powerful classical and Bayesian statistical methods
applied along with established stratification of data and measurement of physical
covariates as predictor variables. It is shown how different powerful statistical tests
such as Optimal C(a), likelihood ratio, and Bayesian analysis can be used together
with appropriate non-parametric tests to achieve better confidence in results. Confr-
matory proof of concept randomized cloud modification field experiments should be
undertaken in an area, only after successful completion of ¢ Exploratory ’ experiments
in the area. Stratifications must be based on physical principles, and should be a priori

incorporated into the experimental design, to avoid subsequent problems due to
multiplicity of analysis.
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