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Abstract

The central objective of Lhe researcn carcied out vnder Lhe
Pragramme for Atmosphevic Water Supply {PAWS} 15 to evaluate Lhe
potential Ffor peneficial modification of summertime convective
rainfall over and wear the escarpment of kthe tastern Transvaal.

[he work completed over the past four years nas established
a seeding procedure, identified and defined a seeding tarqet,
docuwented a seedaing response of that Larget and established Ene
foundation for a ccedible and consistent seeding hypothesis.

The seeding response has been Jocumented by uvbserwving
changes in the physical properties inside new growing cells af
medium-sized multicellular cloud complexes anu in the ovwerall
reeponse, a5 measured oy radar, of the cloud complex itself. Ths
seediny response of the cloud complex as measured by radatr can be
followed up to 40 min after seeding showing a serial progression
over time of suvcesdlve physical responses. Imitial chanyes
detected in the wvertical profiles of Lhe storms are fol lowed by
ar 1ncrease 1n Lhe rates ol upward and duwnwerdg mass transportks,
terminating 1n an increase in radar measured rain Flux at c¢loud
base. oy 3U-40 minutes after inikbial seeoiny, the trested storms
as measured by radar, occupy greater volumes, cover larger areas

and have generabted nore radar measured vrain af vlouda base than
their untreated counterparts.

Evidence Lhal suvyyests ktnat both oynamic anog micropnysical
effects may be taking place is found in measured high supercooled
water cuntents and low precipirtabtion efficiencies due to high
condensation rates andg cloud water contents and low
concentrativns of large parlicies.

Continwvation for one or move Seasuns of tne expluratory
randomized seeainy experiments 15 desirabile tu increase sample
s1zes anua confrre present fingings. The ogesiyn ang execution ol a

randomlized area rvainfall enhancement experiment couwld Ethen
proceed.
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Preface

The Progrem for Atmuspheric Water Supply (PAWS) has been and
is expected to continue to ke a sustained =Fffort to determine
first, the potentiel for rain enhancement and ultimately, the
meana by which water supplies can be sugmented by the treaktment
of summertime convecktive clouds.

The four yesr PAWS projeckt has been s detsiled scientific
and technical effort aimed &t clear goals. A full &sccounting of
the Project is now due and that is & Formidable task with many
components. We have broken this tesk down into the preparation aof
four volumes, each with & distinct potential audience.

Volume I is a succinct statement of the coneclusians with a
minimum of gualifying commentsy it is the sum of our sSuccess ar
lack of it and is written Far & wide and non=-technical audience.

Volumes 1L and I1]l are a full deacriptiaon of aur findings,
first on the nature ¢f the clouds and their surroundinga in the
Melspruit area and then on the rain augmentation experiments that

heve been rarried out. The audience for these two valumes is a
scientific one.

Volume IV is the technical and scientific fFoundation of the
entire Final Report in which we set down in detail what we did
and how we did it. The audience for Yolume IV consists aof
scientists and engineers practicing in the Fieids of meteorolagy,
cloud physics and weather modification,

The staff of each of the responsible organizations who
performed this work is Jlisted in Appendix A of this volume.

Appendix B lists the publications which have already been
generated under this programme and ptovides a list of those
manuscripts submitted fFor publicetion. These, and many other
papers which will follow, will represent the main test of and the
intellectual rewsrd for the work done under PAWS.

Appendix € 1lists thosee individusls who served on the
Steering Committee and guided this work over the past 4 years.

Appendix D provides a table of contents for the companion
valumes.



1.0 RESEARCH UBJECTIVES

The ultimate aim of weather modificetion research is to
evaluate the potential and to determine the methods required for
beneficial modification of the weather., The objectives pf the
Programme for Afsospheric Water Supply (PAWS) at HNelspruit were
refined at a workshop held in Charlottesville, VA during June
1983. Theszse objectives are in accordance with the recommendations
made to the Commission by the overseas consultants ia June 1982.

The PAWS central objective is to evaluate the potential for
beneficial modification of summertime convective rainfall in the
region over and near the escarpment of Ehe Eastern Transvaal. The
4 year programme i3 the initial phase of & longer research
programme snd was designed to:

1.1 Define a seeding target, and
1.2 Establish a seeding response.

To achieve these objectives, answers were sought to the
following questions:

a. Do any of {he clouds which gecur in the experimental
area show potential for rain augmentation?

&, Which class or claases of cloud systems in the
experimental area {Aas described by radar and

atmospheric measurements} constitute a femsible Ltarget
for £loud seeding?

o. How often do such classes of rlouds occur and what is
their contribution to netural rainfell in the area?

d. Where and when do they pccur?
e. How do they respand to experimental seeding?
f. I1a that response, if any, consistent with a credible

physical hypothesis or hypotheses?

Satisfactory answers to theae questions lead to a "seeding
hypothesia™ which would then form the basis of an experiment
designed to test the validity of man-induced changes in rainfall
as measured at the ground over a specified aresa as vpposed to the
changes in rain production of a single cloud system.

Ury ice was selected as the seeding agent in the experiments
conducted in the PAWS because:

8, airbeorne tests documented dramatic changes in cloud

microphysics some 3 to & minutes after dry ice
treatment



b. dry ice is experimentally “"ciean"; ance the pelilets
have evaporated the nucleating effect of the dry ice is
genes there is no "holdover" effectk, as with silver
iodide, and npo patential for contaminating ather
experimental units.

The seeding that was carried out guring the current phase af
the programme was exploratory only, serving as a research tool to
aid in understanding the local precipitation processes. WNO
attempt has been made to increase srea rainfall.

2.0 BAUCKUROUNYD

2.1 The water needs ofF South Africa and the rainfall
augmentation option

Since South Africa's water supply is obtained from the
atmosphere, research into those aspects of the atmasphere that
impaet upan water resaurces may be regarded &s a necessity. The
search Ffor alternsate sources of water has been spurred by
estimates that local demand will exceed total availanle supply by
the year 202D. Aesearchers must investigate the feasihility of
tapping unconventional socurces of water to augment the supply.
Some of these are rainfaell stimulation, desalination, towing
icebergs from the Antarctac, importing water from neighbouring
states, purificstion and re-use of effluents and various means of

manipulating the hydrological cycle {evaporation and runofFf
harvesting].

Rainfall augmentation is an attractive alternate saurce of
good quality water. Estimates of costs in other areas of the
warld indicate that cloud seeding might produce water for as
little a3 2 American cents a cubic metre, a fresction af the
curtent cost of water in 5Spouth Africa.

It has been estimated that atmospheric moisture moving over
South Africa amounts to sgme & UUU UOU mifilion cubic meires of
water annually. About 10 percent of this total, or 60U LOO
million cubic metres Falls as rain. Minety percent of this rain
{540 000 millian cubic metres) returns to the atmosphere via
evapotranspiretion lzaving 6U CUO0 million cubic metres. UFf this
total, about 10 percent is lost to deep ground water storage and
seepsage into the sea so that the amount thnat cuns afFF in South
Africa's vtiver system is about 54 (U0 million cubic mctres per
annum. It is nob pussible to dam all thnis river fFlow. ESLLmal: -
are that some 33 ULUL million cubic metres of this water ap:
explortable or one halfF of one percent of the total moisture
maving over the country each year. IF rainfFall sugmentation was
cepable of increasing the annual rainfall over the whole country
by ZU percent, this would amopunt ta extracting only 1.2 percent
of the movLsture from this vast reservoir that traverses Lhe
tountry each year, It would be groussiy irresponsible not to
explore the poesipilities of tapping this enormous resercveair of



fresh water.

2.2 Immediate history

An operational heil suppression programme, funded by the
locel tobacco cooperative, the Laeveldse Kooperasie Beperk (L¥B)
waes initiated at Nelspruit in November 1271, The effects of the

hail suppreasion seeding on the rainfajil became & strong local
congcern,

The agsistance of the Water Research Commission (WRC) was
solicited to study this problem. Historical data together wikth
greatly isproved in-cloud measvrements were vged by Simpson
Weather Associates (SWA) and Cansas Inkternstional Corporatiagn
(CIC) in & 3 year study supported by the WRC of the effects of
hail suppression on rainfall. Lack of statistical control
precluded definjitive results heyond suggesting that nao
deleterious effects of hail ayppressian seeding could be Faund.
Inereases in rainfall were found which rould not be ascribed with
any certainty to seeding.

Un March 30, 1981, coincident with the end of the WRC
suppeorted research pragramme, the LKB terminated the operational
hail suppression programme,

Cancern thal research capability 8s well as promising
research Findings would be lost led to a one year extension (to
December 1%d2) of the work being done by CIC mnd SWA and the
appointment of a panel of international experts in the fField of

weather sadificetion and cloud physics to evaluate the work being
done at Nelspruit.

The panel]l econcluded that an excellant base had been
established at Nelspruit From which further research into the
feasibility of rsin sugmentation in the ares could be launched.
At 3 meeting held at the Commission on 5 July 1982 at which ths
report by the consultants was critically coneidered, it was
proposed that the Chairman should initiate negotiations wilth all
relevant parties with the aim of continuing the rainfall
sugmentation resesrch at Nelspruit for a period of 3 to 84 years.
During these negotiations, legsal! advisors to the WRLC advised that
the lease or purthase of aviation equipment faor water research
purposes would place the Commission in a position of unacceptably
high risk. A non-profit company was thus estsblished, the Lompeny
for Research on Atmaspheric Water Supply (CRAWS), ta conclude the
neceasary purchases and agreements required to continue Lthe
research. SWA was appointed as principal investigators ang CIC
{Pty) Ltd. was contracted to goperate the equipment at Nelspruit
vunder guidance from SWA. The necessary equipment was purchased

from the LKB. The 4 year agreements, which commenced on 1 _January
1883, expired on 31 vecember 1986.



3.0 HESULTS

The PAWS wWas designed to 1dentify a seeding targebt andg
detarmine whether a seeding response cauld be detected end
verified after the tregtment of thet targeti. vevelopment of a
"smading hypothesis" expressed in ferms of physical processes
Follows upaon the detectieon and verification of a seeding
response, The research is designed to Bssess Lhe potentizl fnr
augmenting rainfall from summertime convective storms over Lhe
eastern Transvaal and not to attempt to systematicelly incresse
rainfall at the ground.

4 seeding target has been specified and defined a5 a medium-
sized, lisolated multiceliular convective storm i1dentifiable 1in
radar terms. Lt is large enough to be relatively long lasting
with an asspociated saurce af supercoocled liquid water. The
medjum=-8ized rvonvective c¢omplex oacecurs on mast conveckive days
angd produces @ significant part of the natural reinfall of the
eastetn Transvazal,

The ory ice seeding is targetted into turcets rising through
the -10°C level on the Fianks of canvective pomplexes., The new
grawkh seldom shows a radar echa at time of treatment, however,
the tader 15 used to vecktor the airerafbt into the region af
anticipated new cloud growth (usually the west to northwestern
flank pf the staorm). Each turret is seeded once and all turrets
are treated for a total seeding time of 120 seconds (each run
averages about 10 seconos, therefore on average, about 12 turrets
wil) be treated at a seeding rate of 2UD g/s.

Handomized selection of targets result in seed &nd no-sesed
ceses. Uver the two seasons (1984/85 and 1984%/86) 32 seed and 37
no-seed ceses could be compared. The response of the cloud
complex could then be gbtained by examining & large pumber of
radar response varitables aver the track of that storm Ffrom
seading time up to 40 minutes after seeding. This procedure
produces the most fundamental seeding response yet to be obiained
in the PAwWS, The result is particularly important because
stetistical analysis shows ® serisl progression over Lbtime after
seeding of physical events which are predicted by the seeding
hypathesis. Thus, in the first 16 min after seeding, there 15 an
upward change in the verticsl profiles of the seeded storms. This
is detected by an uvpward displacement ot the centre of mass of
the storm., This is fFollowed by an increase in the upward rates of
mesg transport, then a2 rapid transport of mass downwards which is
detected at cloud base as an increase 1 raovac measured rcailn
flux., By 2U - 40 minutes after initial seeding, the seeded
storms, as mesasured by radal, occupy gresater volumes, cover
larger aress and have produced more rain than their untreated
counterparts.



These findings are supported by a systematic shift to higher
significences in the probebility value distributions of the 147
track properties which occurbs as time after inttisl seeding is
increased from 10 to 40 wminubtes.

An analysis of the probsbility distrioutions for each season
also reveals a consistency in tha responses of key variables,
demonstrating that the results from a single season are not
dominating the statistics of the combined &nalygis. !f a third
season reflects these i1nitial results, then acceptable levels of
skatistical significance For the exploratory phase of Gthe
experiment should be achieved.

Mew inatrumentation developed i1n PAWY shaws that, in the
absence of precipitatioen particles in the clouds, average
supercooled liquid waker contents of 4.4 y m™¢ oceur compared ko
2.5 g m*7 a5 measured by prevjouvs]ly existing instrumentation.
More than nhalf of the 4.0 g m-* liquid water masg is ip the tform
of particles larger than cloud drops which can b# rapidly frozen
by dry ice seeding. treezing of these draps could yield & U.75%¢C
rise im temperature at the -10°C level 1n the clpuds, thus making
a significant contribution to the buoyancy of the cloud.

Microphysical measurements carried gut in a large number of
clouds during the PAWS suggest that the nstursl clouds are af Llow
precipitation 2fficiency, i.e., they dg not nasturally possess
precipitation embryns which will rapidly sweep uUp the available
cloud water and canvert it into precipitetion., Two indices
develaped during the PAWS, the Conversion Efficiency Index and
the Reservoir Effect [ndex to messure the efficiency of natural
clouds in producing precipitation and the effectiveness of
seeding to augment the deficiency in the precipitation embryos,
provide a bhasi12 to assess kthese critical ¢loud microphysical
processes. (Caution must be taken when interprekting these
results, The Conversion and iHeservoir indices are measured
locally, and may bear no relationship to overall storm
precipitation effeciency).

The high liquidg water contents and the low precipitation
afficiencies of the Nelspruit clouds suggest that both a aynaailc
and a microphysical response to seeding can be expected. The
dynami¢ response following the release of latent heat of fusion
when the supercooled liguid water is Ffrozem by the dry ice
particles i3 to increase the cloud buoyancy, invigarating the
cloud {(incresee in heiyght, djiameter, and vercical velocity). The
invigorated cloud processes more atmospheric water vapour and the
cloud produces more rain. The microphysicsl response due to the
supply of precipitation embryos introducea by the dry Lce causes
precipitation to ocegin earlier than in the natural case as well
ss to proceed more efficiently. The use of dry ice as a seeding

agent would appear to initiate both dynamic ang the microphysical
responses described above.



An extensive radar climatoclogy of the thunderstorms of the
Lowveld Escarpment has been accumulated in the PAWS, The
atruciure is archived in the Fotm of

a. digital radar data;

b. cloud physical data from aircraft, in database formak;

C. automated recording raingauge data;

d. automated recording surface mesgnet station datajg

e. radiosonde data (including airgraft data) i1n dats
format.

Analytical procedures togefther with sxtensive software have
been developed to interpret these data. Procedures have Deen
developed to predict the occurrence of clouds suitable for rain
enhancement. Warm cloud base conditions end low buoyancy favour
the occurrence of large drops and a positive response Lo seeding.

Prediction of starm behaviour and internal chsaracteristics
has also been improved by using the surface measurements Ffrom 9
metearological towers spaced about 30 km apart across the
escacpment. These towers have provided abservatbtions Ffrom which
air fFlow into and out of the escarpment and surrounding acreas Ccan
be calculated. Storm outflows have been simulated by computer
using the radar and sounding data. Hegions of cloud outflew
interackion have been determined with the view Lo identifying the
most Favourable seeding locatiens.

Analysis of the frequency of occurrence of "“seedable®
storms, based on radar and the above foarecast procedures,
suvggests that operattional ares-wide seeding could produce as much
as 155 more rainfall over the experimental area. No negative
effects due to the limited exploratory randomized seeding
experiment could be detected.

4.0 TUULS AND EyUIPMLNT

The PAWS began aoperations in 1942 with the following major
sysiems on hand.

* A Learjet 24 equipped with cloud physics instrumentation
and a spare jebk engine;

* A 5 cm wavelength weather radar with an aircraft bracking
capability and an associated computer capable of
displaying and storing digitized radar dataj

* a radiosonde sounding system cepasble of tracking (wWwinds)
and receiving ratio signels {pressure, temperature and
Mumidity from balleon-launched radicsondes;

* Eleptreonic test anog radar calibration equipment.,

Lonsiderable additicnal equipment was &sdded or refinements
mede Lo existing systems. These include:



* A cioud base sircraft {Aero Commander 500S) was purchased
and equipped with cloud physics instrumentation similar to that
an the Lear. The main rote of this aircraft is to measure starm

rginfall at cloud base and to campare these maasuremenks ko bthose
af the projeet radar. .

* A nine-station metearalagical 10 m tawer network was
developed and deployed an a 50 km grid across the escarpment.
This networtk measured % minute averages of wind speed and
direction, pressure, temperature humidity and rainFall.

* 16 automatic tipping bucket raingauges were installed in
an array around the ¥Yyebaom Dem in the Badplaas valley. Rainfall
megsuremenkts every 5> minutes fFram this automatic network have
provided valuable information an starm rainfall tates anmd on the
diurnal distribution af convective rainfall. A compasrison of
rainfall rates and radar returns has led to the derivation of a
relationship to estimate rainfall From the radar return.

* A new mini computer was acquired during the second year of
the project. The power af this new aystem eliminated the analysis
bottlenecks caused by the huge amaunts of data generatad by the
aircraft, radar and surface measurement systemsa, It alan
permitted the development af "data banks"™ far the aireraft and
radar. All data from these sources can be quickly retrieved,
manipulated or copiad Far autside users by using the data banks
and computer programmes developed fFor theae purposes.

* A satellite receiving system was installed late in the
third yeatvr of the contract period. Visible and infrared
photographic pictures received from the Eduropean satellite,
Meteosat, every 3 hours during daylight hoursa. have greatly
enhanced the ability ta forecast the arrival of cald fronts., Much
of the experimental activity is focussed an the convective storms
that break out in advance of these weather systems.

* Conversion to a valume scan mode of operation, Eightesn
harizental (3609) scans from 3 through to 50 degrees in Lthe
verktical are completed each 5 to B minutes, digitally recarding
radar returns on 2ll storms within a radius of 10 to 120 km from
the radar. These desta, elong with aircraft tracks from the cloud
base and Lear jet aircraft are stored on magnetic tape. Camputer
cantrnl of the radar ensures fFlexibility; any changes te the
sytem are effected by simply altering the programme.

* Addition of & calour visual display unit. The contaured 3
degree scan is displayed an this unit, updated at the beginning
of sach volume scan sequence. This presents & current display of
the locations and intensities of the storms in the area, and is
extremely useful during fFlight operations.



Pernaps one of the most valuable accomplishments is Lthe
development cof computer pragrammes to atore, analyze and display
the vaat amounts of data that have been acguired during the 4
project years. Without these programmes, it would have been
imposaible fto rationally process the data scguired to date.

Less tangible but no less velusble are the knowledge,
measurement and research skills accumulated by the project stsff
over the past 4 years.

5.0 CDNCLUDING REMARKS

The PAWS has achieved much over the paat 4 years. The extent
of the achievement and the degree to which the original
objectives have been met await further analysis and wider
asseasment. Support should be provided for this analyeis becauss
hoth wider acceptance as well as more analysis by othera will
depend upan the publication of the PAWS results in recognized
international scientific journals.

Sample size and the possibility of bias remain as problems.
1t is desirable that at least one wmore semason of measuraments pe
carried out ko augment those acquired over the past 2 yesrws.
Recognitiaon must, however, be given to the fact thet conmidersable
resoutces should now be devoted Lo interpretation and sasesament.

Regults, if they continue to support a positive seeding response,
shouvld be used to

* garefully assesas the impact of this positive response on
runoff and available water;

*design an area-wide randomized seeding expeEliment to
assess changes in raimfall at the ground aver a target
area of sufficient size to be af hydrological importence;

* gelineate areas in which mseasurement capability is weak
or lacking with the view to strengthening these areas
prior to the execution of any areg-wide experiment;

* examine the transferability of the Nelspruit results
to other areas in South Africa end to compare these
results with results obtained in pother locations both
within and outside of the boundatriea of the Republic.
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