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A 13SI’RACT

Slalistical and numerical modeling al-~l~roaches Io assess Ihe ellecls of cloud seeding require the inlerac-
tire input o1, and understanding derired Ir~m~, measuremenls thai provide direct, evidence o1 nalural and ahered
developlnenl, ot precipitation. A briel reriew ol recent progress in ¢~htaining physical evidence Io evaluate and
verily i~otenlials I()r and eflecls o1 precipilnlion enhancemenl and hail supp~ession is presenled. Recenl Ilnding~
from Ihe Nalional Oceanic and Almo~l)heric Adminislration’s Fecleral/Slale (:Mol3erative Program in Weather
Modification Research are emphasized, bt.fl olher relaled results are included. In Ihe context o1 many signilicam
~lew advances loWllld plor[llg hyl~olheses I~v dhecl i~eastlremenl, a I~Ul~d3er of relllll[ll~ll~ needs Ior measure-
merits and corresponding technologies are idem.ilied.

I. INTP, ODUCTION

Ihecipitatiol+ [()rl’:ls [rorD 1Yt+III~: i+r(Jcesses
over many po~sihle palhx~ays
esses anti pathways may I~e altered by cl¢)ucl seecling.
"lhe complexities and the naltlral variabilily of the
processes and lhe consequenl precipila/iol~ make it
exlremely clillicull eilher
ellecis of cloud seeding. Slalislical and numerical
modeling approaches to deal with the complexilies
and variabilily require Ihe inleracfive inptlt of, anti
the tmderslanding derivecl trom, clirecl measure-
merits. To lhis end. some hislory, and some new
advances, wilh a focus lll;lilll)’ oil those Irom ~]*e Na-
lional Oceanic and Atmospheric Adn)inislraliolCs
(NOAA) I:ederal/Slale Cooperalive Program 
Wealher Modification Research (Reinking. 1985),
are reviewed in this paper. In the context of these
advances, some needs for olher clirecl meastlre-
meres and measurement lechnologies are ideutilied.

2. B AC KG R 0 I.J N !)

Early cloud seeding exl~eriments using ru-
din~el]lar)’ measurement technologies have dem()n-
siral.ed thai precil)Jlalion can he stimulated to
and Iall Irom relatirely simple ch~ucls. We define
simple clouds as those thai are either small, isolated
or shallow, generally wilhotll nattlral ice, and with
relalirely unCOml~licated internal strtlct.ure and mo-
tions. Consider just a few examples to illustrate the

Iouudati¢)n giren it) wealher modilication hy the suc-
cesses wilh simple clouds.

lhe SUl)ercooled sI I~d ocul~tllt.IS cloud
seeclecl by V.J. Schaefer in 1946 was not only clis~i-
paled I~ut it was also cluickly converted to
ptecipitatm~ st)owllakes (see DelmiS, 1980). Simi-
larly, experime~lal and operalional seeding ul su-
percooled fogs has n¢)l only demonstraled a capahil-
ilv for dissil~aliol~; il has also shown Ihal ice crysla[s
lhal grow Irom Ihe arailable liquid clo indeed pre-
cipitate (e.g., Sleele m~d Reinking, 1966).

Bethwaile et al. (1966) seeded isolated
n~mt~recipilaling cumuli Irom cloud base and meas-
ured sul~sequem rain at cloud base wilh a railldlop
impactor. (h,mufli wilh inflial fops at -I0°

thai were seeded with 20 g of silver iodide-silver
iodale produced tai1~ volumes 13 limes grealer

Ihe mean than those from nonseeded clouds. Sub-
slanlially less seeding material (2 g) had no measur-
able elleel. Krau~; and Squires (19-17) used dry ice
Io seed Iwo cumuli in a seemingly uniformly sized
l~Ol)tflalio~t. Wilhin 100 miles of Ihe seeding aircraft.
only Ihese lwo clouds grew, explosively, abm’e the
general lexel of olher tops, and produced radar ech-
oes and rain.

New experimenls using advanced meas-
uren~ent lechnologies quantify and confirm Ihe early
l-esulls. For example, an expelhnem u.’ilh AIl~er/a

cumuli, using an aircraft wilh advanced "poinler"
narigation and parlicte measuring prohes Io follow
deveh)ping hydrometeors, is reported hy Koch-
lubajda (1985) and Kochlubajda and English
(1989). "lhe size-concentration distribulions
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~rowing and precipitaling ice crystnls from seeding
were tracked al~d measured [1o111 Ihe ~tlcle~Hio~
els Io the melting level near or I~elow cloud base,
~111cl I]le fail] Ii0l]l die melt w[is Iracked to 11e[11 the
ground, in clmlds wi~h life~imes enduring
inil~uies after seeding, aircr~ift-.l~easura/~/e precipila-
I.ioli wns Iracked and delecled neat- Ihe grot/nc/ be-
low 71% of clouds seeded wilh dry ice, 74%

c/ouds seecled wilh silver iodide-silver it)dale /lares,
and only 15% of noliseecled clouds; 37% ol
seeded clouds and none of Ihe nonseeded clouds
i~iociuced S-band radar eclioes. As expecled, ihe
silver iodide-silver ioc/~lle was observed Io tnke some
6--10 rain ]t)ngel’ Io acl Ihan Ihe dry ice, dtle Io I.he
dilfereilce in nucle~Hion mechalfisnls.

The reader is re[erred Io the many addi-

I.iollal physical delllollslr~lliOllS thai leave "iio serious
clotlbl al~()ul. Ihe exislelice of COllV’eclive clouds
which res/~oncl to arlilicial glacialion wilh increases
in size and increases in preci/)ilalion" ([)ennis,
1981)). "[lie Ih()rough hisloric~ll reviews by Dennis
nncl in Ihe volume eclited by I~raham (1986) shiny
I111~I lhe same is llue Ior relnlively sinlple clouds of
other lypes.

These I()cHsed l~eaStllell~eiHs ~lclcl I()
clirecl and clunntil~llive physical evidence /hal the
fundamental i~rinciple~ o1 timid seeding are
()he o1 the clouds seeded by Kr~ltls and Squires pro-
clucecl 12 mm o1 r~lil~ over 13()km~, IiltlS Iwovicling
good reason to explore seeding I()r c/ynamic ellecls.
/[owevel, ~he iI~()l-e coliiIl1()11 iesuII is Ih~ll. simple
cl()ucls do ll()l yielcl sul~slanlial i~leclpilalion. For 
nmple, Ihe I)recilfilnlion from Schaefer’s slr~llocl.i-
mtlh.ls sul~/imed a/le~ /~llling 6U0 m illlo dry air, and

lhe he~lvieat rainlhll frolu the seeded Alberla cumuli
was equivalenl to only 1.6 cm over I kln~,

]~Of l~l()le COml~lex clouds with more 1ullu-
ral ice, which mighl pr~cluce more added prec~pi~a-
lioil, C~)oper’s (1986) review shmvs iliai cloud
~/ili~llS cl~ OCCLll w/lere ice cryst~ll c~iicelilr~ili~His are

~he result of len~l~eralure-cle/~endenl
rather thnn oliver /~roces~es. These COllCeilll;liiol~s,
tis colnl~aled with those /lol~l secondary ice prochic-
lion, are re~son~lbly predicltii~le ni~d subsi~zlHiale {lie
hypolhesis lhat some clouds Iiiay be ice deficiellt,

depei~dJng on the flux ~fl liquid water, ciuud lile-
lime, and precipitali~m mec/lanisms. Know]eclge
Ihese (aclors is required for Ihe next slep:
standing the p~tentials. I lail SUl~pressim~ is t~ore dii-
licu/I it) ui~clerstal~d Ih;lll i~recipit~Hioli elihnnce-
nlelH. There are Izo nle~lstlrellienls dhecllv liizking
seeding mnlerials and {heir el[ecl~ to decreases in
ilmnber or size of hailstones, ahhough lheories,

hail pad n~eastlremeills suggest lll~ll seeding I()l hail
SUl~pressi(m can work (Dennis, 1980: Steering Coin-
mitlee, 1988; Par/e)’, IC)87; Flueck el al., 1987;
SlnJlh el al., 1987). "lherefore, ceilll~ll renlaining
chullenges are ([J to demonstrale Io Ihe salis/action

of users anti scientists Ihat ~ precipilalion can be
benelicially inci-e~lsed JlOlll larger aild Illole
plex cloud syslell~s, I~y eJlher ~lillic or d),lllllnic seed-
ing, over Ihe ~ll-e~l of ~ w~ileished, nnd (2) ~o deler-
mine i( e~ther the nficvoi~hysic~ m’ dynm~ics
plex conveclive stot-~z~s cnn he surficienily and pre-
dictably :fllered to SUl~press hail, in SUpl~orl of mod-
eling and slalislical esperimenls t.lu~t suggest real
l~ossibililies It)r berth precil~itation increase and hail
supptession.

Research lownrcl these go~lls in the N()AA
Fecleral/Slaie (~O¢~l~eialive Progrmn (Reinldng,
1985) is Iocusecl oil four key stlbsels
(I) delerminalion eft the presence, persistence, and
natural ulilizniion o1 supercoolecl liquid w~ller. (2)

rive delivery of /l~e ~eecling m;~lerial Io the super-
cooled lit.llfid waler, (3) ev;dtmlion and verilic~lion
of the el[eels of seeding, and (4) qtlantilic;~lioll
benelils of ;~ny increased precil~il;~tion or sul~pressed
hail. S;ItJs/)’ing 1~1oo[ of h~l~olheses in ~hese arens
will collle OlliV ~vilh measuremelll.s that provide cli-

recl physical evidence.

PII$SICAI. IEVII)ENCE: ADVANCES
AND NEEDS

3.1 Sttpcrcooled liqttid water

~lt~e invenli~)n of Ihe cJu~ll-channel passive
n~icrowave rat.liolllelel (.llt~gg el. al., 1983~ Io pro-
vide COlllilluollS llle;istlrelllel~lS oJ liquicl w~l~el ~111(.1
~valer v~q~t~r has heralcled a w~we of I)ioduclive
physical invesligati¢~ns cenlered on remt~te sensing.
~l~llly i~lcliolllelel lll~’ilgt.llelilelll.s sJlow highly x’;ui-

+fl+le, commonly sm~ll, but olten pers+slent levels of

supercooled liquid water [SI+W) i~ slormm over

motmtuin~ (e.g., Long, 19~6~ Long el al., 19~6:

Reyn¢)Icls. 19~). ’ll+e greatest a¢Iva~tces ave and will

i~ole sensors Stll~l~ortecl by aitborne anti stnlace
meastlremenls: 10r ex~m~l~le, Lollg (1986), Long 
;ll. (1986), Snssen el al. (1986). Snider et 
(1986), Meilin ~ln(I I~eitlking (1989). [llial ~l.
(1989) and olher~ h~lve ~l~plied col~flfil~;llion~ 

Doppler and i~ol~lliE~lliOl~ r~ld~llS, pol~lrizali¢~n lidar,
and a raditm)eier to sludv orographic slorms in
Ulah. ~hese cases anti COml~Osile stHdies spalially

and ten~/~or~dl)’ del~icl clotld and Iiollt~ll strt.lcltHe;
I~lesosc~l/e killem~llics; colldhiol)s Ior orogr~ll~hic
hancelnel~t, blocking wilh cliversiun or damming,
gi-~lvil), Ilowg, el.c: waler rele~lse rates; 19recipil.;flioll
gel)er~ltiOll ploce~ses~ I[tlXeS of waler St.ll~sl~lllCe
Iorms ol preciphal~ng ice IIH~)l.lghoul slorm pussages.
The coorclin;~led use of s~Hellil.e and radar remole
sensing Io Iollow the developmen~ and i)~ssage of

cenl 13ui-e;~tl of Reclanmtion i~rograms, is reviewed
by R~ynolds (1988~.
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The composi(e measurements are yielding
an unprecedented but still partial underslanding
Ihe spatial and temporal evohflion of SLAV in rela-
lion to storm circulalions anti Iheir interactions with
the mounhfins. Such studies sho~v in general thai.,
lot fvonlal/oroglal)hic slc)rms, observable and i)olen-
lially prediclable "lkltvkl water Ol)l~O~lunities" occur
whlfin hut not Ihroughotfl slots perk)d~, dt~ring pe-
ri~cls wifl~ low and relalively warm could lops Ihal
mhfimize chances o[ nalural ice forn)aliow, when
eilher prelr(mlal c~v I)oslfr()wlal moist ah flow is 
I)ev)dicular Io the m()umah~ barrier, or within 
bedded convective cells or hands. Cowcenlralions of
liquid water are grenlly reduced when Ilow becomes
¢)l)lklue I.o the barrier, even though the regime may
be under the inlh.let+ce of cyclonic c(~nvevgence ancl
lilting. "Ihe liquid tvaler is most consistently oh-
served close Io terrain fealures thai Iorce lifting
through the condensation level, rather titan at
higher althudes in deep cloud systems or over the
highest windward mountain slopes.

"lhe vertically integrated precipitable liq-
uid water ha~ been nbserved to reach values of Ihe
order of I ms, but the probal+ility of it exceeding
0.2 mm is only about 10% in the ct)rHh+elHal interior
orographic storms in Utah at+el al)otfl 20% in storms
over the Sierra Nevada or California. lhe liquicl
wal.er can I)el~[~l, albeit with high variabilily, lot
long as 6 to ~8 hours (.Strider el hi., 1986: Reynolds,
1988), ()ccurrences ol lee-side losses o[ SI.+W
exaporaliol~ are often revealed by rimed trees
ltIOt.llltahl clesIs. Such losses are not well docu-
mented, ahhough measurements taken with scan-
ning radiometers phtced on or near crests could be
used lot Ihis purl+ose. A significant opporltmity
measure the budget of water vapor and liquid water
fluxes over whole walershecls rests with the potential
use of arrays o1 radiometers and wind prolilers or
Dupl+Ier radars.

Also needed are sensors to i+rofile and
hnriz.ontallv It>care the liquid water. The three-
climensio~tal distribuliot~ of the licl~fid water in a
ch>ud system might he measured using a technique
of differential atter+ual.ion at. two short radar wave-
len+lhs, as litst suggested by Atlas [195q) and now
being examined by N(.)AA’s Wave Propagation
Laboratory. Preliminary calctflations show Ihat ice
particles would produce negligible allenuation in
either the Ka-[0.86 cm) or Ihe X-band (3.22
btfl. 0.2 g m-~ of liquid water wotfld t+roduce 2-way
allel~tlat[on of al+o~fl 0.5 dh/l<n~ in the Ka-I+and and
an order of nutgnitucle less at.tet+uation in the X-
band. "lhe diflerence is measural+le wilh slate-o[-
the-art radars over I+athlengths of several kilome-
ters, so a synchronized dual-xvavelenglh method
promising.

A chml-channel microwave radiometer for
airhnrne tree has been deveh)ped by N(.)AA’s Wave
Propagation Laboratory; lifts will allow investigators

t.o lake Ihe SL,\V and vapor measuring device to de-
sirecl localions and altiludes in clouds to be studied.

Knowledge of the lemperalure of Ihe
cloud liquid water is crucial to underslanding, pre-
cliclJng and modifying conversion of the water to ice.
A major advance, a combination of a Radio Acous-
lic Sounding System (RASS) wilh a wind proliler ra-
dar (Slrauch et al., 1989), olTers a solution to the
leml~erature proliling problem in bod~ orographic
and convective regimes and can now provicle a ca-
pability to profile the temperalure of Ihe water,
within convective as well as orographic mixed phase
clot~cls.

3.2 Delivery

(.liven that ice ~article deficiencies occur
and thai cloud w)lumes wilh significant liquid water
can be identified, well-limect and well-dispersecl de-
livery 01 seecling materials, to fill the cloucl-licltfid
volun}es, will require careful, innovalive
proaches. A feces assessment o1 experimenlal cle-
sign considerations for transport and dispersion
seeding malerials ~Warl)urhm el al., 1986) I)rovides
a good basis for discussing advances in gaining
physical evidence for tesdng hypolheses of delivery.
"1 he questions o1 how to ~el the material to Ihe tar-
get volume and how to mix it through the volume in
stable or unstable air are very challenging.

Aero~;ol-hydromeleor inleraclions and the
nucleation o1 ice depend Oll actual ralher I.hall aver-
age particle concentrations carried in a parlicular
parcel or turbulenl enlity. Thus. the IraclJon of
use alfected is pertinent, IIDI the average COllCell-
t.ration as derived from time-averaged (.iaussian
models; also, Sul)er-position of n~uhiple Gaussian
phlmes overestimates the Jr~]cliol~ or voJtlme ~eedecl.
]he ropes o1 aerosol or tracer need tt) become part
of the theory, and Ihe slalistic most al~P}ol)riale fnr
delermining the spread of the aerosol is not the
Illeall cf)llCellll[llJOll, J)ul Father the COllCelltr[l[[Oll

Iluctualion~ enroute ~o and within Ihe cloud volume
(Warburton el al., 1986). Lagrangian particle diffu-
s[ol~ arid Irangl)ort schemes are apl)r~priate.

The plumes of aerosol released over
plex terrain or inl.o convecl.ioll are begt described as
rope-like in slruclure; cloud- and mes~-scale eddies
do IiO[ IIlJX [WO plumeS, but cause them to weave or
meander togelher. The history of an air parcel car-
tying a Iracer depends t)n ils path: the path varies
for each passing section o1 a plume. Particularly in
cloudy ccmvection, successive steps in extension
the ropeqil<e plume depend crucially on where
rope was in Ihe previous "step" of the tr[msport.
process. The meandering and the lurbulence of ed-
dies the si~e o1’ Ihe plume are the two physical
mechanisms that produce concentralion Iluctua-
lions.
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Many of lira unresolved queslions of grouncl-based
delivery llli~hl be {llISWeled l)y applyin~ liclar hislF1J-
Illelll,illiOl} alld I, echniqtles I(} map IIacer or IlalLIr[ll
aerosol gladiellt.s ~]llCl airllows in clear air.

II cloud seeding technology is to advance
very far beyond its present stale, careful, innovative
al+proachem thai inchlde t:eal lime monitoring oi dis-
l+etsion and S[..%V will likely he requirecl f(}r either
research or operati(mal application,

’lhe cluesli(ms and challenges of evalu-
alion and verilicnii{m of eflecls (~f seeding on lhe
physical "chain of evelils" c()ml}rising lhe l()rmaii()rl
o[ precipitatiol} are closely interwoven with I.he SLW
arid delivery pr()blelns, ancl much of lhe work al-
reaclv menlionecl could equally well be examilmd in
lhe evaltlalion and verilicalion COlllexl. The liquid
wilier illl.lsl, be available Io Io11~1 i~recipilalion, illld
delelmine alld IllOllil(~r ils presellce is io veril} (Hie
link hi Ihe chahl. Likewise. I.~ clelerillille Ihal seed-
illg malelial has Ienched Ihe SLXV alld is i~rodllcillg
ice ClySla[s illld SllOW is Io verily Ihal ceri.:lill links ill
Ihe chaill have been modilied.

The utili~,nlion of cloud waler del~encls
Ihe aclivily o1 vali~us raindrop and ice processes.
List el al. (1986) idenlilv lop priorily laboral~ry ex-
peliniellis {~vllich of Inle have been all Ioo I~eglecled
in Ihe scheme of oblaining Ille{lllhlgltll llle~lSLile-
lllelll.s alld insight): alll(.)llg Ihese are produc[ioll 

secolldill}, ice. AIs~ included Irolll Ihe i~recil~ilaliun
chaili are ice cryslnl agglegalion and large drop in-
leracl.ions wilh eflecls o[ eleclrosialic charging.

Piller ilild l;iillle~iiil (1988), on Ihe hasis
ol laboralory observalions, postulale a inechanisn~
of secolldary ice lltlclealioll Ihal proceeds ollly wilh
a~gregal.iorl allCl is corielaled wilh high eleclri~al
fleezilig pl)lenlials o[ dissolved ionizable sails.
(1988) argues Ihat shock-inciuced freezillg (prinlary
I1Ut’lealioll,} may resu]l froil] collisions of Stlper-
coolecl rainch~ps. lhe collisions may produce pres-
sure lields which l~lily induce local exl~ansion and
cooling of gas I~ubbles in Ihe drops: Ihe local cooling
roll}’ cause I~Llclealion Oll lleighb()ril]g irnlnersed
clei. These I~ew ideas are welcolne because i]eilher
seCOlld~lr}’ lior I~lJlllill} ice is well predicled for coill-
plex clouds. This gap in physical exidence and I.lll-
delSlalicling is lindiing Ihe milily of the advanced ilu-
Inerical cloud lnoclels, which have ouipaced sup-
porling observaii(ms.

Illiellse localized dynamics, large rain-
drops, ai]cl wet ice complicale our elforts to Illeasl..Ire
aild UllClelSlalid isolated alld embeclded COliveclive
clouds. I_)elermir]aliol]s of Ihe St.llll of Iaclors atlecl-
ing Iheh precipitalion elliciencies lag far bellind
Ihose [or lllOle slialilorlil orographic clouds. (.)tlr
abililv Io renlotelv delecl and ClUanlify tirsl ice, par-

licularly in Ihe presellce o[ large drops, is still

jor obslacle, llowever, 111tlllir~arallleter radar ll|eas-
uremenl techniques ofier hope of distinguishing
vari()lls killcls ()I large ice parlicles and clelerlniIfirig
raindI’()l} size dislril}ulions in mixed phase clouds
(Bringiet al., I989).’lhiswillhelploidenlilyaclive
precil)itation-lorming processes and to ClUanlitatively
measure lnles of l)recil}Jialion in the varied

Physical evidence lrom complex clouds

thai clireclly links releasecl seeding material I.o pre-
cipitation ()ll the ground has not been aCCluired, ex-
cept in the physical-statistical exl~erimelils with sim-
ple cumuli rel~ori.ecl by I<ochluba,ida (1985) ancl
Kochlul~a.ida and English (1989). Super and l-leim-
bach (1989). for example, have elleclively c~rre-
fated Agl plumes ancl ice imrlicle concenlralions
during a Btlreau o[ Rec]anlalion experimenl; lhey
conclude thal "seeding lhe slable orographic clouds
over the Bridger Rilllge somelillles caused mnrkecl
increases ill ice parlicle concenlration, presumably
leacling to more surface snowla]l" (our unclerline).

For a similar exl~erinienl with clouds over lhe
Klesa, Super and Boe (1989) concltlclecl lhal pre-
cipilalion rnles eslimaled lrom ice parlicle images

ilighl level stu~gesled increases wilhin the seeded w~l-
times" in eighl lesls. Correlaled surfnce precipilalion
il]creases wele observed in li]ree of die lesl.s and
exiclent in the olhers, and again, direct physical
links l~etween ice from seecling in lhe cloud and
sliow Oll lhe glOUilcl were 11oI 1111lde.

lhis problem mighl be solvnble by apply-
illg i11 coml~inalion, olle or more of the gas alld
aerosol Iracer lechnologies wilh the technique
knmvn as "IRA(~IR (TRacking Air wilh (’ircular 
larization Radar), which clelecls depolarized signal
backscaller from chalf libers released inio a cluuc!.
The chaff, which falls al velocilies of small precipila-

lion parl.icles (--25 cm si), may be used as a llacer
~Kloninger and Kroplli, 1987; RlalIner and Kroplli.
1989) Io simulale or lag lirst echo from seeding and
lhe tra.ieclories of resuhing precipiialion. ’lhis coulcl
be cond~inecl wi~h polarization lidar which has al-
reaclv been elleclively used I.o idenl.ily and
lypes o[ snow parlicles lalliug from clmld base to the
ground {~assen el al., 1986; Long et al., 1986).

I he various Iracer lechnologies, including
"IRA(~IR, also ofler opportunilies Io delermine
leecler cell vs. main cell sOl.llCes Illld Iransporl of
hail embryos, beyond in:.slorm Ira.ieclories analyzed

from mullilqe [.)oppler radar sludies (Sleeting Coin-
mitlee, 1988).

Lee-sicle sul~limal.ion of Unl~recipilaled ice
may represenl lhe greatesl loss o[ water from moun-
lain storms; likewise, l.he losses Io glacialion oI
c~mveclive clouds may be very significanl. This phe-

nomenon is perlilmnl Io lhe overall waler l~uclgels
largeled clouds which need to be delermined to esli-

male the elfecls of seeding in causing ~ increases
or decreases in precipilalion. While inslrumenled

airerah may be helpful in addressing this problem, a
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Irom large voh.mms of cloud is needed. Presently,
K-hanoi [.)Ol~pler radars could be uselu] for cructely
eslimaling the f/tlX of large ice particles.

In related labmatt~ry work, Fim~eg.an and
Pitier (1986) show how Ihe dissolution of ionizable
moleCLlleS of salts il) ice crystals Cal~ cause agglega-
lion, I~testmmbly by ittclucing electric muhil]oles.
One can envision seeding i]uc.leanls with certaiu hy-
groscopic compfmei]ls to inchJce aggega (m and
Imnce tiff/out. "]his kind o1 al)proach to enlargement

of hydrometeors could be very important in reduc-
ing the lee-side losses to subliinalion or in converting
convective virga to precipitation.

3.4 l’hy.vical evidence o.[" hcn<fi[s

Recenl analyses of measured physical ef-
/eels of added rain or smm’, or reduced hail are gen-
erally lacking. Two excel)lions are those reported by
Knat~p et al. (1988) and Changnon and Ilollinger

{~988).
Knapp e~ al. {.It~88} imeraclively u~ed ’,

lllodel alld I]leasorelnelHs of p[[lll[ plocesses [llld ill-,
liltration o[ rain into varied soils to eslimale Ihe el-
lects ol added July and August rainfall cm the
moisture, creep water use, and slream llow in Ihe
Midwest. "lhe model simulations, based on the
l]leasLHenle~Hs, suggest Ihal a large increase in rain
(10-25%.} directly on lhe crops would be required
to sulficiently affect crops under stress to help
growth, because ally rain during crop slress periods
is normally light and actual additions ~o the light rain
wcnfld be small. However, actual additions for the
same percenlage increases would be greater during
wel periods, anti lllOSl o[ lilly increased summer rain
would go to increase grotmd~valer Ilows. This would
imprm, e water quality during dry periods. Also
erly timed irrigation from (increased) groundwater
could allevinle crop stress and add ~o gr(nvth.

Field experiments lr~ evaluate the aclual
effects of enhanced rain on crop production have
been needed. ’lhe unique experiment by Changnou

and Ilollinger (1988) uses a 9-m x .18-m mobile,
i~laslic-covered sheller with a sprinlder system l¢~ ex-

chJde natttral rain bul olhem~ise expose clop plols
Ihe prevailing weather. Watering is quantilied and
limecl to Ihe historical ~a’[n-clay precipitalitm rec¢~rd.
for wet, dry and average summers, with water aclded
to simulale modilication. Initial results indicate that
rain[all increases of 1{I-40% ill Illi~ois increase corn
and bean yields by 4-20% if rainlall is below or near
nverage.

111 a moYe general analysis, (.jal-cia el

(1987) used a long period of rec¢~rds ¢,1 slanclard
measuremems to slHdy the ellects ol technological
advance and wealher conditions on crop proch.lc-
lion. They I¢~und that an increasi~g absohJte vari-
ability in Midwest corn yield has accompanied a

continuecl Iong-telm trend oF increasing average
yield, such that increasecl pnecipitaLion and nmcler-
ated crop heat stress might recluce risk by nlleviatiz~g
extreme year-to-year cha~ges i~ 7ielcl.

Examination of crop-rainl~tl relalionships

by Schalfner el al. (1983) suggesl Ihat expecled
creases il~ crop yields and nssocialed ecovmmic
benelits Irom a 3 cm increase in growing season
rainfall would boost the North Dakota state econ-
omy by $0.7 billion annually.

Southwest Norlh Dakotn has the highest
ratio of hail damage claims paid to insured crop li-
ability within the United Stales (9-11%). An ex-
ploratory statistical analysis ol B[ }ears of hail loss

iillios, w[l[ch ale eltide but })1[1~~[~i1l llleastlrell~elHs,
suggest 43.5% less hail damage Io
years of operational hail SUl~pression. This is not ex-
plained by climate varialions. Such a ~-educlion, i[
attribulable 1o seeding, sul)poFts a beneliH.o-cosl ra-
tio of 8:1 for the opera~i(ms (Smith et al., [987).
Only direct physical evidence fr()m specific cloud,
precipilaliOll alld other meteorological measure-
lllelH.s w~l[ COl~f~lll) such

4. CONCt, USIONS

+lhe physical evidence ~cctJ,nulated st> far
proves that cloud seeding enhnn+es I+tecil+ilalicm
when the right kind and [tlIlOUIIL. Of mmerial is
plied at the right time aud place in a cloud. The task
of determining what is "right" in micmphysicall}
and dynamically complex clouds is very dillicull.

"lhe realized and potemial advances in Calmbililies
for cloud and precipitation measllremel~l have taken
Ihe science of cloud seeding x~el[ beyond the plateau
of the 1970’s. These capal)ili/ies provide input and
verilicalion lot statistical, theo~etical and numerical
modeling approaches which COlRillt.le to 13e
priate to use inlerac~ively wiH~ di~ec[ H~e[~stllel]~e~Hs
to gain more complete underslanclit~g and predict-
ability of the natural and modilied precipilalion
princesses. The I]eW tllld emerging technologies may
now enable us to meet the challenges of measuring il

and when a complex ctoucl %’stem is "righl," il and
hem’ seeding material can be ellectively delivered,
and whether ~ preciphation orel" an area can or

cammt be benelicially incrensed or hail can be
duced.

Cenlral to all of this, cleleclion of SLIbStal]-
lial liquicl water x~ilhin Ihe lifetime of [~ cloud ele-
ment is Io be recognized as a necessary hut r~ot suffi-
cient conclilion IoY finding seeding I)olenlia[, which
also depends on all o1 the factors Ihnl. determine the
nnlural precipilalion elliciency and on Ihe conse-
quent eflecl of seeding on the nel ~:ater budget
the entire volume of largeled ch~ucls. Natural pre-
cipilalion (in)elliciencies of complex cloud syslelns
[lie tlRkllO~Vll alld lleed Io be llle[i8t.lled []l~{I LIIldet-

9O



sloocl, as clo the potemially modilial~le lil~ks between
hail embryos and hailstones.
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