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ABETRACT

Aeporied evaluations of 48 cloud-sesdng projects, 15 of them randomized, yieided nearly B0 dala sets categonz:
& pEordeg 10 axpecisd reaponses based on cloud-physics DoRcapss.  Tha madian reapenes in the 31 a8 of

ciimuls

ity iops boteoan - 10 C and 20 C was « 503, gl increases axcapl ona mil; the medan responss

of 11 sets of cumubanimbus with 1ope colder than -35 C wag -309%, 5l decraases ansept ong nil.  Other ss1s were
smalier and mastly iess conssienl.  Hypothelioa explanations are ottered. and it is concludad that, aves witksul
full theoretica! understanding, cloud seedars are able 16 achisss Sonsisient resufis n the Tl

1. INTRODLCTION

&1 ol ihe publshed weather moddcabon evaluabang of which we
A aware alale aither b individusl pregacis (g, Grow aral, 1979)
or 10 smail groups of projects selecied for ther relevance 1o soms
particulsr spec of wealher modficalion of doud physies (0.5
Mayman o &, 1965, 1968; Smith, 1870; Grant & Elkott, 1974; Darr
mis o Al , 197 Vardiman @0 Maars, TO7H,  Moa of the latar
sedaeiions hava adduced ayidenco from weather moditication opera-
lions melating bo & cances! such B8 A5G or dynamis saeding (2.0
Sivarman, 184) of o a computational heory such as partichs growen
by colison or vapor depoaicn (Caaper, TBEG),  No puBlialion ag-
pearieg within the Dast quarker-ceniury that we e sware of has at
empied a compreberme summary @ westhe' madficalion
repans. The pueposa of the presant atick is jo give some
proiminary resulls of our atbesng] a8 a Shmprehandng Surndy,

I reviewang arfcles and repors assemibied lor & Wearkd Allag al
Precipitation Managamani Projcts [Todd and Howell, 1985), wo
fioasmd that sorme projects ware corfined mary o one cheabcaly
pralarad cloud type, and some othams classiied the responsos 1o
soeding acoording ko cloud type or actoeding w0 condiians I wisch
1Mé pradominant cloud typs could b inlemed.  From amang e
reports o hamnd up o a certain dabs we pakctad gl the rasdcrenad
Selriiic aeparimanis, a wael of 35, considering them o fave bean
caretully conducled and 10 Fdve produced reasonably rebalile
cits.  To Mades wa added thres prajgcis that had been evaluaied
ori the bass of ceary ditfemrtaied visusl s#scs nol requifing
statslcal svalugtion, s 11 avalisaisd by ool nanrancom [mosthy
targeticonirol) procechres.  We catalogusd and mapped this. o0l
ol 43 projects o S il heda was consisiency of reportad resporse
CCOMENG o choud Types among projects. ACioss geographe draeni-
Ty, awes They SEABONE.

2 THE CLOUD TYPE CLASSIFICATION

The classes af douds reponed on Fere & Thais lor shich we
hh'!ﬂl'ﬂmlh'ﬂm'ﬂ!mpu:hmﬂaﬂlanﬂﬂgmwnumd
o1 & combanabon of emperical avidence and concsats rooted e cur
interpratation of theonisal and exersanial sludies of choud physics
(Todd ard Herwsll, 1582).  Thess classes an
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2.1 Conwecdive ciowds

Comulus congesivy milly cloud-4op Somparanees -10 £ & -20 C ang
Edug raostly 15 S o 0C Fig Tap  The ieom Cu cong apechies
clouds with hard-appearing tops, usualy Sultiduretiod.

Depending on ﬂlﬂlﬂ:’mnﬁgm daia are availabls, Fase
clouay g recagnizable by radar echa IGpe &t heig comespen-
ding io e the gised sespemalure mnge; by rura of e Great
Flaing Curradys Model (GPCM) based on e best avafable seles-
ton of asroicgica! seurdingisl or by aiplane ctssrmtions of
clipd-on Feights or omperalras

A subclass muy b desgrated within this class lor svents with
mﬂ“mm.trmd;ﬁ&'-:mmuw. Ths
subclass may be recognized when the GPCM al 1.5 km madius
indicstes A cloud:iop haigh hesaase of & least 500 m usng He
moded SpeCilicatens suladle for a seeded cloud

Cumuionimios with mwmmﬁﬂﬂ.
fof.  The berm Ch speciles & toud of great vertical &etact the
lop of which appears s6f and usualy spresds out as an anvi.

Thess clouds are recognizetis by sadar echo iops in the ap-
.prnprllll haight range; by GPCM runa in ® known ar o
infarrakis FrRsEnCn Of masasysses (e, largel pracipiatian 20
T oF MOy, 4F aifplane obsersabons,
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22 Sratiorm ciouds 23 Orographic slouds

HTEE LS, 81 iDast Bamy supesaieg, baing iy,
nol preducing Aslunel precpieson [N, mwm:n g
nwmwumnlwmummnn

Ehailiow Sredfonm oloudls withoul nafus pracipfation, wish ar ieest
Pt of i Eper suparcocisd (Fig. Za)

This cinss is moognizabls By cloud cover having no redar sehg,
by adeplagical indoation of saturation kstow an rwersion in the
teeponales mangs -5 C o -18 G, or by akoralt obaervation, sl
wilhout reponind precipitation ab e ground in the absence g
sRbding,

Daap aration ciouds, af keast part of ¥ e suparcooied. This
oo typically produces ratunal drizzie or ine FRIN when Giolad-

Hlml:h!np Grogracivcally Wed (Fig, 3l
This class i recognizabie by 1he charagierglios of Ne describ-

1o iemperaiures ane -10 19 -20 C (Fig. 2h).

This class is recagnizable by woak radar schoae v e lam of
ayen al spprophiale Alsudes, By SSeaicgical imdication of saiurg-
tin of = Apprapriale depth bemsadh &N imeracn e the ap-
DTOETED TREIRiLes fARDE, of by aroraft obsorvaton, all with

Nl%.ﬁudﬁlhﬂmhﬁghﬂumﬂd’wnhl

hﬂhbﬂlwmammﬁmﬂnﬂm.:ﬂ
Wit Bght bo mosecain rain or snow a1 The prownd. | densficaion
ey b aided by use of mountsin-lop cEaarabons, prosence ol
mmrm.WMWdlmmm

BT MOIfG BCTOEE & mouniain Barmiar, g Ie mirvralt o
mautian cosarahons, al logether with bR o moserale rain o
BnOw Al The groung,

raperied orizzie or kg ran ai B greund o the absence of
Hﬂ'ﬂl‘lﬂ.

Hmibosratus ciaud, vaudly n conneclion with @ wamm franl  Ths
clage @ charactorzed by o desp siratiforrcloud with rasuml
precipi@bion in e lgrm ol lghl o moderaie rain, slesl, of snow
[Fag i)

This glass & secognzables by eadar Gohoas B & Maiw or ess cone
linuous layer. somaiimas mubiple Eyens, with 2 bright Dand naar
ihe fragzing leve, or by asological indicaten ol & desp saturased
ber, usually saabke in pans B B uvsually sssociaiod wiih Eh -
T vt feantl and with mone or less widespread light %o modarate

ammmmmhﬁw.wwmmdm
m.mMrmmWHMmMmrmm
Gruwmrdm-rMImurhrymnu

rain, seel, or i &1 he grourd i .
g W T
Erii s i
£ R i: .
il R o
o Frie
) Flg, 3a. Supeyescied OFORTaphic stracug without
. natural preciplratien
W T I IT T r i i T e 7
Fig. Ia. Shallew supercooled stracus
-m- = - L - b -
o '
£
- :
Ak s " ¥ BELET gl - et et a
" 0 F e . o~ =0 e T oA
e '.t.-h-.'gﬁ. fae ol
i u-'.'*:' “"'-'a-'."'.‘:".'
B e L B et von el T
E _.—'—F'_r 2" e __.__ﬁ;,-r S - v
] L] & " - F
Fig. 3t. Dbeeper steatidorn clowds, at least partly Fig, 3b. Orographic nizbostracuos
rupercox] ed
=40
30
-2
¥
=10
B
Fig: 2¢. MBimbostratus with some Flg. 3¢, Orographic c¢loud basds with velease of

reglons of supercooled water erbedded cumloninbus, tops much colder

tham -2 C



3. THE DATA BASE

Several projects sorded reporis laf mone than one ype of
pioud.  Furthermee, some authors have reporied fedtiphs analgss
of thair daka basod on differant groupings ¢f events and dfteram
Fialishics aporoachas. Wa have Sone our bast, 7 Theks Cis, (0
select the data grounings Sosest i0 fne cloud cisssilications sof arh
n1hﬂﬂmmﬂﬂﬂ.mmuﬂmhmdﬂ
Iacl wharn sewaral wane given by e aumors.  In &l caeas, suck
as Macaxa, va hgee inlerad doud bype fnom précipEaton amounis,
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IFiRIprETing haavy amaunis as from Cb and highier amourss Iem Cu
cong.  These selecsons huwe fésullsd in more Shan BO dam sets
labulaied i Tabie 1.

In classitying the data, no dislinglian has been made on the Dass
o sefgating al the seeding maienal Decase wa gid nol lind an ade-
quate documentary DR ke dongso.  Doubliess langaling was Bt
ar in some projects than in cifses and prabably confributed o i
lamncas ameng heir responses. W10 e Cannol sy &1 Fs Bre.

Tabla 1. Frajects ncluded in the prosert siudy
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4. RESULTS BY CLOUD TYPES
The culcome & 1hat, for:
Cumultorm olowds

Fl'ﬂ'l'l'lﬂmiﬂﬂuﬂﬂ'ﬂmmiﬂhm-lﬂﬁm-aﬂ‘:.31
reported Inoreases oF posive visual oHects, the medias inGeass
Bty B, and ane fepored ail esulk

From 11 raporied Cb daba sels win 1a0s coldes than -35 G, ons
eapomad nil elac and all he clhers decreases, e median be-
ing -30%,

Fraen B meporied ssts of halkseppeession sesdngs i or around Ch
compiaees, Bl Dyl o regaiind indsaleal Ihe mecdian Baing 1200

Straiform clauds

Froes 4 renonted ghalioe B dale sele, alf reporisd dissipabion with
rapes o snow.

Froes 14 mMpoied deapar sirafilonm data seds Jincuding Ns|, 7 wone
incieases, one ni, and 6 docreases, the medan being 15%

Orograptve clouds

Erom 4 ropomed crographi: s Rasing wops -20 © o warmer, &
wuns infreases. the medan being 100%:

From £ repanad amegraphic s hiving opa colder Fan 29 G, thee
wOre Jecrsases. e meden baing #9834,

Unciasstved

There remained 7 seis Thal we ware unahke o classd®y wilh can-
lidangs  Thay gpit thres ncmases jo fowr decreases, the me:
dizn being -12%.

§ HYPOTHESES

Wieh furihor study, mom may ba haanrasd frovn e projacs abo
mading riponiss.  Mudh stakslical riormahon may be gotien froem
soma ol tha more than 300 sddbicnal prejects s indaxed [Tadd
and Howel, 1885).  Mors cloud prryscs cbsorvations miay BE M-
o b0 AnSwar Many guisticns abou] Fow peedng is preducng these
aliecis  We offér some hypafheses fo sxplain the eporied resulis
Dasad on & FPEEETIALE aview of e ra e el Sowd processas can
o8 modfied by sseding (Todd and Howall, 1582

W expect Cu cong ohouds with cloudaop [RmperalunEs e lwesn
=10 G and 20 © 16 respond very postively jo seeding apobed in any
of vanous ways CYer B wile mege of Beeding inlenailien, Batsesn
e undikned updral well Fsde e ciowd and thee olear alr abowe
It thene & an achive misng 2one el ik anenginsd by svaporation
and oocling and conlans a varkely of microervilcnments.  Sema
may ba chiled by as much ag 8 C bBslow adiabatic cloud
tu-rnrr“;m. Some have high supersalumabion, faeorabie o drophal

ng.

In {his Fegun. gsecing W hypothesred lo speed uo the appsarenco
al an effective concaniraton ol ice parcles, e inttance by Si5ns-
lian ol add@tonal ice nusiel in e supesatureiod skinaenund o nes-
Iy roeEng drop.  Conditing are Maverable fee rapid growth of the
néw gmbryos, sinoe waksr substance i sl beng Subphed 1o The
ambryes rom ke undikiled uddiaft. | this rsoon remains acimee
far 1000 = ar so atier seeding, the enerpetic misng of ioe crysals
grown Iromm hese smbrpat with The contimuing resh supply ol super
cooled waber Iroen balow ceusps rmhng ard aggregalian 10 ferm
pacipEaton.  Preciotation growih is furbar spasded bocouse T
newly formad ioe eambrycs ane mofacaleciable Than the cloud
amgleis they replace [(Mosker ar arf, 1957, Hobbhs & &,
1974)  Furthammoes, Sonmwenaiom of lkgued cloud deoplets inlo largar
frozen masses has a positive eles on the cloud dyramics Boh by

relsase of tre Lstecd haal of fuson and by removal ol wanes substerse
from the: region whers @vaporalig caaling is mos! acively @hing
place, lhus mducing the loading ol the upgrats,

in e Cb, on the ofar hand, where e Now i up and hnzagh
il pRecipilalion-fresze-up lemperature, thers is no opgorurety for
e seeded pofion D3 X wilh & fresh supply of SUDEDoked
water,  Two cases may be distinguished

In Co wilh slow updiahs, as with mosl mourtan and trapical i,
et ik ollen sufficen? time for sesding toumn all the cloud waler
o sl oD CryERAle Al lemperalunes whan nommally wrgar ard lewas
CTyEtalE would grow. ime up or agoregaie, and Become atfectre
procipiaton.

In fasi-upalt gummer Ch, thens is olen ot enough me b dil-
lusonal growth ol seadad ich crystak i &iow Or Sop precipialion
lnimatens.  Howeser, d coalescenco was indiateg e rabural
precipfiaiion rormally e cass whan 1he doud bose empadaiure
i 10 C gr wammar). and it the coalesence had devalopsd drfzie drops
thal wore groming by colbsion wilh sach oiher af the level whars
saading wat alechve. then even modarate seading s kel o ineeze
2l al thasa, sop Mg coalesence, and herce inhibd growd of
PEMWHHMMMHMW B oG o Bl from
Tl @rteil withoest Bssing iodl 1o evaporalion.

‘W nete the shamilk |El seeding for hall suppressEen & general-
by reporind 10 hawe increased e preciplation.  Can ihis be Decauss
saeding 19 suppress hail has usually been cartiad 0yl on e fesder
clouds as thay siruggke Fough the Cy cong stage™ F neng 5 aull-
g fime e the Cu cong cloud 10p micing 2one, S8ecing could mako
more Rf@ciyve precigilaion esmbryos. Those may mcTeass
precipzon and reduced had a5 many seaen i hypothesze they

VR pad] il peading of low shal ow supencooied S wil pro-
duoe wary ligm precipialion, sapacisiy whers the sesding is kght,
by coAverEion of suparcooied droplets 10 orysiale Giowing pralense.
lially in responss W G0 Kear vaBor pressune,

W Bipact shadrg of dead sirstus the upper part o which & laass
5 suparcooied 0 recluce whalaver precipiiglian fere may bo and
dsplace f dowewrd by frssring the drzzie drops 9 R they no
onger collect each othar bulbounss apan when ey colide, b
skrwing War growth

The sshagtori of nimbosiaties 5 one of B las] ynderstood iIn
tarms of e Gxpecied elled of cloud seeding and daserves &
roredrilical analyss of eponiad ouicomas,  Perhaps the presence
of wanias Ihat sy produce lacal o and nend regions o
supercooled water ane cilical ka1 p aseding elfecl  |f sa, wa aupac
il correaraion of [he supecooied dropiais o mora coleciable saow
Grystaks, it oocureed Deigw ihe sl of nondrrengence, would causs
A pracipigslion increase in thal region.

We expect light seeding of crographic SRRTUS i preduce & posie
e, small guamiatively bul perhaps large percontagewiEe.  In
foemss patlings. this shuaion may andure K Bng penods.

We mpect thal g 1o moderals sesding of crographicatly ied
rmbcaralue will incrdass the precipiaton Al and 1D windeand of
e crest by ponvening supsecadaked waler producec bypioally in the
Inear pan ol the cloud i the oragraphe: ugdill tone Barhoe, 1540}
mmmhmnmmeﬁmmummmmm
[Haskar gf al, 1587

Orographic iling Accero.Eies e ralesss of povenial insiabil.
ty. W mxpect the effect of seeding convecti hands wil Be posive
when e ambedded cumubs conpeaius have cloud-lor lIBmaarunes
in e -10 8 16 -20 © ange., negalins whan cloud-top ismperaures
ane colder tham -35 G



B BUMMARY
It looks as Hough:

Seecing Cu cong with cioyd g -10 C 13 20 C ie 4 robust way 52
increase preppitation when the oiouds lasi long encugh for e
Sesing 10 lake affect.  The question is, when and whans can this
incraase yield ancugh addad precipiintion 1o ateet & maanieglul
baredl on a8 gren langeT?

Femvily smeding the man updrats ol Cb wih ops colder than <35
C has lialy baen assocabed with decreassd peacipilalian srough
limes 1o gwe an appearance of greal iNconsistency 10 5 oUlDame
of cloud Sddmg m gemeral.  The result may have been a magor
faciar in causing cofficial Joulrl abcid sabding Be a moang of
predipilalion maragement. as expresssd for example mosuc-
casaive policysialamants by e council of tha Amesican
Metecrologcal Society (1581, 13984,

Sesding to suppross hai is genaraly roporfed % have increased
i planGn,

Saeding o nimbosinabes with suparcicled lops has praducsd m-
ed results. with @nough rapons of doCIiasas on i [nge o han
cast o] on the wisfuiness al indiscremirate ssading as a
pracpilaton maragemant ool

Even in the absanca of a broadly accepind s of Ihacias axpnass-
ing a full undamstianding of al the cloud-physics and cloud-
OynaMICs PrOCRGSES invokad, Bes s erough ampincal astanos,
deriied bom randomized projects and cormesponding It reason-
bie pihysical asplanalions, ¥ peovide smng suppan for Tie efec.
liversess Ghiscrimnets cioud seeding under weather conditions
that can be specilied, recogrized, and weaind in the falkd,

W Navd prasantad MyPoiRgsas Dagad of Our SYEnEle Feviaw
of floud physcs processes 1o expiain hos o think these resuits hase
occurfadl 1 will probably be possible o gel mom Famation By
smorical examinabon of addbonal heiorcal projects, and by maone
detadad anafysg of daily residls undar varying weaineT condiliongs,
0 supporl o reject Shese hypoieaes,

H themse ypoiheses &ee supporied by further inveshigation, ey
could provids B (Maoretical undarpinring M Make SaciDdEatan
manmgement more relable and beter accepied.
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