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Abstract 

cannot be determined from the available data 

There cxists at the tiiiie of this writiiig 
divergciicc of opinion coiiccriiiilg tlic cfficacy 
of sccdiiig clouds with diy ice for tlic produc- 
tion of rain. 

Tlic c~irrciit status of the problcin WJS 

succiiictly statcd by BERGERON (1949). “The 
question . . . IF . . . iio longer wlicthcr pre- 
cipitatioii caii be rclcascd artificially, but rather 
wlictlicr such a rclcasc caii produce ail appreci- 
able aiiiouiit of rainfall, and when and whcrc 
this could bc doiic.” 

The carly cxperiinciits in Hawaii have 
already bccn reported (LEOPOLD and HALSTEAD 
1948) and tlie present paper prcsciits the results 
of further sccdiiig cxperiniciits coiiductcd i n  
n morc or  lcss conipaiablc maiiiicr. The 
coiisisteiit location of sccded clouds froiii day 
to day, tlie large nuinbcr of rain gagcs, a i d  
high clevatioii of tlic freezing level make the 
Hawaiian expcrimciits of sonic intcrcst, thoiigh 
both tlic carlicr aiid the current sets of data 
suffer tlic disadvantage of iio obscrvatioiis 
with radar. 

In all but oiic of tlic tiials discussed hcrc, tlic 
dry ice was ground to a size rcscnibling graiiu- 
- - _ _  

I l’ubli\hcd with the approbal of the Dire( tor, as 
Tcchin~nl  l’apei No 196 of tlic Pinenpplc Rcscaicli 
Iil\titutc of Hnw.in 

F~ftccn tmts during 1948-49 involving thirty-sc\ en individual cloud ~iioculations o>er  the 
~slands of Lnii.ii and Molokai arc dcsciibcd. W i t h  iegard to the r61c of the dry  ice in causing the 
obsclvcd rainfall, the tests arc too  fcw in number to be considered conclusive, but the largc rain- 
fall balucs asvxiatcd with reeded clouds arc of particular Interest. The  largest rains yeem to bc 
a r ~ o ~ i a t e d  with clouds wlicic cloud top tcni~~crattircs arc slightly colder than oo C m d  such 
clouds ‘ire also rclativcly thic k. Thc relati\ c iiiiportaiitc of cloud th ichcss  and tcmperaturc 

latcd sugar. The plane was a twiii-ciigi 
Bccclicraft iii which 400--500 pouiids of 
ice wcrc carried o i i  a givcii flight. The d 
was dispersed froiii a hopper having a 
door, and from w l d i  ISO pounds 
granulated iiiatcrial could be dropped ou 
a timc pcriod of five to scvcn sccoiids. F1 
at a speed of 140 iiiph the sccding r 
approximatcly 12.5 pouiids pcr 100 
horizontal flight. Thc cloud towers 
wcrc ordiiiarily of such a width lioriz 
about one-quarter mile, that tlic six scc 
during which the dry icc was dropped 
approxiinatcly the flight t h e  across or t h o  
the top of the tower. For a scediiig run 
plaiic w a ~  flown just through or jiist ovcr 
cloud torJ. I 

The clouds sccdcd wcrc tliosc wliicli occ 
ovcr the cciitral part of tlic Idand of Lanai 
ovcr thc Mauiialoa arca of the Wcstcrii p 
of tlic Island of Molokai. Thcsc clouds on t 
days were cumulus congcstus associatcd wit 
the cloud liiic formed by the iiitcraction 
tradcwiiid and sea brcczc. These clouds lia 
bccu described in detail in another 
(LEOPOLD 1949). The cloud typc is imp 
in considcring tlie results because the c 
vcrgeiicc iii tlic lowcr lcvcls whcrc tlic op 
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winds incct provides a source of vcr- 
otioii in tlic upper cloud wliich is iiot 

the coiiiiiioii air mass cuiiidi. It is 

“path of fall” of droplets refcrrcd 

cloud thickness seldom exceeded 
t at the tiiiic of seeding. 
be stated with soiiic certainty that 
c~iiii~iliis clouds arc capped by a tcni- 
iiiversioii of C or more ah is tlic 

GERON (1949, p. 34), CVCll  thOllgh 

vai-ioiis companies iii Hawaii. ‘The 
ii was sufficiently well establislicd 
e first year that all later tests reported 

crc coiiductcd on days when the Hoiio- 

is initial depression aiid will grow 
than its prc-sccdiiig coiiditioii 

cloud was actively growing in 
timc of seeding. Growing clouds 

ncd tops than tliosc not iii the process 
which teiid to bc wispy-edged. 

s bclieve to bc 
11 or a r c d t  of 

I aii usually have “harder”, iiiorc 

It is typical for iiioisturc values to be moder- 
ately largc bclow tlic subsidence iiivcrsioii, 
decreasing sharply above. On days wlien tlic 
iiivcrsioii i s  absent, iiioisturc occurs througb a 
iiiiicli thicker layer, aiid expcriciicc poults 
toward largc values through a dccp layer as a 
fcaturc conducive to rain froin a sccdcd cloud. 

The Hawaiian cxperimciits share with inaiiy 
others tlic difficulty of dcfiiiiiicg a practical aiid 
defiiiitc control agaiiist which the results of 
sccdiiig caii be compared. The tests reported 
here were all iiiadc 011 days of siiiall or 110 
temperature inversion. 011 such days, all 
cloud. in the arc3 teiid to be thicker than usual. 
The sa111c conditions prcmote thc growth of 
thc sea-brcczc clouds. Fm tlicsc I-caso~is, it is 
obvious that the days choscii for tcst arc thc 
days oii wliicli iiatural raiiifall is iiiost likely to 
occur oii the tcst islaiids, Molokai and Lanai. 

On the other hand, it is a fact widely known 
in Hawaii that cveii on such days, whcn 
~ i i i i i ~ ~ i a l  build-up of cumulus clouds can be 
seen cvcrywlicrc, dark thrcatening sea-brcczc 
clouds rcmaiii iicarly all day over the Islands of 
Molokai, Lanai aiid certain other areas, but 
seldom docs more than a light sliowcr occur. 
Oiie i-easoii h i -  this undoubtedly lies in tlie 
fact that siicli a cloud, whose appearaim 
suggests imminent rain, often cxtciids iicarly 
to the freezing lcvcl but seldom into it. The 
frcczing level over Hawaii usually lies betwccii 
14,000 aiid 18,000 fcet, wliile tlic cloud tops 
oii days of 110 iiivcrsioii gcncrally lie bctwccli 
10,000 and 13,000 feet. 011 such a day a few 
cuiiiuloiiiiiibus ~is~ially can be sccii soincwlicrc 
iii the Territory. It appcars, thcii, that thcsc 
conditiolis arc ~iii~isiially favorable for the use 
of dry ice as an  agciit to start the rain process 
which is potentially near but whose uiiaidcd 
initiation is rclativcly infrcqucnt. 

Result of tests 

hi the 1948-1949 series, tests iiiadc oii 6 
days over the Islaiid of Lanai aiid 9 days over 
the Islaiid of Molokai iiiclude adequatc data. 
Certain additioiial tests arc omitted because 
iiccessary data arc iiot available or because 
circiimstaiiccs made tlie conditions of tcst 
sufficiently different from the staiidard that 
the tests ca~iiiot be coiisidcrcd coiiiparablc. 
For cxaiiipk, some clouds were sccdcd which 
lay eiitircly over die ocean aiid though, rain 



46 

1 
I 
6 

2 

3 
(1 - 

LUNA 

J . 2 5 '  
0.03 
Trace 

Virga 
Cloud dissipated 
No cliaiigc observe, 

D. LE( I P O L I I  and 

was observed, it could not be measured. hi 
certain others, wind aiid teiiipcraturc coiidi- 
tions chaiigcd so rapidly duriiig the test that 
the Hoid~i l~ i  upper-air data were coiisidcrcd 
coinplctcly uiireprcscritativc of the test area. 

On a given day of test, one to five secdiiig 
ruiis werc made. Data oii iiidividual runs, iii- 
cludiiig suiiiiiiaries of cloud cliaiiges ~ L s c r v ~ d ,  
arc included in Table 3 appciided to this report. 
The rainfall quaiitities iiieasured arc sum- 
marized in Table I. Thesc data 1-cprcseilt the 
arithmetic iiieaii rainfall in Elvc gages cxccyt 
wlicrc ii1dicatcd.l 

Table I. Summary of all Hawaiian experiments, 
19 47---I 949. 

Nunibcr of Test Days :  27 

__ 
NO. 

o f  
C a K S  __ 

I 
I 

I 

I 
I 
I 

1 
I - 
S 

Rain at Ground 

0 tlier Notcs 
or 

2.182 

I.9S2 
1.88 M 
0.78 L 
0 . 6 0 ~  
0.30 
0 . 2 5 2  

Tracc 
Cloud dissipated 

1 Cloud went xbovc frcczing Ic\-cl aftcr seeding and 
during rain.  

withalit superscript a re  for an iiidividual gagc under 
hccdcd cloud. 

Mcai i  [if 5 sasc's i n  sccdcd 

M Molokni; L Lanai.  

It will be iiotcd that tlic rainfall quantities 
iiicasiired in association with thc cxpcriiiiciits 
reported here arc coiisiderably larger thaii 
those reported by Onit et al. (1950), COONS 
ct al. (1048 a) and most otlicr workers. Ii: the 
Laiini test o€ J L I ~ ~ C  1 8 ,  1948, 1.75 i i ichc~ fell iii 
45 iiiiiiutcs at Lanai City at tlic outer edge of 
tlic cloud. A total of 3.40 inches fc11 i i i  thc 
I'alawai Hasin directly bciicatli tlic sccJcd 
cloud. This rain bcgaii I 9 minutes following 
sccding. I t  is the largest rainfall oil aiiy day in 
luiic in a 45-year record oil that island. 

Rainfall  

Noii-\cedcd days :  
No. [ I f  days. .  . . . . . . . 
?,', l l f  total  d a y s .  . . . . . 

[ I , ,  of tOt.11 d a y s . .  . . . . 

Sccded l h y s :  
No. o f  d a y s . .  . . . . . . . 

WENDELL A MORDY 

The iiitcrpretatioii of the data shown iii t 
table d l  be facilitated by a discussion 
ccrtaiii problems \vhich will immediately oc 
to thc reader. 

Did any rain precede seeding, and was 
rain occurring in the general area? 

particular test that I- 
were existing or wcr 
diate vicinity at tlic ti 
the facilities utilizcd 
it probably would have bccii conclude 
the oiie inch of siiow 
the cloud-seeding operation (p. 1 x)." 

staiidpoiiit of agriculturc, however, it is 
necessary to provc that dry ice can pi-ccip 
rain when 110 rain would liavc fallen. 
question is rather: was the aiiiouiit or til 
of rainfall affectcd by sccdiiig? 

Theirs is a cogent argument. From t 

The Hawaiian experiments were all run 

cloud. However, rainfall amounts under 
test clouds were ge 

dcfiiic a practical aiid defiiiitc control by 
wc may compare thc results of secdiiig 
c11 c U111StdllCCh WhlCl 

cloud? colder than 

Table 2. Mean rainfall amounts measured 
specific rain gages on days of test 'and simi 

days of no tcst. 
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Rainfnll n~iiotiiit? n \ \oc ia ted  with ?ceded i l o t i d ~  of gixcn tcnipelnrurc 
arc nt the Ic\cl  o f  C O ,  rclcnsc, appio \ in ia tc l )  a t  tlic t o p  

ounts occurring 011 days whcre iio 

was done and similar upper-air aiid 
oiiditioiis existed. 

here arc oiily S such cases, a sta- 
ficaii t differciiccs in tlic 

istributioiis on tlicsc days 
s will iiot yield a sig- 
Lilts arc iievertliclcss of 

even if defiiiitc coIiclusioii\ cannot Le 

t ways did rain occurring after 
appear to be related to seeding? 

usly mcntioncd, rainfall in cacli 
sccdiiig by oiily ;1 short 
rain intensity increased. In 

es, rain ciidurccl for Iccs than a n  
caw of Test r L a i d  5 L, Iiowevcr, 
tiiiucd for appi-oxiiiiatcly three 
heaviest rainfall intensity 111 both 

ces occurred between r 5  and 30 
seeding. Clouds having 

cd cdgec at tlic top wcrc 
with the idcd that rain in 

yet developed. Lacking 

f the iiioisturc droplcts in the cloud. 
pcriiiiciitcrs equipped with radar 

5t cvidcncc coiicci ning 
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and thicknccy. Tciiip 
of tbc cloud. 

'crnturc given 

cquipiiient liavc iiidicatcd that this fcaturc is; 
iiidicativc of the lack of formation of icc 
crystals witliiii tlie cloud (ORR et al. 1950). 

What Was the Relation between Rain Cloud 
and oo C Isotherm? 

Data platted iii fig. I iiidicatc that for the 
r j days of cxpcrimciits in 1948-1949 rc- 
ported here, a difference in tlic rainfall amount5 
exists between thosc wlicrc the cloud-top 
teiiipciaturc was warmer than frccziiig aiid 
those whcrc tlie cloud-top tciiiperature wa5 
colder tliaii freezing. Siiicc tlie freezing lcvcl 
in Hawaii teiids to be at roughly a uiiiforiii 
height, this represents, as iiidicatcd in fig. I, 
not oidy coldcr tcnipcratuies but also grcat- 
cr c l o ~ ~ d  thickncs~. A corrclatloii of cloud 
tliickiicss with observ~d rainfall incli- 
catcd by the picvio~is Hawaiiaii experiments 
(LEOI'OLD aiid HALsrEAD r948), slid its 
iiiiportaiicc has bccii stressed by VERIIOUT 
(19 jo). Siiicc even tlic coldcst tciiiprratuics 
obmvcd at tlic cloud tops were oiily - 5' C ,  
it is difficult to evaluate the relative iiiiportance 
of temperature and cloud tliickticqs. 

Coiiclusions 

No dcfiuitc conclusions can bc drawn from 
thcsc data owing to the sinal1 iiiiiiibcr of 
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Table 3 a .  C O ,  Tc 
I d  

701 nib 
9 ,SOO f t  

8,775 f t  

10,600 It 

730 lllb 

os0  lllb 

632 lllb 

6 j 9 lllb 

5 2 5  lilt> 

I2,$50 It 

11 ,425  f t  

17,100 f t  

608 nib 
13,435 f t  

s50 lllb 

( 8 5  Illb 
14,400 f t  

0.4 

0 . 3  

1.j 

0.8 

1.4 

0.7 

0.7 

0.3 

0.5 

Prcssurc 
& Altitude 
a t  Moisttit-c 

I%rcak 

700 11ib 
9,8 j0 f t  

730 lllb 

8,775 f t  

10,joo f l  
700 lllb 

755 l l l b  

63 1 11111 

525 lilb 

7,900 f t  

12,950 f t  

17,100 f t  

610 I l lb  

13,375 f t  
None 
None 

(73 mb 
14,yoo f t  

Timcs of 
Di-op LST 

l3cg.111 3 niii 
scattc'r 

1 3  : 5 3  LS'I  
14: 0 3  

1 3 :  00 
14: 30 
13 : 17 
1.3: 30 
1 3 :  36 
1 5 :  34 
1 5 :  39  
14: 23 

14: 32  
14: 45 
1 3 : 0 2  
1 3 :  19 
1 3 :  29 

1 2 :  47 
12: 5 5  

TZ: 3 j 

1 3 :  19 

14: 3 3 2  
I 5 : 04:' 

1 3 :  5 5  

2 Fine granulcs. 
3 Coarsc granulcs. 

Qtuiitity 
of CC.), 

100 Ibs 
100 

I io 
1 5 0  
100 
I00 

5 0 

I00 

5 0  
100 

100 
I00 

100 
I00 

100 

75 
75  

150 

1.50 

1 5 0  
1 5 0  

I00 

Hcight :iiid Thicknc 

13.1SC 

3,000 f t  
3,000 

3,000 
.3,000 
2,900 
2,900 
2,900 
3,900 
2,900 

l,j00 

2,500 
2,500 

4,000 
4,000 
4,000 
z,so0 
2 ,  j00 

2,500 

3,000 

2,000 
2,000 

2,500 

T o p  

1 3 ,  500 f 
15,500 

s,000 

S, ooo 
1 1,000 

12,100 

11,300 
8,000 
S,300 

9,500 
10,000 
10,500 
11,500 
12,500 
1.;,000 
13,800 
14.500 
14,800 

S,160 

14,000 
1 3,100 

12,900 
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Alt. R: Temp. d l  

Level Ice lielca\e 
-- 

Alt. 

14,300 
14,000 

8,000 

8,000 
10,700 
I2,IOO 

11,500 

8,000 
S,300 
9,500 

10,000 

1 0 , j O O  

11,300 

I Z , 1 0 0  

12,400 

13,500 
14,000 

14,300 

8,000 

I4,500 
12,800 

12,500 

Temp.  
froni 

-Ioiinluli 
S ondi 11% 

- 3.0 ' ( 
1.2 - 

4 9.0 
-I- 9.0 
-t- 5 . 5  
+ 4.0 

-t 5.2 

-1- 8.0 
-t 8.2 
+ 5 . 5  
-1 4.5 
+ 3.0 
-1- 2.1 
-1 2.0 

+ 2.0 

- 1.1 

- 2.0 

~ 2 . 5  

-1- R . 0  

- 3,s 
- 0. ;  

-! 0.2 

I < c i n a r k s  o n  < : l o u d  a n d  R n i n f a l l  

13: 00 LST wcathcr report from Molokai indicated rain sliowcrs. Rair 
\vas not visiblc tu pilot a t  3ltittidc. Ice fortiicd 011 planc xvhilc sccding 
Heavy rain w a s  seen froni planc a t  1 4 :  33 LST uiidcr sccdcd towcrs 

No  rain. 

Light shtiwcrs began a t  13 :  IO ISI '  frniii cloucl sccdcd a t  1 3 :  17 LST 
A wdden iiicrcasc in rain could bc seen a t  1 3 :  I S  LST b y  observers  or 
Lanai (siiowii in photograph>). At 13 : 47 LST a further iticreasc of 
rain W:IS noted. At 1 3 :  56 LST rain covcrcd tilost of West Moloka 
as  seen from Lanai. 

(:luiid dissipated iii 2 minutes after final sceding. No rain associatec 
with seeded cloud. Clouds in vicinity showcd wind shcar with topi 
m d  bases separating. 

No rain. Cloud disjipatcd. 

Rain w a s  falling froiii cloud at tinic of scediiig. At timc coin~idcii t  witk 
first sceding, observer on Lanai iiotcd darkening of cloud and a seconc 
shaft of rain from base of cloud. At 12:  43 LST rain covered I O  tirncs 
the area prior to scediiig. Rain activity dccrcased a t  13: 5 5  LST and a 
iicw showcr hcga i~  at  13 : 04 LST. Cloud t o p s  flattened oii t  Lcginning 
at 1 3 :  04 LST. 

Clcrud dissipated rapidly. 

Rain a t  tiine o f  wcding. Cloud tops lowered after first srcding (14: 40 

LST): a t  I 5 :  05 LST rapid dissipation o f  cloud could he seen fro111 
L m  ai ,  

Sliowcrc ovcr sccdtci area at 12: 15 LST. Of short  duration and small 
niiiotiiit. Heavy rain obscrvcd from planc  iiiidcr wcdcd cloud a t  
14 :  IO LST. 

Mean 
Rainfall 

5 Gages 

1.5') 111. 

0.00 

0 .23  

0.00 

0.00 

0.25 

0.00 

0.00 

0.60 
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Uet\vccn I and 2. in. fell prcviouc day. c l o u d  built rapidly in 2 

m i i i .  following ice but 14 iiiin. after x ~ d i n g .  top of cloud was 
1,000 ft .  lowcr. hain a t  Lanai City bcgzii a t  13: r j  LST a n d  
hi Palawai I3asin (sccdcd area) a b o u t  1 3 :  1 5  LST. 

Rain had occui-red in lioiir prcvioiis t o  tcst. T o p  of  CU were 
flattcncd into As a t  7,000 f t .  At 1 3 :  gj LST plaiic Acw ~itidcr 
sccdcd arca and  cncountcrcd light rain and  inodcratc turbulcncc. 

Cloud top dropped 5 0 0  f t  4 iiiiriiitcs after 1 4 :  27 LST. Large 
At I j: 00 LST rain was ob- 

No 
htcitqwd i-~iiiing a t  15 :  30 LST. 

central portion of cloud dissipated. 
served f r o m  plane and ground directly hclow seeded cloud. 
othcr rain 011 Lanai or Molokai. 

No rain. 

Sniall sliowcr\ fell in morning but Xvcrc not aswxiatcd with CO, 
drop in A. M. Cloud secdcd \vas not highcct cloud in area but 
w a s  in formative process with m*cll dcfiiird Ilard tops. Cloud 
w a s  ,mall in area. Rain b~ga11  a s  a single shaft directly below 
point w h c r c  plane w a s  srcn  t o  tmcrgc fri1111 clond (700 f t  bclow 
top of cloud). Rain rapidly \prcnd ovcr  w i d e  arca. 

No iiidicatioii of rising cloud tops after sccdin~.:. 'Top of cluurl 
dissipated after sccond seeding and bccaine separated frum lowcr 
portion. Tops bccaiiic 8,000 f t  b y  1 3 :  2 3  LST. Moderate rain 
\vas observed at 13:  30 LST ~ 1 1 ~ 1 1  plane flcw tinder seeded cloiid. 

S I  

1.9-  in. 

0.06 

0 .03  

0.00 

3.18 

0.12 

Alt. h Temp.  'it 
Lcvcl Ice Ilclca7c 

Alt 

I 3,800 f t  
14,000 
14,000 

12,000 

10,500 

10,000 
10,600 

6,900 
6,700 

14,000 
14,000 
12,000 

12,000 

14,400 
14,400 

~ 1.0 'C 
1.2 

1- 1.3 

-1 3.5 + 3.3 + 3.5 

+ 9.8 
+ 10.2  

-- 5.0 
-- 5.0 
- 3 . 0  

- -  3.0 

- 3 .2  
- '  1.2 
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tests aiid thc lack of suitable coiitrol. Nevcr- 
tliclcss, it IS iniportaiit that all pcrtiiicnt data on 
tlic sLlbJcct of cloud llioculntioii be added to 
the literature The prcwit cxpcritiients are of 
particular interest because of tlic large raiiifalls 
wliicli wcrc cxpcriciiccd under the seeded 
clouds aiid vcry possibly rclatcd to tlic iii- 

oculation. 
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