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　　　　In　order　to　solve　draught　problems，　a　precipitation　augmentation　experiment　based　on　a

new　airbome　liquid　carbon　dioxide　（LC）　seeding　at　low　level　of　supercooled　convective　clouds，

was　carried　out　in　the　northem　Kyushu，　February　2，　1999．

　　　　On　this　day，　a　cold　air　mass　began　to　flow　from　the　Siberia　toward　the　Japanese　lslands．

This　wind　was　very　strong　and　cloud　bands　consisting　of　many　cumuli　ranged　at　constant

interval　above　the　Genkai　Sea．　Under　the　weather　conctition，　three　seedings　were　carried　out．

The　second　and　thjrd　seedi皿gs　resulted　i皿rai皿fal　of　approx血皿ately　1．3mi皿ion　tons　during　the

lifetirne　of　the　seeded　cumuli．

　　　At　the　same　time，　unique，　large　mushroom－shaped　radar　echoes　were　discovered　in　the

raRge　height　indicator　（RHI）　scans　of　Kyushu　University　（KU）　radar　for　the　plan　position

indicator　（PPD　echoes　near　the　maxima，　which　has　never　been　observed　among　natural　clouds．

　　　Based　on　the　observations，　the　opt㎞um　design　of　seedi皿g　operation　for　v血lter　season　is

discussed．

INTRODUCTION

　　　　Effective　modification　of　weather　requires　development　of　an　effective　seeding

method，　which　consists　of　reproducible　physical　processes　capable　of　causing　the　largest

desirable　changes．　Only　when　this　standard　is　used　does　the　evaluation　of　operational

results　based　on　a　statistical　method　become　meaningful．　lf　the　physical　effects　were　so

clear　that　l　the　sign並icant　cause　and　effect　relationship　could　be　recognized，　the　statistical

method　might　even　be　bypassed．　lt　is　the　purpose　of　this　section　to　report　such　a　result，

which　we　have　recently　obtained，　applying　a　new　seeding　method　（Fukuta，　1996b，　1999）．

　　　In　1996，　the　seeding　method　using　liquid　carbon　dioxide　（LC）　was　developed　by　the

University　of　Utah．　lnitially，　this　method　was　applied　on　the　ground　to　the　supercooled

fog　formed　frequently　in　a　wnter　season　in　Salt　Lake　City，　USA　（Fukuta，　1996b）．　As　a

result，　the　supercooled　fog　effectively　disappeared　in　the　area　where　the　seeding　was

carried　out．　One　of　the　reasons　of　the　success　is　that　the　number　of　ice　particles　formed

by　LC　seeding　remains　approximately　constant　after　seeding　as　reported　by　Fukuta

（1988）．　This　means　that　ice　particles　can　grow　adequately　to’the　precipitable　size．　ln　this

study　using　small　aircraft，　the　LC　seeding　method　developed　by　Fukuta　（1996b）　was

“　lnstitute　of　Environmental　systems，　Faculty　of　Engineering，　Kyushu　University，　Fukuoka　812－8581

＊＊　Deparvtment　of　Meteorology，　The　University　of　Utha，　Salt　Lake　City，　Utah　84112，　USA

565



566 K　Wgkimicu　et　ag．

apphed　to　the　no枕hem　KWshu加。◎operatio踊尤h　F櫨uoka　Prefec撫re　Gover㎜e葺t．　As

a　result，　the　new　seeding　method　succeeded　in　the　formatieR　of　two　artificiai　eehoes．　IR

thi＄　paper，　based　on　analyses　of　the　two　artdicial　echoes，　the　possibility　and　optirnum

seeClii｝g　design　te　increase　precipitatioR　are　discussed．

RETHIT　AND　FILAS　OF　ICE　CRYSTALS　THERMAL
　　　　　　　IN　LIQUID　CARBON　DIO＞〈IDE　SEEDING

　　　A　hypotkesis　based　eR　horizoRtal　peRetratien　seedirig　ef　horaogeneous　ice　Rue｝eant　at

low　｝evel　of　a　supercooled　convective　cloud　was　formulated　accorclmg｝y　（Fukuta，　i996，

1999）．　The　total　number　of　ice　crystals　with　the　nucleant　remains　essentially　constant

after　the　rrtoment　of　the　Rucleation．　The　horizontally　laid　iee　crysta｝　therrrial　in　the　cloud，

1ike　eumulus　cenvection，　rolls　up　in　the　form　of　twin　eylinders　and　turbuleRtly　spreads

with　the　help　of　the　buoyaRt　motioR　caused　by　the　heat　of　ice　crystal　growth　or　phase

chaRge　（Fig．　1，　Fukuta，1973）．　The　sijipercgoled　c｝oi2d　vclgime，・　s｝owly　aRd　continually

taken　tnto　the　ice「ther㎡Lal　durtng　the　ascent，　susta血s　the　condition　and　time　for　crystal

growth，　the　heat　generation，　and　the　buoyancy　to　a　maximum　extent　in　feedback

（RETH王丁）。　When　the　er虚arg重㎎もhermal　reachesもhe　tempera加r¢鎗version，　w撮ch◎fもeR

exists　at　the　cloud　top，　the　therma1　spreads　horizontally　in　an　anvil　shape，　but　the　crystals

癒ere　have　already　acq王嚢red　su鐙e童enもsize　t◎．　f我U雛oughもhe　s慧perco◎1ed　clo疑d　vdume

below，　grew，　and　generate　heat．　The　heating　induces　lifting　of　the’underlying　cloudy，　as

well　as　moist　air，　allowing　additional　condensation　of　moisture　to　increase　the　condensate

mass　and　arも撚cia三precipitaもi◎R（FIIAS）．
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Fig．　1．　The　formation　of　artificial　irtduced　thermal　by　LC　see（ting　and　the　development　of　horizontally

　　　　　　motmg　and　falling　ice　particles　in　the　expanding　artificial　cloud　volume　（RETHIT，　FILAS）．

　　　　　　※認THIT：盆◎登一慧P藝xp麟io簸。釜踊B：or伽ntal　lce　Crystal　The一撮．

　　　　　　X．　FILAS：　Failing－growth　lndueed　Lateral　Air　Spreading．

PROPERTIES　OF　LIQUID　CARBON　DIOXIDE　AS　SEEDING　AGENT

　　　Some　practicai　properties　of　LC　have　been　presented　by　Fukuta　（1996a）．　They　are　as

follows；

（1）　Low　prlce　（nearly　1／2　of　dry　ice）．

（2）　Non－toxic　and　safe　to　the　environment．

（3）N◎嚢一dammable　and　pr◎duces簑◎asphyxiaも血g　fwmes熟もhe　cockp重tミ懲点くe　dry　ice．

（4）　Convenient　for　long　term　strong．
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（5）　A　high　pressure　liquid　for　eontinuous　and　accurate　discharging　with　its　own　vapor

　　　pressure　（52　atm　at　15　OC）．

（6）　LC　has　high　iee　Ruc｝eation　efficieRcy　dlle　to　stroRg　eoeling　（Fukuta，　1965）　aRd

　　　sttitable　characteristlcs　for　horizental　peRetratiori　seecimgs　at　lcw　akitude．

PLANNING　OF　SEEDING　EXPERIMENT
　　　瓶a轍宅er　seas◎R，　a　cold　a簑もicyc1◎嚢e　ar◎uRdもhe　S圭beria　dove三〇ps　peri◎（licaHy．　The嚢，

the　cold　air　starts　to　move　toward　the　East　ChiRa　Sea　and　the　Sea　of　Japan　aRd　the

resultant　wind　fiows　strongly　in　these　regions　due　to　a　large　pressure　clifference　between

the　cold　continental　aRticyelone　and　cyclone　around　the　Aleutian　lslands．　wnen　the　cold

翫欝dd】ピy　a登orig血aもed重nもhe　Siberia　passes　ab◎ve　the　warm　Tus童ma　current登ow重ng血t◎

the　Sea　of　Japan，　the　atmosphere　above　the　sea　gradually　becomes　unstable　because

ample　heat　and　vapor　are　supplied　from　the　sea　surface　to　the　lower　atirnosphere．　Then，

c慧mu蕪generate　aboveもhe　sea　a捻d　c王◎ud　ba簑ds　coRsisもiRg　O罫ma貧y　c嚢muh　raRge＆もa

co賊a遮血terval　as　con盒rmed費eq猿eRUy　by　s畿te1批e㎞ag¢s　a難d　the　heavy　sR◎w翻is

often　brought　in　the　mouktainou＄　areas　close　to　the　sea．　This　may　mean　that　water

resource　supplied　in　a　winter　season　originates　in　the　Sea　of　Japan．　For　this　reason，

cumuli　approaching　to　the　north　area　of　the　Kyt｝shu　ls｝and　above　the　Genkai　Sea　with　a

seasoRal　wlrid　were　selected　as　the　targets　of　the　seedti｝g．

OBSERVATION
　　　’The　northwest　area　of　Fig．　2　the　Geiikai　Sea　waS　se｝ected　as　the　experimeRta｝　area　of

LC　seed㎏血order　not　to　disturb　the　co㎜ercial　air　routes．　The　see血g　operation　was

撫eK：ita　Kyushu　Atrport　Iocated　lハthe　east　of　Fig．2．　X　band　radar　of　Kyushu　University

（K：Uり10cated　aもthe　center　of　the　map　was　used　t◎observeもhe　m◎veme魏a鍛d

developvaeRt◎f　c護翻i．　The　KU　radar　has　sp翻res麟◎鍛of　1㎞×1㎞頭もh　wave－

iength　of　3．2cm　iA　the　relatively．　riarrow　area　ef　I　OO　km　X　I　OO　km．　The　plan　position

indicator　（PPI）　and　range　height　indicator　（RHI）　data，　which　represent　a　horizontal　and

vertical　rainfall　edstribution，　re＄pectively，　were　recorded　manually　for　several　hours　after

seed㎞g．　P◎siも沁蓑s　ofもhe　airplane　a鍛d　locati（）資s◎f　seed㎞g　were　deter】癒ed　by　g1（）bal

positioning　system　（GPS）　deviee．　Height　and　air　temperature　at　seedirtg　locations　were

measured　by　the　device　equipped　in　the　airplane．

RESULT　AND　DISCUSSION　PRECIPITATION　FOR　SEEDING　EXPERIMENT

　　　The　airbome　seeding　expe血nent　us血g　LC　was　carried　out　on　February　2，1999．　On

this　day，　it　cou｝d　be　expected　that　supercooled　cumuli　suitable　for　seeding　appeared

aま）ove癒e　Ge貧k：ai　Sea　because　the　w口eather　c◎蓑diti◎n　me魏三〇Red蟄the　prev沁Rs　secもi◎糞

had　beeB　forecasted　（Fig．　3，　4）．　The　intrusioR　ef　cold　air　into　the　Rorthem　Kyushu　was

confirmed　by　the　fact　that　a　seasonal　wind　was　felt　to　be　very　strong　at　around　1000　JST．

In　this　stage，　executlon　of　the　seeding　experiraent　was　decided　and　our　stnff　wentto　the

蹴aK：yushu曲P◎rt　and　sto◎d　by　for　the　experiment．：Fr◎m　sate蹴e　images◎fユ10◎to

1300　JST，　many　cloud　bands　were　observed　in　the　Sea　of　Japan　and　an　area　of　clouds



568 K　w9露乞mG12　ze　e9α5．

Kor㈱

　　　8、譜臆面贈ρ灘

○

F雛k縫◎ka

ρ
面

鈴 曾

o　K：yushu 晶

Island ‘
，

・・ h
（a）

1s匪and

．・ｮ…・・纐・．．＿．9
Japa籍

豆 ．鰯1
鱈6亀

o等．
．・●

`・
Z▲ 　　　ぎミadar　s殺e　　　　　　　　　　　環

o梱s加ｳ轟繊
Flight　Path

japafi　Sea

td

織ta　l〈y慧S撫U

Airpertナ♪．
　　　　　冬

Seedi臨g　I

153400JST・今
Seeding　l1
11
T4432JST　今

Seed圭霞9遜粟

糞54750JST　今

153711JST

裏546嚢OJST

lS49eeJST （b）

F，keo　a　｛1＞

罐1翻濃点画池◎

Cl瞬k継s撮ρla轟㊤s

Fig．　2．

＜トー一一一一一一豆00獲㎝一一一一一ヴ

（a）　A　map　of　the　area　where　the　seeding　experiment　was　performed．

（b）　Flight　path　and　seeding　duration　of　the　airplane，

extended　gradually　toWard　the　Tushima　Channel．

　　　The　new　method　of　penetratiolt　seeding　was　tested　in　supercooled　convective　clouds

篠s重縦gLC（Fukuもa，1965）near王ki　Island，重Rもhe　northern　Kyush嚢，　Jap義R　at　the◎uもbreak◎f

cold　SiberiaR　air　abcve　the　warm　Tsusima　curreRt　eR　2　February　1999．　Three　seedwg＄

were　ca登ied◎慧t　aも一4。C董ev摂類clou（墨s　2㎞thick　at嚢pw鎗d　sites　aもKlyushu　U題versity

（KU），　Fukuoka，　with　LC　discharging　rate　of　6　g／s　aRd　the　position　of　seedtiig　aircraft　being

marked　by　GPS．　Cloud　base　was　observed　at　1．3　km，　一2℃　altitude，　and　a　streng

temperature　inversion　at　4　km　（Fig．　5，　6）．　Seeding　effects　were　rnonitored　by　the
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Fig．　3．　（a）　Surface　weather　chart　at　0900　JST　on　2　February　1999．

　　　　　　cloud　image　at　0900　JST　on　2　February　i　999．

（b）　A　GMS　visible
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Fig．　4．　Profiles　of　temperature　（T）　and　dew　point　temperature

　　　　　　（Td）　over　Fukuoka　at　0900　JST　and　2100　JST　on　2

　　　　　　February，　1999．

seeding蚕echO，癒e　ra拠ga慧ge　recorded　1㎜of　precipit蕊もioR血17磁縦，　c◎rrespon曲g　t◎

aR童縦te丑siもy◎f　4　m醗h－i（Fig。7）．

　　　Unique，　large　mushrcem－shaped　radar　eehoes　were　discovered　in　RHI　scans　of　KU

radar　for　the　PPI　echoes　near　the　maxima　（Fig．　8），　which　has　never　been　obseived　among

natural　clouds，　However，　such　a　cloud　shape　is　cormnonly　seen　with　the　naked　eye　when

a　strongly　convective　cloud　hits　an　inversion．　lce　crystals　in　the　cloud　do　not　grow　in　suf一



Prectr）乞弼乞。％・4zegmentation　by　A　New　Me伽d（～プCIOZLd　Seeding　in〈めTthem

　　　　　　　　　　　　　　　　　　　　　　　　　働粥舳②

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　／

　
　
　
．
“

LC　jet　npzzle

’

N

1よs醐d。，．，、c

　　　　　　　　　　　　　LC　jet　nozzle

　　　　　　卍。ぐ／　　ア　吊

　　　〆，〆ケ　　　「避・

轟」tt　，t

　ギ　　　ド　がヤへ
　”1，L’1｝、憾偏扁繍

571

（b）

x

一

di 戟

うロ　　　　レ

　　　　‘りu

　　　　　轟

／つ1垂

K－3

　i

切

鼎一r、

（a）
（c）

Fig．　5．　Airframe　installation　situation．　（a）　Rough　sketch　of　aircraft　used　to　experirnent　on　artificial

　　　　　　rainfall．　（b）　Liquid　carbon　dioxide　（LC）　jetted　from　nozzle　under　wing．　（c）　Liquid　carbon

　　　　　　dioxide　（LC）　gas　cylmder　installed　by　airframe．

CRoud　Top　Temperature　一10”C

Seeded　Height　and　Temperature　1．5km　一　4℃

Seeding　Rate　6gls

Fig．　6．　Liquid　carbon　dioxide　（LC）　scatter　situation．
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Fig．　7．　Evolution　of　echoes　in　the　seeded　axxd　surrouRding　clouds　on　JMA　composite，　5　cm　PPI　radar

　　　　＄ysteiR　with　the　average　beam　altitude　at　2　km　on　2　February　1999，　Fukuoka．　Circles　describe

　　　the　assessed　positions　of　original　seeded　air　parcels，　with　the　second　and　third　seedings　marked

　　　by　H　and皿．
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Fig. 8. The movement of the artificial radar echoes (PPI and RHI) formed by LC seeding， February 2， 
1999， in the northern Kyushu. Ml凶1βsh耐1官room一一寸S油shapedr問‘羽oa州darechoes were discovered i加nRHI世1scans at 
16:3η7JST and 1652JST. 

ficient number and size due to the lack of time required to show the characteristic shape 
on radar. The discovery of the lmiquely shaped RHI echoes proves that the sustained ice 

crystal growth in the new seeding hypothesis indeed occurs in the dynamically expanding 
artificial ice thermal that leads to spontaneous precipitation. Precipitation from seeding m 
echo for 1.2 min， 420…gLC discharging， and estimated by the 問 ingauge data， amounted to 
10:Jkg with the help ofthe released heat ofphase change. 

For the purpose of bringing more precipitation around the Sefuri mountain r船酔， LC

seeding should be carried out against many cumuli around 20 to 30 km from the coastline 
for several hours considering the time inter、ralof approximately 20 min required for the 
growth from the first small ice particle to the preはpitablesize. By this method， if LC 
seeding stimulates inactive 20 cumuli for several hours， water resource of approximately 
10 million tons may be brought down around the Sefuri mountain area assuming the total 
rainfall of average 0.5 million tons per artificial echo， whieh necess乱rilydepends on 
weather and cloud condition. 

RESULTS AND DISCUSSION 

The optimized LC seeding method h部 beendescribed by two processes; The first 
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　　　　　　JST，　48　min　after　70　s　seeding，respectively．

precess　is　related　to　the　rising　of　forraed　ice　thermal　caused　by　seeding　which　is　called

RETHIT　precess．　Aiid　the　secoiid　proces＄　is　concerned　to　the　spreading　and　fallirig　dewn

of　the　ice　thermal　which　is　called　FILAS　process．

1）　The　new　method　of　penetration　seeding　was　tested　in　supercooled　convective　clouds

using　liquid　carbon　dioxide　（LC）　（Fukuta，　1965）　near　lki　lsland，　in　the　northern　Kyushu，

japan，　when　it　was　the　outbreak　of　cold　Siberian　air　above　the　warm　Tsushima　current　oR

2　February　1999．　AceordiRg　to　RET｝｛IT　and　FILAS　processes，　“kique，　large

mllshrcem－shaped　radar　echees　were　dlscovered　in　RKI　＄cans　of　Kyushu　University　radar

for　the　PPI　echoes　Rear　the　maxima，　which　has　never　been　observed　among　natural

clouds．　However，　such　a　cloud　shape　is　bommonly　seen　with　the　naked　eye　when　a

strong｝y　convective　cloud　hits　an　inversion．　Ice　cry就als　in　the　cめud　do　not　grow　in

sllfficieRt　RurRber　and　size　due　to　the　lack　of　time　required　to　show　the　characteristic

shape　oR　radar．　Tke　discevery　gf　the　uRiquely　shaped　RHI　echoes　proves　that　the

sustaiRed　ice　crysta｝　grewth　in　tl｝e　kew　seeding　hypethesis　indeed　ocei｝rs　iR　tl｝e

dynarnically　expanding　artificial　ice　thermai　that　leads　to　spontaneous　precipitation．

2）Precipitation　from　seeding皿echo　for　1．2rnin，420－g　LC　dischargtng，　and　estimated　by

the　rain　gauge　data，　amounted　to　109kg　with　the　help　of　the　released　heat　of　phase

change．

3）Fr◎搬もhese　observaもi（）嚢a至facts　andもhe　esti搬aもi◎簑of　rainfa王1，も｝le◎pti澱㎜seed圭護9

0peratiell　to　be　applicable　fer　wiRter　seasoR　was　designed．　lf　LC　seeding　stimglates

iRactive　tweRty　cumuli　around　20　to　30　km　frem　the　coastime　for　several　hours，　water
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resource　of　appreximately　I　O　millioR　tens　raay　be　brought　dewn　around　the　Sebri

mountain　area　assum血g　theもotal　rainfa嚢of　average　O．5mi王巨。嚢も。簑s　per　art撞。韮al　echo．
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