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Abstract  

Dur主唱aS主no叩Japanesejointexpeditionin1985，eVapOratまonwasol）記Ⅳedtobeatarateoぎ  
aboutOAメJmS－1fromthewatersurfaceintheWestKunlunMolユntains・Heatbalanceobservation  
indicatedthatthelatentheatlossthroughevaporationwasroughlybalancedwiththeshortwave  
radiationwhichaccourltedformostoftheheatsource．Thefractionationfactorofoxygenisotope  
forevaporationwasobtainedtobeaboutl・03主nassociationwiththekineticeffect一  

tureatadepthof70mmandatthesurface，andwater  
temperattireOftheriver，VbicbflowedtoⅥrardsouth  
withawidthofaboutlm．Thewaterdepthwasa  
f帥7tenSOfammandtbe幻owspeedwasabolユtO．2m  
s仙ま．Tbe river was describedin（】etailby NakaⅥrO  
andWatanabe（1987），  
Figurelshowstheobserveddataofthesevaria・  

bles，The time－∝aleis givenin Cilinese Standard  
Time，Whichisabout2，5hoursaheadofLoca＝14ean  
TimeattbeobseI・vationsite．   

It was a relatively fine day onJ111y23，1985：  
almostnocloudexceptforarathershortperiodinthc  
ever血g．Thevariati珊Ofincomlng SOlarradiatiorl  
ぬenceseemstodependonlyonthezenit壬Iangleoft壬Ie  
Sun，eXhibitinga typicalcurve fora fine day．The  
maximumvaiuewasabolユtlkl好m〔2at2to3p．m、，  
aroundnoon，LocalMeanTime．Asmalldisturbance  
Canbeseenat around4to5p，m．，Whichcouldhave  
CauSedasharpdropinsoilst汀facetemperatt汀e，  

Åir temperature variedina rangeofO to13ひC，  
Showing a maximum at around5to6p．m．，Wbicわ  
1agged by abouも3hours bebind the peak of solar  
radiation．The relative humidity decreasedin the  
morning andincreasedin the evenlng：aninverse  
trendoftileairtemperattlre．Absolutehumidityvas  
benceratherstabie，rOughlyO，7kP乱   

1野ind speed Ⅵ7aS aboutlO ms‾王irlthe eariy   

Llntrodu¢tjon  

TheWestKtlnltlnMountainsarelocatedinavast  
dryarea，butan11m鮎rofgiaciersexisttberetItis  
stillinquestionⅥrbythe如ciershavedevelopedinthe  
aridregion，andhowtheglacierscanbenourid－ed・  
Eitherbythelocalwatercycle，Orbythewatervapor  
鉦omthevest？Sincetberegionisi】1thedrougbと，  
evaporationfrom thesurfacesofrivers，lakesand  
蛮acierssbouldbeintense．ItisimportaれttOeStト  
matetheamountofevaporationfromtheiocalareain  
order to examine the water source feeding thegla－  
ciers．Thispaperdescribesbrieflytheroleofevapo－  
rationinthel野estKⅥniunMountains．  

2．Observations  

Detailedobservationsweremadeduringtheday－  
とimeonJuly23，1985nearacaIⅥpSiteatanelevatiolュ  
of5112mabovesealevel，WhichwasIocateddoseto  
theKun】unPeak，班ehigbestmoui珪ainin軌eKt王niu‡1  
Mountains，Meteorologicalvariablesmeasuredwere  
incomingandreflectedsolarradiation，airtempera－  
ture，humidityandwindspeedat aheightofl・5m，  
vinddirecもion，Cloudtype，andcloudamount・T王IeSe  
observationsweremadeatabouteveryhour．王naddi－  
tion，the払Iiowingdatawerecoiiected：SOilモempera－  
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Atadeptbof70mm，boⅥ7eVer，tbemaxi汀1umVal11e  
vasobservedat5to6p．m．，reSultingfromthethermal  
diffusionprocessthroughthesoil．Thetemperature  
gradientatthesurfacewasabout300degm仙1around  
noon，Which decreased gradually untilthe surface  
temperaturebecamelower than the temperature at  
thedepthof70mm．Anegativegradientdeveloped  
afterwards．Thetemperatureoftheriverwatervaried  
withasimilartrendtothesurfacetemperatureofthe  
SOil．  
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3．Evaporation  

A water fi11edcontainer was placed atthe soil  
surface，and the changein the waterlevelwas  
measuredforestimatingthe amountofevaporation  
from the water surface．Figure2represents the  
obtainedrateofevaporation．Itshoweda negat3ve  
value（condensation）inthemorning，butitincreased  
topositivesoonafter：themeanvalueoftheratewas  
abotltO．4ダmS叩1（orgs‾1m2）intbeafternoon・The  
ratevariedvitbtime，aSCanbes詑nirlFig．2．T‡1e  
variation，bovever，mayT10tbeverysignifica雨，Since  
theerroroftheobservationwasasiargeasO．1jlmS－1．  

Thctemperatureoftheriverwaterwasnearly  
equalto thewatertemperaturein the container as  
showninFig．1．Itisconsidered，hence，thattherate  
ofevaporationfromtheriverwouldbesimilartothe  
rateobservedwiththecontainer．  

Therate ofevaporation was also estimatedby  
solvingatwopdimensionalturbulentdiffusionmodel  
numerically．TbefolioⅥ7ingassumptionsweremade  
forthecaiculatioれ：1）steady蔦owofaircrossir噂a  
river oflmⅥride ortbogonally；2〉軌e specific  
kumidityof決eupwindairisindepeIldenモOrlbeigbt  
from the surface，乙e．，nO Verticalflux of moisture  
beforetheairreachestheriver．Thisassumptionis  
basedonanobservationthatthesurfacesoilwasvery  
dry；3）＄peCifichumidityattheriversurfaceisgiven  
bythehumidityatsaturationcorrespondingwiththe  
Watertemperature．  
Continuityequationforthewatervaporisgiven  

by   

ー －  

． 

′■八：  ・！  

Wherexisthedistancealongthewinddirectionwith  
its origin at the upwind edge of the river，Zis the   
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こ．S．T，  23JULY，1985   

Fig－1．VariationofmeteorologicalvariablesandthetemperaT  
ture＄Ofsojland river water．  

momingbutitdecreasedataroundllpJ軋，andkept  
a value of3to4ms1afterⅥ7ards．Wind direction  
wasalmostconstant，arO11ndNE，tilrOugholユttheday  
oぎtbeobservatiolt，  

Surfacetemperat11reOfthesoilseemedtodepend  
mainlyonradiationratherthanairtemperature，Since  
thepeakvalueofsurfacetemperature，Whichreached  
ashighas400C，WaSreCOrdedataroundnoonofLMT・  
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亀＝々〟＊g佃£  （3）  

Where≠Eis the dimensionless vertica呈gradient of  
SpeCifich11midityexpressedasafu11CtionofMoni主1‰  
Obukl10V’s転成机L Usi喝汰enotationofざ＝Z／£，  

如＝1十5．2∈  （4）   

ぎorstabiecorlditions（Webb，1970），arまd  

¢g＝（1…16g）叫1～2  （5）  

for unstable conditions（BllSin酢汀，1966；Dyer and  
Hicks，1970）．The calculation showed that the air  
Stratificationwasmostlystableovertheriversurface  
exceptforthepartsneartheupwirldedgeoftberiver  
attheendoftbeday．  

WiththedataglVe‡linぎig．1，t‡1erateOfevapora－  
tionwases丘matedusingtheabovemodel．Theestト  
mationwasmadeonlyfortheaftern00nbecauseofa  
lack ofdata orlSOiiarId water te汀王peratl汀eSin仏e  
moming．TllereSultsof也ecalculationaresboⅥrnin  
Fig，2，Wheretherateofevaporationaverage（ま0Ver  
tbevidtllOftberiverispresentedforvar主ousrouか－  
nesslength，anunknownparameterbetweenO．1mrn  
and30mm．   
Incompar主sorlWiththedirectmeasl汀emerltWith  

awater－fi11edcontainer，aVaiueofiOmmfor2oSeemS  
to predict the rate of evaporation most compatible 
Withtheobservatまon．T壬1erOugbnesslen疾boflOmm  
may be ratherlarge，but would not be unrealistic．  
The river surface was relatively rough，Which wa  
CatlSedbybottomundulatiorlSOftheriver，Since the  
WaterdepthwasonlyafewcentirrleterS．Sincethere  
grasswasgro椚ngSpOradica11ytoaheigbtofseveral  
Centimetersoverthesoilsurface，thevaiueoflOmm  
WOuldbealsorealisticforroughnesslength．  

lュ  15  18  ユI  

e．S．T．  
莞ユJUIY．198き   

Fig．2．Rateofevaporatまorlfromtberiversurface．  

heightfromthesurface，おisw主ndspeed，ぎissp∝i重c  
humidity，and KEistheturbulenteddydiffusivityfor  
VapOr．Itwasassumedthatuisindependentofx，and  
givenby   

腔晋極旦±鼠＋孝）  go   
（2）  

Where20istheroughnessIcngth（takentobeconstant  
OVerthesoilandtheriver），録＊istbefrictiorlVelocity  
（determinedby勾andthemeasuredwindspedatl．5  
minbeight），ゑisvonKarmanナsconstant（0．娘えisa  
SCalingbeightvhicbgivesanupperboⅥndo‡l亀to  
avoidanunrea王isticincreaseofKEOutSidetheinternaI  
boundarylayer（Blackdar，1962）．According to a  
mixi喝l餅督血theory（MorlinalュdYa許Om，1971），the  
di館usivity亀isgivenby  

4・Heatbudget  

Heat budget atthe surfaces ofthe soiland the  
riverwasconsideredtohavethefollowingforrn．  

¢s十軌寸鉄寸払ヰ払十¢尿ご0  （6〉  

Where Qsissわort vave radiationbaまance，¢£王0喝  
WaVeradiationbaiance，¢cconductiveheatfiⅥⅩ，Q£  
1atent heat flux，OL SenSible heat flux，and QRthe  
remainderterm．Herethefluxestowardthes11rface  
aretakenpositive，  

The short waveradiation balance was obtained  
bydirectmeasurementsofincomingsoiarradiation   
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13：… 15：00－6‥30 1丁：20 19：20 
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ダig．3．Heatbalanceatther重versurねce（A），andatthe紺il  
Surface（B）．   
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wasdescribedintheprevioussection．Theroughness  
lengthoflOmmwasusedinthecalculation．Forthe  
soilsurface，itwasassumedthatthevaporpre∬ure  
wasindependent of壬Ieight，£ぞ．，仇elatentheat flux  
WaSZerO．  

AIso，thesensibleheatnux wascalculatedwith  
thetwodimensionalturbulentdiffusionequationwith  
theroughnesslengthoflOmm，inwhich   
㌶＝（粘）  く8）  

whereKHistheturbulenteddydiffusivityforheat・  
Based upon the semi－empiricalsimilarity modcl  
（MoninandYaglom，1971），   

梅＝ぬ＊Z／あ  （9）  

Thecalculation was made w氾l如＝≠£，Vhic九九as  
been adopted by many workers（e．g・Webb，1970；  
Businger，1966；DyerandHicks，1970）．  
Variationsoftheheatbalancecomponentsthus  

estjmatedareshowninFig．3．Themajorheatsource  
istileSbo托WaVeradiationbothattbewaterandtbe  
soilsurfaces．Theheatisreleased，Ontheotherhand，  
mainlythroughtheevaporationatthewatersurface，  
but，atthesoilsurfacebythesensibleheatflux・  

The remainder term shows significant positive  
values，at14：00and15：80alldanegativevalueat19：  
28，attberiversuぬce．Tbiswo111dbe due to the  
inaccurateestimatesforconductiveheatflux，includ・  
ingtheunrealisticassumptionthattheheatconduc－  
tiontowardthesoilunderneaththeriverwasneglect・  
ed．Theamountoftheremaindertermisalsolarge  
（ne宮ativevalue）at17：20and18：00attbesoilsur－  
face．Sincethetemperatllreattbesoilsurねcewas  
subjectedtoadisturbancecausedbyatransientpre－  
senceofcloudinthisperiod，theestimateoftheheat  
conduction with the temperature data only at two  
depthsincludingthesurfacelevelcouldbeinacctlrate・   
ItcarlbeseeninFig．3，bowever，払eamountof  

heatsourceisgerlerallyingoodagreementwiththe  
amount ofreleased heat at each time．This would  
indicatethattheroughnesslengthoflOmmemployed  
in the calculation and hence thc calculated rate of  
evaporationarer10tねrfromreaiity・  

（Fig．1），andthereflectedradiationatthesoilandthe  
river surfaces．The albedo of the soilsurface was  
aboutO．18わrmostoftheday，bl王tincreasedtiptOO．27  
nearぬesun紀t，preSumal）1yowingtotheirlCreaSeOf  
thesolarzenithangle．Thealbedooftheriverwas  
aboutO，06，WhichalsoincreaseduptoO．07towardthe  
endoftheday．Therenection，however，WOuldhave  
takenplacenotonlyatthewatersurfacebutalsoat  
tberiverbed．TtliswillbedisctlSSediater．   
TbelongⅥraVerad主ationbalancewascalculated  

bythefouowingequationgivenbyKondo（1976）・   

払ニe♂了憲（0．066J蒜－0．49）（1一刀Cカ）   （7）  

where7忘isairtemperatureinK，e。VapOrpreSSurein  
nlb，∈enlissi＼・it）▼（takentobe（l．9t）andO．95foT’thesoil  
andthewatersurfacesrespectively），6Stefan－Boltz・  
manconstant，nCloudamountintenth．Thevalueof  
cisglVenaSafunctionofe。，and hisafunctionof  
cloudamount，Cloudtypeandthefrequencyofprecipト  
tation．The coIlductive heat fluxi11tbe soilⅥFaS  
calc11latedusing払ete汀Iperaturedataatdepthsof70  
mmandzero（surface）giveninFig．1，withanassump－  
tionoflineartemperatureprofile．Thethermalcon－  
ductivityofthesoilwasassumedtobeO．5Wm▼lK‾1，  
whichcorrespondswiththesandsoilof40％inpore  
SpaCeandafeⅥFperCentinwaterconterlt．  

For tbe river，it vas diだicult to estimate tbe  
conductive heat fiux．It was considered conven－  
tionallythatachangeinstoredheatinthcriverwater  
istheresultof ttheatconduction”，inwhichtheheat  
convectionisincluded．This would not be correct  
beca11SetberiverⅥraterWaSWamedupllOtOnlyby  
tbecorlduction／convectionbutalsol〕ytheextinction  
ofshortwaveradiation．Thesolarradiation would  
also heat the river bed，and the water should be  
warmedupthroughconduction／convectionfromthe  
bed．Short wave radiation balance，however，WaS  
overestimatedbytbeamo皿tOftheabsorptio－1attbe  
river bed aIld t五e riverⅥFater．It wo混d be reason－  
able，hence，tOSubtracttheheatasapartoftheて’heat  
conduction”．An essentialassumption，throughthis  
procedur・e，isthattheconductiveheatbelowtheriver  
bedcanbeneglected．ThisassumptionmaycatlSean  
寧nderestimationin tモcondtiCtive heat幻ⅥⅩ”，in par－  
ticular around noon LMT，While the temperature  
couldbehighattheriverbedbecauseofthestrong  
solarradiation．   
Thelatent heat flux was estimated，for the river  

stlrface，by soiving the twodimensiorは1tl汀bule－1t  
di翫sion equation for water vapor numerically，aS  

5．SoIute ahd180concentration ofthe river  

TimevariationoftheriverくまiscbargeⅥ㌻aSObserv－  
ed onJuiy23．Tbe蔦ow恥Ⅹdecrea父d gradually   
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theincreaseillざ180alsot〉y theiliCreaSe Ofrate of  
e∇apOration．Thedecrease主nt壬1ebothvariablesi－－  
theevening，hence，Canbeattributedtothedecreasein  
therateofevaporation．  

When the concentration of various salts in the 
riverwaterisexpressedbyc，thecontinuityequation  
isgivenby  
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 ＝即十  （10）  

when the salts are wellmixedin the river water  
includingthewatersoakedintothesoilunderneath．  
In eq，（1軋z｝is flow speed ofthe river，eis rate of  
evaporation，gis distarlCe aiong the river，a†id～is  
time．Itis assumedimplicitly that the river width  
anditsheighth（waterdepth）areindependentoftime，  
Whichisunrealisticforthe riverunder consideration  
（NakawoandWatanabe，1987）．Infurtherdiscussion，  
bovever，Onlyasbortperiod，SaySeVeralminuとes，Will  
be examined，a王1dllenCe the above asstlmptiorlis  
COnSidered applicable．AIso．the river flow can be  
regarded as in the steady state for the rather short 
period・AssumingthattheelectricconductivityKis  
proportionaltothesoluteconcentration，   

′ 
． 

・：‥・  

At17：40，threesamplesweretaken over a span of  
aboutlOO m．A gradient of the conductivity of  
about¶03JLS cm▼1per m was obtained from an  
analysis of these samples．With this value and the  
O払ermeastlreddata，uSingeq，く11），tberaとeofevapo－  
rationewascalculatedtobe5jEmS「i，Whichislarger  
thantherategiveninFig．2byoneorder ofmagniL  
tude．Thisindicates that the solute concentration  
increased much faster，aS the river water flowed  
do耶1Ward，tbantherateexpectedfromtheproce＄Of  
COnCentrat妄ontllrOughevaporation，Thiswouldper－  
hapsbecausedbysoluteadditiontotheriverwater  
fromthesoil，Whichwasneglectedineq．（10），去incethe  
rivercoulddryupsometimeasexpect占dbytheobser－  
VationsbyNakawoandWatanabe（1987）．  

Similartoeq．（10），tilefoilowingequatiorlCanbe  
givenforisotopiccompositionofoxyge11．   

〝皿わ＝〃十  （12）  

whereαisfractionationfactorforevaporationpro－  
cess，andaisconcentrationof180expressedwith6180  
￥aiueasfo里lows．   

α＝甜十）  （13）  

where偽istheconcentrationof180instandardmean   

9 112  15   18  2l  
⊂．S．T．  23JuLY′1985   

Fまg．4．E三ectrjcconductiviモアくE．C．ラar主d♂－800ftberiverwater、  

withtime，andthestreamwasdriedupatabout15：00  
at an observation site，formlng a Water tOngue up－  
StreamfNakaⅥ70andl好atanabe，1987）．Ånothersite  
WaSChosenat abol丑180m upstreamfrom theprew  
Vioussiteforfurtherobservation．Abottleofwater  
WaSSampledfromtheriver ateveryl－1．5h Thc  
Site for the sampling was where the discharge was  
meastlred：tWO different sites，eaCh for earlier and  
later ba王ves of the day；the sitesⅥ㌢ere apart Orie  
anotherbyabotltlOOm．  
Electricconductivityand61烏OhavebeenmeasurM  

edwiththewatersamples；thercsultsarepresented  
inFig．4，inwhichopenandsolidcirclesindicatethc  
ear・tierandthelatersitesrespectivelyforthesampl－  
ing．Botht王1eCOrlductivityalldが警）sbowasimiiar  
trend：agradtlalincreaseinthemorninguntilabout  
16‥00，andaslightdecreasetowardevening．Since  
theevaporationofwatervaporfromtheriversurface  
increasedwith timein the morning（Fig．2），thein－  
CreaSeinthecondⅥCtivityisconsideredtobedueto  
theconeentrationofvariolユSSaltsintheriverwater  
CauSedbytheevaporationofwatervapor．Isotopic  
fractionationduringvaporizationwouldhavecauseed  
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OCeanWater（SMOW）．  
Therateofevaporationgwascalculated，ⅥSir貰g  

洩e data on♂180for tbe water samp主es，for steady  
COnditionbyeq．（12）wi払払esamemetbodasemploy】  
ed for the con血ctiv托y，In洩e caicu重a如n，αWaS  
takentobel．0091，thevallユeforequilibriumprocessat  
200C（Dansgaard，196礼 Obtainedwasthevalueofl．3  
FLnlS∴＼＼▼hichis about threeL timpslこ1rger th；”the  
Observedrateofevaporation．TberiverⅥ7ater，how－  
ever，WaSincontactwitht‡leSOilforatmostsev訂ai  
hotlrS．ⅥThicllⅥ1Ould110tllP ビn州gh for siど11i（iea11t  
isotopeexchangebetwcenthewaterandthesoil．It  
is considered，therefore，that the disagTeeme11tis  
mainlydl王etOana盗umptionofeq11ilibriumconditiom，  
WbicれwouldnotbethecaseわrevaporationinaIlari8  
are乱 Kinetice魚≡CtWOtlidbeinvoivedinthe rapid  
evaporation．Eff∝tive fracti（きnat主on ねctor was，  
hence，Calculated by substituting eニO．4JLm STTl（ob－  
SerVedrateofevaporatio11）aIldtileObservedgradient  
Ofα，－7×10【9タe㌢m，intoeq．（12），aSSumingthecondi－  
tionofsteady或ate．Tbevaまueofl．03wasobtainedfor  
α，Which主scompatiblewiththeva王uesobtainedby  
Other workers（g．＆‡nterrlationalAtomic Energy  
Agency，1981），but muchlarger than the value for  
equilibrit‡mprOCeSS．TbissbouldbenotedinstlCha  
dry reglOn aS tbelⅣest Kunlun Mountains，When  
analyz呈ngぬewatercy（：1ei王1termSOfが亀0．  
Åuthorsaregratefu；fortbecommentsgivenby  

theanonymousreferees．Thisstudywaspartlys11p餉  
portedbyaGranトin肌AidforScientificResearchfrom  
tbeMまnistryofEdtェcatio‡l，Scie‡lCeandCu旺ure，Japか  
neseGoverrさme11L   
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