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Abs杜rac也

　　Attempts　have　been＝m－ade　in　the　previous　s七ud－ies　to＝mode1the　bare　soi1evapo肌七ion　or

i七sエes廿iction　during　soi1（1rying．Recent1y，the　concept　of　surface　resistance，which　is　the

resis七ance　to　the　vapor　hansfer　in七he　soi1，was　introduced　and　being，vide1y　accepted　as

…f・1・・…pt七・md…t・・d・…p・・ら・・tth・…t・i・ti…f…p…ti・・by・・i1m・i・t…

de丘cit．However，there　remained－severa1unsett1ed－ques七ions，such　as　the　s七ruc七ure　and　the

七eエnporal　variation　of　the　evaporation　zone．

　　In　the　present　study，the　microscopic　physica1process　of　bare　soi1evaporation，inc1uding

evaporation　benea七h　the　soi1suエface　and　water　transport　in七he1iquid　and－vapor　phases，is

presented　wi七h　an　e＝mphasis　on七he　dry　surface，1ayer（DSL）phenom－ena．To　investigate七he

above　proc台sses，丘e1d　observations　on　micrometeoro1ogy　and　soi王hyd－ro1ogy　were　carried－out

at　three　representa七ivebare王ands　which　consist　ofd冊erent　types　ofsoi1s，with　apre1iminary

investigation　by　n］一eans　of　numerica1sin〕一u1ation．

　　Conc1usions　froエn　the　present　study飢e　as　fo11ows：

　　（1）Evaporation　of　soi1water　takes　p1ace　at　the　bottom　boundary　of　the　DSL　throughout

a　day．and　also　occurs　within　the　DSL　in　the　forenoon．The　former　is　caused　by　a　de肯cit　of

or　insu拓cient1iquid　water　supp1y　from　deeper　soi11ayers，and　the1atter　is　introduced　by

1arge　change　in　the　condition　of　equi！ibrium　be七ween七he1iquid　and　vapor　phases　of　water

inthcDSLwith　d－iurnaユvariationofso1arradi＆tion．

　　（2）For　coarse－textured　soiユs　having1ow　speci丘c　water　capacity，the　phase　of　water　trans－

portedupwardcha．nges　inananowzone　around－thebottombound孤yoftheDSL，andthe

am－ounts　ofevaporation　and　condensation　occuning　within　the　DSL　ares皿主au．In　contrast，

for丘Ile－texturea　soiユs　havi皿g　high　speci行c　water　capacity，the1iquid　water　transport　is　not

neg1igib1e　in　the　DSL，and七he　two　types　of　evapora七ion　tend　to　combine　over　a　wider　zone。

　　（3）Degree　of　the　restriction　of　evaporation　during　soi1drying1arge1y　depen（1s　on　the

d－ep七h　of　the（1ominant　part　of　the　evaporation　zone．The　movement　of　the　dominant　part

iV



of　the　evapora．tion　zone　a任ects　the　partitioning　of　avai1ab1e　energy　both　in　inter－diurna王

and　diurna1尤inle　sca王es，and　induces　a．cha．nge　in　diurna1variation　patterns　of　energy　Huxes

at　the　soiユsurf＆ce．

　　（4）Arede丘nitionoftheDSLisneed－edas七he1ayerinwhichaエeduc七ionofre王a七ive

humid－ity　occurs　due　to1ack　of　or　insu茄cien七1iquid　water　supp1y　fro㎜deeper　soi11ayers

and七he1ayer　has　whi七ish　co1or　re1a七ive七〇七ha七〇f七he　under王ying　soi1．

　　Key　words：bare　soil　evapora七ion，restriction　of　evaporation，suエface　resistance，evapo－

ration　zone，dry　surface1ayer（DSL）
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Ch駐p七er1

亙n七rOd孤Ct量⑪n

Ll　Object童ves

　　In　genera1，speci丘c　humidlty　of　the　air　contacting　with　the　surface　of　a　fairly　wet　soi1

can　be　ta．ken　a．s　the　saturation　value　at　the　tempera七ure　of　the　soi1surface．Therefore．

the　rate　of　evaporation　from　a　wet　soi1－sl1rface　can　haraユy（lepend　on　the　soil　nユoisture

conclitions．During　the　soil　d－rying，howevcr，speci丘c　hulm！i（1ity　a．t　the　soi1surface　is　recluce（l

l）e1ow　the　saturation　va．1ue，an（1then　the　eva．pora．tion　is　restricte（l　strong1y　cleI）en（1ing　on

the　soi工rnoisture　conditionsl

　　In　the1ast　two（lec永des，many　invcstigators　have　attempted　to　quantify　the　e冊ect　of　soi1

（王rying　on　the］：estriction　of　evaporation，ancl　nunユerous　fo】＝nユu1as　for　representi1ユg　it　ha．ve

been　propose（1．In　those　a．ttenユpts，the　concept　of　surface　resistance，which　is　the　resistance

to　the　vapor　transfer　in　the　soi1，has　been　wi（le1y　a．ccepted　as　an　usefu｝concept　to　understand

or　represent　the　restriction　of　evaporation．　IJo，vever，there　reInaine（l　severa！unse七t！e（l

q…ti…，…h・・th・・t・u・t・…fth・…p…ti・・・…（th・・…wh…th…p・・i・・ti・n

・fw・t・・t・k・・p！…），…lit・d・p・n・1・n・y・…i！typ・・…tm・・ph・・i・…diti…．

　　○n　tbeotherha．nc1，itiswel！knowntha．t　the〔lrysurface1ayer（DSL）isfornlec1atba．reson

…f・。…1・・hユg・・i！d・yin9．Ith…ft・1lb…p・int・d・・tth・■tth・…t・i・ti・n・fe・・p…ti・n

1



is　c！osely　reユated　to　the　fomユation　of　the　DSL．However，there　are　few　investigations　on

the　reユationship　be七ween　the　evapora．tion　zone　and　the　DSL　for　soils　other　tha．n　sand．

Thereforeラfor　a　deeper　unc／erstanding　an（l　quant吊ca．tion　of　the　restriction　of　evaporation

（1uring　soil　chying，nlore（／etai！e（l　process－stu（1ies　on　evaporation，inc！uding－the　st工uc七・し1re

ofevaporation　zone　and　its　reユation　to　the　DSL，shou！d－be　carriea　out　for　various　types　of

soils　under　various　atnユospheric　cond－itions．

　　In　the　present　study，the　microscopic　physical　process　of　evaporation　frorn　a　dry　bare

soi1is　presente（i　ba．se（i　on　the丘e1d－observations　carried　out　at七he　three　representative　bare

lands　conユmonly　foun（1in　the　wor1d．NIore　speci行ca11y，the　objectives　of－this　stucly　can　be

suIエmユa．rizcd　as　fol1o，vs：

L　To　make　c1ear　the　spatia1（listribution　an（i　tempora1behavior　ofthe　evapora七ion　zone．

2．To　elucid－a．te　the　relationship　between　the　tempora1and－spatia．1shuctuエe　of　the　evap－

　　oration　zonc　and　the　soi1physic＆1properties。

3．To　evaユuate　the　e冊ect　of　tユユe　structure　of　the　evaporation　zone　on　the　restriction　of

　　evaporation　and　su工face　energy　ba1ance　variation．

1，2 Outhne　ofthepresen七study

　　Abriefd－escriptionofthebackgroundofthisstu（lyand－thereviewofre1atedresea．rches

are　giveエ！in　Cha．pter2．Cha．pter3I）resents　the　structure　of　the　evaporation　zone　sinユu1ated

by　a．numerica1mode1，as　a　pre！iminary　investigation．Description　of丘e1（l　observa－tion　aata

is　given　in　Chapter4，and－sonユe　characteristics　of　the　observation　resu王ts　are　describecl　in

Chapter5，a．s　basic　infom｛a．tion　to　be　reference（／for　thc　subse（1uent　analyses．Chapter6

P・・…t・th・…ult・・fth・…ly・i・f・・m・・／…t・f㎝・・gy…h・・g・b・tw・・nth…il・一nd

the　atmos互）here．Chaエ）ter7gives　ana！ysis　from　aspect　of　water　movement　in　the　soi1．

In　Chapter8ラthe　restriction　of　eva．j）oration　is　investigate（l　quantitative1y　by　apI）1yjng　a

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　2



エnod－e1to　the丘eユd　obseエ・vation1・esu1ts．

Chapters　g　an（110，respectively．

Fin＆11y，discussion　an（i　conc1usions　are　presented　in

3
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R■ev五ew⑪f比e胱er批雌e

2ユ　　S五gni量ca－nce　of七he　study　of　ba－re　so豆1evapora虹on

　　Evaporation　from七he1an（l　surface　into　the　atmosphere　is　one　of　the　most　important

conユponeIユts　of　the　hydro1ogica！cycle．It　represents　the　return　How　of　water　receive（l　from－

rai㎡a！l　back　to　the　atmosphere．It　has　been　of　great　interest　to　various丘e1ds　of　science

and－socia1activity，since　it　is　not　on1y　a　process　of　wa．teI・tI・a．nsport　l）ut　a．1so　a　process　of

energy　transport　in　the　fonn　of1atent　heat且ux．

　　In　the丘elc！of　water　resources　nユanagement，evaporation　is　a　subject　of　great　concern，

pa．rticu！ar1y　iエl　arid－and－senli－arid－1ands，as　a　nlain　process　of　the1oss　of　wa．ter　avai工a．b1e　for

hunユan　activity　lKayane，！9671．Acco工ding　to　the　estimates　of　water　ba1ance　components

・f七h…nti鵬・t・・fth・w・・1dbyL…it・h［19731，t・t・1・m・㎜t・f…p…tl㎝（i・・1・ding

transpiration）from　the　surfaces　of　thc　continents　o㏄upies　approximate1y65％of　the

tota．1precipitation　to　there．In　Africa　and　Austra1ia，the　vahles　reach　up　to80and69％，

rcspective1y．Other　researchers［e．g．，Ba．unユgartner　a．nd－Reiche1．1975；Korzom　et　aユ。，19771

a！so　gave　almost　simi！ar　cstima．tes（see　Table1）、Evaporation　is　a1so　c1ose1y　related　with

the　qua！ity　of　water　resources　as　we／1as　their（王uantitγ　For　instance，evaporation　of　soi！

w・t・・in・・1・e・n・t・n1yl・…fw・t・・but・1・・th・・1・ng…fw・t・・一・・d・・il－s・1ini・・ti・n・，
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Table 1 

continents (unit: 

Some estimates of the mean evaporatlon and precipitation for the 

mm/year) (after Brutsaert [1982] but slightly modified). 

Europe 
Asla Africa North South Austraha Antarc~ca 

America America Oceania 
Reference 

Evaporation 

Precipitation 

Evaporation 

Precipitation 

Evaporation 

Precipitation 

415 
734 

375 
657 

507 

790 

433 

726 

420 

696 

416 
740 

547 
686 

383 1065 
670 1 648 

582 403 946 
696 645 1564 

587 418 910 
740 75 6 1 600 

510 
736 

534 
803 

511 
79 1 

28 

169 

O
 

1 65 

Lvovitch 

(1973) 

Baumgartner 
and Reichel 

(1975) 

K01~0un et al. 

(1977) 

o
 



in　regions　where　annual　rainfall　is1ow　and　groundwa．ter　table　is　at　a　shal1ow　depth［e．g。，

Hil1e1．1980，p．1101．

　　In　atnユospheric　sciences，eva．poration　is　inユportant　as　a　source　of　nユoisture　a．nd　as　a　factor

a拝ecting　the　therma1con（htions　of　the　bottonユboun（1ary　of　the　at］ユユosphere．For　examp1e，

many　nmユerical　stu（1ies　have　shown七hat　the1arge　sca1e　atmospheric　circu1ation　and　the

rainfa1！are　sens三tive　to　the　distributioIl　and　anlount　of　eva王）oration　from七heユan〔l　surface

［e．9、，Walker　and　Rownt雌，1977；Shukla　and　Mintz，1982；Yeh　et　a1．，！9841．Numerica1

experiments　by　Rowntree　an（l　Bolton〔1983］showe（l　that　e任ec七s　of　soi1nユ〇三s七ure（and　thus

evapora七ion）anomalies　in　a　given　area　on　rai㎡al！or　air　temperature　and　hしmlidity　can

propagate　into　adja．cent1and－areas．Ya．sunari　et　a1．［19911Poin七ed－out　the　signi丘ca．nce　of

snow　me工t　and　of　the　subsequent　evaporation　of　soi1water　as　a　mechanism　of　an　apparent

inverse　corr61ation　between　the　Eurasian　snow　cover　extent　in　winter　and　the　strength　of

Indianm㎝sooninthefo11owingsu㎜ユer．

　　In　agricu1ture　or　p1ant　eco工ogy，evaporation　is　an　inlportant　process　since　it　afects　the

thermal　and　moisture　con砒ions　of　soi！s．Germina七ion　and　e肌！y　see（111ng　growth　are　sen－

sitive　to　the　nloisture　conditions　of　soi1s，ancI　thしls　are　often〔loon］一e（l　during　their　nユost

vulnerable　stage　by　the　ra工）id　soi1一（lrying（／ue　to　evaユ）oration［Hi1le1．19711．So1！temperature

・！…冊㏄t・num・・ou・・…y・t・m－P・・…s・・i・・1uding・lyn・nユic・・f・・i1・・g・ni・m・，Pl・nt－mt

growth，see〔l　germination，nutrient　uptake，an（l　decomI）osition［Whitforcl，1989；Kemp　ct

a1．，1992］．For　exanlp1e，Shinユacla　et　aL　［1997］pointe（1out　a　possibi1ity　that　evaporation

and　its　controls　of　the　thernユal　conditions　of　soi1s　had－strong1y　a任ected　the　fornユation　of

current　ecosystenユs　in　Sri　Lanka．Thus，it　is　quite　essentia1for　various　scienti丘c行e1ds　to

un（／erstanc／the　process　of　eva王）oration　an（1to　eva1uate　or　predict　accurate！y　its　amount．

　　Evaporation　fro凹1and　sこlrface　coI！sists　of　evaporation　from　open　wa．ter　surfaces，bare　soi1

…f・・e・，・nd・n・wc・・…ラ…p…ti・n・fi・t・…1）t・dw・ter・npl・・t！e・・…n・1・・ti行・i・1

・t・u・tu・・s，t・・n・pi・・ti・・f・㎝ユ・・g・t・ti・n，・nd・th・工・．E・・p…ti・・f・・mb・・…i1・しuf・一c・・

isth・m・・td・milユ・nt・・mp・n・・い）・・ti・・1・・1yj…　i・l1・・d・．A・・…lingt・t1・・1it…tu・・



［K・・d・，1994，P．31，f・…t・，9・…1・・d・（i・・1・di・g・g・i・・1t…11・・d・），・ndd・…t・（i・・1・d－

i・g・・mi－d・…t・）・…py34．0，31．0ラ・・d32．1％，…p・・ti・・1y，・fl…／・・・…　th・…th

（not　incIuding　the　Antarctic　Co】ユtinent）．A1though　not　a11d－eserts　an（l　semi一（leserts　are

comp1ete1y　bare　land，七he　agricu1七ura！1ands　remain　large！y　bare（iuriエユg　approxinlate1y　a

ha1f　of　year　in　case　of　annua1丘eld　crops．Furtherm－ore，soi！surface　is　pa．rtly　exposed－e▽en

in　forests　and　grass1an（1s．Consic1ering　these　situations，the　ro1e　of　bare　soi1evaporation　is

qui七・1・・g・・七th・g1・b・1…1・。

　　In　addition，nユany　forests　and　grass1ands　are　being1ost　d－ue　to　deforestation　and　deseト

ti升cation，and　bare　lands　are　extending　year　by　year［e．g。，Furley，1994；Gou（he，19941．

Once　lancl　surfa．ce　beconユes　ba．re，the　growth　of　pla．nts　becomes　di舐cu1t　due　to　inαease

of　tenlperature　variation　a．n（1severe　dry　conditions　of　the　soi王，and　then！and　degradation

progresses．Therefore，bare　soi1evaporation　and　its　e冊ect　on　the　thernユa．1and　m〇三sture

conditions　of　soi1s　need　to　be　rnore　intensive1y　investiga．te（1．

2㊥2　　Factors　a茄ec抗ng　bare　so丑evapora一拙on

　　By　taking　bu1k　tra．nsfer　approach，the　ra．te　of　evaporation（E）from　bare　soi1surface　is

・・preS㎝ted・S

　　　　　　　　　　　　　　　　　　　　　　　　　　　万＝ρ0刈q，1、）　　　　　　　　　（2．1）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　0，622ρ0帥

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　＝　　　（ε、一ε、），　　　　　　　（22）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　P

，vhereρis　the　densi七y　of　air，0亙the　bu1k　transfer　coef行cient，u　the　win（l　ve1ocity　at　a

reference1eve12、，9the　speci丘c　humi砒y，ρ（＝1013．15hPa）the　atmospheric　I）ressure，ε

th…p・・p・・・・…っ・・dtl！・・／lb…ipt・H・dα・・f・・t・th…i1…f・・…dth・1…1・αう

respectively．Bulk　tra．nsfer　coe拓一cientしmcler　neutra1atnユospheric　sもability　con（litions　ca．n

1）e　expressed　as［Brutsaert，1982，p．202］

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　α、ん2

　　　　　　　　　　　　　　　　　　　　　　　　　　　　0ザ　　　　　　，　　　　　　　（23）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　／l・（二、／・。リ）／η（・、／・。、、）
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wh…α、（＝ユ．O）i・th…ti・・f比・・ddydi丘・・i・ityf・・w・t・…p…ndth・・ddy・i・…ity

md・…し・t・・！…diti㎝・，ん（＝0．4）th…nKえ・mま・’…n・t・nt，・・d・。、・nd・・m…th・

roughness1ength　for　vapor　and　momentum　transfers，respective1y．

　　Ing・n…！，・qu・ti…f…f・…1ユ・・gyb・1・n・・i・gi・・n・・

月n＝z五十∬十θ， （2．4）

wheτe五n　is　the　netエad－iation，工E（≡1E）七he1atent　hea．t丑ux，Z　the1atent　heat　for

vaporization，万the　eva．poration　rate，！7七he　sensib1e　hea．t丑ux，an（i　G七he　soi1heat丑ux．

　　By　assuming　that　the　soi1surface　is　su舐cient｝y　wet（i．e、，ε、is　given　by　saturation　va1ue

e、、亡（T。），where　T，is　the　soi1surfacetemperature）and　byrep1aciIユg　approximate1y（e、、オ（T、）＿

ε、、ゼ（T。））／（T、＿孔）by　the　s1ope　ofsaturation　vapor　pressしlre　curve（3）at　the　air　temperature

T、，conユbination　of　Equations（2．2）and（2．4）gives　so－ca11ed　Penmanコs［1948］equation，as

fo11ows（slight1y　nユodi丘ed一［Brutsa．ert，1982，pp．216－217］）：

　　　　　　　　　　　　　　　　　　　　　　　　　3　　　70，622ρ0がl
　　　　　　　　　　　　　　　　　Eρ、、、＝　ρ、十　　　　　（ε、、亡（T、）一・、），　　　　（25）
　　　　　　　　　　　　　　　　　　　　　　　3＋7　　　3＋7　　P

where　Ep、、　is　the　evaporation　ra・te（lerive（1by　Pennユan　equation，Q肌　（1≡　月れ一G）the

…i1・bl・・…gy，7th・p・y・h・m・t・i・・…t・・t，・、、左（T、）th…tu・・ti・…p・・p・・・・・…fth・

air，e，th－e　vapor　pressure　in　the　a．ir　a．t乞、。The　term（e、、オ（T、）＿e、）is　often　ca11ed－as　the

saturation　de丘cit　or　the　vaPor　pressure（1e丘cit．

　　The　Penma．n　e（1ua．tion　in（王icates　what　fa．ctors　are　a任ecting　the　eva．poration　fro㎜wet　soi1

surfa．ce　as　surn1narize〔l　be！o，v：
　　　　　　，

竃Availa．ble　energy

慈　～V玉nCl　VelOCitV

慈Air　temperature

移V・p・・p・…u…1・fi・it



竃Roughness　of　the　surface

The　net　radiation　can　be　broken（1own　into　severa1components　a．s　fouows：

R例二（1一α、）月、。十ε、月ポε、σ乃 （2．6）

where五、d　is　the　c丑ownward　short－wave　radiation（or　so1ar　rad－iation），α、the　aユbedo　of

th…i1…f…，伽七h・・1・w・w・・dl・ng－w・・…di・ti・・（…tm・・ph・・i…di・ti・・），ε、th・

emissivi七y　of　the　sllrface，anclσ（＝5．6697x1『8wm／2K4）the　stefan－Bo1七mann　constan七．

　　The　soil　heat且ux　can　be　represente（l　by　the　fo11owing　equation　as　the丘rst　approxilma．tion

for七he　simp1e　case　of　a　homogeneous　semi－in丘nite　soi1whose　surface　temperature　varies

・i・…id・11y［S・l1…，ユ965，PP．135－1381：

　　　　　　　　　　　　　　　　　　　　　　　　　　G－A、（ω0λ）1／2・i・（ω1＋工）　　　　　（2，7）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　4

where　AT　is　the　a㎜plitu（ie　of　the　surface　temperature　wave，ωthe　angu1ar　frequency　of

…i1！・ti・・（2π／（24h・し…）f・・th・di・m1・y・1・，2π／（365d・y・）f・・th・・m・・1・y・1・），0

the　vo1uエnetric　heat　capacity　of　the　soi1，入　the　thernユal　conc1uctivity　of　the　soi1，an（1亡

the　tinユe．The　parameter（0λ）1／2has　been　callea　as　the　conductive　ca．Pacity［Priest1ey，

1959；Petterssen，ユ9591，as　the　thernla1property［Johnson，1954≡Se1！ers，1965］，as　the

soil　pro（1uct［Ha1tiner　an（l　Martin，19571，as　the　therma1contact　coe舐cient［Bし1singer　and－

Buettner，1961；van　Wijk　ancl　Derksen，19631，an（1as　the　thcrma1inertia［e．9．，Poh工！et　a1．，

1974≡Pratt　an（l　E1Iyett，1979；Carson　et　a1．，1980；van　de　Griend　et　a1。，1985］．The　term

左んθブ？nα1｛汎εヅ加α、vi！1be　used　in　this　stucly　since　it　is　wi（1e1y　usecl　at　I）resen七pa］＝ticu1ar！y　in

the行e1d　of　remote　sensinσ
　　　　　　　　　　　　　　　　　　　　　b．

　　From　Equations（2．6）and（2．7），factors　af£ecting　avai1ab1e　energy　can　be　summarize（l　as

fo！／o～vs：

竃　So1ar　aIl（／a．tnユospheric　ra（hation

⑧A1be（王o　of　the　suエface



⑧Emissivity　of　the　surface

⑧　Surface　tenユperature　an（i　its　anlp1itud－e

　　　亀Themユa1inertia（vo1umetric　heat　capacity　anci　therma1con（luctivity）

Among　these　factors，the　surfa．ce　a｝bedo　and　the　therma｝inertia　can｝arge1y　change（｝ur－

ing　soi1（1rying．Note　that　aユthough七he　surface　tenユperature　can　aIso　change，it　is　not

an　ind－ependent　variab1e：surface　tenユperature　changes　clependihg　on　the　change　in　other

fac七〇rs．

　　The　re1ationship　between七he　surface　a1bedo　and　the　water　content　of　surface　soi11ayer

has　been　derived－by　numerous　researchers［e－g．，Maruyama。。1962；Id－so　et　aL，1975；Hwang，

1985；Passerat　de　Si1ans　et　a1。，1989；Kondo　et　a1．，1992；Fukumoto　and　Hirota。，19941．

Based　on　the　resu1七s　ofthose　researches，it　can　probab1y　besu皿marlzed　that　the　soi1drying

can　introcluce　the　change　in　surface　a1be（lo　of　approx1mate1y0．15．Thus，the　decrease　in

a．vai1a．b1e　energy　of150vv／n12can　be　introduced－by　an　e任ect　of　d－ecrease　in　aユbedo　due　to

soi1drying　when五、d＝！000W／m2．

　　The　hea．t　capacity　of　the　soi1can　be　theoreticany　expresse（1as　a　function　of　soi1water

content［e．g．，（1e　Vries，1963≡Campbe11．1985］．The　re1ationship　between　soi1therma1

cond－uctivity　an（1soi！water　content　has　been　investigated，for　examp！e，by　de　Vries［19631，

Kimba！l　et　aL，［1976］，Sepa．skhah　and　Boersma［1979］，Kasubuchi［1982〕，and－Yamanaka　et

a1．［1994］．Figure40of　Sd1ers［1965］or　Figure7of　van　de　Griend　et　a．1．［！985］indicate

that　the（1㏄rease　of50to60％in　therma1inertia　can　be　introduced　by　soi1drying　under

usua1soi1water　con（litions．This　suggests　that　the　increase　in　soi1heat　Hux　of肪w／m2

（i．・。，d・・・・…i・…i1・b！・・n・・gy）…　b・i・t・・d…dbyth・d・・・・…i・th・㎜・1i…ti・

・…！ti・gf・・m・・i！d・yi・gl・h・…i！h・・t刊・・…1・・w・t…diti…i・・q・・lt・100W／m2．

However，in　rea．hty，the　soil　heat升ux（loes　not　clecrea．se　d－uring　soi！（1rying，bgcause　the

・mplit・・1・・f…f…t・mp…七u・・w…i・・・・・・…1・・t…ild・yi1〕9・・d・・t・・・・…t・・

e冊ect．AccOr（I三ng　to　the　clata　of　Hwang（ユ985），the　increase　of36％in　soi！heat　Hux　was

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　10



introduced－by　the　decrease　of　vo1unユetric　water　content　fron10．38to0．23under．iclentical

1・a（丑iation　con〔1itions．

　　Under　consi（／erab1y　c1＝じy　conditions　of　the　soi1，the　decrease　of　evaporation　ca．n　be　induced－

without　the　mecha．nismsエnentioned－above（i．e．，without　the　changes　in　suエfa．ce　a．1bedo　and

l・th・mユ・1in・・ti・）b・・・…th・・p・・i丘・hしmidity・七七h・…f…n・1・ng・・i・th…t…ti・n

vahle　at　the　surface　temperature．In　other　wor（ls，under七hose　situations，a．ctua1ra．te　of

evapora。七ion　is　re（luce（1be1ow　a．potentia1rate．The　e冊ect　of　the　clecrease　of　surface　humid－

ity・・th・…p…ti・n・・d・・ti㎝i・・ft・n・・p・・…d・・th・d・・・・・…f（・u・f…）工n・i・七u・・

avai！abi1ity［Barton，19791（or　evaporation　opportuni七y［Ward，19671，evapo（transpi）ra七i㎝

e茄ciency［Kim　et　a1、，1996］）．

　　Consequently，soi！dエyness（or　soi1nユoisture　condition）a。冊ects　evaporation　thエough　the

fol1owing　fa．ctors：

⑧　Surface　a．1bedo

⑧Therma1inertia

⑧Su由cem・istureav・ilal）i1ity

As　mentionecl　above，the　e托ect　of　the　change　in　suエface　a1be（1o　on　the　avai1ab1e　energy

is　larger　than　that　of　the　change　in　therma1inertia　in　co㎜mon　situations．○n　the　other

hand一，Yamanaka　et　aL［1995b］showed　that　tb－e　change　of　surface　a1bed－o　d－ue　to　soi！（1ry三ng

introduces　the　reduction　of15％in　eva．porat三〇n　ra．te　whi1e　the　cha．nge　in　surface　moisture

avai1ability　introduces　the　reduction　of70％in　evapora七ion　rate．Therefore，of　these　three

factors，surface　moisture　avai工abi1ity　may　be　the　most　important．

　　Inthep・…nt・tudy，the・temεガε・1・∫・・l／かψg㎝伽1・ε洲・伽・o∫εηα！10ブαれ㎝i・use（l

in　a1imite〔／sense　as　the　e秤ect　conceming　the　reduction　of　surface　moisture　avai王abi1ity，

not　inc1ud　inσthe　va1・iation　of　surfa．ce　a．！l）e（lo　a．nd　thern］al　inertia．
　　　　　　　　　　b
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2田3　　Para亙ne七er虹a也五〇n　of　evapora拙on　and批s　re且a也五〇n

七0S0孟1rΩ〇五S七ure

　　In　meteorology　and　c！ima七〇1ogy，numerous　parameterization　schemes　of　bare　soi1evapo－

ration　have　becn　proposed　for　the　modeuing　of　the　g1oba1c1imate　or　for　the　sate1！ite　remote

sensing　of　a　terrestria1environエnent．In　paranユeteエizing　the　bare　soi1eva．poration，one　of　the

d冊cu1七ies1ies　on　how　to　consider　or　represent　the　sllrface　moisもure　availabi1ity．Except　for

severa1approaches，most　schemes　have　introduced　additiona1empiricaユparameters　in　the

form－u！as　of　evaporation　for　wet　surface　and　those　ha．ve　been　re1＆ted　to　the　water　content

of　suエface　soi11ayer　of　a　few　centimeters七hickness．

　　Numerous　schemes　previous1y　proposed　can　be　divided　into　severa1groups　based　on　the

type　of　their　basic　formu1a　and　the　type　of　parameter　representing　the　surface　moisture

avai1abiユitγIt　shou王d　be　noted　that　the　synユbo1s　use（丑ar6not　id－entica1to　those　in　origina1

referenced　papers．

2．3ユ　C豆ass過ca－t量on　ofex豆s尤豆ng　pa－ra㎜一e尤eriza尤ion　sche㎜es

A）Bu1k　equa七ion　based　schenle

　　AL　A1pha　type　In　Equation（2。ユ），surface　speci丘c　humid－ity　g，is　rep1aced－with　the

αg、、仏），・nd…p…ti・…t・…b…p・・…d・・

E二ρ0Eα（αg、、t（T、）1。）， （2．8）

whereαis　one　of　the　parameters　representing　surface　moisture　avaiユabi1ity　and　is　e（1uiva1ent

t・th・…f・・…1・ti・・h・■i・lity／・、．

　　Barton〔1979］derivcd　expcrinユenta．uy　a　re1ationship　betweenαand－wa．ter　content　of

surfa．ce　soi1！ayer．Yasu（／a　and　Toya［1981］a■nd　NoilhaI！and　P1antonμ989］a．！so　re工）orted

sini1ar　relationship　but　a（loI）ted（lifFerent　forエns　of　function．
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　　On　the　other　hand，when　a　thermo（lymmic　equiユibrium1ocauy　exists　be七ween　the　hquid

and　vapor　phases　ofwaterin　the　soi1poreラthe　re！a．tivehumjdityんofpore　air　is　theoretica1ly

〔lerived　by　the　fo11owing　equation［Philip　an（1d－e　V，ies，19571E（｝e王fsen　and－Anderson，1943，

P．2601

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Ψg

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　レ・・（〃），　　　　　　（2・9）

where四is　the　water　potentia1，which　can　be　rep1a．ced　by七he　matric　potentia工ψwhen

osm－otic　potentia！can　be　ignored，g七he　gエayita七iona1acce1e】：a七ion，R　the　gas　cons七a．nt　for

watcr　va・Por，an（1T　the　tenlperature　in　Ke1vin．NIiuy［19821con丘rmed　that　the　assump七ion

of　the　thermodymmic　equi！ibriunユis　justi行ecl　within　the　soi1except　for　a　specia1case，

such　as　ar七i丘cia11y　high　in刊tration　rates　into　coarse　soi1s．Contra．ry　to　this，Conne1and

Beu［1993］intro（luced　a　par＆meter　representing　the　rate　of　vapor一ユiquid　phase　change　into

their　numerica1modeL　Neverthe1ess，in　their　companion　paper［Come1et　a1．，1993］，the

improvement　of　the　pre（1iction　acc／lracy　by　considering　the　phase－change　rate　was　not

obvious．

　　Phi1ip［！9571，Sasam－ori119701，NapPo［1975］，McCunユber　an（1Pielke［1981］and　Camiuo

et　a1．［1983］extende（1the　applica．tion　of　Equa．tion（2．9）to　the　soi1surface：they　used　the

equation　in　caユcu1ation　ofα。Iくlon（lo　et　a．1．［1990］，however，found　out　that　the　reIationship

betweenαa．nd　wa．ter　content　of　surface　soi11ayer　of2－cm　thickness　depended　on　win（王

velocity　an（l　air　humi（1ity．Their　resu1t　in（licates　that　it　is　not　appro玉）riate　to　re1ateαto

the　water　contcnt　of　the　soi11ayer　of，at1east，a　few　centime七ers　thickness．This　prob1em

exis七s　not　on1y　in　the　theoretica1approach　based－on　Ec1uation（2．9）but　a1so　in　the　empirica1

approaches　of　Barton［1979］and　others．

　　It　shou1cl　be　note（1，however，that　the　resu！t　of　Kondo　et　a1■1990］（ioes　not　necessari1y

（leny　va！iaity　of　Equation（2．9）．The　prol）1em　comes　from　the　inapPropriate　choice　of

the　thickness　of　surface　soi11a．yer，ra．ther　than　the　app1ication　of　E（且uation（2．9）itse1f．

＼Vin（l　tun1／e！experiments　of　Yamanaka　et　a！．［1995a1showe（l　the1）ossibihty　thatαcan　be
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accurate1y　estimated　by　Equa．tion（2．9）if　one　uses　the　water　content　or　water　potentia1of

a　suf巳ciently　thin　surface　soil1a．yer．

　　A－2．Be七a七ype　So－cal！ed　evaporabihty［Mambeラ19691（万、、オ）is　de丘ned　by　the　fo1－

1O，Ving　equatiOn：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　E、、f＝ρ～・（9、、舌（T、）1、）．　　　　　　（2．10）

　　In　estimating　the　energy　ba1ance　of　the　earth，s　surface，Bud－yko［1956］introd－uced　the

fo11owing　siI＝np！e　schenユe：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　五＝β五、。t，　　　　　　　　　　　　　　　　　　　　　（2．1！）

whereβ三s　one　of七he　suエfa．ce　nユoistu＝re　avai1a．bi1i七y　paエa．meters，and　is　usua．11y　given　by　a

f・n・ti…f・・ilw・t・…nt・nt．M・n・b・［19691…dth…h・m・inhi・g・n…1・i…1・ti・・

皿ode1（GCM）for　simulating　the　g1oba1c1i瓜ate．Dearaor冊［19771app1ied　the　scheme　to

a　bare　soi1surface　and　veri丘ed　its　va1idity　from　co皿par三son　of　pre（1icted　soi1皿oistllre

variation　with　observecl　resu1t．Lee　and　Pie王ke［1992］proposed　a　more　rea1istic　function　for

βba．se（lonobserve（ldatafor七woch冊erentsoils．

　　However．it　has　beeエユrevea1e（l　recent1y　thatβdepends　on　wiIxl　ve1ocity　as　we1王as　soi1

water　content［Kon（lo　et　a1．，！990≡Fukumoto　and－Hirota，1994］．In　ad－dition，a　negative

conela．tion　between　actual　evaporation　and　wind　ve1ocity　was　a1so　reported一［Chanzy　a．n（王

Bruck1er，1993；Yamanaka　ancl　Takeda，1994a　and1994b］．The　negat1ve　correlation　can－

not　be　simu｝ated　by　using　theβap王）roaches．In　othe・wo・ds，丘ctitious　var1ation　can　be

introd－ucedinevaporationrateestinユatcd－byusingtheβa，safunctionofsoi1watercontent

on1y，（lepencling　on　the　variation　of　wincl　ve1ocity．

　　A3．Surface　resistance七ype　By　assuming　tha七the　evaporation　takes　I）1ace　within

the　soi1an（l　that　the　surface　humidity　is（letennined　by　the　ba1ance　between　va．por　transport

in　the　atnlosphere　and　that　in　the　soi1，evapora－tion　rate　can　be　expresse（l　as

刀：ρ、（9、、爪）一9、）／（・、、十ザ、），
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whereザ、”（…1／0帥）is　the　resistance　to　vapor　transfer　in　the　atmosphere，and　r，the

surfa．ce　resistance（resistance　to　va．por　transfer　in　the　surface　soi1）．Numerous　fonnu！a．s

for　I・epresenting　the　surface　resistance　by　the　water　content　of　surface　soi11ayer　have　been

proposed〔e．g．，Sun，1982；Passerat（ie　Si！ans，1986；Kond－o　ct　al．，1990；van　de　Griend　and

Owe，19941．Those　formu1as　were　experimenta11y　obtained一．Asし1sed－in　the　SiB（simp1e

biosphere　mode1）［Se1！ers　et　aユ．フ十9861which　has　been　accepted　as　a　powerfu1sub－nユode1of

GCM，七his　r，approachmay　be　one　of七he皿ost　wid－e1y　used　schemes　now．However，it　was

reported－that　the　re1ationship　between　r，and　surface　wa．ter　content　varies　in　the　course　of

a　day［CaI㎡11o　and　Gumey，1986；Daamen　an（1Simmonds，！996］．Yamanaka　et　a1．〔19971

a1so　showed七hat　the　relationship　shght1y　d－epend－s　on　radiation　con（htions．Tb－is　is　caused

by　ignoring　the　d冊erence　between　the　soi1surface　temperature狐d　the　temperature　at

which　the　vaporization　of　soi1wa．ter　a．ctuauy　takes　p1ace（i．e。，evaporation　zone）．As　a

resu1t，evaporation　rate　estimated　by　this　scheme皿ay　have　a丘ctitious　cone1ation　with

radia七ion　change．

　　Chou（lhury　and　Monteith［1988］pエoposecl　the　fo11owing　non－enユpirica．1scb－eme：

E；ρ（9・1仰一．q1）／（㌦十・；）1 （2．13）

where　Z　is　the　temperature　at　the　eva．poration　zone　within　the　soi1，and　γ・；　is　the　nユod－

i丘e（！surface　resistance　considering　the（／冊erence　between　T，an（i　T、．Whikγ、is　usua11y

estimated　empirical1y　from　surface　water　content，7・二is　obtaincd　non－empiricauy　from　the

depth　of　evaporation　zone（z、）．Yamanaka　et　a1．，［19971（lemonstrate　the　va1idity　of　the　r；

approach　by　their　win（／tunne！experiments　for　a　uniform丘ne　sand．In　their　exI）eriments，

7・二di（l　not　depen（l　on　radiation　conditions　an（l　other　atmospheric　con（litions、

B）Penman　equa七ion　ba－sed　schenユe

　　BL　Beta　type　As　mentione（l　in　thei）revious　section，Penmanequation　does　not　give

the　actua1ra．te　of　eva－poration　from〔1ry　soi1s．Therefore，for　estimating　a．ctua1evapora一
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tion（五，or　actua1evapotranspiration）from　potentia1evaporation　derived　from　Penman

・q・・ti・・（Eρ、，・・p・t㎝ti・1…p・廿…pi・・ti・・），iti・n・・・・…yt・t・k・int・・…mtth・

evaporation　ratio［e．9・，Kayane，1967；Nakagawa，19841（β1≡万／五p、、）・If　one　obtains　the

re！ationship　between　the　evaporation　ratio　and　so！water　content，actua1evaporation　is

esti皿ated　from　known　atmospheric　vari＆b1es　and　soi1wa七er　content　by　using　the　fo11owing

re工ationship：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E：β1五p、肌．　　　　　　　　　　　　　　　　　　　　　（2，141）

　　NIany　types　of　function　for　the　eva．poration　ratio　have　been　proposed［e．g．，Veihnユeyer　and

Hendrickson，1955；Thomthwaite　and－Mather，1955；Buclyko，1956；Ho1mes，1959；Ma．rlatt

et　a11．1961］．Recent1y，Chanzy　and　Bruck1er［1993］Proposecl　a　more　rea1istic　function　based

on（1etai｝e（l　obseエvations　in　three七ypes　of　ba．re　soi1．In　their　func七ion，the　evapo〕：ation　ratio

depends　on　soi1type　and　wind　ve1ocity　as　we11as　soi1wa七er　content．

　　A｝though　Equation（2．11）is　quite　simi1ar　to（2．14），it　shou1d　be　noted七hat　the　both

a．re　not　iclentica1as　exp1a．ined一，for　exa．mp王e，by　Mi！1y［1992］．The　d一冊erence　betweenβand一

β’originates　in　the　d－i冊erence　betwcen五、、f　and万p㎝．The刀、、亡is　ca1cu1ated　by　using　the

sllrface　temperature　at　an　actua｝dry　surface．○n　the　other　hand，a1though　the　Penman

equation（loes　not　use　the　surface　temperature，it　imp1icit1y　uses　the　surfa㏄temperature

for　a　hy工）otheticauy　wet　surface（i．e。，which　is　coo1ed　by　evapora．tion　at　potentia1rate）．

Therefore，Eρ、、is　cqual　to　E、、｛for　a．ctua！wet　surface，but　d冊ers　for　d－ry　surface（E、、ま》

Eρ㎝）．Thus，the　function　forβ1is　not　identica1to　that　forβ。

　　B2．Surface　resis毛ance　type　Penman－Monteith　equation［Monteith，1973，p，1971

f・…g・t・t・d…f・…i…p工・・…／・・

　　　　　　　　　　　　　　　　　　　　　　　　　ト8Q肌十ρc1（ε・α仰’εα）／「一，　　　（・．1・）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・十7（ブ、”十・、）／・、、

whereτ、is　the　canopy　resista．nce　which　inc1u（1cs　stonlata　resista．nce　and　the　e冊ects　of　canopy

structure　on　vapor　transfer　insi（le　the　canopy．、Vhen　this　e（1ua．tion　is　app1ied　to　a　bare　soi1
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surface，ブ、can　be　rep！aced－by　r、，and　thus　Equation（2．15）is　rewri七ten　as

　　　　　　　　　　　　　　　　　　　　　　　　　亙一8Q一十ρcl（6・α1（Tα）一εα）／ブ…　　　（・．1・）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・十7（ザ、、十ザ、）／・、、

The　resistanceブ、in七his　equa七ion　is　esscntia11y　iclent三ca1to　r，in　Equation（2．12）．

　　On　the　other　han（1，Budogovsky［1964］and－Menenti〔ユ984］in（lepend－ent1y　proposed七he

fo11owing　equation　simi玉ar　to　Penman－Monteith　equation（slightly　modi丘ed［YamaI1aka　and

Takeda，1994a］），

　　　　　　　　　　　　　　　　　　〃一3「一ρ一十仙α1（T・）1α）’5c・！z・θ／λ・　　（・．1・）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・ザ、、十7（・・、、十・葦）十・・。ρ・、／λ、

whereλ、is七he　thermaユcond－uctivity　of　the　suエfa．ce　soiL　The　resistanceぺin　this　equation

is　essentia11y　identica1toブニin　E（1uation（2．13）．Experiments　of　Yamanaka　et　a｝、［！995b］

showe（1a　good－agreeエnent　between　the　evaporation　rate　estimated　by　this　scheIne　and　that

measured　by　a　weighing　lysimeter．

C）Pries七1ey　and　Tay1or　equa亡ion　based　scheme　Instead　of　Penman　equation，

Priest1ey　an（1Tay1or［19721suggeste（ユthe　use　of　the　fo11owing　enユpirica1e（1uation（hereafter

referred－to　as　P－T　equation）for　ca1cu1ating　evapoτa．tion　from　wet　surface　under　conditions

of　minimal　advection：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　万＝αpT五、g　　　　　　　　　　　　　　　　　　　　　　（2．18）

whereαpT　is　an　empirica工consta．nt（！1．26）ラana　E，q　is　the　equi1ibriunl　evaporation［S1atyer

・ndM・I1・・y，19611・・p・・…d・・

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　5
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　五、。＝　ρ几　　　　　　　　（219）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・5＋7

　　Davies　and－A1len［19731treated　the　parameterαpT　a．s　a　variab1e，and－obtained　an　empir－

ica1re1ationship　between　theα町a肌1water　content　of　surface　soi1based　on　measurements

for　croppe（l　surface．Barton［19791a！so　ol）ta1ne〔l　the　simi1ar　re1ationship　for　a　bare　soi1

surfa．ce．○we　and　van　de　Grien（1［！990］canied　out　a　moエe　detailed｛nvestigation　on　the

・・1・ti・n・hip・forb・th・eg・t・t・・1・n・lb…s・i1…f・…．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　17



　　One　of　the　most　important　advantages　of　this　approach　is　that　there　is　no　need　for　the

know1edge　of　the　bu1k　transfer　coe冊cient　or　the　aerod－ynam三c　resistance．However，beca．use

P－T　equation　is　one　of　the　a1ternatives　to　Penman　equation，it　can　be　saicl　that　there　are

si1㎡！ar　problems　as　appeared　in　Pen皿an　equation－based　approaches（e．g．，systematic　emr

due七〇atn1ospheric　conditions）．

D）Thresho1d　formu1aもion　scheme　In　the　thresho1d　fommlation　metho（1［Mahfouf

and　Noi！han，19911，evaporation　rate　is　assumed　to　be（ie七ernined　by　the　watcr且ux凪

fronユbe！！ow　when五竜is1ess　than亙、。t，narαe！y　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E＝mi・（ρ凪，五、、セ）　　　　　　　　（2．20）

where　E亡is　the　threshoユd　rate　of　evapora．tion　contro11ed　by　soi1nユoisture　pro分1e，and一ρ1is

七he　density　of　liquid　water．Severa1forn！u1ations　of　Eオhave　been　proposed［e．g．，N｛ahrt　a，nd

Pan，1984；Dickinson，1984；Wetze1and　Chang，1987；Abramopou1os　et　a1．，1988］．

　　This　concept　probably　is　right　if　one　chooses　proper　time　sca1e．The凪is，however，

d冊cu王t　to　be　simp1y　parameterizecl　by　using　water　content　of　one　or　two　soi1layers．Ac－

tua11y，the　wa．ter　Hux，vithin　a　soil　usuauy　varies　in　the　vert三ca1（丑irection　and－Et　is　aエ1nere

m－ea．sure　of　water　supp1y　to　the　eva．pora．tion　zone．Mahfouf　and　Noi1han［1991］stated－tha．t

thresho！d　IエEethods　stroIユg1y　underestinlated　eva．poration　and　cou1d　not　predict　a　diurna1

cyc1e　of　cvaporation　in　their　comparative　study　of　various　formu1ations　of　evaporation．

2ふ2　Prob1ems　concem童ng尤he㎜e此od．o且ogy　of　par＆me吃erizか

t五〇n

　　The　parameterization　s6hemes　for　bare　soi1evaporation　mentioned　above　are　summa－

rized－in　Table2．Except　for　the　non－enlpirica1surface－resistance　approa．ches（i．e．，z，1）ased

approa．ches），al1a．pproaches　a。エe　base（／oll　the　water　content　of　surfa．ce　soiいayer　of　a　few

centimeters　thickness．One　of　the　main　c王efects　in　the　wa．ter　content　base（l　approaches　is

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ユ8



Table 2 Summary of parameterization 

proposed by previous studies. 

schemes for bare soil evaporation 

Type Formv!a Paranle[er Reference 

Bu~(･aJpha 

Bulk-be~a 

Bulk -

surface Tesis~nce 

Penman･bctn 

Penman-
surface resistance 

P-T equation 

Threshold 

forrnulfldon 

Eq. (2.8) 

Eqs. (2.1 l), (2, lO) 

Eq. (2. 1 2) 

Eq, (2.13) 

Eq. (2.14) 

Eq, (2, 16) 

Eq. (2. 17) 

Eqs. (2. 18), (2.19) 

Eq. (2.20) 

l
l
 

a = exp( e' =g/RT=) 

a = clwsl(w5+c ) 

=1 

cz = cl asl(c, es +c3) 

=i 

a = ( l/2)( i -cos(Tceslefc)) 

=1 

p = e*lefc 

=1 

p = (1/4)(1 - cos(TEesle!c))2 

=1 

rs = cl + c2(e,/e**t)o 

w < 0.375 

ws ~~ 0.375 

e < 0.36 

O ~~ O.36 

es < erc 

es ~~ erc 

es ~ erc 

Os > efc 

es < efc 

es ~~ erc 

r =clexp(C e le ) 
s 2 s sa[ 
rs = c (e - e )c*/Da" 

i sat s 

rs = IOcxp(cl(c2 - es)) 

rs = ZJDVC 

p = [exp(cl es+c2)]/[1+exp(cl es+c2)]c3+(1 -c3) 

rs =cl es+c2 

r5 = ZJD.e 

c(pT = cl [ I -exp(c2ws)] 

C(pT = cl +c2 exp(c30slafc) 

Et = 2D(es ~eed)/8s + K 

Et = cj eJes'E(c2)o 5 

_ . )~+3[ed(c2+4)-e . (c +3)]]/c E cs ( (e O'4 e*[]t 3 wni 2 

E = De IT2145 

Philip [ 1957] 

and others 

BaJlon [ 1979] 

Yasudn tlnd Toya [ i98 1 J 

Noilhan and Planton [ 1989j 

Deardorff [ 1 977 J 

Lee and PieLke[ 1992J 

Sun t 1982], 

Sellers et al. [ 1986] 

Pnssern[ de Silans[ 1 986] 

Kondo et al,[ 1 990] 

van de Griend and Owe [ 1994] 

Choudhury and Montei:h [ 1988] 

Chanzy and Bruckler [ 1 993] 

Daarnen and Simmonds ~ i 996] 

Budogovsky [ 1964], 

Menend t 1 984] 

Barton [ 1979] 

Owe and van de Griend [ 1990] 

¥, ･1art and Pan [ 1984] 

Dickinson [ 1984] 

¥Vetzel and Chang [ 19g7] 

AbraTnopoulos e: ai. [ 1988] 

a, ~, r,, rs" p, aFT' and E, are the paranlelers representing svlface moisture availabiliry oreffect ofevaporadon res~riction; cl ' c2' and c3 aJre 

the eTT~pirical consulnts or semi-cmpiricai variabies; Y(,, the macric head at soil surface lcve], R~, [he gas constant for water vapor: T5' the soil 

surface temperatu!e; ws' the gravimetric water content of surface soil iayer; e, the volu~]ctric water content (sufriX s denotes value of surface 

soi] iayer, fc, va]ue at fleld capacity; so!, valve at saturation: ad, value as air-dry; d, value of deep soii layer: and wi!!, value at wilting poin[); 

D** tne mo]ecular diffuslvlty ot wa:er Yapor in the aJJI z the depth of evaporatlon zonc; D~e' the effecdve vapor diffusiviry in the soil; 6$ the 

thjckr]ess of the surface soil iayer. 
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tha．t　the　water　content　is　not　uniforlm－1y　d－istributed　vertica1！y　within　a　surface　soi11ayer

and－its　inhomogeni七y　varies　d－epending　on　a．tnユospheric　conditions．In　other　words，even

though　the　water　content　of　surface　soi1ls　identica1，surface　moisture　avai1abi1ity　may　not

be　identica1．In　addition，the　re王ationship　between　the　surface　moisture　availabi1ity　param－

eters　and　surface　water　content　depend－s　on　the七ypes　of　soiユs．However，it　is　considerab1y

dif汽cult　to　obtain　the　re！ationships　for　various　soi1types　by　nユeans　of　in3〃αエαeasurerαents．

　　Consequently，the　further　requirements　for　the　parameterization　can　be　summarized　as

fo11ows：

　　　竃To　avoid七hesystematic　emrs　intro（luced　by　the　variatio早sin　atmospheric　conditions．

　　　亀To　reHect　the　d冊erence　in　soi1types　by　considering　basic　properties　of　soi1s．

　　On　the　other　hand，詠1though　the2，based　approaches　may　satisfy　these　requirements

［Yamanaka　et　a王．，19971，the　structure　and　the　dynamic　behavior　of　the　evaporation　zone

have　mt　been　elucidated－very　we1L　Therefore，more　d－etai1cd－stud－ies　on　the　process　of

evaporation，particu1arly　the　process　of　pha．se－transition　of　water　within　a　soi1，shou1d－be

ca．nicd　ou七、A1though，in　I）ractice，there　a．re　needs　for　simple　para．meterizationエather　tha．n

accurate　but　conlplex　pa＝じanleterization，further　und－erstanding　of　the　process　of　evaporation

woukl　a1so　he1p　an　optimum　simp！i丘cation　of　its　parameterization。

2．4　Process　of　bare　so豆1evapora－tion　and批s　restric一

砧on盈皿echan五馴〕ユ

2．4，1　Genera1exp1ana尤ion

　　In1二he行eld　of　soi1physics，the　process　of　soi1drying　have　been　recognized　to　have　tw0

di・ti・・t・t・g・・b…d・nth・…i・ti・・i・…p…ti・1mt・・nd・・・…t・・t・・t・m・1・・nditi・n・

（see　Figure1）。
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Hil1e！［1971，pp．192－193］exp1aine（丑the　two　stages　as　fo11ows：

　　　“（1）・・…1y，…1・オαη1－m士ε・1αgε，d・・ingwhi・hth・…p…ti㎝・・t・i・d・七・ト

　　　mi・・dby・・t・m・！…1・・iL…f・…㎝diti・n・（i…f・…　th・1・tt・m・difyth・

　　　e冊ective　a七nユos1）heric　eva．porativity　acting　upon　the　soi1），エa七her　than　by　con－

　　　d・・七i・・p・・p・・ti…fth・p・・刊・1・nd（2）・〃1吻一・伽・1αgε，d・・ingwhi・hth・

　　　evapora．tion　procee（ls　at　a　rate　ever1ower七han　the　evaporativity　an（1七he　a．ctua1

　　　rate　is　dictate（1by　the　abi1ity　of　the　soi1pro丘1e　to（1e1iver二moisture　to，vard　the

　　　cvaporation　zone．”

As　seen　from　the　expression　above，the缶st　stage　comsponds　to　a　period　where　g、二

9、、｛（T、），・nd・1・・th・・…nd・t・g・t・・p・・i・dwh…g、＜9、、t（T、）．

　　Hi11e1a1so　exp1ained　the　meghan三snl　of　the　stage　shift　as　fo11ows：

　　　　　ζζ．．．the　en（l　of　the　first，i．e．，the　beginning　of七he　second一，stage　of　drying。．．is

　　　　　sometimes　a㏄ompanied　by　the　downward　movement　into　the　pro行1e　ofa　drying

　　　　　front　or　a　d－rying　zone．so　that　actua1evaporation　take　p1a．ce　at　sonle（lepth　and

　　　　　the　water　nユustエ皿ove　through　the　desiccate（i　zone　by　vapor　d－i任usion．”

　　CamI）bd1［1985，pp．98－991gave　a　simi1ar　but　more　sophisticated　exp！anation　as　fo11ows：

　　　　　‘へVhen　the　soi1dries　suf巳ciently　that　water　cannot　be　supp1ied　to　the　surfa．ce

　　　　　fast　enough　to　nleet　the　evaporative（lenユand，the　soi1surface　dries　and一七he

　　　　　evaporation　rate　is　reduced一．This　re（luction　is　caused－by　the　increased　d冊usion

　　　　　resistance　ofthe　d－ry　soi1which　is　between　the　wet　soi1an（1the　atmosphere．As

　　　　　the　depth　of　the　dry！ayer　increases，the　evaporation　rate　decreased．”

a．nCl

“The（lepth　of　the　c1二じy！a．yer　which　fornユs　is　deternユined　l）y　the　rate　a九　which

！iq・idw・t・・…　1…uPp！i・dt・th・・1・yingf・・nt．If！iq・idw・t…upplyi・t・・
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s1ow，the　d－ry1ayer　d－eepens，causing　an　increase　in　vapor　d冊usion　resistance．

This　reduces　evaporation　rate　unti1supp1y　and　demand　are　brought　back　into

ba1ance．”

These　exp1anations　indicate　an　i皿portance　of　the　formation　of　the　dry　layer　and　the　po－

sition　of　the　zone　where　vaporization　actua1ly　takes　piace，in　understand－ing　a　restriction

Dユechanism　of　eva．Poration．

　　A1though　expressions　used　to　ind－icate　the　dry1ayer　or　the　zone　where　evaporation　takes

p1ace　are　di脆rent　among　researchers（see　Tab1e3），the　tems，かひ舳げ㏄ε1α昨ヅ（DSL）and

εりαpoヅα加on21o几e，are　use（／in　the　present　study．

2．4．2　Re五a茄o鵬h五p　be七ween七he　dry　sur勉ce1ayer　and－evaporか

　　　　　　　　九豆0n　ZOne

　　It　appears　that　therehad　aheady　been　peopユe　who　accept　theimportance　ofthe　formation

ofthe　DSL　a．s　themechanisnユof七he　restriction　ofevapora七ion，aha1fofa．century　oエ玉nore

before．In　the　paper　of　Penman［1941］，（lescriI）tioIユs　siD土1ar　to　the　expユanation　by　Hi11e1a．nd

Canユpbel1are　found一。Budyko［！948］presented　a　mo（1e1for　the　restriction　of　evapora．tion

basecl　on　the　thickness　of　the　DSL．Hi（1e〔1954］a1so　pointed　out　the　importance　of　the

formationoftheDSLandthcresistancetovaportransferwithinthe1ayer，inunderstanding

the　rcstriction　mechanism　of　cvaporation．However，their　i（1eas　were　somewhat　specu1ative

，vithout　suf行cient　data．

　　It　can　be　said　tha．t　detaiIe（1investigations　on　the　evaporation　zone　a．nd　the　DSL　began

from　the　pa．per　of　Phi1ip［1957］、　Phi！ip　canied　out　an　ana1ytical　investigation　on　the

…p…ti・・withi・th…i1・・d・・q…i一・t・・dy一・t・t・・…liti・1ユ・，b…d・・th・th…y・f

non－isothernユal　wa．ter　tra．nsportτ）y　liquid　and－vapor　phase［Phi1ip　and－de　Vエies，1957］．

His　ca．！cula．tions　indica．ted七ha．t　the　phase　tra．nsformation　of　water　took　p1ace　in　a　narrow

zoI］e　below　the　sou　surf詠ce，an（l　both　inf1ection　of　water　content　I）ro行！e　ancl　the　peak　of
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Table 3 

layer (DSL), 

Some expressions for 

used in previous studies. 

the evaporation zone and the dry surface 

Reference evaporation zone dry surface hyer (DSL) 

En lish ex ressions 

Penman [194 1 J 

Hide [1954] 

Philip [1957] 

Benoit and Kirkham [ 1963] 

Gardner and Hanks [ 1966] 

Fuchs and Tanner [1966] 

van Hylckama [1966] 

Fritton et.al. [1967, 1970] 

Heller [1 968] 

Abramova [1969] 

Hillel [1980] 

Bames and Allison [1983] 

Menenti [1984] 

Mahfouf and Noilhan [ 199 I] 

O'Kane [199l] 

van de Griend and Owe [1 994] 

evaporation site 

evaporation zone 

evaporarion zone, evaporation 

surface, vaporization surface 

evaporatin g layer 

evaporation zone 

evaporating front, evaporating 

surface 

evaporation front 

evaporating surface 

evaporative front 

dry layer 

dry layer, static layer 

surface air-dry zone, 

surface air-dry layer 

dry top layer, dry layer 

dry top layer 

dry surface layer 

bone dry front 

dried surface zone, desiccated 

zone, drying-front 

dry surfircial layer, dry surface 

layer, dry-soil layer 

dry superficial layer 

dry top layer 

Ja anese ex ressions 

Kayane [1973] 

Nomura and Inoue [1979] 

lwata [1984] 

Kobayashi et al. [1986] 

Kuzuha et al, [1988] 

Ishihara [ 1 989] 

Fukuhara et al, rl990] 

Nakano [ 199 I] 

Hiyama et ai. [1993] 

Kondo [1994] 

johatsu-men 

johotsu-men 

Johatsu-iki (evaporating region) 

Johatsu-men (evaporating front), 

johatsu-iki 

johatsu-men (evaporating front) 

kanso-so, kanso-doso, kanso-

d o jo -so 

kansha-so CDry Sand Layer) 

kanso-so 

kansha-so (Dry Sand Layer), 

kanso-hyoso CDry Surface 

Layer) 

kanso-iki 

kanso-iki, kanso-so 

honso-so (drying layer) 

kanso-hyoso CDry Surface 

Layer) 

kanso-h yoso 

2-i 



vapor　pressure　pro丘1e　were　formed　at　the　depth　identica1to　that　of　the　zone．Benoit

and　Kirkham［19631foun（i　out缶om　their　co1umn　experiment　the　fact　that　evaporation

rate　d－ecエeased－as　the　DSL　devc！ops，an（i　pointed－out七hat　the　DSL　preveIlted　water　vapor

fronユbeing　hanspoエ七e（l　free1y　int〇七he　atmosphere．From　nユeasurenユents　of　soi1heat且ux

a七severa1depths，Gard－ner　and　Hanks［1966〕found　that　evaporation　actuany　took　p1ace

beneath　the　soi1surface　and七he　evaporation　zone　moved（lownward　cluring　soi1drying．

Laboratory　experiments　by　Fritton　et　a1．［1967］showed　that　the　visua11y　obscrved　bottom－

boundaryofthe　DSL　approximate1ycorrespon（led　t〇七hein畳ectionofwa．tercontentpro丘1e．

The　correspondence　between七he　bottom　boundary　of　the　DSL　and　thc　inf1ec七ion　of　water

content　pr〇五1e　has　been　a1so　repoエted　by　other肥searchers［e．g。，Nomura　an（1Inoue，1979；

Ya皿anaka　et　a！。，1996］．

　　Hanks　et　aL　［1967］app王三ed　the　tb－eory　of　Phi1ip　and　d－e　Vries［1957］to　the　resu1ts　of

their工aboratory　experiments　and－showed　that七he　liqu三d　water　transport　from　deeper　soi1

1ayer　was　changed　to　the　vapor丑ux　at　some　depth　be1ow　the　soi1surfa．ce．Fritton　et　a1．

［19671a1so　found－that　the　peak　of　C1・concentration　pro丘ie　appearedjust　be1ow　the　bottom

boundary　of　the　DSL．Theユiquicl　water　Hux　ha．nsports　C1■but　vapor　Hux（loes　not．Thus，

the行nding　of　Fritton　et　a1。［19671imI）1ies　that　a．change　of　upward1iquid　water　Hux　to

vaporHuxta．kes　p1aceat　thebottombound．aryoftheDSL．

　　There　are　several　investigations　on　the　formation　of　DSL－He1ler［196S〕proposed　a　mode1

whichdescribes　the　d－evdopment　oftheDSL－Frittonet　a1．［1970］showe（1that　theisother－

maユd冊usion　equation　for1iqui（1water　were　not　ab1e　to　simu1ate　the　formation　of　the　dry

surface！a．yer，In　a　numerica1s七ud－y　of　van　Keu1en　and－Hi11e1［19741，the　possib工e　in且uence

of　d冊erent（1冊usivity－water　content　relations　on　the　formation　of　the　DSL　is　discusse（1．

They　showed　that　the　us6of　aんooんε∂c1冊usivity　function（which　takes　into　account　the

increase　in　vapor（附usivity　in　the　dryτange）a！1ow⑧d　the　simu！ation　of　the　formation　of

the　DSL　even　though　an　isotherma！con（lition　was　assumcd．Campbe11119851a1so　pointed

out　the　important　ro！e　of　vapor　transport　o1l　the　formation　of　the　DSL．
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　　As　for　the　change　of　liquicl　wa．ter　Hux　to　vapor丑ux，there　have　been　isotopic　stud－ies．

A11ison　et　a1．［1983］obtaine（l　in　their　laboratory　experiments　the　isotopic　concentra七ion

profi1e　which　has　a　pea．k　at　some（lepth　be1ow　the　soi1surface．Auison　an（l　Barnes［1983．

19851・・p・・t・d七h・t・・i・血！…h・p・・fth・pm行1・・…f…d・・d・・丘・1d…diti…．Th・y

regard－ed－the　peak　of　the　pro丘1e　as　a1ocation　where王iquid　wa七er丑ux　changed　to　vapor

量ux，based　oエユa　se＝m三一empirica1theory［Barnes　and－A11ison，1983．1984］for　the　pro丘1e　of

stab1e　isotopic　compositions　in　soi1water．Although　the　theory　of　Bames　and　Auison　was

1imitcd　mder　speci丘c　conditions，it　was　later　modi丘ed　to　be　app1icab1e　for　more　genera1

conditions［Bamcs　and，Vaユker，1989；Shurbaji　and　Phi11ips，！995；Me王ayah　et　aユ．，1996a・1

and　was　ver過ed　under　various　conditions［Wa1ker　et　a1．，1988；Bames　and　A11ison，1988；

Barnes　e七a1。，1989；Shimojimaet　aL，19901Shurbaji　et　aL，19951ユ〉Ie1ayah　et　aL，1996b］．

　　The　exp1anations　by　Hiue1and　Campbe11seem　to　have　been．derived　fro皿the　researches

mentione（l　above．Besides　these　rese肌ches，numerous　studies　on　the　DSL　and　the　evapo－

ration　zone　have　been　presented－unti1now［e．g．，Kobayashi　et　a王．。五986．1987．1989．1991a，

1991b；Ishihara　et　a1．，1989；Fukuhara　et　a1．，1990．1992．1994；Sato　et　a1．，1990；Hiyama　et

ai．，1993；Ta．keda，1993；Takano　et　a1．，1997］．The　resu1ts　of　these　studies　genera．11y　support

the　va1idity　of　the　Hi11e1’s　an（l　the　Campbc11，s　exp1anations．

2④4．3　　S尤ruc七ure　of尤he　evapora尤ion　zone

　　The　evaporation　zone　has　been　often　treated－as　horizonta1p1ane（i．e．，having　neghgib1e

七hickness）！oca．ted　within　the　soi1because　of　the　visua1c1eamess　of　the　boundary　between

the　DSL　an（l　a　re1atively　moist　un（ler1ayer，particu1ar1y　in　sandy　soi1s．The　z、一based　surface

resistance　a．pproaches　nlentione（l　in　the　previous　section　are　exaエlI）1es　of　those．　In　fact，

a・na・1yticaλca1cu1a．tion　of　Philip〔1957］showed　tha．t　the　thickness　of　eva．Pora・tion　zone　was

approximately　several　nユi1limeters．Nunユer1ca1computations　of　Kuzuha　et　a1．，［1988］a1so

simulated　the　evaporati01］zone　of　a　few　mi11imeters　thicknessl　Bames　an（l　AHison［19881
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stated　that　the　evaporation　zone　was　na．now　at1east　in　moderate1y　wet　soiユs，based　on

their　isotopic　sもudies．

　　van　Hy1ckama［19661，however，stated七hat　the　DSL　was　not　a1ways　as　visib1e七〇七he　eye

狐d－evapo峨tion　cou1d　occur七hrougho叫a　considerab1e　dep七h．Fuchs　and．Tanner［1967］

a1so　indica七ed　that　the　evapo〕：a七ion　zone　cannot　be七reated　as　a　p｝ane．fronユa（lisagreement

between　observation　and　estimation　by七heir　energy　baIance　modd　assuming七he　zero－

thickness　evaporation　zone．Fur七hermore，direct　nユeasurements　of　humidity　within　the

soi1by　Yamalnaka　et　aL　［1994］ind－icated　that　evaporation　cou1d七rans三ent1y　take　p1a．ce

＆t七he　upper　part　of　the　DSL．A1though　wind　tunne1experiments　of　Yamamka　et　a1．

［1997］de皿onstra七ed七he　va1idi七y　of　the　assump七ion　of　zero一七hickness　evapora七ion　zone　for

stead－y－s七a七e　a七nユospheric　condi七ions，the　experin1en七s　under　vary三ng　atxnospb－eエic　conditions

showed－thatevaporationcantakep1acewithintheDSL（noton1yat七hebottombound－ary）

d・・1・lh・・h・・g・imdi・ti・・（・・・…1中g・h・・g・i…i1l・mp…t…）・Th…f…llh…

is　a　poss三bi1ity　that　the　s廿ucture　ofevaporation　zone　and　its　re1a。七ion　t〇七he　DSL　depend－

on　the　atlmospheric　conditions．Furthermore，in　genera1七he　bouエ1d飢y　between　the　DSL

and七he　under1ayer　is　not　very　c王ear　in丘ne－textured　soi1s　so　that　it　is　expec七ed一七hat　the

structure　of　evaporation　zone　is　also　re1ated　t〇七he　soi1type．
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Chapter 3 

Preliminary numerical experiment 

on the structure of the evaporation 

zone 

3.1 Hlgh reSOlutlon model of water and heat floWS 

As seen in Section 9-.4.3, the structure of the evaporation zone has not yet been elucidated 

in detail. One of the reasons for this is that an arrangement of measurement-devices or 

calculation-nodes was not sufnciently dense in the previous works. Particularly in field 

observations or laboratory experiments, it is actually impossible to measure water content 

or flux with spatial intervals of I mm or less. The method of numerical computation, 

however) allows investigation into this subject. 

In order to clarify the microscopic structure of evaporation zone and to investigate its 

theoretical aspects, numerical experiments were conducted using a one-dimensional model 

of water and heat flow with very high resolution. Figure 2 sho¥vs the arrangement of 

c.alculation nodes of the moclel. The soil profile of 60-cm thickness ¥~'as divided into 144 

layers, ancl the thickness of each layer ranged from 0.5 mm (near the surface) to 10 cm (at 

28 



Node 
no. 

1
 

Depth 

z (m) 

O
 
0.05 

O. 1 

Increment of 
the nodes 

Az (m) 

~" 0.0005 

~ 0.002 

~ 0.0 1 

0.2 
+' 0.05 

n- 1 

n- 1 

n
 

n+ 1 

0.4 
n
 "~ O. 1 

~
 

x
 

0.6 

Figure 2 Arrangement of calculation nodes in the high resolution model. 
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d・・p・・d・pth）．

　　The　mode1used　was　fmdamen七a11y　based　on　the　modi丘ed　Phiユip　and　de　Vries　theory

［Phi1ip　and　d－e　Vエies，1957；Sophoc1eous，1979；Mi11y，1982］．The　basic　equations　of七he

nユode1aresu㎜ユarized　iIl’Tab1e4．AHhougいhe1iquid　wateエ且／1x　can　be　dividcd　int〇

七hree　co皿ponen七s（i．e．，co皿ponent　driven　by　matric－head　gradient，that　by七empera七ure

gradient　and　that　by　gravity），the　component　driven　by　the　temperature　gradien七was　not

considered　in　Equa七ion（3．3）since　it　is1ess　important　in　dry　soils（see　Figs．10and斗1

of　Hanks　et　aL［19671and　see　a1so　Campbe11［1985，pp．102－103］）．In　Equa．tion（3．4）the

缶st七erm　on　the　right－hand　side　represen七s七he　vapor　water且ux　driven　by　temperature

grad－ient，and　the　second－temユrepresen七s　tha七d－ri▽en　by　lm－atric－head－g士adient．In　Equation

（3．5）the缶st　term　on七he　right－ha・nd－side　represen七s七he　heat丑ow　d－ue　to　con（1uction；七he

second　term　indica．tes　the七ransfer　ofユatent　heat　by　vapor　movement．The　sensib1e　heat

七ransfer　by　theヱiquid　water丑ow　was　neg1ected－in（3．5）because　of　its1ess　significance　in

unsa七urated－s〇三1s［Shinjyo　a．nd－Shirai，1978］．Equation（3．6）d－esαibes　the　assuユnption　that

water　in　the1iquid　phase　and　that　in　vapor　phase　are　in1oca1thermodynamjc　equi1ibriu㎜，

an（l　is　a1most　iden七ica1to　Equation（2．9）。

　　Besides　the　two　factors七hat　were　not　adopted　in　the　mode1as　mentioned　above，the

fo11owing　factors　were　a1so　neg1ecte（1：hysteresis　e冊ects［e．g．，Hiue1．1980，pp．128－132］；

spatia1variabihty　ofsoi！physica1properties［e－g．，Wanick　and　Nie1senつ1980，pp．319－3441；

e冊㏄ts　of　sa1t　or　os皿otic　potentia1［e．9一，Qayyum　and　Kemper，ユ962；Letey　et　a1。，1969；

Bres1er　and－Laufer，19741；enhancement　of　vapor　and　heat　transfers　d－ue　to　a　steepcr1oca1

tempeエature－gradient［e．g．，Phihp狐d　de　Vries，1957；Westcot　and　Wierenga，1974；Cass

et　a1．，ユ9841；vapor　transfer　mechanisms　besides　mo1ecu1ar　d冊usion［e．g．，Yamanaka　et　a1．，

ユ997．Section2，1，311e拝ect6of　inegula．r　surfaces　and　shrinkage　cracks［e．9．，Hi11e1．1980，PP．

ユ35－1371；swe11ing　of　clayey　soi1s1e，g．，Nakano，1991，PP．149－168］；non－Darcy　behavior　of

water　movement［e．g．，Iwa七a　et　a1．，1994，pp．324－3301；and　others．These　factors　may　be

inユ王）orta．nt　under　certa．in　specia．1cond－itions．Theでefore，a1七hough　this　mo（1el　assumes　some一
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Table 4 Basic equations in the high resolution model. 

Equation 

Continuity equations 

apte + ~e~~~Ll~l, = _~Li~~ 
a
 

CaT _ a(Jh) 
at ~ ~ az 

Flux equations 

Jl :~; -n J¥'(alp/ _ I~ 

rl ~ az ) 
Jv :~: ~Dvehdp"'t aT Dve(P 91RT)aip 

dT az ~ az Jh ::: -(A + IDvehdpd~T"t )~~ - IDve(Pv91RT)aip 
az 

Vapor-liquid equilib7'ium equation 

h = exp(~)/ gIRT) 

Soil hydraulic properties 

O = O. + g' *-o. 
[1+(-aip)"]~ 

Ji' = Ji'sat l~ ~aip "-1 l+ -aip " -~12 r
 

[1+(-aip)~]~ 2 

Soil thermal properties 

C = Cm(1 - Osat) + clO 

A = c.4 + CBO - (c.4 - cD) exp[-(ccO)cE] 

Soil diffusive property 

D~e I 09_Dva(Osat ~ O)4/3 

Number 

(3.1) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

(3.7)' 

(3.8)' 

(3.9) 

(3.1 O)T 

(3.ll)~ 

pl' the liquid water density; O, the volumetric (liquid) water content; t, the 

time; p~, the water vapor density; a..t, the saturated water content; Jl, the 

liquid water flux; J~, the vapor water flux; z, the depth; C, the volumetric heat 

capacity; T, the temperature; Jh, the heat flux; K the unsaturated hydraulic 

conductivity; ip the matric head; D~*, the effective vapor diffusivity within soils; 

h, the relative humidity of soil-pore air; p~..t, the saturation vapor density; g, 

the gravity acceleration; R, the gas constant for water vapor; O., the residual 

water content; a, m, n, the empirical parameters for soil hydraulic properties 

(m = I + l/n)' J1' the saturated hydraulic conductivity; C~, the specific 
, **t , 

heat for soil mineral; Cl, the specific heat for liquid water; cA, cl~, cc, cD, 

cE, the semi-empirical parameters for soil thermal conductivity; D~~, the vapor 

diffusivity in air. 

' van Genuchten [1980] 

T IMclnnes [198l] 

~ iMillington [1959] 
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what　ideaユcondi七ion，it　is　worthwhiユe　app1ying　theエnode1to　ob七ain　fund－anユenta1aspects

of七he　processes　of　evaporation　an（丑soi1mois七ure二movernent．

　　As七he1ower　boundary　cond－itions，constan七tempe峨ture　and－no　water丑ux　were　assu皿ed一．

A七七he　uppeエbound一孤y，evaporation　Hux　froエn　the　soi1suエface　into　the　a七皿一〇sphere（E）was

given　as　the　sink　of　water，and五れ＿∬＿1E　was　given　as七he　source　of　heat，where五冗is

the　net　radia七ion，∬七he　sensib1e　hea七丑ux　from　the　surface　into　the　a七mosphere，and　l　the

1aten七hea．t　for　vaporization．The五れwas　ca1cu1a七ed　by　using　Equation（2．6）．The刀and

∬can　be　expressed　by七he　fo11owing　bu王k－type　formu1as，肥spective1y：

万：ρ0Eヱ↓（ん、9、、士（几）一9、）

　　　∬＝ρcp0∬u（乃一几），

（3．12）

（3．13）

whereρis七he　density　of－the　air．0E　the　bu1k七ransfer　coe｛五cient　for　vapor　transfer，ん、

the　re1ative　humicli七y　at　the　soi1surface，g、、士（乃）the　saturation　speci丹c　huDユidity　at　the

surface　temperatllre　T、，g，the　speci丘c　humi砒y　of七he　air，cp七he　speci丘c　heat　of　the　air　at

constant　pressure，0H　the　bu1k　transfer　coef巨cient　for　sensib1e　heat　tra．nsfer，and－1エ｛s　the

a三r　tempera七ure．In　Equa．tions（3ユ2）and一（3．13）atmospheric　stabi1ity　correc七ion　was　not

considered　since　it　is　not　important　to　the　subj㏄t　of　this　study．The　expression　of（3．12）

is　fo11owed　by　the　bll1k一αtype　parameterization　sche皿es－As　mentioned　in　Section2．3．1

（A1），if　va1ues　for　a　su冊cient1y　thin　surface！ayer飢c　used，the　defects　of　this　scheme　can

be　prevented．

　　The　nonlinear　partia1d冊erential　equations（3．1）and（3．2）were　so豆ved　by　a　Crank－

Nico王son　imp1icit　method　with　Gauss　eユimjnation．A丑owchart　of七he　computation　is　given

in　Figure3．

32



t＝tj

T＊二Tj－1，Ψ＊二Ψj－1

T＊＝（Tj’1＋Tj）／2

Ψ・＝（｝’1＋Ψj）／2

Ca1cu1ation　ofRn＊，H＊，

　㎜d　E＊from　T＊，Ψ＊

CaIcu1ation　ofTj　from　Tj‘三

　　　Wi出＊VaユueS

Ca1㎝1ation　ofΨj　fromΨj．1

　　　Wi出＊Va1鵬S

Cra故一Nicoユson　Me由od

with　Gauss　e1imination

　　　　l　l

　　　／1
　　　／　1

　　■　／
　／／　　　／

　　　／
　　　／

　　／
　■
！

Ca1cu1ation　of　E弁

with（Tj－1＋巾）／2

・・d（ψ’1＋Ψj）／2

No 旧券．E＊1〈10－7

　Yes
t二tj・1

Figure3　　　F1owchaけof　computation　in　the　high　reso1ution　modeユ．The＊一

vaユues　are　re免renced　values　at　the　pedod　between　two　time　steps．
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3曲2　　亙）xper辻⑪enta且des五gn

3田2邊1　　A尤㎜ospher量c　co皿di竜五〇ns

　　In　this　stu（ly七wo　sets　of　at皿ospheric　con砒ions　were　assl1med，nameiy，constant　atmo－

spheric　conditions（Case1）and　diuma1ly　varying　atmospheric　con砒ions（Case2）．A七mo－

spheric　con（litions　and　para．meters　concerning　soi1surface　properties　assumed　for　the　Case

laresu㎜arize（linTab1e／．FortheCase1，diuma1varialionsofdownwardshorポwave

radia七ion五、d　and－air　tempera七ure7㌃were　given　as　fo11ows：

月、d＝1m・・［800…（2π（む、十ユ2）／24），o1

　　　　几；25＋3cos（2π（む、十10）／24），

（3．14）

（3．15）

w与ere札（hr）is　the1oca1standard　time（LST）．

3，2邊2　　Son　co皿d、批ions

　　In　the　present　study，three　examp1e　soi1s　were　chosen　as　experinユental　soi1ma．teria1s．

Parameters　in　Equa．tions（3．7）and（3．8）for　the七hree　soi1s　are王isted－in　Table6and　soi1

moisture　characteristic　cllrves（1escribed　by　Equation（3．7）for　thesoi1s　were　shown　in　Figure

4．　Since　e＝mphica1parameters　in　Equation（3．10）were　not　availab1e　for　each　soi1，identica1

va1ues　were　assumed　for　a11soi王s（i．e．，cλ二0．65；cβ＝1．38；co＝271cD＝O．47；蛎；4）．

3．2．3　　In批i＆1cond批ions＆nd　experh皿en七a1procedure

　　Constant　t釘npera七ure　pro丘1e（25．C）was　given　as　initia1cond－itions　for七he　Case1．

Initia1matric－head　pro刑eくvas　assumed　to　be　equi1ibrium　pro丘1e　for　a　water　tab1e．and　was

given　byψ＝z－zωwhere　zωis　the（lepth　of　the　water　tab1e（＝0．6m　for　san（1；：5．0

mfor！oamanc1c！ay）。Numerica！computationsfortheCaselwerecontinuedmti1the

evaporatiop　zone　moved　down　to　the　dep七h　of2cm　be1ow　the　soi1surface．
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Table 5 Values of atmospheric conditions and 

surface properties assumed in computation for the Case 1. 

Vaiable 

Downward short-wave radiation (Wlm2) 

Downward long-wave radiation (W/m2) 

Wind speed (m/s) 

Air temperature (qC) 

Specific humidity of atmosphere (kg/kg) 

Surface albedo 

Bulk transfer coefficient 

Value 

800 

300 

5
 

25 

0.01 3 

0.4 

0.00134 

soil 

:3rO 



Table 6 Values of parameters for soil hydraulic properties 

as Equations (3.7) and (3.8)) of three experimental soils. 

(given 

Soil 

Toyoura Sand' 

Silt Loam G.E.3 t 

Beit Netofa Clay t 

O**, 

(m3/m3) 

0.412 

0.396 

0.446 

e
,
 

(m3/m3) 

0.0239 

0,131 

0.0 

* fitted to the data of Hiyama et al. 

t data from van Genuchten [1980] 

[1993] 

a
 

(1/m) 

3.14 

0.423 

O. 1 52 

n
 

(-) 

7 .O 

2.06 

l.17 

K*~, 

(m/s) 

1 .25 >< 10-5 

5.73 >< 10-7 

9.49 x 10-9 
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　　Initia1conchtions　for　the　Case2were　given　by　the　computationahesu1ts　for　the　Case1．

Computations　for　the　Case2were　started　from　noon（亡1、＝12），and　resu1ts　for　the24－hoしlr

period－of七he　next（iay　wiu　be　presenteci．

3曲3　Conユputa一拙ona五resu蛇s童br　cons危an七a七㎜一〇spher孟c

cond一批孟ons（Case1）

　　Compllta七iom1results　for　Toyoura　sand　under　constant　atmospheric　con砒ions（Case1）

are　shown　in　Figure5．The　evaporation　rate　at　each　ca．1cuユation　node（刀れ。d、）was　evah1ated－

by　the　fouowing　e（1uation：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∂J”∂ρ、（θ、、rθ）

　　　　　　　　　　　　　　　　　　　　　　　　　　ム。・、二　十　　　　，　　　　　　（316）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∂z　　　　∂尤

whereノ、is　the　vapor丑ux，2the　d－epth，ρ”the　d－ensity　of　water　vapor，θ、、t　the　saturate（丑

（vo1umetric）water　content，θthe　vohmetric　water　content，and亡（second）is　the　ti皿e．The

丘gure　ind－icates　an　inHection　of　wa．ter　content　pro丘1c，and　a1so　ind－icates　that　the　upward－

1iquid　water　Hux　is　coIwerted　to　the　vapor且ux　at　the　depth　of　the　inHection　p〇三nt．In

a（ldition，it　ca．n　be　seen　tha七the万肌。d，has　a．1arge　va1ue　on1y　at　the　depth　of　the　in丑ection．

　　A　very　good　agreement　was　found　l）etween　these　computationa1resu1ts狐（l　observation

resu1ts　of　Yamanaka　et　a1．，［1996］（Figure6）．This　agreement　demonstrates　the　va1idity

of　the　mode！used．From　a　comparison　between　the　observed　and　computed　resu1ts，an

in升ection　in　water　content　pro行1e　appears　to　correspond　to　the　visuauy　determined　bot－

tom　boundary　of　the　DSL．I七is　remarkab1e　that　the　evaporation　zone　was1ocated　at　the

inH㏄tion　of　water　content　pro丘1e（i．e．，the　bottom　boundary　of　the　DSL）and　that　the

evaporation　zone　was　extr6me1y　thin（1ess　than0．5mm　thickness）．

　　The　fea七ures　that　appeareci　in　the　resu1ts　for　the　sand　were　a．1so　seen　in　the　computecl

results　for　si！t　loam　G．E．3．On　the　other　handつFigure7for　Bei七Nefota　c1ay　indicates

thattheevaporationzonewasthickerthant！！atinsan（丑．Acomparisonl）etweenFigures

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　38
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Figure 5 Computational results for the sand (Case 1). Jl and Jv are the water 

fluxes in liquid and vapor phases, respectively; E and Enode are the evaporation rates 

at the soil surface and at each calculation node, respectively. Note that scales of 

vertical axis are different between the top and bottom columns. 
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Figure 6 An example of field observation results (after Yamanaka et al., 

1996). Dashed line represents the depth of the bottom boundary of the DSL. 
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results for the clay (Case 1). Notations in the 
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5 and 7 Clarifies that the clecrease of liquid water flux toward the soil surface around 

evaporation zone was gentler in the clay t,han in the sancl. On the other hand, there is 

another point of difference between the clay and the other soils. The vapor flux slightly 

increasecl towarcl soil Surface at the upper region of the DSL where no licluid ~¥'ater transport 

from deeper soil layers exists. While the evaporation at each calculation node is negligibly 

small, accumulated evaporation over the upper region of the DSL is certainly not negligible. 

The soil moisture characteristic curve of the clay (see Figure 4) shows that the clay can 

retain abunclant liquicl water at a lo¥v ma,tric head level where liquid water transport is 

difficult. The eva,poration at the upper region of the DSL in the clay may be due to its 

retention properties. 

3.4 ComputatlOnal resultS for dlurnally Varyll[lg at 

moSpherlC COndltlOnS (CaSe 2) 

Figure 8 sho~¥'s computational results for the loam uncler diurnally varying atmospheric 

conditions (Case 2). The location of the evaporation zone diurnally varies to ba,lance 

the licluid water supply from deeper la,yer and the diurnally varying evaporative clemancl. 

During the nighttime (5 and 9_O LST), a part of the vapor that evaporated at the bottom 

bounclary of the DSL conclenses within the DSL. Although the peak of vapor clensit"v profile 

correspond not to the. bottom bounclary of the DSL but to the peak of temperature profile 

in the nighttime so that some divergence of vapor flux (i.e.) evaporation) can occur not 

only at the bottom boundary of the DSL but also at the temperature peak, the value of 

Enod' at the temperature peal¥' is conslclerably smaller than that at the bottom bound,ary 

of the DSL. The relatively thick e¥raporation zone just after sunrise ( /~ LST) was probably 

resulted from the conclensation ¥vlthin the DSL cluring' the nighttime. Eva,poration ¥vithin 

t,he DSL, ho¥vever, cloes not, cont,inue very long', and the profile at micl-afternoon (15 LST) 
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is　very　simi1ar　to　that　obtaine（l　under　the　constant　atmospheric　conditions（see　Figure5

but　for　the　sand）．

　　On　the　other　ha．nd，（hurna1variation　of　the1ocation　of七he　evaporatioh　zone　was　n〇七

remarkab1e　for七he　c1ay（Figure9）．During　the　nighttime，condensation　takes　p1ace　within

the　DSL　as　we11as　in　the　case　of1oam，a1though七he肥are　some　condensat三〇n　from－the

atmosphere　in　thc　case　of　clay．The　nユost　interesting　feature　is　that　the　evaporation　zoIle

can　be　separa七ed　into　two　sub－zones（i．e．，b〇七tom　bomdary　of七he　DSlL　and　upper　region

of　the　DSL）．The　upper　evaporation　zone　moves　downward　with　time　and㎜erges　into　the

1ower　evaporation　zone．As　a　resu1t，in　mjd－afternoon七he　two　evaporation　zones　become

a　sing1e　zone　and　then七he　structure　of七he　evaporation　zone　is　sini且ar　to　that　und－er　the

constan七atmospheric　conditions．AI皿ounts　of　cond－ensation　a．nd　re－evapo肌tion　appear　to

be　larger　in　the　c1ay　than　in　the1oam．

3田5　　Sunユn五ary

　　Nし1merica王experiments　by　using　a　high　reso1しltion　mode1ofwater　and　heat　Hows　pro（1しlce（l

th・fo！1owing…ult・：

　　（1）UIユder　constant　atmos王）heric　con砒ions，the　evaporation　zone　was　main1y1ocated　at

the　bottom　boundary　of　the　DSL　and　was　considerab1y　thin．However，the　thickness　of

the　evapoエation　zone　at　the　bottom　boundary　of　the　DSL　clepen（王ed　on　the　soi1types．In

a（ldition，in丘ne－textured　soi工s　evaporation　took　p1acea王so　at　theupperregion　oftheDSL，

even　though　there　was　no　liquid　water　s1ユpp1y．

　　（2）Under　d－iurna1！y　varying　radiation　cond－itions，even　in　coarse－textured－soils，s〇三1water

transient1yeva．pora．tedwithintheDSL　through　acondensa．tion／re－evaporationprocesswith

diumal　variation　in　solar　radiation，Amounts　of　condensation　and　re－evaporation　were

l・・g・・in行・・一t・xtu…1・・ilsth・・i・・・・…一t・・t・・e（1・・i1s．

　　It　shoukl　be　note（l　tlユat　the　results　ol）taiエユed　by　the　mo（le！1arge！y　depend　on　the　math一
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Figure 9 Computational 

figures are same as Figure 8. 

results for the cl ay (Case 2). Notations in the 
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ema七ica1representation　of　hydrau1ic　properties（i．e．，E（王uations（3．7）an（1（3．8））．It　has

been　pointed　out　that　Equation（3．7）cannot　we11apProximate　data　obtained　atユow　water

content　region［e．g．，Nimmo，1991≡Ross　et　a1．，1991≡Yamanaka　et　a1．，1995a］．Therefore，

nユore　detaile（1observationa1stud－ies　for　various七ypes　of　soi1s　shou1（1be　d－one　for　verifying

this　nuエlerical　resu1ts、
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Chapter 4 

D at a 

4.1 Field ObserVation Site 

Micro-meteorological ancl soil-hydrological observations were carried out at three sites: 

the fallow site? the sancl clune site, ancl the playa site (Table 7). The observation sites are 

all representative bare lands ~vhich commonly exist in the world, and different types of the 

soil. 

Results of detailecl soil a,nalysis are summarized in Table 8. Particle size con[Lposition 

was cletermined by the pipette method [Day, 1965]. Particle size limits ancl classification 

of soil texture wele cletelmmed by the method of Internatronal Soclety of Soil Science [e.g., 

Nakano et al., 1995]. Particle density was measured by the pycnometer method [Blake, 

l 965]. 

General descriptions of topography, climate, ancl others at each site will be shown below. 

4.1 .1 Fallow Site 

Obser¥'atlon was performecl at a pre-seecling raclish field (60 m x 50 m), which was 

located at the lacustrine lowlancl of Lake KasurT~iga'uT'a, durlng' the pcrlod of July 9-1 - 30, 
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Table 7 Summary of the field observation sites. 

Site 

Failow 

Sand dune 

Playa (dried lake) 

Soil texture 

Sandy loam 

Sand 

Silty clay 

Location 

lbaraki, Japan (35'58'N, 140'27'E) 

Tottori, Japan (35'32'N, 134'14'E) 

Kaigoorlie, Australia (30'32'S, 121'25'E) 

,･-1 ~~~~) 



Table 8 

S i te 

Depth (m) 

Results of soil analysis for the three observation sites. 

Soil texture 

Particle size composiuon 

(%) 

Sand Silt Cl ay 

Particl e 

densi ty 

(Mg/m3) 

Porosity 

(%) 

Bul k 

den sity 

(Mg/m3) 

Fal]ow 

0-0.05 

0.05-0. I O 

O. I 0-0. 1 5 

0.25-0.30 

0.45-0.50 

Sand dune 

0-0.05 

0.05-0. I O 

O. l0-0. 1 5 

0.25-0.30 

0.45-0.50 

Plava 

0-0.05 

0.05-0. I O 

O. I 0-0. 1 5 

O.25-0.30 

0.45-0.50 

Sandy loam 

Sandy loam 

Sandy loam 

Sandy loarn 

Sandy loam 

Sand 

Sand 

Sand 

Sand 

Sand 

Silty clay loam 

Silty clay 

Light clay 

Heavy clay 

Heavy clay 

80.7 

72.5 

70.5 

71.5 

73.0 

96.2 

95.7 

95.2 

94.7 

96.7 

20.8 

16.8 

15.8 

13.2 

12.2 

9.5 

17.7 

20.2 

19.7 

19.2 

2.0 

3.0 

3.0 

3.5 

2.0 , 

57.3 

56.8 

41.7 

26.2 

31.6 

9.8 

9.8 

9.3 

8.8 

7.8 

1.8 

1.3 

1.8 

1.8 

1.3 

21.9 

26.4 

42.5 

60.6 

56. 1 

2.74 

2.74 

2.74 

2.75 

2.76 

2.68 

2.68 

2 . 6 ~ 

2.68 

2.69 

2.69 

2.71 

2.50 

2.53 

2.55 

61.7 

62.6 

62.2 

47.8 

52.8 

43.8 

44.4 

44.4 

44. 1 

44. 8 

62.4 

58.2 

56.9 

46.5 

46.3 

l .05 

1 .03 

l .04 

1 .44 

1 .3 1 

1.50 

1 .49 

1 .49 

1.50 

1 .48 

l .O1 

1.13 

1 .08 

l.36 

1 .37 
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1996．A1though　the行e1d　was　surエounded－by丘e1ds　of　various　types　of　crops（e．g．，pa（idy，

water　me｝on，com），七he　a．rea　inclu（ling七he　sunounding丘e1ds　was　a1most且at．The　soi1of

the丘e1d　is　c1assi丘ed－as　Coarse－texture（1Brown　Low1an（1Soi1s（3ん沁αseries），which　have　n0

huInus　ho工izon　and－sn！a1l　huInic　content（＜5％）［Ibaraki　Pref．，1987］．Soi1丸extllre　of　the

soi1is　sand－y1oam（see　Tab1e8）．The　surface　of七he丘e1d－was　til1ed　one－week　before七he

beginning　of七he　observation　period　to　remove　weeds　which　were　sparse1y　growing．

　　C王imatic　conditions，and　rainfau　records　before　a．nd　d－uring　the　observation　period　at　a．nd

around　this　site　a・re　shown　in　Figure10．The（lata　Presented　in七he　figure　were　au　obtained

at　Sa・wara　station，Japan〕〉Ieteoro1ogica1Agency（35055’N，1400301E）．Average　annua1

precipitation　is1375m－m［Choshi　Loca1Meteoro1ogica1Observa．tory，1980］．

4、〕L，2　　Sa皿d　dune　s批e

　　Fie1d　observation　was　carried－out　in　a　coasta王dllne，ro批oヅ乞3α？z∂。0tmε，d－uring　the

period－of　Aug－11－19．1996，Most　parts　of七he　dune　were　b砒e　cond－ition，whi1e　pine

forests　distributed　at　the　p肌t　of牛he　in1and－side　margin　of　the　dune．Because　this　sa．nd

（lunewasveryhil1y，are1aもive1y肪七section（500m×500m）inthedunewasse1ected

a．s　the　observation　site．The　centra且point　of　the　se1ected　section　was　at　the　distance　of

apProximate1y450ユn　from　the　coast　and250m　from　the　pine　forests．The　soi工at　the　site

is　c1assi行ecl　as　Sand－dune　Regoso1s，which　have　no　formation　of　A－horizon　and　extreme1y

sma11humic　content［Tottori　Pref。，19751．Soi1texture　of　the　soi1is　sand（see　Tab1e8）．

　　C1imatic　conditions，and　rainfau　recor（ls　before　and　during七he　observation　period　at　and

aroun（1this　site　are　shown　in　Figure11．The　da．ta．presented　in　the丘gure　were　au　obta．ined

at　Tottori　sta七ionl　Japan，Meteoro1ogica1Agency（35，291N，134．14’E）・Average　annua1

precipitation　isユ949．5mm［Japan　Meteoro！ogica1Agency，19911．
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Figure 10 Climat,lc conditions and rainfall records at the fallow site; (a) 

annual variations in monthly averaged daily maximum temperature (Tmax) and 

mlnlmum temperature (T~j~), and monthly precipitation (P) (source: Choshi Local 

Meteorological Observatory, 1980), and (b) rainfall records before and during the 

observation period. 
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Figure 11 Climatic conditions and rainfall records at the sand dune site; (a) 

annual variatlons in monthly averaged daily maximum temperature (Tmax) and 

mmlmum temperature (Tmi~)' and monthly precipitation (P) (source: Japan 

Meteorological Agency, 1991), and (b) rainfall records before and during the 

observation period. 
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4．L3　P且aya　s批e

　　Fie1（l　measurements　were　con（1ucted　at　a　dried－up　p1aya一｝ake，ルブoωZαんε（1km　x　l

km），during　the　period　of　Mar．7－12．1996．The1ake　was　sunounded　by1ow　woods　of

casuarina　and－euca1yptus　with　sca七tered　s＆1tbushes．At七he　p1aya　Hoor，vegctation　scarce1y

existe（丑because　of　its　hyper　sa1ine　conditions．A1七h帆1gh　the　surfa㏄was　aユmost丑at，七here

were　many　cracks　of　approximate1y2cm（｛eep．The　soil　at　the　site　is　c1assi行ed　as　Massive

Sesquioxi（1ic　Soi1s（rθゴεω・統3）。in　which　horizons　are　oftcn　weak1y　cleve！ope（1［Hubb1e　et　aL，

1983］．Soi1texture　of　the　soil　ranges　from　si1ty　c1ay1oam　to　heavy　c1ay（see　Tab1e8）．As

a　typical　feature　of　Massive　Sesquioxidic　Soi1s［Hubb1e　et　a1．，198・3］，T＆b1e8indicates　that

c1ay　content　of　the　soi1graduaユ1y　increases，vith　depth－

　　C！imatic　conditions，and　rainfau　records　before　and　during　the　observation　period　at　and

肌ound－this　site　are　shown　in　Figure12．The　da．ta．presented－in　the行gure　were　a11obtained

at　Ka1goor工ie－Bou工der　station，Bureau　of　Meteoro1ogy，Aus七ra1ia（300471S，！21つ71E）．

Average　annua！precipitation　is259．9mm［Bureau　of　Meteoro1ogy，Austra1ia，19941。

4，2　　1Mleasure㎜ents

　　Measurenlent　componcnts　and－thcir　methods　are　suI皿marize（l　in　Ta．bIe9．On　an　inten－

siveobservation　day（IOD）se！ecte（l　arbitra．ry　d－uring　the　observa．tion　period　for　ea．ch　site，

samp1ingfre（1uenciesofsurfacewatercontentandthicknessoftheDSLwereincreased一，and

isotopic　composition　of　surface　soil　water　was　added　to　theユist　of　measurements（see　Tab1e

gb）．Furthermore，soi1－pr〇五1e　investigation　was　carried　out　on　an　aエbitrary　da，y（see　Tab1e

gc）．Measured　va1ues　of　micro－meteoro1ogica1e1ements　were　averaged　every　hour、
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4邊2ユ　Micro㎜eteor〇五〇g豆ca五e且e鵬皿竜s

　　Horizonta！1ocation　of七he　micrometeorologica互observation　tower，where汕emometers，

ventiユate（1therrnonユeters　and　hunユiciity　sensors　were　insta1ユed，was　decided　to　nユake　use　of

advantage　of　a！onger　fetch　by　consi（1ering　the　don〕一inant　win（l　direction．Vertica1a．rrange－

ment　of　instnlments　on　the　tower　were　a1so　decided　by　considering　the　fetch　requirem㎝t

for　each　observation　site．

　　A11a．nenユometers，thermome七ers，and－humid－ity　sensors　were　calibrated－using　the　wind

tunne1of　the　Nationa1Research　Institute　for　Earth　Science　and－Disaster　Prevention．In

addition，to　reduce　further　instrun］一enta工eI・rors　b説ween　two　venti1ated　thermonleters　or

two　venti1ated　humidity　sensors，comparative　measurements（with　venti1ation）und－er丘e1d

cond－itions　were　carried　out　and　then　one　set　ofventi1ate（l　thermometer／hunユid－ity　sensor　was

ca1ibrated　by　refening　the　outputs　from　another　set　of　thermome七er／humidity　sensor．Net

radiometer　and　a1bedometerwerea1so　ca｝ibrated　by　comparing　theoutputs　ofthem　to　those

fro皿1sta．ndard　instruments　in　the　expeエimenta1行e1d　of　the　Environm－enta1Research　Center

of　the　University　ofTs／lku1）a．These　calibration　procedures　wereperformed　before　and　after

the　observation　periocls．The　root　mean　square　di任erences（RMSD）between　the　c＆1ibrated

values　from　each　instrument　and　the　refe1’ence（l　vahles　from　standard　instrument　are0．03－

0．07m／s　for　anemometers，0．0ユ1－0，026℃for　thermometers，0．31－0．65％for　humidity

sensors，0，055◎C　for　venti！ated　thernλonleters，0．30％for　venti1ated　humidity　sensors，

12．66w／m2for　radiometer，and4．42w／m2for　a1bedometer．

4．2，2　Son　water　con七e批

　　Soi1water　content　was　cletemined　by　soi1samp1ing　and　oven　dry　method（at　llO℃）．

Soi工s　were　samp1ecl　by　soi1core　samp1ers（100cc）at0－5，5－10，10－15，25－30and45－50cm

・1・pth…dw・・…1np！・dbyl・・i・g・・m・ll・h…1（・・mpli・g・・！・m・：100・・）・tth・・th・・

d・pth・．
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　　Vo1umetric　water　contentθwas　eva王uate（l　by　the　fouowing　re王ationship：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ρわ
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　θ＝ω一　　　　　　　　　　（4．1）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ρl

whereωis　the　gravimetric　water　content（…wω／〃、，Mωthe　mass　ofユiqui（｝water，M，the

m・…f・・i1p・・ti・1・・），ρlth・d・yb・1kd㎝・ity・fth…i1（・・…g・d・・・・・・・…1・・mp1・・

that　obtained　at　the　sa二me　depth），an（1ρパhe　density　of1iquid　water．In　the　eva1uation　of

wa七er　content　in　the　shauow　dep七h　zone，、vhere　the　soi1was　san1ユp1ed　by　using　a　shove1，the

value　of　bulk（lensity　for0－5or5－10cm　depth　was／lsed．Soi1sampユing　was　performed　at

horizonta！ly　d一冊erent　two　points，and　then　the　va1ues　were　arithInetica1ly　averaged．The

RMSD　of皿easuエed－wa七er　content　be七ween　the　two　samp！es　weエe0．39％a．t　the　fa11ow　site，

0．30％at　the　sand　d－une　site，an（11．35％at　the　p1aya．site．The｝arge　value　of　RMSD　at

the　p1aya　site　may　be　d－ue　to　aユarge　variabi1ity　in　soi1water　d－is七ribution．

4，2邊3　Thick鵬ss　of曲e　DSL

　　The　thickness　of　the　DSL　was　measured－with　a　ca1iper　square　by　excava七ing　the　soi1

surface．The　bottom　boundary　of　the　DSL　is　visua11y　distinguishal）1e　from　the　contrast　of

co1or　between七he　DSL　and－the　under1ying　soi1王ayer［e．g．，Fri七ton　et　a1．，1967≡Matsud－a

et　aユ．，1977］．Measurement　of七he　thickness　of　the　DSL　was　carrie（1out　at　horizonta11y

d冊erent　ten　points，and　theIユits　arithmetic　mean　and　standard　deviation　were　calcu1ated．

4．2．4　S七ab1e　iso尤opic　ana1ysis　of　so量1w試er

　　Soi！samp1ing　for　stab1e　isotopic　ana1ysis　was　made　using　a　s皿a！1shove1，and　sa皿p1e　soi王s

were　shie1（1up　in（1oub！e　poユyethy！ene　bags　to　prevent　the　change　in　isotopic　conlposition

（hle　to　cvaporation　or　mixing　of　vapor　from　the　air．Samp1e　waters　were　extracted　from

the　soi1by　the　ordinary　temperature（listi1lation（OTD）nlethod一〔Yamanaka　and　Shinユa（1a，

19971・tth・f・一11・w・it・…／・tth…。・・ldしm・・it・，・ndbyth・・…t・・pi・・／i・洲1・ti・・m・th・d
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［Revesz　and　Woods，19901at　the　p1aya　site．

　　For（leuterium　ana1ysisつextracted　water　samp1es　were　deoxidized　by　zinc　reduction

metho（1［e，g．，Co1emanet　a1．，1982；Kenda11and－Cop1en，19851，and　D／Hratiowas（1eteト

mined　with　MAT252（Finnigan　MAT）エnass　spectrometer　of　the　Institute　of　Geoscience，

University　of　Tsukuba．For　oxygen－18ana1ysis，C02eqlli1ibration　me七hod［e．g。，Epstein

and－Mayeda。，1953］was　used　for　the　prepara七ion　of　sa二mp1es　and180／16o　ratio　was　de－

temined　with　De1ta　S（Fimigan　MAT）mass　spechometer　of七he　Insti七ute　of　Geoscience，

University　of　Tsukuba．The　isotopic　compositions　are　expressed－in　the　stand－ard6－nota七ion

as　per　mi1deviations　fmユthe　intemationa1ly　accept⑧d　V－SMOW（Viema　Standard　Mean

Ocean，Vater；Craig［1961］，Gon丘antini　f19781）、

　　The　repro（1ucibility　in　samp1e　prepara七ion　and　ana1ysis　by　the　mass　spectrometer　is±1

。／。。inδD　an（王±0．1o／。。inδ180．The　error　caused　by　water　extraction　from　the　soi1

（inc1uding　that　c肌1sed　by　samp1e　preparation　and　mass　spectrometer　ana王ysis）is士2．5o／。。

forδD　and±0．470／。。forδ王80by　the0TD　me七hod［Yamanaka．and　shi玉1ada，1997］，and

is±20／。。for6D　and±0．2。／。。forδ180by　the　azeotropic　disti11ation　method阻evesz　and

Woods，19901．

　　A1though　Yamanaka　and　Shima。（1a［1997］stated－tha．t　the　accur盈cy　of　the　OTD　method

obtained　for　a　sand　nユight　change　fo〕二〔1i任erent　types　of　soi1s，Tab1e10iエ〕一dicates　the　a1nユost

same　magnitudes　of　the　accuracy　both　inδD　andδ180for　sandy1oam　of　the　fa11ow　site．

On　the　other　hand一，inter1aboratory　comparison　by　VValker　et　a1．　［1994］indicates　that

errors　in　the　azeotropic　distil1ation　method1arger　than　those　shown　by　Revesz　and－Woods

［19901couId－be　introduced－by　any　cause　in　the　operation　of　d－istiuation　procedure．Thus，

the　accuracy　of　the　azeotropic　disti11ation　method　in　the　present　study　may　be　somewhat

，vorse　tha．n　that　listed　above、
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Table 10 Comparison of 6 values between water extracted by centrifugation 

method and that by ordinary temperature distillation (OTD) method. Samples A 

and B were collected at the fallow site, but at different depth. 

Sample Ca OTDb Diff ,c Ref. err. d 

5D (V~) 

A
 

B
 

61 80 (%o) 

-76.8 

-93.4 

-9.32 

- I 0.67 

-73.5 

-90.5 

-9.00 

-10.88 

3.3 

2.9 

0.32 

-0.2 1 

:1:2.5 

:t2 . 5 

A
 
B
 

:t0.47 

:1:0.47 

a 5 value of water extracted by centrifugation 

b 5 value of water extracted by OTD 

c Difference of 5 vaiues between water extracted by ceutrifugation and that by OTD 

d Referenced value of error introduced by OTD (from Yamanaka and Shimada [1997]) 

60 



4田2由5　Che㎜ica1compos批五〇鵬of　so豆五w批er

　　On1y　at　the　p1aya　site，measurements　of　e1ectric　conductivity（E．C．），cation　and　anion

concenhations　of　soi1water　weエg　perfornユed－because　it　was　expected　tha七七here　was　sa1t

a．CCunユu1atiOn．

　　Samp1e　water　was　prepared　by　adding　l00g　distiued　water　to20g　moist　soi1and　by

shaking　those　su冊cientlγ　E1ectric　conduc七ivity　of　the　sa皿1p1e　water　was　measu蛇d　by　an

E，C．meter（SC－82，Yokogawa）．Concentrations　of　disso王ved　substances（Na＋，K＋，Ca2＋，

Mg2＋，SO責■，NO；）were　determined　by　Capi11ary　E1ectophoresis　System（Quanta4000，

Waters　Co．），and　HCO；content　was　determined　by七i1tration　method　of　H2S04．

　　Ion　con㏄ntrations　were　ca1cu1ated　as　miuiequiva1ents　per　mit　vo1／me6f　soi1matrix

（x），expressed　as　meq／m3（soi1），by　llsing　the　fo11owing　re1ationship［Ronen　et　a1．，19961

（but　s1ight1y　mod－i丘ed）：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〃地十一Mω、ω／（1＋ω）

　　　　　　　　　　　　　　　　　　　　　　　　　　　X＝X　　　　　　，　　　　　　　（42）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ρ5〃ω、［1一ω／（1＋ω）l

where　x　is　the　（nleasured一）concentration　in　the　sanlpk　water（meq／1），λ∫dw　and　lwω、are

the　the　weight　of　dis七i11ed　wa七er　added　to　soi1samp1e（100g）and　that　of　we七soi1samp1e

（20g），respective1y．It　shou1d　be　noted　that　the　va｝ue　X　represents　the　tota．！concentration

of　a　speci丘c　ion，found　in　both　the　soli（／and1iquid　phase　of　the　soi1．
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Chapter 5 

General aspects of 

micr0=meteorological and soil 

hydrological characteristics 

In this chapter, general aspects of observed micrometeorological and soll hydrolog'ical 

eleme.nts will be clescribed as a basic infowation for analyses presentecl in later chapters. 

Also, it ~'vould be important as examples of the chorographical descriptions for microme-

teorology and soil hydrology, even though the observation period in each site is very short 

for complete clescription. 

5.1 Fallow site 

Observed results of micrometeorological elements are sho¥vn In Figure l:3. Figure 14 

)
 

sho~vs (a the inter-cliurnal varia,tions in surface water content ancl the thickness of the 

)
 

DSL, and (b the diurnal variation pat,terns of those. 

At the early stage of the observation periocl, soil moisture condition ¥vas relat,ively we_t 

due to antececlent rainfa,lls (see Fig'ure 10b), a,ncl do¥vn¥vard short-¥vave. radiation (solar 

62 



~ 
c
¥
l
E
 ~~ ~
 ~ >< 
:D 

~ c 
O ~~ 
c~; 

iO 
cl5 

CC 

1 ooo 

800 

600 

400 

200 

-200 

60 

a
 

-~-- ; ~. 

. ;~-~' { -~+ 

,
 ~
 

b-, : 

~: R~d 

i
 'R R/ ; : n u' 

,f 

ll 'l ' ' i 'il~" , ', l. * l"' ' " ¥ _'t"... i " s J
 

t
'
 t ""' /
 J1' ' "i :'L-;'1 t -'L' :':'s~1 l' 

* .t 

l Ri;d 
l
 

~
 ~ ./ f '¥' ~ 'L' t i 
¥~ 

~_tpil~~~ ~t~~':~~ lb _~P 
i Rsu 

/'-" 
t~ 

,
~
 

O
o
 ~ q
)
_
 ~
 ~
 (D 
C~ 
E
 (D 

~ 
O (f) 

50 

40 

30 

20 

b
 

rLlt 
' L' 

,
 ' I~ 
~ ,b., t 
, . Y. tt 
[ "*' 1 ,sf / ~ 

t ~ [ ll 

, tl 
"s C~ l ..~ ._~/ ¥ J~~'~" !~ 

' '~f~i:'~?; 

l _'/ 

Oi .Olm ~ 
j ¥!'1. O.d,3/?t 'i j " , ~ I l l I I l [ I I 

~ f 
:¥, i ' 

l.¥, 

I"f 

" 1' 11'~. ,. I p 

¥:. 'l 

:¥ l' 

!¥ ' 
"' O . 5 m 

l
 

~ (/) 

+~ E
 *-'/ 
>~ 
+'_ 
'O 
O 
~) 

> 
~:~ 
c: 

~
 

5
 

4
 

3
 

2
 

C
 

!
 

!
 

23 24 25 26 27 
July, 199e 

28 29 

Figure 13-1 Observation results of mlcrometeorological elements for the fallow 

site; (a) radiation balance components (Rn' the net radlatlon; Rsd' the downward 

short-wave radiation; Rsu' upward short-wave radiation; Rkl downward long-wave 

radiation; Rlu' upward long-wave radiation), (b) soil temperature at different 

depths, and (c) wind velocity at the height of 0.53 m. 
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radiation）was　consid－erab1y　sma11because　of　the　e冊ect　of　c1oud（Figure13－1a）．Upward－

and　d－ownwar（11ong－wave　rad－iations　were　a1most七he　same．After　June25，downward　short－

wave工a（hation　rema三ned　qu三te1arge　owing　to　su㏄essive　c1ear　conditions　of　sky．Then

upward　short－wa．ve　and1ong－wave　radia七ion丑uxes　increased　grad－ua11y．The　increase　of

short－wave　rad－iation　is　due　to　an　increase　of　surface　a1bedo　accompanying　with　soi1drying

（see　Figure14），an（i　theincreaseofユong－waveradiation　was　c汕sed　byanincrease　ofsurface

七e1mperature（see　Figure13－2a）．On　the　other　hand一，d－ownward｝ong－wave　radiation　did　not

show　any　obvious　increase．The　reason　for　this　may　be　that七he　e冊ect　of　the　increase　of

the　atnユospheric　terαper尋ture　was　cance1ed　by　the　e任ect　of　the　decrea，se　of　c1oud　aI：nount．

Inteトd－iuma1variation　in　net　radia七ion　was　not　as1arge　as　that　in　downward　short－wave

ra（iiation　due　to　an　increase　in　the　upward　radiation丑uxes．

　　Figure15shows（a）the　inter－diuma．1evo1ution　of　the　diuma1course　of　surface　a1bedo

and（b）the　re1ationship　between　surface　a1bedo　and　vohlmetric　water　content　of　suエface

soi1of1－cm　or5－cm　thickness　obtained　at　noon．Figure15b　indicates　that　the　inter－d－iuma1

increase　of　surface　a1bedo（Figure15a）is　re互ated　to　the　dccrease　of　surface　soi1moisture，

The丘gure　a．1so　indica．tes　a　step－1ike　change　in　surface　a1bed－o．The　va1ue　of　surface　a1bed〇

三s　approxima．te1y0，075whenθo＿l　is　larger　than9％（orθo＿5＞14％），ancl　is　approxinユate1y

0，125whenθo＿1is　smal1er　than4％（orθo＿5＜11％）．○n　the　other　hand，Figure15a

in（1icates　tha．t　the　surface　a！bed－o　varies　with　ti㎜e　in　a　day．As　pointed　out　by　Nkedirim

［19721，Id－so　et　a1。［19751an（1Nakagawa［19821，this　va．r三ation　is　expected　to　be　part1y　due

to　the　change　in　the　solar　zenith　ang1e．However，an　asymmetric　diurna1variation　pattern

was　observed－on　Ju1y24and－25．This　may　be　d－ue　to　the　e冊ect　of　diurna1change　in　surface

mOiSture．

　　Figure13－1b　in（王icates　increa．ses　both　in　the　da．i！y　a．verage　value＆nd　in　the　anユp1itude

of　the　diuma1iuctuation　of　soi！temperature．The山uma1range　of　s〇三！temperature　at　l

cm　depth　reached－to30．2．C．Neverthe！ess，soil　temp釘ature　hard1y　varied　diumally　and

inter－diuma11y　at　the　c／epth　of0．5m．Tem王）erature　gradient　increased　during　soi1drying
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Figure 1 5 Results of albedo measurements for the fallow site; (a) diumal and 

inter-diumal variation of the surface albedo, and (b) relationship between the 

surface albedo and the surface water content. 
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partic111ar1y　at　the　sha11ower　zone，and　reached　to8℃／cm　at　its　maximum．

　　In　Figure13－1c，diurna1variation　in　wind　ve1ocity　can　be　recognized．The　wind　ve！ocity

is1汕ge　at　daytime　and　smau　at　nighttime－

　　Figure13－2a　indicates　a　variation　in　air七emperature　similar　to　that　in　soiユtemperatllre．

However，the　diuma．1エange　of　air　tempera．tu肥is　considerab1y　sma11er七han　that　of　soi1

temperature，and　is12．6oC　at　the　maximum　a七0．30m　he三ght．A　considerab1yユarge

d冊erence　was　observed－between　air　tempera．ture　at0，135m　he三ght　and　radiometica11y

d－eter1m－ined－surfa．ce　temperature，wh三1e　the七empera．ture　d舐erence　be七ween七he　h－eight　of

0，135and　O．30エn　was　very　sユight．

　　Very　clear　diuma1vari就三〇n　in　re1ative　hunユ三dity　can　be　seen　in　Figure13－2b．The　dayti皿e

va1ues　of　relative　humi出七y　showed　a　tendency　to　decrease　inteトdiurnaユ1yラwhi1e　nighttime

vaiues　were　alrnost　unity　and　hard1y　varied．

　　Inter－d－iuma1va工iation　in　speci丘c　b－umidity　gene工a11y　showed　a　tendency　to　increase

s1ight王y（Figure13－2c）．The　reason　for　this　tendency　may　be　that　the　observation　site

was　surround－e（i　by　theユand　which　can　be　more　e冊ective　as　vapor　sources（e－g．，c1ユ1tivated

行ek1，1a．ke）。On　the　other　ha．n（1，the（liuma1va．riationpa．ttern　ofspec流c　hum－id－ity　appears

to　change　every　day．The　variation　pattem　on　Ju王y24has　a　singユe　maximum　at　around

noon　whi！e　that　on1ater　days　has　two　max三ma　in　the　forenoon　and七he1ate　aftemoon．

There　are　too　few（lata　to　detemjne　whether　the　variation　pattenl　with　two　maxima　was

caしlsed　by　a．1a．ck　of　vapor　supp1y　fronユt1le　soi1surface　iIユtheエni（1＿afternoon　and　the　decay

of　convective　nlixing　in　the1ate　afternoon，or　by　advection　froIn　sunounding　a．rea　and　wind

d－irection　change．

　　In　Figure14a。，water　contents　boもh　of0－1cm（θo＿1）and－0－5cm（θo＿5）soi1－1ayers　decrease

9・・d・・lly．Th・thi・k・・…七th・DSLw…1m・・t・…d・・i1・gtw・d・y・j・・t・ft・・…i・f・ll；

th・・th・thi・kn…in・・・…dg・・d・・11y…1撒・h・dt・・pP…im・t・1y2・m・nJ・1y28・ft・・

丘ve　d－avs　since　the　ra．infa1！．The　d一三urna！variation　of　water　content　could　be　seen　in　both

θo＿！an（1θo＿5（see　Figure14b）、whi1e　the（1iurna！range　was　consi（正era｝）1y　la．rger　inθ〇一
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（5．05％）than　inθo＿5（1．5％）。The　phase　of　diumaユ且uctuation　ofθo＿5apPears　to1ag

behindthat　ofθo＿1．The　d－iuma1variationinthe七hickness　ofthe　DSL　was　sim三！ar　tothat

repor七ed　by　Nolm－ura　and　Inoue119791an（丑Kobayashi　et　a1．［1991a。，b］。Diurna1range　of

the　thickness　of七he　DSL　was1．17cm．

　　Fignre！6a．shows七he　three－phase　d－is七ribu七ion　of　the　soi1．In　the丘guエe，七he　e冊ect　due七〇

ti！1age　is　appeared　in　the　changes　in　vo1umetric　so1id　con七ent　and－s1ight1y　in　water　con七ent

at　around－the　depth　of20cm．Except　for　this　efect，soi1water　content　gradua1ly　decreases

tow肌d　sha11ower　depth，whi1e　there　is　an　in丑ect三〇n　of　water　conte】ユt　pro刑e　at　around2c皿

d－epth，Figure16b　shows七he　vertica1pエo丘工e　of　soi1wa．ter　content　at　sha11ower　zone．The

丘gure　indicates　an　agreement　between　the（1epth　of　the　in且ection　point　and　the　depth　of

the　bottom　bomdary　of　the　DSL．Observation　resu！ts　sim三1ar　to　this　have　been　obtaiI1ed

by　Nomura　and　Inoue［1979］，Kobayashi　et　aL［1991a］and　Yamanaka　et　aL［1996］．The

wa．ter　conten七〇f　the　bot七〇m　bounda．ry　of　the　DSL　was　between2and－7％．This　fact　and－

Figure15b　suggest　that　the　decrease　in　sτ1rface　a1bedo　occurs　wi七h　the　formation　of　the

DSL．

5，2　　Sand　dune　s批e

　　Results　of　nユicrometeoro！ogica1measurements　are　shown　in　Figure17．Figure18shows

（a）the　inter－diurna1variations　in　sし1rfa．cewater　content　an（l　thethicknessoftheDSL，an（丑

（b）th・di・m・1…i・ti㎝p・tt・m・・fth…。

　　As　seen　from　the　rainfa11r㏄ords（Figure　l！b），during　the　perio（1before　the　rainfa｝！

event　on　Aug．14－15，soil　moisture　conditions　was　extreme1y　dry．Downward　short－wave

radiation　was　very1a．rge　throughout　the　observation　period　except　for　Aし1g．14and15

（Figure17－1a）．Upward－short－wave　and－1ong－wa．ve　rac／iations　abrupt1y　d－ecreased　after　the

rainfau，and　then　increase（／gradし1a！1y．In　contrast，（lownward－1ong一、vave　radiation　hardly

varied一．Upward　long－wave　radiation　was1arger　than（／ownward－1ong－wave　rad－iation　except
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for　the　period－just　after　the　rainfau．

　　Figure19shows（a）the　inteトdiurna工evo1ution　of　the　diurna1course　of　surface　a1bedo

and一（b）the　re！ationship　between　surface　a．1bed－o　and　voh1metric　water　content　of　surface　soi1

of1－cnユor5－cn］一thickness　both　obtained－at　noon．Inteトdiurna1iエユcrease　in　surface　albedo

accompanied　the　decrease　in　surface　water　content（Figure！9b）フin　a　si皿i1ar　way　at七he

fa1low　site．However，un1ike七he　case　of　the　fa王1ow　site　the　surface　a1bed－o　abruptユy　changeci

at　very1ow　water　content（＜0，5％）in　re1a七ion　between　a工bedo　andθ〇一，and－gra．duauy

changed　in　re1a七ion　between　a1be（王o　andθo＿5，A1though　the　diurna1v趾iation　due　to　the

changes　in　solar　zenith　angle　ancl　in　su二じface　nユoisture　can　be　seen　in　Figure19a，the　e冊ect

of　the　zenith　ang1e　appears七〇be　s1ight1y1argcr　than　tha。七for　the　fa11ow　site．

　　The　diurnal　range　of　soi1temperature　at　l　cm　depth　rea．ched　to32．4．C（see　Figure17－

1b）．In　contrast，soi1temperature　a．t　O．5nユdepth　hard1y　varied　diurnauy　an（i　inter－diurna11y

as　was　found　in　the　fauow　site．Temperature　gradien七at　the　sha11ower　zone　reached　to4．5

oC／cm　at　the　maxi㎜um．

　　The　diuma1varia七ion　in　win（1ve1ocity，which　is　simi1ar　to　that　a．t　the　fa11ow　site，can　be

seen　in　Figure17－1c，particular1y　on（lays　after　the　rainfa1！。

　　The　variations　in　air　temperature，re1ative　hu皿idity，and　speci丘c　humidity　were　si皿i1ar

to　those　at　the　fa1！ow　site（see　Figures13－2and17－2）．However，the　night七ime　values　of

re1ative　humi（1ity　on　the　days　before　the　rainfa11were　considerably　sma1ler　than　unity　whi1e

those　at　the　fa1工ow　site　were　a1most　unity　throughout　the　observation　period．This　ma．y

be　due　to　the　severe（lry　conditions　of　the　soi1at　the　sand　dune　site　in　the　peI・iod　or　to

the　smauer　e冊ect　of　advection　fronユthe　surrounding　area　because　of　the1arge　extent　of七he

sand－dune．Diuma1range　of　air　temperature　at0．27nユheight　was8．3℃at　the　maximum，

which　is　sma1｝er　than　tha．t　at　the　fauow　site．

　　Whi！eθo－5gradual！y　decreased　after　the　rainfa！！on　Aug．14－！5，θo－1rapid1y　decエeased

to　very　low1eve1（＜0．5％）and　then　maintained－a．h刀ost　constant　va1ue（Figure18a）．The

thickness　of　the　DSL　was（luiteユarge（approximate1y8cm）during　three　days　before　the
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rainfa．H－ThentheDSL　d－isappearedwiththeonset　oftherainfa11andgrad－ual1yredeveloped

after　the　rainfaユ1．The（1iuma1variation　of　water　content　cou1d　be　seen　in　bothθo＿王an（1

θo＿5（Figure18b）．However　the（丑iuma王range　was　smauer　inθo＿1（！．57％）than　inθo＿5

（2．24％），contrary　to　the　case　found－at　the　fal1ow　site．Diuma1range　ofthe　thickness　ofthe

DSL　was1．27cm（a1though　it　was　not　possib至e　to　detemine　the　thickness　in　the　night七ime

beca．useofanunc1earbottom－boundaryoftheDSL）．

　　Figure20a　shows　the　three－phase　d－istribution　of七he　soi1．The丑gure　ind－icates　tha．t　the

vo！umetric　so1id　content　is　almost　constant七hroughout　the　who1e　soi〕ayer　from　the　soi1

surface　to　the50cm　depth．Soi1wa七er　content　was　fair1y　smau，and　grad－ua11y　decreases

toward　sha王王ower　depth．Neverthe王ess　an　in且ec七ion　of　water　con七ent　pro丘1e　can　be　seen　at

around8cm　depth．Figure20b　ind三cates　an　agreement　between　the　depth　of七he　in且ection

point　and　the　depth　of　the　bottom　boundary　of七he　DSL．The　water　conもent　of　the　bottonl

boun（1ary　of七he　DSL　was　between1．0and1．8％．

5田3　　P1a－ya　s批e

　　Resu1ts　of　micrometeoro1ogica1measurements　at　the　p1aya　site　are　shown　in　Figure21．

Figure22shows（a）the　inter－diurna1varia’tions　in　surface　water　content　and　tb－e　thickness

ofthe　DSL，and一（b）the　diuma1v趾iation　patterns　ofthose．

　　Soil　moisture　cond－itions　were　a1so　extreme1y　d－ry　in　the　observation　perio（／at　the　p1aya

site．As　seen　in　the　va．riation　of　clownward　short－wave　rad－iation，it　was　c1oudy　d－ay　on　Mar．

11whi1e　it　was　a！most丘ne　on　the　previous　two　days（Figure21－1a）．

　　Figure23shows（a）the　inter－diuma．！evo！ution　of　the　diumal　cowse　of　suエface　albedo

and一（b）the　re1ationship　bちtween　surface　a1bedo　and　vo1umetric　water　content　of　surface

soi1of1－cm　or5－cm　thickness　obtained　at　noon．Whi！e　signi行cant　inte卜cliuma1variation

in…f・…！b・d…n1ユ・tb・・・…in・・th…w・・・…h・・g・i…i1m・i・tu・…nditi…，

diurna1variation　in　surface　a！beclo　d－ue　to　change　in　so1ar　zenith　ang！e　exists（Figure23a）。
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The　vaユue　of　surfa．ce　a王bedo　at　noon　was1arger七han七hat　under　dry　soi1condition　at　the

fa11ow　site，and　was　a1most　equa1尤〇七hat　at　the　san（1dune　site．

　　The　diuma｝range　of　soi1七emperature　at　l　cm　depth　reached　to37．2℃（see　Figure

21一ユb），which　is1arger　than七hat　a七the　other　two　sites．In　contrast，soi1tempera七ure　at

0．3and0．5nユd－ep七h　hard－1y　va工ied　diuma11y　and　i坤eトdiuma11y．Therefore，it　can　be　said－

th・t七h・dumpingd・pth［Sd1…，1965，P．1361f・・th・p1・y・・it・i・・m・11・・th・nth・tf・・

the　fa11ow　si七e　and　the　sand　duIユe　site．Temperature　gradient＆t　the　sha11ower　zone　reache〔l

to7．o　oc／cm　at　the　maximum・

　　The　diuma王variation　in　win（l　ve1ocity　can　be　seen　on　Mar．9，whi1e　it　is　not　c1ear　on

nex七丸wo　d－ays　d－ue七〇the　e冊ect　of　passing　of　cyc1one1ow（Figure21－1c）．

　　Diuma1rangeofairte皿peratureattheheightof1．76mreachedto18．6oC，whichis

much王aエger　than　tha七for　the　other　two　sites．The　nigh批i皿e　va1ues　of　re1ative　humidity　on

Mar．9－10we工e　considerab1y　sma11er　than　unity　as　we11as　that　fomd　in　the　ea工1ier　period

a七the　sand　d－une　site．An　abrupt　increase　in　re1ative　humjdi七y　at　the　night　on　Mar．10is

probab1y　due　t〇七he　eぜect　of　cyc1one1ow．N〇七iceab工e　is　that　the　va1ues　of　speci丘c　hu㎜idity

is　consideエab1y　sma11er　than　those　foエthe　other尤wo　sites．（Note　that　the　scale　of　veエtica1

axis　of　Figure2！－2c　d冊ers　from　that　of　Figures13－2c　and17－2c．）The　reason　for　this　may

be　that七he　p1aya　site　is1ocated　far　from　the　ocean．Sman　va1ues　of劫d（Figure21－！a）

re1a七ive　to　that　at　the　other　sites　may　be　due　to　this1ow　vapor　content　of　the　atmosphere－

　　In　Figure22a，signi丘cant　inteトdiurna1variations　can　not　be　seen　in　bothθo＿5and　the

thicknessoftheDSLbecauseofnoantecedent肌infa11．ThethicknessoftheDSLwasquite

1arge（approximate1y8cm）．The　diuma1varia七ions　were　a1so　not　signi丘cant　in　bothθo＿5

and　the　thickness　of　the　DSL　on　Mar．9．At七he　p1aya　site，irregular　rather七han　regu1ar

inteトd－iurna！a．nd　diuma1vふiationsinwater　content　aエeobserve（1．Thereasonfor七hismay

b・high・p・ti・1…i・bi！ity・f・・i1皿・i・tu・・（…S・・七i・n4．2－2）．

　　Figure24a　shows　the　three－phase　distribution　of　the　soi1．The行gure　inclicates　that　the

so1id　vo1un］一e　is　snla！！er　in　sha1lower　zone　than　in（ieeper　zone．Soi1water　content　in　d－eeper
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zone　is　c1ose　to　the　saturation　va1ue，and　gradua11y　decreases　toward　shauower　depth．

　　Figure24b　shows　the　water　content　pro丘1e　and　the　position　of七he　bottom　bomdary　of

the　DSL．h　the丘gure，there　is　no　signi丘cant　in丑ection　in　wa．ter　content　pro行1e　at　a．round

the　bottom　boundary　of　the　DSL，and　water　content　within　the　DSlL　is　not　consta．nt　and－

1arge1y　decreases　toward－the　surface．The　wa七er　content　of七he　b〇七七〇m　bomdary　of七he

DSL　was　approxima｛e1y13％．

　　Figure25shows　vertica1pro刮es　of（a）e王ec七ric　conductivity　of　sa皿pユe　waters　which　were

prepared－by　adding100g　d－isti11ed－water　to20g㎜oist　sample　soi1，（b）ca七ion　and　anion

concentrations　per　unit　vohlme　of　soi1．The丘gures　c1ea．r1y　ind－icates　a　sa1t　accumu1a七ion

at七he　sha11ow　depth，and　that七he　specie　of　the　sa1t　is皿ain1y　NaC1．As　mentioned－in

Sec七ion4．2．5，concentrations　in　Figure25represent　not　the　concentrations　of　ions　in　soi1

water　but　the　tota王concentrations　in　the　so王id　and　vapor　phase　wi七hin　the　soi王．Based　on

the　solubi1ity　of　NaC1，it　wou1d　be　reasonab1e　to　assume　that尤he　soi1water　is　in　saturation

conditions　in　the　zone　shauower　than　the　depth　of5cm．
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Chapter 6 

Surface energy balance and the 

restriction of evaporation 

6.1 Determination of surface energy balance and sur= 

face resistance 

6.1.1 Energy balance components 

Energy balance components were determined based on hourly averaged data. Net radi-

ation (Rn) was directly cletermined by outputs from radiometer. Soil heat flux (G) was 

determined by combination of heat flux plate measurement and calorimetry of soil between 

the soil Surface ancl the plate. Briefly, G was determined by the following equation: 

C.' = Gpl'te ~T S._p, (6.1) 

¥vhere Gpl'te is the outpu~s from heat flux plate (installed at the depth of 10 cm in the 

present study), and S._p the change rate of heat storage in soil layer between the soil 

surface and the plate. The values of S._p were determined on the basis of the tempor<al 

change in soil tempera,tures measurecl at five depths (i.e., O, l, 3, 5, and 10 cm) and the 
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heat　capacity　of　the　soi1．In　the　procedure　of　ca1cu王ating　the　soi1heat　capacity，variation

in　soi1water　content　was　considere（i　using　nユeasured　water　content　of　surface　soi1of5－cnユ

thickness．This　method－auows　the　soi1heat丑ux　to　be　eva1uated　correct1y　when　evaporation

takes　p1ace　above　the　heat　Hux　p1ate．

　　sensib1e（∬）and－1atent（工E）heat丑uxes　were　determined－by　Bowen　ratio／ene工gy　ba1－

ance　method，as　fo11ows：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　30

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∬二　　（ηバG）　　　　　　　　（62）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1＋30

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　　　　　　　　　　　〃＝　　（伽一G）　　　　　　　　（63）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1＋3o

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・。一c・（Tr乃）　　　　　（・．・）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1（9．1。）

where3o　is　the　Bowen　ratio，cp　the　speci丘c　fea．t　of七he　a三r，Z　the1atent　heat　for　vaporization．

an（王subscripts　l　and2denote　the　two　measurement　heights　oftemperature（T）and　speci丘c

humidity（9）。

　　In　order　to　check　the　va1idity　of且ux　detemユination，∬and五E　w鉗e　a1so　evaluated　by　the

pro行1e　metho（1［e．g．，Brutsaert，！982，pp．197－198］。Comparisons　be七ween丑uxes　eva1uatea

by　the　Bowen　ratio／energy　ba1ance　method　and　by　the　pro刑e　method　showed　su冊cient

accuracy　of七he丑ux　d－etermination（Ta．b1e11）．

　　For　the　p1aya　site，sin㏄humidi七y　measurements　were　not　avai1ab1e　in　some　cases　due　to

an　accident　of　instruments，∬was　d－etemine（l　by　pro丘1e　method　and－Z万was　eva1uated　as

the　residua1of　suτface　energy　ba1ance（1uring七hat　perio（1．

6，1．2　　Surf詠ce　resis尤ance

S・・f・・・…i・t・…（・、）h・・b・㎝…d…　p…m・t・…p・…ntingth・・托・・t・f・・i！d・y－

ing　on　the　restriction　of　evaporation（see　Section2．3．1（A3））、A1though　there　is　slight

inconsistency　in　its　cle丘nition［van（le　Griend－and　Owe，1994，Yamanaka　et　a1．，19971，it

is　nユeaningfu1to　investigate　its　behavior　for　evaluating　the　e冊ect　of　soi1clrying　on　the
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Table 11 Statistics for the comparison between fluxes derived by the Bowen 

ratio /energy balance method (Fb) and those determined by the profile method (Fp). 

Regression constants for 

F =aF*+b 
p " 

ColTelation 

coefficient 
MAD 

<lFp-Fbl>f 
(Wm2) 

RMSD 
<(F -F )2> 
p b 

(W/m2) 

Fallow 

H 
LE 

Sand dune 

0.8 1 5 

1 .07 2 

H 
LE 

Pla a 

H 
LE 

0.789 

0.959 

0.768 

0.774 

17.880 
2 1 .922 

8.847 

17.439 

-2.010 

-5.415 

O.9 1 7 

0.859 

0.917 

0.786 

0.96･_ 

0.837 

23.0 

44.7 

23.4 

36.9 

18.4 

12.0 

37.3 

65.6 

44.3 

56.9 

30. 1 

20.7 

MAD: mean absolute difference, RMSD: root mean square difference 
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restriction　of　evaporation．

　　Surface　resistance　is　usua11y　used　in　the　for二m－of　Equation（2．12）．So1ving　the　equation

forザ、gives七he　fo11owing　equation：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　ρ（9、、爪）一11，9、、凧））

　　　　　　　　　　　　　　　　　　　　　　　　・、二　　　　　　十ザ、”，　　　　　　（65）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　E

whereρis　the　density　of　the　air，g、、f（）the　saturation　speci行c　humidity，T，the　surface

temperature，乃the　air　temperature，ん、the　re1a七ive　humidity　of　the　air，and　r、、is　the

aerodynanic　resistance　to　vapor　transfer　in　the　atmosphere．If　one　ob七ains　measured

va1ues　of乃，T、，ん、，E　and一γ一、、，surfa．ce　resistance　can　be　evaluated－by　Equation（6．5）．

　　According　to　Monin－Obukhov　sinユi1ari七y　theory［e．g．，Brutsaert，1982］，the　aerod－ym。血1c

resistance　r。”in　the　atmospheric　surface1ayer（ASL）is　given　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　1　　クーdo
　　　　　　　　　　　　　　　　　　　　　　　　・、、＝　　［h（｝α　）一ψ、”（ζ）1，　　　　　（66）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　α。んu，　20．

in　which　the　friction　ve1ocity　u，is　de五ne（l　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　んu

　　　　　　　　　　　　　　　　　　　　　　　　　　　　・1出：　　　　　　　　　　　　　（67）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　！・（甘）一Ψ。。（ζ）

In　the　above，α、（二1．0）is　the　ratio　of　the　eddy　d冊し1sivity　for　water　vapor　to　the　eddy

viscosity　under　neutra1conditions，ん（＝0．4）the　von　K命m6n，s　constant，z，the　height　of

the　measurement　of　speci行c　hlmidity　an（1wind　ve1ocity　in七he　ASL，and　t4is　the　wind

ve1ocity　at　the　height　of　z、．In　addition，do　is　the　zero－p1ane　aisp1acement　height（∂o＝0，

for　bare　soi1），zo”七he　water　vapor　roughness　length，zom七he　momentum　roughness1ength，

Ψ、”（ζ）the　stability　conection　function　for　water　vapor　transfer，a．ndΨ、肌（ζ）the　stability

conection　function　for＝momentum　tra叩fer，Although　there　are　many　stabi1ity　con㏄tion

fmctions，themostco㎜ユo－type［e．g．，Brutsaert，1982，pp．68刊isadoptedinthepresent

StudV．

　　The　roughness1engths　for　vapor　and　momentumtransfer　are　usua工1y　detemined　based　on

且ow　properties（e．g。，friction　velocity　u虫and　kinematic　viscosity〃）and　surface　properties

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　89



（e．g．surface　roughness1ength　zo）．It　is　assumed　that七he　parameters　zo”and　zom　are

fmctions　ofthe　roughness　Reyno！ds　mmber　zo＋（…≡刎、zo／レ）as　fo11ows　lfor20、，Bru七saert，

1975≡Bmtsaert　and　Chan，1978≡for　zom，Brutsaert，1982≡Hiya皿a　et　a1．，1995］：

　　　慈for　a　rough　regime（20＋＞2）

　　　　　　　　　　　　　　　　　　　　　　　　　　　・。η＝7．4・。・・p（一7．3たα”ポ3・1／2）　　　　（6．8）

and

ZOm＝Z0

⑧for　a　s皿o〇七h　regime（zo＋＜0．13）

　　　　　　　　　　　　　　　　　　　　　　　　・。、＝（30小、）・・p（一13，6んα”3・2／3）

　　and一

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　・。m＝o．135μ／u、

⑧for　a　transitiona1regime（0．13≦zo＋≦2）

　　　　　　　　　　　　　　　　　　　　　　　　　　　20、：βozo、，、十（1一βo）20、，、

（6．9）

（6．10）

（6．11）

（6．12）

and一

・。。＝・。（0，799＋O．224ガ2．06・10－3λ2

　　　　　　　　－4．90・10’2A3＋9．56・10】3A4）， （6．13）

where3c（…μ／D、、）is　the　schmidt　mmber（二〇。595in　the1ower　atmosphere），1）、”the

mo1ecu1ar　di冊sivity　of　water　vapor　in　the　air，zo、，、and20、，、are　the　va1ues　obtained　by

Equations（6．8）and（6．10）㌧respective1y，βo（＝（α、／100－2）／18）is　a　weighting　factorフand

λ二1・（・。十）、

　　、vind　pro刑es　under　neutraI　atmospheric　stabi1ity　conditions（in　the　present　study，1兄I＜

O，05；凡is　the　Richardson　nu皿ber）auow　to　d－eteエmine　the　va1ues　of　zom　and　u、．Va．！ues

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　90



of20were（le七ermined　from七hese　zom　andα、va1ues　by　an　iteration　procedure　with　above

・q・・ti…（…Sugi七・・t・1．［19951f・・d・t・i1・dp・…du・・）f・・…h・b・・…ti㎝・it…St・ti・一

tics　of　zo　eva1u叫ed　a．t　three　sites　is　given　in　Tab1e12．In　the　present　stu（1y，1og－nユean　va1ue

was　aaopted　since　the　frequency（1istribution　of20was　not　norma1distribution　and　median

of20approximate（1to　theユog－mean　vah1e　rather　than　arithme七ic皿ean　va1ue．

6㊥2　Va－r虹虹ons　of　sur勉ce　energy　b副鋤ce　d－ur豆ng　so丑

d－ry虹g

　　Tempora1varia七ions　in　energy　baユance　components　at　the　three　observation　sites　are

shown　in　Figure26．The五gure　for　the　fauow　site　c1earユy　indicates　inteトd－iuma1decrease　in

ム五and　increasein∬d－uring　soi1drying．The　changes　in七hese缶xes　seem　to　accompany　the

（iecrease　in　soi1wateエcontent　or　deve1opmen七〇f七he　DSL（see　Figure14）．Never七he1ess，G

does　not　appea】：七〇be　a冊ected　by　soi1drying．The　inteトdiurna1constancy　of　the　a．nlphtude

of　G　may　be　due　to　the　cance11ation　of　the　e冊ect　of　d㏄rease　in　therma1inert三a　of　soi1on　G

by　the　e托ect　of　increa．se　in　anユpliれ1de　of　soi1surface　teエnperature（see　Sec七ion2．2）．In七er一

（liurnaユvariations　in工万and－17as　seen　at七he　fa11ow　site　are　a1so　i11ustrated　in　the行gure

for　the　san（1（hmc　site．A1七hough　simjユar　variations　a．re　not　c1ear　at七he　p1aya　site，the丘gure

for　the　p！aya　site　may　mustrates　a　variat三〇n　in　later　stage　of　soi1drying．

　　Noticeab！e　is　that　the分gures　indic＆te　a　change　in　the　d－iurna1variation　pa七tern　of丑uxes

as　we！！as　the　inteトdiuma！change　in　the　peak　va1ue　or　the　amp1itude　ofthose．As　a　typica1

examp1e，the　diuma1variation　pattems　of　surface　energy　ba1ance　at　the　fa11ow　site　under

wet　and（lry　soi1condition戸are　shown　in　Figure27．The行gure　for　the　wet　soi王cond－ition

ind－icates　that　both　Z万an（1∬vary　keeping　pace　with七he　variation　in月肌．On　the　other

hand，for　the　dry　condition　the　peak　of工E　shifts　to　ear1ier　time　and　that　of∬moves　to

1ater　tinユe　neverthc！ess　the　pea．k　of　R几is　positioned　in　the　noon．
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Table 12 Statistics 
observation sites. 

of surface roughness length (zo) evaluated at three 

Observation site Mean (S.D.) Medi an Log-Mean 

Fallow 

Sand dune 

Pl aya 

6.99x 10-3 (4.40xl0-3) 

1 .65x I 0-4 (1 .75x 10-3) 

1 .5 Ix 10-4 ( I . 89x 10-3) 

6 . 22x I 0-3 

1 . 1 5x 10-4 

9.59xl0-5 

5.44xl0-3 

1 . 1 8x I O-4 

9.75xl0-5 

CUnit: m) 
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Figure 2 6 Temporal variations of surface energy balance components (Rn' the 

net radiation; LE, the latent heat nux; H, the sensible heat flux; G, the soil heat 

flux) for the three sites. 
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　　In　order七〇examine　nユore　quantitative1y七he　pattern　shift　of　diurna1variations　in五刀

and∬，Bowen　ratios　in　the　forenoon　and　in　the　aftemoon　w三11be　compared一．Figure28

shows　the　inter－diuma1variations　in　the　forenoon－averaged　Bowen　ratio（3o∫。、、）and　the

afternoon－averaged　Bowen　ratio（3o、〃、、）for　the　three　observa．tion　sites．For　convenienceラ

sake，3o∫。。。was　eva1uated－based　on　the　data．from7to12LST　and3o、∫t、、was　eva1uated－

based　on七he（lata缶om12to17LST　in　the　presen七a．na．1ysis．The丘gure　indicates　a

tendency　of　increase　in　b〇七h　Bo∫。、、and13o、∫｛、、during　soi1drying　a1though　there　are　sonle

丑uctua尤ions　probab王y　due　to　the　variation　of　a。七mospheric　conditions．The　increase　in3o∫。、、

is，how⑧ver，not　as1arge　as　that　in3o、∫f、、．This　indicates　that　the　e冊ect　of　soi1drying　on

su工face　energy　pa］：titioning　is　snユa11e工in　the　fo工enoon七han　in七he　af七ernoon．

　　Figure29shows　the　re1a七ionship　between3o、∫｛、、and3o∫。、、for　the　three　observation

sites．The丘gure　indicates　an　almost1inear　reユationship　for　each　site，and　that　the　ratio

3o、∫オ、、／3oナ。、、is七he1argest　at　the　sand　dune　site　and　is　the　sma11est　a．t　the　p1aya　site．

Thus，it　can　be　said　that　the　pattem　shift　of　diurna1variations　in工E　and∬d－epends　on

the　soi1type，a1though　there　may　be　some　e冊ects　of　a七mospheric　conditions　on　the　pa七tem

shift．

6南3　　D孟urna且var五a－t五0n　of　sur血ce　res孟stance

　　NIany　studies　concerning　surfa．ce　energy　ba1ance　a．t　vegetation　covers　have　repoエted　tha．t

th…i1d・ying・・…t・托・・tth・di・m・1…i・ti・ni・・n・・gyp・亡titi㎝i・g・f…i1・b1・・n・・gy

into1atent　a．nd　sensib1e　heat　Huxes，whi1e　it　can　afect　the　inter－diurna1variation　in　those

Huxes［Shutt1eworthet　al，1989；Gumey　and－Hsu，19901Sugitaand　Brutsaert，1991；Nicho1s

and　Cuenca，1993≡Hiyama　et　a1．1995；Brutsaert　and　Chen，1996］．However，the　tempora1

variation　of　surface　energy　balance　a．t　bare　soi1surfaces，which　was　mentioned　in　previous

sectionうsuggests　that　the　soi1d－rying　can　a冊ect　the　energy　partitioning　not　on1y　in　inter－

d－iurna1tinユe　scale　but　a1so　in（hurna1sca1e．
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　　Figure30shows　an　exaInp1e　of　tenユpora1varia．tions　in　actua1an（i　potentia1rates　of

evaporation．In　the丘gure，an　important　point　is　that七he　d冊erence　be七ween　actua1and

potentia1ratcs　of　evapo工ation　became　rem孤kab1e　fmm　Ju1y25．　This　means　that　the

restriction　of　evaporation　star七s　with　the　formation　of　the　DSL（see　Figure14）．Another

important　point　in　Figme30is　that七he　actua1rate　of　evaporation　in　the　ear｝y　forenoon　is

equa1to　the　potentia1rate　through　the　observation　period一一This　suggests七hat　there　is　no

res廿ic七ion　of　evapora七ion　in七he　ear1y　forenoon　even尤hough　the　soi1drying　Progresses．

　　Figure31shows　d－iuma1va．ria七ions　in　surface　resis七ance　for　the　three　observa七ion　sites．

The丘gure　indicates　that　surface　resistance　is　consi（1erab1y　s皿all　and　its　diurna1variation

is　not　relm一飢kab！e　when　the　DSL（1isapPears（Ju1y23for七he　fa・11ow　site，Aug・15for　the

sand　dune　site）。A1so，the行gure　ckar1y　ind三cates　that　the　va1ues　of　surfa．ce　resistance　in

the　aftemoon　increase　as　the　soi1dries．Neverthe1ess，the　va1ues　in　the　ea．r王y　moming　are

very　sma11a．nd1ess　variab1e　throughou七the　observation　period　at　each　site．At　the　p1a．ya

site，the　va1ues　of　surface工一esistance　in　the　ear1y　forenoon　are　re1ative1y1arge　and　diて1rna王

variation　in　surface　resistance　is　smauer　than　tha七for　the　other　sites，Variations　in　Bowen

ra。七io　and－its（1ependency　upon　soi王types　n｝entioned　in　previous　section　cou1d　be　inhoduce（i

by　these　cha．racteristics　in　diurna．1behavior　of　surfa．ce　resistance．

　　The　diurna1variations　of　surface　resista．nce　were　supposed1y　caused－by　the　diuエna1Huc－

tuations　of　soi1moisture　conditions（i．e．，drying　during　the（1aytime　due　to　evaporation

and　succecd－ing　rewetting　d－uring　the　nighttinユe　duc　to　water　sし1pp1y　from　deeper1ayers）．

Figures14b　and18b　indicate　a　high　variabi1ity　of　surface　soi1moisture　for　the　fa11ow　and

the　sand　dune　sites，respective1y，and　Figure22b　indica．tes　a　bw　variabi1ity　for　the　p1aya

Site．

Fig…32i・di・・t・…6・皿p1i・・ti・・i・th…1・ti…hipb・tw・・・…f・・・…i・t・…（ザ、）

an（／average　water　content　of　surface　soil1ayer（θ）．　In　the丘gure，two　types　of　data．are

shown．The　Noon　aata　were　co11ected　at　noon（LST）everyda．y　through　the　observation

period，an（l　the　IOD　data．were　co11ected　every4hours　on　an　intensive　observation　d－ay．
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For　the　noon　d－ata，the貴gurc　suggests七ha．t　the　surface　resistance　can　be　represented　as

a　function　of　surface　water　content　a1one．However，it　ind－icates　cユearly　a　hysteresis1oop

in　the　r、一θre1ationship　for　the　IOD　da．ta，In　other　words，the　re！ationship　can　change

in　the　course　of　a　da．y．、Vhi1e　it　shouユd　be　note（i七hat　the　accuracy　of　surface　resista．nce

（1eteHnination　during　the　nigh七ti〕：αe　is　re1a．tively1ow（1ue　to　sエna11nユagnitude　of1a．tent　heat

丑ux，the　surface　resistance　at08LST　of七he　IOD　data　when　the　accuracy　prob1em　is　not

an　issue　is　signi五cant1y　sma11er七han　that　expec七ed　from　the　noon　data．

　　Simila工hyste肥sis　in　theτ、一θre1a七ionship　was　a1so　found　in　the　data　of　Cani11o　and－

Gumey［19861and　Daamen　and　Simnon（ls［19961．NevertheIess，the　surface　resistance　has

been　parameterized　based　on　surface　water　conten七a1onein　many　studies（see　Tab1e2）。For

simu1ating　diuma1variations　in　evaporation　or肌1rface　energy　ba1ance　accurate1y，diuma1

behavior　of　surface　resistance　and　its　re1a．tion　to　water　content　shou1d　be　inves七igated－

further．

6由4　　SnnユrΩary

　　Ana1yses　of　surfa．ce　energy　ba．1ance　and　surface　resistance　were　canied　out　basecl　on七he

micrometeoro1ogicaユ行e1d　measurements．Resu1ts　of　the　ana1yses　are　as　fo1！ows：

　　（1）S・i1d・ying・冊・・t・・i…f・・・・…gyb・1・…，P・・ti・・1・・1yi・・…gyp・・七iti・ning・f

ava．i1ab1e　energy　into1atent　heat　and　sensib1e　hea．t　Huxes，both三n　inte卜（iiurna1and　diurna｝

time　sca1e．Soi1drying　induce（｝a　decrease　in1atent　heat丑ux　and　an　increase　in　sensib1e　heat

Hux　inteト（1iurna11y．and　a！so’introduced　a　change　in　d三urna1variation　varia－tion　patterns　of

the丑uxes．

　　（2）S・・f・・・…i・t・…i・・・・…dwithth・d・・・・…i・w・t・・…t・・t・f・u・f・・…i11・y・・．

However，七he　re1ation　of　surface肥sistance　to　the　surface　water　content　d一冊ere（1between　in

inteI㌧diuma1an（1diurnal　time　sca工es．

　　（3）The　restriction　of　evaporation　clτying　soi1during　began　with　the　forn！ation　of　the
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DSL, and was enhanced with the DSL development. 
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Chapter 7 

[liransport and phase transition of 

surface soil moisture 

7.1 Vertical profile of stable isotopic composition of 

soil water 

i¥/Iany ¥vorks on the stable isotopic composition of water in the unsaturated zone have 

reported that the vertical profile of isotopic ratio has its peak at a short distance below the 

soil surface, and that the isotopic ratio clecreases rapidly towards the surf.ace in the zone 

above the peak point of the profile. Barnes and Allison [1983] presented an explanation 

that water moves upward by liquid phase in the zone below the peak point of the isotopic 

ratio profile and water is transporte_d by vapor diffusion in the zone above the peak. If this 

is the case, vertical profile of isotopic compositions of soil water should allow classifica,tion 

of a soil profile into the liq~icl water transport region and the vapor transport region. This 

explanation was verified later by theoretical and semi-theoretical works (see Section 2.4.9_). 

In acldition) Shurbaji and Phillips [1995] indicated that the gradual chan"b'e of up¥¥'ard water 

flux from 1lquid phase to vapor phase made the pea,k shape of isotope profiles gentle. 

l O-4 



　　Figure33shows　the　vertica1pro丘1es　of　isotopic　ratio　and　water　content　for　the七hree

observa七ion　sites．In　the丘gure，position　of七he　bottom　bomdary　of　the　DSL，which　was

visuaHy　observed，is　inchlded　as　（iashe（l　hnes．　For　the　fauow　an（1the　sand　d－une　sites，

a　sharp　peak　can　be　found　at　around　the　bottom　bound－ary　of　the　DSL　in　bothδD　an（丑

δヱ80pro丘1es．This　suggests　th予t　the　form　of　the　upward－water　Hux　abruptly　cha．nges

fromユiqui（l　phase　to　vapor　phase　at　the　bottom　boun（1ary　of　the　DSL．In　other　words，the

evaporationofsoi1watertakes　placeat七hebottomboundaryofthe　DSL．The　clear　change

in七he　vertica1gradient　of　water　con七ent　formed　at　tb－e　bottom　bomdary　of　the　DSI．a1so

supPor七s　this　idea．

　　On七he〇七her　hand，the五gure　f0T　the　p1aya．site　indica．tes七hat七he　pm丘1es　ofδD　and一δ180

have　a　gent1er　pea．k，and－that　the　region　which　has　highδ一va1ue　tend－s　to　extend　upward

from　the　bottom　boundary　of　the　DSL　In　addition，c1ear　change　in　water　content　gradient

a．t　the　bottom　boundary　ofthe　DSL’can　not　be　seen　in　thepエo丘1e．This　suggeststhat

the　phase　of　water且ux　changes　gradual1y，and　that　the1iquid－and　vapor－water　transports

coexist三n　the｝ower　part　of　the　DSL　in七he　ca．se　of　the　p1aya　s三te．

　　Figure34shows　the6イliagram　presentations　of　the（iata　shown　in　Figure33．The升gure

indicates　that　the（lata　points　are　a1most　p1〇七ted　around－two1ines（except　some　d－ata　of

d－eeper　d－epths）for　each　observation　site．One　line　is冊ted－to　the　d－ata．above　the　peak　of

th・p・・引・（i．・．，i・th…p・・七・・n・p・・t・・gi・・；Li・・1），・・dth・・th・・i・t・th・d・t・bd・w

the　peak（i．e。，in　the1iquid　water　transport　region；Line2）．Such　features　a1so　pred－ictc（1by

the　theory　of　Ba．rnes　and　A1！ison［1983］（see　Append－ix　A）．Accoエding　to　their　theory，the

（1冊erencc　in　the　s1opes　between　the　two1ines　re丑ects　the（1冊erencein　formation　mechanisms

ofisotopic　compositions　of　soil　water，and　a　degree　ofthe　d冊erence　in　the　slopes　depends　on

the　isotopic　compositionsちotb－of　originated　soi！water（i．e．，antecedent　precipitation）and

of　atmospheric　water　vapor．The　sma！1erδva工ues　for　the　data　in　the　vapor　water　transport

region　and　the　gentle　s1ope　of　the　Line　l　are　not　introduced　by　mixing　of　atmospheric　water

vapor　into　the　DSL，but　intro（1uced　by工）referentia1isoもopic　exchange　between　liquid　and
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vapor　phase　of　son　water　in　the　vapor　transporもregion．

　　On七he　other　hand，isotopic　compositions　of　suエface　soi1water　indicated－a　sm＆11d－iurna1

variation　that6va1ues　decreased　in　the　daytime　and　increased－in七he　nighttinユe（Figure35）．

The　d－iumal　v飢iation　ofδva1ues　of　surface　soi1water　suggests　that　some　isotopic　exchange

between　the1iquid　and－vapor　phases　of　water　occur　in　the　vapor　transport　region　with

d－iumal　cyc1e．Therefore，it　can　be　thought　that　there　are　phase　transitions　of　water　in　the

vapor七ransport　region，whi1e　whether　the　phase　transition　is　evaporation　or　cond－ensation

can　n〇七be　speci丘ed．

　　Figure36indicates　that　the（lata　shown　in　Figure35d－istribute　around　Line　l　which

appeaエs　in　Figure34．Thus，it　wou1d－be　reasona．b1e　to　assume　tha．t　the　diuma1va。エiation

of6va1ues　of　surface　soi1water　is　caused　by　a　variation　in　the　d－epth　of　the　peak　point

of　the　pro丘ユe，that　is，the　bounda．ry　between　the1iquid－water七ransport　region　and　vapor

transp0Tt　region（which　conesponds　to　the　bottom　boundary　of七he　DSL　excep七for　the

p1・y・・i七・）。

7面2Water　ba1狐ce　ofthe　surface　somayer

Water　balance　of　the　surface　soi！1ayer　is　expresse〔l　as

w1＝J6一万 （7．1）

whereレγis　the　change　rate　of　water　storage　in　the　surface　soiユ1ayer，Jらthe　water　Hux

across　the　bottonユbounda1・y　of七he1ayer，an（1万is　the　water　Hux　across　the　soi1surfa．ce

（i．e－evaporation　rate）一Given　the　measured　values　ofτγand－E，the　va1ue　ofJ6can　be

eVa1uated．

　　Figure37shows　the　d－iurna1variations　in　water丑uxes　eva1uated　by　means　of　the　a．bove

procedures　for　the　data．obtained　on　the　intensive　observation　da．y．The　va！ues　of｝γwa．s

deter1皿ined　by　water　content　nleasurenlents　with4－hour　interva｝s，and　evaporation　rate
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obtained　fronユthe　energy　ba1ance　was　aユso　a．veraged　over4hours　to　produce　E　for七he

same　time　perio（i．The　va1ues　of　J1and　J5were　eva1uate（l　by　taking　the　surface　soi11ayers

of！－cロユan（15－cm　thickness，respcctive1y．Error　bars　in　the丘gure　represent　an　eva1uation

enor　of　water丑ux　introduced　by　uncertainties　in　water　content　nユeasurements．

　　h　the丘gures　both　for　the　fa．11ow　site　and　the　sand－d－une　s｛te，J1is　sma11er　than刀in

the　forenoon，and　is1arger　than刀in　the1ate　aftemoon　and七he　nighttime．Baseci　on　the

interpreta七ion　on　the　isotopic　investigation　nユentioned　in七he　previous　section　and七he　fact

七hatthe　observed一七hicknessoftheDSLon　theconespond－ing　d－ays（July27forthefa．11ow

s三te　and－Aug．17for　the　sand　dune　site）was1arger七han　l　cnユ，Jユcan　be　assumed　in　vapor

phase．Thus，the　figures　suggest七hat（net）evaporation　takes　p1ace　not　on1y　at　the　b〇七tom

boundary　of　the　DSL　but　a1so　within　the　DSL　in　the　forenoon，and　that　condensation　of

vapor　traveling　up　from　the　bottom　boundary　of　the　DSL　takes　p1ace　with5n　the　DSL　in

the1ate　aftemoon　and　the　nigh七time．

　　Tab1e13summarizes　the　ratio　J1／E　at　each　time　per1od．The　ratio　has　va1ues　of　ap－

proxi皿ateユy0－37in　the　ear1y　morning，and　ranges　from1．1to3．6in　the1ate　aftemoon　and

the　nighttime　for　both　the　fa11ow　site　and　sa．ncl（iune　site．This　means　that　the　amount　of

evaporation　occurring　within　the　surface　soi11ayer　of1－cm七hickness　occupies　more　than

60％・ft・t・1…p…ti・・i・th・…1ym・mi・g，・ndth・t・b・ut50％・f・・p・・t・…hng・p

fromthebottomboun（／aエy　oftheDSL　conclenses　within七heDSLin　thelateafternoonand

the　nighttinユe．

　　On　the　other　hand，diurna1variations　in　J5are（1冊erent　between　for　the　fauow　site　and

for　the　sand　dune　site（Figure37）．　For　the　fa11ow　site，J5tends　to　be　alnユost　constant

thmgh・utth・d・y．In・㎝t…t，ノ。f・・th…ndd・n・・it・dium・11y…i…ndi…n・id－

erab1y　sma11during　the　ni星httime．A1though　the　soi！dryness　s1ight1y　di冊ers　between　the

fa11ow　site　and　the　san（l　dme　site，the　d冊erence　in　the　J5variations　may　reHects　that　the

a．bi1ity　of　supp1ying，vater　froエn　deeper　soi11ayers　to　the　soi1surface　for　Hne－textured　soi1is

1arger　tha－n　that　for　coarse－tex七ured　soi1．
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Table 13 Ratlo of water flux at the depth of I cm (Jl) to the evaporation flux 

at the surface (E) for each time period. 

Site 
Time period (LST) 

0-4 4-8 8 - 12 12 - 16 16 - 20 20 - 24 

Fallow 

Sand dune 

3.60 0.35 

l.08 0.38 

0.83 

0.90 

1.01 

1 .02 

1 .40 

1.10 

2.43 

1 .40 
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Figure 38 shows the variation in water storage changes of the layers of O-1 cm and of O-b~ 

cm depth. The figure indicates that the amplitude of VV0-1 rs considerably larger than that 

of VV0-5' This may be relatecl the lack of liquid ¥vater transport from deeper soil la,yers into 

the DSL. On the other hand, the figure indicates that the amplitude of VVo-1 Is larger for 

the fallow site than that for the sand clune site. In other words, the amount of evaporation 

or condensation within the DSL is larger for the fallow site, although the J1/E hardly 

difFered between the two sites. The relationship between the storage capacity of water in 

the DSL and soil properties will be discussecl later. 

7.3 BehaViOr of water vapOr wlthln the SOll 

Figure 39 shows the temporal variations of pore-air humidity within the soil. In general, 

pore-air humidity within the wet soil is always close to unity [Campbell, 1985]. Results of 

numerical experiment presented in Chapter 3 indicated that relative humidity in the soil 

was almost unity until a lack of liquid water supply from cleeper layers took place. The 

figure for the sand dune site inclicates tha,t the relative humidity in the DSL decreases at 

the claytime, and that the hun:ILiclity in the zone below the DSL is almost unity and does 

not vary. This suggests that the liquid water transport from deeper soil layers ceased at 

the bottom boundary of the DSL. 

The figure for the playa site also indicates the lo¥v values of relative humiclity in the 

DSL just like the case for the sand dune site. The diurnal variation of humidity, however, 

difFers from that for the sand dune slte, and humidity increases at the daytime. The low 

values of humiclity in the DSL may be clue to the lack of or insumcient liquicl water supply 

into the DSL, and the claytime increase of humidity may be introduced by the evaporation 

due to non-negligible liquid water supply from deeper layers. In other words, Iiquid water 

transport in the DSL is not enou"gh but non-negligible_ at the playa site. 

It should be notecl that the reduction of soil air humidity may be partly due to the 
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dec工ease　in　osmotic　potentia1accompanying　with　the　sa1t　accunユu1ation　for七he　p1aya　site・

As　mentioned　in　Section5．3，soi1wa．ter　in　the　zone　sha11ower　than　the　depth　of5cm

is　es七imated　to　be　saturated　wi七h　NaC1．An　equi1ibrium　re1a七ive　humidity　of　saturated

aqueous　sohltion　for　NaC1，however，is　no1ess　than74％［Greenspan，ユ977］．Therefore

the1ow　humidity　a七the　d－epth　of3clm　and5cm　can　not　be　exp1ained　by　the　decrease　in

osmotic　potential　on1y．Thus，there　is　a　huge（iecrease　in　matric　potentia！within七he　DSL

for七he　p1aya　site　in　spi七e　of　presence　of1iquid　water　supp1y　into　the　DSL．

　　Figure40shows七he　time－space　distribution　of　speci丘c　humidity　within七he　soi1foエ七he

san（1（lune　a．nd　the　p1a．ya　sites．　For　the　sand－d－une　s三te，it　can　be　seen　tha．t七he　peak　of

speci丘c　humidity　pro汽1e三n　the　daytinユe　is　positione（i　at　around　the　bottom　bound－ary　of

the　DSL．In　ad－d－ition，in　theforenoon，achangeofhumiditygradient　can　beseen　withi皿the

DSL．These　characteris七ics　suggcstもhat　the　main　sour㏄of　vapor　in　the　daytime　is1ocated

at七hebottom　boundaryoftheDSL，and　that　theevaporationofwatercantakep！ace　a1so

within　tb－e　DSL　in　the　forenoon（not　on1y　at　i七s　bottom　bomdary）．On　the　other　hand，

the丘gure　for　the　p1aya　site　indica七es　the　d－ay七ime　peak　of　speci丘c　humidity　posi七ioned　at　a

depth　sha11ower　than　that　of　the　bottom－bound肌y　of　the　DSL．Therefore，the　eva．poration

of　water　main1y　takes　p1ace　not　at　the　bottom　bound－ary　of　the　DSL　but　at　a　shauower

zone　for　the　p1aya　site．

　　A1though　Figure40indicates1arge（lownwarcl－graclients　of　speci升c　humic肚y　be1ow　the

peak　both　for　the　sand　d－une　s三te　and－the　p1aya　siもe，it　shou1d　be　noted　that　theエnagnitud－es

of　downward　vapor且uxcs　become　considerab1y　sma11re1ative　to　the　upward　vapor冊xes

b㏄趾1se　of　the　sma11vahles　of　e任ective　vapor　d冊usivity（in　other　words，1ess　alr一舳ed

porosity）in　the　zone　be1ow　the　peak．

　　Figure41shows　the　relaモionship　between　the　energy－ba1ance　based王atent　heat　fiux（工E）

…lth・h・・idi七y－9・・di・・tb…H・・（∬ん）f・・th・…dd・…it・。〃ん・・1ユb…1・・1・t・d
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with　the　fo！ユowing　equation二

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∂g

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　〃ドー1ρD”、一　　　　　　　　　（7．2）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∂z

where1is　the1atent　heat　for　vaporization，ρ七he　density　of七he　air，1プ、、the　e冊ective　vapor

di冊usiYity　in　the　soi1（9iven　by　Equation（3．11）），q　the　speci丘c　hum－idity　of　the　pore－air，

and2is　the　depth．

　　In　Figure41，the　clata　points　in　the　afternoon　distribute　around　a　straight1ine（Z亙ん：

0．32工五）．In　contras七，五凧is　sma1ler　th狐工E　in　the　forenoon，ancl　is1arger　than工E

in　the　night七ime．These　can　be　exp1ained　by　hypothesis　that　there　was　cond－ensation　of

vapor　trave1ing　up　from　the　deeper1ayers　during　the　night七ime　and　was　subsequent　re－

evaporation　of　water　within七he　DSL　in　the　forenoon．h　this　hypothesis，however，there

is　a　prob1em　that　the　s王ope　of　the　regression1ine　for　the　aftemoon　data　is　not　mi七y　but

is　approximate1y　one　thirds，Thus，七he　actua1rate　of　evaporation　is　three　times　as王arge

asexpectedratefromthespeci升chunユidi七ygra．dient．Ac＆useofthisd冊erencemaybe

in　the　eva1uation　of　e冊ective　vapor　d冊usivity．A呈though　in　the　present　ana1ysis　mo1ecu1ar

d一搬usionwa．sconsiclered－as　an　on1y　mechanismofvapor　transfer　in　thesoi1，there　are　severa1

mechanisms　suggeste（丑preYious王y　other　than　mo1㏄u1ar　d冊usion．These　inc1ude　tllrbu1ent

di任usion［Fukuda，1955；Farre11et　a1．，1966；Scotter　and－Ra＆ts，1969≡Ishihara　et　a1．，1992］，

a．dvective　tra．nsfer［Kaza．nskiy　and　Zo1otokry1in，1994］，and　thernユa1di任usion［Kobayashi，

！993］．Kobayashi［19931con缶med　that　the七hermai　d冊usion　mechanism　can　be　ignored　in

the　DSL．However，inHuences　of　the　fomw　two　mechanisms　in　common　soi1materia1s　have

not　been　clear1y　mderstood　yet．Figure41may　suggest七hat　any　otheエmechanism　of　vapor

transport　makes　the　e汗ective　vapor　d冊usivity　three　times1arger　than　that　by皿o1ecu1ar

d冊usion　on！y，a1though　there　is　no　de行nite　information　to　specify　the　mechanism。
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7歯4　　Su皿旺αary

　　In　this　chapter，processes　of　water　transport　in　the王iquid　and　vapor　phases，vithin　the

s〇三1and－phase　change　of　soi1wa．ter　were　assessed－by　three　independ－ent　means，i．e．，stab1e

isotopic　ana1ysis，water　baユance，and　ana1ysis　of　direct　humidity　measurements　in　the　soi1．

Resu1ts　are　foユ1ows：

　　（1）Sta．b1e　is〇七〇pic　analysis　of　soi1wa七er　showed一七hat七he1iquid　water　tエansport肥gion

and－vapor　tra．nsport　region　cou1（i　be　distinguished　c1ear1y　each〇七her，Particu1＆r1y　in　coarse－

texturcd　soi1s．The　boundary　between七he　two　regions　a1most　conesponded　t〇七he　bottom

boundary　ofthe　DSL．A七the　same　time，it　was　a1so　shownfor　a丘ne－textured　soi1that　the

change　of　wa七er君uxes　of1iquid　phase　to　those　of　vapor　phase　occurred　gra〔lua11y　and　that

therewas　non－neg1igib1e！iquid　water　transport　into　the　DSL。

　　（2）Ana1ysis　of　water　ba1ance　of　surface　soi11ayer　indicated　that　the　evaporation　within

the　DSL　was　not　negユigib1e　in　the　forenoon　and　a1s〇七hat　a　condensation　occuncd　withiエl　the

DSL　in　the1ate　aftemoon　and　the　nighttime．Amounts　of七heevaporation　and　condensation

within　the　DSL　d－epencle（l　on　soi｝types．

　　（3）Direct　measuエements　of　soi1air　huエ㎡aity　con缶med　the　pエesence　of　vapor　transport

in　the　DSL，a．nd－in（1icated　the　e秤ect　of七he　ev＆poration　and　condensation　within　the　DSL

on　the　humi（lity　pro行1e．In　ad（lition，it　was　suggested　the　presence　of　additiona1vapor

transfer　mechanisms　other　than　the　mo王ecu！ar　d冊usion．
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Chapter魯

V蹴油茄on⑪f曲e　e脆c涜ve

e欄p⑪ra拐⑪n翅⑪鵬

　h　tb－e　previous　chapter，it　was　indicated　that　evaporation　can　actuauy　take　p1ace　be王ow

the　soi1surface．　In　the　present　chapter，variation　of　the1oca七ion　of　the　evaporation　zone

and　its　rdation　to　the　DSL　wi11be　investigated　by　app1ying　a1umped－parameter　mode1，

which　assumes　that　evaporation　occurs　on1y　at　an　extreme1y　thin　zone　within　the　soi11ayer．

Here　the　zone，vi！1be　exprcssed　asε∬εcオ沁εεηαρorα〃on　zoηε．

8㊥1　　Mode1deve1opnユent　and　apPhca茄on

8，1．1　　For皿五u1＆尤ion

　By　assu皿ing　no　evapora．tion　at　the　soi1surface，energy　bud－get　at　the　surface　can　be

expresse（l　as

　　　　　　　　　　　　　　　　Rれ＝∬十G。，　　　　　　　　　（8．1）
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where五冗is　the　net　radiation，1∫the　sensible　heat丑ux，and　Go　the　con〔luctive　heat丑ux

into　the　soi1，Energy　budget　equation　at　the　e任ective　evaporation　zone　can　be　given　as

G1＝工〃十G2， （8．2）

where　Gエis　the　conductiveheat丑ux　fronユthe｝a．yer　between　the　soi1surface　an（1もhee牙ective

eva．poration　zone（refene〔l　to　as　La．yer1）七〇the　e冊ec七ive　evaporation　zone，工五七he1atent

heat丑ux，and　G2七he　conductive　heat丑ux　from　the　e任ective　evaporation　zone　t〇七he1ower

1ayer（referred－to　as　Layer2）．The　heat丑uxesθo　and　G1are　re1ated－as　fo1ユows：

GO＝G1＋3ユ， （8．3）

where31is　the　change　rate　of　heat　storage　in　the　Layer1．It　shou1d　be　noted－that　the　soi1

hea．t且uxG（inEquation（2．4））conespondstothesumof81and－G2．

　　Latent　heat　Hux　from　the　efective　evapo－ation　zone　to　the　atmosphere　through　the　soi1

sl1rface　can　be　expressed　as［Yamanaka　et　aL，ユ9971

　　　　　　　　　　　　　　　　　　　　　　　　　　〃■ρ（・・α仰＾んα・一1（Tα）），　　　（・．・）

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ザαU＋7，3〃

where1is　the　latent　heat　for　vaporization，ρthe　density　of　the　air，g、、亡the　saturation　speci汽c

humidity　as　a　fmction　oftemperature，T，the　temperat／lre　at　the　efectiveevaporation　zone，

an（1ん。and　T，are　the　relative　humidity　an（1the　te皿perature　of　the　air　at　a　certain1eve1

in　the　ASL，respective1y．The　resistance　to　the　vapor　transfer　in　the　atmosphere（ザ、）can

be　given　by　Equation（6．6），and－the　resistance　in　the　soi1（r、、）can　be　given　as

・、、＝・、／！フ、、∫、， （8．5）

where　z，is　the　depth（n〇七thickness）of　the　e托ective　evaporation　zoIユe，D、、the　efective

vapor　d冊usivity　in　the　soi、（9iven　as　E（1uation（3．11）），and∫、the　enhancement　factor　for

additiona1vapor　c1冊usion　process　in　the　son（see　Section7．3．This　scheme（i，e．Equations

（8．4）and（8．5））assumes　that　the　degree　of　t1le　restriction　of　evaporation　due　to　soi1drying

is　determined　by　the（王epth　of　the　e冊ective　evaporation　zone．

123



The heat flux Gl can be approximately given as 

G1 = AIT. - T (8.6) 
where A1 is the thermal conductivity of the soil in the Layer 1, and T. is the soil surface 

temperature. 

S1 and G2 can be given as first order approximation (see Appendix B for their derivation)) 

as follows: 

C1-7e aT aT S1 = { s + exp(--7e/dl)[ s cos(-ze/dl) ~ cv(Ts ~ T2) sin(-ze/dl)]} (8.7) 

G2 = d: ･･ cos(-ze/dl) ~ (TS ~ T2) sin(-ze/cll)] + Te ~ T9_}) (8.8) {exp( ./dl)[~ at 

where C1 rs the volumetric heat capacity of the soil in the Layer I , ATS the change of surface 

temperature at a time interval At, dl (EE (o:~LLa)2j~)1/2) the dumping depth for the Layer l, ~) 

(= 9-7r/24/60160) the angular frequency of the diurnal temperature wave, A2 the thermal 

conductivity of the soil in the Layer 9-, d2 the damping depth for the Layer 9-, and T2 is the 

deep soil temperature in the Layer 9-. 

8.1.2 Solution and parameterS 

Equations (8.1) and (8.9_) were solvecl simultaneously for ze and Te using Newton-Raphson 

lrLethod when measured values of T T h(L,'u Rn' and H were given. Details of its proce-

dure are given below. 

Ecluations (8.1) and (8.9_) can be rewritten as 

fl(x, y) = Rn ~ H - G1(x) y) - S1(x,y) (8.9) 

f2(x, y) = G1 ~ LE(x) y) - G2(x, y), (8.lO) 

where x = ze' y :~ Te' Here, it is assumed that 

hx = xi+1 _ xs (8.ll) 
hy = f+1 _ y (8.19_) 
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where　su拓xes乞an（i｛十1mcan㍑h　and（｛十1）一th　approximate　va1ues，respective1y．Then

p＆rametersん、and～are　obtained　by　the　fo11owing　equat1on：

（8．13）

wherethema．trixCisoftenca11ed一∫αco加α肌，and－isexpressedasfo11ows：

・一［‡：㌻
（8ユ4）

The　next　approximate　vah肥s　of　z　andひare　obtained　by　Equations（8．11）and（8．1．2），

respective！y，and一七hen　Equa．tion（8．13）is　reca．1cu1ated．This　iteration　pエoced－ure　is　continued

・・ti1・b・・1・t…1・…fb・thん、・・dlい・・b…m・・m1i・・th・・1・10“3．

　　During　the　course　of　the　proce（lure，an　iterative　ca．1cu1ation　was　canied　out　bec汕se　the

a七mospheric　stabi1i七y　conection　function　in　Equation（6．7）and　roughness　parameters　in

Equations（6．7）through（6，13）are　imp1icit　form．Then工刀was　estimated　by　Equation

（8，4）using　the　obtained　vaユues　of　z，and乃。andθwas　a1so　estimated　as　the　sum　of　the

ca互culation　resu王ts　of　Equations（8．7）and一（8．8）．F1owcha．rt　of　these　ca1cu1at三〇n　procedures

is　shown　in　Figure42．

　　Va1ues　of　the　soi1parameters　used　in　the　ca1culation　were　d－etermined－by　Equations（3－9）

ana（3．10）base（王on　the　resu1ts　of　soi1analysis．The　va1ues　are　summarized　in　Tab｝e14．

For　the　aerod－ynamjcal　properties　of　the　soi1surface，the　va1ues　summarized－in　Tab1e12

were　used．The　enhancement　factor　for　ad砒iona1vapor　d冊usion　process　in　the　soi！（∫、）

was　assumed　to　be3．0by　considering　the　resu1ts　of　hu凹i（lity皿easurements　within　the　soi1

（see　Section7．3）．The　va1ue　of乃was　given　by24－hour　moving　average　of　temperaturc

measured　at七he　depth　of30cm．
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Table 14 Representative values of water content (e), 

(~), and volumetric heat capacity (C) in the Layers I and 2. 

thermal conductivity 

S i te 

e
l
 

(rri3/~l3) 

a
2
 

(m3/m3) 

~
l
 

C
1
 

(W/mK) (MJ/m3K) 

h
2
 

C
2
 

(W/mK) (MJ/m3K) 

Fallow 

Sand dune 

Playa 

0.02 

0.005 

0.05 

O. 1 25 

0.03 

0.25 

0.2 

0.3 

0.2 

l.l 

1.l 

1.0 

0.75 

0.5 

0.8 

l.6 

1.2 

1 .9 
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8噛2　V＆胴一姑y　of也he且ux　es鮎㎜a．砧on

　　Figures43尤hrough45show　the　compaエisons　of　tempora1variation　in1aten七heat丑ux

and　soi1hea七丑ux　be七ween　observation　andエnode1es七ima七ion　for　the　three　sites．　From　the

丘gures．it　can　be　s鎚n七hat　the　es七ilma七ed　resu1ts　silmu1a七e　qui七e　we11diurna1and　interdiurna1

varia七ions　in　both1a七ent　heat丑ux　and　soi1hea一七丑ux　aもa11si七es．

　　Statistics　of　comparison　be七ween　observed　and，es七ima七ed一且uxes　a．re　sum皿1arized　in　Tab1e

15．The　tab1e　ind－ica七es　very　good　agreemen七s　be七ween　observed包nd　es七imated且uxes，and

aユs〇七ha七七he　degree　of　agreement　hard1y　d－epend　on七he　observation　sites．This　suggests

七he　va1id－i七y　of　the　mode工used　and－its　wide　app1icabi1i七y　in（1ependent　of　soi1七ype，c1imate，

and－other　cond，itions．Aユso，七his　suggests七ha七尤he　d－egree　of七he　reshiction　of　evaporation

can　be　conhoued　by　the　dep七h　of　the　e冊ective　evapora七ion　zone．

8曲3　Re且a砧onsh孟p　be七ween也he　e逓ec砧ve　eva－pora一拭on

辺one　and－the　DSL

　　Figure46shows　tempora1variations　in　the　estimated一（1epth　of七he　e拝ective　evaporation

zone（2。）and　the　thickness　ofthe　DSL（δD肌）at七he　thエeeobservatign　sites，and－diurna1

variations　of　those　on　an　intensive　observation　d－ay　at　each　site　is　shown　in　Figure47．　In

the丘gures，on1y曲e　data　in　the　period　from07LST　to171LST　are　presented　because　of

ユarge　uncertain七y　in2，es七iIna七ion　when王ow　va1ue　of（五冗＿∬）or　downwa．rd－1atent　heat

丑ux（i．e．dew　forma七ion）was　apPeared．

　　Figure46ind－icates　that　interd－iurna工evo王u七ion　of　z，corresponds　we11to　that　of　the

thicknessoftheDSLfort』fa11ow　siteand，sand－dune　si七e．whiletheva1ueofz，a七noon

is　somewhat　sma11eエtha．n　the　thickness　of　the　DSL．Fエom　FiguTe47，it　can　be　seen　for　the

fal1ow　and　sa．nd　dune　sites　that　the　va1ue　of　z，in　the　ear1y二moming　is　c｝eariy　smauer　than

the　thickness　of　the　DSL，七hen　gradualy　increases　and　reaches　to　the　same　magnitude　of

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　128
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Table 15 Statistics for comparisons of fluxes between model estimation (Fm) 

and field observation (Fb). 

Regression constants for 

Fm = aFb + b 
Correlation MAD 
coefficient < I Fm ~ Fb 

(Wlm2) 

RMSD 
l > r <(F^-Fb)2> 

(W/m2) 

Fallo¥v 

LE 
G
 

Sand dune 

0.962 

0.957 

LE 
G
 

Plava 

LE 
G
 

l .067 

0.858 

1 .043 

0.961 

5 . 643 

-2. 1 27 

5.862 
-7 . 84 1 

9.577 

-9.493 

0.967 

0.920 

0.952 

0.950 

0.938 

0.972 

14.0 

14.0 

16.6 

16.6 

14.0 

14.0 

19.5 

19.5 

23 . 5 

23.5 

21.7 

21.7 

MAD : mean absolute difference, RMSD: root mean square difference 
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七hethicknessoftheDSL　in　thea．ftemoon．This　suggeststhattheevapo肌tionofsoi1water

occurs　within　the　DSL（par七icuユ肌1y　near　the　soi1surface）in　the　forenoon，anc1七hat　the

evapora。七ion　a．t七hebot七〇mboundary　ofthe　DSL　d0Dユinates　in　the　af七ernoon．

　　On七he　other　hand，on1y　for　the　p1ayasite，it　is　c1ear　that　the　va1ueof2，is　smauer　thanthe

thickness　of　the　DSL　and　that　the　increase　in　z，during　the　daytime　occurs　more　gradual1y

七han七hat　for　the　other　si七es．A1though　the2，va1ue㎜ay　be　somewhat　underes七imated

because　the　e任ect　of　cracks　on　va’por　transpoエt　was　not　taken　into　a．ccount，z，w0111d　not

reach　to8cm－since七he　depth　of　the　cracks　was　no　more　th劃n2cm一．This　sugges七s　that　at

七he　p1aya　site　the　evaporation　takes　p1ace　not　at七he　bottom　boundary　of七he　DSL　b／lt　at

七he　upper　part　ofthe　DSL　throughout　the　daytime．A　cause　of七his＝may　be　paエ七1y　a｝arge

vo1un肥of　water　stored－in　the　DSL　and　pa．rt1y　a　non－neg1igib1e1iquid　water七エ狐sport　in

the　DSlL（see　Section7．1）．

8㊥4　　Sunユ亙皿ary

　　A1umpe（l　parameter　mode1for　energy　ba1ance　was　appIied　to　the　data　obtained　by丘e1d

observations．The　fo11owing　resu1ts　were　obtained：

　　（1）Latent　heat　and　soi1heat丑uxes　estimate（1by　the㎜o（1d　a．greed　very　we11with尤hose

observed．This　suggests七ha．t　the　degree　of　the　restriction　of　evaporation　d－uring　soi1drying

was　contro11ed　by　the　d－epth　of　the　e托ective　evaporation　zone．

　　（2）The　e托ective　evaporation　zone　was1ocated－wi七hin　the　DSL　in　the　forenoon，and　was

at　the　bottom　bounclary　of　the　DSL．For　a行ne－textured　so11，however，it　remains　at　the

sha11ower　part　of　the　DSL　throughout　the　daytinユe．

135
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I）量SC砥SS量⑪n

9ユ　Process　of　evapo蝸拙on　w批h　dua1sources

　　Ana呈ysis　of　surface　energy　ba1ance　has　indicated尤hat　evaporation　from　soi1s　comes　to　be

エestrictedwiththedeve1opmentoftheDSL，buttha七七hedegreeofitsエestrictionissma11er

in　the　forenoon七han　in　the　aftemoon（Sections6．2and6．3）。Vertica1pro捌es　of　isotopic

composition　of　s〇三1water（Section7．1）and　humid－ity㎜easurements　in　the　soi1（Section

7，3）suggested－that　be1ow　the　DSL　water　is　transpor七ed　upward－main1y　in　the1iquid－phase，

and　that　the　vapor　transport　dominates　in　the　DSL．Therefore，it　was　exp㏄ted　that　the

eva．porationtakes　p1ace1m－ain1y　at七hebottonユboundary　oftheDSL　throughout　theday．

On七he　other　hand一，water　budget　of　the　surface　soi1（Section7－2）and　an　app1ication　of

・…gyb・1・…m・d・lt・・b・・…ti・・d・t・（S・・ti・n8．3）・・g9・・t・dth・t…p…ti・n・1・・

takes　p1a．ce　within　the　DSL　in　the　forenoon，and　that　the　cond－ensation　occurs　there　in

the1ate　afternoon　and　in　the　nighttime．Such　a　process　was　a．1so　found　in　a　theoretica1

investigation（Section亨．4）一　A1though七here　are　sonユe　d冊erences　among　soi1s，the　facts

mentioned　above　suggest　that　the　evaporation　from＆dry　bare　soi1has　dua1sources　as

i1lustrated　in　Figure48．

　　Assumption　of　the　process　of　evaporation　with　dua1sources　may　be　al）1e七〇exp1ain　the
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cause　of　the　di托erence　in　the　r、一θre！ationship　b或ween　diurna1訟nd　inter－diurna1t辻ne

…1・・，…fth・hy・t・…i・i・七h…1・七i・n・hip（S・・ti・・6．3）．Ith・・b…d・m・n・t・・t・dth・t

七heevaporation　at　theb〇七to二m－bounclaryoftheDSL　isc1ose1yre1a．ted　wi七h　themovementof

an　in丑ection　of　the　water　content　pro丘1e（Type－A　in　Figure49），and－that七he　evaporation

within七he　DSL　is　re1ated　with　the　water　content　variation　abo▽e　the　in丑ection（Type－B　in

Figure49）．In　fact，七he　var三a．tions　of　water　con七ent　pro刮e　as　iユhlstrated　in　Figure49were

observed　h　detai1by　Nomura　and　Inoue［ユ9771．What　is　remarkab1e　is　tha七the　Type－A

variation　of　water　con七ent　pr〇五1e　is　signi丘cant　for　both　d－iuma1a．nd－inter一（1i11エna王v泓riations

in　r，whi1e七he　Type－B　va．riat三〇n　is　signi丘ca．nt　on1y　for　the　diuma1variation　inザ、．Therefore，

it　c＆n　be　said七hat七he　r、一θre1ationship　for　the　noon　data　re丑ects七he　e冊ect　of　Type－A

variation　ofwater　content　onザ、，and－the　re1a七ionship　forthe　IOD　d－a．ta　containsthee冊ects

of　both　Type－A　va．ria．tion　a．nd　Type－B　va．ria．tion．

　　However，to　accept　the　process　of　evapora七ion　wi七h　dua1sources，the　fouowing　two　ques－

tions　shou1d　be　examined：one　is　why　the　domimnt　phase　of　water丑ux　is　changed　from

1iquid王）hase　to　vapor　phase　at　the　bottom　boundary　of　the　DSlL，and　the　other　is　why　evap－

orationcanoccurwithintheDSLinspiteofthe1ackofthehqui（lwatersupp1yfromdeeper

soi11ayers．These　questions　wou1d　be　direct王y　re王ated　to　the　mechanisms　of　evaporation

fronユeach　source．

9ユユ　Mech鋤is㎜ofevapora尤io皿at此e　bot尤o㎜boundary　of尤he

　　　　　　　　DSL

　　Figure50sho，vs　the　re王ationships　between　theエnatric　head　and　conductivities　for　the

three　soi1s　used　in　the　mode1ca1cu1ation　in　Chapter3．In　the丘gure，the　hydrauユic　conduc－

tivity　is　reduced　with　the　decrease　ofmatric　head－whi1e　the　vapor　conductiv1ty　maintains　a

cons七ant1eve！in　a．wide　range　of　matric　heacL（Note　the　vapor　conductivity　cou工d　s1ight1y

vary　with　temI）erature　variation．）As　a　result，the　magnitude　of　the　hydrau1ic　conductivity
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becoInes　snla｝1er　than　that　of　vapor　cond－uc七ivity　at　a　certa三n　va1ue　of　the　nユa．tric　head　dur－

ing　soi1dエying．This　va1ue　of㎜一atric　hea．d　for　ea．ch　soi1approximate1y　agreed　to　that　at　the

depth　of　the　iniec七ion（i．e一，the　bottom　bound肌y　of七he　DSL）in　simulated　water　content

pro丘1e．These　features　suggest　that七he　water　transport　in　vapor　phase　is　more　e描cient

七han　that　in1iquid　phase　with三n　the　DSL．Phenomeno1ogica11y，it　can　be　exp1ained　that

the　upward1iquid　water七ransport　fro工n　deeper　soi11ayers　ceases　at　the　bottonユboundalじy

of七b－eDSL，and－that　resu1tingsteepgradient　ofma七richeadenhancesnot七hehquidwater

transport　but　tb－e　vapor　wat鉗transport．

　　Figure50a1so　ind－ica七es　a　d冊erence　aユnong　soi｝s．The　s1ope　of　hydrauユic　cond－uc七ivity

against　m－a七ric　head一三s　gent1er　for行ne－textured　soi1than　for　coaエse－tex七ured－soi1．Theエefore，

it　is　expected　that　for丘ne－textured　soi1the　phase　ofwateHux　is　more　gen七1y　changed　from

1三quid　to　vapor　than　for　coarse－textured　soi1．In　fact，this　expectation　was　supported　from

nユode1ca1cu1ations（Section3．3）and　a1so　froてn丘e1d　rαeasurements　of三sotopic　corαpositions

of　soi1water（Sec七ion7．1）．

　　Thus，it　can　be　conc1uded　that　thc　change　of　the　phase　of　water丑ux　aいhe　bottom

boundary　ofthe　DSL　is　caused　by　the　change　in　e茄ciency　ofwatertransport　in1iquid　and

va．poI・phase，a．nd－that七he　change　of七he　phase　of　water且ux　takes　p！ace　gradua11y　a．t　a

w三der　region　ofthesoi1pro丘1e　at　a．roundthebottom　bound－ary　oftheDSLfor丘n吐tex七ured

soi1because　of　its　gent1er　s1ope　of　hydrau工ic　conductivity　against　matric　head．The　s1ope

of　hydrauhc　conduct三vity　is　c1ose1y　re1ating　w三th　the　va1ue　of　speci丘c　water　capacity［e．g．，

van　Genuchten，1980］。

9㊧L2　Mechan玉s㎜ofev＆po噸尤ion珊立冊n曲e　DSL

　　In　genera！，the　liquid　and　vapor　pha．ses　of　water　within　the　soil　pore　are　in　thermodynanic

equi1ibrium　condiもions，as　expressed　by　Equation（2．9）．Fエom　the　equation，it　is　expected

that　the　decrease　of　re1ative　humidity，which　is　caused　by　a　rise　in　soi1temperature　or　by
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an　ou冊ow　of　water　vapor　from　a　system　introduces　the　decrease　of　matric　head　tbrough

an　evaporation　of1iquid　water．If七here　is　su冊cient1iquid　water　supply　to　a　system，n0

decrease　in　nlatric　head　n・1a．kes1iquid　wa七er　heely　evapoτate，a．ndヱe1ative　hunidity　ofpore

air　wouユd－be　maintained　at　aユニm－ost　unity．However，in　the　case　of　no1iquid　water　supp1y，

it　woし1！d－be　expected－that　evaporation　transien七1y　occurs　un七i1τna七ric　head　is　adjusted　to

eq－ui1ibrium　with　pore　aiエhumidity　and　then　evaporation　ceases．　On　the　contrary，the

increase　of　reユative　humidity　due　to　a　decrease　in　soi1temperature　or　an　in升ow　of　water

va・Por　into　a　system　cou1d　introd－uce　a．transient　condensa．tion　of　va．Por，even七hough　the

re1ative　humjdity　is　consid－erab王y　s㎜aner　than　uni七y．　（Note　that　the　saturation　vapor

pressure　or　speci丘c　humidity　is　de丘ned　for　free　water　surfaces．）It　is　wor七hwhi1e　examining

moエe　quantitative1y　whether七he　eva．poration　within七he　DSL　actua11y　takes　p1ace　by　the

mechanisms　presented　above．

　　By　app1ying　the　chain　m1e　to　the　fouowing　equation　as　a　rewi七ten　form　of　Equation

（2．9）：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　RT

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ψ二　1・g（9／9、、｛（T）），　　　　　　　（91）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　9

the　change　ra．te　of　vo！umetric　water　content　within七he　DSL　can　be　expressed－as，

　　　　　　　　　　　　　　　∂θ　　　g　∂T　T∂g　T∂g、、t（T）〃θ
　　　　　　　　　　　　　　　万：［1oσ（。。、、（・））∂1＋π一。、、亡（・）∂一π　　（92）

where　dθμψis　often　caued　the　speci行c　water　capa．city．In　this　equation，order　of　the

丘rst　ten皿　of　the　】＝ight　han（1side　is　neg1igib1y　snユa11re1ative　to　that　of－the　other　ternユs

for　comnユon　situations．A1though　the　second　term　of　the　right　han（l　si（le三s　not　a1ways

neghgib1e，it　is　expected　to　be　sma11er　than　the　third　term　at　the　upper　region　of　the　DSL

and　is　e1iminated　in　the　present　ana1ysis－Fina11y　Equation（9．2）can　be　rewritten　by行nite

d冊erence　apProximationφs　fo11ows：

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　∂θ　月丁

　　　　　　　　　　　　　　　　　　　　　　　　　　△θ二一一　　　△9、、｛（T）　　　　　　　（93）
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　dψ99、、｛（T）

　　Figure51shows　the　re1ationship　between△0and一△g、、｛（T）eva1uated　based　on　the　data

of4－hour　interva！on七he　IOD　at　each　observa．tion　site．Avera．ge　va．1ues　from　O　to　l　cm（lepth
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~ 
~
)
E
 ~ E
 ~ CD 
<l 

0.05 

0,025 

-0,025 

o
 

-0,05 

0,05 

y = -19.5xl0-7 x 

(r=0.86) 

Fallow 

- 0.025 
cT) 

E
 ~ cr) 

E O ~ Q <1 0025 

-0,05 

0,05 

i
 

y = -5.06xl0-7 x 

Sand dune 

(r=0.72) 

- 0,025 
cl) 

E
 ~, 
cr) O E
 ~ o <1 -O 025 

-0,05 

!
 

!
 

i
 

s
 
l
 
s
 

I
 

i
 

y = -2.35xl0-7 x 

P]a a 

(r=0.34) 

-20000 -1 oooo o I oooo 20000 

Aq**t(T) RT/g q*.t(T) (m) 

Figure 5 1 Relationship between changes in surface water content and soil 

temperature, evaluated by data on IOD for the three sites. 

l 43 



were　used　for　the　fauow　site　and　the　sand　dune　site，and0to5c＝m　d－epth　for　the　p王aya　site．

The丘gure　ind三cates　a　goo（l　negative　corre1ation　between　the　changes　of　water　content　and－

of　soi1tempe猟ture．Abso1ute　va1ue　of　the　s1ope　ofエegression1ine　conesponds　to　the　speci丘c

water　capacity（see　Equation（9．3））．The　values　of　specific　water　capacity　obtained　from

the　s1ope　va1ues　for七he　fa11ow　site　and　the　sand　dune　site　are　quite　reasonab1e　for　those

mder　soi1dエyness　of　pF4to5for　sand　and　sandy1oam，respective1y［van　Genuchten，

1980≡Campbeu　et　aユ．，1993］．Thus，these　suggest七he　va1idity　of　the　concept七hat　the

eva．poration　within　the　DSL　takes　p1ace　by　the　mechanism－s　nユentioned　above．Neverthe1ess，

for七he　p1aya　site七he　speci丘c　water　capacity　estimated　from　the　s1ope　of　regression1ine

is　too　smau　re1a七ive　t〇七hat　expected　from　the　moisture　ret㎝tion　data　in　the　previous

woエksラeven尤hough　the　cone1ation　coe冊cient（ヅ）is　veエy　sma11d－ue　to　an　inhomogeneity　in

horizonta1moisture　distribution－The　s1ope　va1ue　for　the　p1aya　site　may　be　underestimated

due　to　the　efect　of　non－neg1igib1e1iquid　water七ransport　into　the　upper　DSL．Considering

the　discussion　in　previous　section，it　is　reasonab1e　to　conc1ude　on1y　for七he　p1aya　site　that

the七wo　types　of　evaporation（i．e．，evaporation　a．t　the　bottom　boundary　of　the　DSL　and

evaporation　within　the　DSL）tend　to　combine　over　the1ower　part　of　the　DSL。

9田2　R．ede丘n批量onof七heDSL

　　In　addition　t〇七he　above　discussion，it　is　necessary　to　reexanine　the　physica1pエoperties

and　d莇nition　ofthe　DSL．

　　As　indicated　in　Figure50，any　soi1s　common1y　have　a　matric　head　leve1（or　a　water

content1eve1）where　the　cond－uctivity　of　hquid　water　is1ess　than　the　conductivity　of　vapor

water．As　a　resu1t，when・soi1drying　progresses　from　the　soi1surface　to　deeper　depth，

a．soi11ayer　where　water　can　not　be　transported　in　the1iquid　phase　is　formed－at　around－

the　soi1suエface．This　wou！d　be　a　mecha．nism　of　the　DSL　formation．For　sandy　soi1s，the

bottom　boundary　of　the1aヅer　is　c！ear　b㏄ause　the　the　reversa1of　the　magnitude　of　the
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two　conductivities　occllrs　at　a　namw　band　of　ma七ric　head．Therefore，it　is　reasonab1e

to　assume　that　there　is　no1iquid　water　transport　within　the　DSL，and　this　has　been　the

de汽nition　of　the　DSlL．For　c1ayey　soi1s，however，the　reversa1of　the　conductivities　occurs

gradua11y　a七a．re1a七ive1y　wid－e　band　of　ma七ric　b－ead－s〇七hat　the　bottom　boundary　of　the

王ayer　is　n〇七very　c1ear．In　the　present　s七udy，七he　bo批oエn　boundary　of　the　DSlL，which　is

deternlined　by　diference　in　coユor　between七he　DSL　and七he　under1ying1ayer，was1ocated

be1ow　the　upper1imit　of七he1iquid　water　transporいegion　a七the　p1aya　site（Section7．1）．

In　other　words，observed　resu1ts　suggest　that　water　can　mov6in1iquid　phase　for　a　c1ayey

soi1even　in　the　DSL　At七he　same　time，the　resu1ts　a1so　suggest　that　there　is　a　reduction

of　the　hu㎜一i（iity　in　the　DSL　even　for　a　c1a．yey　soi1．This　reduction　can　not　be　exp1ained

so1e1y　by　an　e任ect　ofthe　decrease　in　osmotic　potentia1with　sa1t　accumu1ation　at　the　surface

soi1（Sections5．3　and　7．3），and－is　appeared　to　be　caused　by　the　huge　decrease　in　nユatric

head　due　to　an　insu茄cient1iq／1id　w6ter　supp1y　to　it．Thus，in　order　to　make　the　de丘nition

universa王byinc1uding丘ne－textured　soi1s，theDSL　shouユd　beredefined　as　the1ayerin　which

a　reduction　of　re1ative　hum三d一三ty　occurs　due　to1ack　of　or　insu冊cient　hquid　water　supp1y

from　deeper1ayers．The　co王or　di任erence　between　the　DSL　and　an　mder1ying1ayer，which

had　been　common互y　used　as　the　simp1est　measure　of　the　bottom　boしmdary　of　the　DSL，

may　reHect　an　insu丑cient㎜obi1ity　of1iquid　wa．ter，whi1e　it　is　necessary　to　be　investigated－

further　from　an＆spect　of　the　re1ationship　between　the1iquid　water　mobi1ity　and　optica1

properties　of　soi1n］一atrix。
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C≡h＆Pter1⑪

C⑪nc五皿s五⑪ns

　　（1）For　bare　soi1s，evaporation　of　soi1water七akes　p1ace　at　the　bottom　boundary　of　the

DSL　thエoughout　the　day．In　addition　to　this，evapora七ion　a1so　occurs　within　the　DSL　in

theforenoon．、VatersevaporatingwithintheDSLarethosetransportedin七hevaporphase

frombe1owtheDsL　and／or缶omtheatmosphere　and－condensedin七heprevious　afternoon

and－nighttime．The　form－er　type　of　evaporation　is　caused　by　a　de丘cit　of　or　insu冊cient1iquid－

water　supp1y　from　deeper　soi王1ayers，and　the1atter　type　of　evaporation　is　introduced　by

change　iI｝the　cond－itions　of　equiユibrium　between　the1iquid－and　vapor　phases　of　water　in

thc　DSL　main1y　due　to　diumal　variation　of　so1ar　radiation．

　　（2）For　coarse－textured　soi1s，the　phase　of　water　transporte（l　upward－cha】ユges　at　a　naト

row　zone　aro1ユnd　the　bottom　boundary　of　the　DSL，and　the　amounts　ofevapo肌tion　and

condensation　occurring　within　the　DSL　is　sma11．In　contrast，for丘ne－textllred　soi1s，the

1iquid　water　transport　is　not　neg1igib1e　even　in　the　DSL，and　two　types　of　evaporation

combine　over　a　wider　zone．The　dependency　of　the　stmcture　and　tempora1behavior　of

the　evaporation　zone　upon　the　soi1texture　is　re1ated　with　the　d冊erence　in　speci丘c　water

capacity（dθμψ）among　soi1s。

　　（3）Degree　of　the　restr玉ction　of　evaporation　during　soi1drying　depends　strong1y　on　the

（1epth　of　a　dominant　part　of　the　evaporat玉on　zone　and－increases　with　the　d－eve1opment　of
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th・DSL・I・th・f・・・・…，h・w・…，th・H…f…p…ti・・i・t・th・・tm・・ph。。。d。舳。t

decreaseverymuchdueto　acontributionoftheevaporationofwaterwithintheDSL．The

m…m・・t・fth・｝…ti…fthi・・冊・・ti・・…p…ti・・・・…f・・t・th・・…gyp・・titi・・i・g

・f…i1・b1・・…gy狐di・d・・・・・…y・ユm・t・i・di・m・1…i・ti・・i・・…gy且。。。。。tth．s．i1

surface．

（4）Th・DSL・h・・1db…d・丘・・d・・lh・1・y・・i・・hi・h…d・・ti…f・・1・ti・・h。㎡dily

・・・…d・・七・1・・k・f・・i…舐・i・・t1iq・idw・t・…pP1y舟・md・・p・…i11・y・・…dth・1・y。。

has　whi七ish　co1or　reユative　to　that　of　the　under1ying　soi1．
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Appendix A 

Theory for distribution of isotopic 

cornpositions of soil water 

By assuming an isothermal system under quasi-steady state conditions, Barnes and Al-

lison [1983] derived the following mathematical model which describes the vertical profiles 

of isotopic compositions of soil water: 

Vapo'r t'ransport region 

5 oi' 1{5" + e + [n (1 + 6"es) + 6 6 J}/[z/(z + h~~)] (A.1) 

Liq'uid water transp07't region 

6i = (6;f + 5~es) exp(-f(_')1~i) + 8i (A.9_) .'. 

where 8i Is the isotopic clelta value for species i (sufix a means the value of the vapor in the 

atmosphere; res the value of input water (i.e., deep soil water or antecedent prec,ipitation); 

ef the value at the evaporating front), a~ the equilibrium Isotope fractionation factor, 

e~ (E I - c~~) the equilibrjum enrichment, 77i (~~ Dv/Dvi ~ l) the difFusion ratio excess, 

D~ the vapor difFusivity, z the depth) ha the relative humidity in the atmosphere, ~ (~: 

pvs"tD.e/plE) the penetratlon depth, p~s"t the saturation vapor density, Dve effective vapor 

diffuslvity, pl the clensrtv of liquld ¥~atel E the evapolatlon rate z (E Dlei/E) the decay 
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1ength，1フ1、｛七he　e冊ectiveユiqu三d　water　d遭usivity　for　species｛，and　depth　func七ion∫（z）is

de丘ned　as

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ル）一1∠二あ／l　　　（ん・）

in　which　O　andθare　the　volunユetric　water　content　and　its　average　over　z、∫to　z，respec七ive1γ

　　A1though　this　ana1ytical　mode1have　been　modi丘ed　for　applying　to　non－isotherma1and

quasi－steady　state　conditions［Barnes　and－A｝1ison，1984］，isothemユa1and　norトsteady－state

conditions［Bames　and　Wa1keで，1989］，and　now　mmerica1m－ode1s　were　deve1oped　for　no止

isotherma1狐d　mn－steadrstate　conditions［Shurbaji　and　Phiuips，1995；Me1ayah　et　a｝．，

1996］，o工igina1version　of　Barnes　and　Anison［19831mod－e1（i．e．，Equations（A．1）and（A．2））

is　known　to　we1l　simulate七he　shape　of三sotopic　pr〇五1e．

　　Figures　A1－A4show　the　vertica1pro刑es　of6D　and5180in　soi1water　and　theirガdiagram

representation，ca1cu1ated　with　Equations（A．1）and（A．2）for　some　diferent　conditions．

Figure　Al　ind－ica七es　that　the　isotopic　pro丘1es　have　a　pea．k　at　a　certain　depth　be1ow　the　soi1

surface，and　that　data　above七he　peak　are　piotted　on　a　hne　in5二diagranユand　data　be1ow

the　peak　are　p1otted　on　another1ine．Comparison　between　Figures　Al　and－A2suggests

th・twh・・…p…ti㎝・・t・i・・m・1l（i．・．，th…i1i・ind・i・…n砒i…），th・1…ti…fth・

peak　is　deeper，but　the　two1ines　in七he6－diagram　do　not　change．Comparison　between

Figures　Al　and－A3suggests　that　the（1冊erence　in　isotop三c　compositions　of　input　wa，ter　is

re丑ected　in　the　s！ope　and　oザset　of七he　two1ine　inガdiagram．On　the　other　hand，comparison

between　Figures　Al　and　A4suggests　the　d冊erence　in　isotopic　compositions　ofthe　vapor　in

the　atnlosphere　is　re且ected　in　the　line　for　the　data　above　the　pea．k，but　is　hard－1y　reHected

in　the1ine　for　the　data　be1ow　the　peak．
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Figure A1 Vertical distribution of isotopic compositions of soil water and its 

6-diagram, calculated by the model of Bames and Allison [1983] with E = 0.1 

mm/d, ~Dres = _90 %o, 6180rcs = _10 %o, 5Da = _100 %o, and 6180a = _14 %o. 
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Figure A2 Calculated vertical dlstribution of isotopic compositions of soil 

water and its 6-diagram (calculation conditions are identical to those in Figure A1 
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Figure A3 Calculated vertical distribution of isotoplc compositlons of soil 

water and its 5-diagram (calculation conditions are identical to those in Figure A1 

except for ~Dres = _50 %o and ~180res = _5 %o). 
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Appendix B
 

Derivation 

conductive 

storage in 

of equations for the 

heat flux and heat 

the soil 

If the soil is homogeneous, so that the thermal conductivity does not vary with depth, 

the one dimensional heat concluction equation can be expressed as follows: 

O'T A 02T 
Ot = ~7 a_.2 ' (B.1) 

where T is the t,emperature, t the time, A the thermal conductivity, C the volumetric heat 

capacity of the soil, and z the depth. Here, it is assun~Led that the surface temperature Ts 

is given by 

T. = T + AT Sm(~)t) (B.9_) 
where T is the mean soil temperature, AT the amplitude of the surface temperature wave, 

and cv is the ang'ular frecluency of temperature oscillation (= 9-/~i /'~-4 x 60 x 60 for diurnal 

cycle). ¥Vith the above boundary condition, Equation (B.1) can be solved for the simple 

case of a homogeneous semi-infinite soil as follows [Sellers, 1965, pp. 135-138; Lin, 1980]: 

T(z, t) = T + AT exp(-z/d) sin(c~'t - zld), (B.3) 
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where d (E (')_AIC~))1/2) is the clumping' depth, and the conductive heat flux G.(z,t) 

(= -AaTlr~t) can be derived by differentiatin"g (B.:3) with respect to z and t and then 

elimlnating AT by (B.3) as 

A IaT(z,t) 
G.(z,t) = ~(~ ai + T(z t) T) (B.4) 

Difl:erentiating Equations (B.9_) and (B.3) with respect t give 

aT. 

Ot = AT~) cos(cvt) (B.5) 
aT(z,t) = AT~)exp(-z/d) cos(cvt - zlcl) (B.6) 

at 

= ATcvexp(-z/d) cos(cut) cos(-z/d) 

-AT~) exp(-z/d) sin(cut) sin(--'1cl ) . (B .7) 

Substltutmb" Equatrons (B.9_) and (B.5) into (B.7) gives 

aT(z,t) _ OT. exp(- /d) cos( /d) cvexp( z/d) sm(u)t)sm( zlcl)(T T) (B 8) 

at - ' at 

Finally, substituting (B.8) into (B.4) gives 

A I aT. C.'.(z, t) = -{exp(-z/d)[ cos(-z/d) - (T. - T) sin(-z/cl)] + T(z, t) - T}. (B.9) 

cl ~ at 
On the other hand, change rate of heat storage (S) within the surface soil layer of the 

thickness of 6. can be approximately given as 

C6 OT OT(6.,t) 
S= 2'( Ot' + (B.lO) )

 at 

By substitutin"b' Equations (B.5) and (B.r~) into Equation (B.lO), the following equation 

can be obtainecl: 

C'6 OT aT S = '{ ' +exp(-6./cl)[ ot cos(-6 /d) ~)(T T)sm( 6 /d)]} (B.ll) 
2 Ot 

Equations (B.9) ancl (B.ll) correspond to Equations (S.8) and (8.-(), respectively. 
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