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A b str a ct

T h e e v ap o r a ti o n 丘
.

o m b ar e s oil ch an g e s i n m e ch a nis m a s w ell a s in m ag nit ud e a nd

p r o c e e d s i n th r e e st a g e s a s t h e s u rf a c e d ri e s . T h e r ef o r e
,

o nly th e p a r a m et eri 2:a ti o n

s ch e m e s f o r s oil -

s u rf a c e e v a p o r ati o JI W hich t ak e a c c o u n t of this st a g e s wi t chi ng sh o uld b e

c o n sid e r ed a s r ati o n al . A r ati o n al p 乱r a m et e ri z ati o rL Of s oiトs11rf a c e e v a p o r ati o n i s

p r o p o s ed ,
in w hic h t h e s w it chi n g 舟o m o n e s t ag e t o an o th e r is d et e mi n ed b y th e

diff cr e n c e i n t e m p e r at u r e b et w e e n s oil s u rfa c e a nd s u rfa c e ai r i n th e mi d a A e m o o n . T h e

e v ap o r ati o n r a t e u nd e r d ry c o nditi o n
, o r d u ri n g th e third sta g e is p a r a m et eri z e d b y th e

D S L b ulk f o r m ulati o n w hi c h d e m a n d s o nly r e m o t ely s e n s ed d at a O n t e m p e r at u r e a nd s oil

m oi st u r e .

1 . I n t r o d ll (:一i o n

Th e m e ch a mi m of e v ap o r a ti o zl 丘
.

o m b ar e s oil ch a ng e s a s th e s oil s u rf a c e d ri e s . M o st

c o n v e nti o n al p a r a m ct e ri z ati o n s ch e m e s f o r s oil -

s u rfa c e e v ap o r ati o n a r e b a s ed o n th e

a s s um ptio n s th a;t th e w h ol e e v a p o r ati o n p r o c e s s c a n b e d e s cri b ed b y a s l n gl e m o d el wi th o ut

r eg a rd t o th e s u rfa c e d ry n e s s an d th e ch a n g e i n r at e c a n b e pr edict ed b y u si n g a fe w p a r am et e rs
,

s u ch a s
"

w at e r a v ai lability
y '

o r
` `

r e sist a n c e o f w at e r tr a n sp o rt
”

, H o w e v e r
,
th e s e a s s u m ptl O n S a r e

di v o r c ed & o m r e al i ty ,
e sp e ci ally ,

u nd e r d ry c o n diti o n s .

I n th e l a st c e nt u ry , a l ot of s oil p h y sicist s a nd e ng l n e e rl n g .C h e mi st s h a v e st u died o n th e

m e ch a ni s m of e v a p o r ati o n & o m
,

o r f o r d ryi n g o f
,

s oil a nd c o n cl ud ed th at th e s oil - s u lf a c e

e v ap o r ati o n p r o c e ed s i n th r e e st ag e s a s th e s u rf a c e d ri e s O . e JT1 0 n
,
1 9 5 6; f m lel

,
1 98 0) . T h u s j o r

th e p a r a m e t eri z ati o n t o b e ra ti o n al
,
this st a g e s wi t chi n g m u st b e t ak e n a c c o u rlt Of .

This p ap e r d e s c ri b e s a cl e a r
,

o bj e cti v e d efi niti o n o f t h e th r e e S t a g e s a n d a r a ti o n al

p a r a m e t e ri z ati o r1 0f t h e e v a p o r a ti o n fi
'

o m b a r e s oil . T h e e v ap o r a ti o n r a t e & o m s oil wi t h a d ry

s u rf a c e
,

o r d u ri n g t h e th i rd st a g e is fo r m ul at ed b y th e p a r a m et e rs w hich c a n b e e v al u a t e d b y

r e m o t e s e n s l ng t e Cl 血q u e s . T h e m e a n s o f d et e r mi ni n g t h e st ag e s w it c hi n g is al s o dis c u s s e d
.

2 ･ T h r e e s t ag e s o f s oiI I S tJ J
.

f a c e e v a p o r atio n

T h e sit e of v ap o ri z ati o n
,

o r of p h a s e t r a n sf o r m a ti o rl Of w at e r c o n stit ut e s a z o n e (P h a s e

T r a n sf o r m ati o n Z o n e
,
P T Z) , t h e l o c ati o n a n d thic k n e s s of w hich c a n b e u s ed t o d e 丘n e th e t h r e e

st ag e s of e v a p o r ati o n fr o m b ar e s oil .

1 st st ag e : P T Z i s l o c a t ed at t h e s u rf a c e a n d it s thi ck n e s s IS P r a cti c ally z e r o ;

t h at is , c o m pl et e v ap o ri z ati o n o c c u r s at th e s oil s u rf a c e .

-
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2 n d st a g e: P T Z i s l o c at e d at th e s u rfa c e
,
b u t it s th ick n e s s i s n o t z e r o ;

th at i s
,

v ap o ri z ati o n o c c u r s al s o wi thi n th e s oil .

3 rd st ag e : P T Z i s l o c a t ed wi thi n th e s oil a nd it s thi ck n e s s is n o t z e r o;

th at is
,
c o m plet e v ap o ri z ati o n o c c u r s w it hi n th e s oil .

3
. S t ru c h l r e O書

■

P T A

h P T Z ,
w at e r v ap o r d e n sity i n s oil p o r e s d e c r e a s e s u p w a rd in li n e a r fa shi o n

.
D u ri n g th e

t hi rd st ag e
,

a d r y s u rf a c e l ay e r of s oil ( D S L) ,
in w hi c h w at e r m o v e s e x cl u si v ely i n t h e v ap o r

ph a s e
,
is f o r m ed b et w e e n t h e s u rf a c e a n d P T Z . T h e g r adi e nt of w a土e r v a p o r d e n slty i n t h e l o w e r

p ar t of D S L is th e s am e a s th at h P T Z
,
al t h o u g h t h e g r adi e nt in t h e u pp e r p a rt of D S L is n o t

n e c e s s a rily e q u al t olit b e c a u s e t h e m e ch an i s m f o r w at e r v a p o r t r a n sf e r n e a r th e s u rf a c e m a y

di u e r 丑
.

o m m ol e c ul a r difR ISi o n .
T h u s , th e thi c kn e s s of P T Z i n c r e a s e s wi th a i n c r e a s e i n t h e

t hick n e s s of D S L .

S oil m oi st u r e m o v e s u p w a rd in b o th 1iq uid a n d v ap o r p h a s e s i n P T Z ･ If th e r ati o of th e

u p w a rd w at e r 伽 Ⅹi n
l

t h e liq ui d ph a s e Q i t o t h e t ot al o n e Q is d e n o t e d b y y ,
i

.
e

.

y = Q L / Q ( I)
0 < r < 1 i n P T Z

, y
- O in D S L , a n d y

- 1 b el o w P T Z .

4 . M o d el s

4 ･1 Fir st st a g e

T h e p r o c e s s of s oil ･ s u rfa c e e v ap o r a ti o n d u r in g t h e fi r st st ag e m ay b e t r e at e d si mi l ar ly t o

t h t o f w at e r - s u rfa c e e v ap o r ati o n ･ T h u s , th e e v ap o r ati o n r a t e E ] i s n e a rly e q u al t o th e p ot e n tial

e v ap o r ati o n E p ,
i . e .

E )
= E p (2)

4 ･ 2 S e c o n d st ag e

T h e s e c o n d st ag e is a t r an siti o n st ag e b ein g o n th e w ay 丘
･

o m at m o sph e r e - c o n tr oll e d t o

s oil - c o n t r olle d e v a p o r 虹i o n
･ w h e n t h e 丘

･

a cti o n of w e t s oil s u rf a c e t o t h e w h ol e s u rf a c e b y

g e o m e t ri c a r e a m ay b e a p p r o x i m at ely e q u al t o y (s e e (1)) . T h u s , th e e v ap o r ati o n r a t e E 3 C a n b e

w dtt e n i n t h e f o r m

E 2
-

Y E p ＋ (1
-

7) E 3 (3)
w h e r e E 3 i s th e r at e d u rin g th e thi rd st ag e

,
w hi ch wi ll b e gi v e n lat e r ( s e e 4 .3) , Si n c e E , ≪ E ,

,(3)
b e c o m e s

E 2
=T r E p (3

'

)

4 13 T hird st a g e

D u ri n g th e t hi rd st a g e , w at e r v ap o r p r o d u c ed wi t hi n P T Z m o v e s u p w a rd t h r o u g h D S L a n d

c o m e s o u t o ft h e s u rf a c e ･ Si n c e t h e c o n st an t - n u 又 lay e r o f w at e r v ap o r i s n o t e x p e c t ed t o d e v el op

i n th e s u rf a c e ai r l ay e r u nd e r t h e s e c o nditi o n s ( T a m ag a w a
,
1 9 9 6; K ob a y a shi et al .

,
1 9 9 6) ,

w e

sh all fo c u s att e nti o n o n th e w at e r v a p o r fl u x i n D S L .

U s in g t h e t e m p e r a t u r e T
o 侃J a n d th e w at e r - c o n st a nt ( o n a v ol u m e b a si s) e o ( c m

3
c m

- 3

,
% )

i n th e u p p e r m o st ab o ut 2 m m o f b ar e s oil
,
t h e a v e r ag e w at e r c o nt e n t o v e r a 5 - c m sl ab of s oilj u st

b el o w th e s u rfa c e 亀 , a n d th e w a t e r c o n te nt at t h e b o u n d a ry b et w e e n D S L a n d P T Z

- 1 24 -



(hyg r o s c o pi c c o e 岱ci e n t , p F
- 4 ･5) 9 6 ,

t h e e v a p o r ati o n r at e 舟o m s oil wi t h a d r y s u rf a c e c a n b e

fo r r n ul at cd a s

E 3
- D

'

( O o
- e 6) / 6 (4)

w h e r e D
'

is a ki nd of dif R ISi o n c o etrI Ci e nt ( c m
3
s

' l

) a nd is e xp r e s s ed a s D
'

- C T D nT&) ,
C T b ei ng a

fa ct o r f o r n o ni s o th e r m al e 恥 ct s ( < 1) a nd D 仇ノ a fu n ctio n of T
o
d et e r m i n e d ･o n th e b a sis of

r n ol e c ul a r difRI Si o n . S is th e thick n e s s o f D S L( c m ) a nd is a s s u m ed t o b e e x p r e s s ed b y a R l n Cti o n

of O s ,
i . e , 6 - 6 (6U . e o i s al s o a s s u m e d t o b e a fu n cti o n of T

o a nd C s
,

C o n s e q u e ntly ,
t h e r at e of s oil -

s u rf a c e e v ap o r ati o n i n th e thi rd st ag e c a n b e e sti m at ed & o m

T o
a n d e , w hi ch m ay b e e v al u at ed b y r e m o t e s e n s i n g t e c h niq u e s , T his f o r m u h ti o n will b e c al l ed

th e
` `

D S L b ulk m et h o d
”

.

5 . A n e x a m p】c a p plic a ti o J)

An e x p e ri m e nt w a s c o nd u ct ed i n a s a nd 鮎1d a土 K y u sh u U J li v e r s lty t O g et th e r el ati o n s

w hi ch is n e ed ed t o a p ply th e D S L b ulk m eth od t o a s oil . T h e T ott o ri D u n e s a nd w a s u s ed
,

a nd

all m e a s u r e m e n t s w e r e m ad e at ab o ut 1 5 OO (JS T) w h e Jl th e s oil - s u rfa c e e v ap o r ati o n c a n b e

c o n sid e r ed a s a n e a r st e ad y st at e p r o c e s s .
T h e a c t u al e v ap o r ati o r l r a t e W a s m e a s u r ed b y th e D S L

m eth o d (耳ob sy a shi a nd N ag ai
,
1 9 95) ,

T h e r e s ult s ob t ai n ed 丘o m th e e x p e ri m e nt a r e

D ｢77J
- 7 . 5 3 呼 ( 0 . 0 6 49 T

o
- 34 . 8 8) ( 5)

6 (6U - 6 ･ 3 0 叩 ｢ - O 1 4 1 亀ノ O 7ig .
1) (6)

O o q o , 亀J - 2 . 75 ＋ 0 . 0 2 6 7 e y

- 0 . 0 0 79 5 T
o (Fig . 2) (7)

9 6
- 1 . 5 3

C r
- 0 . 8 9 .

6 ･ E s ti T n a ti o n o f d aily e v a p o r a ti o n b y t h e D SI ･ b td k m et h o d

T h e e v ap o r a ti o n r at e E 3 e sti m at ed u sin g ,
f o r e x a m pl e

,
t h e r e h ti o n s obt ai n ed ab o v e is th e

r at e a t 1 5 00 (J S T) . Si n c e t h e ra:t e o f e v ap o r a ti o n & o m s oil e 血ibit s a di u r n al v a ri ad o n , it i s

n e c e s s a ry t o cl ari fy t h e p att e r n o f diu r n al ch a n g e in e v ap o r ati o n r at e a nd t o i nt eg r a t e it in o rd e r

t o g et t h e d ai ly a m o u nt of e v a p o r ati o n .

Fig . 3 sh o w s t h e ti m e ch a n g e s of th e d ai ly m e a n e v a p o r ati o n r at e E d 机( O p e n Cir cl e s) ,
w hi ch

is e sti m at ed b a s ed o n f o u r m e a s u r e m e n t s m ad e at 0 6 0 0
,
1 0 0 0

,
1 5 0 0 a n d 1 90 0 b y th e D S L

m eth o d
,

a n d of t h e r at e at 1 5 0 0 E 1 5 00 ( cl o s e d cir cle s) .
O n 2 5 J uly ,

th e s a nd 丘eld w a s i mi g at ed

wi t h ap p r o xi m at ely 5 c m of w a t e r a nd th e n al1 o w e d t o d ry ,
t h e w e ath e r b ei n g fl n e d u ri n g t h e

p eh od of st u d y 25 t o 3 1 J u ly ,
1 9 95 .

D ott ed lin e s sh o w 0
,
3 ( o p e n sq u a r e s) ,

0
.
4 ( clo s ed sq u ar e s) a n d 0 ,5 ( o p e n di am o n d s) th e

r at e a t 1 5 0 0
,

r e sp e c ti v ely . I n a f e w d ay s a 氏e r th e irri g ati o n
,
t h e r ati o o f E d m

t O E 15 00 ,
d e n ot ed by

R d .n ,
d e c r e a s ed an d a pp r o a ch ed th e v al u e of O ,3 9 . T his v alu e of R J m i s c o n si st e r[t wi th th e r e s ult

ob t ai n ed at th e H E IF E d e s e r t st ati o n i n th e n o rth w e s t o f C hi n a ( 且ob a y a shi a nd N a g ai , 19 9 5) .

Al th o u gh R d . n
C h a n g e s w it h ti m e el ap s e d si n c e th e irri g ati o n o r r ai n f all

,
t h e d aily

e v ap o r ati o n 舟o m d r y s oil m ay b e e s ti m at e d fr o m a m e a s u r e m e nt of e v ap o r ati o n r at e m a d e i n th e

mi d a 氏e m o o n b y t h e D S L m et h o d o r b y t h e D S L b ulk m et h od al o n g wi th R d . ”.

7 ･ D e t e r m i rL a ti o n o f t h e st a g e s wi t c hi TI g

-
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T h c t r a n sitio 皿 P O l n tS b et w e e n th e di ff e r e n t s t ag e s h a v e b e e n i n v e s tlg at ed b y a fe w

s ci e r ltist s (Id s o et al .

,
1 9 7 4; v a n B a v el a nd Hillcl

,
1 9 7 6) . T h ey p oi nt ed o ut th at alb ed o

m e a s u r e m e rltS O r diu r n al s u rf a c e t e m p e r at u r e a rr[plitu d e s mi gh t b e effe ctiv e t o d e pict t r a n siti o n s

& o m o n e st ag e t o a n o th e r . I n th e p r e s e nt st ud y ,
th e diffe r e n c e i n di u rn al r an g e b et w e e n s u rfa c e

t e m p e r a t u r e a nd air t e m p e r at u r e at 1 .2 m h ei gh t
,
A d T o

- A d T 4 ,
a nd t h e diffe r eT IC e b et w e e n s u rfa c e

t e m p e r at u r e a nd ai r t e m p e r at u r e a t 1 . 2 m h ei gh t i n th e mi d a 氏e rn o o n ( 15 0 0 J S T) ,
A T ) B o o a r e

uti li z e d .

Fig 14 sh o w s th e r elatio n b et w e e n th e t hick n e s s of D S L a nd A T 1 50 0( c r o s s e s) o r A d T o

- A d T .

( cl o s e d cir cl e s) ,
w hi c h w e r e ob t ai n ed i n th e s an d 丘eld at K y u sh u U ni v e r sit y o n cle a r d a y s . W h e n

D S L is vi sibl e
,
t h e t hird st ag e e v ap o r ati o n i s o c c u r n n g , F r o m t h e s e r e s ult s it mi gh t b e c o n cl u d ed

t h at if th e t e m p e r at u r e ditfe r e n c e A T L 5 0 0 is l a rg e r t h a n ab o ut I o ℃ o n cl e a r d ay s
,
th e t hird st a g e

of s oil - s u rf a c e e v ap o r a ti o n is al r e ad y r e a ch ed ･ D u ri ng th e B r st a nd s e c o nd st ag e s D S L i s n o t

f o r m ed y et
,

an d s o A T L S O O Sh o uld b e s m all e r t h an s e v e r al d eg r e e C
,
al th o u gh fe w d at a w e r e t a k e n

b e c a u s e D S L w a s fo r m e d h t h e cl e a r
,
mi d af e m o o n e x c e pt i m m e diat ely a 鮎 r i m g ati o n o r r ai n fdl

i n t h e s an d 丘cld .

S
. C o n d u d i n g r e m a rk s

M o st p a r a m e t eri z ati o n s c h e m e s fo r s oil - s u lf a c e e v ap o r a ti o n h e r e t o f o r e i n u s e a r e b a s e d o n

th e c o n c e pt t h t v a p o ri z a ･ti o n of li q uid w at e r o c c u r s at th e s u rf a c e an d th e e ff e ct s o f th e d ry in g of

s oil s u rf a c e c a n b e r ep r e s e n t ed b y s u c h p a r a m e t e rs a s
"

w at e r a v ai l ability
”

o r
"

r e sist an c e of w at e r

t r a n sp o rt
' '

･ H o w e v e r
,
i n th e p r e s e rlt s ch e m e , t h e ch a n g e in m e ch an is m a s th e st a g e p r og r e s s e s

w a s a c c e pt ed a s an e s s e ntial id e a .

A n e w p ar a m et eri z ati o n of s oil - s u rfa c e e v a p o r ati o n d u ri n g th e th ird st ag e ( D S L b ulk

m eth o d) w a s p r o p o s ed , w hi ch d e m a nd s th e d at a o n t e m p e r at u r e a nd s oil m oist u r e t h t c a n b e

e v al u at ed b y r e m o t e s e n s l n g ,

R e f e r e n c e s

H illel
,
D ･

,
1 9 8 0 : A F P lic a ti o n s of S o il P 砂sic s . A c ad e mi c P r e s s

,
1 0 9 - 1 4 6 .

I d s o , S ･ B ･

,
R ･ J ･ R ed n at o

,
R

･
D

I J a ck s o n
,
a . A . K i血b all a nd F . S . N ak a y am a

,
1 9 7 4 : T h e th r e e

st a g e s of d ryi n g o f a 鮎Id s oil
,

S oil S c 7
'

. S o c . A m e r . P r o c .

,
3 8

,
83 1 - 83 7 .

K ob ay a shi
,
T ･

,
W I H e

,
H ･ N ag ai a n d K I A d a c hi

,
1 9 9 6 ‥ Dis c o nt in ui ty i n th e v e rtic al p r o Ble of

w at e r v a p o r d e n sity at h ot , d ry s oil s u rf a c e
, J ･

.
J ap a n S o c

I H y d [ oL ･ & W a te r R e s o u r .

,
9

,

4 3 8 4 4 3 (in J ap an e s e wi th E n glish s u m m a ry) ,

K o b ay a s hi
,
T ･ a nd H I N ag ai

,
1 9 9 5 : M e a s u r l n g t h e e v a p o r ati o n 丘

･

o m a s a n d s u rf a c e at th e

I 砿IF E d e s e rt st ati o n b y t h e d r y s u rf a c e l ay e r ( D S L) m e th o d , J M ete o r . S o c . ./ a p a 7'
.
7 3

,

9 3 7 - 94 5 .

Le m o n
,
E I R ･

,
1 95 6 : T h e p ot e n ti aliti e s f o r d e c re a s l 喝 S Oil m oist u r e e v a p o r ati o n l o s s ･ S o z

l

l S ci ･

S o c , A m e r . P r o c .

,
2 0

,
1 2 0 - 1 25

.

T a m ag a w a
,
I .

,
1 9 9 6 : T u rb ul e nt ch a r a ct e ri sti c s a nd b ulk t r a n sfe r c o elE e n t s o v e r th e d e s e rt i n t h e

H E m A r e a , B o u n d a ry
- L Lg , e r M e t e o y 1

. 7 7 , 1
- 2 0 .

v a n B a v el
･
C ･ H

･
M

･ a n d D ･ I ･ Hillel
,
1 9 7 6 : C al c u h ti n g p ot e ntial a n d a c t u al e v a p o r ati o n & o m a

b a r e s oil s u r fa c e b y si m ul a ti o n o f c o n c u r r e n t 且o w o f w at e r a Jl d h e at
,

A B r ･ M e t e o r . ,
1 7

,

4 53 - 4 7 6 .

- 1 28


	0125.tif
	0126.tif
	0127.tif
	0128.tif
	0129.tif
	0130.tif



