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A b st r a ct

Field m c a s u r e r n e rltS Of s oil w at e r c o rlte n t,
te m p e r a t u r e

,
a rid r el ati v e h u m idity w e r e m ad e

at s e v e r al d e p th s wi thi n a ly si r n e t ¢r w h e r e th e d r y s u申c e la y e r (I) S L) f o r m e d ･
T h e

o b s e r v ed w at e r c o n te n t w a s al m o st c o n s ta n t i n th e D S L , w hile it i n c r e a s e d t o w a rd d e e p e r

d e pth b elo w th e D S L
.
I n ad diti o n

, th e pe ak of v ap o r d e n sity w a s ob 岳e r v e d at th e b ot t o 7 n

b o u n d a ry o f th e D S L . S i m ila r f e a t u r e s t o th o s e o b s e r v e d w a s s h o w n b y rL tl m e ri c al

c o m p t)t ati o n s t] s l n g a O n e
- di m e n si o n al m o d el o f w a t e r a nd h e a t wi t h hi gh v e r tic al -

r c s ol uti o n . F u rt h e r m o r e
,
th e r e s ult of n u m eri c al c o m p ut ati o n s als o d e m o n st r a te d th at th e

e v ap o r ati n g z o n e w a s l o c a ted at th e b ott o m b o tl nd a r y of th e D S L , a n d th at th e thick n e s s of

th e e v ap o r atl n g ヱO n e W a s e x tr e m ely s m all , e x c ept fo r hi gh ly ret e nti v e s oils . n e s e r e s ul t s

of b o th th e field ob s e r v a ti o n a nd n u m e ri c al e x p e ri m e n ts i ndic at e th at in fo rm a ti o n of th e

thic k n e s s of th e D S L is r eqt lir ed r ath e r th a n th at of w at e r c o n t e n t of s u rf a c e s oil , t o

e v al u a t e e v ap o r a ti o n f r o m b a r e s oil s u rfa c e s .

1 . I n t r o d u (:一i o n

S oil m oi st u r e c o n diti o n s of l a n d a r e a c a rl h a v e m aj o r e ff e ct o n gl ob al cli m a t e th r o u gh

e v ap o t r a rlSP l r ati o n . M a n y of th e p r e vi o u s st udi e s h a v e e m p iri c al ly p a r a m e t eri z ed th e a v ai lability of

s u rfa c e m oi s t u r e f o r e v a p o r a ti o TL fr o m b a r e s oil , b y u si n g w a te r c o n te n t of s u rf a c e s oil l ay e r . O n th e

o th e r h a n d
,
it i s w ell k n o w n th a t s o

-

c all ed
l

d r y s u rf a c e l a y e r
'

( D S L) f o r m s d u ri n g s oil d ryi ng .
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A c c o rd in g t o s e v e r al p r e vi o u s w o rk s ･ e v a ･p o r ad o n of s oil w a t e r o c c u r s m ai nly at th e b o tt o m b o u n d a ry

o f th e D S L i n st e a d o f a t th e s oil s u rf a c e . I n s u c h c a s e , th e dir e c t d e te r m i n i n g f a c t o r o f th e s u rf a c e ･

m o i st u r e a v ai l ability is c o n sid e r e d t o b e th e thi c k n e s･s of th e D S L r ath e r th a n th e s u rf a c e w a te r

c o n t e n t . I n o rd e r t o cl a rify th e f o r m a ti o n m e c h a ni s m of th e D S L a n d th e e iff e c t o f th e D S L o n

e v ap o r a ti o n f r o m b a r e s oil s tl rf a c e s , fi eld ob s e r v ati o n a Jld n u m eri c al e x pe ri m e n t s w e r e c a rri e d o t lt .

2 . F j e] d o b s e r v a ti o n

A fi eld o b s e Ⅳ a ti o n w a s c o n d u cte ･d b y tl Si r)g a ly s l m et e r i n w hi c h u nif o n T l f in e s a n d w a s p a ck e d

a n d g r o u n d w at e r l e v el w a s m ai n t ai n e d at a d ep th of 0 .8 m
, u n d e r t h e & a m e w o rk of th e T S U K U B A

9 2 fi eld c a m p ai g n (S u git a et a[ . , 19 9 3) h eld i n T s u k u b a
,
J ap a n

,
i n th e s u m m e r of 19 9 2 . S oil w a te r

c o n t e n t , s oil t e m p e r a t u r e , a n d r el a (i v e h u m idity i n s oil p o r e s w e r e m e a s u r ed at s e v e r al d e p th s b elo w

t h e s oil s u rf a c e b y m e a n s of h e a t p r o b e t yp e s oil m oi st u r e s e n s o r s , pl a d n u m r e si st a n c e th e m o m ete rs
,

a n d c ap a cita JI C e h u m idity s e n s o r s ,
r e sp e c丘v ely .

T h e s oil m oi st u r e c o n diti o n s w e r e f ai rly d ry d u e t o

l o w p r e c IP lt atio n d u ri n g th e field c a m p a lg n
,

a n d th e D S L w hi ch h ad a f e w t o 10 c m th i c k n e s s w a s

ob s e r v e d ,
T h e o b s e r v e d s oil w ate r c o n t e n t sh o w ed cle a r diff e r e n c e b et w e e n i n a n d b elo w t h e D S L

(Fig ･ 1) ,
th at is

,
it w a s al m o st c o n s t a n t i n t h e D S L

,
w hil e it i n c r e a s ed t o w a r d d e ep e r d ep th b el o w th e

D S L ･ T h e r el ati v e h u m idity of p o r e ai r w a s al m o s t u nity b el o w th e D S L . O n th e o th e r h a nd
,
th e

r el a ti v e h u mi d ity i n th e D S L w a s le s s th a n tl n lty , a n d sh o w s th e t e n d e n cy t o d e c r e a s e t o w a rd th e s oil

s u rf a c e ･ A s a r e s t)1 t o f th is h u mi dity g r a die nt a n d op p o sit e te m p e r a t u r e g r a di e nt , th e p e a k of th e v ap o r

d e n si ty w a s f o u n d o u t a r o tl n d th e b o tt o m b o u n d a r y of th e D S L . T h e s e o b s e r v ed r e s ults i ndic a t e th at

th e div e r g e n c e z o n e of v ap o r 銃IX
,
n a m ely

.

e v ap o ra 血 g z o n e
-

,
w a s l o c a te d at th e b o tt o m b o u n d a ry of

t b e D S L .
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F j g ･ 1 V e rd c al p r o fil e s o f( a) w at e r c o nt e n t , (b) 托I ati v e h u mi dity a n d ( c) v ap o r d e n sit y o b s e r y e d

at 1 5 :00 (JS T) o n Åu g .1 0
,
1 992 .

p

n l e thi c k n e s s o f ( h e D S L w a s d et e r mi n ed b y th e diff er e n c e i n c ol o r

o f s oiユp r o {11e .

3 . N u m e ri c al e x p e ri m e n t s

l n o rd e r t o cl a ri fy th e m i c r o s c o p i c S t ru c t u r e Of e v a p o r a h rLg Z O n e , n u m e ri c al e x p e ri m e n ts w a s

c o n d u ct e d u si n g a o n e
-d i m e n si o n al m od el o f w a t e r a nd h e at flo w wi th hi gh v e rd c al - r e s ol uti o n . T h e

m o d el u s e d w a s fu nd a m e n tal 1y b a s ed o n th e m o difie d P hilip a n d d e V H e s th e o ry (P hilip a nd d e V ri e s ,

19 57; M in y ,
1 9 8 2) . I n th e m o d el

,
th e w a te r n u 克 c o n si ste d of liq uid a n d v a p o r w a t e r n u x d ri v e n b y
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r n a tri c - h e a d g r adie nt a n d t e m p e r a t u r e g r a die n t ･ T h e liq uid w a te r fl u x d ri v e n b y th e t e r n pe r a tTl r e

g r a die n t ,
h o w e v e r

,･
w a s n ot c o n sid e r e d i n th e p r e s e n t s t u d y ,

si n c e it is le s s i m p o rt a n t in d ry s oils ･ T h e

h e a t fl u x c o n sist ed of c o n d u c d o n a nd late nt h e at b
.

a n sf e r d u e t o v a:F o r m o v e m e n t .

A t th e u p p e r b o u n d a ry ,
e v a p o r a 丘o n i n t o th e a b n o s p h e r e ( 良) w a s gi v e n a s th e si h k of w a t e r

,
a n d

R A
- H -LE s w a s g i v e n a S th e s o u r c e of h e a t

,
w h e r e R A i s th e n e t r adi a 丘o n , H th e s e n 岳ib le h e at fl u x iTlt O

th e a t m o sp h e r e , a n d I th e la t e n t h e a t f o r v ap o ri z a d o n . T h e 品 c a n b e e x p r e s s e d a s ■

E s
=

p d C E LL(h ･ q ･ d ･( T 8) -

q a) ( 1)

w h e r e p 4 i s th e d e n si ty of ai r
,
C E th e b t)lk t r a n sf e r c o e ff icie nt

,
u th e w i nd sp e ed , q s D '(T .) th e s att m t ed

sp e cific h u m idity at th e s oil s n 血 c e
,
h ･ t h e r el a ti v e h u m idity at th e s oil st)rf a c e

,
a n d q q th ¢sp e cific

h u m idity of at m o sp h e r e ･ T i e h s c a n b e gi v e n by f ollo wi n g e q u a d o n , a s

h ･
= e 呼(Vr8 g / R T 8) (2)

w h e r e v r･ a n d T ' a r e th e m a tri c h e ad an d t e m p e r a t u r e a t th e s oil s u rf a c e , g i s th e gr a vi t ati o n al

a c c el e r a d o n , a n d R th e g a s c o n s t a n t of w a te r v ap o r . D i t m al v ar i ati o n of a 血 O SP h eri c c o nditio n s w a s

n ot c o n sid e r ed , a rid c o n s t a n t v al u e s o f at m o sph eri c c o n diti o n s w e r e g i v e n i n th e p r e s e n t st u d y . T h e

l o w e r b o u n d ar y c o n diti o n s w e r e c o n s t a n t te m p e r a t u r e a nd n o w a t e r n t) x a t a d ep th of 0 .6 m . T his

m od el c o n si st ed of 1 4 4 l ay e r s , a n d h ad v e r y fi n e r e s ol uti o n ( m i n .

,
0 .5 m m ) n e a r th e s o n s u rfa c e .
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F ig . 2 S oil m o istt m c h ar a c t e ri sti c ctlr V e S f o r

th e th r e e s oils u s e d i n t h e n u m e ri c al e x p e ri m e n ts .

-
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H yd r a uli c p r o pe r ti e s of s oil s w e r e gi v e n b y v a n G e n u c h t e n (1 9 8 0)
-

s m o d el ･ T h e p a r a m e t e r s f o r

th r e e e x a m pl e s oils u s e d i n th e p r e s e n t s t ud y
l

a r e lis t ed i n T able 1
, a n d s oil m oi st u r e c h a r a c t e ri stic

c u r v e s f o r th o s e s oils a r e s h o w n i n Fig u r e 2 .

As an e x a m pl e
,
c o m p ut a ti o n al r e s ul t s f o r s a nd a r e sh () w n i n F ig u r e 3 . V e ry g o o d si m ila ri tie s

w e r e r e c o g ni z e d b et w e e n ob s e r v e d a n d c o m p ut e d p r ofile s of w a t e r c o Jlt e Jlt , r el ati v e h u m idity , a n d

v a p o r d e n si ty , r e sp e c ti v ely . T h e s e si m il ar iti e s d e m o n s tr a t e th e v alidit y of th e m o d el u s e d . F r o m

c o m p a d s o n b e t w e e n th e o b s e r v ed a n d c o m p u t e d r e s ults
,
th e p o si ti o n o f a i nfl e c ti o n p o i n t i n w a t e r

c o n t e rlt P r o file w a s c o n sid e re ･d t o b e c o r r e s p o n d e d t o th a t of th e b o tt o m b o u n d ar y o f th e D S L
. I ti s

r e m a rk a bl e th a t th e e v a p o r a ti n g ∑o n e W a s l o c a t ed a t th e in fl e c ti o n p o l n t i n w a te r c o n t e n t p r ofil e a n d

th a t th e e v ap o r a ti n g ∑o n e W a s e x t r e m ely thin .
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Fig ･3 C o m p u t ed v e rti c al p r o fil e s f o r s a n d o f( a) w at e r c o nt e nt , (b) r e h ti v e h u mi dity , ( c) v ap o r

d e rlSit y , (d) 1iq 由d ( J ') a n d v apワ
r (J v) w a t e r fl u x e s , a n d ( e) e v ap o r a ti o n 丘o r n e a ch c al c ul ati o n n o d e .

T h e w at e r 8 u x e s a n d e v ap o r a h O n a r e n O rr n al i z c d b y e v a p o r a ti o n i nt o th e at m o sp h e 息 .
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Fig ･4 C o m p ut ed v e rti c al p m fil e s f o r cla y o f( a) liq uid ( J L) a n d v ap o r ( J v) w a( ef fl u x e s , a n d (b)
e v ap o r ati o n 丘o m e a c h c al c ul ati o n n o d e

･
T h e w at e r n u x e s a nd e v a p o r ati o n a r e n O r m ali z ed 埠.
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T h e fe a t u r e s lik e th e ab o v e w e r e al s o f o u n d o u t i n th e c o m p u t e d r e s ul t f o r l o a J n . O n th e o th e r

h a n d
,
f o r cl ay , t w o m aj o r p oi n t s of diff e r e n c e c a n b e f o u n d o ut ( s e e Fi g . 4) . T h e fir s t is th at th e

d e c r e a s e Of liq uid w at e r 凸u x t o w ar d s oil s u rf a c e a r o u n d th e b ott o m b o u n d a r y of th e D S L w a s

r el ati v ely g e ntle , a rLd th u s , th e thic k n e s s of th e e v ap o r a ti n g Z O n e W a s r el ati v el y l ar g e . T h e s e c o nd i s

th at th e v a p o r fl u x slig h tly i n c r e a s ed t o w a rd s oil s u rf a c e a t th e u p pe r r e g i o n Of th e D S L
,

w h e r e n o

liq uid w at e r tr a n sp o rt 血⊃r n d e ep e r s oil la y e r e xi st ed ･ T h e rlr S t P O l nt Of diffe r e n c e i s th o u gh t t o b e d u e

t o th e diff e r e n c e of th e p r o p e r ti e s of th e u n s a t u r at e d h y d r a ulic c o n d u cti v lty a n d v ap o r c o Tld u c ti v lty

b e t w e e n cl ay a n d o (h e r ty p e s o f s oil (s e e Fig ･ 5) . F o r s a n d a n d lo a m
, th e u n s a t u r a t ed h yd r a ulic

c o n d u c ti vity r a pidly d e c r e a s e d a g a l n S t t h e d e c r e a s e o f m a tri c h e a d
,

w hile it di d n ot f o r cl a y .

T h e r ef o r e
, th e g e n tl e shifti n g of w a t e r n u 又 c o m p o n e n ts f o r cl a y is th o u gh t t o b e o w i ng t O th e g e ntle

d e c re a s e of it s h yd r a ulic c o n d u c tivi ty a g ai n st m a bi c h e ad .

T h e s e c o n d p o l n t O f diffe r e n c e i s r el at ed t o th e r e t e n ti o n p r o p e rti e s o f s oils . F r o m th e s oil

m oi s t t) r e c h a r a c t e ri sti c c u r v e s (Fi g . 2) , th e w a t e r c o n te n t s of s a n d a n d l o a m d e m o n s t r a t e t o h a v e

alr n o st c o n st a n t v al u e s a t l o w m a 打i c
- h e a d le v el

,
w h e r e w a t e r tr a n sp o rt i n 泣qtlid ph a s e is d iffic ul t t o b e

m ad e . O n th e o th e r h a n d , it is s h o w n th at cl a y c a n r e tai n ab u n d a nt w at e r a t s a m e l e v el of m a 出c h e ad .

T h tl S , it c a n b e c o n cl u d ed th at th e s oil w ate r c a ll e V aP O r a t e かo m d ry l a y e r
, w h e r e n o liq uid w at e r

s upply fr o m u nd e rlカn g s oil , f o r hi gh ly r et e n d v e s oil s .

1 0
･1 3

”)

巨

> ･
■

l l l J

主1 0
･ 14

O

:⊃
1 コ
ー=
O

O

1 0
･ 1 5

- 0 .1 ･1 0 ･ 1 0 0 0

M atrl c h e a d ( rr))
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m a bi c h e ad f o r s a n d (thi n li n e) , l o a m ( m e ditl m

li n e) a n d cl ay (血ic k li n e) . B r o k e n a n d d ott e d li n e

r ep r e s e n t u n s at u r at e d h y d r a uli c c o nd u cti vi ty a n d
v ap o r c o n d u cti v lt y , r e s p e c ti v ely ,

arld s olid li n e
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Fi g . 6 C o m p a ri s o n b et w e e n e v a p o r ati o n

e sti m at ed by th e si m plifi ed m eth o d wi 【h e q . (3)
a n d th at o bt ai n e d b y th e d et ail ed m o d el f o r s a n d

( cir cl e) ,
l o a m ( s q tl a r e) a n d cl ay (p l n s) .

E v ap o r ati o n r atei i s p r e s e n t e d a s l at ei nt h e at fl u x ,

w h er e I is th e l at e nt h e at fo r v a p o d 2 R ti o n .

A s s u m l n g t h a t th e e v ap o r a tl Jl g ∑o n e C a n b e r e g ar d ed a s a h o ri z o n t al pl a n e , a n d th a t r el a ti v e

h u m idity at th e e v ap o r a ti n g ∑o n e i s e q u al t o u n l ty '
th e e v ap o r ati o n

-.主at e c a n b e r e p r e s e n te d b y

foll o w i n g e q u ati o n , a S

E s

,

- a
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( 3)



w h e re T ･ i s th e t e m p e r a t u r e a t th e e v ap o r a ti n g s u rf a c e , z ･ th e d ept h of e v a p o r a t i n g S u rf a c e
,

w hi ch i s

c o rr e sp o n d ed t o th e th ick Jl e S S O f th e D S L , a nd D y' th e e ff e cd v e dif fu siv lty Of w at e r v ap o r i n th e I)S L .

Fig u r e 6 sh o w s c o m p a ri s o n of th e e v a p o r ati o n e sti m at ed b y th e si m plifie d m eth o d wi th e q u ati o n (3)

a n d th at o b tai n e d b y th e d et ai l ed m o d el m e mi o n ed th e ab o v e .
T h e v al u e s e sti m at ed b y si m plifie d

m e th o d a g r e e v e ry w ell th o s e ob t ai n ed b y t h e d e t ail ed m o d el f o r s a n d an l o a T n , al th o u g h th e

s h p h fie d m eth o d t e rld s t o b e l o w e r 血a Jl th e d e t ai led m od el d u e t o th e c o rI 出b u ti o n of th e e v a p o r a ti o n

o c c tlr r e d w i th i n th e D S L ･ T his i ndi c at e s th a t e q u a ti o n (3) is e ff e cti v e t o e sti m a t e th e e v a p o r a ti o n i n to

th e at m o s p h e r e
,

e x c e p t f o r hig hly r e t e n 丘v e s o ils .

A l th o u gh it is n o t e a sy t o di r e c tly m e a s u r e th e d e p th a nd t e m pe r a h rr e of th e e v ap o r a tl n g l o n e
,
th e

m e th o d t o e s ti m at e t h e a b o v e t w o p a r a m e te r s & o m t h e c o n v e n ti o n al mi c r o
･

m e t e o r ol o g l C aI

m e a s u r e m e n t h a s b e e n p r o p o s ed b y Y a m a n a k a (199 5) .

4 . C o ll C) u di n g r e m a r k s

lt w a s cl ar ifi e d th at th e e v ap o r a ti n g z o n e w a s l ∝ at ed at th e b ott o m b o u nd ar y o f th e D S L
,
a nd

w a s e x t r e m ely th i n fo r s a n d a n d l o a m ･ I t w a s al s o s h o w n th at t h e p ar a m et e ri 2 ･a d o n
,

w hi c h r e g a rd s th e

e v ap o r at m g ヱO n e a S a Pl a n e
,
i s effe cti v e f o r th o s e s oils . T h e s e r e s ult s i n di c at e th a t i nf o r m a ti o n o f th e

thic k n e s s of th e D S L is r e q ui r ed r a th e r th a n th at of w at e r c o n t e n t of s u rf a c e s oil
,
t o e v al t )a te

e v ap o r a ti o n fr o m b a r e s oil s u rf a c e s .
H o w e v e r

, It s h o uld b e n o t ed t h at th e ab o v e c o rl Cl u si o n s a re

o bt ai n e d b y a s s u m i n g S O m e W h at id e al c o n diti o n s ･ T h e eff e c ts o f th e sp a ti al v a ri a bilit y i n s oil

p r op e r也e s
,
th e v ari ad o n of at m o sp h e d c c o n diti o n s

,
a nd th e oth e r f a ct o r s , o n th e f o r m a ti o n of th e D S L

an d t h e st ru c t u r e of e v ap o r a tl n g Z O rl e n e e d t o b e i n v e stig ate d ft E th e r .

A c k n o w l e d g e m e n t s W e th an k T ok u o K ishii an d Y a s u his a K u z u h a of N ad o n al R e s e a r c h I n s tit ut e

f o r E ar th S ci e n c e a n d D i s a s t e r P r e v e nd o n , a n d F u m i S tlgi t a of C hib a U ni v e r s ity Of C o m m e r c e
,
fo r

th eir s u p p o r t a Jl d ad vic e in c o n d u c ti ng n u m eri c al c o m p ut ati o n . T his r e s e a r c h h a s b e e n st]p p o rt ed a n d

fi n a JI C e d ,
i n p a rt ,. b y th e S p e ci al R e s e a r c h P r oJ

'

e c t o n G l ob al E n vi r o n m e n t al C h a n g e of th e U ni v e rsi ty

o f T s u k u b a .

R e f e r e n c e s

M illy ･ P ･ C ･ D , I 1 98 2 ･ M o ist u r e a n d h e a t t r a n sp o rt i n h y st e r e 丘c , i n h o m o g e n e o u s p o r o u s m ed ia: A m at ri c h e a d ･ b a s ed

f o r m ul ad o n a n d a n tz m e d c al m o d el . W a Le r R e s v w , R e s . . 1 8: 4 8 9 ･4 9 8 .

P hilip J ･ R . a n d d e Ⅵ1 e S , D ･
A

･ , 1 9 5 7 1 叫oist u r e m o v e m e n t i n p or o t=s m at e ri als u n d e r t e m p er at u 托 g r adi e n lS . T r a m s . A m .

G e op h y s . U n L
'

o n , 38 : 2 2 2 ･ 2 3 2 .

S u git a
,
M .

,
U e d a

,
S

り
E n d o

,
N ･

,
O ht e ,

N
.

,
O ki , T ” K ai , Ⅹ ., K a y an e

,
I

. ,
K oik e , T . , R o nd o , A .

,
S h irn a d a J . ,

T h a k a ,
T . ,

T h ji 血 u r a
,
M ･

,
T呈a n

,
S - F ･

,
N iT a S a W a ,

H
･

.
H a T a Z O n O

,
Y . . H iy a m a , T . . F uk a mi , 冗 .

,
a n d Y a s u n a ri

,
T

‥
1 993 .

T s u k u b a 92 : a n i nt e n si v e fi eld c aJT'p alg n L O ad d r e s s S c al e is s u e s i n h y d r ol o g y a n d b o u nd a ry l a y e r m et e o r ol ogy ,

( 1) D u x e s fr o m l a n d s u rfa c e i rl1 0 Lh c at m o sp h e r e ･ J ･ l a p . A ss o c . H y d r o L S cE .

,
2 3: 1 2 7 - 1 3 7 .

v a n G e n u c ht cTI , M ･ T ･ ･ 1 980 ･ A cl o s e d -f o r m e q u ati o rL 6o f P r e dicti n g th e h y 血 ulic c o n d u cti vIL y Of u n s al ur at e d s oils . S oil

S c L
'

. S o c . A m . J
り
4 4 : 892 -8 9 8 .

Y a J n aJla h
･
T ･ , 199 5 ･ E ffe ct o f A t m o s p h e ri c F o r ci ng o n th e R el ati o n b et w e e n S oil M oist u r e a n d B ar e S oil E v a p o r atio n ･

M ･ S ･ n e sis , U ni v e r slt y O f T岳Llk u b a , 1 2 3 p p ･
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