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A b str a ct

h this st u d y , a si m pl e w a t e r b al a n c e m o d elli 止 in g wi th G r e e n ･ An pt m o d el w a s 血p rp y e d o n b a sis of

m e a s n r e d r e s ult s in a s e mi a ri d u pl a n d , T a I H an i a , a n d it w a s a pplied t o l o c al a r e a s uild ei
■■
diff e r e n t s oil

o r ra in h n c o n ditio n s in a s a m e b a si n ･ h spit e of o nly t h r e e p a r am e t e r s wi th r e g a rd t o th e p a rt u n d e r
.
th e

g r o un
d h this m o d el

,
t h e c al c ulat ed v al u e s 血 ulat e d w en th e m e a s u r e d v al u e . I n t h

'

s m od e いh e c riti c al

rai n 鮎 w hi ch g r o u nd w at e r r e ch a rg e o c c u r s w a s d e t e m i n e d by th e s oil p h y si c al p r o p e rtic s , a n d 血1d

obs e r v ati o n s al s o in di c at ed t his t e n d e n cy . F u rth e r m o r e
,
t h e effe c ts of th e s oil an d r ai nfall c o nditi o n o n

th e g r o u nd w at e r r e c h a rg e w e r e c o 血 e d ,

1 . I n t r o d u ct王o n

E val u ati o n of g r o u n d w at e r re ch a rg e h a r e gi o n al b a s h is a b a sic i nfo rm ati o n f o r ef6 ci e nt g r o u nd w at e r
r es o u r c e m 血 a g e m e n t a S W e u a S fo r f oi e c a s 血g h yd r ol o gi c pr o c e s s wi th th e ch a Jlg e i n cli m at e o r l a n d
u s e( 血Iis o n et al ･

,
1 99 4) A It is p a rti c ul a rly h p o rt an t i n r e gi o n s w h e r e g r o tl n d w at e r i s a w at e r s o t lr C e fo r

m u Ⅱicip al u s e . I n r e c e nt y e a rs , T n an y Stt)di e s o n g r o u lld w at e r r e c h a rg e i n v ari o u s s e mi a rid z o n e s h a v e

e sti m at e d t h e n a t u r al g r o u n d w at e r r e c h a rg e r at e u s血g ph ysic al ( G e e et al . , 1 9 94) an d c h e mi c al m et h o d s

(S u k hi3 a et al ･ , 1 9 8 8; G e e a n d flnl eL 19 8 8; S h a r z71 a , 1 98 9 et c ･) . O n th e o th e r h a nd , sp ati al a nd t e m p o r al

info r m a tio n s of pla nt c o v e r o r s oil c o rlditi o n c a n b e o bt a h ed u si ng r e m o t e S e n s in g d at a , I n s pit e of t h e

a c c um ulatio n of m a ny c a s e s t udie s , it h a s b e e n difE c ul t t o p r e dict r e ch a rg e r a t e h a r e g l O n al b a s in w h e r e

lo c al a r e a s u n d e r th e v a ri o u s c o n ditio n s 7 ni gh t e xist . B e c a u s e t h e l a rg e e r r o rs w e r e in clu d ed ill

est in lat in g t h e a ct u al e v ap otr a n spir ati o n a nd w at e r fl u x in th e v ad o s e zワ
n e ( G e e a n d H iu el ･19 8 8) I th e r e

w e r e f e w a p plic a ble p hy si c al m o d els t o p r e di ct r e ch a rg e r at e s in v a n o u s l o c al a r e a s .

F o r d e v elo pi n g th e a p pli c a bl e p h ysic al m o d el t o g r o u nd w at e r r e ch a rg e i n s e mi a ri d z o n e s , it is

n e c e s s a ry t o c o 血 t h e h yd r ol o gi c al p r o c e s s i n s u rfa c e s oil u s in g dir e c t p hy sic al m et h od s , a n d t o
I m p r o v e th e cl a s sic p h ysi c al m o d el o n t h e b a sis of m e a s u r ed p r o c e s s e s . I n t his st u d y , a s h lpl e w a t e r

b al a n c e m o d el u D k in g wi th G r e e n
- Am p
t m o d el w a s I m p r o v ed o n b a sis of m e a s u r e d r e s ults i n a s e mi a rid

u p h n d , T a n 2: a ni a , an d it w a s a pp lie d t o l o c al a r e a s u n d e r di 血 r e nt s clil o r r a in f all c o n ditio rlS in a s a m e

b a s in .

2 . W at e r b al a n c e n l O d el i n s u rf a c e s oil

T h e c a s e c o n sid e r ed h e r e is th e w a t e r b al a n c e i n s u 血 c e s oil wi t h o u t t h e a b s o rpti o n b y t h e pla rlt r o o ts

in th e d e ep s oil un d er th e t r o pic al s e mi ari d , 虻th e tr an spir ati o n is n e gligi bl e in d e e p s oil , t h e e v a p o r a ti o rl
加 nt l o c at e s n e a r g r o u n d s u rf a c e ･ T h e r ef o r e ) t h e w a t e r b al an c e in s u rf a c e s oil is d e s c ri b e d a s :

R = P - E - Q ＋ △ v (1)
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w h e r e R , P , E , Q , △v a r e th e g r o u n d w a t e r r e c h a rg e , p r e cipit ati o n , e v ap o r a ti o n , o v e rl a n d n o w , a n d

c h a n g e in s o n _
w a t e r c o n t e n t

,
r e s pe cti v ely . I n t r o pic al s e m i a rid r e g i o n s , th e a n n u al p ot e ntial

e v ap otr a n s pir ati o n e x c e ed s 2 0 0 0 m m , a nd d aily p ot e mi al e v a p ot r a n spir ati o n e x c e e d 5 m m e v e n d u ri ng
a r a in y s e a s o n . O n t h e oth e r h an d

,
t h e d a Ly a ct u al e v ap ot r a n sp k ati o n ( A E) r a pidly d e c r e a s e s wi t h t h e

s oil w a t e r c o n t e n t a 鮎 r t h e r 血 以1 e v e n t
,
a nd it al w a y s is e x t r e m ely l o w e r t h a n t h e p ot e T ltial

e v a p o tr a n spi r ati o n ( P E) d u r in g t h e d ry s e a s o n ( H ay a shi , 19 9 0) ･ I n t his m o d el
,
t h e ru n o fE w a s u s ed

m e a s u r e d v al u e s a n d e v a p o r ati o n r at e w a s c al c ulat e d b y t h e e sti m at e d P E ( O n od e r a e t al .

, 1 9 9 6) a nd

th e m e a s u r e d l in e a r r elatio n s hip b et w e e n t h e P E a n d A E ･

D u ri n g a r ai nfall e v e n t , th e r ai n w at e r u s u ally Blls wi t h p o r e s i n s u rf a c e s oil a nd 丑o w s o v e r th e g r o u nd

s u r h c e ( O n o d e r a , 1 99 6) J n ad ditio n ,it p e n et r at es c o n c e n tr a t e dly a n d p a rti a uy i n d ry s a n d ( G r a s s e t al り
1 9 89; O n o d e r a , 1 9 93) o r t hr o u gh t h e p r ef e r r e d p a 也 w ay ( S t e p h e n s , 1 9 9 4) ･ T h e in filt r a ti o n p r o c e s s h

t h e d r y s oil wi th t h e o v e rh n d 丑o w is siz7)ila r ( o G r e e n
- An pt M od el - B a s e d o n t h e a s s u m p tio n of th e

m od el
,
th e in Bltr ati o n r a te (q) is w ritt e n u sin g D a r cy

2

s eq u a ti o n a s ,

q
= K s ( 1 -( 4 , b - ¢t) / I . s) ( 2)

w h e r e , Ⅹs is t h e p e r m e abiuty a nd it e q u al s th e s at u ra t e d hy d r a uli c c o nd u cti vi ty , ¢b s h o w s th e p r e s s u re

h e ad a t t h e w ettin g 丘o nt a nd e q u al s th e w a t e r e nt r y v al u e ( ¢ w) , ¢I sh o w s t h e p r e s s u r e h e ad at th e

g r o u n d s u r 触= e , a n d L s sh o w s th e l e n gt h of th e w e ttiig z o n e ･ 4
' t is t h e p o siti v e v al u e u n d e r th e p o n d ed

il 瓜tratio n a n d e q u al s th e p o n d e d d e p th o r o v e rl a nd n o w d e pt h . T h e n 4, I b e c o m e s th e air e n tr y v al u e

( ¢ a) un d e r t h e r e dist n1 ) tlti o n p r o c e s s . B a s e d o n t h e e q u a ti o n ( 2) , it is d e d tl C e d t h at th e h y d r a uli c

g r adi e n t is n e g ati v e a n d t h e w at e r 血 Ⅹ wi ll b e u p w a rd w h e n L s is s m al l e r t h a n th e dif6 e r e T IC e b et w e e n

¢ w an d ¢ a . T h e r e f o r e , th e d e pt h o f th e s u ぬ c e s oil h y e r ( Le ) w h e r e littl e s oil w at e r c o n tri b u t e t o

g r o u lld w at e ris d et er mi n e d a s th e difEbr e n c e b et w e e n 4 ' w a n d ¢a . B e c a u s e ¢t b e c o m e s ¢a at th e e nd

o f th e r ai nihll
,
th e w e t 血 g z o zl e is ap p r o xi m at ely th e s at u r 且( e d c o nditi o n ( 0 s) , a n d (h e c riti c al r a 岨

a m o u n t ( P c) is d e 血 e d a s ,

P c = I . , e ( O s - O i)

w h e r e , 8 i is th e s o 乱 w at e r c o n t e nt b e f o r e a

r ai n h u e v e n t . A c c o rd h g t o t h e e q u ati o n (1) , it
is d et e 血 d th at gr o u nd w at e r r e ch a rg e o c c u r s

w h e n th e di 飽r e n c e b et w e e n P a n d Q e x c e ed

P c ･ T h e e z:c e s s w at e r r apidly m o v e s d o wn w a rd

a s p a rtial a n d c o n c e nt r a t ed fl o w wi th o ut

e v a p o tr a n s p むa d o n ( O n o d e r a , 1 9 9 3) .

P a r a m e t e r s ( 4, a a n d 0 s) of th e m o d el u s e d

th e ph y si c al p r o p e rti es m e a s u r ed by t h e l a b o r at o ry
e x pe ri m e n ts (T a bl e 1) . I n o th e r h a ll d

,
b e c a u s e

th e e x p e ri I7 1e n tal m e th od of ¢w h th e

l a b o r at o ry h a v e n o t b e e n e st ablish ed , t h e

( 3)

T a bl e 1 S oil p h y si c al p r o p erti e s ,

s o il t y p e ¢a O s K s c ol o r

s a n d - 1 0 3 5 5 Ⅹ1 0
-

3

g r ayish

b r o w n

s it
- 1 6 5 0 5 x l O

1

4

r e d di sh

h r r＼ヽ m

*

如 : p r e s s u r e h e ad at th e ai r e nt r y ,
K s : s at u r a t e d p er m e ability

0 s : w at e r c o 亡lt eLlt at t h e s at u r a t e d c o n diti o n

ob s e r v ed v al u e by O n o d e r a (1 9 9 6) w a s a ppli ed

t o ¢ w . O n o d e r a (1 9 96) o b s e r v ed t h at t h e

p r e
.

s s u r e h e ad at th e d ep th of 20 c m h e r e
.

a s e d r apidly fr o m t h e d ry c o n diti o n t o
- 3 c m ( j = 3 c m) wi th th e

a r r l V al of th e w ett in g 丘o r lt - T h e r ef o r e , 1t W a s a s s u m ed t h at ¢ w w a s - 3 c m in t his m o d el .

3 . S t ll d y a r e a a n d m e t h o d

T h e s t u d y a r e a is l o c a t e d i n M a k u t a p o r a B a s in , 2 5 k 皿 n O rth o f D o d o m a , th e C a pit al cit y of T a n z a ni a

-
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( Fig ･1) ･ T h e m a h hiu s
,
C h e n e
モ
e

Hiu s , li e h t h e n o rth e a st e r n r n a r g l n

of th e b a s in , an d M ak u t a p o r a

s w a m p IS S u r r o u n d e d b y p ed ipl a in

u pl an d s in t h e c e n t e r of t h e b a si n ･

T h e el e v ati o n s o f t h e hiu s , s w a m p

a nd pe dipla in u pl an d a r e a r o un d

1 2 00 t o 2 00 0 , 1 0 6 0 , a nd 1 0 9 0 t o

l 15 0 a 皿 S .1 .
,
r e sp e c ti v ely . T h e

b as e m e n t c o n sists m ai nl y of

pr e c a m b ri a n g r a n itic r o ck s a n d s m a皿

bl o c k of 皿 e t a S e di m e n ts . T h e

b as e m e nt i s c o m pl e xly fh ult e d . A

th h s a n dy s oil
■
o f th e high

p er m e a bilit y a nd r e ddis h silly s o 正of

th e l o w p e - e ability ( T a bl e 1)
c o v e r s t h e g r a niti c a n d s e di m e n t a ry

r o ck o n th e sl o pe a n d u pla nd ,

r e sp e c ti v ely ･ O n th e oth e r h an d
,
a

thick sil一y o r cl a y e y s oil c o v e r s o n

th e s w a m p s a n d l o wl a nd s . T h e d e ep

g ro u n d w at e r e xists in t h e w e at h e r ed

o r 五s s u r ed r o ck s u n d e r t h e S w a m p ･

T h e a r e a h a s a tr o pic al s e m i a rid

cliz71 at e . M o st of th e a n rl u al r ai nih比
ab o u t 6 0 0 m m

,
o c c u r s 丘o 171

D e c e m b e r t o A p ril ･ S h h d o (19 9 4)
m e a s u r ed th e d istr lb utio n o f r a h hll

in th e b a s h , a nd i ndic at e s th at th e

a m o u nt at C h e Tl e n e O n th e fo ot of

th e 姐Is w a s 1 .9 ti m e s of th at at

M ak ut a p o r a , a n d t h at th e k eq u e n cy
of r ai nfall e v e n ts e x c e ed h g 50 rr m at

C h e n e n e w a s t wi c e t h a t a t M a k u t a.p o r n .
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Fig .1 L o c ati o n o f s t u dy a r e a .

T o e v al u at e th e e ff e ct s of t h e r ai n b ll a nd s o n c o n diti o n s o n th e g r o u Tld w at e r r e c h a r g e an d c alib r a t e
th e m o d el w it h o b s e rv e d v al u e s , th e o b s e r v ati o n s of h yd r ol o gi c al p r o c e s s e s w e r e c a r ri e d o u t at t w o
e xp e ri m e n t al sit e s o f t h e w e st e r n sid e of M ak ut a p o r a S w a m p , 丘o m D e c e m b e r in 1 9 8 9 t o M a r c h in

199 1 1 O n e is o n th e p e dipl a in u pla nd wi t h s a n d y s oil(Sit e U) a rid th e o th e r is o n th e g e n tl e sl o pe w ith
r ed dish s oil( S it e A) ･ A t Sit e U , th e t e n si o m e t e r o b s e r v ati o n , s oil w at e r s a m plin g a n d e s 血 ati o n of
e v ap o r ati o n w e r e c o nd u ct ed , r e sp e ctiv ely ･ T h e e v a p o r a ti o n r at e w a s e sti m at e d u sirlg th e dir e c t ph ysi c al
Tn eth o d ･ An u n dist u rb ed l O O c c s oil s a l n Ple w a s c oll e c t ed o n th e g r o u nd s u rf a c e e v e r y m o m m g u s n g
a st e el cy 血d e r of th e l e ngt h of 5 c m a n d w eig h e d t o In e a S u r e th e w a t e r c o n t e n t . T h e c on e ct e d s a m pl e

cy h d e r w a s h st all ed o n th e g r o u nd s u 血 c e e v e ry d ay a n d w ei gh e d a 触 r o n e d a y t o m e a s u r e th e d aily
a ctu al e v ap o r ati o n r at e ･ As th e b o tt o m of th e c yl in d e r w a s s e al e d b y a c o v e r , th e e v a p o r ati o n r a t e w a s
e sti m at e d by c o n sid e 血 g r ai 血 止 an d o v e rfl o w a m o u nt ･ H o w e v e r , this m e th o d m a y u rld e r e s ti m at e t h e

e v ap o r ati o n r at e w h e n t h e e v a p o r ati o n 丘o nt lo c a t e s b el o w t h e 5 c m d e e p s u ch a s d u ri n g t h e d ry s e a s o n ･

T h e r ef o r e
,
th s v al u e s o b s e r v e d d u 血g th e rai n y s e as o n w a s u s e d fo r c alib r a t in g th e m o d el 1 0 n th e o th e r

h a nd
, th e t e n si o m e t e r o b s e r v a ti o n a n d m e a s u r e m e nt s of e v e ry e v e n t r u n o fBs a t Sit e A w e r e c o nd u ct ed ,

r e sp e cti v ely . T h e ru n o ff w a s m e a s u r e d at f o u r 鮎1d pl o t s of 3 . 2 m x 3 .2 zn ( 1 0 m
2

) in siz e .
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4 . R e s u lts a n d dis c u s si o n s

4 . 1 W a t e r b al a n c e i n th e s a n d y s oil o rL t h e u p[ a Jl d

Fig u r e 2 sh o w s th e s e a s o n al v a ri ati o n in

t h e w at e r c o nt e n ts a 71d r e ch a rg e r a t e s

e s ti m at e d u 血 g t h e dir e ct m eth od a nd

c al c tll at e d u s in g th e w at e r b al a n c e m od el

丘o m N o v e m b e r 19 9 0 t o A p ri l 1 99 1 ,

r e s pe c ti v ely ･ B a s e d o il th e w a t e r b al a n c e

in t h e s u 血 c e s oil
,
th e r e ch a rg e r at e w a s

e s ti m a t e d b y th e diff e r e n c e b e t w e e n t h e

r a in f d at o n e e v e n t a n d th e e v a p o r ati o n

r a t e a c c u r n ul a( e d d u ri n g t h e p e ri o d & o m

th at r ai nfhu e v e nt t o t h e n e x t o n e . T h e

r e ch a r g e r at e w a s o b vi o u sly hi gh aft e r a

r ai n f all e v e n t o f m o r e th a n 40 n m / d a y ,

a n d w at e r c o n t e nt in t h e s u rf a c e s oil

in c r e a s e d . I n c o n t r a st
,
th e r e ch a r g e r at e

` a'

萱
I
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?

詔
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妻
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EE:

80
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仙 aJ ral nta H
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S
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-
･
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6 0

50

4 0

さ0

2 0

1 0
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Sit e U ･ ･･ ･･･ ･･･ -

rT W a S L n 8 d

, _
. _ c aJc LI T atlヨd

J q l. F l) h . ht 肌 A p rll

w a s n e g ati v e a ft e r a r a h f au of l e s s t h a n
N 札 D n J h F B h L M u ･

1 9 9 1

A p d1

1 0 m d d ay e x c e pt f o r th e w et p e ri o d .

F r o m th e s e r e s ult s
,
t h e r e ch a rg e r at e w a s Fig ･2 S e a s o n al v a ri ati o n s i n t h e (b) w at e r c o nt e nt a nd

r elat e d l in e a rly t o t h e r ai】血Il a m o u n t ( c) r e c h a rg e r a t e a t Sit e U .

( O n o d e r a ,1 9 9 6) ･ T h e r elatio n ship in dic at e s

t h a t t h e r e c h a rg e r at e is n e g ati v e a t e v e n ts of l e s s t h an 15 1T m l a n d th e l o s s r at e s wi t h e v a p o r atio n is

r el ati v ely c
l
o n st a n t an d a r o u T )d 1 5 m m f o r t h e r ai I血 u at e v e n t s of m o r e th a n 1 5 z n m . O n t h e o t h e r h a nd

,

t h e P c o n 也 e u pl a n d w a s c al c ul a t e d t o b e 2 1 m m tLrld e r th e d ry c o n diti o n a 71d ll rrLE n u n d e r th e w e(

c o n diti o n u s in g t h e p a r a m e t e r s i n T a bl e 1 , r e s pe ctiv ely . T h e o b s e r v e d t e n d e n c y a g r e e d w it h th e

c al c u la t e d r e s ult s in t h e b a sis of th e c o n c ept of th e m od el .

F u r th e 皿 O r e
,
th e v a 血ti o n h th e r e ch a rg e r a t e c al c ul at ed u s h g th e m od el a pp r o xi m at ely a g r e e d wi th

th e o b s e r v e d v a riatio n
,
w h e r e a s t h e v a ri atio n i n th e c al c ulat e d w a t er c o n t e n t w a s l a rg e r th an th e

o b s e r v e d o n e b e c a u s e th e c al c u l at e d r a n g e in th e m o d el w a s n a r r o w e r t h a n th e o b s e r v ed o n e . Th e

c u m ul ati v e r e c h a rg e r a t e d LI r in g t his r ai n y s e a s o n w a s e s ti m at e d t o b e 3 4 1 m 丘o m th e o b s e r v e d d ata

a n d 3 2 8 m & o m t h e c al c tll at e d d at a
,
r e s pe cti v ely . T h e r e ch a r g e r a t e o f s h a u o w g r o u n d w at e r o rl th e

s a m e sit e w a s al s o e st h at e d t o b e 3 3 0 d y e a r by O n od e r a (1 9 9 3) u s h g th e tr a c e r m et h o d . It e sti m a te d

u 血g th e d むe ct m e th o d w a s si mi l a r t o o n e u s in g th e tr a c e r m e t h o d . T h e s e r e s ult s s u p p o r t t h e v alidity

of t王1is m o d el .

4 . 2 E ff e ct s or th e s oil c o lld iti o tl O n g r O tl n d w a t e r r e c h ar g e

B as ed o n th e v aH dity of th e m o d el d e s cri b e d a b o v e , t h e a p plic a ti o n s of it t o t h e e s ti m ati o n s of r e c h a rg e

r at e s u n d e r th e v a ri o u s s oil a nd r a h f au c o nditi o n s w e r e a tt e m pt e d . T o e v al u a t e th e e ff e ct o f t h e s on

c o n diti o n
,
th e g r o u n d w a t e r r e ch a rg e r a t e s w e r e e s ti m a t e d in t h e a dj a c e n t hy d r o g e o m o rp h ol o gi c al u nits

wi t h 也e r ed dis h snty s oil a rid s a ndy s oil a r o u n d M a k ut ap o r a a n d M ei a M eia , r e sp e c tiv ely . T h e P c in th e

r ed dis h snl y s on w a s c al c ulat e d t o b e 5 91 n m u n d e r th e d r y c o n diti o n a n d 2 0 m m u n d e r t h e w et c o nditio n ,

r e s pe cti v ely , b a s ed o il th e m od el p a r a m et e r s . I n th e g e ntl e sl o p e ( Sit e A) a r o u n d M ak u t a p o r a , th e

a n n tl al r e ch a r g e r at e w a s e s ti m at ed t o b e l m m ･ T h e o b s e r v e d v a riati o n in p r e s s u r e h e a d s a t Si(e A

s u p p o rt ed th e r es ult s cal c ulat e d u s in g t h e m o d el ･ T h e p r e s s u r e h e a d at th e d e pth o f 2 0 c m r o s e u p t o O c z
TI

H
2
0 a走e r a r a in fhn e v e nt , w h e r e a s it at th e d e pth of lO O c m k e pt v e ry l o w th r o u g h o ut t h e r a in y s e a

s o n .
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T h e r e s ult s i n dic at e t h at th e w ettin g & o rlt S t o p s at th e s u rfa c e s oil la y e r .

L h a d diti o n , th e g r o u nd w a t e r r e c h a rg e

w a s e v al u a t ed o n th e p e di m e nt slo pe w ith

th e r e d dish silly a nd s a n d y s oil in M eia

M ei a , w h e r e t h e an n u al r a in fhll w a s 1 . 2

ti m e s o fth at at M ak ut ap o r a . FIB u r e 3 sh o w s

th e v ari a ti o n in c al c ul at ed r e ch a rg e r at e s

o n th e pe di
m e nt sl o p e s wi t h th e r e d dish

s oil a nd s a nd y s o 且a r o u nd M ei a M ei a . T h e

eff e c t of t h e s oil c o n ditio n o n t h e

g r o u nd w a
t e r r e c h a rg e is cl e a r ･ T h e a r n u al

r e c h a rg e r at e s w e r e e s ti m at ed t o b e 6 5 m 皿

in th e r e d dis h s oil a n d 4 2 7 r n m in t h e s an dy

s oil
,
r e s pe ctiv ely . T h e r e c h a rg e r at e in t h e

r ed dis h s oil w a s l e s s th a n t h at i n t h e s a zld y

s o 比 T h e g r a in siz e of s oil aff e cts th e ¢a

a s w ell a s th e pe r m e a bilit y . T h e s m all e r th e

g r a in si z e is , th e l o w e r t h e 4
, a is a n d th e

l a rg er th e Le a nd P c a r e , r e sp e cti v ely .
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Fig 13 S e a s cI D al v a ri a ti o r)s iz) r e ch a rg e r at e s

i n th e r e d di sh sil一y s oil a n d s a n dy s oil .

4 .3 E ff e ct s of th e r n h fa n c o n diti o l 1 0 n g r O u n d w at e r r e c h a rg e

T o e v al u at e th e e ff e ct of th e r ai n h n c o n diti o Tl
,
t h e g r o u n d w at e r r e c h a rg e r at e s w e r e e s ti m a t ed o n t h e

th r e e a r e a s
,
M a k u t a p o r a , M ei a M ei a , a n d C h e n e n e , w h e r e th e a 皿 u al rai nf a u s in 1 99 1 a r e 6 7 2 m m ,

80 6 r n n a nd 1 4 1 4 m 叫 r e S pe Ctiv ely ･ T h e c al c ul ate d 和 n u al
■
r e ch a rg e r a t e s o L t h e s a n d y s Q

.

il w e r e 3 2 8 Ⅲ n

in M a k ut ap o r a , 42 7 m in M ei a M ei a , a n d 89 3 m i n C h e n e n e , r e s p e ctiv ely . T h e r at e s w e r e 4 8 . 8 % of

th e a n n u al rai n h lli n M ak utap o r a , 5 3 ･0 % i n M eia M eia
,
6 3 .2 % h Ch e rl e n e

,
r e s p e cti v ely . T h e s e r e s ults

i ndic at e d th at th e r e c h a rg e r at e in c r e a s ed wi th r ai nfhu a m o u n t . P a rtic ul a rly , it in c r e a s e d wit h t h e

丘e q u e n cy o f t h e r a in fall e v e nt of Ⅱ1 0 r e t h a n 5 0 7T 皿 a S W e山a s t h e e v e nt r ai nf au a m o u r lt . O n t h e o t h e r

h a rld , th e c al c ul at e d r e c h a rg e r a t e s o n t h e r e d dish s oil w e r e l n m in M a k u t ap o r a , a n d 65 r n m i n M eia

M ei a
,
r e s pe cti v ely ･ T h e r at e s w e r e 0 ,1 % of th e a n n u al r ai n 血11 in M a k u t a p o r a a n d 8 .1 % h M ei a M ei a

,

r e sp e cd v ely . B e c a u s e th e P c i s t h e dist h ct v alムe fo r t h e s o丑t y pe , th e e ff e ct o f t h e r a in f a止 c o n diti o n w a s
diff e r e n t a c c o rd in g t o th e s oil c o n ditio n .

5 ･ C o n cl u di n g r e m a r k s

l n t his st u d y , th e s in 1Pl e w at e r b ala n c e m o d el l in k in g wi th G r e e n
- Am pt M o d el w a s a p plie d t o ( h e

s e mi a rid b a si n i n T a n z a n i a , t O e v al u a t e t h e g r o u n d w at e r r e ch a rg e i n a r e g lO rl al b a s in u s in g t h e l e s s

p a ra m et e rs u n d e r t h e g r o u n d ･ T h o u g ht t h e p ar a m et e r s u rld e r t h e g r o u n d in t his m o d el w e r e o nl y t h r e e ,
th e c al c ul at e d v al u e si m ulat e d w ell▲ th e m e a s u r e d v al u e . F u rt h e r m o r e

,
t h e e ff e ct s of th e s oil a nd r aild a u

c o n diti o n s o n t h e g r o u nd w a te r r e c h a rg e w e r e c o 血 e d . I n t h e fu t u r e s t u d y , th e d et e r m in ati o n o f

sp ati al dist rlb uti o n o f s oil a n d t h e e s ti m atio n of t h e v a ri atio n in r ai nf au a n d e v a p o tr a n s p l r a ti o n
.

w in b e

p o s sibl e u s in g t h e r e m o t e S e n S l n g t e C h niq u e ･ T h e r ef o r e
,
it is stin m o r e n e c e s s a ry t o e st a blish t h e

e x p e r in 1 e nt al m eth o d of th e s oil p a r a m et e r s a nd t o e v al u a t e th e w at e r ab s o r ptio n b y t h e d e e p pla rlt r o o t

in this m od el .

6 ･ A c kn o w l e d g e m e n t s

T his r e s e a r c h is a p a rt of t h e J a p a n
- T a n z a ni a J o in t R e s e a r ch ･ T h e a u th o r a p p r e cia t e s t h e m e rrlb e rs of

this p r oj e ct , p a rti c ul a rly P r of . S h in d o , P r o f . S at o a n d P r of . K o n d o h a rid M r . K o n g ol a ( M i ni st ry of
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W at e r , T a n z a ni a) fo r th eir s u p p o r[ an d ad vic e . S p e cial t h a nk s a r e giv e n t o M r ･ S a diki , M r ･ N a h o zy a
a n d M r . K a t an g a f o r th e h elp in 丘eld r e s e a r ch e s ･

7 . R ef e r e n c e s

A llis o zl
,
G ･ B ･

,
G e e

,
G . W .

,
a n d T yl er , S . W . ( 19 9 4)

”
V a d o s e - z o n e t e c h niq u e s f o r e s 血 at in g g r o u n d -

w a ( e r r e c h a rg e in a ri d a n d s e mi a rid r e g l O rlS
叩

,
S o t

l

L S c L
-

. S o c . A m . J .

,
5 8

, p p - 6 1 1 4 .

G e e
,
G I W ･ a 71d H iu el

,
D . ( 19 8 8)

. 1

G r o un d w at e r r e c h a rg e in a rid r e gi o n s : r e vi e w an d c ritiq u e of e s t h a -

ti o n m et h o d s
.-

,
H y d r oL . P r o c e s s .

,
2
, pp . 25 5 -2 66 .

G e e
,
G ･ W .

,
W ie r e n g a , P ･ J ･

,
An d r a ski

,
B ･ J ･

,
Y o u n g , M ･ H ･

,
P a y e r , M ･ J ･

,
a n d R o c kh old

,
M ･ L ･ (1 99 4)

''
V ari atio n in w at e r b al a n c e a n d r e c h a rg e P O t e n ti al at th r e e w e st e m d e s e rt sit e s

-I

,
S oil S ci . S o c . A m .

J .
,
5 8

, p p 16 3 - 7 2 ･

G r a s s
,
R ･ J ･

,
S t e e n h uis

,
T .

_
S . an d P a rl a n g e , J

I Y ･ (19 8 9)
”

M e ch a nis m f o r 丘n g e r p e r sist e n c e in h o m o -

g e n e o u s , u n s a t u r a t ed , p o r o u s m edia : th e o r y a n d v e ri B c atio n
.I

,
S o L

I

L S ci .
, 1 4 S , p p .6 0 -7 0 .

H a y a shi , M .(1 9 9 0)
. -

St ud y o n g r ot m d w at e r r e ch a rg e m e ch a nis m i血i nl a nd T an z a ni a
' -

, M S T h e sis , C hib a

U ni v e r sit y ( u TIP u blis h e d) .
O T IO d e r a

,
S ･ (1 9 9 3)

''

E s ti m ati o n o f r apid r e c h a r g e m e ch a ni s m in th e s e m i
- a ri d u pl a rld , T a n z a nia , u s in g

s oil w a t e r
1 8
o a rid Cl

l 1

,
IA H S P u bli c a tl

･

o n
,
21 5

, p p
･1 51 11 6 0 ･

O n o d e r a
,
S . (1 9 9 6)

”

T h e m e c h a ni s m o f c o n c e n t r a t e d g r o u n d w a t e r r e c h a rg e i n a t r o pic al s e m i a ri d r e
-

gi o n
”

, J ･ J a p I A s s o c ･ H y d T Ol . S c z
'

･

,
2 6

, p p ･ 8 7 - 9 8 ･( in J a p a n e s e wi th E n glis h a b st r a ct)
O n o d e r a , S ･ , K o n d o h , A .

,
S a t o

,
Y ･

,
H a y a shi , M .

,
S h in d o

,
S .

,
M a ts u m o t o

, E . an d rk ed a
, H . (1 9 96)

''

S u b s u 血 c e w at e r cy cl e in s e mi ari d T a rr z an ia , E a st A 鮎c a
-I

,
I . J a p . A s s o c . H y d r o l . S ci . , 2 6 , p p .7 5 ･8 6 .

(i n J a p a n e s e wi th E n gl is h a b st r a ct)
S h a r 皿 a

, M ･ i . ( 1 98 9)
''
G r o u n d vtw t e 7 ･ r e ch a rg e

-I

,
B al k e m a

,
R o tt e rd a m

,
3 2 3 p .

S hi n d o , S ･ (1 9 94)
'T

S t u d y o n th e r e c h a rg e m e ch a nis m a n d d e v el op r n e .lt O f g r o u n d w at e r i n th e in1 a nd

a r e a of T a n z a ni a ''
,
P r o g r e s s r e p o r t O f J ap a n

-T a n z a ni a j o in t r e s e a r ch ( 4) , C hi b a .

S t e p h e n s , D ･ B ･(1 9 94)
'■

A p e r sp e cti v 与 071 d 血 s e n at u r al r e c h a rg e m e ch a nis m s in a r e a of l o w p r e cipit a
-

tio n
叩

,
S o L

'

L S c t
'

･ S o c ･ A m . エ
,
5 8

, p p . 4 0 - 4 8 .

S u k hij a , B ･ S ･

,
R e d dy , D I V ･

, N a g a b h sh an a 血 , P . , an d C h a n d , R .(1 9 8 8)
--

V alidit y of th e e n vi r o n m e n t al

c hl o ri d e m eth o d f o r r e c h a r g e e v ol u tio n of c o a st al aq uif e rs , I n di a
lT

,
J ･ H y d T Ol ･ , 9 9 , p p 13 4 9 -3 66 1
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