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1 . I n t r o d u c ti o n

T o es 血 8t C th e e D Vi r o - a n t of th e e a rth
l

s s u rf a c e
, mi tis p e ctr al r e m o t e s e n s i n g t e C lm ol o g y h as

b e e n l a rg ely d e v el op e d h r e c e n t y e a r s ･ m e r e h a v e b e e n m a n y r e p o rts o n d i e id e n t脆c ati o n a n d th e

d et e cti o n of st r e s s of v e g et ad v e c an opie s ･ h th e m ultis pe c b al r e m o te s e n si n g f o r t h e v e g et at ed
a r e a

, th e fu nd am e n t al a n d i m p o rt an t d ata o n th e c o r r el ati o n b et w e e n th e in cid e n t u gh t a n d th e l e af
c a n opi e s a m a cq u i r ed ･ S uits (1 9 7 2) c al c ul at e d th e dir e c d o n al r eA e c t an c e of a v eg et a 触 c a n o py .

Ei s m od el is a n e x te n si o n of th e c a n o py m o d el of ju l e n
,
G a yl e a n d Ri ch a rd s o n ( 1 9 7 0) w hi c h

,
h

tu m
･
is a ll e x t e n si o n of D u ntl e y (1 9 4 2) e q u ati o n s th at a r e

, h t u r n
,

e x t e n si o n of th e K u b elk a
_ M u n k

e q u ati o n s(1 9 4 8
,
1 9 5 4) .

h a st u dy o n H Bht s c a 伽 血 g fr o m l e af l ay er s
,

th e i n di vid u al 1 e a v e s a r e 廿e at e d a s p e rf e ct

h m b e rtia n dif fu s e r ･ B u t th e r e a l e v a ri o u s sp e ci e s of l e a v e s 血 n at u r e ･ T h o u gh V elh o e f(1 9 84) h as

dis c u s s e d th at
l
th e l e af o n w hi ch th e u gh t s c a 統e rs is a pe rfe ct I 瓜 n b e rti a n diff u se r , d o e s th e h gh t

s c att eri n g f r o m all of th e l e a v e s f o ll o w i - b e止ia n l a w ? T b s ol v e th is q u e s ti o n w e s t u di e d th e

in di c atri c e s of l e a v e s i n v a ri o u s sp e ci e s ･･ TTa bl e 1 is a list of t h e st u di e d w o o d y pl an ts i n s ci e n 血 c

n a m e s a n d in 1 o c al n a m e s a s w ell a s
･
in J ap an e s e n a m e s b e c a u s e th ey w e r e c oll e ct e d i n J a p a n ･ h

th e t e xt th e y a r e r ef e r r e d t o b y l o c al n a m e s w hi ch a = c m o; e c o m m o nly u s e d . B r e e c e
,
H . T . ⅠⅠI a n d

H o lm e s
, R ･ A ･ (1 9 71) h as r ep o rt cd th e bid i r e di o n al s c att e ri n g c h a r a c t e ri stic s of h e alth y g r e e n

s oy b e an an d c o z71 l e a v e s a n d ¶10 m a S W I B r ak k e (1 9 8 9
,
1 9 9 3) h a s r e p o rt e d th e n o n - b m b e 血

ch a r a c t e ri sti c s a s to th e r e fl e c ti o n o n th e l e a v e s a c c o rdin g t o s e a s o n s a n d bidir e cti o n al r e n e c d o n

ch a r a ct e ri sti c s ･ B ut w e r e p o rt n o n
- L a m b e rd an ch a r a c t eris d c s of v a ri o us l e a v e s b y u si n g M i n n a ert

c o n st a n ts ( M ･ M b n a e rt
,
1 9 4 1) .

-
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2 . I n di c a t ri x

W e u s e d a g o ni op h ot o m et e r s h o w n in Fig ･ 1 t o m e a s u r e th e i ndi c a 血= e s ･ T h e h al o g e n l a m p l S

u s e d a s a n o ptic al s o u r c e of th e g o ni op h ot o m et e r ･ T h e ligh t fr o m th e o pd c al s o u r c e i s c olli m a t e d b y

a c olli m at o r l e n s
,

an d e n t e r s o n th e l e af s a m pl e ･ ¶l e ligh t 丘o m th e s a m pl e i s c oll e cte d by a le n s
,

a nd it r e a ch e s a p h ot o m ultipli e r th r o u gh a Blt er ･ T h e sig n als & o m th e p h ot o 皿 ultipli e r a r e

c o n v ert ed in an A 4) c o n v e rt o r , an d a r e p r o c e s s e d b y a pe r s o n al c o m p ut e r . T h e op d c al fl u x 1 . 5 c m

in di am et e r e n t e r s th e l e af s a r n pl e ･ T h e m e a s u r e m e n t w a s t a k e n at e a ch 5
o

of th e s c att eri n g a zlgl e .

T h e in di c atri Ⅹis a g r a p h of th e an g ul a r dist rib u ti o n r e p r e s e n t in g th e i nt e n sity of th e s c att e r ed li gh t

& o m th e s u rf a c e of an o b)
'

e c t o n th e p ol a r c o o rd in at e ･ T h e n an i ndic at rix s h o w s h w hi ch a n g ul a r

dir e c ti oh a n d i n w h at q u an tit y th e u gh t f r o m th e s u rf a c e is s c att e r ed . M i m a e rt c o n s t a lltS a r e u s e d

f o r q u a rltit ati v e e s ti m ati o n of th e i n dic at ric e s . Le t th e d et e cti n g a n gl e a nd th e in cid e n t a n gl e b e c

a n d i , r e s pe ctiv ely ･ D ete c t e d r a di an c e L is

L (A , e) - L
n(A)

I

c o s
k ( A)i ･

c o s
h ( A)

- l
e , (1)

w h e r e k is M i n n a e d c o n s t a n t
l O

･ Wh e n i ≡ e = O
o

, L
n(I) is a n eff e cd v e v edi c al r e s p o n s e ･

h e q u ati o n (1) ,
w h e n e = O

o

,

L (A) - L
n( A)

･

c o s
k( A)i ･

(2)

T h e v al u e of k is es t lm at e d b y r e g r e s si o n a n aly sis fr o m ( 2) ･ E q u z(ti o n (2) is 耶itt e n a s f oll o w s ;

L o g L (A) - L o g L
n( A) ＋ k( A) L o g c o si I

＼

( 3)

H er e b y lett in g

Y - L o g L (A) ,
(4)

x - L o g c o si
,

(5)

a n d

･ b - L o g L
n( A) ,

( 6)

w e o bt ai n

y = k(A)
･ X ＋ b .

(7)

If k = 1 ･ 0
, ( 2) b e c o m e s a L a m b e rtia J l eq u a ti o n . T h e i n dic atri c e s o bt ai n ed w h e n k = 0 . 7

, 1 . 0 a n d

2 ･ O a r e s h o wn in ･ Fig 1 2 ･ If k I 1 ･ 0 th e in di c atri x b e c o m e s s p h e ri c
J

a n d w h e n it i s s m al l e r th a n

I 一 o
, th e in dic at ri B: S W ell s o u t w a rd

,
w hil e w h e n it is la rg e r t h an 1 .0 , 血 i ndic atri x b e c o m e s sl e n d e r .

T h e eq u ati o n ( 2) is o bt ai n ed w h e n e is a s s u m e d to b e O
c

h e q u ati o n ( 1) ,
b ut in th e

e E P e ri m e n t
,
th e li gh t v erti c all y e n te r s o n th e s am pl e a n d th e d at a a c e obt ai n ed n ot w h e n e - O

o

,

b 也t b y v a r y in g th e d ete cti n g a n gl e . H o w e v e r if w e a s s um e th e r e c ip r o city l a w
ll

of 也e
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s c att e ri n g ,
th e d et e c ti D g an gl e is c o n sid e r e d lo b e O

o

w h e n th e i n cid e n t an gl e i s O
o

･ h this

m e a s u r e m c n ts
,

th e illu mi n ati o n sp ot si z e i s ab o u t 4 c m
,

a n d th e ap e rt u r e o f a d et e ct o r is

2 c m . A p a r a u el b e a m i s i n cid e nt o n th e s a m pl e ･ T h e d et e c t o r i s s et t o d et e ct th e li gh t fr o m a n

h 丘nit e di st a n c e . T h e ref o r e it w o uld

c o IIS t a n t S .
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3 . E x p e ri m e n t s

S e v e r al e x p eri m e n ts h a v e b e e n ･d o n e b y u s e of

s ci e n ti丘c n a m e s an d l o c al ll a m e S a S W ell a s J ap a n e s e

t o r e p r e s e d

O
●
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F )
'

g ･ 2 1 h di c at ri c c s o b t ai n ed b y c al c ul ati o n w h e n th e

M i m a e rt c o n st an t k a r e 0 .7 , 1 . 0 , a n d 2 .0 .

a g o ni o p h oto m et e r sh o w n in Fi g ･ 1 ･ T h e

n a m e s of th e l e a v e s u s ed in th e e xp eri m erLt

a r e 血 o w h h T abl e 1 . Fir st th e i ndi 瓜tri c e s w er e m e a s u r ed in th e c a s e th e d et e c ti n g a ngle is z e r o

d e g r c e ･ T h e i n cid e n t a n gl e s i n t o th e s a m ple a r e f r o m 1 5
o

l o 9 0
o

I T i e m e a s u r e m e n t p o in ts wi th

C a m elli a a n d C h er ry 丘t a c o s
k
o c u r v e w h e n M 血 a e r[ c o n st an t k = 1 ･1 2 ･ Wh e n k = 1 ･ 4 2

,
th e y d o

T hbl e 1 . S ciE m ti丘c n a m e s
,
l o c al n a m e s , an d J a p an e s e

n am e s of w o o d y pl an t s u s ed i n th e e x p eri m e nt ･
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n ot B t a s is s h o wn in Fig ･ 3 ･ E o w e v e r
〉

th e y 丘t w ell w h e n th e s c att e ri n g a n gl e is la rg e r th a n

5 0
o

I
T h e c o 汀 el a ti o n c o effi ci e n ts a n d th e e x p e r h e n t al r e s ults a r e sh o wn h T abl e 2 . T h e n u m b e r

of 血 es of m e a s u r e m e n ts i s 1 6 ･ T h e m e a s u r e m e n t p oi nt s Bt 也c c o s
k
o c u r v e w h e n th e c o rr el ati o n

c o ef B ci e n t R
2

is n e a r O ･9 8 〉 b ut n ot w h e n it is n e a r O ･ 8 9 ･ An in di c atri x is o bt ai n ed by c o n n e c ti n g

m e a s u r e m e Ⅱt p oi n t s ･ M i n n a e rt c o n st a nt s a r e ob tai n ed 缶o m th e s e i n dic atri c e s ･ h Fi g s ･ 4 a n d 5
,
th e

ctl r V e S C all ed i n dic atri c e s a m d r a wn b y c o n n e ctin g th e 1 71 e a S u r e m e nt p oin ts . W e obt a in e d M i n n a ert

cb n st a n t k f r o m th e s e c u r v e s ･ N i n e s am pl e s of th e m wi th app r o p ri at e dis pe r si o n w e r e s el e ct ed

a n d plott e d o n Fig s ･ 4 an d 5 ･ T b e in dic at 血 s h o w s th e diff u s e c o m p o n e n ts of r c fl e ct a n c e ･

M b n a e rt c o n st an t･d o e s n o t r e p r e s e n t th e t o t al r e n e c ta n c e of a l e af〉 b ut r e p r e s e n ts th e d e g r e e of th e

r e fl e ct a n c e i n t e n sity i n a n g u l a r dir e c ti o n s ･ Fi g ･ 4 s h o w s th e i n di c atri c e s of P i n e
,

H i m al a y a

c e d e r
)

a n d S a b i n a E n dlj c h e r givi n g M i n n a e rt c o n s ta n ts s m all er th a n u nity ,
w hich a r e m o r e

s w ell in g th a n th e 血 1b e r[i an c u r v e ･ T h e c h a r a ct e ri stic s of th e 血st g r o u p i n cl u d h g Pi n e
)

H 王m al a y a c e d a r an d S a b i n a E n dli c h e r a r e th at th e y h a v e a m a s s of n e edl e l e a v e s . T h u s th e

山gh t is s c att e r e d in v a ri o u s di r e cti o n s a nd p r o b ably b y th at r e a s o n M in n a e rt c o n st an ts a r e s m al l er

th a n l ･ 0 ･ Fi g ･ 5 s h o w s th e i ndi c atri c e s g l V l n g M 血 旭 ert C O n St a n tS l a rg e r th a n u nity ･ T h e

● C a TTlO 11ha

3 0
･

( k = 1 ･4 2)

{
o
t

0 .5

d

O

O

O

6 0
'

o C h o rry
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g o
.

0
. 5

/｢

3 0
'

6 0
■

0 0 .5 1 .0
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Fjg 1 3 ･ M i n n a ert f u n cd o n c o s
ko c u r v e s f o r C h m elli s a nd

C h e rry .

1 . P iTl e

k = 0 .5 5

2 .

_
H h a( a y a

'
c e d a r

k = 0 .7 7

3 . S a b i n a E n d llc h e r

k = 0 . g 3

9 0

0 0 . 5 1
.0

R E L A T I V E R A D [ A N T [ N T E N S I T Y

Fig ･ 4 ･ I n di c atri c e s of n e e dl e l e a v e s of W o o d y pl a n t s ･

ph ot o g r a ph of a l e af of th is cla s sifi c ati o n is sh o w n in Fig . 6 ( a) ,
w hi ch is H i m al a y a c e d a r (良

≡ 0 ･ 77) an d c o n si sts of s m all c o n s tr u cti o n un its . h th e s e c o n d gr o tlP th e l e a v e s of M i m a ert

c o n s t an ts l ･ 0 5 t o l ･ 0 9 s h o w n in Fi g . 6( b ) h a v e a s u rf a c e c o v e r ed wi t h d o w n y h ai r
,

a nd f o r th at

r e a s o n
,

th e li gh t m ay b e s c att e r e d u mi f o r m ly . T his p h ot o g r a p h w a s m ag nifi e d t w e n ty ti n e s .

Diff e r e nt 丘o m th e o th e rs G i n k g o (r n ai d e Jlh ai r) le a v e s h a v e n o d o w n y h ai r b ut 血 e t u ck s o v e r

也e s u rf a c e a n d th e r e f o r e th ei r M i 皿 a e rt C O n S t aJ lt is a s s m all a s l ･ 0 7 ･ n e thi r d g r o u p wi th

M i n a er ( c o n s t a nts of l ･1 0 - l l? 8 a s is sh o wn h Fig ･ 6 ( c) iTI Cl u d e th e l e a v e s wi t h a r o u gh s u rf a c e

wi th o u t d o w n y h ai r an d n ot v e r y gl a s s y . T h e l e a v e s i n th e f o ll r(h g r o u p ( Fig . 6 ( d )) c a r ry th e

sp e c ul a r n at u r e an d M i r m a e rt c o n st an ts a r e l a rg e r th a n th o s e in th e o th er g r o u p s .

N e x t w e m e a s u r ed th e i ndic atri c e s w h e n th e in cid e nt an gl e is 45 d eg r e e s t o th e s u rf a c e of th e

l e af . E x p e ri n e n t al r e s tllts a r e s h o w n in Fig s . 7 . Fig . 7 w a s r e pl a c e d b y a n e w o n e w hi ch s h o w s

M 血1a e rt C O n St an t S O f Pl at an O i = 1 . 0 5) ,
Cll e r ry (k = 1 . 1 2) ,

H o r n b e am ( k = 1 .2 7) a n d C o r al ( k = 1 .5 7)
as r e p r e s e n t ati v e l e a v e s h cl a s sific ati o n of T a bl e 2 . h th e l e a v e s wi t h M 血n a e rt c o n s ta n ts o f 1 . 05

,

ー
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fo r e x a m pl e PI at a n ( s y c a m o r e) ,
th e i n dic atri c e s p r e s e n t n e ar -s p h e rri c al sh a p e s

,
n ot d e pe n di n g

o n th e in cid e Tlt a ngl e ･ ¶1 e i n di c at ri c e s of C o r aI wi th M i n n a e rt c o n s t a n ts of o v e r 1 ,5 7
.
sh o w n in

TTabl e 2 h a v e th e m a 血 u m in th e 9 0
o

di r e cti o n b e c a u s e th e in cid e nt a n gl e is 4 5
o

a s i s s h o w n

in Fig 1 7 1
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sh o w n th e sp e c ul a r r e A e cti o n (1 . 5 7) h Fig . 7 did n ot sh o w th e s p e c ul a r m fl e c ti o n ふ aR c ト 1 0 -
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4 . C o n cll l Si o n

I n g e n e r al
,

w h e n th e r e n e cti o n c h a r a ct e ri sti c s & o m th e l e a v e s of w o o dy pl a lltS a r e di s c u s s ed
,
it

is a s s um e d 丘o m th e si m pli city of c al c ul ati o n th a t th e r e n e cti o n 丘o m l e a v e s o b e y s u m b e r(i 且n la w
.

H o w e v e r w e 皿 a d e a n e j( pe ri m e n t t o o bt a in th e in dic atri c es of h gh t s c att e ri ll g h m l e a v e s of le al
w o o d y ･pl a n ts ･ As th e r e s ult s 加 m v a ri o u s ki n ds o f l e a v e s , w e h a v e f o u n d th a t th e s c att c 血g
c h a r a c t eri stic s of s o m e of th e m d o n o t ob ey L a m b e rti an l a w

. T h e i n dic atri x sh o w s th e diffu s e

c o m p o n e n ts of r e n e c t an c e ･ M 血 a e rt c o n s t a n t d o e s n ot r e p r e s e n t th e t o t al r efl e ct a n c e of a l e af , b ut

r ep r e s e n ts th e d e g r e e o f th e r e fl e c t a n c e ir lt e n Sity in a n g ula r dir e cti o n s . W e m a d e e sti m atio n of

l e a v e s b y u si n g M in n a e rt c o n st a n ts c al c ul at ed 丘o m th e in dic atri c e s o f l e a v e s , a n d f o u n d th at

diff e r e n c e s in th e c o n s tr u cti o n of th e l e a v e s g a v e diff e r e n t i ndi c a tri c e s .

E e r e w e h a v e m a d e m e a s tLr e m e n t S O n e a ch pi e c e of l e af h o r d e r t o k n o w th e ch a r a c t e ri stic s of

r e s pe cd v e sp e ci e s
,

b u t m a ny l e a v e s c o n st ru c t a l a y9 r a n d m a n y l a y e r s
, i n t u m

,
c o m p o s e a C a n o py ,

a lld diff e r e n t r e s ults m a y b e o bt a in e d w h e n m e a s u r e d o n s u ch a s c al e o u t d o o r s .
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A llc n
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A ･ W illi a m
,
T . % c e n t G ayl e

･
a n d A rth u r J I Ri c h a rd s o n
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''
Pl a n t - C a n op y h ad ia n c e

S pe cifi e d b y th e D u n tl e y E q u ati o n s
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,
J ･ O pt . S o c ･ A m
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6 0
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B r a kk e
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.'
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TT
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2 タ
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1 7 5 - 1 83 ( 1 9 89) .
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T I W ･
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--
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, 4 3
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1 15 - 1 3 0 ( 1 9 93) .

B r e e c e E ･ T t III an d R ･ A ･ H ol lm e s
)

II
Bidir e c ti o n al S c att e ri n g C h a m c t e ri sti c s of H e al th y G r e e n

S oy b e a n a n d C o m Le a v e s h V I V O
-.

,
A p pl ･ O p t ･

,
1 0

,
1 1 9 ･ 1 2 7 (1 9 7 1) .

D e H o o p ,
A ･ T .

)

†1

A R e cip r o city n e o r e m f o r th e El e c tr o m a g n eti c Fi eld S c atte r e d b y a n O b st a cl e
-I

,

A ppl ･ S ci . R c s ･

,
S e cti o n B

,
8

,
1 3 5 - 1 4 0 ( 1 9 6 0) .

D u ntl e y ･ Q ･ S eib e rt
,

”

T h e O ptic al P r o p e rtie s of D iff u s in g M at e ri als
-T

,
J ･ O pt ･ S o c ･ An ･

,
3 2

,

6 1 - 7 0 ( 1 9 42) .

K u b elk a
, P a ul

,

.1

N e w C o n trib u ti o n s t o th e O ptic s of b t e n s ely Li gh t - S c att e 血 g M a t e ri al s .

P a rt I
■

＼J 1 0 p t ･ S o c ･ Am .

,
3 S

, 4 4 8 - 4 5 7 (1 9 4 8) .

K u b elk a
,
P a u l

,

T'

N e w c o n tri b utio n s t o th e O ptic s of I n t e n s ely Li gh t - S c att e ri n g M at e ri al s
,

P art II = N o n h o m

'

o g e n e o u s I A y e r S
･-

,
J 1 0 pt ･ S o c ･ Am ･

,
4 4

,
3 3 0 -3 35 (1 9 5 4) .

M ir m a e r (
,
M ･

,

II

T h e R e cip r o city P ri n cipl e in L u n a r P h ot o m etr y
I-

〉 As t r op h y s ･ J ･

,
9 3

,

4 0 3 -4 1 0 (1 9 4 1) .
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S uits
,
G w y n n H ･

,
.

''
T h e C al c ul ati o n of th e Dir e c ti o n al R e n e ct a n c e of a V e g et ati v e C a n o p y

.I

,

R e m o t e S e n si n g o f E n vi; o n m e nt , 2 , 1 1 7 -1 25 (1 97 2) .

V e r h o ef
,
W .

,

●T

Li gh t S c att e ri n g b y Le af L a y er s W it h A ppli c ati o n t o C a n o py R e fl e ct a n c e

M od el h B : T h e S Al L M od el
.'
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,
1 6

,
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