BB OB R
®Tik E21 REMOTE SENSING OF ENVIRONMENT Vol. 7, No. 2
1992 £ 5 B CHINA May, 1992

29N ER R R A U R R R AR ST B0
F04r EREHL T AR S (2 e B {E R AL
2T KkE ALT

(EEXERFIER) (DEREREEMEHRAH)
1990 £ 12 B 10 HIk#5

i =

AXHBTREMBMBBEL T (3.09,5.4,9.6,36GHz)T 1990 £ 9 A%t k& AMEBRER
WHENKBE AEFRIEYMERBERO—ENRER: ZRTSEMIN REN EROERER,
BHTREEMERTRENRER; TRANRTREDHEABHOR IR SEYRSHZ N
B K F o
X®i7  REDHRERAEY BRUR ESftmiEein

- 5 7

BRAERD T R IR S AE AT SRR 22 0 B R R VR P IR R B R B 2 —o
B 1987 I3k, b E R 2R K B IR o BT 18 B 5 = H B2 AT HI R £ 0 R 48
B R RIBH AT T HRBRIUE. 1990 4 9 AXNEEES AEBRELR I
KK AT, BEXAEHRTTEBEBRRAE. ATEBSVTERREDREREL
BIE, RES{HSH(nREWSE, 8KE, LIRS RME, Rk, RS ZAEN
PRECT Rk R, KRR R BUE S, BT S BRBE RIE.

REMI— B EFZE, S ARLHR EAE SR AT B Bl 75
ELREILA R 26 R GTR FIR B FF2E B, RSB R R H Y
R BAEER T B i, M ERAR L 1R B R S 2%, HEA—FNE M ANERS
fio XMEB A BREPEARITE-(ARES) HERBHAKY, METES
T B2 VR B AN Sk Bt A B, HERE T R B B e TR MR R T R R B L, R IR R
BEZTHR—-PW R FEESRENN RO G, NBRRE R, RIEWEEED O
T, EHEIS AEES ST REPHORE Y AT LSRR £ MRS 5 RN E SE %
SEB A B BUORENLE R THIX b AU BN R AUSE T Z FIAER R, ATELA R
FREEIL R RGBS SR E VBRI ER. (2, UANESEFHERNBERUNE
—BEER, IR THRAE, NEERLEEHFHE LT REA BN S ESWE %R
B, RN ER SR AN, A, U —SE e RrosE B, L a0EiEk>

*ARENEREAMZEST A, HBIEXRLZFTELSWHEY,
HES S R B RE. . e HE FL IEEESN TR YR EERENBR BRI,
BEEH .



SWKE: £HBEMBEEN T RIEDRES B
% 2 3 T4y EREHLA AR Y R BB E el 91

—BRE, MAE—ENERE. Hit,EARMNBCHBELRER, B L MBERME
RERS B IRAERE ST, BEMLREEUANEIRER, MREFRELTEET
e, ZtoBEN.

AT 1990 4F 9 HAEKE & A BEBEEREBX KIS, KEERARED
LB (3.09,5.4,9.6,36GHz) Wi b, ZHANENREREN—EMRELER, K
M NEEEMEREHMNERRMBEILN T ER. HBRL(EEHER, /%)
ARITE, FTEMHARREBEM L TR m 18, —ESE GRS ARER
SEH R SARHEAOEERKE S EAERRKE. MR RE SEEHM
BH(EA N B RBE TR ANER MAB B ERBORER R, BEiIRiTHEAN
SRR, EARIESYORER. N THZEMI R, AR EREHTE, fria
ERBRFHESINRERTEN, D REFZE T B BE R LNEH, B REER
MRKE, ZBEATAPFHERKE. RuESHRZERERTEPOBERERE 6 K
BEORHE, mERRERM R BEEE X LRITEY. RaeRRbBEea R &H
Gi—RIE® o TR & BAAR- = WK RS TH R 0 48 4 1 i 07 1240 B BB ARy T 3L
S EE, NG AR EE KRR RBRTENERERTRERLEET PRZMEER
EHRMAB ARG, MNEIMEANEERERE. S TREEASHTHRNRE
Y1, BAVRA—EREILROEE, R0 AMRMREMIREE, FEERARSE
R E o

W E R B E R, RA T SRR EBARS, AR EEkKE
SLE R IR E R BNARERIT A ETFEREDEEENEH MR ERR, AT
FERREE MBS SEAA Polder-Van/de Loor AR ¥, T T IEHNHEH TS
BSCERI7 1o S & 0R B LR (E M A B S RO B IS B B iR A I B IR M—BUW#L 8 M
MR ATAEAE B R K5 R R RO LR EIMY— & TEF B &0 FE .

EAVTHR T KRBERKREE LB (3.09, 5.4, 9.6, 36GHz) # B MKERAHIHE
W R AR AR, H S 1990 4 9 B @Bl Bt /T TR AR HeT
IR R R S R A AR, DU R (M S8 (& K&, RIFME I, JUFIEH )
A5 B AR B K Fro

L RIEBICES ST B

RIEPEBIZRER B A T EFEEM BN TEE ST RPHENY. ME
SRS, BH SRR B W ENEILE R, A 2B BRI, FF
Fo HHEERPEFE B HH SHEBMEHNR R, S ARE @FSNT 1%) X
BB RANER R BB R ED AR RO ESARNE Y. HP
RG> AT 5324 B BIRAHK R S 8 A BB 4 A ORI Ko BB T K4S TR 43
THLRAKABEE. NS EHAT, KO TEREGE TG T E. BEHRENKSTF
B R IR Pt 59035 07 e SR 45 — B, RISt BT (RIS 5 1 SR 28 SR AR 0 /K FE R M B O K
BARLESS G IR AT, B A BAT A RE  E RAM AR T Mo Hik, BB



92 B o&m & R BT1H

BRI AR R I R E R R e o R, AR RO A BT RL B AR ROk
RS SR R R R 0, KL L S0 05 RS A AE MR o TR, 76 VSRR
PRI RAAT , B B I SRR A R Ulaby %M EH%RYE S
ARG T TR SR RR, HRA T REHR A BT RB SR AR R,

Ve, = 0.6 4 v, 810 + 050V 85w + (1 —m, — 90V 84p. (1)

Hih, THR 0, a, fw, bw, bk 5FRIFREBEMELES,BEBEEK RESKEDAK
Mkl v, = a, fw, bw) HEMRSOEREEL, SKEEHR m, =0, + 0,0 K
AEK epw RAMBERBEDERFILEEXLAVKONERER HE, Ulaby FPE K
FAE R B R U E R FAT RO B B S RN, AN BRITASKIER
KX B, 55iRA 3%, A G, HtiIRHAHN DeBye-Cole AN, XK
EEEME AR EY, SLRBE TRIFN—B. WaBEAEBE BT
524:

€, = Viwbiuw + 5,65, + Vry€ey (2)

e, TR by FORRAKAM SHAKGE &—ROEBE RS, B a8 TR ro &
RETHRERAKGE SNBSSy BHAK e B DeBye AXHHHE, H
SHREE SHER. RRUENBITAKE

55
e, = | 2.9+ ——] e 3a
b [ 1+ (ifj18)s] (32)
vy, = 4.64m% /(1 + 7.36m?%) (3b)
vi, = mg(0.55m, — 0.076) (3c)
v,,6,, = (1.7 — 0.74m,; + 6.16m2)e, (3d)

Hh, m BT &S ERE, BEREESE; Ga)PRy f 45K (GHz),
BAVE (2) Kb LR (61 Y &, BB 0.6, UETHR. HEHEMHHEKE
my WU, ZESEEREL o, BBNETS EFEBEEKERDMAY TR R Ulaby
HEMREEN A 6, 5 me BXo RATINN v, BRRERAKE SOEBEMEMZES
By A, R

Vo€ = VrpkErbk + U,E

my WAL EEL v, A 0, WEFIHERITR BTN —EE IR DT SR, TR
FIEERE v,.6, B (3d) Ao BTFRAHER (2),(3) SLRERIERFN—
%, LERIRE B2 T HRAOBIERTUFRIA, FERITEHEQ), G)RRITE L RIEHHE
B/ B BB, T A R VB R LR S KBRS Lo

R Ve B B R TR AR AT R BE LAY T EE R ST R RIBEML AR, KR
HL B SRR RO A TUT O RS S, BRBRSE R RITRABEY



SUKE: ZHBEMBEESTT S REEDRERDEBR
£l 15> R BEHLA B AT 153 A B (B A 93

RIZKF- T M & s B Hy, BETERS A, AH R S ROk HR
BTN P 2RI R Ro FERAAEERER TRy Polder-Van/de Loor 4
AT REREMERENEINEER 6., BX

En = B0 _f(s ~E")Z[1+A(s/a,,—1)] )
Hrp
11— 1+ ¢
A; = » [ln<1_8>—-28] (5a)
A1=Az=(1_A3)/2 (Sb)
e=[1— (/LYW %1 <l (5¢)
e=11— (/L)Y X 1,>1, (5d)

REE f, AEBMEEEBERIEREEL, —BE/NT 0.0l RERIIX AKREHR
RERERMESE, B f, =0.002; [, 1 I, 30K ERBHE A LOEXRE.
KoBT f, RN, REHAAMHEN, e, WETNBEET &, MEEBUELLEER. At
BERTETE K

d="f.,1(e, —e)/enl’ + (1 —1,)[(es — €,)/eal’ (6)

=. ZEHEHLIT R RST 07 B AL R &

HEERND, HRNNTREZMAZEN IR B 1IM 2L AR, £
NHEEHINEN e(F) = 6, + eg(7), &(7r) = Em + (7)), XEW &,(=1,2)
AFEBNEER ea(F) ANBRFERAOMILER. X 1 A2 RS ER T RATSE
BX:

cos 6, —;— 71(617 z) = '_'Cd(el)fl(en z)

+ j 40, 5in 6,B,(6,,0)T,(6,,2) + kui(6)CT,  (7a)
0
d —_ —
cos@z —d—" 12(627 Z) = —’Cez(ez)Iz(gza z)

+ j 46, 5in 8,5,(6,, O)T,(0),2) + £(8)CT,  (7b)
0

Krf, 6, A1 6, B Snell JENGIESRE T = BRE (1,06, 2), 1,00, 2)1; v,k 53
AILAZERKERA; T T, 304X 1R 2 (MR v B 5, B4
B AEG P A" € = B/2*; B % Boltzmann W¥(; 1 . MM MBR
FHEFUER

jl(ﬂ’ — b,z =d) = §10<61)T1(917 z=4d,) (8a)
TI(GH 2= 0) = ﬁlz(ﬁl)i(ﬂ’ — 0, 2= 0) -+ ;21(62)f2(627 2= 0) (Bb)



94 ®roOE & K 1%

I(w — 6y, 2 =0) = Ru(0)T,(0;, 2 = 0) + 5,(0)T(x — 01, 2=0)  (8c)

T2y 5 = —d;) = BT, — 615 5 = —ds) + Fa(6)CT, (84)

Sk, 06, 0,< /2, BA 08 T P LWEHEE, TAE (x—0) 1y T T

FHORSIRE Ry 7 G 1 = 1,2,3) B MILHR S SRBS G, TH i 12
DKL i BIRL . B ir i BB

FH Y S AL TR (6 BT R ETA, RIERE By G = 1,2) AR ERAAE

AR B
wi®) = lim 0B gz [ g e (7)en() ©)

vi-o 1672p;

KRR o ARREHTOER, TREHEE: o ARME, s BFE. RIOIRHAES
TR AR SR BRI

Cea(PeR(F)) = 8162, exp [~ L — AT 'l+ ly = y"’] (10)
zi pi

RAQODEG)K, "IEFH », (k) WBFTRERY, ZERB2H, F L > "ILUE
AU, 2 8 wi(k) BF 6(cosh, — cosb) MIHTFo Hitb, HE (7b) HEREHIG
Xt 6: BURFRRIBATHISE R, 58 (7b) R Mo I #E:

cost, ';zdj 1,,(6,, 2) = ’“[’Caz(ez) + Nz(ez)]lz.z(eza z)

+ ’52(92)123(6“ z) + ’Caz(ez)CTz (11)
H o, p BIEHA 0, b5 BE
’ 2 _14'212 &in2 ,
wi(0r) = Dhomz 05 R (L ja g it ) (12)
2 sin%G, 2

KE K B2 DRI ke RO, 15— Bassel E¥o J77E (11) MM
FrR B R™

1,.(6;5 2) = (84 — CT,)e "or=ecs 4 p e Garttspzsect, 4 CT, (13a)
1,.(6;5 ) = (8, — CT,)e Far5e0 — p e~ Gartipssect; . CT, (13b)
I.(7 — 6y, 2) = (8, — CT,)e"ar¥01 o b elbarttepmset, . CT, (13¢)
I.(x — 6y,2) = (8, — CT,)eraec — pelkartaepsed, 4 CT, (13d)

Heb ay, by, a4, by AFENRARY, HEAORREGRAT. ¥R (13a—d) KA
BR&H (8b), W a, 1 b, H 1,(6, 2 =10) F1 I,(x —6;, 2 =0) FoR; ¥ (13a,
b) KA (8c,d), W a; F1 &y B 1(61, 2 =0) F1 I,(= —6;, 2 = 0) FRo HEAH
z =0 WA B R EHLN

1, (6,2 =0)] (R, R,ul[l,(x —8, z=0) T,

[1,,1(91,:4 - 0)] - [R,,,, R,,,,] [1,,1(7: 8, 7= 0)] +C [ T,,] s
Hd R,,, Ry AHEERABRKEEEN TR RCREE; R,,R,, AERAER G
H,HY 5,0 RHEIHEAIEYEBILAFRN), EREFEHERAE; T, f1 T, HE%
FZHEAKERANTEEMERRFOENT# R, Ri 1 T,(i,1 = v, k) HIEITRER
BEE NENS



&UHK%E: HMERIEL TR EDREHNER

H2M 4> ERENLA BRSO RUE 95
TR, RITWESERBBEHERTE (72) MAREE (8) F(14), REHIE
SRR
TB(B) = —Cl“ ;lo(el)fl(en z=0) (15)
BAET RS RS TR R R T R RENREN 5.
VESH—AEEW 4, =0, BITLHEER, R.=— R, Rpe=0, T,=1,,T, (ca=

vv, hh; af = vh, hv; o =10, k)o RIREFHLN T RIS T RKEXFEHLD R

R IEY), FH—ZREILA R, Xﬁ#’fﬁﬁi‘ﬁf‘*(mfio

AEBEVLHO N IR s Ruwsr Rupr T BHZEBSIN ROV G FFLE G R,
b, sgEMBUEERATTHE
B 1fE 24T 9 8 13 HEhskEE 3.09, 9.6, 36 GHz B ZEREXNMNAREAEN
WEE. Erhpg=MAmmE S50 51208 M R E EAACER R E. bR
FRIBHER,BIKEEKERL m, = 0554, RITEETUZR m, B/NE, 24 0.3
MBS me 524 0.554, RATE—T A/
v v 0| R A e VAR KR AR I R I S 2
270 B, WMZF ZB/EAARBER G = HASEM
260 B, WG4 0.002, HIEMOREBE=0.27, H
j(@( [71] H‘% €3, ;E;Eﬁ%%ﬁ wr= 02, g=
250 0.3, a= 0, HELKMERE %S HHT]
240 EETRERRE T, B ES S5
Ezzor IS BEITENE R, 3.09 GHz /KR
220 ol1390
210 280
L v
500 ;270 36GHz
2955K - }:é
0 10 20 30 40 50 60 70 80 <260r p—
& 250 2985K
Bl 7kF53.09,9.6GHz g4t N S
EERESUAXR 0 50

3.09GHz: 8, = (1.01 4+ il.4 X 10"%)g,, 6,=
0.1, I, =0.4cms I,, = 0.8cm; 6;, = (1.01+
i2.4%1073)gy,8, = 0.656; =(11.94 + i1.51)¢,,
9.6GHz:8,, = (1.002 + i3X107%)gy,6, = 0.2,
lp, = 0.lcm,yl, = 0.2¢m} €,, = (1.009 + 44X
1078,y 8, = 0.4, &; = (10.34 + i3.52)6,,

Fig. 1
vs observation angle at 3.09, 9.6GHz

Brightness temperature of rice

A 5, =0,

B RIE A

B2 JK7g36GHz MHRERESMARXR
8,m=(1.001 + 73X 1073)g,58,=0.2, [, =0.04cm,
I, = 0.08cm; m = (1.01 + i6.9 X 107")g,,

S, = 0.438; = (4 + 10.78)g,,
Fig. 2 Brightness temperature of rice vs

observation angle at 36 GHz



96 OB & ® BT

ENREREETMESR WTUEH, BRERSTREREAR LR8N, tEILH
BRI DAE M, R R A, AR R NERRERENZEN R/ XERTERSRIM
H,MENBRHEEEE, FELEORE HEIER. AXiH ORI eEH TR
EHREERE, SARNENSEERENNEAFED . HTHMECESE, HFH=
MERAZROEEmERE, SFRARKERENEL, NTERERRERE. ERIMN
B R EEEOERR T UL R AN 0° K, EEMKPFRANRERER
EZR, TRRERREMRTEHOZMEIRIE 0° g, BHITAATBEEGIBINE
Wilo

B3 44T 9 A 23 HAKE 3.09, 9.6, 36 GHz BHREREMMARXAR
MEEFESERNEEITESER, ZHWUAR -1, 3.09GHz HERMBHNFTE
FERUAR L E, ATl TEBNIREREROZW, TERBERFTEER, HX
TREABTIIENER, IAKEEREKE
Bt m, =059, ABRMAEBRKEHEXRE
BRRET SRR BE R EAR RS20, Wl
82 0.0015, 1AEREE=0.12, KLk
MEMAXSHHFIEEPRERRE T

B 5 AT AR BEN AR & K&K
5.4 GHz AT EHRERE SHWARARR

9/231R0

9/23R0

1 L 1 L 1 I 1 1
0 10 20 30 40 50 60 70 80

60
B3 x53.09,9.6GHzig4t o ——— 5'0 —
RERESHAXR g

3.09GHz:e,, = (1.01 + i3%X10"%)6,,8, = 0.58,

lpy=10.4cmy I,, = 0.8cm; &; = (5+ i0.4)8,, A4 KO 36GHz E%%ﬁﬂﬁﬁ?ﬂﬁi?&%
9.6GHz:8,,=(1.008 + i3.4%10~"gy58, = 0.4, 1 = (1.004 4 i3 X 107858, = 0.17, [, =
Iy = 0.1cm,l,, = 0.2cm;8; = (4.8 + i0.74)8,, 0.035cm,l,, = 0.07cm, & = (4 + i0.78)8,
Fig. 3 Brightness temperature of soy bean Fig. 4 Brightness temperature of soy bean

vs observation angle at 3.09, 9.6GHz vs observation angle at 36 GHz

BEBE R A RIEDR BN, ERAS/N, BT ESMM, REHTERbS
Win. EAERMARN, ZREHFARME, MERNTEREMRRK. AR, bR ERN
Brewster fRHEHRAFIEE, EHRMRANESREREZNE/N. ASRKEMKE,
SERRHEHEE. RN, RERMBERFERMARRCNESZEERE ENEL.
BRE-FMAREKE,RREERTEEEAT T,



£THKE: SHMBEMBEER T REDAERER
%2 05T EBEHLA AR 5 1% B B (A0 97

54GHz

270

260

220

d=30cm. \
2100 T2 o \

1 L 1 ! 1 1 1 t
0 10 20 30 40 50 60 70 80
eo
H5 AREERRASKER 5.4GHz KRG EEERE SHMANLR
;= (54 10.56)8,5 lp =0.2cm, I, =10.4cm, HLSHEE 3R,

Fig. 5 Brightness temperature of soy bean vs observation angle at 5.4 GHz

for different depth and water contents

. & ®B

AXAMTE MR R (3.09, 5.4, 9.6, 36GHz) W AW . KEEEHRE
REBRNEN—LEER, FIANGBEAR Polder-Van/de Loor AT ERIEYE
BEREHNBEER, EAEREERERLMNBASH. RRTXEMINTRELE
WRERESL TR TESMEATERE IR FZEOHES. ASIRR- iRk
EECR IR, BT ERNER T ENEER . BESRSKABAT BRMIE®RT T,
ZHRMNOLREFZMERESBEBUN TIERZE#RN. Miitke B RRERNISE
HREERESREDSDESHE, L nEKE, RIEDSES, U EFE R, WAKKE
BORRIR TR, ARIEVEFERIERGE T RN R A E AT

g F X ®

[1] ¥R .&UKYEFHR,(10),57,1990,

[2] Y. Q. Jin and R. G. Isaacs, J. Quant. Spectrosc. Radiat. Transfer, (37), 461, 1987,

[3] F8l. €Wk, B HFER,1(1),1990,

[4] S. L. Chuang, J. A. Kong, and L. Tsang, J. Appl. Phys., (51), 5588, 1980,

[5] F. T. Ulaby and M. A. El-Rayes, IEEE Trans. on Geosci. Rem. Sen., (25), 550, 1987.

[6] F. T. Ulaby, R. K. Moore, and A. K. Fung, Microwave Remote Sensing, Vol. 3, Dedham, MA: Arttech,
1986.

[7] &TWRK,KBRHFEBRCFHREB/R, 5(3),195,1990,

[8] F. T. Ulaby and, R. P. Jedlicka, IEEE Trans. on Geosci. Rem. Sens, (22), 406, 1984.

[9] &WHK,KBFEREF,REBRK,7(1),1992,

{10] L. Tsang, J. A, Kong, and R. Shin, Theory of Microwave Remote Sensing, Wiley Interscience, NY, 1985,



98 ® OB B K R

Remote Sensing of Crops by Multi-Frequency Microwave
Radiometers and Numerical Modeling of Radiative
Transfer of Multi-Layer Random Media*

Jin Yaqiu
(Depariment of Electronic Engineering Fudan University, Shanghai)
Zhang Junrong  Zhao Renyu

(Changchun Instituze of Geography Academia Sinica, Changchun)

Abstract

Since 1987 the thermal emission from crop canopies has been measured by multi-frequen-
cy microwave radiometers designed by Changchun Institute of Geography, Academia Sinica.
The relationship between dualpolarized brightness temperature and some related parameters,
such as crop height, moisture content, geometric structure, etc., has been experimentally obtai-
ned. To quantitatively understand the functional dependence of brightness temperature on those
parameters and frequency, polarization, observation angle, we have developed a numerical
modeling of radiative transfer for multi-layer random media, which modeled the stratified la-
yers of fruit, leaves and stalks. The newly-derived dual-dispersion model and Polder Van/de
Loor formulation are used to calculate the mean dielectric permittivity. All parameters are cho-
sen in a consistent way. The radiative transfer equation for multi-layer random media is de-
rived. By using the discrete-ordinate and eigen analysis methods, numerical results of radiative
transfer are obtained, and are favorably compared with the experimental data. The functional
relationship between the brightness temperature and various parameters are discussed.

Key words Microwave thermal emission of crops Measurements Numerical simula-

tion of radiative transfer
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