
„.. „.,..,: esa  .,____: 
,______... 

.... e +_,.....:. i e l.... — 	 MIEM 	 lel. 

, , 

. 	 .,'!' 
 

. 	 . , ,,,, . 	
• , 

. 	 . 
. 	 . 	 . , 

. 	
. 

	

.. 	 •I''-'.•-• • . 	 • 

• • -;‘,.., 	 ' . - 	 • 1 -. 	4, . 	 .. 
, 	... 

4 	

,  

ji, ',-,s, - - ' - . 	.., 	.(:- . 1 '•'•t?  '''' ' ” 	 • 	, 

	

_ . , i  . . ...W 	 . • , . - 	. • 	..• 	-.: 	, 	- 	.•:. 	••t 	 . 
' ... - 	. 	! „-, 	•„-,4,  , 	

. . 

	

' - 	- 	''' '' .*3' '.--' '5.4:À..-•,, .., -1f, -.... Z.i.-4 
:,:45 , :;.•'>'.?-•.X..',,,,  

	

- :' -. - 	 '`' ,IV,•-1. ,...", . ,,,,...,. ,. . f'.,...,-;:t , 	-... . ....,-, t4,. 4 	
- 	, : 	....2,„' 	 .,.41:'1/24 ::".!:4;,4-4- '' .•''''' 	''' ),..c.. , 	.4, 	'..4' - 	It. 	. 	 . 	 , 

• 

  

• 	

..,.',' 	', . 	- • 	ati., 1,2` ,... .,, 	-, 	 . 	 . 	 . , 	,... d-. ..,....,:j.,:.... ,..;•' -.. 

	

,-,-„," •,-- 	.:, 	,i-   
' 

	

a 	i ,  

	

:. 	.*¡;* 
p 

z   

• , 	. 	...- - ." ,... .f.,.. , , 	.- 	...`,.:-...- , 1 . .,-,....,,k, 5:4  -,-, " • 	.x.-001, ,. , 
,.,, . ''' -.. 	,.--. 	- 	'' -',.i.., ,,_,477- -09: gi,  

	

' 	- 	,,..,„.... ',' ,, 	' ' ,1.1''''.'4'. #1. '''..;,,..,..'''''',''''. , ,.'44.4',f'''..:: 	 ,,, i',._.,.'''','-'''', 4 	. ....f..,k",:jii ',".4„,?..,,'L.,:- :..4::'-'+' 	, j ..Vf"-.;, .;,"X.-., .. .„ 	• 	'....,,-,, - , 2 , . 4, ,...,:„,•,-,,,, 	.. * ... 	s,,,,, .. ,, 4 	, ...141; 4.',.....„). 	.44,. 	., 	.' *.: '..1,,,,,,,,,. 
' 	- - '' #111  ',..•i;r:Ikt '.25, 	'' • ' ' '1 .-'1'''" ' -lbjitileit 	- 	- - 	:.• ...,,lik 	.. . •••• .. 	. 	.• ,.. 	,.. 	...., ",`,.., - '.4 	., ,:de .......Ne., 	ifs.. 	.".•%,„. : : . 	.4. , 	 *-. 	tf'. 	• 	- 111. 	'. 	' ...,.... 	,,..,9;,.. 	.,•,'• 	.' 41. • , , • ' ', e , t• ,, , 	k... " 	, 	, 4.. 	'' ' ,2 ; ',1 , 	• 1,41, ,, t i' ,. 5- 	• 	• ■ 

	

, 	. . 	tr. ., 1,1', ... • , ,) .. 	. . • , ' , 	, 	. ..s, ...' .. ., :-p;ley . 	4; , _e 	 ,,,,1•?,..14  

	

,, 	 . • ,...„ . ,:::: .„, ?..: •-f •it ,,, ,:, , ., ..,:. ..,,, )',... 	17...-•_„,, 	."., 	"X, . ,.,.., „,:fr,,,,  

	

i 	• 	..;:ijii.:, .'f".:  'l  't  ' 34': 	4 	1  ' '. ' *.' ./ 4"1111/4, .' • ''' ', ':4..', i,41.i'  . "4':':f4:,•::"1, 
.. 	,. 4 ..,.• t: ', ; '”, 	 ..*;t r2,t, ' 	' • 	, .4 i:'.1,1', 	'''',''''''+' t:Zi.":' i ''' ''' ,':4/11.:‘:115?›.1t.  X:i'í''' 4.  ' '..,i4i.:■4: , . '..',' ,IW.N'''  d.....• .. 

(4, 

	

.. 	 ,, 	 . 	 . 	 .,.. 	 ...t 	 d4,..  
74 	 g ,,,,, , - ,)„,., 	 ,,,... 	, 	# p.P ,•.,,,,-;,. '4,.., -. 	....,......,..........„,,,t„,, 	,,,x,...., ,,,, ,  -,-...„,„„  

; '' 4 	 . , . 1.., • ', , ., ,, ,- ' . , , , '' ,, . ,:, . .. 	."' 	.."1  •■• j 	', '',k‘! 	",?'; .1 Mpt ' '',ZM . 'N' , Z a': ,ç,#ç' "  . . ' "On'  
1"'' iAli. ) ' 	 t;4fi ' 	a  - . 	', 	- '. 1‘, ' , ''''  ' .1:::, ': i ■ ‘ 1.,,,, ,'; .,>:',',..; 4r; $:-4:• .,-z- -..-.?.. 4,-',4,:i i .4, -. , '' ; •,,,,, ,,, — 	,,,,. 4,i,  „- :,.....- J.,, 	.5: '\:, 	ii. ..,:-.,..  • .,--4,..,,,,, ,  • ii 	,,,,,,, 	• ,, , ,,,,,,,,,,,,,xt  

;. 'ff,;t 4 ,;,:-,-. ,..,.:, 1„•.4.4, 1...7ik,sp:, 	wr.,-.. , - 	;,--.4-  - 	 :.•. , ,,---,,,,, ..,.• .....z., ,.,.,,,, ,•., 	,.  
., ,,,b, ,  	0 	e , 	 . , ee• . 	. ,, 4,, 1 „ • 	. ,, 

. 	‘ , ..,'", , é ....4 . '', ," 	 • 	s.  '. 	 ,, '„: ,,,ttÁ, 	's  ‘ .11'-'.  • , 	. 	. 	, '' 	'ffi .`., 	?‘ 
la *. 	1.10 1'  `,., ," ;3/45' .. "' .‘'' ' l•  54,5 i . . 	. . ' 	, 	..,, i 

i1'. 	. 	 . 	. 	'''V.4121,'"  : ' *, 	'. • * 	''' '''' rP:-.., , : ,.. ,,,.." '.., ' ...... ,. 	 À. 	.',..'.; ,t5,,,.  , 	 . 4  , .f  ; , :i .  ..'''' 	• • 4 '. ''',.rAt , 	.1 	'5 ..,'. ' * '. 	ft  $ . ..'''' ''0" 	. 	''' 	7, 
. 	, i', 	

4'. ,r,) • 	/. 	• - 	.-nr  .. -., 	, 	•. -00  
 ,-,v, - 	. 	•• 	. 	. , .. 	 .• ,,,' 	, ,„,. 	.. ",- : ,̀:''' 	.', '`..' 4 .• ,,,''. &,'*•:,./: 	.. . .',>,, 	

■ • 
,,,;. 	. 	' ' - . 	,:',. ,- 	,, 	., ,.,.. ^ , ,IW ... , ,, 	'. , , 	.., 	• 	- ,,,,,,  st li  „ . 	, 	, . , .. • 	. 	:, 	a 	.• 	... 	..., 7',. 	2, 	''' 	,  

, : 
. 	 . 	.. 	' 	.,...,,„ 	... , .- . 	

' 
i. ,:-.,., • 	'  

' z
. . , ,.. '.. , . y ; ., , ,,,,. ,,, - . .. , .r., „irr.,.)*' ' ," 
•• . .. - 0,,,,,  

irst Latino-American Seminar on 
Radar Remote Sensing 

Primeras ornadas Latinoamericanas 
de Percepción Remota por Radar 

Image Processing 
Techniques 

Técnicas de 
Procesarniento 
de Imágenes 

European Space Agency 
gene spatiale européenne 

Cosponsored by. 
CONAE, INPÉ, ESA, 

SELPtR, CIDA, DI-UPPe 



Soil moisture retrieval from active microwave remete sensing. 

João Vianei Soares 
Camilo Daleles Rennó 

Instituto Nacional de Pesquisas Espaciais - INPE 
Caixa Postal 515, CEP 12201-970 
São José dos Campos, SP, Brasil 

Ivianei;camiloWitid.inpe.br  

195 

heywords. sou l moisture. SAR, surface, scattering, 
model, ernpiric, polarization 

Abstract. II is NN'ell know that microwave 
reflectivity of agricultural targets is primarily 
associated with sou l roughness, sou l dielectric 
properties and the presence of vegetation. The 
dielectric constant of a completely dry sou l is around 
3 and that of pure water approaches 80. Then, as 
the wetness of the sou l top layer increases the 
reflectivity will also rise. On the other hand there is 
a dichotomy: rough and dry soils could produce a 
higher backscatter (scatter in the receiving antenna 
direction) than smooth wet soils, since most of the 
fields could experience specular reflection away 
from the radar. This paper briefly reviews the theory 
and methods of retrieving sou l moisture from remote 
active microwave systems, its application, 
conditions of validity and limitations as practical 
use is concerned. Methods based on a simple linear 
regression between radar backscatter and soul 
moisture as well as those based on the inversion of 
surface scattering models are presented. The 
validity conditions are discussed. Finally, we 
introduce the preliminary results on the inversion of 
a semi-empirical surface scattering model to 
retrieve top layer (first few centimeters) soul 
moisture using the SlIt-C L and C band 
multipolarization imagery acquired over the 
Bebedouro Irrigation Project test sue, in the semi-
and Sao Francisco river valley in the northeast 
Brazil. "In sittt" sou l moisture and sou l roughness for 
some bare and low vegetated fields, were measured 
simultaneously with the radar data acquisition 
during the first flight of the SIR-C/X-SAR mission 
in April 1994. 

Introduction 

Estimates of sou l moisture are of great importance in 
numerous environmental studies, including 
hydrology, meteorology, irrigation control, water 
resources systems planning and agriculture 
forecasting. In spite its importance, sou moisture 
information is not widely used in resource 
monitoring or prediction because it is difficult and 
costly to obtain situ" measurements on a routine 
basis over large arcas (Wang et al., 1986). From 
theory, the dielectric constant of a completely dry 
sou l is around 3 and that of pure water approaches 
80. Then, as the wetness of the sou l top layer 
increases the reflectivity will also rise. Based on 
that, there lias been various experiments including 
aircraft, ground levei truck mounted scatterometers 
and even satellites, showing that one can relate 
radar backscatter to soil top layer moisture (see for 
example, Ulaby et Batlivala, 1976; Ulaby et al., 
1978; Wang et al., 1986; Soares et al., 1988; 
Bernard et al.; 1986). 

Because radar backscatter is also affected by surface 
rougliness and vegetation, such that any practical 
application of radar must be able to account for ali 
three of these target features. As matter as fact, 
there is a dichotomy: rough and dry sons could 
procluce a higher backscatter (scatter ia the 
receiving antenna direction) than smooth v e t soils, 
since most of the fields could experience specular 
reflection away from the radar. Thus, if one were 
interestcd in monitoring sou l moisture over a mixed 
area, the effects of surface roughness and plant 
canopy would have to be subtracted fonn the 
measurements of radar backscatter in order to 
isolate sou' 'misture modulation on the radar 
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measured signal. Earlier results of severa! 
investigators (for example, Ulaby et al., 1978, 
Soares et al., 1988) showed that, at small incidence 
angles ( between 10 ° and 20 °), sou surface 
roughness effects on the received radar scatter are 
minimized. Ou the other hand, these results have 
also pointcd °ui that the linear relationships found 
between sou l moisture and radar backscatter were 
not the same Ibr different sites, and the optimal 
incidence angle to minimize roughness also fell in a 
rather big range. This variability suggests that many 
algorithms are site-specific and that there exists a 
need to develop portable algorithms that do not 
require fitting to specific site properties. 
Furthennore, methods that are limited to sinal! 
incidence angles narrow the application of remote 
radar imagery to the near range of the swath. This 
is of course an important drawbatk of the technique 
since most SAR measurements from space generally 
range from 15° to 55° in incidence angle, implying 
that any operational algorithm to retrieve soul 
moisture shoal be able to provide good estimates 
over an as wide as possible incidence angle range. 
This paper briefly reviews the theory and methods 
of retrieving sou l moisture from remote active 
microwave systems, its application, conditions of 
validity and limitations as practical use is 
concerned. 

Soil moisture retrieval from active 
microwave systems. 

• Linear relationship 	betiveen 	radar 
backscatter and sou l moisture 

Ulaby and Batlivala, (1976), studied the radar 
response to soil moisture for three bare field plots 
with considerably different surface roughnesses at 
eight frequencies in the 2-8 GHz range for VV and 
1-IR polarizations, using a truck mounted antenna 
located 20 m above the ground. They concluded that 
the effect of roughness on the radar backscattering 
coefficient can be minimized by proper choice of the 
radar parameters. An optimal combination of sensor 
parameters is defined such that a° of the ground is 
almost independent of surface roughens while 
retaining an acceptable sensitivity to sou l moisture. 
Their data led them to recommend the best radar 
parameters for an operational sou l moisture system 
as being C band (4 GHz), both HE and VV 
operating at a range of incidence angles of 7-15°. 

Soares et al. (1988), following Ulaby and Batlivala 
recommendation, established a linear relationship 
between sou l moisture , cm3cm-3) and absolute 
radar backscatter (a °, dB m2m-2  measured with an 
accuracy of abola 0.5 dB), using a 5.3 GHz C band 
seancronieter onboard an lielicopter poluiu.] ai 12' 
incidenee angle. Tlieir data is syrithesized in figure 
1. Tile regression is: 

wg  =0.015cf +0.30 	 (I) 

1,„ 0,45 
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Figure 1. Radar Calibration curve against surface 
sou l moisture, using either bare or low vegetated 
soils (From Soares et al., 1988). 

Cognard et al. (1995, reported on the evaluation of 
the ERS-1 SAR capability to estimate sou l moisture. 
ERS-1 SAR °pendes ia C Band with an incidence 
angle of 23°, what makes it unlikely to sense soul 
moisture at filed scale using a simple universal 
linear algorithm, as those establislied in the 
pioneering work of Ulaby's team at the University 
of Kansas. They acquired SAR scenes during 1992 
and 1993, concurrently with point measurements of 
sou l moisture in the fields using both automatic tools 
and the gravimetric method. They found out that on 
a field scale the correlation between the radar signal 
and the surface sou l moisture depends strongly on 
the type of cover: correlation was poor for the 
different cultures except for wheat. On a basin scale, 
they figured out that, for a period of low vegetation, 
there is a linear relationship between the mean 
radar data and the point automatic measurements, a 
result that open the way to hydrological 
applications. 
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The following general considerations are to be 
made: 

1. The sensitivity of radar backscatter to soul 
moisture is very clear. 

2. The conditions imposed as to minimize 
roughness effects (incidence angle) make it not 
practical for operational use ia most cases. 

3. As the incidence angle increases, the vegetation 
canopy attenuation of the radar power goes up, 
such that the sensitivity of the radar to moisture, 
suei) as expressed in equation (1), is no longer 
assured. 

4. As stated above, the linear relationships found 
by many authors are site-specific. 

5. Speckle noise in imaging systems is another 
source of uncertainty, specially for field scale. 

6. Finally, one lias to make sure to proceed an 
absolute calibration of the radar (really knowing 
about a°  in dB m2 m-2), for every radar data sei, 
to produce accurate estimates of sou l moisture. 
Scatterometers are easier to calibrate than 
imaging systems. 

• Measurhig 	Moisture with Polarimetric 
Imaging Radar 

1. Surface scattering models 

The interaction between electromagnetic waves and 
bare sou l can be approximately described as a 
surface scattering problem. The scattering of 
electromagnetic waves by rough surfaces lias been 
studies for many years, but no exact close-fonn 
solutions have been obtained. Numerical solutions 
can be used to compute the exact solution, but in 
general they are computationally prohibitive and are 
only used ia evaluating the accuracy and range of 
validity of approximate models (Chen and Fung, 
1988). When dealing with practical applications, 
simpler approximate modeis are the ones of choice. 
The main drawback is: they are valid only within a 
limitai range of rougliness. Three scattering modeis 
are used (Ulaby et ai., 1986): 

• The sinail penurbations inethod when the 
variations 	rface heiglis are small reitive to 
the wavelength and the surface siope is sinal!, 

• The Kirchoff model under scalar approximation 
(physical optics), when the radius of curvature is 

large and the rins surface slope is small relative 
to the wavelength 

• The Kirchoff model under stationary-phase 
approximation (geometrical optics), when the 
roughness is large relative to the wavelength. 

The validity conditions for ali the three models are 
summarized in Table 1 (from Ulaby et ai. 1986). 

Tabie 1. Validity conditions for surface scattering 
models. 

k= 27r/Â. 
s = rins surface height 
/ = correlation length 

= rins surface slope 

Model validity conditions 
Perturbation ks < 0.3 and n/ < 0.3 
Physical 
Optics 

rn < 0.25 and kl > 6 

, 
Geometrical 

, Optics 
(2kscos0) 2  > 10 and 1 2  > 2.76 sX 

. 

Since surface scattering is a function of refiectivity 
and surface roughness, ali models above can be 
represented as a product of dielectric and surface 
roughness functions: 

apy ( f, t9,)= D(ff,pp,o,) x 57 ( f ,0„s,1) (2) 

where pp indicates polarization, f is frequency, s is 
the rins height and O, is incidence angle. 

For the small perturbations mode!, the dielectric 
functions can be described as follows: 

2 

13(hh,0). 	 Er 
 

(cosei  +(e, —sin2  60 /2  
)2  

and 
2 

(er -0(e.,,(14- sin 2  0,)-- sin` 0,) 
1)(vv,0,).  	(4) 

v 2 
(e, CO 	+(e, — sin2  0,)'2) 
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where Cr is the relative dielectric constant. The 
surface roughness function at given frequency f and 
incidence angle Oi  is given by: 

S(f 	= 8 K4  cos4  Oi W(2 KSitlO i ) 	(5) 

where 111(21eviii0) is the normalized roughness 
spectruni, which is given (for the Gaussian 
correlation function) by: 

W(2Ksin0,) 	1 2  expHid (6) 
2 

For the physical optics model, the colierent part can 
be neglected for incidence angles that are not near 
the normal. When we consider the non-colierent 
term only, the dielectric functions become: 

D(f ,pp,0,)=11?(6012 	 (7) 

S(i', 0,, Cr, /) = ,c1) 2  exp(—Ko ) 

t11(0 )" 	[(Kl sin0,)2) 	(12) 
exp 

n.1 
nni 

where K u  4k2s2coN2 01  

For both the perturbation and physical optics 
models, the dielectric forinulation include the 
dependence on incidence angle, frequency, 
polarization and the dielectric properties 
themselves. They do not depend on the correlation 
function and rins rougliness. The surface roughness 
parameterization are a function of frequency, 
incidence angle, surface rouglmess correlation form 
and rins surface height. They are independent of 
polarization. The measured ratio expressed by 
equation (13) (see bellow), is expected to be 
independent of the surface roughness function. 
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ol) 	D(f ,hh,0,) hh = 	 (13) 

(8)
D( f 	,0 ,) (e, —1)(er  cos2  O,— s1n 2  0,) 

Y )2  (e, cos O +(er  — sin 2 0,) 2  

and Rhh is the same as ia equation (3). 

When one considers the backscattering from both 
the non-colierent terin and the one due to slope, the 
equations are: 

D(f ,pp,0,)= Rpp (611 )1 2 (1+ sin 2  0,) 
(9) 

+ Re[R pp ) R * ppi 	)1 siti 2 O, 
where, 

2 sin 0,Rhh (Oi ) 
Rhhl( t 9  =  	(10) 

COSO, -1- (er  — sin 2  

and 

Rw1(0,) = sin0,[1?,,(0,)(6,.+1)— er  +1] 

Er  COSO, +(e,. — si1l 2  

Assuming again a Gaussian correlation form, the 
surface roughness function is as follows: 

Since single surface scattering models physics 
indicate that the relative phase difference between 
1-1H and VV polarizations approaches 0, the 
imaginary part of the dielectric function is very 
small. Therefore, one can either use the magnitude 
of the dielectric constant to replace the complex 
dielectric constant or express the dielectric function 
as a function of the incidence angle O, and the 

refractive angle O, at a given fre.quency and 
polarization through Snell's law, as in Shi et al., 
(1992). For example, for the perturbation model the 
dielectric function ratio between the HH and VV 
polarizations can be written as: 

Crch'  h(.f ,(),) 	COS 4 ( 6),  

sin2  0,+ cos.' O, 
(14) 

Then, the refractive angle is the only unknown in 
the ratio and can be easily solved for. Consequently, 
the magnitude of dielectric constant can be obtained 
through Snell's law, and finally volumetric soul 
moisture can be derived following the dependence 
of the sou l dielectric constant on sou l type and the 
volumetric constam (see, for example, appendix E 
of Ulaby et al., 1986). 

where 

( 60 = 



Regarding the geometrical optics model, the 
dielectric and surface roughness functions are given 
by: 

Y2  -  
D(f) = 1Rhh (0)1 2  = 1Rw(0)2 e1 = r 	

1 	(15) 
er Y2  +1 

and 
1 	 tan 2  0,) 

(16) 	exp s(e) 
2m 2  cos4  O, 	2m 2  

which show that the dielectric function depends 
only on the dielectric properties of the surface at a 
given frequency. It is independent* of both 
polarization and incidence angle. The surface 
roughness formula is done as a function of 
incidence angle and mean random surface slope. II 
is independent ou botlx polarization and frequency. 
In this case, the ratio of co-polarization signals does 
not provide any information about surface dielectric 
propenies and roughness because both functions are 
the same for the co-polarization signals. 

Shi et ai., (1992), have attempted to use these 
surface scattering models using data collected 
during an experiment carried out in 1989 with the 
NASA/JPL AIRSAR in an agricultural are near 
Fresno, Ca. Soil moisture measurements were 
obtained for three plots, showing low values 
corresponding to dielectric constam within the 3.0 - 
5.5 range. They were assumed to represent the 
whole area because ali the fields were flat, 
essentially unifonn in texture, none of them had 
been irrigated for several weeks, the whether 
conditions were high temperatures and low 
humidity. Based on the "a priori" condition that the 
roughness function 5"(f; O, s, I) is independent of 
polarization, they used the ratio of co-polarization 
channels to indicate which surface scattering model 
should be used as follows. 

• For the small perturbation model the ratio 

enhier is always less than one except at near-
normal incidence. 

• For the physical optics model, the natio is greater 
than one, except at near nadá -  incidence. 

• For the geometrical optics mode!, the ratio is 
always equal to one. 

Therefore, one can "say" something about the 
surface roughness condition using the co-
polarization ratio and automatically choose the 
model to be applied for each pixel (or plot). Their 
results showed that the co-polarization ratio lias 
good potential for measuring sou l moisture for bare 
fields, particularly when sou l moisture was less 30% 
in volume and incidence angle is above 40°. The 
inversion algorithm performed well at L Band but 
not at C Band. The geometric model could not be 
evaluated because the validity conditions were not 
met. 

The main drawbacks of using the purely analytical 
surface scattering models are: 

• The validity conditions are hardly met in the 
practical world; 

• The co-polarization ratio is very noisy on a pixel 
by pixel basis; 

• Absolute calibration is needed. 

2. Semi -empirical models 
Oh et al., (1992,1994), developed semi-empirical 
expressions for the two co-polarized backscattering 

coefficients dhh  and O , and the cross-polarized 

backscattering coefficient, O ph, , as a function of the 

incidence angle O, the radar wavelength 2_, and two 
sou l parameters, the relative dielectric constant 
and the rins surface roughness. The models, valid 
over the angular range defined by 200  5. 05_ 700 , 
are given by: 

gco.s.3  9, r 	 \ -1 

	

rhken 	(17) 

d;, h = P 	" 	 (18) 

ornv  = 	 (19) 

2 
p  = [i (20)

[0.314/ro] 
•exp(—Ksi) 	(20) 

= 0.25( ror (0.1+ sid.9  0,) 
(21) 

[1 — tas/4 —( I — 1 . 6 r()) ia]] 

g = 0.7[1— exp(-0. 65( 0 1'1 	 (22) 
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2 1/2 
E, —1 

1'o= 	 (23) 
es1/2 

+1 

, 1 „ 2 

COS 0, —(63. sin2  
Fh(0) = 	  

	

 
cosO, +(e, sin 2  0,)112 	

(24) 

2 
, • e

s 	
cose 	31 , —(e,— 11 2 	) 1/2  

Me i ) = 	 (25) 
es cos O, +(e, — sin 2  0,) 112  

and is the relative complex dielectric constant of the 
sou: 

es = Cs'  ies" 	 (26) 

According to this surface scattering model, the three 
magnitude quantities measured by a polarimetric 
radar, a°hh  6°,,, and Cr°  , provide three measured , 	 hv 

quantities, from which it should be possible to 
determine the rins height s and the dielectric 
constant e , since O;  and K are known. The dielectric 
constant is in turn a function of the sou l volumetric 
moisture m v  and the sou l type. Using this model, 
Ulaby et al., (1995) provide two algorithins for 
estimating s and es  from polarimetric radar 
observations: 

• The first one, the p-q Inversion Algorithin uses 
the equations (17)-(26). The advantage of this 
algorithin is that it is insensitive to absolute 
calibration of 	0-°vv  and ø' 	only 
on good relative calibration one to each other. 
Its potential disadvantage is when vegetation is 
present since whereas oniih  and cr°, are only 
weakly sensitive to the presence of modest 
vegetation, opm, (and q) is quite sensitive to 
vegetation cover. 

• The second one is the p-Ophh  inversion algorithin 
that does not use the cross-polarized channel, 
but requires good absolute calibration of the co-
polarized channels. 

Ulaby et ai., (1995) compared radar-estimated 
surface roughness and sou l moisture using JPL 
AIRSAR data with ground truth data, and obtained 

very good agreements with correlation coefficients 
as high as 0.96. 

Dubois et al., (1995), developed an algorithm that 
also employs only the co-polarized channels to 
estimate s and m v . Their equations are: 

1 0-2.75 COS I.5  O, 00.028E1(1,10i  

	

sin 5  O, 	 (27) 

.sín ,) 1.4  XL7  

COS 3  O, 00.046Etane. 
Cr°,,v  =1 0-135 	 

	

sin 3  e, 	 (28) 

Ks sin 01 r Â.." 

Here e is the real part of the complex dielectric 
constant. According to the authors, the algorithm is 
optimized to work at a frequency between 1.5 and 
11 GHz and gives best results for iCs' 5 2.5, 

	

I;  5_ 35%, and O 	They used a simple 

criteria based on the O D  icf ratio to select the hi• 	vv 

areas where the inversion is not impaired by the 
vegetation. To test their algorithm, they used 
several SAR data sets taken between 1991 and 1994 
from airborne (AIRSAR) and spacebonie (SIR-C) 
for bare surfaces, under a large range of sampling 
conditions. They found an RMS error in the 
estimated sou l moisture to be less fluiu 4.2%. 

The following general statements can be made: 

• The models require polarimetric data, not 
always available; 

• The models work better at lower frequencies (L 
band); 

• Absoluie calibration accuracy is a problem, since 
the model is quite sensitive to uncertainties in 
the backscattering; 

• The models are of a semi-empirical nature, such 
that a lot of independent data throughout the 
world must be tested for before being certified as 
operational. 

The Bebedouro SIR -C Hydrology Supersite 

We introduce here the preliminary results of testing 
the empirical mode' of Dubois et al., (1995), over 
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the Bebedouro SIR-C/X-SAR Supersite (WL 
Publication 93-29). The area is located ou the left 
bank (9°07'S, 401 8'WGr) of the São Francisco 
River, a major north-south trending flowing river 
system. The river crosses a vast semi-and region in 
northeast Brazil, where a government sponsored 
development program will irrigate over 1 million 
hectares for agriculture, of which 200,000 have 
already been irrigated. In the Bebedouro Irrigation 
Project, BIP, individual farms range from 5 to 12 ha 
and the total irrigated area is 1750 ha (Soares et al., 
1988). Crops and orchards in the BIP include 
mango, vine, tomato, melon and water melon. Other 
types of land cover (found at the time of the SIR-C 
April'94 flight) are pasture, pasture with buslies, 
and bare sou. We used a total of 6 scenes taken on 
April 9, April 10, April 13, April 14 (two, 
ascending and descending) and April 15. 

Soil moisture and roughness measurements were 
taken over 13 fields scattered ali over the test site. 
Soil moisture sampling Nye re done at two layers: 0-5 
cm and 5-10 cm, ou a daily basis, during the SIR-
C/X-SAR April'94 flight. Four sampling points 
were done for each field, with five repetitions each. 
Over 2000 samples were collected, weighted, dried 
out and Nveighted again. There Was a rainfall of 80 
min the night before the first SIR-C overpass (April, 
8, 1994), and it did not rain for the rest of the 
experiment. Because top 30 cm of the dominam soul 
are sandy , some fields were irrigated for planting 5 
days after the rainfall. Surface roughness was 
estimated using photographs of a gridded panei 
oriented both parallel and perpendicular to radar 
swaths. Photographs were digitized and the rins 
height was calculated. 

We tested the inversion of equations (27) and (28) 
to derive both rins height and the dielectric constant 
E and compared them with the "in situ" measured 
values. Soil moisture 'as calculated from dielectric 
constant using soil texture information as in 
Hallikainen et al., (1985). The residis for soul 
moisture obtained from using both co-polarized L 
Band channels are plotted in figure 2 against the 
measured values. Only the averages are used in this 
case. Although the sensitivity of radar backscattcr is 
very clear, the derived %/alues are in general 
underestimated and the correlation coeflicient is 
only moderate, indicating that this empirical model 
could not be used to map sou l moistn.-,3 with an 
acceptable accuracy. On the other liand if the rins 
height is previously known, we could use only one 

co-polarized data set (either equation (27) or (28)). 
This situation is realistic in many cases, for which 
no agricultural practices are happening to change 
the surface rougliness. Also, in the near future, for 
technical reasons, multipolarimetric spaceborne 
SAR are not likely to fly, what brings the problem 
of "a priori" knowledge of soil roughness if one are 
interested in estimating sou l moisture. Figure 3 
displays the comparison between model derived and 
measured values, using L band VV polarization 
(equation (28)). In this case, the underestimation is 
minimized and the correlation coefficient is higher. 
One can notice that the variance tends to be higher 
when iii is higher than 25% in volume, which is in 
agreement with the findings of Dubois et al., 
(1985). There may be situations where realistic 
estimates of roughness could be done over a stable 
region, after days of continuous rainfall that 
saturates the sou; in this case soil moisture is an 
input and rins height is obtained from inversion of 
equation (28). Ou the other hand, when the HE 
polarization is uscd (figure 4), the correlation 
coefficient is sinaller indicating that there may be 
problems of fitting for equation (27). Dubois et al., 
(1995) did not compare VV and 1-1H polarization for 
their sensitivity to sou l moisture. It appears, though, 
from this preliminary results, that the VV 
polarization are less sensitive to uncertainties on 
rins height, a result to be investigated as a follow up 
of (bis survey. To confirm Mese results, we show, in 
figures 4 and 5, the plots of the theoretical values 
for c7 , and Ophh  corresponding to a range of Mv  

going from O to 40% and two rins height (0.3 to 1.4 
cm). When rins height is 0.3 cm, c3 goes from -24 

to -14 dB aahh  varies between -27 and -21 dB as m, 
changes from O to 40%.. If the rins height of 1.4 cm 
is used, a , goes from - 17 to -7 dB and (fhh  varies 
between -18 and -11 dB ia the same range of m v . 
Ulaby et Siquiera, (1995), show that, for their 
model, 	rises from -23 to -13 dB as sou l moisture 
gocs from O to 40"/0 in volume, a 10 dB change, 
svhilc dh) h  increases from -23 to -18, a 5 dB change 
(1.25 G1 lz, s=1.5cin, 0,=40). li is ciem -  that, for 
both seini-empirical models, (1 „ is approximatcly 
twice as inuch sensitive lo 'uliiinctric inoisture 
variation, 

Measured "in siai" rins height used in our tests 
were between 0.33 and 1.4 cin. They correspond to 
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Figure 2. SAR derived sou l moisture using the two 
co-polarized bands (L Band) versus measured soul 
moisture. 
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ks from 0.087 and 0.37 for L band and from 0.37 
and 1.57 for C band. 

According to Dubois et al.,(1995), the science 
requirements for the SIR-C Calibration accuracy at 
both L and C bands are ± 2.0 dB / ± 0.4 dB for 
absolute and rclative calibrado!), respectively. 11 is 
obvious that, since as mucli as 4 (113 changc could 
hap)cn due only to calibrado!) problcms (in the 
worst case), absolute calibrado!) crrors are an 
important source or scattering in the cluster. 
Obviously, since the hh polarization is less sensitivc 
to sou l moisture changes, it is more affected by 
absolute calibration inaccuracy. 
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Figura 5. Plots of d and Cr(h'  h  as a function of m, 

(L band, s=0.3 cm, 0=40'). 
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Figura 6. Plots of Cr and OS: h  as a function of m, 

(L band, s=1.4 cm, 0=40°). 
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Figure 3. SAR derived sou l moisture using the one 
co-polarized band (VV, L Band) versus measured 
sou l moisture. 
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Figure 4. SAR derived sou l moisture using the one 
co-polarized band (HH, L Band) versus measured 
sou l moisture. 

References 

Hallikainen, M. T. & ai, 1985, Microwave dielectric 
behavior of wet sou l part I: empirical models and 
experimental observations, IEEE Trans. G. Rem 
Seus, 23, 25-34 

Dubois, P. C. & ai, 1985, Measuring sou l moisture 
with imaging radars, IEEE Trans. G. Rem Sens, 33, 
915-926 

Ulaby, F. T. & Batlivala, P.P., 1976, Optimum 
radar parameters for mapping sou l moisture, IEEE 
Trans. Electronics, GE-14, 81-93 

Ulaby, F.T. & ai, 1978, Microwave backscatter 
dependcnce ou surface roughness, sou l moisture and 

60 E 
"ci 50 

lj 40 

in 30 

20 

10 
V) 

O 



sou l texture: part 1 - bare sou, IEEE Trans. 
Electronics, GE-16. 286-295 

Ulaby et al., 1986, Microwave remote sensing: 
active and passive, 3, from theory to applications, 
Dedham, MA, Artech House, 1065-2162 

Ulaby, F.T. & Siquiera, P., 1995, Polarimetric SAR 
sou l moisture inversion algorithms, University of 
Michigan, Technical Memorandum 95-12 

Wang, J. R. & ai 1986, The S1R-B observations of 
microwave backscatter dependence on sou l moisture, 
surface roughness, and vegetation covers, IEEE 
Trans. G. Rem Sens, GE-24, 510-516 

Soares et ai 1988, Estimation of bare soul 
evaporation from airborne measurements, Journal 
of Hydrologv, 99, 281-296. 

Bernard et ai 1986, Differential bare field drainage 
properties from airborne microwave observation. ;V. 
Res Research, 17, 869-875. 

Cognard et ai 1995. Evaluation of the ERS 
1/Synthetic Aperiure radar capacity to estimate 
surface sou l moisture: two -year results over the 
Naizin watershed, W. Res Research, 31, 975-982. 

Chen, M. F. & Fung A. K., 1988, A numerical 
study of the regions of validity of the Kirchhoff and 
small-perturbation rough surface scattering models, 
Radio Science, 23, 163-170. 

Shi, J., et al., 1992, Development of soil moisture 
retrieval algorithm for L-Band SAR 
measurements, IGARSS'92, Houston, TX, EUA. 

Oh, Y. & ai 1992, An empirical model and an 
inversion technique for radar scattering from bare 
sou l surfaces, IEEE Trans. G. Rem Seus, 30, 370- 
381. 

011, Y. et ai 1994, An Inversion algoritlun for 
retrieving sou moisture and surface roughness from 
polarimetric radar observations, 1GARSS'94, 
Pasadena, Ca, USA. 

203 


	CAPA
	Keywords
	Abstract
	Introduction
	Soil moisture retrieval from activemicrowave systems
	Measurhig Moisture with PolarimetricImaging Radar
	The Bebedouro SIR-C Hydrology Supersite
	Acknowledgment
	References

