Chapter V

Analysis of Scattered Waves from Rough Burnt Coal Seam

5.1 Introduction

A simple analysis to solve scattered waves from burnt coal seam using the classical
transmission line method was discussed in Chapter IV, where the roughness of targeted
surface isignored (Tetuko et al. 2001). In this Chapter, the author discusses more complicated
scattered wave analysis from burnt coal seam by considering the roughness of it. Figure 4.2
(b) to (d) show distribution of the coal seam thickness in the study area: ‘One Million
Hectares Peatland Project’ District A (PLG-A), B (PLG-B) and D (PLG-D) at central Borneo,
Indonesia (CSAR 1997). The ground data was collected from 1995 to 1997. The acquired data
shows that the burnt coal seam surface in the study area had standard deviation d of
roughness about 0.3m (Nuraini 1999). It means d is larger than wavelength of Japanese
Earth Resources Satellite (JERS-1) Synthetic Aperture Radar (SAR) that was operating at
frequency 1.275 GHz (L Band). Thus, in this study, additional simplifying assumption using
the stationary-phase approximation (Ulaby et al. 1986) is needed. In this study, the method is
advanced to obtain analytical solutions of scattered wave from two layers of rough surfaces.

In section 5.2, the analysis of scattered waves from the rough burnt coal seam will be

discussed. The confirmation of the analysis results by comparing its with results of previous
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simple analysis is discussed in section 5.3. Section 5.4 shows the application of the proposed
analysis results to estimate the thickness of burnt coal seam in the study area, ‘One Million
Hectares Peatland Project’ (PLG) using JERS-1 SAR data. Finally, conclusions are shown in

section 5.5.

5.2 Analysis

The Kirchhoff or Physical Optics formulation is applicable to surfaces with gentle
undulations where average horizontal dimension is large compared with the incident wave
(Ulaby et al. 1986). As aresult, it is assumed that the total field at any point on the surface
can be computed as if the incident wave is impinging upon an infinite plane tangent to the
point. The vector formulation of the Kirchhoff method is based upon the vector second
Green’s theorem, which states that the scattered field at any point within a source-free region
bounded by a closed surface can be expressed in terms of the tangential fields on the surface
(Fung et al. 1992). A mathematical statement of this fact formulated by Stratton and Chu
(Stratton 1941) and modified for the far zone by Silver (Silver 1947) is shown by

E°=KA,” ¢(A” E-hi,” (i~ H))e"*dse (5.1)

S

A A

where a time factor of the form e™ isunderstood and K =- jk.e ™% /(4pR). f,, A, h,

S

k., R, E,and H areunit vector in the scattered direction, unit vector normal to interface

S

inside the medium in which scattering is considered, intrinsic impedance of the medium in
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de n¢  medium 3 (peat, perfectly conducting medium)

Figure 5.1. Geometry of the scattered waves anaysis.

which E® isevauated, wavenumber of the medium in which E® is evaluated, range from
the centre of the illuminated area to the point of observation, total electric and magnetic fields
on the interface, respectively. In alocal frame of reference, the tangential fields A~ E and
n" H arecaculated to compute the scattered field E*. The incident wave is assumed to be
(seefigureb.1)

E' =aE, exp(- jk,A, ) (5.2)
where a, n,, and k; are unit polarization vector, unit vector in the incident direction, and

wavenumber in medium 1 (air), respectively. Unit vectorsin alocal frame of reference are
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i 1/|ﬁi ’ ﬁ1| (5.3)
d=n " f (5.4)
ﬁi =t a (5.5

where A, is unit normal vector to the interface in medium 1. Horizontally and vertically

components of incident wave amplitude are locally resolved as

E. =(ax){E, (5.6)
Hi =1 " (ax)TE, )h, =(ax)dE, h, (5.7)
E, =(a>d)de, (5.8)
Hi =f, " (axd)dE, Jh, =- [axd)tE, h, (5.9)

where h, is the intrinsic impedance of medium 1. Under the tangent-plane approximation,
the total field at a point on the surface is equal to the incident field plus the field reflected by
an infinite plane tangent to the point. Thus, the tangential horizontally polarized fields are

| +E[)=A,” EL(1+R,) (5.10)
= - [(A, A, )EL + (A, 6, )EL R J/h, (5.11)
(

where f, is the unit vector in the reflected field direction and R. is the Fresnel reflection

coefficient for horizontal polarization. In a similar way, the tangential vertically polarized

fields can also be found:
n,’ Hu:ﬁl’(HﬂJ’Hur):ﬁl’ Hﬂ(“ﬂ) (5.12)
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“(Ej+E;)=nA, (A Hy+A, " H]) (5.13)

= ﬁl
=h, (A, XA, )H |: (1' Rn)

where R, is the Fresnel reflection coefficient for vertical polarization. By summing the

n," E,

locally horizontal and vertical electric and magnetic tangential fields, the total electric and

magnetic tangential fields are obtained as
(5.14)

(5.15)

Due to the continuity of the tangential fields at a surface boundary, the scattered field
in either medium 1 or medium 2 can be computed in terms of (5.14) and (5.15). In the same

way, the tangential fieldsin terms of medium 2 parameters are obtained as

i, E=(T. (3, £)ax)- T,i(, i, Jla>dh,/h,)E, (5.16)
h,(A,” H)=-(T.E(A, =, )ax)+T (3, t)adh,/m,)E, (5.17)

where R, isthe surface normal in medium 2. n, is the unit vector in the transmitted field

direction. h, is the intrinsic impedance of medium 2, and T., T, ae the Fresne
transmission coefficient for horizontal and vertical polarizations, respectively, with

T. =1+R. and T, =1+R,. Finaly, we obtained (5.14) and (5.15), (5.16) and (5.17) to

calculate the scattered fields in medium 1 and 2, respectively.
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5.2.1 Scattered fields on burnt coal seam surface (1) or interface 1
5.2.1.1 Scatteringfield on medium 1

The scattered fields in medium 1 (air) is obtained by substituting (5.14) and (5.15) to
(5.1 as

'ES =K Ay A, E-hiAg (A, H)|explik,(Ag - A;)x d dse (5.18)
where 'K, =- jk exp(- jk,R)/(4pR) and R is range from the centre of the illuminated
areato the point of observation.

N, = Xsing, cosf ; + ysing, sinf , - Zcosq, (5.19)

Ny = Xsingg cosf ¢ + ysingg sinf  +Zcosqy (5.20)
Where g, and g, are incident and scattered angle on at figure 5.1, respectively. (5.18)
shows that surface fields can be summed over the illuminated area with the phase factor,
exp(- jk.N. ><r<), of the incident wave. The next approximation is considered to find the
analytical solution of (5.18). It means that scattering can occur only along directions for
which there are specular points on the surface. The approximation relations are obtained from

thephase Q of (5.18),i.e,

Q=k,(Ag - A, ) guXx+q,y+q,z (5.21)
where

a, =k, (sing cosf - sing, cosf,) (5.22)

q,. =k,(singg sinf - sing, sinf ,) (5.23)
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0a = kl(COqul - Cosql) (5-24)
The phase Q is said to be stationary at a point if its rate of change is zero a the point. Hence,

the partial derivations of the surface slopes can be replaced by the components of the phase as

(5.25)

ﬂxq: qzl

@:: - & (5.26)

e g
By applying (5.25) and (5.26) to (5.18), the expression for *E;> can be rewritten as

1Es 1 N - ~o (A, 1

ES=K,Ai,” (A, E-hAg" (A,” H)) M, (5.27)
where

"1, = cexp(jk, (Ag - ;)3 § dS¢ (5.28)

~

Let v and h be unit polarization vectors for the incident vertical and horizontal

~

waves respectively. Let v, and h, be the corresponding polarization vectors for the

scattered waves that are chosen to coincide with d and f in a standard spherical

coordinate system. Thus

~

hy =f =- Xsinf , + §cosf , (5.29)

~

q=h," fi, = Xcosq cosf _ + §cosqy sinf , - 2sing (5.30)

Vg
Since A, hasanegative z-component, horizontally and vertically polarised unit vector are

h, =- Ksinf , + ycosf, (5.31)

~

Vi

1
o

" A, =-(Xcosq, cosf , + §cosq, sinf, + 2sing;,) (5.32)
When the incident wave is horizontally polarised, a in (5.14) and (5.15) equa to h. The
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scattered and depolarised fields are given respectively by

1Er?hl = ﬁsliEls
= MR (A 6, JB, )+ R, (0 50, )0, %6 (5.33)
ot Klll lEOU hhl
lEl’?Vl = \751 >% Ef
= M,[R (05, ), 26y )- R (A 8, (0, o6, (5.34)
ot Klll 1E0U hvi

2

where M, = 1K11I1E0q1|q21|/\%l g(ﬁ1 ><ﬁsl) + (A, wﬂ)zéquﬂ%. When the incident wave is

vertically polarized, the scattered fields are obtained from (5.33) and (5.34) by an interchange

of v, with h; and Vv, with ﬁsl (detail Appendix G):

'Egy = hg *E?
= M,[R (0, )0, ) + R (g, Ny o0, ) (535)
ol K ',EU

o~ wl
IES, = 4ES
= M,|R (g 6, 0, %0)- R. (00 6, (B, i (5.36)
ot Klll 1E0U hvi

5.2.1.2 Scatteringfield on medium 2

In the same way, the scattered field in medium 2 (burnt coa seam) is obtained by
substituting (5.16) and (5.17) to (5.1):

ES =T K,AY T h, " E-huAak (A, H)lexplilkoAY - ki) ddse (5.37)

where 'K, =- jk,exp(- jk,R )/(4pR), R =xsecq, and x isthethickness of burnt coal
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Ay = Xsingl, cosf |, + ysingy sinf ., - Zcosgy (5.38)

By applying the stationary-phase approximation in (5.37) with

Q = (K AL - kA, )50 Tux+ g, ye+ g, 2¢ (5.39)
Thus we obtained

d, =k,singy cosf { - k, sing, cosf , (5.40)

0,, =k, singg sinf g - k;sing, sinf, (5.41)

4, = -k, cosq., +k, cosq, (5.42)

Then the surface slopes can be replaced by

E =_ % (543)
ﬂxq: qzl
E]:: - % (544)
Ty¢ a,

By this replacement, 1, H and A,” E become in dependent to the integration
variables and (5.37) can be rewritten as
1s _1 At o (a - ~t oo f(a - 1
ES = K,AL " (A,” E-h,A% " (A,” H))U, (5.45)
where
1 —_ : At ~
I, = Oexp[J(kznSl - kN, )xrtl] ds¢ (5.46)
In the similar way to scattered fields in the medium 1, the scattered fields in medium

2 will be obtained as follows (detail Appendix H)

TES, = - M (T (0 6, o, Al )+ T (RL 6 B, AL, )
ot KZlI 2E0thl

(5.47)
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A

'ES, = ML (Al 6, Jo, Al )- T, (0 A, ), 8y h,/n,)

(5.48)

o K,',E Dy,
1ES, =- M, (T (AL, Jh AL )+ T (0 6, o, <At n, n,) 549

o K,',E,D,,
'Ez, =1 ML (T (04 6 S, Al )- (L s, o, AL n, n,) 550

o' K,',E,D,,

where

h!, =AL " ¥, =- xsinf !, + ycosf |, (5.51)
vy =- ()2 cosq ), cosf | + ycosql sinf  + Zsinq;) (5.52)
M, = 2'K, 1, E, [k, - k(A «))/(aD,D, ) (553)
4’ =05+ 0y + 05 (5.54)
D, =0,D,/|d.]| (5.55)
D, =|A, "~ Al (5.56)

5.2.2 Scattering field on peat surface or interface 2
To solving the problem of scattering from a perfectly conducting random surface,
first, the determination of the surface current is done. To simplify the calculation, the surface
current estimate is shown as (Gotoh et al. 1993)
J(ry=fn,” H™ (5.57)
where m=2,4,6,---. n, isthe unit normal vector to the surface of medium 3 or perfectly

conducting medium (see figure 5.1), H™ is the incident magnetic field. The integration is
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over the illuminated area of the surface. To obtain an expression for the surface current,

consider an incident horizontally and vertically polarized fields of the form

Er = YEm exp(- jkx)=YEN exp(- jk,xsing,, + jk,zcosq,,)

. m . . (5.58)
= JEm exp(- KX~ iKym2)
EJ = Ep(Xcosq,, +2sing,,)exp(- jKpX- jK,2) (5.59)
where pis h for horizontal and v for vertical, Ej ="' E;, and Ej ="' E;, arethefield

amplitudes at surface of medium 3 that are obtained from the scattered fields in medium 2,
refer (5.47) to (5.50). q,, isthe angle of incidence, k, isthe wavenumber in medium 2 or
burnt coal seam, and | = J- 1. Next, let
n=A,/cosc =-XZ - yZ +2 (5.60)
cosc = [1+ () + (Zy)Z]'V2 (5.61)
where Z, and Z, arethe partial derivatives of the surface of medium 3 that is shown by

z,(x,y) . Then (5.57) can be written as

J :—J = ﬁs

COSC cosc

“H™=np H" (5.62)

It is effectively the Kirchhoff approximation to the surface-current density (Gotoh et

al. 1993). The expression for the surface current density for horizontal polarisationis

n€ -Z,snq, U
Jh = Jm = hhp gxanm +Cosqm[;|exp(_ jkme- szmz) (563)
*8 Z,cosq, H

and for vertical polarisationis
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61
Epé.u : :
J, = . éo lgexp(- jkox- jk,.2) (5.64)

I

The derivation of (5.63) and (5.64) are shown in Appendix K. In accordance with the
Stratton-Chu integral (Stratton 1941), the far-zone scattered fields from medium 3 (a perfectly

conductor) is shown as

A

"ES(Agm) =- Cohofen " fan I, eXP(jk, Mg, 0 Jdxdy (5.65)
A
where C,, =(jk,/4pR,)exp(- jk,R,) and R, =xsecq,. x is the thickness of burnt coal

seam that is measured from burnt coal seam surface ( z = 0) to depth of a perfectly conducting
medium (z=x). A, isthe unit vector pointing in the direction of observation, A, isthe
illuminated area, h, is the intrinsic impedance of the burnt coal seam, J iseither J, or

J,, k,ng, =xk,sing,, +Z, cosq,, =- Xk, - Zk,,and k, isthe wavenumber in medium 2.

That can be rewritten as

"ES(Ay)=- Ch, I (e X3, )- 3, Jexp(jki,, » Jxdy
A

(5.66)
=-Ch, dﬁsm(ﬁsm xJ p)- J p]exp(- jK o x- jk,,z)dxdy
A
For horizontal polarisation,
"En = 9¥ ES(As,) = C,Eny coky(Z, sing,, +cos, Jexp(- 2jk,x- 2jK,2) (5.67)
Integrating by partsin (5.67) and ignoring edge effects, we obtain
"Ey, = C,Em secq,, caxdyexp(- 2jk,,x- 2jk,,2) (5.68)

Similarly, we can show that for the vertically polarised case the scattered field is
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"E*w =C,Epsecq,, (pixdyexp(- 2jk X~ 2jK,,2) (5.69)

Upon comparing (5.68) and (5.69), these equation are seen the same, it is indicating
that for a perfectly conducting surface, there is no polarisation difference between vertically
and horizontally polarised fields.

The cross-polarised scattered fields ™E> and ™E; are computed by taking
y® ES(A,,) and secq, X ¥ ES(A,,) respectively, where respectively J, and J, are
used in the field expression to obtain. Hence ™E; =" E; =0 is obtained. Now the
polarised scattered fields were obtained and its will be used to calculated scattered fields at

the boundary of medium 1 and 2 or interface 1 with distance R, from the surface of

perfectly conducting medium that will be discussed in the next section.

5.2.3 Scattering field on burnt coal seam surface (2) or interface 1

5.2.3.1 Scatteringfield on medium 2
The far zone scattered fields in medium 2 can be shown as
"E; =" K,fg, (A, E-h,hg, (A, H))exp(jk,(Aq, - i) 9dSE  (5.70)
where "K, =- jk, exp(- jk,R,)/(4R,), m=3,5, --- and
Ng, = Xsinqg, cosf ., + ysing, sinf , - Zcosqg, (5.71)
A, = Xsing, cosf + ysing, sinf_+zcosq,, (5.72)

Similarly with the previous derivation in section 5.2.1.1 and 5.2.1.2, we must simplify (5.70)
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using stationary-phase approximation, where phase Q of (5.70);

Q = Ky (A - fiyy )0 €0 Ty X+ T+ T 2 (5.73)
where

d,., = k,(sing, cosf , - sing,, cosf ) (5.74)

U, = k,(Singg, sinf o, - sing,, sinf ) (5.75)

q,, = - k,(cosq, +cosq,,) (5.76)

by considering the stationary condition of the phase Q, the partial derivatives of the surface

slopes can be replaced by the components of the phase as

¢ _ O
A2 = 5.7
we g, (5.77)
@:: - (jﬂ (5.78)
ye O
Then the expression for ™ES can be rewritten under the approximation as
"ES =KA,, (A,” E-h,A, " (A,” H)) ™, (5.79)
where
"1, = cexpljk, (g, - fi,)x 9 dSe (5.80)

Let we defined V,,, ﬁm and Vg, ﬁsm be unit polarisation vectors for the incident and

scattered vertical and horizontal wave respectively as

~

h,, =f,, =- Xsinf _, + ycosf (5.81)
V. =0, :-(f(cosqsmcosfsm+§/cosqsnsinfsn+2sinqsn) (5.82)
h, =f, =-Xsinf _+ {cosf (5.83)
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V. =, = Xcosq, cosf _+ §cosq,, sinf . - 2sing,, (5.84)
The scattered polarised and depolarised fields are obtained

"ES, =" M, (R (e i S e )+ R (0, 5, )0, )

(5.85)
om KZml Zm_lEli‘l thm
" EvSh2 ="M Z(Rﬂ (\75m >q;\lim)(ﬁm >q::lsm)_ R. (ﬁsm >q;\limX\,}m >q‘.l,\sm)) (5 86)
™ K, Ef Dy =0
Where "M, ="K, "I, ™ 1Esqqm|qm|/§n ) Q(zqzm When the incident

wave is vertically polarised, the scattered fields can be obtained from (5.85) and (5.86) by an

interchangeof ¥, with h_ and ¥, with hg;

(5.87)
om K2m| 2m 1EV% o
m Er?v2 ="M Z(Rll ("5m >ﬁ|m \7m >ﬁsm)' R. (\75m >q;\llm)(ﬁm >ﬁsm)) (588)
oM K, ,"Ex Dy =0

The derivation of these equationsis shown in Appendix I.

5.2.3.2 Scatteringfield on medium 1

In the same way with the section above, the far zone scattered fields in medium 1
(air) isobtained

mES =" KA i E-hiAl (B, H))expli(kiL, - koA ) ddse  (5.89)
where m=3,5, --- and

ny, = Xsingg, cosf . + ysingy, sinf { +Zcosq., (5.90)
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By applying the stationary-phase approximation in (5.89) with

Q= (kAL - Ky, )3 €= g xC+q,, Yo+ g, 2¢ (5.91)
where

d., =k sinq}, cosf ;. - k,sing,, cosf (5.92)

Oy =k Singg, sinf ;- k,sing sinf | (5.93)

a,, =k, cosqy, - k,cosq,, (5.94)

Then the surface slopes can be replaced by

(

Tz Qm (5.95)

™xe¢ q,,

@:: - qﬂ (5.96)

e  an
Then the expression for ™E can be rewritten under the approximation as

"ES ="Ky, (A E-hAL (R H)) M (5.97)
where

™1, = cexplilk,Al, - koA, ) dse (5.98)

Let we defined U_, h, and V' , h be unit polarisation vectors for the incident

sm?

and scattered vertical and horizontal wave respectively as (detail see Appendix J);

"Efy =- "M, (T (0, 90, N0, AL, )+ T (A, A, SR <AL /)

om K ", ESU o
mES =" l\/ll(TA (Fl;n NﬁimX\A/m >ﬁ;m)' T, (O;n ><ﬁim)(ﬁm Xﬁ;m)hl/hz) (5.100)

om Klmllm_lE\Zthm =0 |
e N A A L

om K M, "ESU

W wm
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mEs, =" M, (T (05, 4, M, Al )- T (L A, 9, 6L hyn,)

m sm

(5.102)
om K ™ ,™ESU,, =0
where

V' =ql =%cosq! cosf! +ycosql sinfl - Zsing! (5.103)
h! =f! =-xsinf! +ycosf! (5.104)
"M, = K, ES, (K, - K, (A it ))/(0.D, D) (5.105)
g = O + G5y + 02, (5.106)
D, =q,D,/la,] (5.107)
D, =|A_~ AL (5.108)

Now that all the field expressions are available, we are ready to compute the average

scattered power and scattering coefficient.

5.2.4 Scattering coefficient
By derivation of scattered wave in medium 1 and 2, see figure 5.1, the total scattered
field in medium 1 (air) is defined by summation of them and is shown as

3ES

pal

ES lES

qu

5s — 3 2n+l =s
B '_a E

pal

(5.109)
Hence, mathematically the scattering coefficient in medium 1 (air) can be written as

3

a 2m+1 ES

5 " >
_ %R > _ 4pR? Z )

A Re(|E| ] A Re(|E | )

_4pR? 1Re§|lEs 2>ﬂ/ReE| +Re§|3E§q1 >g/ |)

QI I-C:
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¥ Re§|5E§ql|2>%/ReﬁE°|2)+mg (5.110)

+3So +550 + ...

1 [o]
pa pa pa

='s
where A, is the illuminated area, R is the distance from the point of observation to the
center of A, Re{-} is the rea part operator, and (---) is the symbol for ensemble
average.

To compute s ., for different polarization states, it is necessary to calculate the
ensemble average of |l I m|2 . For example, the first term in (5.110), since the two integrals are
similar, it is sufficient to show the computation of <|1I1|2> for a Gaussian-distributed
random surface with surface-height distribution of medium 2 or burnt coal seam:

p,(z)= (2ps f)% exp(— 7%/2s 12) (5.111)
where s/ isthe variance of surface heights of medium 2 or burnt coal seam. We have

<|1|l|2> = aexplik,(Ag - A,)Xr¢ r@)dsee (5.112)
to express (5.112) in the rectangular coordinates shown in figure 5.1, note that

dS¢= dx@lyd (i, x2) = q,dxely¢|q,,| (5.113)
Hence

(1) =5 cirgpelia. (o 9+ a e vd]
[ )= aapelia ja(ye y

" (explja, (z(x¢y9- z(x€ y@)])axelyeixtye

(5.114)

The factor (---) in (5.114) is recognized as the joint characteristic function of z(x¢ y() and
z(x«, y((). By assuming z(X, Y) to be a stationary Gaussian random process with zero mean,

variance s/, and correlation coefficient r ,, the characteristic function is given by (Wu et al.
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1988).

() =expl- a2s 2(1- r,)) (5.115)
The correlation coefficient of a random process is a function of spatial variables. For
stationary process, it depends only on the difference variables, u=x(- xt, v=y(- yC,
Assume that the size of the illuminated areais 2L~ 2L . In terms of the difference variables,

(5.114) becomes

2 LLL-x¢L-y®

<|1I1|2> = q_; 00 O Cpxp(jqxlu +jg,,v- 2s 2(1- r,)) ducvexly@ (5.116)

qzl -L-L-L-x¢-L-ye¢
This equation can be simplified by interchanging the order of integration, which leads to the

following identity:

L L-x@ 2L
O O explja,u)f (u)dudxe= dZL - |u|)f (u)exp(jq,,u)du (5.117)
-L-L-x@¢ -2L

The use of the above identity permits (5.116) to be written as

LR LR - -
<| A >=—2 O of2L - lu)eL - M)expliau+ ja,v)expl s Z(@- r))duv  (5.118)

71 -2L-2L

Further simplification requires additional assumptions. Two commonly used
assumptions are that (a) the surface roughness is isotropic (b) (qzlr 1)2 is large so that the
contribution to the integrals in (5.118) is significant only for small valuesof u and v. Then
r, can be approximated by the first two terms of its Taylor series expansion about the origin.
In this case, it is advantageous to change u, v to polar coordinates r and f . Upon

ignoring |u[, |V incomparisonwith 2L andintegrating f , (5.118) reducesto
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<| X > 2% (1) OJ ?[qxﬁqyl] Oexp|- q2s 2|r §0)r2 /2] rdr (5.119)

where J,(---) is the zeroth-order Bessel function, r 0) is the second derivative of r,
evaluated a the origin, and (2L)* is the illuminated area A,. Note that in (5.119),
S f|r 1‘1(0)| corresponds to the mean squared slope of the surface. Since the integrand of
(5.119) is negligible for large values of r, no significant error results is we extend the upper

l[imit to infinity. With this change in limit, the integrated result of (5.119) is

) z>_ pAGE @ qutqy O
| [7) =T _eypCl M= (5.120)
)= e o g =5 2z T O

Upon substituting (5.120) into the product in the scattered-field expression for medium 1, we

obtain

<1ES X E§q1*>:|1KlEOU - <| ) > %Qllﬂ (5.121)

Substituting (5.121) in (5.110), we obtain the reflected bistatic-scattering coefficient in

medium 1 as

lS o _— (qu1|U Dql|)2 qxl + qyl l;'

e
= _expé (5.122)
" 2qis I 0) 6 2a3s Jr %0)g

Similarly, by considering the scattered field from medium 3 (peat as a perfectly conductor) or

interface 2, the scattering coefficientin m=3,5, 7, --- isobtained as

< ESn X E,?qm*> ="K, *K,EU pqupqm.zcm.lsecqm.l|2<|m|1|2><| '“'2|2|2>

>‘(c‘;ixdyexp(- 2jk,A X (I))z
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_ |k1E0U pq1|2 <|m| |2> |<2qum-2|2 <|m_2| |2> kz Squm—l|2 <|m.1| |2>
(4R, VT (4R, ) 27 (4R, ) 2 (5.123)
=" TR
where
<| m.1|2|2> = Orbxayexpl- 4jk;Ag,, 9 (5.124)

By referring to (5.122), " f;q and " fpzq can be derived using the same manner.
Then to calculate the average scattered power of the factor ™ fﬁq , the mgjor interest hereisin
the incoherently scattered power, which what is usually measured. This means that we should
subtract the mean or the coherent field from the express on given by (5.68) and (5.69) before
we form the power expression. However, this is equivalent to computing the factor ™ fﬁq in
(5.123) and then subtracting an appropriate mean product or mean squared quantity from each
other. In what follows, we shall proceed by considering only final factor in (5.123). For the
purpose of illustration, we shall assume a Gaussian height distribution for the surface of

medium 3 (peat) under consideration. The mean squared of (5.68) and (5.69) are

hh hh

= |Cm|2(E£‘V;)2 sec?q,. l(‘ﬂxdyddeexp[Zjkxx]exp{- aKk%s 21- v, (x, V)

<mE§mE§;*> =|c;m|2(E;h‘)2 sec?q,, , cyixdydxdy exp[2 jk, (X - x)|(exp[2jk,(z- 2)])
(5.125)

where X =x- X, V=y-Yy, r2(x,V) is the surface-height autocorrelation function and

2

S, isthe variance of the surface of medium 3. To obtain the incoherent power, we subtract

2
the mean-squared value < "ES > from it, yielding

hh

<m EKSthE;;* > - <m E;; >2 = |Cm|2(Ex“£)2 sec’q, . A, exp(- 4k’s 22)(‘;1de
sexp(2jk,x lexplak?s 2r , - 1)

z

(5.126)
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where A, is the illuminated area. Hence the backscattering coefficient for the factor ™ fﬁq

of (5.123) can be obtained multiplying the power expression (5.126) by the factor
24 : : .

4pR/Ab Re? E;f'qz| g. Denoting the factor of backscattering coefficient by ™f3 and ™f2

for horizontal and vertical cases respectively, we have

"2 » 2—kzzlex ( 4k?s ; cos® )3‘ [4kzs 2 cos” ]”/n'(’J
4 Ri COSZq 1':\ p 29 2 qm-1 a.l 29 2 o g (5 127)
-1 m- n= .
W (2, sing,, ,, 0)
or
k2 expl- 2kZs 2 cos? ¥ W (2k s n
m fvf » 8 2 eXp(2 2522 cos qm-l)é ( 2SNg . 4, O) [k22S 22 COqum_l]
i R, ,c08°Q,, , et nl (5.128)

Q2 exp(- 2k’s zzcoszqm_l)
where W (U , V) is the roughness spectrum of the surface related to the nth power of the

surface correlation function by Fourier transform as follows:

w

WU, V)= epxdvexpl- jUx - jW]r "(x, V) (h=12--) (5129

1
2p
As an example for a Gaussian correlation function r (x, V)= exp[— (><2 +V2)/I], where | is

pulse width, (5.127) takes the form

.2
2B 20 o] ks ama, ]
B 10 (5.130)

2

xg 4m-1 (kZS 2 (:Osqm—l)2n expg_ (kl S.ﬁqm—l)
el n'n 8 n

OO/

To simplify the computation, in the derivation of "s |, the effects of shadowing and

multiple scattering have been ignored. Hence the backscattering coefficient for
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m=3, 57, - is

mg 0 (1qm‘U pq”“) ? Mu
M 2qhs 2lr {l(O)| @ 2925 2|r £0) g
4

qu Z‘qum 2‘)2

s 1l $0)(R,, )

e 2kl 0
——2 < exp|- (2k,s ,co0sq,,
Ry1€0S0 1 g [ 1)]
3 n-1 (k S ,C0SQ,, )2” é_ (klanm )zl;I
X xna:‘14 2 Zn!n L expg - L E

(5.131)
where R, =xsecq,,,. X isthethickness of burnt coal seam. Finally, (5.122) and (5.131)

are substituted to (5.110) and the total backscattering coefficient is obtained as

3~ O 5~ O
Spq_s TSt St
2
_ (1q1‘upq1‘) Op + lﬁ'

e
expé
T2qis v f0) T 2d%s 2|r £0) g

i (quzm U )2 expg Uiomes + Oomen v
1 2qumﬂS 12|r {l(O)| é 2q§2m+1S 12|r 1‘160)|Q

y (kzqzm l‘quZm 1‘)2
201218 7| KO} (Rem- 1)

u

pg2m+1

+a

—2 —2 AN

expg_ qx2m-1 + qum-l 3
X 9g2 2 .

e 2qum 1 |r l‘I(OX 0]

%LO exp[ (2k,s , cosq,, )’ ]
RZm cosq 2m ﬂ
x é 4n—l (kzs 2 Cosq 2m)2n expg_ (kl Slnq 2m )2 l\ZIH
=l n'n 8 n Qb
p (5.132)

Now the relationship between backscattering coefficient and the thickness of burnt coal seam

is obtained. The computation results and its confirmation are discussed in the next section.
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5.3 Resultsand Discussion

To obtain correlation between the like-polarised backscattering coefficient s ° and
the thickness of burnt coal seam x, parameters of the burnt coal seam are specific permeability
m =1, dielectric constant of burnt coal seam in frequency of 1.275 GHz (JERS-1 SAR) is
e, =25- jO.1 (see figure 1.7), wavelength | =23.5cm, incident angle g, =38.7°, and x
varied from O to 1m. Standard deviation s, of medium 2 (burnt coal seam) and medium 3
(peat) s, surfaces are assumed 0.3m (Nuraini 1999). By substituting these variables in
(5.132), the backscattering coefficient s © with respect to each the thickness of burnt coal
seam X is obtained. Thisresult isillustrated in figure 5.2 (hh-polarisation and vv-polarisation).
This figure shows that increment in the thickness x of burnt coal seam was directly
proportional to reduction in backscattering coefficient s °. It implies that the burnt coal seam
absorbed wave energy. In the same figure, the previous result is a'so shown (previous method).
This result shows that both results have different intensity for the same thickness, because in
this study, the roughness of burnt coal seam is considering. In the contrary, this matter was
ignored in the previous analysis (an application using classical transmission line method). The
results also prove that the roughness of targeted surface plays an important role in the analysis
of surface scattering. Additionaly, the result shows that hh- and vv-polarisations in L Band
wave scattering have different intensity about —10 dB between each other. In the next section,

the results are applied to estimate the thickness x of burnt coal seam in the study area.
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Figure 5.2. Relationship between the backscattering coefficient and the thickness of burnt coal
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5.4 Application
5.4.1 Study area

Study area is located 114°23¢-114°45@€, 2°23¢-2°47¢S or at district of south Barito
and Kapuas, central Borneo, Indonesia as shown in figure 4.2 (a) and (b). The altitude of this
area is ranging from 9m to 14m above sea level. The Barito river and the Kapuas river are
encircled this area, and vegetation type of this area is tropical forest. This area is mainly
covered by peat (soil with about 60% coal content) and peat swamp (peat area with high water
content). The climate on Borneo is wet all through the year with an average annual rainfall of

around 3500mm to 4500mm, while the relative humidity varies between 70% and 90%.

5.4.2 Data processing

JERS-1 SAR data (path 95, row 305) that was acquired on 29 July 1997 (dry season
and during fire events), see figure 4.11, is used to estimate the thickness of forest fire scars
(burnt coal seam) in the study area. The data processing is done using the same process that
was done in Chapter 1V. The backscattering coefficient of each burnt coal seam class is
shown in figure 4.13 and the value of it is depicted in table 4.1. By plotting the backscattering
coefficient value into graph of ‘proposed method' (hh-polarization) in figure 5.2, x of each

classisacquired (seetable 5.1), where the xsin the study area are between 0.16 and 0.21m.
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Table 5.1. Thickness of burnt coal seam in the study area

Backscattering Burnt coal seam Standard deviation
Class names .. .
coefficient (dB) thicknessx (m) (m)
Burnt coal seam 1 -7.0 0.21 0.000
Burnt coal seam 2 -6.5 0.19 0.005
Burnt coa seam 3 -58 0.17 0.005
Burnt coa seam 4 5.0 0.16 0.005

The result was confirmed by ground data (figure 4.2 (b)), where the A and B area in figure

4.13 have thickness of burnt coal seam is about O to 50m. Therefore, it agreed with the

estimated result. The results show that the fires reached 0.21m in depth (thickness). This

value is half of estimated value using previous method, although it is still in range of ground

data (O to 50m). This estimation error is causing by considering the surface roughness in the

analysis process.
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5.5 Conclusions

Numerical analysis was conducted to analyse the relationship between the
backscattering coefficients s © and burnt coal seam thickness x. This analysis result was
confirmed by previous result that was derived using a classical transmission line method.
Proposed result show about half value of previous estimated result. It causes by considering
the roughness of burnt coal seam surface. This result was applied successfully in estimating
the burnt coal seam thickness in central Borneo, Indonesia. The analysis result was confirmed
by the ground data that was collected by ground survey done in 1995 to 1997, and it shows
that fires reached 0.21m in depth (thickness). This is in good agreement with ground data.
Further, application of this result can be used to estimate fire scars thickness, which is very
important to extinguish forest fire effectively and accurately. This technique can be also
applied to monitor the post-crisis management of fire events by estimating the damages suffer

the soil and the carbon release into the atmosphere.

In this research, many parameters are still ignored. Hence, in the next research,

shadowing and multiple scattering will be considered to obtain more real results.
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