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1 Introduction

In the last ten years solutions of the equation of radiative transler in the
atmosphere have been applied in different fields.

Remote sensing techniques, the use ol renewable energies, studies of
biological and chemical processes in the environment have benefitled from
the knowledge of radiative mechanisms in the short and longwave ranges
of the atmospheric spectrum.

In particular remote sensing applications on the environmental proper-
ties such as albedo and temperature of the surface together with the remote
sounding of the atmosphere have been developed.

On the basis of the modification of the electromagnetic field due to the
presence of gases and particulate matter in the atmosphere, it has been
possible Lo describe the properties of the Farth’s surface and atmosphere.

The interaction processes between radiation and matter require knowl-
edge of the amplitude, the phase and the position of the oscillation plane
of the waves interacting. The solutions of the radiative transfer equations
contain these processes provided that proper boundary conditions are used.
This paper deals with the solutions of the radiative transfer equation in view
of applications in the field of remote sensing. In the second and third para-
graphs the Radiative Transfer Equation and its solutions in atmosphere
are shown. in the fourth paragraph the remole sensing applications are
presented.

2 The Radiative Transfer Equation in At-

mosphere

Let us consider an atmospheric volume; radiation travelling in the direction
of a sensor is altenualed in the volume according to the extinclion law,

Some photons are absorbed and some photons are scattered along the
path of observation. I"holons, created in the volume, are also emitted into
the direction of observalion.

So the Radiative Transfer Eqgualion RTE can be written with an ex-
tinclion term and an additional term taking into account intensification
processes.
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Then ihe amount of radiation lost and gained is:

LA} = -al N LX)z 1 e A)J{N)dz {1)

where a( ) is Lhe absorption coellicient and [ is the radiance. In differential

form the WI'T becomes:

7:!1{_(,\)7 ‘

a Az S J(A) (2)

The J(A) function, or source function describing ihe intensification pro-

cesses, is the sum of the following three terms:

1.

3.

the function Jygis(A) describing the diffusion mechanisms due to the
diffuse ridiation coming from surrounding volume

the function Jar()) describing the scattering mechanisms due to solar
direct radiation

the function Jo(A) describing the emission mechanisms.

In order Lo locate the radiation field in atmosphere we introduce:

a.

b,

the optical deptly, instead of the usnal geometric allitude z, defined

(M) = jxm (A, 2)dz == [,., k(A 2)p(z)dz (3)

from the top of the atmosphere co down to the height z. In addition
we introduce also the atmospheric optical thickness

ra(A) = jﬂm (A, 2)dz (4)

where k(A, ) is the absorption coeflicient (em?g™") and p(z) is the
density of the absorbing gases.

a spherical coordinale syslem in order 1o specily every point of the
atmosphere itsell. So cach coordinate 2,2,y is defined by the zenith
angle # and azimuthal angle @, Frequently the quantity p = cos @ is
used. In fig. 1 the coordinates and the interaction between the light
and the atmospheric voluine are specified.

| l+dl

Fig. 1 Angle 2 is found by solving the spherical triangle 5, Z, P
formed by the three circle arcs defined by 0, 8 wad the pro-
jeclion (" - )



¢. As additional canvention, upwelling radiation is identified by sign plus
(1) and downwelling radiution by sign minus ().

dd. subscript zero (0} identifies solar radiation
¢. the direction of the outgoing radiation is identified by primes (')

{. the su....ring angie {1 is connected to the above coordinates by

cosfl = p-p' + l—u'z-\/l—p’-cos(tp—gp’) (5)
With these coordinates in mind we can write the source functions,

1. The source function of the photons deseribing the diffusion processes
is:

wal A LR 31 . .
Jagg(A) = —fl(w—)fo /_1 LA 7y, @) PO 10 i) dpsde (6)

2. The source function of the pholons created by the illumination of
direci solar radiation is:

A (A .
Jair(d) = w—i( -)Eo()\) exp{—**( )}P(A,#',w i —H, Po) (7)
e o
where F4(X) is the solar extraterrestrial irradiance.

3. The source function of the photons created in the atmospheric volume
is:

J,(.\,T.) = [l ” WU()\)}B(A’T*) (8)

where B({A,T") is simply the Planck blackbody radiance at wave-
lenght A and temperature I,

Tle albedo of single scattering, wy(A), is the ratio of the amount of scatiered
flux to that scattered and absorhed i.es;

. . T“'!{‘.(_f\.).__ o (
Wl =) ) )

where T, i5 the scallering optical depth and 7. Is the absorption optical
depth. The scattering phase function P(A,!l(p,‘p;p'tp'; --p.,,t,o“)) is the
ratio of scatlered energy per unit solid angie in a given direction to the
average energy scallered in all directions. I'his definition requires that the
phase funetion be normalized Lo unity ie.

1

"

[" PO Q)dw = 1
[H

where w is the solid angle. With the present choice dw = 27 sin 2 df. Then
we have:

%‘/O'P(A,Q)sin Qdil = 1 (10)

Then the Radiative Transfer Equation (RTE) can be written:

dL(}, 7,1

0 = =LA, 7, Q) + Juigg( 2,7, Q)

+dair{ N, 7, ) + Jo(X,T) (11)

3 Application of the Radiative Transfer

Equation to different spectral intervals

3.1 Visible and near infrared spectrum

Since in the visible and near infrared the source [unction of the emission is
negligible, RTE can be written with the convention adopted, as:

p LI o 0,

dr(A)
T(A)}

1o

wp( A
__Q(JED()‘) . P(’\“uf“Pf; -—-[lu,’PO) . exp{_

4
W ()‘) = + 3 I [} N
~—:;—fo L L), e ) PO ' i pld e d g (12)

In this equation the first term is the extinction of difluse radiance cross-
ing the incremental optical depth d 7(A), with 7(A) = 0 at the top of the
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atinosphere and 7{A) = 75{}) at the surface. The second term gives the
rate of production of the radiance senllered out of the direct beam and Lhe
last term is the multiple scatiering lerm.

Let us study now the three dilferent cases from which we deduce the
following models:

Case a. Direct spectral solar irradiance model.

Let us consider a plane-parallel atmosphere of optical thickness To(A)
irradiated by the extraterrestrial solar irradiance Ea(X) (this is modi-
fiedl by standard orbital correction factor in order to take into account
simulations at a specific lime of year). The direct speciral irradiance
E4(}) on a horizontal plane al {lte surface of the Barth is given hy:

(A
(M) = FoA)po """{“;Eo’l}
= Eo(A)roT'(7(A), pio) (13)

where T(7{}),jt0) is the transmiltance function which can be ex-

pressed as the product of transmitiances due to scattering Thae(T{A), to)

and absorption processes Tap{7{}), jto)

Thus, taking into acconnt the atmospheric structure (see for instance
Guzzi, (1988)) the transmittance function is due to the product of
the transmittance funclions expressing the molecular atmosphere, Th,
(Rayleigh scattering); ozone, Toa, water vapor, T uniformly mixed
gases, Tmg; (sce Kneizys et al. 1983) and aerosol, T, (acrosol scat-
tering). The equation (14) can be written as:

BN = Fol Mt Tacae (7(N), o) Tava (T(2), o)
E(M) = ]v}o(,\)poﬂ,,']‘nT,me,T,, (14)
whete the dependence of transmitiance functions on r(A) and g, for
compaclness, has been omitted,

The atount of flux absorbed ont of the direct heam is:
Fan() - Eo(Npto — FalMyoTuns (T{1), o)
Ea( Mo (1 = Tae(T(A), 10)) (15)

The amonnt of flux scattered ont of the direct beam (into the upward
and downward hemisphere} F, (A} ean be computed as ifference
hetween the flux at the top the atmosphere, the flux absorhed by the
atmospliere and that one absorbed out of the direct beam.

Elcut('\) = EO(/\)H() - AL“U(A)’“](] - ’1:”"(’\’“0))
— Fo( Ao Tane{ A, 10) Tacar (A, o)
e E’D(,\)“nrj:'hn(z\,ﬂn)il 77.rnl'('\al"'0)] {16)

Data for the extraterrestrial solar spectral irradiance FEa{A) are given

by Frahlich (1988)

Case b. Single scattering diffuse model for a non reflecting surface.

In this case the first and last terms of equation (12) are removed so
we can write:

AT @l
Oy T =B AP s = oy ) -

AT

_‘,x],{_ T_Q_)} —Tw{d) (1)

o

The assumption to remove the first and third terms of equation (12)
implies some errars; first of all an naderestimation when largest val-
ues of scattering optical depths are involved, In such a case explicit
trealment of the multiple scattering must be used.

In order to solve equation (17} we apply the following boundary con-

ditions:

l. the downwelling diffuse radiance at the top of the atmosphere
is:

L(,\J]] IR () (IH)
2. the upwelling diffuse radinnee af the surlace s
/;(f‘\,?.‘[,\],;r,:p) =0 {(rm

1l



Then the solution for downswelling diffuse radiance at the surface is:

(A o) ,
LA 7 A), =4, 0') ol )j; Eo(A) (N =, 0"s — o, p0) -
-cxp{—-r(/\)}(h’(,\)

b

Ho
) wolA)

C dmp

and upwelling dilfuse radiance al the top of atmosphere is:

_wn(A) i

drpe Jo

L{A 0,4, 9") =
A)

-cxp{—z(——}d‘r(.\)

Ho
wy(A)

_ e ;;u(,\)mP(,\,p',tp';*#os‘P)'

A7

Eo{ MNP, — 'y 'y —prospa) o

To
1= cxp{w——"f
ool

Eo(MP(A 1 0’5 — oy o) -

oo

-[l —ex;}{ml‘l&i\—)}] (21}

Then the downwelling difluse spectral irradiance at the surface is
obtained by integration of the radiance obiained by equation (20)

E A .._fzx - A ! i) l'd Id '
ason{ Ay pt0) = [ LA To(A), —' ) dp

o= “—)%A) Eo( Ao [1 - cxp{—-:‘é:—)}] :

-1
fo P(X, —p!, —po)dp'
and the upwelling diffuse speciral irradiance (exitance) is:
2x 1
Eonl\p) = [J j; LM 0, Y dp dp
A A
] wil) L'“(.\};.'.‘[I - (’.xp{ - t"’—(——) }] .

2 Ho
1
j P(’\vﬂ’:"ﬂ“)d#,
a

(22)

(23)

Tl iutegral of thie phase [unclion can be solved by the method of
Gaussian quadrature (see for example Liou (1980))

Cuse ¢. Mulliple scattering with surface reflectance
Let us consider the case in which we have multiple scattering in at-

mosphere and a surface reflectance.

In such a case we remove the second lerm in equation (12). Thus it
can be solved separaling the radiance into upwelling and downwelling
components with proper boundary conditions.

1. Upwelling radiance.
Multiplying equation (12) by the integrating function exp{ - ﬂj:\)};
dividing by p and integrating both sides of the equalion from
To(A) to T{A) we get:

7oA} = T(N) }

DOV T, 00) = O 7ot ) - exp{ - ™

(24)
2 rro{d) T(A) — T(A) dr’
Jag0 7O p)exp] - BT
+j° j;m g (2,7 (A) w9 ) exp ”
This equation describes the spectral radiance as measured by a
downward looking observer located at optical depth r(A)

2. Downwelling radiance.
Following the procedure of upwelling radiance bul integrating
from 0 to T(A) we get:

L r(A), —p9) = L(X, 0, ~4' ') BXP{"I;I—}
2w pr(A) + s
[ st 050

with0<p <1

In order to solve Lhe integral equation 1t is necessary to specify the

boundary conditions.,
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At the top of the atmosphere (v{A) = 0) we live no difTuse radiance

and only the direct solar rudiation enlers;

I’lfilf(_'\!{)l o 221 LP) =0
L{A, 0, s ) = el A ;L,jto]ﬁ(lp,(pg) (26)

The Dirac delta (§) function makes this terin is zero except for the sun
direction (jta, @o). F50(A) is the solar irradiance on a surface whose normal
is in the direction of jiy and pq.

The bonndary conditions al the surlace are more complicated because
of the surfa  ~flectance. Since the irradiation to the earth’s susface is
determined by the sum of the direct solar radiation and scattered radiation
from all over the sky we can wrile:

Ta(A)
")

2r 1
w7 ), e ' de (27)
] o

FE(A, nl{A)) = oMo t-xp{

and hence

L(’\’T“(A)J'L:‘P) A “ ‘P’ f"'Ul(PO) Eo(A)}lu

"'n bd P
s exp f ,jl,‘P,[-L,w)‘
H(J

J('\,To()\), —plyp") - pldpde’ (28)

where r( X, 11/, ¢, po, o) is the hidirectional reflectance distribution function
which depends on the direction of the irradiating flux and the dircction
along which the reflecied flux is detected.

Thus the integral equations (22) and (23) subject to the boundary con-
dition (26) and (28), can be solved in arder to provide a complete solution
to the problem of radiative transfer v a plane-parallel, homogeneous al-
mosphere. We pet:

1. Upwelling radiance

L{r{A) ") ol frmm ]‘,'u(.\)r.‘(p{» '(A) }

A Jr(n)

[

A = T( N
'P(r\aﬂ'ﬂ{",;—ﬂn,ipo) A r-xp{ . T( )“__T( }}dTI(A)

punld) gt LA 7(A), ' Vit dip!
fhm/ fn f (el ) LA T(A), i o) de

- (‘xp{ - TI(%)":I(A} }d‘r'(A)

i
[ o oA (A} -
+r(A e ;mumvo)l‘lo(A)ew{ 7ot }(‘X! {--I”‘-- }—‘I}Ilo

Iin I8
2 1
+/[, fn r(d e} - LA T(A) ') -

A) — (A
-cxp{ —Iﬂ( ]-—t T(-—-)};L'dp'dtp’ {29)
!

In this equation the first term describes the radiation scattered out
of the solar direct beam; the second term contribules to the multi-
plying of scattered photons; third and fourth terms are respeclively
the contribution of the direct and dilfuse radiation reflected by ihe
surface,

. Downwelling radiance

wolAY ) ‘
4!;"“/; En(’\)P()\,--;L',l,o,f“(,,gpo).

exp{ T]Ef)}fxp{ T('\),;,i(’\)},ir'(/\)
p QL T 1 Pt ) O i)
“exp { sy ;—f--( Y }rfit'd(p'd-r

. ; . A
A Eg(N)S(~p's - o)’ o) "XI’{ i T(I‘L“)} (30}

LA ') =

In this egnation the first and second terms are respeclively the scat-
tered direct solar radiation and inultiple scattered photons, while the
third sleseribes the attennated solar dieeel radiation with an optical

deptl detined by the path fram sun Lo sirborne platform,



The Radiative Transfer Bquation in integral form has no analytic solu-
tion. However severad methods of solulion exisl. A complete overview of
these methods have been treated in the book *Radiative transfer in scal-
tering and absorbing alinosphuere: standard computational procedures”,
edited by Lenoble, 1085,

However in subscquent paragraphs we derive approximate solution ap-
plied to selected case studies.

3.1.1 Atmospheric Transmittance and Phase Function

As already mentioned in this section, approximated methods of RT'E solu-
tions have been proposed by several authors. Our approximaled numerical
solutions recall theu, bul are diflerent in the treatment of the optical depth
or transmittance functions whose funcilional form will be defined in the fol-
lowing paragraphs.

a. functional form of the transmission funetion related to the gases and
periicles present in atmosphore.

As is widely known, besides the major constituent like O and Ny,
the Rarth’s atmosphere is composed of waler vapor, carbon dioxide,
ozone, sulphur dioxide, hydrogen, hydrogen sulfide, heliurn, nitrogen
compounds, methane, carbon dioxide, formaldeid and solid and liquid
pariiculate matter.

Since gases and particulaie matter are not spatially homogeneously
distributed, stundard atmaospheres have been built up in order to
simulate their actual altitude distribution as a function of latitude.

We use as reference the standard atmosphere proposed by Kneizys et
al. (1983) in LOW'TRAN-6.

In order to avoid the complexity of the eleciromagnetic mechanisms
involved in atmosphere we introduce some simplification and param-

eterizalion in our computation.

Detailed caleulutions can be fonnd in Goody (1961}, in Knelzys et al.
(1983).

As mentioned above, the allenuation function along the sun path, at
wavelenght A can be described by the transmittance function T{A)

T{A) = I, Ty(A) (31)
At altitude A the transmission function is
.
T(AA) = T\ h) = ex]){—— f-r—T—‘%‘—)} (32)
n

If we know the optical thickness of the whole atmospliere, To(A), the
dependence on height of the optical depth is

(A, z) = Hi(z) mo{A) (33)
with
Hi(z) = -Jf’fj,;'{’(fz‘)dz' (34)

3 pi(2)dz
where p; is the density of the constituent i al height 2’

Since we have seen that molecules (1), acrosol (a), ozone (03) and
waler vapor (w) are the constituents aflecting the solar radiation at-
tenuation in the visible and near infrared, we describe them by a
parameterization function depending on wavelengih X expressed in
pm.

Then the molecular optical depth is :
Ta(A z) = Hp(2)8.8 x 1078 y~116+0.24 (35)
where
Hp =1—exp(-0.1188 2 — 1.16 x 10732%)  z{Km) (36}

as proposed by van Stokkom and Guszzi (1984).

Assuming the aerosol load in the atmosphere in the atmosphere is
described by a Junge distribution, whose concentration varies expo-
uentially as a function of allitude we get:

Tal A, z) = Mo )ad ™ (37)
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where a and # are the so ealled Angstrom parameters (see Guzzi

{1984) for further details) with

Ia(7) = | nxp{—f—-} (38)

",

where Hy is Lhe scale height given by Penndorf ( J, = 0.97 3 1.4 for
the first 5 Km above the Fartly’s surface)

The ozone optical depth ran be obtained by
T (A 2) = Ho,(2)0.03exp{-27T(X — 0.6)} (39)

with

]{UJ(Z) =1 - e —

- - 40
[+ 0.0183exp { (40)

as computed by the relation proposed by Lacis and llansen (1974}

The waler vapor oplical depth is:
Tu(M2) = Hu(2hwdyexp{ = (A~ As) By} (41)
with
Ho(2) =1 - exp(—0.639z) (42)

as compided by the relation proposed by Reitan {(1963). |

In table 1 the values of A7 and By are shown as a funclion ol wave-
length . The waler contenl w(grem™?) can be oblained as w -
exp(0.20 - 0.0617,) where T, is the dew point temnperature al the

swrface,

The remaining gases are assumed to be mixed and acting, as [ar as

atienualion is concerned, as a single gas.

The - the oplical depth of the mixed gases is given by

0.3K,(A).X,(2)

%) ({"1" ] -:r..zs;\',(X),\',,(z))"-?i@)

s

G ANm) Agen) A, By
| 0.03 0.718 00315 8.60 x 107
9 0.03 0.810  0.4HD8  6.00 % 10°

3 0.13 0.935  0.8393 .66 x [P
4 .20 1130 (.1508 028 > (°
5 0.35 1.395  0.5447 (L13 x 10°
6 0.54 LRT0 N.23RRT 005 % 103

Table 1: Values of the parameters A; and 1

. s S —
0.76 0.300F 401 | 2.20  0.38015 — 03
0.77 0.210E +00 [ 2.30  0.1101 — 02
240 017015 — 03
1.25 0.730E - 02 | 2,50 0.110F — 03
1.30 0.400F — 03 | 2.60  0.660F ~ 03
1.35 0.110E-0312.70 0.100F + 03
140 0.100% — 04 | 2.80  0.1508 403
1,45 0.640F — 01 | 2.90 0.1308 + 00
1.50  0.630F — 03 | 3.00 095015 — 02
1.55 0.100E —01 | 3.10  0.100FE — n2
1.60 0.640E — 01 1 3.20  0.800E 4 04
1.65 0.145E - 02 | 530 0.190F 4 0!
170 0.10085 - 04 | 3.40  0.130E 4 01
1.75 0.100FK — 04 | 3.50  0.75F - 01
1.80 0.1005 — 04 { 3.60  0.108F — 01
1.85  0.145K - 03 | 3.70  0.0951 — 02
1.90 0.7TH01 ~ 02 13,80 0.001 — (12
1,05 020014 01 00 0.2901 4 00
2.00  0.300K 4- 0% | .00 0.25000 - i
210 02401 + 00

Tahle 2: Effective absorpiion coellicients of uniformly inixed gases, kin”



where X, (2] is the patblength 7o Uhe uniformly mixed gases expressed
in km. X, can be computed by the following polynomial best fit as
function of z:

Xo(z) = 465 | .07z - T1v2" 24725 — 4.422% 1 3.912% — 1.352%44)

obtained by relalion proposed by Leckner (1978) for the niixed gases.

Values ai the elfective coellicients £, are shown as a function of wave-

lenghts in Table 2.

. The Phase Funclion.

The phase function can be computed considering it as sum of the
molervlar phase function Py(§1} and aerosol phase function F,(f1).
The molecular phase function is defined by:

Pp(1) = }:(1 b cos? ) (45)

and the aerosol phase function is given by the Henyey - Grecustlein
function

i) = - 1od" {46)
BT (1 gt - 29 cos Q)P
where g depends on the types of avrosel present in the almosphere.

In fig. 2 the Henyey-Greenstein phase funciion for different values of
the anisotropy parameter v is shown.

Assuming the aerosol size (istribntion constant along the vertical
phase function {or an atimospheric layer lying between 2, and 2, alti-
tudes we can express Uie tolal phase function as:

P z1,2) -
Pa(@)[Tu(>, ) - ‘-;r“(\ IR ACE LTI,
[T“ y 22 ) *T“(\\ i [T (/\ Zz) (/\ ZI)J

provided that the acrosel profile is known {see for instance Guzzi

(1988)).

Y
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\n = 0.0493 :
W = 0.07 \ I A
ne 09711 -
| |

k
-
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p'leos 0) = - - g L T !
4n {0+ “4 - 2¢ cos G]J/J.
L 4
] '=j J pleos ) dlcun 0)d¢ !
[{ ]
'I;"
X
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)
= 0.1 i
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fr 0.6 1= 0.4202
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|

5

= 00079
N Y Y N SO B

76 90 105 120 3% 150 165 180
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Pig. 2 llenyey - Greenstein phase function for different values
of thie anisotropy parameter i (after Turner, 1973)
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3.1.2  Approximate method for the solution of the RTE in the
visible nn«d near infroced

Among the methods used by several autliors we select the similarity prin-
ciple, with whose aid the anisotropic scallering may be approximately re-
durced to isotropic seattering (Sobolev, 1963). As we have seen, the raci-
ation feld in the atmosphere is determined by the phase function P},
optical depth r{}) and single scatiering albedo wo(}). A change in this
quantity produces a change in the radiation field. The problem is to reduce
the anisolropic scattering to {he simpler isotropic case, without changing
the atmospheric feld.

The approximate similarily of the radiation field in the atmosphere
with anisotropy scattering to the corresponding field in an atmosphere with
isotropic scattering will take place unly with large optical depth T(A} and
pure scattering (we = 1). In such a case we must average the radiation
field over the azimuth sinee for isotropic scatlering the radiance does not
depend on the azimuth.

Then we develop approximate methods of solution with suflicient flexi-
hility for adaption to any practical situation. Soin the case of conservative
cases of perfect scattering e, we = 1in semi-infinite plane parallel atmo-
sphere the Radiative Transfer I'gnation can be written:

dL(r, s,
PREE AT R TR,

dr
i B ' P ' '
- '1_ [ f i (F'u‘P”‘ ' P )L(Tnu' ¢ )dF‘ vy (48)
" 1 L)

The dependence over the wavelength has been omitied, Mnultiplying
this equation by j: and integrating overall solid angle we have:
d

+1 2= 2 1 2w
-f_\/o L{r, gy 0)p" dpdep f.1 A L7, pyp)pdpdy

dr
1 +1 n [t b3
T f f di'dip (7,4t n.o')] f dpdep Pl oy p'e’) {40
da do Jo 1 Jo ‘

where the nel flux interrad J' S5 L e )pdpdy - I with F - con-

gtant. Let us suppose that the phase Tunction ean be expanded in Legendre

Polynomials. Then:

N
Pl ') = \: we P - (1 - ,-1.?}‘1(1 : ,u'z)% cos(p — @)l {50)

c .0

Expanding P by the addition theorem [or spherical harmonics we find:

N N
Plngiae) = 30 S @m0l (i eos e ) (51)
m. 0
where
{e -m)!
w™ = (2~ bgm
] ( 0, )u((, + 7”_)!

e=m, N0~ m<N

1
‘stl,m = {n

and for e = 1 and m = 0 corresponding to the agimuth independence case
we obtain:

1 +1 ZwP o , 1 ) , 1 ‘
E/_] A Pl ity udpde =g /_] phdp = qwip (52)

where w, = w; and I'(g) = p for the first arder of the Legendre polynomi-
als, Hence the equation (49) reduces to:

1 d po1 g \ | 1
[ [T Kt (1 ) F (53)

A dr

Now writing:

| g1 e .
K(+)= i '/l! ./o Lir, o) diadp (54)
we have
r”\t_ ](I |_. I
dr T

or, since P is constant we obtain the i integral

1 |
K - *IF{‘(I ‘r:m|)?' e (55)



where ¢ 15 a constant,
Then in the conservative case the solution is:

L(T;n'a) - conal (T T 1—_”:;—“}1) (5())

thal normalized to yield a net {lix n l gives:

Irvine (1968)has demonstrated the applicability of the K integral to aniso-
tropic-scattering problen, finding good agreement with exact methods when
the atmosphere is thick.

His result for the quasi-isolropic case is:

1.
Wz L 58
vy (58)

with e et
L- '*/ f L{r, py 0 )dpdyp
dJor Jo -1

obtained averaging over all space.

This solution [ails for near - boundary conditions.

Another method has been developed by Turner (1973) starting from the
very well known Schuster (1905) wndd Schwarzschild (1906} method,

Providing that for isotropic scaltering the source function is azimuth
independent, equation {48) can be wrilten as:

dL . bt 1 ' [
—g—r r L{t,p) — :zf L(7, 4" )dp'p(p, 1) (59)
T -1

where
' l B Y3 ) 1]
Pl ') = 2] Pl e ple)de’ =1
wJo

Dividing the radiation field into npward L+ and downward L— stresm
of radiance, equation (59} can be divided into a pair of equations:

1dL, (7
irdfl NG _!2(!”.(7') 4 L (7))
dl () 1 X
~ Lo(r)- E(L,i(f) + L (7)) (60)
24

The solution of equalion, subject Lo the usuil boundary conditions (L_ == 0,
al 7 = 0 for example), provides a first approximation. The crude two stream
approximalion suggests, nevertheless, visualization of the radiation field in
terms of discrele streams,

At this point we assume to integrate over the hemisplhere instead of the
overall space like in the preceding method. Thus

n 1
f f L(T, py0)dpdyp
[} ]

In 0
_/ f L(7, 1, ¢ )dpdyp (61)
aQ -1

Ly(r)

L_(7)

It

and as a weighted average
r pl
Ey(r) = fo fﬂ pl{r pyp)dpde

E.(r) = f“z’ﬁ#L(‘n#,sﬂ)d#dw {62)

that in a nearly isotropic field gives:

1
Ey=-L
+ =g
E.=11
2

Since the case to be solved is delined by the following equation:

dL(‘r) 1 i Hl i ' ' [
p = L) _Z;fc; ./... Pluypi ' @ ) L7y o', ¢ Ypedip
Eo{r
*—Z%P(M,‘Pi—ﬂ-u#’u) (63)

that is equation (12} in the solar field, we make the following assumptions
on the atmosphere and surface.

a. The atmosphere is homogeneous conservative, plane parallel, with no
absorption

h. No clonds exist

24
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c. I'he surface aibedo is spatially constant (Lambertian surface)

If the phase function can be represented by the forward and backward

componenls, we can wrile it by two delta funclions as:

Pliyoiid ey = Polp—p)ole - o)
[ B8 - )T e — @' (64)

where F and B are respectively the constant describing the amount of scat-
tering in the forward and backward direclion respectively.

Since as we have seen the phase function is normalized to the unity

P
dr  dr

. (65)

We can describe the fraction of the tolal radiation scattered into a forward
hemisphere by

_F
T
ane
‘ B
G T

Inserting equations (641) and {65) into equation (63) we get:

U,
WD i) < M )
— o Ea(TY( 1 )b — )
(1 — ) Bo(T )80k — 1o)8(m + o = t20) (66)

We define the radiation feld as:

[
L, o) = Mua,(r)w (1 - 9)

i (7180 A jln)b(cp wn) (ﬂ7)

where 2, (7) and E_(7) are the upward and downward irradiance in Lhe
positive and negative directions, respectively.

Inserting equation nember {66) into equation (A7) we obtain a conple
of linear differential equations

15 -

rn!Eﬂ = (i;; TJ'}[E_'*__(T‘) B (U= 1) {(T)

dir) _ (-nhp .

E T e B VI () (68)

Let us assnmne the surface albedo is zero, then the boundary conditions are:

El(m) = E(0) =0

then the solution of equatian (65) i

E(r) = potin(l —n)(To - 7)
' po + (1 =)
1- .
(D f Ty
po 4 {1 )70 o
i + (1 =n)ra  7)
o — E o U1 T ¥
. Ha 0[ fio - (l _ 1})7‘,

—
S
—_
4
—
'
i

y 2|

-
4
1

where [ (7) is the upward diffuse irradiance; I (r)" is the downward dif-
fuse irradiance and E' is the total (diffuse | direct) downward irradiance.

If we Liave nol the solar input, equation (63} can be written:

{f,
’L(d-r = L(T, i)

I 2n 1 , .
DY A N R L L (69)

that multiplied by dpdyp and integrated by the fanits 0 <y < 150 <
@ < 2mand 1< p <0 T <21 gets:

"F%;{T) NN IR R A At
L
a___(h(?i] (t~a)th () L ()

20



with the same notation quoted belore (eqs. (61) (62)).
When the field is isotropic:
K7 () Ly(T)
BT Ar) = Lo(T) {70

tihat differentiated and inserted into equation (69) give:

S () - B ()
L0 oo i) - 2 (7) ()

Since the boundary conditions for reflecting surface are:

BP0y =0
2 () - vl (7o)

the differential equation (71) has the solution:

RO 1+ 2(1 -
E:l+(1-) = — —?‘,!”” 7 ,,I:,,,i+ ( 7_.11)1]
i 1 (1 - ipdm L4 2(1 — 9w
TR0 2(1 -
L"_(T] P __’_H‘_! L [_(_1?)1'_] (72)
fo (L= )1 l1+2(1 — )

where r is the function describing the reflection from the surface.

We find the complete irradiance by adding the case of solar generated
anisotropic field to those for reflected isotropic feld.

Then we oblain for upward irradiance:

X 1+ 2(1—n)r
__ih ‘U )T [(l o ”]( n — T) '1" T”I] M“( I] ]
{

Ey(r) = o+ (1 - y)7 L+ 2(1 — )7

(73)

X7

and for downward irradiance: Lo

- poti [ )g - }
]57 = —- s e - - —_ - -|- ] e o veT—
() = et il =) it (1= ey - =
Zrpg(V - )T ] ,
L T T 74
L+ 2(1 — g)m (74)

p———

The totsl downward irradiance is:

i PR ___H !‘-'\1 .
E-( po + (1 ~ 7o

In order to avoid E._(T) exceeding by a cerlain value of r,7, o and 7y the
value of pigFy we put the condition that;
1 - 2rpg

<1 -—"L
17— a 27‘0

Then the radiance can be found by usiug the following approximalion:

1
Lim,pp) = ‘u—ulf'?l(f)ff(unuu)ﬁ('fr e~ )

() + B(7)

+ELT)8(u + po)blp — o)l + (76)

™

where the combination of delta function represents ilie solar generated ani-
sotropic field, and the last term is the radiation field reirradiated from the
surface.

Then the upwelling radiance (path radiance Lo(7, g, ) can be obtained
by using equation {76):

Lo(7ipp) = EGIEI“—{;_*—T]_);) ({(1 = )70 P(py 0, o, ™ -+ p0)
+ P, i ~pospol] 4 po P15 10, o)

'1;3.51' ( { To— T ]
S ol NN R, e 7
+ 521 - 7?)1'0} exp p }

{(1 - TI)[(P(M‘P:M.?F +ea} + Pl e, f;.m,lpu)]

+
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IG(VI n),rﬁr 1 “(Tﬂ —_1')
L 20t — (7 | !t)exv{ ; }

(rtn)l) ()

The downwelling radiance or sky radianee L, will be:

U
AL SR (5 § R Plop,0: .

Ampo + (L~ 1,)7.,)({( mrlPCpapisio 4 o)
4P e - pneee)l + peP{— e fes Po)

2

I } . (1 _ e,q.,{. T})

LAk 2(1 -~ e "
- {(1 )P 0, + o)+ P(—p, @3 gt o))

(601 — m)pl

l( —- -n)frlur--}[;u-xp{-—-:;} | T - ;1.)) (78)

1+ 2( [ - U

with the [ollowings phase lunclions:

Ls(m, ~ 1ty 9)

Pty 3 pio, ™ - o) = Plitjeo - \/(1 1)

- )

P(jey i — oy ipn) = PL-pegea -+ \/(1 — 21 — pi) cos( — wa)l
Pt 03 10, | o) = Pl-po — /(1= 12)(1 — p) )
)

2
Q

p3) cos(z — ol

#3) cos(i - o)l

Pty 03 o 0) = Plpsita 1 (1 = p2)(1 = 23} cos{p — )]

In order to calculate the irradiance I, (T),Eg(f),]:] we need to define
the optical depth 7, the optical thickness 7, the anisoiropy parameter 1,
the albedo r and the solar zenith angle jeg {A has been omilted).

A three dimensional plot, hased on Elterman (1970) work, of the rela-
tionship between optical depth 7, altitude £ and visual range v (in km) is
shown in fig. 3.

Measurements of one of the {hree parameters permit us o cornpute the
other two; the parameter i is given, in Lhe approximation used by:

057 met | 0907 cruaat
n= -
Tmol | Tarrosl
Then the dependence of irradiance on the altitnde, from the preseribed
parameters 7, A, jt are calenlated and shown in fig. 4 and 5 for twe dilferent

visnal ranges.

pat

B lon ,
{ Wavelength A = 0.55 ym
!

Figr. & Optical depth versus visual ranpe and altitude (alter
Turuer, 1973)
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The sky and the patl radiance versus zenith scan angle are shown in
fig. 6 al 7 and the sky and path ricliance as a function of a zenith scan
angle and visual range are shown in lig. 8 and Y.

3.2 Longwave Radiation Transfer in Clear Atmosphere

Since in the infrared spectrnm scallering processes are negligible we can
remove, from the equation (11}, ile corresponding sonrce functions from
RTT and write:

dL(X, 7, 0)
=

= LA 7, 0) - LT
dr

o IO ) - (1 - wa(A)) BT (79)

This equation can be ensily solved with the boundary condition where the
Tarth's surface is described by its thermal emission in lerms of Planck’s
function B(X,T;) depending on the surface teinperature T multiplied by
the spectral emittance (1 wg[.\)) = £(A) Then the solutions are:

1. Upwelling radiance.

It is given by multiplying the integrating funciion exp (*;T;)' dividing
by u and integrating from (A} to T{A)

Lix (AN @) = E(A)B(A,T;)(,xp{_,ﬁi_f(j‘)}
+]f13—‘-‘9—} fr::)ﬂ(x,v" (=) exof - T(A) =7l . T("l}dr’{,\) (80)

where the first term describes Lhe emission from a grey surface of
temperature 17 and the second Lerm the emission of the atmosphere.

2. Downwelling radiance.

It is given by integrating cquation (79) from 0 to 7(\)

[1(A|T(4\\), ;L,lp) . b L,:'n(\] ‘/")"(A) B(A,T' (Tl()‘}‘)) )

-t'Xl‘{ L()‘) —".-T’(')")'}rh'(,\] (K1)
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which describes the cmission of the atmosphere.

Solutions of the integral equations will be given in subsequent para-
graphs. They can Ie also {onnd in Platt and Paltridge (1976), and Liou
(1980},

3.2.1  Solution of the Radintive Transfer Equation in the infrared

The solulion of equation {80) and (81) is deterinined by the knowledge of
the transmittance function in the infrared.

The first term of equation (80) is the radiance emitted at the surface
and reaching v(A) while the second term is the integraled contribution at
7'(A) from each atmospheric slab along -T'-'(‘\);T(”.

A simple interpretation can be found if we sce fig. 10 in which the
atmosphere is plane - stratified and the ground has € = 1. Then we can
simplify the upwelling radiance given by equation (80} as follows:

LA 2,p) = ﬁ(,\,yy)exp{_ﬁ’n‘({})}

2 (A)y KA !
+ f B(/\,T:,)cxp{mr( )} ( -)E-(f—)dz' (82)
™ I M
providing the atmosphere is a black body.
The downwelling radiance given by equation (81) is then:

LA z,—p) =
L T Ye ,i(._')‘l {22
- ;I/,.. H(A,Iz.)(.xp{ " }K(A),( ) (83)

where:

) = r(A,z,2) - f K (A2 )dz"

The exponentials of the equations are the transinittances which have the
following derivative:

dT(A, z,2',1t)
dz!
{ A W p(2)
S expy - }
1 f!

™



4 Applications of Radiative Transfer Equa-
tion to selected case study

4.1 Introduction to the problems of the Radiative
transfer processes measured in the visible and
near infrared by a {lying platforin

Passive remote scusing in the visible and near infrared utilizes the spec-
tral solar radialion interacting with the surface and with the atinospheric
constituents and that leave scattered signatures which can be used for the
identification of the spatial features or many bodies (vegetation index; wa-
ter leaving radiance; acrosol load).

The radiance measured by a scnsor mounted on a satellile is given by
the sum of the solar direct and dilfuse spectral radiation reflected by the
surface and the path radiance (all the terms have been described in Chapter
3).

These componenls are shown in lig. 18.

The radiance measured can be wrilten as:

LAY = Lop(A) 1 Looung(A) + Lagg(A) (119)

where L,(}) is the path radiance, that is the cunulative radiance scatlered
into the field of view of the sensor by the atmospheric constituents. Lung(A)
is the sun glitter radiance , that is the direct radiance reflected by the
surface into the field of view of the sensor. L,(A) is the sky glitter
radiance, that is the diffuse sun radiance reflected by the surface into the
field of view of the sensor.

The algorithins which describe the path radiance, the sky glitter radi-
ance and the sun glitter radiance have been obtained by the solutions of
the Radiative Transfer Equalion as presented in Chapter 3.

Assuming the ubsorption and scatlering processes are independent, the
atmospheric processes can be simply described by the optical thickness ()
as sum ol the scatlering and absorhing processes.

The sky and sun glitter radiance are the sun and sky spectral radiance
respechively given by equations (13) and (78) multiplied by the bidirec-
tional reflectance, that is, the rellectanee depending on the direction of the
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irradiating flux and the direction along which the reflected flux is detected,

Following fig. 19 we can see the bidirectional rellectance depends on i)
the angle 8 of incidence of the flux at the surlace, i} the azimuthal angle ¢
of the plane of incidence with respect Lo a direclion across the surface, fii)
the angle # to the surface norinal from which the flux is detected, iv) the
azimuthal angle ¢ of the plance of reflection, v) the solid angle df! sublended
by the source al a point on the surface and the solid angle subtended hy
the entrance pupil of the sensor at the surface.

7= r()\,Az\;B,G';rf'),gbr;dﬂ,dQ'; P, Az, Ay, 1) {120}

t represents the time dependence that relates seasonal changes to the re-
flectance of the surface and Az, Ay on the dimension of the surface of
interest.

Bidirectional reflectance musl nol be confused with rellectance, since
the first has dimension (str™') while Lhe second is dimensionless. The high
dependence of the radiance measured on the geometry of the scene implies
the introduction of detection geometry and adjacency effects.

4,1.1 Detection geometry

The geometrical configuration of the sun targel sensor drawn in fig. 20 gives
us an idea of an interaction helween (light direction and sun reflection.

The angnlar configuration for evaluating the backscattering angle 1
and forward scatlering angle ¥, are shown in fig. 21 and 22. From this
geomelry we obtain:

o rns_](— cos b cos 8 sin Bgsin B eos(d — o) (121)
and

hy = cos '(cosf,rosB | sinflysinf cos(d — ¢y)]

4.1.2  Adjncency clfect

Atmaspheric seattering and absorption tend to reduce appreciably the spa-
tial resolntion of satellite images of the Tarth’s surface. In fact the apparent

60
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Fig, 20 Geomelrical confipuralion of the sun targel sensor

{aller Guani el wl., HsT)
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Fig, ©2 Angular conlipiation [or cvaluation of the forwurd
geallering wngple iy (afte Cuzei et al., 1987)
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field of view is increased since photons refiected by the surface out of the
ficld of view of the sensor are scattercd by the atmosphere into the field
of view. This effect is called adjacency ellect. The main studies of the
effect of atmospheric scattering and absorption on remole sensing lmagery
are based on the assumption that the surface is uniform. So the combined
eflect of atmospheric scattering and surface non uniformily greatly affects
the accuracy of classification of fields on the Barth’s surface that cannot
be corrected assuming & uniform surface. 'The net effect is to transler light
from bright to dark regions.

The transfer function due Lo atmospheric or sensor effect is drawn in fig.
23. The atmospheric effect is given by the scattering of photons reflected
by the surrounding area into the field of view of the sensor; while the sensor
elfect is due to the finite sensor’s footprint that detecls the background and
the field under test, simultaneously.

The net result is that the atmospheric eilfect is combined with the sensor
characteristics. In such a case the appropriate function describing that
result is the total Modulation Transfer Function MTT that is the product
of Atmospheric MTF ad sensor MTF. Here we describe the atmospheric
MTI.

On the basis of fig. 23 we see the radiance of the light reflected by the
earth and the atmosphere is the sum of the [ollowing three components: i}
path radiance ii) radiance reflected by the surface and directly transmitted
through the atmosphere and iii) radiance of light reflected by the surface
and then scattered by the atmospliere towards the sensor. While the first
component, the path radiance, does not affect the surface reflectance and
the second component depends on the reflectance of the viewed field, the
third component depends on the reflectance of a nearby field.

In general the magnitude of the Lhree components decreases with the
wavelengths, since the oplical thickness decreases with wavelength as is
shown in fig. 24 and fig. 25 both for dark and bright surfaces. However
the atmospheric effect tends to brighten the dark part in the visible and to
durken it in the IR.

The brightening is due to dominance of the atmospheric scattering and
the darkening is due to duminance of the gaseons and acrosol ibsorption.
Therefore, the atmospheric elfect above dark surfaces is very seusilive to
the acrusol optical thickness and aerosol scattering phase function, wiule
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the effect above bright suriuces is sensitive ainly o aerosol and gascous
absorption as is shown in fig. 26, 1t appears that a change in the surface
single scattering albedo is 1nore critical than a change in optical thickness
over bright surfaces,

The eflect of optical Lhickness is mure important over the dark surface.
The atmospheric effect depends also on the zenith angle of observation as
shown in fig. 27 and fig. 28 on a change of atmospheric haziness as is shown
in fig. 29. In the first case of fig. 2% the path radiance decreases as the
rellectance of the background decreases, while the bright background causes
a strong increase in the total radiance. In the second case the increase is
very small. In the third case the dark background causes a decreasing in
the radiance. In conclusion the radiance for the same atmesphere may
increase or decrease depending on the relative brightness of the field and
its background.

The effect of the background brightness on the radiance, the so called
adjacency effect is presented in fig. 30 a, b where the results shown are
calculated by rescaling the Monte Cario radiances (Pearce, 1977) to lower
contrast in the surface reflectance (Kanfman, 1984). In case a. as aerosol
optical thir-=es increases Lhe upward radiance increases for large fields
and decreases for small fiells. The increasing and decreasing correspond
respectively to fig. 29 b and 29 ¢. [n case b, of a black field surrounded by a
field of 0.2 reflectivity (i. e. luke surrounded by vegetation), the adjacency
effect acts on the observed radiance much more than the atmospheric effect
producing a misclassilication of small water bodies detected from remotely
sensed imagery. ‘

The atmospheric MTI describes the attenuation of the direct reflected
radiance and the effect of the difluse reflected radiance that tends to de-
crease the radiance above bright targets.

Therefore, the atinospheric MTI gives the relative depression of spatial
frequencies w of an object by a hazy alinosphere and is defined by the ratio:

Mw) = I (2, g}/ Plr(z, y)] {122)
where F represents the Fourier transform, r{2,y) the surface reflectance

and L¥(z,y) the upward radiance cut of the atmosphere normalized to
reflectance units.
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Fig. 20 The diiference between the normalized upward radi-
ance al nadir and the surface reflectance. Thin solid line:
zero difference (no absorplion). Dotted line: clear atmo-
sphere. ‘Lhick solid line: varying aerosol optical thickness
(o). Dashed line: Ligh absorption (we = 0.81). Solar zenilk
angle is 40° and A = 0.6pm (alter Kanfman, 1984}
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Fig. 27 The same as Fig. 25 as a lunction of observation zenith
angle for dark surface A =: 0.10. The solar zenith angle is
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respectively. Tle solar zenithangle is 40° X = 0.55um;n, =
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i

The normalized MTF as a function of the spatial frequency has been
calculated by Pearce (1977) by Moute Carlo calculations and by Mekler and
Kaufman (1980) through semianalytical approximations. [lowever simula-
tion analysis Kaufman (1984) gives the following empirical approzimated
formula:

MM(w) =1 - 0.574[1 — exp{~2.5wHg}] —
070 %%, [1 — exp{1-1.3wi,}] (123)

depending on spatial frequency w for a given molecular optical thickness
Tn, aerosol oplical thickness ., molecular and aerosol scale heights Hg, H,
and wavelenght A and valid in the range 470 — 1650nm. The comparison
between Monte Carlo simulation curve and the empirical gives an error of
less than 10%.

The absolute atmosplieric MTF can be obiained by multiplying the
normalized MTF by MTT value at w = 0. The MTT (0) can be calculated
by the definition of the MTF itsell. For definition (Pearce, 1977) the MTF
is the contrast between max and min above a sinusoidal surface reflectance

Loc(w) — Liin{w) .
A/I(w) = “*"é‘&;flg}l‘o”m (124)
where Loo.{w) and L..(w) are the radiances above the maximum and the
minitnum respectively with the difference in surface reflectance of 2Ar. m,
is the incident solar flux and gy the cosine of solar zenith angle. Forw — 0
the distance between min and maz are very large and the radiances can
be written as:

L(0)ge = Lo + zFplezp(—70) + t)(r + Ar)/wFy

L(0)min = Lo + zFplexp(—7o) 1 t](r - Ar)/nF (125)
where Ly == L(r = 0) is the radiance for zero surface reflectance; Fp is the
downward total flux (average diffuse plus direct); 74 is the total atmospheric

optical thickness and 1 the diffuse transmitiance through the atmosphere
to the zenith. Then:

M(0) == Fplexp( »)+t|/w il (126)
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Advanced
Sensor MBS ™ BENsor
Response 035 ) 06 (035 | 0.5 (0351 0.5
Ty “-‘J-&r“-—‘i‘.t*-_:‘: ADVANCED
St steon - JR -
wobe
o Sensor only 00 90 30, a0 1h | 20
A Sensor and atmosphere 170 [ 7901 100 | 830 50 { 710
¥ Sensos and correcled atmosphere | 95 | 140 50| 85 224 45
2 4
g Table 6: Spatial Resolution (in Meters) of ‘I'hree Sensors for T'wo Responses
n . [ | R T (R —
0y [ARERT] (LR 1 0o o Doz ooh
METEIGUAR
Fir. 31§ [ the Landsat TM and MS5 So equatinn (123) can be multiplied by the sensor’s MTF (see fig. 31 for
Fig. quare wave response of the Lands: :

Tt 1 | senseor curve was obtained from TM the MTI" of different sensars} to yield the total MTF of the systemn A*{w).
BE€ILS0TE, e advanced se " T Wi i

curve for twice Lhe resolution {15m) (after Kaufman, 1984) Then the upward radiance L(x,y) detecled by the sensor above a surface
with reflectivity r{z, ¥} can be written:

L{z,y) = Lo+ P {A () Fr(=, )]} Fageo {127)

where: w? = w? w:. An example of total MTF Af*(w) as a function

of spatial frequency (cycles/km) is shown in fig. 32. Tn this figure the
atmospheric M'TF was computed for a solar zenith angle of 20 degrees,
A = 0.5pm and aerosol thickness of 0.5, In this case the spatial resolution
given by the field edge length for a given value of MTF, is sm~!"~- than Lhe
resolution without the atmosphere,

On the basis of the knowledge of atinespheric characteristics it is possi-
ble to correct the total MTF @ M*{w). The correction is obtained Trom the
unrorrected MU (short dashed lined by dividing it by its values at w -
ioe. A().

In Table 6 the spatial resolution in nreters of theer sensors for two given

MTT are tabulated. Tt s evident thal the apparent resofntion depends not
tH [
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Tig. 32

a. Landsat MSS MPT curve (solid line). Short dashed line:
altmospheric clfect with v, = 0.5 at A = 0.55um. Long
dashed fine: almospleric eflect with correction for o
uniforn surfuce. Thin lnes are Lhe MTT values at 4,15
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and 0.5 (after Kanlan, 1534)

b. Same as w, but for Landsat TM sensor (after Kaufman,

1984)

¢. Same as o,

19843

but for wlvaneed sensor (aller Kaulman,

only on the spatial resolution of the sensor but also on the entire curve of
the sensor’s MLV,

4.1.3 Note on the Modulation Lransfer Funetion MTF

The MTT is a quantitative measure of qualily image. MTF describes the
ability of a sysicm to transler object contrast to the image as a lunction
of spalial frequency. Consider a sine wave chart in the form of a pos-
ilive transparency on which transmiltance varies one-dimensionally in a
precisely sinusoidal fashion. Assume the transparency is viewed against a
uniformely illuminated background. The max and min transmittance are
Trnae and Trin respectively. A lens system, under test, forma a real im-
age of sine wave chart, and the spatial frequency of the image is w (cycles
mm '), Corresponding to the transmittance 7}, and Tan are the image
irradiances I, and f;n. The conirast or modulation of the chart and
image are respectively defined by:

rj‘rna:: - Tmin
A/Ic B Tmnz + Tmin

Tyaze — i
M, = mez _fmin
Imam + Iml'n

Then the Modulation Transfer Funclion is:

MTF(w) = g— (128)

c
A plot of MTF against spatial frequency is shown in Fig. 33. Since the
spalial frequency of interest is given, for a satellile systemn, (sensor plus
detecior) by the Effective Instantaneous Field of View (E1IOV), which
corresponds to the 0.5 MTT values, the conversion of spatial frequency to
a distance is given by the reciprocal of twice this spatial frequency (see also
Fig. 32).

Pearce, 1977, delines the atmospheric MTHF as the amplitude attenua-
tion of an input sine wave of the surface reflcctance with spatial {requency

w whose spacing between each two maxima of the sine waves is | /w.
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Tig. 33 Image modulilion as a funclion of frequency of the
test paltern,

a, The interseclion of the modulation function line with a
horizontal line gives Lhe smallest amount of medulation
which the system can detect,

L. Two modulalion plots with the same limiting resolu-
tion butl quite different performances. The system with

—ealer modulalion al lower {requency is superior.

c. Two systems, one exhibit high limiting resolution, Lhe
other high contrast at low targel frequency. In case
of Lthis Lype, the decision must be based on the relalive
importance of contiast versus resolation in the fauction
of the systen

4.1.4 Didirectional reflectance over Lhe sen
An algoritin for the bidirectional reflectance over the sea has been proposed
by Cox and Munk. It is given by:

(&3, v) = p(il. ) o (129)

dcost
where
! s
]J(ﬁ,‘[}) e -_-,\—0—2_ P.‘(]J{dtﬂnzﬂ/ﬂz} (1-‘")

is the probability funetion for the direct snun radiance reflected by the sur-

face as a function of wind speed v and angle 3, see {ig. 34,
@ =0.003 + 0.005120(mn/see)

with

2cosw

cosf 4 cosfly
A = t!os'“’(———-----v )
£ = cos”! 11 Ccost)| (131)
= CoS 2( |- cos ) .

P = cos”! [cos By cos 0 | sin g sin 0 cos{ep - ¢0)]

4.1.5 Didircctional reflectance from ground

From the definition of bidirectional reflectance in eq. (120} it is evident that
it relates the directional radiance of the surface to the directional irradiance
and directional source radiance. With respect to the algoritm proposed
for the sea the bidirectional reflectance from the ground is influenced by
the vegetative canopy. The spectral reflectance of vegetative canopy is,
however, influenced by reflectance of the soil present and in particular for
crops with incomplele covers. Fig, 34 shows the comparison between green
wheat leal and dry (@ = 1) and wel (€ -~ 6] sandy loam sail.
Directional reftectance »(fy, 8,, 52, 4) is delined hy:
;1_-,’4({)”‘ ()"1'1 (i"! 5]

| B _ 132)
1({),0(“'7!'13) ]‘»Illt”v‘“) | I’;.(“n-q) ( '
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Fig. 34 Geomelricul confliguration of sun glitter reflection over

the sca. (after Guzzi et al., 1987)

where # is the zenith observalion angle fyzenith solar angle, s is the leaf
inclination interval, Fy(0,s) 15 the incident solar direct flux over the leal
inclined of s and E_{0,3) is the sky irradiance. The radiance structure
depends on the geomelry of the canopy layers.

A complete overview of the theories and applications can be found in
Bunuik (1978).

In fig. 35, 36, 37 bidirectional reflectance and albedo of several surfaces
are reported.

4.2 Application of the passive Remote Sensing tech-
niques to selected case studies

4.2.1 Measurements performed in the visible and near infrared
of water leaving radiance and aerosol load

In order to perform measurements over the sea we apply equation (119).
1t requires also the introduction of the water leaving radiance L, (A} added
to the other factors. That is, we take into account the radiance emerging
from the sea bulk and reaching the sensor. The use of new relation 119
does not account for aerosol variability in time and space. However, the
experimental data can be corrected by evaluating the aerosol load from
the image corresponding to wavelength in the near infrared region where
the sea waler reflectance is almost equal to zero (see fig. 37). Then the
procedure to be adopted assumes the radiance emerging from the water is
negligible at wavelengths A > A.;,.. Total oplical thickness of the acrosol
can be obiained by imposing that the aerosul optical thickness is smaller
than a maximum value T4(A) = I\
On this basis we can adopt the following procedure:

1.

and
|
Ara() = (133)

and evaluate
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Fig. 356 Spectral reflectance of a green wheal leap compared
with refleclance of a dry {4 = I} and a moist (g = 6) sandy
loam soil (after Bunnik, 1978)
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Fig. 3¢ Bidireclional refllectance finction of Bouneville, Utah,
Sall Flat and corn field each for low and ligh solar elevation,
Albedo for a horizonial receiver in (e spectral range 0.3 —
Jpm {alter Baton and Dirmlin, 1979)
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a. Typicul spectrad dilluse reflectance of dillerent surfaces

b. Nadir reflectance i Uhe spectral range 0.1 — 0.7 (after

Suils, 1478)

Lung(A), Lty (V) and L(2)

through the algoritms of chapter 3.

3. The interactive proeess is stopped if the relation |s| < » is satisfied (r
is evaluated taking into account the digitation error of data) when:

8= LX) = Loung(A) = Laa(A) ~ Lo(A) (134}

4, Otherwise we assume A7ty = Ary/2 and we impose

TA(A) = TA(/\) - AT, for s<0

Ta(A) = Ta(A) - AT, for 5>0
and resuming from step 2.

At wavelengths at which the water leaving radiance is very low or negli-
gible it is possible to make a compurison between retrieved optical thickness
and that measured from a ground instrument. In fig. 38, 39 are presented
data obtained by Zibordi and Maracci (1988 ) using the model herein pro-
posed and comparing the results with ground measurements performed by
a photometer.

Once the optical thickness has been determined it is possible to apply
the results Lo equation (119} and calculate the atmospheric component.

The difference between measured radiance and computed atmospheric
radiance gives the water leaving radiance.

Fig. 40, 41, 42, 43, 44, 45, show the technique adopted and the mag-
nitude of different components of the model. Finally computed spectral
water leaving radiance is presented in fig. 46, 47, 48.

4.2.2 Vegetation index

Ta estimate the phutosyntetic capacity of the lund, polar orbiting satellite
data from AVIIRR sensor channels hias been extensively used. Channels
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1{0.55 ~ 0.68pmm) and 2(0,72- }.1un) were used Lo produce the Normalized
Dilference Vegetation [ndex (NDVI) defined as:

D, D
NMWI=-=—7 135
Dy Iy ( )
where D, and D, are digital numbers respectively in channels 1 and 2.

Satellite-sensor radiance L{A;) for the Julian day J ean be writlen as;
2e(J - 3)

L()\,-) = (rl,]),— 4 h,) . ((l + ecos{ — 3(? : ))2 (]3ﬁ)

where:

a; = GiE(A)/ 1607
by — LE(A)/ 100w

BN = fnm Ta(A)S(AL)dA, (137)

G; and I; are percentage albedo for count and percentage intercepl for
channel i; By(A;) is the solar irradiance at the top of the atmosphere per unit
area for mean Sun-Farth distance; $();) is the speciral response funclion
of the sensor, e is Earth eccentricity. Thus, for a given day J,a; and b; are
known. Solving equation (136) for I gives:

D; = (‘(,.n’/(—\") 1 & (138)
where:
_ l ﬂ . h" N _li
R s T TG

and substituling in equation (135} we obtain:

v I{Az) "__‘"z_{r:(_/\_l_)__| ﬂz;' 3'31 (139)

NDVI = SETL
ﬂ;al.(‘\g) | (anr,-(,\]) + ,E‘}-_, -f f1]1

Since the radiance measiured by satellite sensor can be also written as:

LN - 1A 1 LA (110)

=Y

where L{\) is the path radiance; L,(A;) the surface leaving radiance and
T(A:) is the pixel to sensor diffuse transmittance.
The spectral refllectance is delined as:

LX)

r(A) = T (141)

substituting L, from equation (141} to equation (140) and resulting in equa-
tion (139) we obtain:
X, + X, b — )

NDVI= "t 0

- 142
XFEX Cnlih T ) (142)

where s and p stand for surface reflleciance and almospherie path radiance
information and:

X & = aor{ A} E (A0t A2) + o r{ N YR (A)H(N)

/\r{‘ = W[ﬂgLP(Az) | ﬂl]/p(f\])]

”

The global irradiance £,(A) as a Nenction of solar zenith angle, o, and
direct irradiance F4(A) ¢can be estimaled by the following empirical expres-
sion proposed by Singh et al. (1985) and valid for #, < 70"

E (X)) = Ea(N)[1 - R(A 8] {143)
where:

In[R(X, 6a)] = —4.872 + 0.350, +-
1.442 Lo 1700
AT

wilth &5 in radians and X in pm. Simulated NDVI [or various surface cover

F

types presented in Table 7 as a function of @, is shown in lig. 49,

4.2.3 Ground temperature measueed by airborne platform

The actuul temperature of the surface can he ohtained by the apparent
spectral radiance measured by the onhoard airborne platform sensors at

altilude z.

K



Reflectance p(X)

Surface NDVI
Class t | Channel 1 | Channel 2 | NDVI= [p(A2) — p(M))/[p(M) + p(22)]

I 0.03 0.04 0.86

I 0.05 0.25 0.67

11 0.10 0.20 0.33

v 0.20 0.25 0.11
B

Table 7: Input surface reflectances fur the simulation algorithm for vari-
ous surface-cover Lypes (source Hotben, reporied by Singh) § Class 1, high
green-leal vegetation density; class |1, moderate green-leaf vegetation den-
sity; class IT1, low green-leaf vegetation density; class IV, bare soil.

1]

Al

ol ANUVI |

¢ simulated NDVI for NOAAT and AVIIRR data
from nadir view as a funciion of solar zenith angle 8,. The
four classes of cloud cover types are listed in Table 7. Arrows
indicate the surface value of NDVI. (alter Singh, 1988)
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