AT721 Section 8:

Characteristic solutions I: Isotropic scatter

The problem of radiative transfer within an isotropically scattering medium has long historical sig-
nificance. From the historical perspective, Chandresekhar (1950) demonstrated how the solutions of such
problems could be couched in analytic terms involving special functions. In the era before the wide-spread
use of computers, this offered obvious practical advantages over the the more general anistropically scat-
tering problems described in the next chapter. The practical advantages, however, did not end there. We
have already touched on the concept of similarity which addresses how problems of radiative transfer in
anisotropic media can be equated to the isotropically scattering problem via scaling methods and without
loss of practical accuracy.

8.1 The theory of scaling

8.1.1  Ball and stick scaling
Consider a phase function of the form
P(cos©) =2f56(0,0) + (1 — f)P'(©) (8.1)

where §(0, ©) is a delta function that is only non-zero for scattering angles in the forward direction (© = 0,
f is some prescribed value defining the magnitude of this forward peak and P’ is a simple function of 6,
such as given by the Henyey—Greenstein function, a truncated Legendre expansion or even P’ = 1. The
latter is the phase function for isotropic scattering and the phase function in this case resembles that of
a ball and stick (Fig. 8.1). Substitution of (8.1) into the radiative transfer equation (which for simplicity
and convenience we take the azimuthally averaged form without sources: (— as an exercise you can extend
this analysis to include the direct beam term)

1
“%(T’ u)=1rp) = ?/_I{Zﬂs(“’“,) + (1= )P (s Y (7, ) dpt!

in recalling the properties of § function integrals, we obtain

nr o) = 1001 = f = I [ P 1t

Introducing the following quantities
d7 = [1 — w, fldr

2 G ) (8.2)

[1 - wof]
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then we obtain an equivalent transfer equation

M%(ﬂ#) =I(r,p) - ;/IP/(%H/)I(T, p')dy (8.3)

which transforms (scales) one problem as defined by the scattering phase function P(cos©) to anther as
defined by P’(cos©). A special case is the scaling of an anistropic scattering problem to an isotropic
scattering problem P’(cos®) = 1 in which case the anisotropic scattering is represented by a ball and
stick model of scattering (Fig. 8.1).

Figure 8.1 The ball and stick phase function.

8.1.2  The §-M scaling method

Reference: Wiscombe (1977),
So far we have not addressed the issues involved in specifying the factor f. In a more general treatment
of scaling, consider the phase function as given via the Legendre expansion

M

P(cos®) =Y "(20+ 1)x¢Py(cos ©) (8.4a)
£=0

which is truncated at sum level M as indicated by the subscript on the phase function. Functions of the
form of (8.1) also also obey the normalization criteria implied under (8.4a) when we use a scaling as follows

X*:Xe*f

where x; is used in place of x, in (8.3), that is,

and  f = XM+ (8.4b)

M
P'(cos ©) Z 20+ 1)x; Pi(cos ©)
=0

is used in (8.1). For the case of isotropic scaling, M = 0 and f = x; = g in which case the scaling
parameters of teh isotropic problem become

d7 = [1 — w,gldr
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- wo(l B g)

= T —wog (8:5)

Figure 8.2 shows examples of the error of albedo calculated using the 6 — M method of scaling versus a
higher order version of the same model (with M = 50) as a function of the truncation M.

Expand -show fig of HG phase function expanded and then scaled - do the same for a Mie phase
function

8.1.3  Generalized scaling

Ref: Mitrescu and Stephens (2004), JQRST, 86,387-394.

Although the scaling methods described above aim to reduce the complexity of the radiative transfer
problem under anisotropic scattering, the choice of scaling factor, f is arbitrary and the number of terms
in the expansion required to reproduce a complex phase function is only moderately reduced. Mitrescu
and Stephens (2004) introduced a new scaling that both removes the arbitrariness of the specification of
f tying it to the amount of scattering in the forward scatter lobe and improves the numerical efficiency
over the § — —M scaling method.

The method begins with the radiative transfer equation of the form

dI o, [
po(Tp) = 1(7, ) = 2/ P(p, p)I (7, p)dp!

-1
which can be written as

1

nG ) =10 = 5 [ Plu) T} (3.6)
T 2 J_4

where the integral, which physically accomodates the integration over solid angle, has been transformed

to one over scattering angle cos @ = us. In the process of integrating over solid angle, we introduce a small

cone of solid angle defined about the forward scattering direction (us = 1) defined by the parameter «

which is the cosine of the scattering angle near the forward direction, then

i o = 1= [ 1P P i mdne=Z2 [ it dn -5 [ P10 i

where P’(us) is a function to be defined.
Assuming that the radiance field I(us) in this forward direction o < ps < 1 is uniform enough for the
approximation

Wo

- / (P) — P (ua)) 1 )i ~ 2217, 10) / P(1s) — P'()]dps (8.7)

together with the introduction of the fraction of incident energy scattered in the forward direction

£=5 [ 1P = Pluld, 8:8)

then the radiative transfer equation becomes

M%(Ta :u) = (1 - fWO)I(Ta :u) - % /_O; P(MS)I(T, ,UJs)d,Us - 7320/0[ Pl(ﬂs)I(Ta Ms)d:us (8'9)
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Figure 8.2 Absolute error in albedo calculated for a scattering layer of
optical depth as given, for a solar zenith angle as stated and for w, = 1
for a Mie Phase function (Wiscombe, 1977).
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The advantage of this formulation becomes evident in the case of strongly forward asymmetric phase
functions. In fact, (8.7) becomes an equality for phase functions of the form (8.1). Since the angle that
determines o remains arbitrary, as does the function P’(us), then f is non-unique as it is for the 6 — M
method. Introducing a truncated phase function

P'(us) =P(a)/(1 = f),a<ps <1
P"(us) = P(us) /(1= ), =1 < pis < (8.10)
and set
P'(us) = P(a)/(1— f) (8.11)
such that P”(us) is a continuous function which is helpful when using Legendre expansions for this function.

This definition also ensured proper phase function normalization and also provides a way of estimating f
solving the following equation obtained by substitution of (8.11) into (8.8)

f= ;/a P(:Us)d/fbs_;lpia}(l_a)

Show results

8.2 Isotropic scattering: Characteristic solutions (reference Chandrasekhar, p. 18-19)

We write (8.2) in the form
al
—=1- 8.12
'udT J ( 2

where

and for isotropic scattering

1
J = % / I(r,p')dp' (8.120)
—1
Equations (8.12a) with (8.12b) admit solutions of the form
I(7,p) =g (p) €™
(1) = const (8.13)
9 =17

which has the same factored form as the assumption we invoked for the approximations discussed in section
7. Here k is a characteristic value (the associated eigenvalue) which can be obtained by substituting (8.13)
into (8.12a) and (8.12b) giving

1 1
(1= k) g = 50 [ oy (8.14)
and with (8.13) we obtain from (8.14) the characteristic equation
1 1 w 1+k
1=—-w, 1— k) rdp = 2log [ —— 1
s [ -kt = og<1_k> (8.15)

Thus k and (—k) are roots of this characteristic equation and it can be shown that for w, < 1, there are
unique values (k)® < 1 that satisfy (8.15) as given in Table 8.1.
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8.3 Isotropic scattering - the “n - ary” solution (Chand., Chap 3)

8.3.1  Characteristic solution
Introducing the quadrature approximation to the integrals in (8.12b) and (8.12a) lead to a series of

equations of the form
n

dIl Wo .
i =1i— =0 ,:Zn wil; (i =+1, -+ n) (8.16)
with solutions of the form
(7, i) = g (i) e ™ (8.17)

On substitution of (8.17) into (8.18) we obtain

g (i) (1+ pik) = % Z g (kj) w;

from which the characteristic equation

n n

w. w; w;
1=20 L, S 1
2 jz 1+ pjik “ Z 1— u?k‘Q (8.18)

is obtained defining 2n distinct non zero values of k in pairs £k;,(j = 1,---n). Figure 8.4 shows typical
values of k; for w, = 0.95. Note that for w, = 1, and with Z?:l w; = 1, k* = 0 is a root of (8.18) so
there are only 2n — 2 distinct non zero roots in this case.

Figure 8.4 Typical distribution of eigenvalues for isotropic scattering
with a single scattering albedo of 0.95.
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The general solution therefore is
n
L; ki
I(7, i) = Z T/Zr“e .
j s

=—n

or in a slightly more expanded form as

n

L .. < L _
Hrm) = 2 7™ L
j=1

J=1 & j i

where the L’s follow from the given boundary conditions

(b)  Particular Solution - Chandresekhar H functions
Consider the source term of the form

+1
7= [ ey du 4 S
1

Now the solution of (8.4a) given (8.12) can be written as

where

On substituting (8.21b) into

?
S

dl

(8.19a)

kit (8.19b)

(8.20)

(8.21a)

(8.21b)

@ o .
Mz’@(zwi):—l(z,ui)—%?{’ Z I(z,,uj)wj+?"F®e /1o

j=—n
it is easy to verify that g; obeys
w,
6i(1+ pa/po) = 5 > wigi+1
Chandrasekhar was able to show that

H (po)H (—pi)
1+ pi/pe

P =

where
_ 1 I (1 + pa)
pape e T (14 kep)

H(p)

(8.22)

(8.23a)

(8.23b)

Note also that H(u) is a unction of w, through the dependence of the eigenvalues ky on w,.
Van de Hulst (1980) provides various approximations to (8.23b) as given below and in Table 8.2.
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Table 8.2 The H function for isotropic scattering and coefficients for its expansion

(1) po — 1, for a given w,

H(po) = H(1) + ki(wo) + k2(wo) (1 — po)?
+ ks(@o) (1 — po)® - -
(2) w, — 0
H(po) =1+ wohi (te)@s () + @ohs(pe) + - -
(3) wo — 1
H (po) = H(pio)w,—1 + D1 (o) t + D2 (o) t* + D3 (po) t° - --
t=(1—w,)?

8.4  The diffuse reflection for a semi-infinite atmosphere

According to the above discussion, the general solution for an isotropically scattering atmosphere has
the form (combining (8.23a) with (8.22) in (8.20))

I(rp)= > L emr g Fo He) H (1) —rpe (8.24)
1+ kju 2 14 pi/ue

j=—n
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Consider this solution given the following boundary conditions
e [(0,—u;) =0 (downwelling at top)
o [ (co,+ui) =0

in which case the boundary condition coefficients become

L;=0 j==%1,,4n

and thus (Chandrasekhar, p 85)
@olo H(pe) H(p)
2 1+ pi/pe

which describes the radiance reflected from a semi-infinite atmosphere.

I(O7 :U’i) =

(8.25)

8.4.1 Absorption by deep cloud layers

Reference: Twomey and Bohren, JAS, 1980, 37, 2086-2094.

An example of the application of (8.25) to terrestrial clouds is now considered. This example is
presented partly to demonstrate how we might combine radiative transfer principles to derive the bulk
radiative properties of an atmospheric layer containing (say) cloud droplets. The cloud layer is considered
deep enough to be taken as infinitely thick and the anisotropic scattering by these particles is scaled to
isotropic scattering by methods described in section 8.1. The absorption follows directly from calculation
of reflection since, in a semi-infinite medium, no light emerges from the bottom of the atmosphere.

Figure 6.4 The geometry for reflection from a semi-infinite medium.
Under these conditions, the reflection from cloud top is given by (8.25), namely

Fo H(po)H (1
2 1+ ui/pe

which on integration yields the reflected flux
FH(0) = 21> wipta (0, 12) = poFo [1 = (1= @) /2 H )| (8.26)
i=1

where we use

| = == ==y
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(Chandrasekhar, p126). The absorption thus follows as The absorption of a semi-infinite cloud (i.e., thick

cloud) is then
A:FG)MO_F+:(1_“~JO)1/2 H (o)

isotropic

11—, Y2
A= |—2 H (i,
[1_9“30} (M)

anisotropic

where we have invoked the isotropic scaling relationship (8.5), namely
(@o)isotropic = [(1 — g)wwo/(1 — wog)]anisotropic
A number of studies suggest that the particle absorption
1l—w, xa
where a is the particle radius, implying then that

A — H(po)Va

Thus from these simple arguments, we would predict that the absorption of a thick anisotropically scat-
tering cloud layer increases with particles size according to an approaximate square root relation as the

results of Fig 8.5 indicate.

Figure 8.5 Comparison of results from a Mie-doubling model and the
approximate formula based on H functions for two sun elevations (T'womey
and Bohren, 1980).

8.5 The diffuse reflection from finite atmospheres: Chandreskhar X/Y functions
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