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Effect of the reflection of underlying surface on
sky radiance distribution
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Sky radiance might be influenced by the multiple reflectance between the earth’s albedo surface and the
atmosphere. Based on the Lambert’s law and the radiative transfer equation (RTE), a model is developed
to calculate the additional sky radiance at wavelengths of 0.4—3 um due to the reflectance contribution
of the underlying surface. The iterative method is used to calculate sky radiance without the reflectance

from underlying surface.

The hybrid modified delta-Eddington approximation is used to compute the

atmospheric reflection of the radiation from the earth’s surface. An interaction factor is introduced to
deal with the multiple reflectance between the atmosphere and the underlying surface. The sky radiance
increment is evaluated for some different albedos of the earth’s surface. The results show that the sky
radiance increment rises rapidly while viewing zenith angle is near to 90°, and the larger the albedo of the
earth’s surface is, the more obvious this effect appears.

OCIS codes: 010.1290, 240.0240, 010.1300.

The background radiance is very important for sky ob-
servation, and it may be affected from the reflectance of
the earth’s surface). In 1971, Herman et al.[? measured
the sky radiance for the albedos of the earth’s surface
of 0.1 and 0.15, respectively. In 1980, Lioul®! described
the calculation of the sky radiance according to the in-
variance principle, but this method was too complicated
to evaluate the transmission or reflectance of the atmo-
sphere directly. In 1989, Zibordi et al.l¥ reckoned and
measured the sky radiance at different wavelengths, but
this model was restricted to the case that viewing zenith
angle is less than 75°. In 2004, Boudak et al.l’! set up a
mathematical model of solar radiation reflected by un-
derlying surface based on the small angle modification
of spherical harmonics method, but his result did not
accord with Herman’s measurement values. Though we
can evaluate sky radiance in different ways with LOW-
TRAN 7 or MODTRAN softwarel®], the reflectance of
the earth’s surface was only taken into account while
observing the earth’s surface from the space. An ap-
proximate model is developed to evaluate the effect on
the sky radiance increment as a result of the reflection
from the earth’s surface based on the radiative transfer
equation (RTE).

Assume that the earth’s surface conforms to the Lam-
bert’s law with a surface albedo rg. Thus, the upwards
diffuse radiance is given by
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Fig. 1. Schematic diagram of reflected downward radiance by
the atmosphere.
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L(m1; p, ¢) = Ls(constant), (1)

where 77 is the total optical depth of the atmosphere; p,
¢ are the cosine of viewing zenith angle and azimuth an-
gle, respectively.

The upward isotropic radiance from the earth’s surface
will be downwards diffused by the atmosphere, so ad-
ditional contribution to sky radiance as shown in Fig. 1
is
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= Lsp(115 —p1). (2)

Thereby, the total sky radiance including the contribu-
tion of the earth’s albedo surface can be given by

L*(11;—py @) = L(71; —p, &) + LE(—p)

= L(71;—p, ) + Lsp(m1; — 1), (3)

here L(7y;—pu,¢) denotes the sky radiance while the
reflectance of the earth’s surface is not taken into ac-
count, p(11; —u) is reflectance of the atmosphere.

According to Eq. (3), we should evaluate the upward
diffuse radiance of the earth’s surface Lg at first. Now
let f(u, ;' @) represent the bidirectional reflectance
distribution function (BRDF) of underlying surface. If
the diffuse reflectance at the earth’s surface conforms to
the Lambert’s law, its BRDF is

f i o) ==, (4)

where 7y is the albedo of the earth’s surface. As shown
in Fig. 2, the diffused fluxes include the solar direct
flux, the fluxes scattered singly by the atmosphere, and
the double or more order scattered fluxes. Downward
fluxes at the earth’s surface include three components,
as following: 1) The solar flux transmitted directly,
umrFoe*Tl/“O, wFy is the solar flux when the sun is
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Fig. 2. Composite fluxes downwards at the earth’s surface.

incident perpendicularly on the top of the atmo-
sphere, o is the cosine of the solar zenith angle.
2) The solar flux scattered singly by the atmosphere,

- fol Li(m1;—p, d)udpdp.  3) The solar flux dou-
ble and quasi-multiple scattered by the atmosphere,

77 Jo (La(75 =41, @) + La (715 —p1, @) pdpdg. Tf omce in-
teraction between the earth’s surface and the atmosphere
is only taken into account, upward diffuse radiance at
7 = 71 1s therefore

Le = piomFoe™™/10 f (1, ¢; —pio, bo)

/ " / Li(ri; ) f (uy @54/, ¢') p' dpd’ dop,
/ " / Lo(mi; ) f (1, ¢34/, @) p/'dpd/ dgp
/%/Mn, F (6 &) W/ dpl'de, (5)

where ¢ is the solar azimuth angle, the negative symbol
within f (u, ¢; —po, o) represents a downward direction
of the solar radiation. Li(7;9Q), La(7;Q) and L3(7; Q)
are respectively the downward single scattering, double
scattering and quasi-multiple scattering component at ar-
bitrary optical depth 7 and direction angle 2, their val-
ues can be calculated with the iterative method from the
RTE in the approximation of the plane-parallel atmo-
sphere, as

27 1
Ln(Ta —H, ¢) = %/0 [1 Jn—l(T§N/7¢/)

xp(p', @' —p, o)p'dp/de, (6)

where J,, (), p() are respectively the nth source func-
tion and the one-term Henny-Greenstain scattering phase
function.

Equation (5) comes into existence while the earth’s sur-
face is slightly rough. Multiple interactions may occur
under other ways, thereupon we introduce an interaction
factor 3 (rs) to keep the format of Eq. (5) unchanged.
When multiple interactions occur, more diffuse radiance
will be scattered back to the surface. An empirical model
based on experiments of this factor, which depends only
on the surface bihemispherical reflectance is given by

0.15

. if 7 > 0.15
Brs) :{ 1.0

otherwise

(7)

From Eq. (7), we can see that if the surface albedo is
less than 0.15, multiple interactions between the earth’s
surface and the atmosphere can be negligible. The
interaction factor g (rs) is proportional to the surface
reflectance. Thus we need multiply the surface BRDF by
the interaction factor in order to account for the multiple
interactions while keeping the single interaction formula.

As described in Eq. (2), the another factor affecting
sky radiance increment is the atmospheric reflectance,

, the ratio of downward flux reflected by the atmo-
sphere from the earth’s diffuse radiance to incident flux.
According to the Helmholtz’s principle of reciprocity!”,

we have
{T(Wé; w,¢') =T\
R(p, d;p4',¢") = R(1'

where T'(p, ¢; 1, @), R(p, d; 1/, ¢') are transmission and
reflection function, respectively.

Thus, we obtain the atmospheric reflectance from the
earth’s surface to space

SO 1, D)
@) (8)

Ft(r=0)

p(r1;—p) = mEy 9)

where F'* (7 = 0) represents the upward reflected flux.

Although Liou set up an equation group, which was
constituted with four nonlinear differential integral eqau-
tions to evaluate the reflectance of the atmosphere based
on the invariance principlel®!, it was very difficult to
calculate the reflectance of the atmosphere. Therefore
reflectance of the atmosphere was usually calculated by
making use of various approximate methods from the
RTE, for example double-adding method, two-stream
approximation, modified Eddtingdon approximation,
discrete-ordinate method (DISORT)®!, etc.. Though
DISORT is deemed a precise method to deal with the
multiple scattering problem of RTE, it is too compli-
cated to use. Despite of the simpleness of Liou’s two-
stream approximation, the results have usually biggish
error. Meador et al. developed a mode named the
hybrid modified delta-Eddington approximation®'% to
deal with multiple scattering accurately and quickly.
Thus, this method is used to calculate the atmospheric
reflection here.

Equation (9) was used to compute the atmospheric
reflection for some different optical depth. Figure 3
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Fig. 3. Reflection of upward diffuse radiation by the atmo-
sphere.
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shows atmospheric reflectance as a function of the cosine
of incident zenith under conditions: wy = 0.8, g = 0.75,
7 = 0.25, 1.0, 2.0, respectively. Note that the reflectance
descents as the cosine of the incident angle increases, but
the atmospheric reflectance rises gradually as the optical
depth increases.

In the following data analysis, all calculations are im-
plemented by setting Fy = 1 for simplicity, and thus
downward radiance increment due to the reflection of
the underlying surface is denoted as a relative sky ra-
diance. Some results are given in Figs. 4 and 5 under
conditions: wy = 1.0, g = 0.65, 1 = 0.44, 6y = 33°.
Relevant comparison is made in Fig. 4 and our analytic
model provides good agreement with Tanaka’s values!*!].
Figure 5 shows the viewing zenith angle distribution of
the relative sky radiance for three different surface albe-
dos of 0.15, 0.25, and 0.35, the distribution of the sky
radiance increment has a marked limb-brightening effect,
and influence of reflectance of underlying surface on sky
radiance becomes stronger while the earth’s albedo in-
creases.

Figure 6 shows the surface reflection contribution to
the downward sky radiance under conditions: wgy = 1.0,
g = 0.65, s = 0.25, Oy = 33°, 6 = 45°, ¢ — ¢p = 180°.
It obviously shows that influence of underlying surface
on sky radiance becomes enhanced while the atmospheric

0.14
0.12
0.10
0.08

calculated data

+ Tanaka's data

0.06
0.04
0.02
0.00

Relative sky radiance

0 10 20 30 40 50 60 70 80 90
Viewing zenith angle (deg.)

Fig. 4. Comparison of additional sky radiance.

0.35
0.30

e

nwuwn

"
~ =~
S &
[
crnon

.
w

0.25

0.20 .

]

0.15
0.10
0.05

0.00 !
0 10 20 30 40 50 60 70 80 90

Viewing zenith angle (deg.)

Relative sky radiance

Fig. 5. Distribution of relative sky radiance under different
albedos of underlying surface.
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Fig. 6. Distribution of relative sky radiance along with the
atmospheric optical depth.

total optical depth increases, but there is a maximum for
the sky radiation increment at a certain atmospheric op-
tical depth.

In conclusion, with the precondition of the Lambert
surface, the viewing zenith angle distribution of the sky
radiance increment is evaluated and analyzed by virtue
of the RTE and the hybrid modified delta-Eddington ap-
proximation. The results show that influence on the sky
radiance becomes enhanced as the albedo of underlying
surface rises, and it will have a limb-brightening effect
while the line of sight is near to horizontal direction. This
is a result of the longer path of radiative transmission and
stronger multiple interactions while viewing zenith angle
is close to 90°.
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