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1. Introduction

Spherical geometry of the earth is often neglected when
we study radiation budget of the atmosphere. When we
look at CERES data, however, we do notice effects of
the geometry such as non-negligible radiances at view-
ing zenith angle greater than 90° or at the solar zenith
angle greater than 90°. The purpose of this study is
to estimate the effect of the spherical geometry of the
earth in estimating the irradiance from Cloud and the
Earth’s Radiant Energy System (CERES, Wielicki et
al., 1996) radiance measurements.

Following Loeb et al. (2002), two reference alti-
tudes are defined. These are 1) the viewing zenith an-
gle reference level which defines the altitude at which
viewing zenith angles are defined and 2) the irradiance
reference level which defines the altitude at which irra-
diances are defined. For a spherical earth, the viewing
zenith angle for a line-of-sight depends on the altitude
where it is defined. For example, the viewing zenith
angle is smaller than 90° at a higher altitude for a line
of sight tangent to the earth’s surface (Figure 1). As
a consequence, if the viewing zenith angle is defined at
the surface, radiances at viewing zenith angles greater
than the earth’s tangent angle are not included in the
irradiance computation. In addition, since irradiance is
radiant flux, the irradiance in the radial direction de-
pends on the radius of the sphere, hence, the altitude
at which flux is computed. As we can see in the later
in this paper, the irradiance changes approximately by
10% going from the irradiance reference level at 350 km
to the surface. The two objectives of this study are:

1 To estimate the contribution of radiances from
viewing zenith angle greater than the earth’s tan-
gent angle in irradiance computations.

2 To define the optimum irradiance reference level
for climate studies.
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Figure 1 Schematic diagram of a spherical earth. The
viewing zenith angle defined at a higher altitude (6)
is smaller than the viewing zenith angle of 90° ()
defined at the surface for a line of sight.

2. Viewing Zenith Angle Reference Level

Figure 2 shows the azimuthally averaged radiance mea-
sured by the CERES instrument from January 1998 to
August 1998 and March 2000 for all sky conditions as
a function of viewing zenith angle. The viewing zenith
angle is defined at 100 km in the figure. The radiance
decreases toward the viewing zenith angle of 90° and
is negligibly small at 90°. If the viewing zenith angle
is defined at the surface, however, the radiance at 90°
(shown by the dotted line) is not negligible. Therefore,
if the viewing zenith angle is defined at the surface,
the integration from 0 to 90° to compute the irradi-
ance does not include radiances at viewing zenith angle
greater than the tangent angle of the earth’s surface.
As a consequence, when the viewing zenith angle de-
fined at the surface is used for the irradiance computa-
tion, the resulting irradiance is approximately 2Wm—2
less than the irradiance computed with the viewing
zenith reference level of 100 km. This is illustrated on
Figure 3. First, the irradiance is computed using the
viewing zenith reference level of 350 km, which is the



satellite altitude. The solid line in Figure 3 indicates
the irradiance that is scaled inversely proportional to
square of the distance to the center of the earth by
F(350)[(350 + R)/(r + R))?, where R is the radius of
the earth and r is the irradiance reference level. The
closed circle in Figure 3 shows that the irradiance com-
puted with the viewing zenith reference level indicated
by the abscissa. If radiances at the viewing zenith angle
greater than 90° defined at a viewing zenith angle ref-
erence level is negligible and all radiance contributions
are accounted for when integrating radiances from 0° to
90°, then the closed circle lies on the solid line. When
the viewing zenith angle is less than 30 km, the irra-
diance is less than F(350)[(350 + R)/(r + R)]?. At
the surface, the difference is the contribution of radi-
ances of which the viewing zenith angle is greater than
the tangent angle of the earth’s surface to the irradi-
ance. Based on this analysis, the viewing zenith angle
reference level has to be greater than 30 km.
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Figure 2 Radiance as a function of cosine of the
viewing zenith angle for different solar zenith angles.
The radiance is the average value of all-sky 9 months of
CERES data. The viewing zenith angle of the CERES
instrument is computed at 100 km.
dashed-line indicates the tangent angle to the earth’s
surface.
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Figure 3 Irradiance computed from CERES data

using different viewing zenith angle reference levels
(closed circles). The solid line indicates the irradiance
computed with the viewing zenith angle reference level
at 350 km and scaled inversely proportional to square
of the distance to the center of the earth.

In order to check the results obtained from CERES
data with theory, we run MODRTAN (Kneizys et al.,
1988) using two extreme conditions; one with a molec-
ular atmosphere and the other with a very thick cloud
extending from the surface to 15 km. When a molecu-
lar atmosphere is used in the computation, the differ-
ence between the irradiance for the viewing zenith angle
defined at the surface and 100 km is approximately 1
Wm™2. When a cloud extend from the surface to 15
km, the difference is approximately 3 Wm 2. There-
fore, the value estimated from CERES data falls be-
tween these two extreme values.

Once the irradiance is computed using the viewing
zenith angle reference level above 30 km, all radiances
contribute to the irradiance are included in the irra-
diance estimate. Therefore, the irradiance is inversely
proportional to square of the distance from the viewing
zenith angle reference level to the center of the earth.
The value of the irradiance, however, changes by about
10% depending on the irradiance reference level. In the
following section, therefore, we determine the optimal
irradiance reference level for climate studies.

3. Irradiance Reference Level

Assume that the earth is illuminated by solar radia-
tion with irradiance Iy (Figure 1). Over an arbitrary
time period, the energy is either reflected E,.f, ab-
sorbed Fgps or transmitted Fypqpns by the earth system.
Therefore,

Eior = Eref + Eops + Etrans- (1)

In order to avoid treating transmission explicitly in es-

timating the energy balance of the earth, we need to

determine the irradiance reference level d such that
(R+1)?

EoziEre Eas; 2
tot (R+d)2( Ft b) ()

where 7 is the viewing zenith angle reference level and
is greater than 30 km. Since Ey.¢/m(R+71)? is equal to
Iy, this is equivalent to adjusting the sum of reflected
and absorbed irradiance by reducing d from r. At d, the
sum of .y and Egps equal to Eyy. This, therefore,
is equivalent to assume a hypothetical atmosphere of
height d that is opaque to solar radiation and transpar-
ent above d. This hypothetical atmosphere intercepts
the same amount of energy as the real atmosphere of
the earth.



In order to determine the irradiance reference level
d, we obtain spectral dependent extinction by the at-
mosphere using MODTRAN (Figure 4). We considered
two conditions, a molecular atmosphere and an atmo-
sphere with a cirrus cloud at 10 km. For both cases,
the irradiance reference level is approximately 20 km.
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Figure 4 Extinction of the solar irradiance through
the earth’s atmosphere as a function of the minimum
altitude of the path. The path is shown in Figure 1
by a horizontal line with an arrow. The extinction is
computed for two types of the atmosphere, a molecu-
lar atmosphere (solid line) and the atmosphere with a
cloud layer at 10 km (dashed line). Two horizontal lines
indicate the height of the atmosphere that intercepts
the equivalent energy if the atmosphere is completely
opaque below the height and completely transparent
above the height.

To summarize, the viewing zenith angle reference
level needs to be greater than 30 km in order to include
all radiances in irradiance computations. When the ir-
radiance is scaled inversely proportional to square of
the distance to the center of the earth and is computed
at the surface, it is approximately 2 Wm™2 greater
than the irradiance computed with using the viewing
zenith reference angle at the surface (Figure 5 solid
line). When the irradiance computed with the view-
ing zenith angle reference level greater than 30 km is
scaled to the irradiance reference level of 20 km, the
resulting irradiance is approximately 1 Wm2 greater
than the irradiance computed with the viewing zenith
angle reference level at the surface (Figure 5 dash-dot
line).

4. Conclusions

1. To include all non-negligible radiances in the up-
ward irradiance estimate, the viewing zenith angle
reference level needs to be at least 30 km.

2. When the surface is used to determine the zenith
angle for the irradiance integration, the resulting

irradiance is 1 to 2 Wm™2 less than the irradiance
computed with the viewing zenith angle reference
level at 100 km.

3. The optimal altitude to compute irradiances (ir-
radiance reference level) for climate purpose is 20
km.
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Figure 5 Irradiance difference as a function of solar
zenith angle. The difference is computed by subtracting
the irradiance computed with the viewing zenith angle
reference level at 100 km and scaled inversely propor-
tional to square of the distance to the center of the
earth to the surface (solid line) and to 20 km (dash-dot
line) from the irradiance computed with the viewing
zenith angle reference level at the surface.
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