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Fig. 2. Simulated bidirectional reflectances obtained by using 128 terms of the Legendre polynomials at a wavelength of 0.65 pm for dust, a water cloud,
and an ice cloud. The solar zenith angle is 60°. The optical depth 7 = 1 and R. = 1 um are assumed for dust; T = 20 and R. = 10 um for the water cloud;
and 7 =5 and D, = 100.0 um for the ice cloud. The red arc in each panel represents a satellite-viewing zenith angle of 70°. (For interpretation of the
references to color in this figure, the reader is referred to the web version of this article.)

reflectances are calculated for a fixed solar zenith angle (6, = 60°) over a broad range of possible viewing zenith and
relative azimuth angles. The optical depth 7 = 1 and R. = 1 um are used for dust; T = 20 and R. = 10 pm for water clouds;
and 7 =5 and D, = 100.0 um for ice clouds. A relative azimuth angle of 0° represents the principal plane.

For dust, the largest reflectances emerge in the forward scattering direction, within 0-30° of relative azimuth angle
(¢p-¢o), and with a satellite viewing zenith angle larger than about 75°. Moreover, reflectance minima appear in the
viewing zenith angle range between 6 = 0° and 30°.

For water clouds, Fig. 2 indicates that the largest reflectances emerge in the forward scattering directions, within 0-60°
of relative azimuth angle (¢-¢o), and with satellite viewing zenith angles larger than about 45°. However, there is also a
reflectance enhancement in the backscattering directions at viewing zenith angles greater than 60°. The pattern for ice
clouds is a similar pattern to that for water clouds, but with a reflectance enhancement across the entire range of relative
azimuth angles at viewing zenith angles greater than 60°.

Given the bidirectional reflectance patterns obtained in Fig. 2, we now investigate the relative errors incurred by using
fewer Legendre polynomial expansion terms. Here we assume the results with 128 terms to be ‘truth’. The relative error, 9,
of the bidirectional reflectance is defined by

= IR128 — Rn| % 100, (6)
Ri2s

where R;,g and Ry are the simulated bidirectional reflectances based on 128 and N terms of the phase function expansion,
respectively. Shown in Fig. 3 are the results for the use of N = 16 terms (left column for dust, water clouds, and ice clouds,
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Fig. 3. The relative errors of bidirectional reflectances obtained for the scattering phase functions re-constructed in terms of 16, and 32 Legendre
polynomials at a wavelength of 0.65 pum for dust layer, a water cloud, and an ice cloud. The solar zenith angle is 60°. The optical deptht =1 and R. = 1 um
are assumed for the dust layer; 7 = 20 and R. = 10 pum for the water cloud; and t = 5 and D, = 100.0 um for the ice cloud. The red arc in each panel
represents a satellite viewing zenith angle of 70°. (For interpretation of the references to color in this figure, the reader is referred to the web version of
this article.)

respectively) and 32 terms (right column). For each panel in Fig. 3, the red arc represents the contour of a satellite viewing
zenith angle of 70°. From Fig. 3, the relative errors of the bidirectional reflectances decrease with an increase in the number
of the expansion terms involved in the re-construction of the phase function. As shown, use of 16 terms seems to be
sufficient for calculations involving dust with relative errors less than 5% at both the wavelengths. For water clouds,
however, there are angular regions in both forward- and back-scattering regions with relative errors higher than 10%.
As noted earlier, the primary and secondary rainbows in the phase functions can be obtained only by using 32 or more
Legendre polynomial terms, and relative errors in the bidirectional reflectance obtained with use of 32 terms are generally
less than 4% over most relative azimuth and viewing zenith angles. Since the phase function for an ice cloud is more
complex than that of either a dust layer or a water cloud, the bidirectional reflectances for ice clouds are more sensitive to
solar-satellite relative azimuth and satellite viewing zenith angles. Overall, the results shown in Fig. 3 indicate that
the relative errors of the bidirectional reflectances decrease significantly with an increase in the number of Legendre
polynomial terms.

Fig. 4 shows the relative errors of bidirectional reflectances at 0.65 pum as a function of scattering angle as calculated
from the scattering phase functions re-constructed with N = 16 or 32 terms. In Fig. 4, the black circle symbols denote the
relative errors for the viewing angles smaller than 70° and the red crosses indicate relative errors at the viewing angles
larger than 70°. When N = 16 terms, the errors are under 5% for dust, but for water clouds, the relative errors are greater
than 10% over a range of scattering angles from 120° to 150°, particularly, when the viewing angles are larger than 70°. With
the solar zenith angle chosen, the corresponding scattering angles are smaller than 155°. Ice clouds provide the largest
relative errors, sometimes exceeding 30%. However, for both water and ice clouds, use of 32 terms greatly decreases the
relative errors, even when the viewing angles are larger than 70°.

Fig. 5 shows the brightness temperatures at the top of the atmosphere as a function of the viewing angle for
A=12.0pum, Ts =300K, and T. = 255K, where T; and T, are the temperatures of the surface and cloud/dust layer.
Consistent with Fig. 1, the effective radii of the dust and water cloud are 1 and 10 um, respectively, while the effective
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Fig. 4. The relative errors of bidirectional reflectances obtained for scattering phase functions reconstructed with 16 and 32 Legendre polynomials at a
wavelength of 0.65 um for dust, water cloud and ice cloud. The solar zenith angle is 60°. The optical depth t = 1 and R. = 1 pm are assumed for a dust
layer; T = 20 and R. = 10 um for the water cloud; and t = 5 and D, = 100.0 um for the ice cloud. The black circles denote the relative errors for viewing
angles smaller than 70° and the red crosses represent relative errors at viewing angles larger than 70°. (For interpretation of the references to color in this
figure, the reader is referred to the web version of this article.)

particle size for the ice cloud is 100 um. For all three scattering media, the simulated brightness temperatures based on four
terms of the phase function expansion are indistinguishable from the results obtained with 8 or 128 terms, even for
viewing zenith angles as large as 80°. Therefore, at infrared wavelengths, four terms of the Legendre polynomials are
sufficient in RT simulations when small viewing zenith angles are used.

5. Summary and conclusions

Three bulk-scattering property datasets are computed for dust aerosols, and water and ice clouds at wavelengths from
0.225 to 20.0 um. The strong forward peaks of phase functions are truncated by the J-fit method and sets of Legendre
polynomial expansion terms are formed. Based on the number of Legendre terms used to represent the scattering phase
functions, relative errors for different scenarios are presented based on RT computations. As expected, use of more
expansion terms tends to significantly improve the accuracy of the re-constructed phase function. However, fewer terms of
the phase function expansion are required in the infrared regime than in the visible regime. It is also noted that truncated
phase functions at visible wavelengths cannot match perfectly the original counterparts at some scattering angles, such as
in the rainbow region for a water cloud and sharply peaked halos for an ice cloud.

The sensitivity of bidirectional reflectances to the number of the phase function expansion terms is investigated. Error
analyses of the reflectances for a water cloud show that the largest errors occur mainly at large scattering angles and in the
rainbow region since the re-constructed phase functions may not match the original counterparts unless more Legendre
terms are used. For ice clouds, the largest errors associated with the phase function expansion occur at scattering angles
near 30° and 150°. It can be concluded from the error analyses that 32 terms of Legendre polynomials for the phase
function expansion in the cases of water and ice clouds can be adopted to have relative errors smaller than 5% at all possible
satellite zenith and azimuth angles at visible wavelengths, while only 16 Legendre polynomials are required for dust at the
same wavelengths. Brightness temperatures are simulated for dust, and water and ice cloud layers at a wavelength of
12.0 um. At this IR wavelength, four terms of the Legendre polynomial expansion terms are sufficient in the RT
computations for the three particle types.
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Fig. 5. Simulated brightness temperatures over a dust layer (upper panel), a water cloud (middle panel), and an ice cloud (lower panel) at 2 = 12.0 um.
The surface and cloud (dust layer) temperatures are assumed to be T; = 300K and Tcjoud or aust = 255 K, respectively. The optical depths and effective
particle sizes for the dust layer, water cloud, and ice cloud are indicated in each panel.
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