


Fig. 6. Map of apparent atmospheric spherical albedo in the CFLOS areas of Fig. 2 (white=0, black=0.7).

A map of the atmospheric spherical albedo, S, at a wavelength of 1.0 um was made by combining three MCScene
images with surface reflectances, r, corresponding to 0, 0.25 and 1.0 via the equation

L=L0+ap/(l—p5) 3)

where L designates radiance or (as in MCScene) apparent reflectance, L, designates the contribution from path scattering
(solar photons that never hit the ground) and a is a constant proportional to the transmitted solar illumination, excluding
reflections off the ground. Eq. (5) represents the standard hyperspectral radiation transport equation’ for a horizontally
uniform surface and atmosphere. The three images L yield three equations for Eq. (5) which were solved for S in the
CFLOS areas of the scene. It should be noted that in applying this method to cloud-containing scenes, the results are not
directly interpretable as an atmospheric reflectance, so they are referred to as “apparent” S values.

Apparent atmospheric spherical albedo values for the scene in Fig. 5 are shown in Fig. 6. In the sunlit areas, which
appear as light gray, the S values are modest, around 0.05, with slightly higher values occurring near the center of the
cloud field. Much higher values, averaging around 0.22, occur in shadowed regions. Since the cloud-reflected (trapped)
downwelling radiation flux is expected to be similar in shadowed and sunlit regions, the difference in apparent S values
is ascribed to the difference in total illumination. Even larger apparent S values, up to ~0.7, as well as some negative
values (not shown) occur near the shadow edges; these are not presently understood. We estimate the “true” reflectance
of the cloudy atmosphere to be around 0.1, in between the shadowed and sunlit apparent S values.

Simulation and analysis of a cloudy hyperspectral image

A demonstration of MCScene’s HSI simulation capabilities with a cloud field was conducted by combining surface
reflectance data from a HyMap sensor image with the nimbostratus cloud field, as illustrated in Fig. 7. The HyMap data
of Davis, CA, were acquired by HyVista Corp. in a field experiment conducted by Spectral Sciences, Inc. and Kodak
under a NASA-sponsored Small Business Innovative Research program.'* The data were atmospherically corrected
using the MODTRAN®-based FLAASH algorithm.”® The resulting surface reflectances, which have been validated
against ground truth reflectance tarps, were interpolated across opaque water band regions and georectified to a pixel
size of 2.75 m using a registration map provided by HyVista. The surface reflectance image regridded to the MCScene
pixels is shown in true color at left in Fig. 8. For the MCScene simulation, the viewing and solar geometries of Fig. 2
were used, which placed approximately half of the image in cloud shadow. The atmospheric parameters of the
simulation are based on the MODTRAN® Subarctic Summer model with reduced atmospheric water vapor, the rural
aerosol model and visibility of 50 km.



Fig. 7. Placement of the Davis, CA, hyperspectral scene in the MCScene cloud field simulation.

Fig. 8. Davis, CA hyperspectral scene simulations. At left, input surface reflectance; at center, MCScene apparent
reflectance output; at right, the result after noise removal.

The center image in Fig. 8 shows the raw MCScene output at 200 photons/pixel. The photon statistical “noise” gives the
image a speckled appearance. The right-hand image shows the much cleaner output obtained by applying the noise
removal algorithm described in the Appendix. In this algorithm we used a 9x9 smoothing window and the left-hand
image in Fig. 8 as the reference image for re-sharpening. Fig. 9 compares some example pixel spectra in the raw and
noise-removed data cubes, and shows that the noise-removal has made the spectra much cleaner, revealing the true
atmospheric absorption features.
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Fig. 9. Apparent reflectance spectra from the Davis, CA, hyperspectral scene simulation. At left, raw spectra of two pixels;
at right, spectra of the same pixels after noise removal.



A useful indicator of the quality of a spectral image is its number of clutter-dominated (non-noisy) principal
components, which is a measure of spectral information content. There are only five such principal components in the
raw MCScene output but more than thirteen in the noise-removed output, comparable to the number in the original
reflectance data.

The noise-removed MCScene-simulated image was analyzed by converting from apparent reflectance units to radiance
units using the solar irradiance and then atmospherically correcting with FLAASH. In the FLAASH run, column water
vapor was retrieved, while visibility was set to the input of 50 km. Some examples of the resulting reflectance spectra
are shown in Fig. 10 along with the original inputs into MCScene. The results are very similar to the input spectra in the
sunlit portion of the image, except for the addition of some noise and a slight reduction at the short wavelength end. A
further reduction in noise was achieved by a principal components truncation, in which a principal components analysis
of the simulated image was performed and the image reconstructed from the first twenty principal components.
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Fig. 10. Pixel reflectance spectra of dry vegetation input to MCScene (left) and output from MCScene after FLAASH
processing (right). The thick solid curves at right have been processed with principal components truncation. The red
curve denotes a sunlit pixel, while the black and blue curves denote shadowed pixels in the MCScene image.

Quantitative comparisons of the FLAASH-corrected MCScene image with the input reflectance are shown in the form of
spectral ratios in Fig. 11. For the sunlit pixel the ratio is very close to 1 beyond ~600 nm, implying that the FLAASH
atmospheric correction and MCScene forward simulation methods are highly consistent at these wavelengths. The
reduction in the ratio at shorter wavelengths indicates that more atmospheric path radiance, from aerosol and/or Rayleigh
scattering, is being removed by FLAASH than is being generated by MCScene. This discrepancy is much more
pronounced in the cloud shadow, where there is decreased illumination of the atmospheric path. For the shadowed pixel,
the ratio away from the short-wavelength end reflects the difference in illumination in the cloud shadow versus full
sunlight. A more accurate estimate of the relative illumination in and out of cloud shadows is obtained by taking a ratio
of reflectance differences between nearby pixels (Fig 11, rightmost plot), where the differencing cancels out the path
radiance contribution. Here the illumination ratio decreases steadily from short to long wavelengths. Some water
absorption features are also present.

The spectral dependence of the shadow-to-sunlit illumination ratio may reflect a number of sources, including radiation
trapping (that is, the atmospheric spherical albedo effect) and illumination of the cloud shadow through the clear sky.
The dependence may however be best explained by illumination diffusely transmitted through the cloud. The
nimbostratus cloud extinction coefficient in MCScene, which derives from MODTRAN®, shows a slight increase (less
than 10%) with wavelength over the 0.5-2.5 pm range of these data; this variation would however be magnified greatly
by multiple scattering. We note that a study on cloud shadow removal'® using real spectral imagery also observed
decreased cloud shadow illumination, that is, increased cloud shadow depths, at infrared versus visible wavelengths.
The water features in the illumination ratio appear to be of liquid water, and may derive from the cloud single scatter
albedo, where such features are present at the level of a few percent. Finally, while the long paths of the multiply
scattered photons also lead to increased absorption by atmospheric water vapor, this should not impact the retrieved
surface reflectance, as it simply results in a compensatory increase in the FLAASH-retrieved column water vapor, by
roughly 10%, in the shadows relative to the sunlit areas. This effect is also observed with real data."



t2r T T T T 0.5¢ T T T T 0.6 T T T T
1.0 -_ E
[ 0.4F E
oak ] : 0.4l ]
L 0.3F E
aQ r Q E o]
= 0.6 ] = Q
& 3 & E &
[ 02F 3
0.4 B E 0.2+ B
02k 1 01F E
0'% 500 000 005000 2500 0'005 500 000 005000 9500 oo ; T | v
1 0 500 1000 00 2000 2500
F3%eLend?d IR0 end SaTeLent??

Fig. 11. Ratios of FLAASH reflectance retrievals to inputs into MCScene. From left to right, sunlit spectrum ratio,
shadowed spectrum ratio and the ratio of shadowed spectrum differences, interpreted as the shadow-to-sunlit
illumination ratio.

SUMMARY AND CONCLUSIONS

MCScene model simulations conducted with realistic cloud fields are shown to provide a useful tool for studying cloud
obscuration, shadowing and illumination effects in spectral imagery in both nadir- and off-nadir (slant) viewing
geometries. Calculations of LOS cloud obscuration were performed as a function of viewing angle, and were found to
be accurately parameterized by a simple analytical model. The excellent agreement of this model with the simulations
suggests that the model may be a useful planning tool for remote-sensing missions conducted with both space-based and
airborne sensors. Both the analytical model and the MCScene simulations predict significant decreases in the CFLOS
with increasing off-nadir viewing angle, together with an equivalent decrease in the sunlit fraction of the scene with
increasing off-nadir solar angle. In applying these results to space-based sensors, the LOS angles should be measured
with respect to the ground rather than the sensor to minimize effects of the Earth’s curvature.

Analysis of simulated apparent reflectances revealed up to ~50% enhancement of full solar illumination by cloud
scattering. Illumination levels in the cloud shadows were upward of 20% despite high cloud optical depths (up to 10).
Some of this illumination is from sunlight scattered off the cloud tops and sides, while a significant part is also attributed
to radiative trapping between the ground and the clouds, as described by an atmospheric spherical albedo.

A MCScene simulation of a hyperspectral scene with cloud shadows reproduces the key shadowing effects found in real
data, and establishes a level of consistency between the MCScene model and the FLAASH atmospheric-correction
algorithm. Slight reductions in illumination (deeper shadowing) are observed with increasing wavelength and in liquid
water band regions. The former observation is consistent with a previous analysis of cloud shadows in real imagery."
The MCScene calculations also predict enhancement of FLAASH-retrieved column water vapor retrievals in cloud
shadows, also in accord with observations.
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APPENDIX: NOISE REMOVAL METHOD FOR CLOUD SCENE SIMULATIONS

The SSI MCScene code enables simulation of hyperspectral or multispectral data cubes with arbitrary atmospheric
conditions, including an overlaid cloud field. Its main drawback for cloudy scenes is the long computation times (an
order of magnitude longer than in cloud-free scenes) required to propagate the Monte Carlo “photons”. . Assembly of a
cloudy synthetic data cube with good signal-to-noise ratios may therefore require days to weeks of computation time,
even on a multiprocessor cluster. Herein we describe a method that improves the fidelity of noisy (low photon count)
simulations with the aid of a “reference” cube, which may consist of a high-fidelity clear scene or the reflectance input



cube. While the method does introduce some artifacts, described below, overall it provides a dramatic improvement in
fidelity, corresponding to a computational savings of an order of magnitude or more, when starting from a noisy (~100
photons/pixel) cloud-containing data cube.

The noise-removal method derives from a local correlation-based image-sharpening algorithm.'®'” Essentially, the

cloud-containing synthetic cube is spatially smoothed to reduce noise, and it is then sharpened by adding surface detail
from the reference cube. Since cloud edges do not appear in the reference cube, their spatial detail is not restored, so the
clouds are somewhat blurred in the output image. While this effect is a source of error, it tends to enhance rather than
degrade the subjective appearance of the MCScene image, perhaps because the cloud edges in the Cloud Scene
Simulation Model used by MCScene appear to be unrealistically sharp.

The working equation is

Inoiseremoved :<I>+m(|r _<Ir>) (A1)

where | is the MCScene image for a given spectral channel, (I) is the corresponding smoothed image, the subscript “r”
refers to the reference image and m is a pixel-specific correlation coefficient obtained from a local linear regression
analysis. Essentially, m determines the amount of surface detail, defined by the (I, — (l,)) factor, that is restored in each
pixel. The smoothing is efficiently performed in IDL code with a square window of user-selected size, typically
between 5x5 and 11x11 pixels. The regression analysis is performed within this same window, leading to

L1Y=(1. )1
m= M (A2)

GE®
The qualitative success of this method in a hyperspectral application is seen in Fig. 8. A quantitative study was
performed using a RGB reference scene generated by MCScene with a clear sky using 10,000 photons/pixel. A cumulus
cloud field was added and three new scenes were generated: a very noisy one using 100 photons/pixel and two less-
noisy ones using 1000 and 10,000 photons/pixel. The noise-removal method was employed with a 7x7-pixel window on
the noisiest two scenes (100 photons/pixel and 1000 photons/pixel). The overall improvement in fidelity due to noise

removal is seen in the Fig. Al correlation plots. The noise-removed 100 photons/pixel image has a slightly tighter
correlation with the ground truth than does the 1000 photons/pixel image, which takes ten times longer to compute.

Computations of RMS differences with respect to the “ground truth” (10,000 photons/pixel) image provide additional
quantitative measures of performance. Noise removal yields an approximately fourfold improvement in RMS accuracy
at 100 photons/pixel and an approximately twofold improvement at 1000 photons/pixel. The noise removal is more
effective than increasing the number of photons from 100 to 1000 per pixel, which would be expected to improve
accuracy, at best, by the expected 10"* (=3.16) statistical factor. Not surprisingly, with noisier images larger smoothing
windows yield the best accuracy. The best overall window size in these simulations is approximately 7x7 pixels.
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Fig. Al. Correlations of blue (~450 nm) channel values (y-axis) versus “ground truth” (10,000 photons/pixel) values (x-
axis), in order of increasing image fidelity from left to right. Units are apparent reflectance.



