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A Band-Differenced Angular Signature Technique for
Cirrus Cloud Detection

Larry Di Girolamo and Roger Davies

Abstract—A new approach to cloud detection is introduced
that exploits the difference between two solar spectral reflec-
tances as a function of view angle. The resulting band-differ-
enced angular signature is sensitive to the contribution of Ray-
leigh scattering from above the tops of clouds and can be used
to discriminate high clouds from lower level clouds and clear
sky.

We use model simulations to show that this technique could
be applied to measurements from the Multiangle Imaging
SpectroRadiometer, scheduled for launch on the first platform
of the Earth Observing System. Results show the technique to
work best over ocean and snow surfaces. Over such surfaces,
the minimum detectable high cloud optical thickness (at
0.55 pm) would typically be 0.5 without the use of any a priori
scene information, and lower if such information is available.

I. INTRODUCTION

THE remote sensing of surface or atmospheric prop-
erties from satellites usually involves a common ini-
tial step—the partitioning of the data into either clear or
cloudy pixels. There have traditionally been three typical
approaches to this first step of cloud detection: radiance
threshold techniques, radiative transfer model techniques,
and statistical techniques [6], [12], [13]. Many variations
within each approach exist, largely to cater to a particular
data set with a particular task in mind, but all tend to share
the common premise that the scene is to be classified us-
ing measurements of radiance from a single viewing di-
rection. Here, we consider the additional advantages of
using multidirectional information from the same scene.

Because past and present day satellite instruments have
largely been single viewing or in the case of scanners,
have tended to scan across the orbital track so that differ-
ent view angles correspond to different scenes, the infor-
mation content inherent to the anisotropy of the radiation
field has yet to be exploited by remote sensing from space.
Our study is nonetheless motivated by the prospect of
measuring aspects of this anisotropy with a future in-
strument, the Multiangle Imaging SpectroRadiometer
(MISR), which is scheduled for launch in 1998 on the first
platform of the Earth Observing System [4].

This paper develops a new approach to remote sensing,
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which we call the band-differenced angular signature (or
BDAS) technique, which assumes measurements of re-
flected solar radiation at two well-separated wavelengths
are available from a given scene from a number of angles.
While our approach is general, the subsequent discussion
is oriented toward MISR measurements since these are
likely to be the first to which the technique will be applied
operationally. As shown below, the BDAS technique is
well suited to the detection of thin high clouds, which
frequently escape detection by traditional remote sensing
techniques using reflected solar radiation. After first
briefly summarizing the characteristics of the MISR in-
strument, we focus on the detectability of cirrus clouds
over different surface types, and present model results to
demonstrate the expected usefulness of the BDAS tech-
nique.

II. THE MULTIANGLE IMAGING SPECTRORADIOMETER

The Earth Observing System (EOS) is a program de-
signed to carry out multidisciplinary earth science studies
using a variety of remote sensing instruments that may
share common satellite platforms [11]. One such instru-
ment is the Multiangle Imaging SpectroRadiometer
(MISR) [4], which will provide continuous multiangle
coverage of the Earth at nine discrete angles, correspond-
ing to viewing zenith angles at the surface of 0°, +26.1°,
+45.6°, +60°, and +70.5°. This is accomplished by
four fixed cameras looking forward in the along-track di-
rection, four looking aft, and one at nadir.

Each off-nadir camera is designed to give a similar
cross-track resolution of =275 m, and to provide images
in a push broom fashion in four spectral bands (443, 555,
670, and 865 nm) with a swath width of =360 km from
an expected 705 km altitude sun-synchronous orbit. This
will provide complete global coverage in times ranging
from 2 d at the poles to 9 d at the equator. It will take =7
min in practice to view a given scene from +70.5° to
—70.5°, and we address the effect of such time depen-
dence in Section III-D.

III. THE BAND-DIFFERENCED ANGULAR SIGNATURE
TECHNIQUE

The BDAS approach first takes the difference in spec-

tral reflectance between two well-separated wavelengths,
and then examines this difference as a function of view
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angle. As might be expected, the resulting signature is
sensitive to the relative contribution of Rayleigh scatter-
ing to the total reflection. Since this contribution changes
in the presence of clouds (e.g., [9]), especially high thick
clouds, the resulting changes in the BDAS can allow such
clouds to be readily detected.

To demonstrate the BDAS technique for a variety of
situations, and to determine the limits of expected cloud
detectability, we have examined many different simula-
tions relevant to the MISR view angles and spectral chan-
nels. To maximize the spectral effect, we took the differ-
ences in the spectral reflectance at 0.44 and 0.86 pm.
These differ by a factor of = 15 in their sensitivity to Ray-
leigh scattering. The atmospheric model used was LOW-
TRAN 7 [8], which normally models the surface as a
Lambertian reflector with a user-defined albedo. To in-
clude the other extreme of a specularly reflecting surface,
we also replaced the LOWTRAN 7 surface by a flat ocean
model surface that includes color, the details of which can
be found in [3]. As shown below, however, the shape of
the surface reflection function plays a small role when ap-
plying the BDAS technique. For this reason the Lamber-
tian surface was retained for the examples of snow and
land surfaces.

The Rayleigh scattering contribution to the BDAS in-
creases rapidly as the cloud top is lowered in the atmo-
sphere. As a result, it is much more difficult to distinguish
low clouds from clear sky using the BDAS cloud detec-
tion criteria (given below) and detection of such clouds is
better achieved by other conventional techniques. For this
reason we have focused our attention on cirrus clouds—
clouds that often pose difficulties to many detection al-
gorithms. The cirrus model used was LOWTRAN 7’s
Cirrus cloud profile [8], [14], embedded in LOWTRAN
7’s tropical atmosphere under light aerosol concentrations
(Navy Maritime: 5 m/s wind speeds; air mass character
= 1). The cirrus cloud was 1 kin thick, and the cloud base
height was varied between 4.5 km (corresponding to the
model’s 0°C isotherm) and 19 km (maximum observed
height from [5]). The cloud optical thickness at a wave-
length of 0.55 um was also varied, and all viewing and
solar geometries were examined.

A. Ocean BDAS

Fig. 1 shows the BDAS for clear and cloudy skies over
different ocean surfaces, all at a solar zenith angle of 60°
and a relative azimuth angle ¢, of 0° (i.e., viewing in the
solar plane). The difference in the shape of the clear and
cloudy BDAS is greatest at forward scattering angles
(plotted as negative viewing angles). Here, the cloudy
band-differenced reflectance increases towards nadir,
whereas the clear band-differenced reflectance decreases.
This characteristic is typical of most scenes. The BDAS
shape depends on the sun and viewing geometry as well
as cloud-top height, cloud optical thickness, and surface
spectral albedo. As will become apparent from later fig-
ures, we generally find that the higher and thicker the
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Fig. 1. Band-differenced angular signatures over different ocean surfaces
for a solar zenith angle of 60° and ¢, = 0°. R is the ratio of up-welling to
down-welling 0.44 pum irradiance just below ocean surface. R = 7 percent
corresponds to clear ocean and R = 0 percent corresponds to yellow sub-
stance dominated ocean [15]. The cirrus cloud is.1 km thick with a base
height of 5 km and a 0.55 pm optical thickness of 1.0. The error bars (due
to estimated MISR measurement uncertainty) shown for the cirrus cloud
over R = 0 percent ocean are typical in magnitude for the other curves.

cloud, the larger the slope of the BDAS in the forward
viewing direction.

As shown in Fig. 1, the effect of ocean color is small.
A comparison of a Lambertian surface of similar albedo
to that of the flat ocean is also depicted. The difference in
BDAS between the flat ocean model and the Lambertian
surface is typically small, with exceptions occurring where
the specular peak is encountered. This is also shown in
Fig. 1, where the specular peak occurs at a view angle of
—60°. In this direction, the band-differenced reflectance
of the Lambertian surface model overestimates the band-
differenced reflectance of the flat ocean model. Other-
wise, the band-differenced angular signatures are very
similar. In the cloudy case, the BDAS is very similar for
both surfaces since the radiation field (both incoming and
surface reflected) is much more diffuse in the presence of
clouds. Thus, in two extreme surface scenarios it would
appear that the BDAS is relatively insensitive to the sur-
face reflection function, as long as the shape of the
surface reflection function is. similar at both 0.44 and
0.86 pum.

In order to measure the performance of the BDAS for
cirrus cloud detection, this study also sought the mini-
mum detectable cloud optical thickness (7,,). Because the
absolute value of the band-differenced reflectance de-
pends on factors such as aerosol and water vapor concen-
trations, cloud optical thickness, surface albedo, and so
forth, the cloud detection criterion must be based on the
BDAS shape alone. In this way no a priori information
about the scene is necessary. The cloud detection criterion
for this study was simple: a high cloud was assumed pres-
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Fig. 2. Minimum detectable cirrus cloud 0.55 um optical thickness (7,,)

as a function of cloud top height. The dashed line is for a solar zenith angle

of 60° and ¢, = 0°. The solid line is for a solar zenith angle of 60° and
0, = 60°.

0.6

ent if, within measurement uncertainty, the BDAS had a
slope 0 for all viewing directions. The measurement un-
certainty expected for MISR [1], [2] is included in
Fig. 1.

Fig. 2 shows the minimum detectable cloud optical
thickness as a function of height for two cases over a 5
percent Lambertian surface. The first is for a solar zenith
angle of 60° and ¢, = 0°, while the second has ¢, = 60°.
Note that the rate of increase in 7, as the cloud is lowered
is larger for larger ¢,. This is generally the case for all
solar zenith angles and surface types.

The minimum detectable cloud optical thickness, 5 km
base height, over ocean is shown in Fig. 3(a) (flat ocean
model: 0.44 um color = 0 percent) and (b) (Lambertian
surface: § percent albedo; flat ocean model: 0.44 um color
= 7 percent). Note that they are nearly identical, confirm-
ing the general lack of sensitivity to the details of the
ocean surface. The plots are polar, with the solar zenith
angle given by the radius and ¢, given by the azimuth.
Note the increase in 7,, with increasing ¢,. Excellent re-
sults are obtained for ¢, less than =~45°, for which an

average value of 7,, = 0.5 is obtained. At large solar ze-
nith angles and small ¢,, the results improve to 7, = 0.1
and as ¢, approaches 90° they degrade to 7,, = 5.

B. Snow BDAS

As discussed above, the shape of the surface reflection
function plays a second-order role. For snow, the asym-
metry parameter is nearly the same at 0.44 and 0.86 pm
[21]. Hence, the shape of the reflection function at these
wavelengths should also be similar. For this reason the

Lambertian surface model was used for snow. Three dif-
ferent snow surfaces, all taken from [20], were examined:
pure snow, snow with 1 parts per million by weight
(ppmw) of soot, and snow with 10 ppmw of soot. Figs.
3(¢), (d), and (e) show 7,, over these surfaces. The dark-
ened areas are where the cloud detection criterion fails.
This is illustrated in Fig. 4, where the clear sky example
for pure snow meets the classification criterion for a cirrus
cloud. When this situation occurs, the location on the po-
lar plot is flagged as a failure and is shaded black. For the
other surfaces shown in Fig. 4, the cloud detection crite-
rion is met.

There are several interesting features in the snow sur-
face results of Fig. 3. First, note that the shaded regions
occur at small solar zenith angles. This is not a problem
for polar locations since the sun does not reach such small
zenith angles. Snow-capped mountains, however, that are
further equatorward, may not meet the detection criterion.
The good sensitivity to cloud presence is also noted. What
may seem strange at first is the abrupt transition from non-
detection (shaded region) to detection with a high sensi-
tivity to cloud presence (7,, = 0.1). This can be explained
by considering the BDAS of the snow surface with
1 ppmw soot in Fig. 4. This clear sky BDAS lies on the
edge of detectability in terms of the cloud detection cri-
terion. Thus, only a thin cirrus cloud is required to suffi-
ciently mask the clear sky signature for the cloud detec-
tion criterion to be met resulting in the sharp transition
zone between nondetectability and high sensitivity to cir-
rus cloud presence. One last item to note is the region of
poor detection at large solar zenith angles and large ¢,,
as for the ocean case.

C. Land BDAS

The ideal Lambertian surface reflection model may not
be appropriate for the BDAS simulation over land, be-
cause for many vegetated surfaces the shape of the reflec-
tion function from 0.44 to 0.86 pm may differ signifi-
cantly [7]. Nonetheless, the Lambertian surface was still
used as an approximation in calculating the BDAS. The
0.44 and 0.86 um albedos were set at 0.05 and 0.40, re-
spectively. Fig. 5 gives an example of a BDAS over land
while Fig. 3 (f) gives the plot for 7,,. Fig. 3 (f) indicates
that the BDAS technique would work poorly over land
surfaces except for large solar zenith angles and small ¢,.
The poor cloud detectability over land using the BDAS is

attributed to the large difference in reflectance from 0.44
and 0.86 um.

D. Other Factors

The main remaining factors that may at times affect the
BDAS and the detection of cirrus clouds include the ef-
fects of water vapor, tropospheric and stratospheric aero-
sols, ice crystal habit, and misregistration. Of these, tro-
pospheric aerosols typically occur at low enough altitudes
that they should generally have a negligible effect on the
shape of the BDAS and a very small effect on its magni-
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Fig. 3. Minimum detectable cirrus cloud 0.55 um optical thickness (7,,) fora (a) R = 0 percent ocean surface, (b) R = 7 percent
ocean surface with the 5 percent Lambertian surface having the same results, (c) pure snow surface, (d) pure snow surface with
1 ppmw soot, (e) pure snow surface with 10 ppmw soot, and (f) typical land surface. Cloud base height = 5 km.
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Fig. 4. Band-difference angular signatures over snow for a solar zenith
angle of 45° and ¢, = 0°. The cirrus cloud is 1 km thick with a base height
of 5 km and a 0.55 um optical thickness of 0.5. The error bars (due to
estimated MISR measurement uncertainty) denoted on the clear sky curves
are similar for the corresponding cirrus curves.
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Fig. 5. Band-differenced angular signatures over a typical land surface for
a solar zenith angle of 60° and ¢, = 30°. The cirrus cloud is 1 km thick
with a base height of 5 km and a 0.55 um optical thickness of 1.0. Error
bars are calculated using estimates of MISR measurement uncertainty.

tude. A larger effect may be attributed to water vapor
variability, since extinction at 0.86 um can be comparable
to molecular scattering for high water vapor amounts. To
assess its effect on the BDAS, a comparison is shown in
Fig. 6 using water vapor profiles for tropical and subarctic
winter atmospheres [8], keeping all other meteorological
parameters constant. Fig. 6(a) shows the water vapor ef-
fect is indeed negligible over an ocean surface, and Fig.
6(b) shows that over land or snow, while there is a dif-

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 32, NO. 4, JULY 1994

0.7

v T T r T T T T T T
= Ocean: Tropical water vapor profile, SZA = 26°
osh — Ocean: Tropical water vapor profile, SZA = 80° _
Ocean: Arctic summer waer vapor profile, SZA = 26°
g Ocean: Arctic summer water vapor profile, SZA = 80°
[y ‘ -
=]
]
[ 04 i
2 03} E
S
T 4
E o2} ]
3
S
AN -
0.0 N " " N . 2 2
-80 -60 -40 -20 0 20 40 (-1} 80
Surface View Angle
(a)
0.5 T T T T | E— T T
----- Land: Tropical water vapor profile
o4k Pure Snow: Tropical water vapor profile y
---------- Land: Arctic winter water vapor profile
8 Pure snow: Arctic winter water vapor profile
g o3} , .
=]
& 02 -
R o1} J
=
L]
§_ 0.0 .
3
<
0.1 b
02 2 M N s 2 2 "
-80 -80 -40 -20 ] 20 40 60 80
Surface View Angle
(b)

Fig. 6. Clear sky band-differenced angular signature showing the effects
of water vapor over (a) ocean surface for different solar zenith angles (SZA)
with ¢, = 0°, and (b) snow and land surfaces for a solar zenith angle of
80° with ¢, = 0°. The error bars (due to estimated MISR measurement
uncertainty) for (a) are similar for the curves having the same solar zenith
angle, and (b) are similar for all curves.

ference in the magnitude of the BDAS, its shape is rela-
tively unaffected. The effect of water vapor on 7, is thus
small and does not change the results presented in Fig. 3.

The effect of ice crystal habit was also investigated.
From the results of Takano and Liou [17], [18], the dif-
ference between the reflection function at 0.86 um and
that at 0.44 um is practically the same for cirrus clouds
composed of spherical or hexagonal crystals. The BDAS
is therefore insensitive to assumptions about crystal habit,
whereas the cloud reflection function itself may depend
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significantly on crystal habit. By extension, the BDAS
technique should work in nonplane-parallel cloudy situa-
tions as long as the reflection function remains the same
from 0.86 to 0.44 um.

Stratospheric aerosol can at times pose a greater prob-
lem. Following the eruption of Mt. Pinatubo, for exam-
ple, optical depths up to 0.4 (at 0.5 um) were reported by
Valero and Pilewskie [19]. Layers as thick as this would
give similar, but not identical, band-differenced angular
signatures. While the differences in signature can likely
be exploited to identify such special cases, the details of
this are left for future study.

Finally, the possibility of pixel misregistration is a
problem that potentially affects the practical implemen-
tation of the BDAS technique. Given the expected point-
ing and navigational accuracy of forthcoming satellite
systems, the main source of misregistration in the present
context is due to the effect of cloud displacement during
the time it takes measurements to be made from different
directions. For example, in the 3.5 min that elapse be-
tween measurements of a given location from nadir and
the most oblique view by MISR, a cloud field may be
advected several kilometers. If the cloud field is horizon-
tally uniform over such distance, this is of little conse-
quence; but in general, a correction based on the assumed
wind field should first be made, as will be characteristic
of all cloud remote sensing techniques using multiangle
views. We also note, however, that the effect of pixel
misregistration can be minimized in our context by cal-
culating the slope of the BDAS successively for adjacent
pairs of view angles, and by paying particular attention to
the most oblique measurements in the forward scattering
direction, since this is where most of the BDAS signal for
cirrus detection resides.

IV. ConNcLusiON

We have shown the potential use of satellite-based an-
gular radiometric measurements for cirrus cloud detec-
tion. A new technique, namely band-differenced angular
signature (BDAS), uses measurements of spectral solar
radiances at a number of angles from the same scene, and
prospects of obtaining such measurements come from the
EOS/MISR. We have modeled the BDAS for a number of
scenes involving thin cirrus. The BDAS technique per-
forms best at cloud detection over ocean and, interest-
ingly, over snow surfaces where most other satellite cloud
detection algorithms experience difficulties. The mini-
mum detectable cloud optical thickness (7,,) was typically
about 0.5 without the use of any a priori scene informa-
tion. With a priori scene information, interpretation of
the BDAS can be further improved to yield smaller 7.
Moreover, this study has only addressed the initial step
of any scene analysis—that of cloud detection. Further
information about the cloud, for example, may be possi-
ble through both shape and magnitude of the BDAS.

Over land, without a priori information, reasonable re-
sults (7,, = 0.5) are obtained only for large solar zenith
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angles and small ¢,. At other angles over land, knowledge
of the potentially large difference in surface reflectance
from 0.44 and 0.86 um will be required (a priori) in order
to exploit the BDAS for cloud detection. However, the
BDAS technique may still find application in multilayered
cloud systems over land. For example, a simple reflec-
tance thresholding technique may detect a low, thick strat-
iform cloud but not an overlying thin cirrus cloud. When
low clouds mask much of the spectral difference of land
surface reflectances (e.g., [16]), the BDAS technique
should then be able to detect overlying thin cirrus cloud.

A comparison of the BDAS technique with other cloud
detection techniques can only be made qualitatively. The
performance of any cloud detection technique depends on
the data set to which it is applied. Most techniques also
require other additional scene information (e.g., temper-
ature and humidity profiles), which may not be available.
The availability and quality of such a priori information
will affect the cloud detection performance. Nonetheless,
reports of moderate resolution satellite-sensor have de-
tected cloud optical thickness as low as 0.2 (e.g., [10])
with the use of a priori scene information. We note that
the BDAS technique should frequently perform this well
(depending on surface type, cloud height, and sun-view
geometry) without the use of a priori scene information.

It should also be noted the BDAS technique is, thus far,
academic; this is the first study that explores the possibil-
ity of using angular signatures for the purpose of cloud
detection. Use of angular signatures in cloud analysis is
in its infancy, as was the use of spectral signatures in the
early 1960°s. Once multiangle data sets become routinely
available, the relative potential of angular signatures, and
of the BDAS technique in particular, will be evaluated on
a practical basis.
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