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ABSTRACT

The Multiangle Imaging Spectroradiometer (MISR), on board the Earth Observing System (EQS) satellite
Terra, is the first high-resolution imager to make global, near-simultaneous multispectral and multiangle radio-
metric measurements of the earth. A standard product of MISR is the radiometric camera-by-camera cloud mask
(RCCM), which provides a cloud mask for each of the nine MISR cameras. Validation of the RCCM is ongoing,
and in this paper an automatic and efficient technique is described that is being used to flag scenes for which
the quality of the RCCM may be suspect, thus allowing rapid convergence toward validation. The technique,
herein called the F, technique, makes use of the physical relationship that cloudiness increases with viewing
obliquity. Where this behavior is not met for a given scene, the F, technique flags the scene as potentially
problematic. The technique is applied to ~4 months of MISR data to demonstrate its utility and to identify
common problems that exist in version FO1-0010 of the RCCM. In the course of research into the F, technique,
the existence of greater radiative and spatial contrast between clear and cloudy pixels in oblique views that
measure radiation in the forward-scatter direction, as compared with oblique views that measure radiation in
the backscatter direction, have been observed. As aresult, thinner clouds can be detected in views that measure
radiation in the forward-scatter direction as compared with oblique views that measure radiation in the backscatter
direction for a given air mass. It is hypothesized that a similar effect must exist with other cloud detection
techniques using radiative and spatial measures constructed from solar channels. It is shown that this effect
manifests itself as a unique angular signature in the MISR RCCM that may be exploited to flag scenes as

potentially being dominated by thin cirrus or a thick haze.

1. Introduction

A cloud mask classifies satellite instantaneous fields
of view (pixels) as either clear or cloudy, with some
recent cloud masks also assigning a measure of confi-
dence to the mask (e.g., Gustafson et al. 1994, Acker-
man et al. 1998, Diner et al. 1999). It is an initial input
to most space-based remote sensing algorithms for re-
trieving atmospheric and surface properties [e.g., veg-
etation index (Tarpley et al. 1984), sea surface temper-
ature (McClain 1989), aerosol and water vapor prop-
erties (King et al. 1992), and cloud optical and micro-
physical properties (Platnick et al. 2003)]. Therefore, a
quality cloud mask is critical for the successful retrieval
of many geophysical products. Although there are nu-
merous cloud-masking algorithms [see, e.g., Goodman
and Henderson-Sellers (1988) for a review], the ap-
proaches taken to evaluate those algorithms are very
limited, and may be genericaly classified into four
types: 1) manual inspections of the cloud mask against
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the satellite radiance images used in computing the
cloud mask, 2) comparisons between satellite obser-
vation and collocated surface or in situ measurements
(e.g., Minnis and Harrison 1984), 3) comparisons be-
tween different satellite observations (e.g., Stowe et a.
1988), and 4) comparisons between satellite observa-
tions and cloud climatologies (e.g., Stowe et al. 1988).
Type 1 isthe most reliable, but exceedingly tedious and
time consuming, making it difficult for global evalua-
tion. Types 2 and 3 require spatial consistency and tem-
poral coincidence among different datasetsthat are often
difficult to satisfy. Type 4 only offers a general eval-
uation on cloud mask performances over large spatial
and temporal scales; hence, it cannot return any useful
information on the quality of the cloud mask at a par-
ticular location and time.

The purpose of this article is to introduce another
type of evaluation technique that is unique to the Mul-
tiangle Imaging Spectroradiometer (MISR) on board the
Earth Observing System (EOS) satellite Terra. This
evaluation technique examines the nine cloud fractions
derived from the nine separate MISR cameras (see sec-
tion 2 for instrument description) that are registered to
the same scene. Cloud fraction is calculated for each
camera as the ratio of the number of cloudy pixels to
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Fic. 1. Cloud fraction as a function of camera view angle. The
dashed line represents an ideal case. The solid line represents a case
with unreliable cloud masks. Symbolsrepresent positions of theMISR
view angles. Negative values of view angle are for the forward bank
of MISR cameras, and positive values are for the aft bank. Thisfigure
is a representative example, rather than specific observations.

the number of total pixels of a scene. Ideally, the cloud
fraction should increase with viewing zenith angle,
largely as a consequence of an increase in the amount
of cloud sides observed (e.g., Snow et al. 1985, Minnis
1989). Therefore, by plotting the cloud fraction as a
function of cameraview angle, we should expect acurve
with similar behavior as the dashed line shown in Fig.
1; that is, cameras with more oblique viewing zenith
angles should detect more clouds, and cameras with the
same viewing zenith angle should detect similar
amounts of cloud. If, however, the behavior of the cloud
fraction with view angle does not represent a physical
possibility, like the solid line shown in Fig. 1, then the
scene should be flagged as having an unreliable cloud
mask. Such flagged scenes can then be examined in
more detail for diagnosing and improving the cloud
mask algorithm. The intent of this article is to derive
and demonstrate a technique to automatically flag these
potentially problematic scenes (PPS). In doing so, we
discover an interesting relationship between view angle
and our ability to detect thin clouds.

This article is divided into six sections. Section 2
briefly introduces the MISR instrument and its cloud
masks. The definitions of cloud and cloud fraction are
discussed in section 3. The F, technique and its appli-
cation to MISR data are described in section 4. Section
5 shows the experimental results, and section 6 con-
cludes our study.

2. MISR and its cloud masks

MISR isthefirst high-resolution imager to make glob-
al, near-simultaneous multispectral and multiangle ra-
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diometric measurements of the earth. Details of the
MISR instrument and its performance can be found in
Diner et al. (1998 and 2002, respectively). In brief, nine
separate cameras provide viewing zenith angles relative
to the surface reference ellipsoid of 0°, 26.1°, 45.6°,
60.0°, and 70.5°, with one camera (designated AN)
pointing toward the nadir, one bank of four cameras
(designated AF, BF, CF, and DF in order of increasing
off-nadir angle) pointing forward in the along-track or-
bital direction, and one bank of four cameras (designated
AA, BA, CA, and DA) pointing in the backward direc-
tion. It takes approximately 7 min to view a given scene
from al nine cameras. Each camera has four narrow
spectral bands centered at 446, 558, 672, and 866 nm.
From its 705-km orbit, the AN camera has a spatial
resolution of 250 m and a swath width of 376 km. All
other cameras are designed to give a cross-track reso-
lution of 275 m with a swath width of 413 km. MISR
is on the EOS Terra, which is sun synchronized and
crosses the equator at ~1030 LT from north to south.

MISR operational processing generates three inde-
pendent cloud masks: the radiometric camera-by-camera
cloud mask (RCCM), the stereoscopically derived cloud
mask (SDCM), and the angular signature cloud mask
(ASCM). The RCCM is generated for each of the nine
cameras using radiometric information collected within
each camera; hence, each region on earth has nine
RCCMs. The SDCM and the ASCM make use of in-
formation from multiple cameras to achieve a single
SDCM and ASCM product for each region on earth. As
such, the proposed cloud fraction versus view angle
technique (hereinafter, the F, technique) for flagging a
scene as PPS is only applicable to the RCCM.

Details of the RCCM algorithm can be found in Diner
et al. (1999). The RCCM algorithm can be divided into
land and ocean algorithms. As of this writing, the
RCCM land algorithm has not yet been fully imple-
mented into operational processing; only the RCCM
ocean algorithm is fully implemented. Therefore, the F,
technique derived herein is only demonstrated on the
RCCM ocean product, but it will be equally applicable
to the RCCM land product.

In brief, the observables used to generate the RCCM
over an ocean are the bidirectional reflectance factor
(BRF) in the near-IR band (hereinafter, NIR) at 1.1-km
resolution, and the standard deviation (o) of the 4 X 4
array of the 275-m red band BRF within a 1.1-km area.
The NIR BRF and ¢ for each 1.1-km resolution pixel
are each tested against three thresholdsto classify apixel
as high-confidence cloudy, low-confidence cloudy, low-
confidence clear, or high-confidence clear. The two tests
may return different results, and the final cloud mask
isdetermined from thelogical combination of theresults
of two tests as described in Diner et al. (1999). Because
there are only two tests, the RCCM is very sensitive to
the choice of thresholds. Fully taking into account the
fact that the thresholds are a function of sun/viewing
geometry (solar zenith angle, viewing zenith angle, and
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Fic. 2. An illustration depicting three geometrical factors that may affect how cloud fraction
changes with viewing zenith angle, as described in the main text. The vertical and slanted hatches
depict areas of the surface that are obscured by clouds when viewed from space in nadir and

obligue viewing directions, respectively.

relative azimuth angle), the RCCM algorithm breaksthe
ranges of solar zenith angle, viewing zenith angle, and
relative azimuth angle into 10, 5, and 12 bins, respec-
tively. Initial thresholds for each bin were manually de-
rived in the same manner from time-cumul ated statistics
using 135 MISR orbits over the period from May to
August 2000 as described in Zhao (2003). The total
number of thresholds is, therefore, 5 (viewing zenith
angle) X 12 (relative azimuth angle) X 10 (solar zenith
angle) X 3 (threshold type) X 2 (observable) = 3600.
The quality of the RCCM relies on the validity of the
3600 thresholds. In practice, it takes an experienced
person about a day to manually tune up and verify a
threshold. Hence, it would take the better part of a de-
cade to manually verify all of the thresholds. Over land,
this verification problem is compounded by the fact that
there are 3600 thresholds [but of two different observed
quantities: a parameter D derived from the normalized
difference vegetation index (NDV1) and the band-3 re-
flectance, and the D spatial variability index] for each
of the 1580 land surface regions that are derived dy-
namically every 16 days (Diner et al. 1999). With the
application of the F, technique, the time spent on eval-
uating thresholds is now considerably reduced by fo-
cusing only on those thresholds that cause poor perfor-
mances in the RCCM.

3. Defining clouds and cloud fraction

Before examining the F, technique, a brief review on
how clouds and cloud fraction are defined, and how
these definitions impact the MISR observations of
cloudiness, is given in this section.

In satellite remote sensing, the long-standing question
of ““what isacloud?’ continues to be debated, because
no precise quantitative definition on what constitutes a
cloud presently exists (Di Girolamo and Davies 1997).
For example, how thin does a cloud have to be before
it is too thin to be considered a cloud? Ultimately, it is
the minimum detectable optical depth 7.,, that defines
the existence of the cloud for a given cloud detection
algorithm applied to a given instrument. Theoretically,
T.in 1S expected to depend on the underlying surface

mi

type, the concentrations and types of atmospheric gases
and aerosols, the single scattering properties of clouds,
and the sun-view geometry. Di Girolamo and Davies
(1994) were the first to suggest that a conservative 7.,
(i.e., such that no clear pixels are labeled cloudy, oth-
erwise 7., may be infinitely close to 0) should be re-
ported as part of any satellite cloud detection algorithm.
The importance in doing so is to help to reconcile dif-
ferences in cloud amount climatologies derived from
different satellite cloud detection algorithms, given that
algorithms with lower 7., produce higher cloud
amounts. Although the intent of this paper is not to
derive the 7, of the MISR RCCM, which is part of
the larger MISR cloud mask validation effort, we show
observational evidence from MISR that 7., isafunction
of the sun-view geometry.

From an observational point of view, cloud fraction
is defined as the fraction of background that is obscured
by clouds (Henderson-Sellers and McGuffie 1990). For
a surface observer reporting cloud fraction, the back-
ground is some imaginary sky dome. For a satellite
sensor, the background is the earth’s surface from the
viewing direction of the satellite sensor. The definition
of cloud fraction employed in climate modeling is
equivalent to that of anadir-viewing satelliteinstrument.
However, very few satellite observations are made at
nadir. Even for perfect cloud detection, cloud fraction
between nadir and oblique views from space may differ
because of the following effects, all of which can be
directly observed by MISR: 1) cloud geometric thick-
ness, 2) out-of-region paralax, 3) multilayered cloud
shadowing, and 4) expansion of the ground-instanta-
neous field of view (GIFOV) of the observing instru-
ment. Figure 2 illustrates the first three effects by de-
picting a number of clouds (labeled 1-5) that fall over
two neighboring regions (labeled region A and B). Note
that 1) the region A cloud fraction contribution from
clouds 1 and 2 increases with viewing obliquity due to
the geometrical thickness of the clouds; 2) out-of-region
paralax may occur for cloud 3, whereby cloud 3 con-
tributes to the region A cloud fraction for nadir views,
but for certain oblique views it contributes to the region
B cloud fraction; and 3) multilayered cloud shadowing
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occurs for clouds 4 and 5 for certain views, which may
contribute to a lower region B cloud fraction than at
nadir, as in the example shown.

For an instrument with a fixed IFOV, the GIFOV's
expand with viewing obliquity. If cloud fraction is cal-
culated as the fraction of cloudy GIFOVs over a given
region, then cloud fraction overestimation will be larger
for larger GIFOV's, assuming perfect cloud detection
(Di Girolamo and Davies 1997). For MISR, the GIFOV's
expand only in the along-track orbital direction. It is
largest for the most oblique views, where the GIFOV
is 275 m X 707 m. With the ground-sampling interval
being 275 m, averaging 4 X 4 pixels (as done in the
RCCM BREF test discussed in section 2) leads to a Gl-
FOV of 1.1 km X 1.53 km. Relativetoa 1.1 km X 1.1
km GIFQV, the cloud fraction from a 1.1 km X 1.53
km GIFOV is expected to cause an overestimate of only
1%—2% based on the results of Wielicki and Parker
(1992) for their 0.83-um radiance threshold test. Aswill
become evident in the following sections, this effect is
negligible in the application of the F, technique.

In addition to these effects, the cloud fraction between
nadir and oblique views may be different because of
effects of imperfect cloud detection, namely, 1) an in-
creasein 1,,, with viewing obliquity due to an increase
in the optical path, and 2) errorsin cloud detection. The
F, technique described in the next section is an auto-
mated technique to identify potential errors in MISR
cloud detection by examining the behavior of cloud frac-
tion versus view angle.

One final effect that is specific to MISR is the ~7
min of time needed to view a given scene from all nine
cameras. During thistime, cloud coverage may increase
or decrease. The F, technique will identify cases in
which this effect is significant, although the likelihood
that it is significant is extremely small, given that no
such cases were observed (section 5).

4. The F, technique

In MISR terminology, an orbit is a Pole-to-Pol e swath
of data of the daylight side of the earth. Each orbit is
divided into 180 blocks, where ablock is approximately
140.8 km in the along-track direction. For the purpose
of the F, technique, we define a scene as five MISR
blocks [~360 km (swath width) X 704 km (along-track
length)], and the cloud fractions for each of the nine
MISR cameras are calculated over ascene. A five-block
scene is large enough to neglect the out-of-region par-
allax and multilayered cloud-shadowing effects on the
view angle dependence of cloud fraction, as discussed
in section 3, if the distribution of individual clouds over
this region are considered random. (We have not ob-
served these two effects to have a significant impact on
the behavior of cloud fraction vs angle over afive-block
region. This is not the case for a one-block region.)
Simultaneously, a five-block scene is small enough to
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contain only one or two threshold bins, which makes it
easy to trace thresholds once a scene is marked as PPS.

The MISR operational processing takes the 1.1-km
resolution RCCM results and calculates cloud fractions
over 17.6 km X 17.6 km regions. They are stored into
the MISR cloud classifier product, along with other in-
formation such as land fraction, no retrieval fraction,
etc. Thus, to save processing time, the cloud fraction
over the five-block scene used in the F, technique is
calculated from the MISR cloud classifier product rather
than the original RCCM product.

One factor that needs to be considered before pro-
cessing the data is the zonal shift in the MISR swath
from one camera to another. The zonal shift occurs be-
cause thereistransition time between two different cam-
eras viewing the same scene (the transition time between
the DF and DA cameras is ~7 min). The rotation of
the earth within the transition time causes part of the
scene viewed by one camera to be zonally shifted rel-
ative to another camera. The result is that only part of
the swath collected from one camera overlaps with the
swath of another camera. In order to plot the cloud
fraction versusview angle correctly for the F , technique,
cloud fractions need to be defined only for the common
area viewed by all nine cameras. Between 55°N and
55°S, the overlap region of all nine cameras rangesfrom
approximately 335 to 355 km for a horizontal line in
the space oblique Mercator (SOM) projection. The SOM
projection is used to register the radiances from al nine
MISR cameras (Bothwell et al. 2002).

The F, procedure for flagging a MISR scene as PPS
is as follows:

1) Read in five blocks of MISR cloud classifier data.

2) Retrieve the land fraction of each 17.6 km X 17.6
km region. If the total land fraction over the five-
block scene is larger than 50%, then repeat step 1
for the next five blocks. Otherwise, go to step 3. A
50% land fraction threshold was used for the fol-
lowing reason. As of this writing, the RCCM land
algorithm is not fully operational. Therefore, cloud
fraction is calculated from all cameras over the ocean
only. However, because of parallax caused by dif-
ferent views of the same scene, it is possible that a
cloud viewed by one camera is over the ocean but
over land when viewed by another camera. Exper-
iments demonstrate that choosing a five-block scene
with less than 50% land fraction is enough to neglect
the errors incurred in the ocean cloud fractions due
to this parallax effect. This step should of course be
omitted when the RCCM land algorithm becomes
fully operational.

3) Retrieve the low-confidence cloud, high-confidence
cloud, and no-retrieval fractions for all nine cameras
for each 17.6 km X 17.6 km region. The total cloud
fraction isthe sum of low- and high-confidence cloud
fractions. [The RCCM was designed to have the best
delineation between clear sky and clouds occurring
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between low-confidence clear sky and low-confi-
denceclouds. Thisisdifferent than the MODI Scloud
mask (Ackerman et al. 1998), where confidence lev-
els are more closely tied to how clear a pixel is|]
Define the common swath width for all nine cameras
and discard nonoverlap regions. Thetotal cloud frac-
tion for each camera is calculated by averaging the
cloud fraction value of each 17.6 km X 17.6 km
region within the common swath over the five-block
scene. If a 17.6 km X 17.6 km region has a land
fraction larger than 1% or ano-retrieval fractionlarg-
er than 1%, then the cloud fraction for this 17.6 km
X 17.6 km region will not be taken into the calcu-
lation of the total cloud fraction.

4) Examine the cloud fraction as a function of view
angle. A scene will be flagged as a PPS if any of
the following conditions are satisfied:

(i) Cameras with a view angle of 70.5° detect less
cloud than cameras with a view angle of 45.6°.
(ii) Cameras with a view angle of 60° detect less
cloud than cameras with a view angle of 26.1°.
(iii) The difference in cloud fraction between two
adjacent camerasis larger than a predetermined
tolerance &,.
(iv) Thedifferencein cloud fraction between the DF
camera and the DA camerais larger than a pre-
determined tolerance «.,.

If the F, algorithm flags a five-block scene as PPS,
visual inspection on the RCCM performance for that
scene can be performed in order to determine what (if
any) course of action should be done to improve the
performance of the RCCM. Note that the F, technique
only provides a necessary, but not sufficient, condition
to judge the MISR RCCM performance. In other words,
scenes flagged as PPS must have problems, but scenes
that are not flagged as PPS may also have problems.
Thus, the other types of cloud mask evaluation listed
in section 1 cannot be abandoned.

5. Experiments

The F, technique was applied to 1547 MISR orbits,
which cover the period from 12 December 2001 to 1
May 2002. The versions of the MISR cloud classifier
product and RCCM used in the experiments were
F01-0001 and F01.0010, respectively. Data were only
processed between 55°N and 55°S to ensure that the
experimental results were not influenced by ice-covered
ocean. It turns out that the number of PPSs flagged by
the F, algorithm is very sensitive to the tolerances ¢,
and e, within the algorithm. For example, if ¢, = 0.02
and e, = 0.10, then 18% of the scenes will be flagged
as PPSs. If ¢, = 0.03 and &, = 0.15, then 10% of the
scenes will be flagged as PPSs. Ideally, all scenes
flagged as PPSs should be visually inspected. However,
considering the time and labor one can spend on visual
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Fic. 3. Cloud fraction vs view angle for a sunglint-contaminated
MISR scene flagged as PPS. MISR orbit 12 533, blocks 85-89, ~2355
UTC 26 Apr 2002.

inspection, we chose e, = 0.05 and ¢, = 0.20 to get
5% of the scenes flagged as PPSs. However, 5% of the
total scenes is 0.05 X 1547 (the number of the total
orbits) X 21 (the number of five-block scenes per orbit
between 55°N and 55°S) = 1624 scenes, which still
requires a large amount of time and labor for visual
inspection. Because we anticipate only a handful of re-
occurring problems in scenes labeled as PPSs, it suffices
to sample those scenes labeled as PPSs. Scenes were
evenly sampled in latitude, and after visually inspecting
about 40 scenes, we noted that our conclusions were
not changing. To be sure, wevisually inspected and fully
documented 88 PPSs. Mgjor problems have been clas-
sified and summarized as follows.

a. Sunglint

A sunglint-contaminated region is always difficult for
cloud detection techniques, especially for techniques
that only use solar channels. Sunglint dramatically in-
creases the BRFs of clear pixels, which lowers the con-
trast in BRFs between cloudy and clear pixels. Addi-
tionally, the strength and distribution of sunglint de-
pends on, for example, surface roughness, which varies
from one scene to another. However, the RCCM ocean
thresholds are static with relatively coarse sun-view ge-
ometry bins. Therefore, the RCCM cannot be expected
to work perfectly over sunglint all the time.

Normally, sunglint only affects one or two cameras
for agiven five-block scene. For all of the sunglint cases
that have been examined, a local peak always appears
on the plot of cloud fraction versus view angle. For
example, Fig. 3 shows a cloud fraction versus view
angle plot for afive-block sunglint-contaminated scene.
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FiG. 4. (a) The NIR BRF image of the AN camera for MISR orbit
12 533, blocks 85-89. (b) The corresponding AN RCCM image: ‘1"
represents high-confidence cloudy, ‘2" low-confidence cloudy, ‘3"
low-confidence clear; and *“4"” high-confidence clear.

Notice the cloud fraction for the AN camera is larger
than the AF and AA cameras. The associated NIR BRF
and RCCM images for the AN camera are shown in
Fig. 4. Clearly, sunglint covers much of the scene, and
many clear pixels over sunglint are flagged as cloudy
by the RCCM. Updating the few thresholds in the sun-
view geometry bins over which sunglint may exist may
not improve the RCCM performance because the sun-
view geometry hins are very coarse and the thresholds
are selected to perform well over a wide range of con-
ditions. Thus, updating the thresholds when we have
extreme sunglint may actually worsen the RCCM per-
formance in other more typical sunglint conditions. Im-
proving the quality of the RCCM over extreme sunglint
is currently under investigation.

b. Thin cirrus clouds/haze

With the application of the F, technique, 41 of the
88 PPSs visually inspected were found to have similar
behaviors of cloud fraction versus view angle as the one
shown in Fig. 5; namely, the cloud fractions show strong
asymmetry between aft and forward cameras. In this
case, the cloud fraction of the DF camera is 20% more
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FiG. 5. Cloud fraction vs view angle for a scene flagged as PPS,
but observed to be mostly covered by thin clouds. MISR orbit
11 438, blocks, 60—64, ~1930 UTC 10 Feb 2002.

than the DA camera, and the cloud fraction of the nadir
camera is more than 20% less than the DA camera. For
all 41 scenes, the BRF imagery shows a large portion
of the scene covered by thin clouds or haze. For ex-
ample, Fig. 6 shows the corresponding NIR BRF and
the RCCM imagesfor the AN camerafor the case shown
in Fig. 5. Our interpretation of the BRF image is that
thin cirrus clouds cover a large portion of the scene.
Large differencesin cloud fractions between the DF and
the DA cameras can be noticed by comparing the RCCM
image of the DF camera with that of the DA camerain
Fig. 6. The large difference in cloud fractions between
the most oblique cameras and the nadir for athin cloud—
covered scene is mainly dueto the fact that some clouds
may be too thin to be detected by the nadir camera but
can be detected by the oblique cameras because of the
increased slant path through the cloud. The large dif-
ference of cloud fractions between the DF and the DA
cameras is, however, much more interesting. We first
did the obvious: tune the relevant thresholds. However,
it turned out that the thresholds were near optimum,; that
is, when we compared the DF RCCM with the NIR BRF
image for the DF camera, the results looked quite good.
What we noted was that it was visually easier to see
thin clouds in the DF camera NIR BRF image as com-
pared with the DA camera BRF image, as shown in Fig.
7. Thisis because of the large radiative and spatial con-
trasts between the two viewing directions. In Fig. 7, the
DF camera measures radiation that has been scattered
into the forward-scatter direction (i.e., scattering angles
< 90°), while the DA camera measures radiation that
has been scattered into the backscatter direction (i.e.,
scattering angles > 90°). The large radiative contrast
may exist because clouds tend to scatter more solar
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Fic. 6. (8) The NIR BRF image for the AN camera, MISR orbit 11 438, blocks 60-64, (b) the corresponding AN RCCM image, (c) the
corresponding DA RCCM image, and (d) the corresponding DF RCCM image.

radiation into the forward direction compared to the
backward direction. This leads to a larger contrast be-
tween clear sky and clouds over ocean in the forward
direction. Additionally, the spatial contrast may exist
because many more cloud shadows will appear when
cameras view the cloudsfrom the forward direction than
from the backward direction. As aresult, o (See section
2) for cloudy pixels will on average be larger in the
forward direction than in the backward direction, which
will cause the RCCM of the camera viewing in the
forward direction to flag more pixels as cloudy than the
camera viewing in the backward direction. Therefore,
asaresult of radiative and spatial contrasts, some clouds
may be thin enough to be undetectable in the DA cam-
era, while being detectable in the DF camerain Fig. 7.

Another observation is that thick haze can have sim-
ilar BRF values at the MISR channels and, to a lesser
extent, spatial texture similar to very thin clouds. As a
result, thick haze layers were observed to generate the
same effect on the behavior of cloud fraction versus
view angle as thin clouds. Hence, the F, technique can-
not distinguish thick haze from thin clouds. However,
with the application of the F, technique, a potentially
simple algorithm may be set up to automatically flag a
scene as dominantly covered by thin clouds/haze, for

example, by flagging large differences between the DF
and DA cloud fractions. Thisis left to be demonstrated
in future investigations.

The above conclusions are reflected in Figs. 8 and 9,
which show scatterplots of the DF cloud fraction versus
the AN and DA cloud fractions using all 1547 orbits of
data over the Northern and Southern Hemispheres, re-
spectively. As expected, the DF camera detects much
more clouds than the AN camera in both the Northern
and Southern Hemispheres. Also note that there are
some cases where the DF camera detects fewer clouds
than the AN camera, which is due to sunglint contam-
inating the AN camera. The number of such cases de-
creases as the AN cloud fraction increases, because the
sunglint effect on the RCCM decreases with an increase
in total cloud fraction.

Figures 8 and 9 also reveal that, on average, the DF
camera detects more clouds than the DA camera over
the Northern Hemisphere, but fewer clouds over the
Southern Hemisphere. The reason is that the DF camera
views largely forward-scattered radiation in the North-
ern Hemisphere and views largely backscattered radi-
ation in the Southern Hemisphere. As discussed pre-
viously, the camera measuring forward-scattered radi-
ation will detect more clouds than the camerameasuring
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Fic. 7. (8 The NIR BRF image for the DF camera and (b) the
corresponding DA NIR BRF image for MISR orbit 11 438, blocks
60-64, 33.1°-38.1°N latitude, 126.3°-127.8°W longitude. The scat-
tering angles of the DF and DA cameras are ~68° and ~141°, re-
spectively. Saturation of the images occurs for pixels having BRF
values larger than 0.20, and they are displayed as white.

0.20 0.10 0.20

backscattered radiation, with the assumption that thresh-
olds are properly set. Also note that the scatterplots of
the DF versus AN cloud fractions are more biased to-
ward the DF cloud fraction in the Northern Hemisphere
than in the Southern Hemisphere. A possible reason is
that there is more aerosol/haze (e.g., Husar et al. 1997)
and thin cirrus (e.g., Wang et al. 1996) in the Northern
Hemisphere than in the Southern Hemisphere. This may
also be the reason that, on average, the difference in
cloud fraction between the DF and DA camerasislarger
in the Northern Hemisphere than in the Southern Hemi-
sphere. These conclusions are only suggestive, because
the RCCM has not been fully validated, and further in-
depth analysis is required.

6. Conclusions

This article presents a unique approach called the F,
technique to evaluate in-scene performances of one of
the MISR cloud masks, namely, the radiometric camera-
by-camera cloud mask. The F, technique is one of sev-
eral approaches currently being used by the MISR Sci-
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FiG. 8. Scatterplots of (a) the DF cloud fraction vs the AN cloud
fraction, and (b) of the DF cloud fraction vs the DA cloud fractions
for the Northern Hemisphere data only.

ence Team in aiding the validation of the RCCM by
automatically and efficiently identifying potentially
problematic scenes for further analysis. The results pre-
sented in this article were to demonstrate the application
and utility of the F, technique; they should not be con-
strued as a final validation of the RCCM, because val-
idation of the RCCM is an ongoing process. The results
from the F, technique applied to version FO1-0001 of
the MISR cloud classifier and version FO01.0010 of the
RCCM data will be used to examine ways to improve
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the RCCM performance in later versions, in particular,
over regions of sunglint and in distinguishing thin cirrus
from thick haze. Once a new version of the RCCM is
complete, the F, technique will be applied to the new
version for further assessment.

An examination of the cloud fraction versusview angle
has also revealed a unique signature for the presence of
thin cirrus or thick haze (see Fig. 5). This unique sig-
nature is asymmetric in the cloud fraction between the
two most oblique cameras, namely, the DF and DA cam-
eras. Thiswas an unexpected result given that the viewing
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zenith angle, hence, air mass, is the same for both cam-
eras. The reason for the asymmetry may be the greater
radiative and spatial contrast between clear and cloudy
pixels that exists in the oblique views that measure ra-
diation in the forward-scatter direction, as compared with
oblique views that measure radiation in the backscatter
direction. As a result, thinner clouds can be detected in
views that measure radiation in the forward-scatter di-
rection as compared with oblique views that measure
radiation in the backscatter direction for agiven air mass.
It is our hypothesis that a similar effect must exist with
other cloud detection techniques using radiative and spa-
tial measures constructed from solar channels.
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