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[1] There are notable differences in the joint histograms of cloud top height and optical
depth being produced from the Moderate Resolution Imaging Spectroradiometer (MODIS)
and the Multiangle Imaging Spectro-Radiometer (MISR) and by the International Satellite
Cloud Climatology Project (ISCCP). These differences have their roots in the different
retrieval approaches used by the three projects and are driven largely by responses of the
retrievals to (1) stratocumulus (or more broadly low-level clouds under temperature
inversions), (2) small (subpixel) or broken low-level clouds, and (3) multilayer clouds.
Because each data set has different strengths and weakness, the combination tells us more
about the observed cloud fields than any of the three by itself. In particular, the MISR
stereo height retrieval provides a calibration insensitive approach to determining cloud
height that is especially valuable in combination with ISCCP or MODIS because the
combination provides a means to estimate the amount of multilayer cloud, where the upper
cloud is optically thin. In this article we present a review of the three data sets using case
studies and comparisons of annually averaged joint histograms on global and regional
scales. Recommendations for using these data in climate model evaluations are provided.

Citation: Marchand, R., T. Ackerman, M. Smyth, and W. B. Rossow (2010), A review of cloud top height and optical depth
histograms from MISR, ISCCP, and MODIS, J. Geophys. Res., 115, D16206, doi:10.1029/2009JD013422.

1. Introduction

[2] Joint histograms of cloud top height (CTH) and opti-
cal depth (OD) derived by the International Satellite Cloud
Climatology Project (ISCCP) are being widely used by the
climate modeling community in evaluating global climate
models [e.g., Webb et al., 2001; Norris and Weaver, 2001;
Lin and Zhang, 2004; Zhang et al., 2005; Wyant et al.,
2006]. Similar joint histograms of cloud top height and
optical depth are now being produced by the NASA Mul-
tiangle Imaging Spectroradiometer (MISR) and Moderate
Resolution Imaging Spectroradiometer (MODIS) instrument
teams. In this article we compare these CTH-OD joint his-
tograms on global and regional scales. While there are some
broad similarities among the data sets, there are also large
differences, which on the surface would seem to undermine
the utility of these data for model evaluation. However,
because the different data sets have different strengths and
weaknesses, we find that the combination tells us more
about the observed clouds than any one data set by itself.

[3] The differences have their roots in the different algo-
rithms used both to detect clouds and to retrieve the cloud
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height and optical depth. In this article, we provide a review
the retrieval algorithms used by the three projects. Much of
the difference in the retrievals can be understood from the
response of the algorithms to stratocumulus, trade cumulus
and multilayer clouds. Thus after describing the algorithms
in section 2, in section 3 we examine the retrieval results for
typical stratocumulus, trade cumulus and multilayer cloud
scenes. Using these examples as a guide, in section 4 we then
compare the ISCCP, MISR and MODIS data sets globally
with specific focus on the North Pacific and the tropical
western Pacific.

[4] The MISR retrieval is only run over ocean surfaces
and so our analysis is restricted to oceanic regions. The
comparison highlights the strengths and weaknesses of each
data set and examples are given showing how the data sets
can be combined to yield additional information on the
frequency of multilayer clouds. Specific recommendations
on how these data should be used for the analysis of global
climate model output are provided in section 5. These
recommendations are used in an examination of the Multi-
scale Modeling Framework (MMF) climate model in a
companion paper to this article [Marchand and Ackerman,
20101].

[5] The ISCCP and MODIS projects report the position of
cloud top in pressure coordinates while the MISR project
reports the altitude of cloud top in distance above the surface
(i.e., meters). In many of the comparisons in this article we
convert the MISR cloud top altitude to an equivalent cloud
top pressure. We use the expression cloud top pressure
(CTP) when referring explicitly to cloud top in pressure
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Figure 1. Depiction of cloud parallax with and without
cloud motion/clouds winds [from Marchand et al., 2007].

coordinates, and use the expression cloud top height (CTH)
in a more general sense to mean either cloud top pressure or
cloud top altitude.

2. Description of ISCCP, MISR, and MODIS
Retrievals

2.1. International Satellite Cloud Climatology Project

[6] Since July of 1983, ISCCP has been collecting data
from a suite of weather satellites (both geostationary and
polar orbiting) and has used these data to generate joint
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histograms of cloud top pressure (CTP) and cloud optical
depth (OD) [Rossow and Schiffer, 1999]. ISCCP uses the
observed infrared (IR) brightness temperature to determine
cloud top temperature, from which cloud top pressure is
inferred using an atmospheric profile that relates tempera-
ture to pressure. This approach initially assumes the cloud
top is opaque (radiates like a blackbody) and entirely covers
the satellite pixel over which the retrieval is applied. If,
however, the cloud is found to have a low optical depth, the
cloud top height is later adjusted based on the retrieved
optical depth. The optical depth is determined from a single
narrow-band visible channel near 0.6 um, except over snow
and ice where 3.75 um observations are also used. The
retrieval assumes a single-layer cloud composed of either
10 pm (effective radius) water droplets (when the cloud
top IR temperature is 260 K or greater) or 30 um (effective
radius) ice crystals (with an aggregate-like shape). The
conversion of observed radiance to optical depth is based on
one-dimensional radiative transfer and aerosols are not
considered. The contribution of the surface to the observed
visible radiance is modeled using observations gathered at
other times, which are identified as clear-sky, in combination
with an anisotropic model over the oceans and an isotropic
surface assumption over land areas. The clear or cloud
identification is based on a combination of visible reflectance
and infrared brightness thresholds determined from a statis-
tical analysis of observations gathered over an extended
period.

2.2. Multiangle Imaging Spectroradiometer

[7] MISR is one of five instruments (including MODIS)
on board the NASA Terra satellite, which was launched in
December of 1999 [Diner et al., 2002, 2005]. The Terra
satellite is in a Sun-synchronous orbit with an equatorial
crossing time of about 10:30 A.M. The MISR instrument
consists of nine cameras, each of which makes images with
approximately 275 m sampling in four narrow spectral
bands located at 443, 555, 670, and 865 nm. These cameras
collect data at nine view angles (nadir plus 26.1, 45.6, 60.0,
and 70.5 degrees forward and aft of the direction of flight).

[8] MISR determines cloud top height (CTH) using a
stereo-imaging technique, as depicted in Figure 1 [Moroney
et al., 2002; Muller et al., 2002]. A significant advantage of
the MISR CTH retrieval is that the technique is geometric
and is not sensitive to the actual value of the observed
radiances (i.e., the sensor calibration). The MISR CTH
retrieval has been the focus of several studies including
those by Marchand et al. [2007], Naud et al. [2002, 2004,
2005], Seiz et al. [2006], and Marchand et al. [2001]. These
studies show that when a cloud is detected, the cloud top is
found with little bias and a standard deviation of about
1000 m. The dominant source of error in the height retrieval
comes from errors in the wind correction (or lack thereof).
We will discuss the impact of this uncertainty on the joint
histograms further in the next section. The MISR retrieval
for optical depth is similar to that of ISCCP in that the
optical depth is retrieved from the observed visible radiance
assuming a one-dimensional single-layer cloud with a fixed
effective radius and no aerosols. The MISR OD retrieval
differs from ISCCP in that it is only run over ocean surfaces
and is based on observations at 865 nm, which has relatively
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little surface reflectance over the deep oceans. The optical
depth retrieval is only run for pixels determined to be cloudy
(with high confidence) by the MISR radiometric cloud
mask, described by Zhao and Di Girolamo [2004], and is
restricted to ice-free oceans. Additional details on the MISR
CTH-OD data set, including a brief examination of view
angle dependence, are given in Appendix A.

2.3. Moderate Resolution Imaging Spectroradiometer

[v] MODIS is a 36-channel scanning radiometer with the
channels (or bands) distributed between 0.415 and 14.235 ym
[King et al.,2003]. A MODIS instrument is on board both the
NASA Terra and Aqua platforms. In this evaluation, we use
only data from MODIS Terra. In the operational MODIS
cloud retrieval (product name MODO06 for MODIS Terra),
the optical depth and effective radius are determined simul-
taneously at 1 km [Platnick et al.,2003]. This is accomplished
using a combination of measurements in two bands. One band
is in the shortwave infrared (1.6, 2.1, or 3.7 pm) where
condensed cloud water has some absorption, while in the
second band water is practically nonabsorbing (0.65, 0.86,
or 1.2 um). The nonabsorbing band primarily constrains the
optical depth while the shortwave infrared band adds particle
size information. The nonabsorbing band is chosen to min-
imize the underlying surface reflectance with 0.65, 0.86,
and 1.2 um chosen for land, ocean and ice/snow surfaces,
respectively. The MODIS cloud top pressure retrieval is
based on a combination of techniques. A CO, slicing tech-
nique is used to determine cloud top pressure for clouds
above about 700 hPa while the cloud top pressure for low
clouds is determined in a similar way to ISCCP, using the
MODIS 11 pm band IR temperature in conjunction with
NCEP Global Data Assimilation System (GDAS) tempera-
ture profiles [Menzel et al., 2008].

[10] While the operational MODIS cloud mask (MOD35)
is used by MODO06, not every pixel identified as cloudy in
the 1 km MOD35 cloud mask is processed to obtain an
optical depth and effective radius. In MODIS Collection 5,
retrievals are attempted only for 1km pixels that (1) do not
constitute the edge of a cloud as detected by the MOD35
cloud mask, (2) when over ocean, have a minimum of 50%
of the 250 m pixels flagged as cloudy in the MODIS 250 m
cloud mask, and (3) pass a variety of spectral tests for
removal of questionable heavy aerosol or glint scenes.
Because of this additional screening (referred to as “clear
sky restoral” in MODIS documentation) the fraction of
MODO06 pixels with a retrieved optical depth will be less
than the cloud fraction that one would determine from the
MOD35 cloud mask. As we will see later, the reduction
is significant. Fundamentally, this reduction in coverage
represents a choice on the part of the MODIS team to
include only high-quality cloud property retrievals in their
global summaries and the strength of the MODIS data set
lies in its ability to provide estimates for cloud effective
radius and other parameters that are not available or can’t be
as accurately determined by other satellite imagers.

[11] The MODIS CTH-OD histograms examined in
section 4 are taken from the MODOS8 (Level 3) monthly 1°
gridded global summary product. In this article, we examine
only the MODO08 ISCCP-like histograms of cloud top
pressure and optical depth. The MODOS product contains
a variety of data summaries including joint histograms with
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effective radius. Additional details regarding MODO06 and
MODO08 data sets are given in Appendix B.

3. Case Studies

[12] Before comparing cloud top height and optical depth
histograms directly, we first examine the ISCCP, MODIS,
and MISR retrievals that go into these histograms for several
commonly occurring cloud types in order to provide some
insight into the algorithms. While only a few examples are
shown, we have observed characteristically similar results
from many scenes drawn from orbits that passed over the
Pacific and Atlantic oceans and (as will be discussed) these
differences are expected outcomes the retrieval algorithms.

[13] All of the data shown in this section are taken from
the ISCCP DX, MODIS MODO06 (collection 5) and MISR
TC-STEREO (version F08) pixel-level products. Since
MISR and MODIS sensors both fly on the Terra platform,
comparisons between the two data sets are straightforward,
as they observe the cloud scene at essentially the same time.
The ISCCP DX data are taken from the GMS or GOES
satellites gathered within 10 to 40 min of the Terra overpass.
The ISCCP pixel-level DX data set is a spatially sampled
version of the ISCCP data binned in the ISCCP D1 and D2
global summary data sets. The ISCCP retrieval is run
at about 4 km resolution (at nadir; much lower as one
approaches the edge of the sensor swath) and sampled
roughly every 30 km to form the DX data set. In order to
display images of the ISCCP data, we have mapped the
ISCCP DX data onto the MODIS grid using a nearest
neighbor approach. This is only for display purposes.

[14] In the remainder of this section, we examine three
commonly occurring situations: (1) stratocumulus, (2) trade
cumulus (broken boundary layer cloud), and (3) multilayer
cloud featuring an optically thin upper-level cloud.

3.1.

[15] Figure 2a shows an example of a stratocumulus cloud
deck observed on April 25, 2001, (MISR orbit #7200,
MODIS overpass 1900 UTC) off the coast of California,
along with the associated ISCCP, MODIS and MISR
retrieved cloud top pressures shown in Figures 2b, 2c¢, and
2d. MISR retrieves the distance above the surface in meters
and in Figure 2d this has been converted into approximate
pressure using NCEP reanalysis. Figure 2d shows that
MISR retrieves a notably lower cloud height (larger cloud
pressure) for this cloud deck than either ISCCP (Figure 2b)
or MODIS (Figure 2c). For low clouds both ISCCP and
MODIS use the IR brightness temperature to determine
cloud top temperature, from which cloud top pressure is
inferred using an atmospheric profile that relates tempera-
ture to pressure. However, stratocumulus clouds often exist
under temperature inversions (which are sometimes quite
large). The atmospheric profiles used to convert tempera-
ture to height frequently do not capture the strength or
position of the inversion well, with the result that the
estimated cloud top pressure is frequently biased low for
these clouds. The sensitivity of IR techniques (from both
imagers and sounders) to uncertainty in temperature profiles
has long been recognized [e.g., Wielicki and Coakley, 1981,
Stubenrauch et al., 1999; Wang et al., 1999; Menzel et al.,
2008; Garay et al., 2008; Holz et al., 2008; Harshvardhan

Stratocumulus
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Figure 2. Cloud top pressure (CTP) retrieved by ISCCP, MODIS, and MISR for a California stratocu-
mulus cloud observed on 25 April 2001 (MISR orbit number 7200). (a) MISR nadir view of cloud field at
865 nm, (b) ISCCP retrieved CTP, (¢) MODIS (collection 5) retrieved CTP, (d) MISR retrieved height
(converted into approximate pressure using NCEP reanalysis), and (e) ISCCP retrieved CTP using the

lapse rate technique.

et al., 2009]. Wang et al. [1999] examined low clouds (pri-
marily stratocumulus) during the ASTEX experiment and
found a systematic 50-70 hPa low bias in the ISCCP cloud
top pressures, while Menzel et al. [2008] (examining other
data) noted errors in cloud top pressure up to 200 hPa. This
larger error is consistent with what we observe in this
example. The mean MISR cloud top pressure for the scene
shown in Figure 2a is 971 hPa, while ISCCP retrieves a
mean cloud top pressure of 776 hPa and MODIS 773 hPa.
Averaged for all overpasses in June, July, and August, we
find an average difference of about 175 hPa (roughly
equivalent to 1.5 km in altitude) between MISR and ISCCP
at this location. Even at the coarse vertical resolution used in
the ISCCP (and MODIS) CTP-OD histograms, this bias is
significant, causing cloud top to place one and sometimes
two bins too high in altitude. In recently published com-
parisons of MODIS retrievals with active sensors, Holz et al.
[2008] found that MODIS systematically overestimated

CTH by more than 1 km for marine stratus when compared
with spaceborne lidar observations from CALIPSO, while
Garay et al. [2008] documented a 1.4 to 2 km bias in ISCCP
and MODIS cloud top heights for stratocumulus off the west
coast of South America, using ship-borne millimeter-
wavelength cloud radar. Garay et al. also found essentially
no correlation in the change of cloud top height from
overpass to overpass between the radar and IR retrieved
cloud tops. MISR observations for the area were found to be
quite good with essentially no bias for the MISR wind-
corrected heights and a bias of less than 300 m for the MISR
heights without wind correction. The MISR results also
showed good correlation (0.7 to 0.8) with changes in cloud
top height from overpass to overpass.

[16] Comparison of MISR cloud top heights for low
clouds with ground-based millimeter-wavelength cloud
radar at U.S. Department of Energy Atmospheric Radiation
Measurement sites in the U.S. Southern Great Plains, Barrow
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Alaska, and Nauru Island in the tropical western Pacific
have likewise shown good performance for both stratiform
and broken clouds [Marchand et al., 2007]. The MISR
retrieval does, however, have a couple of limitations that
affect its overall performance about which the user should
be cognizant. Perhaps most significant is that (in the MISR
operational code) the wind correction is assumed to be
constant on domains of 70.4 km? and the retrieval of wind
speed is sometimes noisy (primarily due to difficulties in
running the pattern matching algorithms with oblique view
angles). This causes the blocky or mottled appearance of the
MISR retrieval in Figure 2d. In a comparison with radar-
wind-profiler observations, Hinkelman et al. [2009] found
the MISR wind retrievals have little bias but a root mean
square error of about 2.5 m/s in the east-west direction and
4.5 m/s in the north-south direction compared with radar
wind profiler data collected over the central United States.
Only the component of the cloud velocity along the satellite
ground track affects the height retrieval (which is close to
north-south except at high latitudes). For the MISR opera-
tional code, each 1 m/s error in the along-track wind
retrieval produces an error of about a 100 m in the cloud top
height. In regard to the MISR joint histograms of cloud top
height and optical depth, this means that some fraction of the
counts in each cloud top height bin will be placed one bin
too low or too high. In principal, this could approach 50% if
the actual cloud tops in a given region predominantly occur
close to one of the bin boundaries but typically should be
less than about 30%. Also, because the wind retrieval is not
always successful, the MISR histograms are constructed
using the MISR height retrieval without wind correction
when necessary, so there is likely to be a small bias in cloud
top heights in locations with a predominant wind direction
in the along-track direction.

[17] An alternative method for determining the cloud top
pressure for ISCCP (or MODIS) is to assume a fixed tem-
perature lapse rate (change in temperature with height)
rather than relying on reanalysis (or IR soundings) to relate
temperature to pressure [see Minnis et al., 1992]. We note
that while the ISCCP code given to users to read the D2
cloud product (the “D2READ” program) provides a utility
to calculate the cloud top pressure from the cloud top
and surface temperatures (using a constant lapse rate of
6.5°K/km) this program only converts the one-dimensional
cloud top temperature distribution to a cloud top pressure
distribution and does not correct the low clouds in the joint
histograms of cloud top pressure and optical depth stored in
the either the ISCCP D1 or D2 data sets. Figure 2¢ shows
that the ISCCP cloud top pressure based on the lapse-rate
technique produces a cloud top pressure (CTP) in much
closer agreement to the MISR results. The mean CTP for the
ISCCP lapse rate approach is 976 hPA, in good agreement
with the average MISR value of 971 hPA. Wang et al.
[1999] also noted a significant improvement using the
lapse rate approach. However, these authors noted that much
of the improvement in the cases they examined was due to
compensating errors in the surface to cloud top temperature
difference (wrong by ~2.5° K) and the actual lapse rate
(observed to be ~8.3°/km). Garay et al. [2008] also found
that the lapse rate technique represented a large improve-
ment on average, but noted that observed lapse rate varied
significantly from one Terra overpass to the next and ranged
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from 6.1 to 9.4°/km. Thus while one may be able to remove
the bias by applying a fixed lapse rate, the spread (or dis-
tribution) of retrieved cloud top pressures may not be cor-
rectly captured using this approach. It is also likely that
different locations will require different lapse rates in order
to generate unbiased results.

3.2. Trade Cumulus/Broken Clouds

[18] In areas dominated by broken boundary layer clouds,
we find that differences in the joint histograms of cloud top
height and optical depth are largely driven by which pixels
are determined to be cloudy by the detection algorithm,
which of these have been deemed suitable for retrieval, and
which have given rise to successful retrievals. Figure 3
shows retrieval results for a scene dominated by trade
cumulus (Figure 3a), which was located to the southwest of
the stratocumulus scene just examined along the same orbit
(MODIS overpass 1910 UTC). Figures 3b, 3c, and 3d show
the associated ISCCP, MODIS and MISR cloud top height
retrievals, while Figure 3e shows the difference between the
MODIS and MISR cloud top heights (for those areas where
both are retrieved). Pixels without a retrieval are shown in
white (which can occur because the pixel was determined to
be clear or otherwise unsuitable for retrieval or because the
retrieval failed).

[19] The associated joint histograms of cloud top height
and optical depth for this scene are shown in Figure 4. All
of these histograms are constructed from the pixel-level
retrievals using only the area commonly viewed by all three
sensors (i.e., only the area viewed by MISR). Figures 4a and
4b show the ISCCP and MODIS histograms, respectively,
while Figures 4c and 4d show histograms constructed from
MISR retrievals. In Figure 4c the MISR data are displayed
using 16 vertical altitude bins (the format used in the
operational MISR code), while Figure 4d shows the same
result mapped onto the ISCCP and MODIS format to sim-
plify comparison with these other data sets. The label “NR”
stands for no retrieval and accounts for pixels for which
there is a height retrieval but no optical depth retrieval or
vice versa. At the top of each plot in Figure 4 is listed the
total Cloud Fraction (CF), or more precisely, the fraction of
pixels with a cloud retrieval relative to the total number of
pixels. For MISR and MODIS, the fraction of pixels with
either an optical depth or a cloud top height retrieval is given,
followed by the fraction of pixels where both retrievals are
present. For ISCCP there is always an optical depth retrieval
when there is a cloud top-height retrieval. For this scene,
ISCCP yields an apparent cloud fraction of 17.5%, MISR
70.5% (with 64.1% having both CTH and OD retrievals)
and MODIS 55% (with only 5.8% having CTH and OD
retrievals).

[20] Both Rossow et al. [1993] and Rossow and Schiffer
[1999] indicate that detection errors appear to be the largest
source of bias in the ISCCP cloud amounts and that the
accuracy of individual determinations of cloud cover depends
on the size distribution of cloud elements. Rossow et al.
[1993] found differences in total cloud amounts between
ISCCP and surface observer reports over the tropical ocean
to be less than 5% (on average) with ISCCP cloud fractions
being somewhat larger (see Rossow et al.’s Table 3). When
isolated to small broken cloud cases, however, they found
ISSCP produced cloud fraction estimates that are too small
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Figure 3. ISCCP, MODIS, and MISR retrievals for trade cumulus clouds observed on 25 April 2001
(MISR orbit number 7200). (a) MISR nadir view of cloud field at 865 nm, (b) ISCCP retrieved CTP,
(c) MODIS (collection 5) retrieved CTP (5 km scale), (d) MISR retrieved height (converted into approx-
imate pressure using NCEP reanalysis), (e) difference between MISR and MODIS CTP (where both
retrieve a value), and (f) MODIS clear-sky restoral flag (value of 0 means cloud retrieval is attempted,
other values indicate reason that pixel is treated as clear sky; see text for details). The combination of
all categories in the image constitutes the 1 km MOD?35 cloud mask. (g) MISR retrieved optical depth,

and (h) MODIS retrieved optical depth.
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Figure 4. Joint histograms of cloud top height and optical depth for scene shown in Figure 3. Results for
(a) ISCCP, (b) MODIS, (c) MISR, and (d) MISR mapped onto ISCCP/MODIS vertical pressure grid.

by about 4% (on average) and had a large root mean square
uncertainty of 25%. Because one expects that some imager
pixels will be partially cloudy, the fraction of pixels that
contain at least some cloud should be larger than the true
area covered by clouds. We will discuss this further in
section 5. As the comparison here makes clear, ISCCP does
not detect as much small trade cumulus as either MODIS or
MISR. The scene examined here represents a particularly
striking (or worse case) example with many small cloud
elements (many barely detectable in the MISR 275 m
imagery; see Figure 3a). On monthly or regional scales,
Rossow et al. suggest a resulting root mean square uncer-
tainty (and bias) of less than 10% for this cloud type. While
we consistently find that ISCCP detects less cloud in areas
with small broken clouds (at all latitudes, not just for trop-
ical trade cumulus), we will show later that on a zonally
averaged basis, the difference between ISCCP and MISR is
about 10% or less.

[21] Figures 3g and 3h show the MISR and MODIS cloud
optical depth retrievals. The MISR optical depth retrieval
only fails when the observed 865 nm radiances are less than
the estimated surface contribution. This can occur because
the MISR radiometric cloud mask includes a spatial het-

erogeneity test, which causes relatively dark pixels (such as
cloud shadows, for example) to sometimes be flagged as
clouds. In general, failures of the stereo-height retrieval are
more common. For this scene the height retrieval was
unsuccessful for a little over 6% of the total pixels while the
optical depth retrieval failed for only 0.5% of the pixels.
MODIS, which simultaneously determines both the cloud
optical depth and effective radius, does not process a sig-
nificant number of pixels that were flagged as cloudy by the
MOD35 cloud mask (categories 1-3 in Figure 3f). As
mentioned in section 2, the MODIS retrieval is not applied
to pixels on the edge of a MOD35 cloud (category 1 in
Figure 3f) or partly cloudy pixel in the 250 m cloud mask
(category 3). Figure 3f shows that edge pixels comprise a
large percentage of all cloudy pixel in this scene. For this
particular scene, only 5.8% of the MODIS pixels (relative to
the total pixels) have an optical depth retrieval. The clouds
with a MODIS optical depth retrieval are generally more
reflective and appear to have higher cloud tops (as deter-
mined by MISR) than the clouds without a MODIS optical
depth (see Figures 3a and 3e). The tendency for the brighter
clouds to have higher cloud tops is captured in the MISR
CTH-OD histogram (Figure 4c) which uses 500 m vertical
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bins near the surface. This appears to be a general charac-
teristic of trade cumulus [Zhao and Di Girolamo, 2007].

[22] The retention of optical depths by the MISR and
ISCCP project for these broken cloud fields should not be
taken to imply that the MISR or ISCCP retrievals have
accurately retrieved the true optical depth of these clouds.
The scattering of visible light by these clouds is funda-
mentally three-dimensional and satellite retrievals based on
one-dimensional theory will not generally yield accurate
results [see, e.g., Evans et al., 2008]. As such, the counts (or
cloud fractions) in the low-optical depth region of the MISR
and ISCCP histograms often denote the presence of partially
filled pixels and the retrieved optical depth is perhaps best
regarded as 1D equivalent optical depth (at a scale of one to
a few km).

3.3. Thin Cirrus and Multilayer Clouds

[23] Optically thin cirrus and multilayer clouds involving
such cirrus are common and often challenging for satellite
retrievals. Figure 5 shows an example of this cloud type
observed on May 10, 2001 (MISR orbit 7433, MODIS
overpass 1900 UTC). Figures 5a and 5b show the MISR
865 nm reflectance from the MISR nadir and 60° forward
viewing cameras, respectively. Figures 5a and 5b reveal a
scene covered by a horizontally extensive cirrus cloud.
While the 865 nm reflectance varies over the scene, most of
the cirrus cloud is transparent enough that low-level clouds
are casily observed beneath the cirrus, especially in the
lower third of the image where a weak convergence line is
visible. The MISR 60° forward view more clearly reveals
the cirrus cloud, because the cirrus cloud preferentially
forward scatters solar photons in this direction and because
photons reflected from the surface or lower clouds must
travel twice the distance through the cirrus cloud (twice the
path length), which decreases the likelihood they can reach
the satellite without being redirected by the cirrus cloud.
Figures 5c, Se, and 5f show the associated ISCCP, MODIS,
and MISR cloud top height retrieval. Figure 5d shows the
ISCCP cloud top height prior to the application of the
“visible adjustment” portion of the ISCCP algorithm, which
we will describe in more detail below, and Figure 5g shows
the difference between the MISR and MODIS retrieved
cloud top pressures.

[24] In Figures 5c—5f, the red rectangle highlights the
location of a multilayer cloud region in which the ISCCP,
MODIS, and MISR cloud top height retrievals produce
starkly differing results. Because the MISR stereo-imaging
retrieval is based on pattern matching in multiple views, the
MISR retrieval preferentially returns the height of the low-
level clouds (whose reflectance varies more strongly than
the cirrus cloud at 275 m resolution and thereby generates a
strong pattern). The CO, technique used by MODIS, on the
other hand, is sensitive to subtle differences in the cirrus
cloud infrared transmittance/emission (rather than the loca-
tion from which most of the visible wavelength photons are
reflected back toward space) and the MODIS retrieval is
able to estimate the height of the upper cirrus cloud. Within
the red rectangle, in only one small area is the cirrus suffi-
ciently thin that the MODIS CO, slicing retrieval doesn’t
succeed and the MODIS algorithm switches to the simpler
(ISCCP-like) single-channel brightness temperature tech-
nique. For this same area, the ISCCP retrieval produces a

MARCHAND ET AL.: ISCCP, MISR, AND MODIS CTH-OD HISTOGRAMS

D16206

cloud top pressure largely between 500 and 600 hPa (an
altitude between the cloud layers where it is unlikely that
any actual cloud condensate exists). It has long been
understood that both the single-channel brightness temper-
ature technique and the CO, slicing technique can produce
cloud top pressures that are too large in multilayer cloud
situations when the upper-level cloud is sufficiently thin that
it does not radiate like a thermal blackbody (that is, it has an
emissivity significantly less than one) and the observed
infrared temperature is increased by emissions from the
surface or lower clouds which penetrate the upper-level
cloud [Baum and Wielicki, 1994; Jin and Rossow, 1997,
Stubenrauch et al., 1999; Rossow et al., 2005]. In both the
ISCCP and MODIS retrievals, clouds are effectively
assumed to be single layered and in multilayer cases the
retrieved cloud top pressure responds to the radiative mean
between the two cloud layers. As this example shows, the
effect is much larger in the single-channel brightness tem-
perature approach than with the CO, slicing approach,
which depends on measurements in two infrared channels.
A similar result was found by Holz et al. [2008] when
comparing MODIS retrieved cloud top pressures with
spaceborne lidar observations (from CALIPSO). Nonethe-
less, the MODIS retrieval does produce some cloud top
pressures between the two layers even when the MODIS
CTP retrieval flag indicates that the CO, retrieval technique
was used in the retrieval. This often occurs in the vicinity
of transitions where MODIS switches between the CO,
retrieval technique and the single-channel brightness tem-
perature technique. In the current scene, this is most
noticeable around the edges of the low clouds in the top left
corner of Figure Se (where the cirrus appears to be patchy
and thin) and may well be a result of averaging of the
MODIS 1 km observations (at nadir) to a 5 km (5 x 5 pixel)
grid prior to running the cloud top pressure retrieval [Menzel
el al., 2008]. This effect was much less evident in the earlier
MODIS collection 4 retrievals where such averaging was
not used (not shown). While the differing responses of the
ISCCP, MODIS, and MISR retrievals to multilayer clouds
complicate comparisons of these data with model output, the
differences also provide insight into the relative importance
of these clouds. As we demonstrate in section 4, we can take
advantage of the differences between the data sets to char-
acterize the amount of multilayer cloud.

[25] For single-layer cirrus, ISCCP, MODIS, and MISR
appear to have roughly similar detection limits with esti-
mates for the minimum detectable optical depth (at visible
wavelengths) varying between about 0.1 and 0.4 [Ackerman
et al., 2008; Dessler and Yang, 2003; Marchand et al.,
2007; Rossow and Schiffer, 1999; Whiteman et al., 2001].
The detection is generally better over dark water surfaces
than land surfaces. In a comparison of the MODIS cloud
mask with airborne high spectral resolution lidar observa-
tions, Ackerman et al. [2008] found that 60% of failed
detections occur when the cloud optical depth was less than
0.2, and 90% of the failed detections occur when the cloud
optical depth was less than 0.4. Figure 5g plots the differ-
ence between the MISR and MODIS retrieved cloud top
pressure. In areas with single-layer cirrus, the MISR and
MODIS retrievals largely agree to within 50 hPA (roughly
equivalent to 1.5 km at this attitude). While in some areas
the MISR cloud top pressure is larger than MODIS (e.g.,
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Figure 5. ISCCP, MODIS, and MISR retrievals for a multilayer cloud scene. (a) MISR nadir view of
cloud field at 865 nm, (b) MISR 60° aft view, (c) ISCCP retrieved CTP, (d) ISCCP retrieved CTP before
visible adjustment, () MODIS (collection 5) retrieved CTP, and (f) MISR retrieved height (converted into
approximate pressure using NCEP reanalysis). (g) Difference between MISR and MODIS retrieval of
CTP, and (h) MODIS retrieved optical depth (collection 5). The red rectangle denotes an area with pri-
marily multilayer cloud, while black arrows indicate the location of pixels whose height has been assigned
to the tropopause (see text).

throughout much of the center of the scene), in other areas  correction, as well as the physical and optical thickness of
the MISR cloud top pressure is smaller. Whether MODIS or  the cirrus layer and the vertical distribution of extinction.
MISR retrieves a higher cloud top appears to involve a The lack of a wind correction can result in MISR retrieving
variety of factors including the accuracy of the MISR wind either a higher or lower cloud top depending on the wind

9 of 25



D16206

direction. In a comparison of MISR and MODIS heights
with ground based cloud radar at two sites, Naud et al.
[2005] found that MISR and MODIS cloud pressures (for
high-altitude clouds) usually agreed to within 1 km with an
average difference between the two of 200 m. Both MISR
and MODIS cloud top retrievals tend to be located below
true cloud top for “diffuse” topped clouds [Frey et al., 1999;
Marchand et al., 2007; Menzel et al., 2008; Naud et al.,
2002, 2004, 2005]. Marchand et al. [2007] found MISR
cloud top heights tend to be located within the volume filled
by cloud (rather than true cloud top), typically 500 to 1500 m
below true cloud top (as identified by cloud radar or lidar)
often near the level where the cloud optical depth reaches 1 to
2 (when the cloud optical depth exceeds one). For single-
layer clouds, the same is true of MODIS cloud top heights
[Menzel et al., 2008; Holz et al., 2008].

[26] For single-layer cirrus, the ISCCP cloud top pressure
is generally a bit higher (cloud top is slightly lower in
altitude) than either the MISR or MODIS retrievals, but
there are a few ISCCP pixels where the cloud top pressure is
notably lower (cloud top is much higher in altitude). Black
arrows in Figure 5c identify several pixels where ISCCP
indicates very low cloud top pressures. This combination of
pixels with both low and high cloud top biases occur
because the cirrus cloud emissivity is less than one and the
observed ISCCP infrared brightness temperature is larger
than it would be if the cirrus cloud was a blackbody (that is,
larger than the temperature of the atmosphere at the altitude
where the cirrus is located). The ISCCP retrieval algorithm
must therefore correct for the emission through such thin
cloud. It does so by approximating the cloud optical depth in
the infrared from the retrieved optical depth at visible
wavelengths and then estimating the contribution of the
surface emission to the observed brightness temperature.
This correction is known as the visible adjustment and is
important because a large fraction of all high clouds have an
emissivity significantly less than one. Figure 5d shows the
ISCCP retrieved cloud top pressure prior to the visible
adjustment. Comparing Figures 5c¢ and 5d shows that the
visible adjustment produces a large change in the retrieved
cloud top pressure in the areas covered by only the single-
layer cloud, but little difference for the multilayer cloud in
the area highlighted by the red rectangle. In the multilayer
region the lower cloud visible reflectance is large compared
with the thin upper-level cloud. This results in a relatively
large optical depth and no significant change in the retrieved
cloud top pressure because the algorithm depends on the
total column optical depth, essentially falsely assuming a
single-layer cloud, and the cloud appears to be too thick for
the surface to have significantly influenced the observed
temperature. In the single-layer cirrus region, the visible
adjustment procedure produces a large improvement in the
retrieved cloud top pressure though the correction often
appears to be too small (retrieved cloud top remains too low
in altitude). In comparison with retrievals from the Strato-
spheric Aerosol and Gas Experiment II (SAGE II) satellite (a
limb viewing sensor), Liao et al. [1995] determined that
clouds with “diffuse cloud tops” are encountered above
440 hPA level almost 70% of the time in the tropics, with
ISCCP retrieving a “radiative” cloud top pressure that is
150 hPA too large on average, and about 30-40% of the
time at higher latitudes with an average discrepancy of about
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50 hPA. In a few pixels, however, the adjustment appears to
have been much too large (see black arrows). In these pixels,
ISCCP detects the cloudy based on its IR threshold while the
visible reflectance is very close to the expected clear-sky
value. In this situation, ISCCP is generally unable to accu-
rately determine the optical depth. As a result, the ISCCP
algorithm assigns the cloud top temperature to the expected
tropopause temperature minus 5 K (with a resulting cloud
top pressure near the tropopause).

[27] Figure 6 shows the resulting joint histograms of cloud
top height and optical depth for the scene shown in Figure 5.
As one would expect from the above discussion, ISCCP
(Figure 6a) falsely identifies more midlevel cloud than either
MODIS (Figure 6b) or MISR (Figure 6¢). This includes
most of the cloud with optical depths larger than 10 (mul-
tilayer clouds). In the ISCCP thinnest optical depth column
(0—1.3), the clouds tend to be either biased low or have been
assigned to the lowest pressure bin (the upper left corner of
the CTP-OD histogram). MODIS and MISR place the cirrus
at about the same altitude, with MISR identifying much
more low cloud. Unlike the case for broken boundary layer
clouds (Figures 3 and 4), MODIS successfully retrieves an
optical depth for most of the thin cirrus (see Figure Sh),
although about 10% of the optically thinnest cloud (identi-
fied in the MODIS MOD35 cloud mask) is still not
included. The impact of the missing MODIS retrievals on
the distribution of cloud optical depth is highlighted in
Figure 6e, which shows that the MODIS histograms contain
somewhat less optically thin cloud relative to ISCCP or
MISR. While potentially significant, the amount of missing
thin cloud is much smaller for high clouds than low-level
clouds (see section 3.2). There are also some areas (about
6% of the pixels) where the MISR stereo height retrieval is
not successful (these pixels are shown in white in Figure 5f).
These missing patches seem to have little impact on the
overall MISR cloud top height or optical depth distributions.
While MISR sometimes fails to retrieve a CTH because a
cloud is unusually featureless (and no stereo matching is
possible) more often (as is the case here) it fails in geomet-
rically complex regions adjacent to multilayer clouds. The
distributions of the cirrus cloud properties in the missing areas
tend to be similar to the retrieved areas (that is, the cirrus
appear to be randomly overlapped with the low cloud) and
so the estimated distributions are largely unaffected.

4. Comparison of ISCCP, MODIS, and MISR
CTH-OD Histograms

[28] Following ISCCP, the MODIS and MISR projects
have created simple global summaries of cloud top heights
and optical depths by constructing two-dimensional (or
joint) histograms of these two retrieved quantities. In this
section, we examine the ISCCP D2, MODIS MODO0S, and
MISR CTH-OD global data sets for 2001. We begin with
the North Pacific, and follow this with discussion of the
global distributions of total and low-level cloud occurrence,
midlevel and multilayer cloud occurrence, and finally end
with high altitude clouds and the tropical western Pacific.

4.1. North Pacific

[20] Figures 7a, 7b and 7c shows the joint histograms of
cloud top height and optical depth produced by ISCCP,
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Figure 6. Joint histograms of cloud top height and optical depth for scene shown in Figure 5. (a—d) Same
as Figures 4a—4d. (e) Comparison of the distribution of cloud optical depth for all three data sets.

MODIS, and MISR, respectively, for the North Pacific (30°
to 60° N, 140° W to 160° E) for 2001. The MISR opera-
tional histograms (Figure 7c) use 16 height bins, giving a
somewhat more detailed picture of the vertical structure. To
facilitate comparisons among the projects, in Figure 7d we
have mapped the MISR histogram on to the pressure grid
used by ISCCP and MODIS (using monthly averaged NCEP
reanalysis pressure profiles for this region and assuming
cloud tops are uniformly distributed in each MISR height

bin when a MISR height bin straddles a pressure bin
boundary). The MODO8 product also has finer bin resolu-
tion product (not shown). All three projects use basically the
same optical depth bin boundaries, although the MISR and
MODIS projects have divided the first optical depth bin
used by ISCCP (0.02 to 1.3) into two bins (0 to 0.3 and 0.3
to 1.3) to facilitate comparison with models, because all
three satellites frequently fail to detect clouds with optical
depths smaller than about 0.3. A description of all bin
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Figure 7. Joint histograms of cloud top height and optical depth from (a) ISCCP, (b) MODIS, and
(c) MISR for the North Pacific in 2001. (d) MISR result mapped onto the MODIS/ISCCP vertical pres-
sure grid. (e) Comparison of the distributions of cloud optical depth (for cloud with tops at all heights)
from the three projects, and (f) comparison of the distribution of cloud top heights.

boundaries is given in Tables 1a—1c. The MISR operational
histograms also contain a no-retrieval (NR) bin (on each
axis) to represent those cases where a cloud is detected by
the MISR radiometric cloud mask but either no optical depth
was retrieved or no cloud top was retrieved. This feature
is not included in the MODIS operational histograms. In
Figures 7a, 7b and 7c the total retrieval cloud fraction for
each data set is listed at the top. The total fraction (cloud top

at any height) as well as the fraction of High + Middle (H/M)
cloud (pressure < 680 hPA) and Low (L) cloud (pressure >
680 hPa) is given. The total fraction in each category is listed
first, with the fraction having an optical depth above 9.4
given in parentheses. In addition, Figure 7e compares the
distributions of cloud optical depth (for clouds with cloud
tops at any altitude) for all three data sets and Figure 7f
compares the distributions of cloud top pressure. The
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Table 1a. Joint Histogram Bin Ranges for Optical Depth Bins®

Bin Number
1 2 3 4 5 6 7

Optical depth 0-0.3 0.3-1.3 13-3.6 3.6-9.4 9.4-23 23-60 >60

“ISCCP uses 1 less bin, with the first bin optical depth range from 0.02—
1.3. MISR histograms also contain an “NR” (No Retrieval) bin which
indicates how often cloud is identified by the radiometric cloud mask but
the optical-depth retrieval was unsuccessful.

MODIS and MISR cloud fractions and profiles (Figure 7f)
do not include the small percentage of clouds with optical
depths less than 0.3.

[30] While the histograms for all three projects show some
similarities (for example, they all indicate the presence of a
high-altitude optically thick cloud mode and a low-altitude
cloud mode), they also show distinct differences. Figure 7f
shows that MISR identifies significantly more low-altitude
cloud (cloud top pressure > 680 hPA) than ISCCP or MODIS,
while ISCCP identifies more midlevel cloud (cloud top
pressure between 680 and 440 hPA), and MODIS identifies
more high cloud (cloud top pressures above 400 hPA). As
demonstrated in section 3, this characteristic is consistent
with the response of the satellite retrievals to multilayer
clouds where the upper layer is optically thin; ISCCP
retrieves a cloud top height that is frequently biased into
midlevels, whereas MODIS usually identifies the upper-
level cloud and MISR the lower cloud top. We can use the
fact that MISR preferentially “sees” through the thin upper-
level cloud to make an estimate for the amount of such
multilayer cloud. Subtracting the fraction of high-level +
midlevel cloud determined by ISCCP (~48%) from the
fraction of high-level + midlevel cloud found by MISR
(~33%), suggests that 15% of the time clouds in the North
Pacific are multilayered with a low-level cloud and an upper
layer that is thin enough for MISR to “see” through (and
thick enough for ISCCP to detect). Based on an analysis of
MISR stereo heights with radar and lidar retrievals,
Marchand et al. [2007] found that the upper cloud must
typically have an optical depth less than about 1 to 2 for this
to occur.

[31] This estimate is approximate for a variety of reasons
including: (1) ISCCP and MISR data sets are based on
entirely different satellite platforms with different temporal
sampling, (2) it assumes that ISCCP and MISR can both
detect roughly the same amount of single-layer cirrus, and
(3) the estimate may be in error if ISCCP overestimates the
altitude of low clouds (biasing them into midlevels). With
regard to the first concern, we calculated the multilayer
cloud amount using the monthly ISCCP DI 3-hourly

Table 1b. Joint Histogram Bin Ranges for ISCCP and MODIS
Cloud Top Pressure Bins

Bin Number Cloud-Top-Pressure Range

1 0 — 180 hPA

2 180 — 310 hPA
3 310 — 440 hPA
4 440 — 560 hPA
5 560 — 680 hPA
6 680 — 800 hPA
7 > 800 hPA
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Table 1c. Joint Histogram Bin Ranges for MISR Cloud Top
Height Bins

Bin Number Cloud-Top-Height Range
1 No retrieval
2 0-0.5 km
3 0.5-1.0 km
4 1.0-1.5 km
5 1.5-2.0 km
6 2.0-2.5 km
7 2.5-3.0 km
8 3.0-4.0 km
9 4.0-5.0 km
10 5.0-7.0 km
11 7.0-9.0 km
12 9.0-11.0 km
13 11.0-13.0 km
14 13.0-15.0 km
15 15.0-17.0 km
16 >17 km

average (taking the data closest in time to the MISR over-
pass) rather than the ISCCP D2 data set that averages data
from all daylight hours. The difference for the North Pacific
was less than 1% percent, and on a zonally averaged basis
only at high latitudes (above about 60°) were the differences
more than 3% percent. (The ISCCP D2 data set is used for
all discussion and plots in this section). With regard to the
second concern, several studies have found the minimum
detectable optical depth at visible wavelengths for both
ISCCP and MISR to be between about 0.1 and 0.4, with
detection over water being somewhat better, between about
0.1 and 0.2 [Marchand et al., 2007; Rossow and Schiffer,
1999; Whiteman et al., 2001]. We also note that in the
North Pacific, ISCCP and MISR see about the same total
cloud cover with MISR detecting clouds 83% of the time
and ISCCP detecting clouds 82% of the time. This agree-
ment is only likely to happen if ISCCP and MISR are about
equally sensitive single-layer high-level and midlevel
clouds. In principal one data set could be less sensitive to
single-layered high-level and midlevel clouds but compen-
sate by finding more low-level clouds. This may be true to a
small degree, however, if we estimate the amount of single-
layer low cloud in the MISR data set as the total amount of
low cloud detected by MISR (46%) minus the estimated
amount of multilayer layer cloud (15%) we obtain 31%,
which compares well with the total amount of low cloud
found by ISCCP at 34%. (As we will discuss later, it is
likely that ISCCP detects slightly more single-layer thin
cirrus than MISR in the tropics, which will likely cause a
small overestimate in the amount of multilayer cloud in this
region.) The third concern, that ISCCP sometimes over-
estimates the height of low clouds, also does not appear to
be a problem in the North Pacific, as evidenced by the
similar amounts of low cloud identified by the two data sets.
However, as we will discuss later in this section, this is a
significant problem off the west coast of South America.
[32] The MODIS Level 3 product (which only includes
successful optical depth retrievals) contains less total cloud
(~64%) compared with ISCCP or MISR (both just over
80%). Figure 7e shows that the difference is largely due to
the MODIS histogram containing less optically thin cloud.
Based on the case studies presented in previous section,
this is an expected result for both broken low clouds and
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Figure 8. Total cloud cover for 2001 over ocean for (top left) ISCCP, and (top right) MISR, (bottom
right) MODIS (MODOS) obtained from cloud top height and optical depth joint histogram data sets.
MISR and MODIS (MODOS) plots include only clouds with optical depth > 0.3. (bottom left) Compar-
ison of zonal averages (cosine weighted) with global averages shown above the plot. The light blue
dashed line shows cloud fraction from MODIS operational cloud mask product (MOD?35); see text.

optically thin high clouds (optical depths less than 1). We
note that MISR and MODIS distributions of cloud optical
depth are similar for clouds with optical depths larger than
about 9.4, while the ISCCP distribution appears to be
shifted toward lower values. We discuss the shift in the
ISCCP distribution later in this section. Because MISR and
MODIS both detect about the same amount of optically
thick cloud and both detect optically thick high clouds
well, we can estimate the amount of multilayer cloud (and
single-layer low clouds) using MISR and MODIS using
much the same approach applied to ISCCP and MISR earlier
in this section, except restricted to the optically thick portion
of the distribution. Subtracting the fraction of optically thick
high-level + midlevel cloud determined by MODIS (~34%)
from the fraction of optically thick high-level + midlevel
cloud found by MISR (~26%), suggests that 8% of the time
clouds in the North Pacific are multilayered with an upper
layer that is thin enough for MISR to “see” through and the
total column optical depth larger than about 9.4. Because the
MODIS technique shows relatively little tendency to bias
cloud tops into midlevel (unlike ISCCP), we can likewise
estimate the amount of thin high cloud over midlevel cloud

by subtracting the MODIS high-level cloud fraction (with
optical depths larger than about 9.4) from the MISR high-
level cloud fraction. For the North Pacific, this comes to
about 3%.

[33] In summary, the ISCCP, MODIS, and MISR data sets
tell us more about North Pacific clouds than any one data set
on its own. The combination of ISCCP and MISR or
MODIS and MISR enable one to estimate the amount of
multilayer cloud with an optically thin upper-level cloud.
Taken together these data indicate: (1) a total single-layer
low cloud fraction with an optical depth greater than 0.3 of
about 30%, with about 20% or 2/3 having an optical depth
greater than 9.4; (2) a total combined high-level and mid-
level cloud fraction with an optical depth greater than 0.3 of
about 48%, with 34% or a little over 2/3 having a total
column optical depth greater than 9.4; (3) a multilayer cloud
fraction with low cloud below and optically thin high-level
or midlevel cloud of about 15%, with a total column optical
depth greater than 9.4 occurring about 8% of the time; and
(4) a multilayer cloud fraction with midlevel cloud below
and optically thin high and a total column optical depth
greater than 9.4 of about 3%.
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Figure 9. Low (L) cloud cover over ocean (cloud top pressure > 680 hPA) average for 2001 for (top left)
ISCCP, (top right) MISR, and (bottom right) MODIS obtained from cloud top height and optical depth
joint histogram data sets. (bottom left) Comparison of zonal averages with the global (cosine weighted)

average shown above the plot.

4.2. Global Distribution of Total and Low-Level
Clouds

[34] Many of the differences among the ISCCP, MODIS
and MISR data sets examined for the North Pacific are
characteristic over most oceanic regions. Figure 8 shows the
total cloud (retrieval) fraction (with cloud tops at any alti-
tude) in the ISCCP, MISR and MODIS (MOD08) CTH-OD
data sets over ice-free ocean. The MODIS and MISR histo-
grams are compiled on a simple fixed latitude and longitude
grid. The ISCCP histograms are stored on a fixed area grid
and have been interpolated onto a fixed latitude and longitude
grid (using a “nearest neighbor” approach) in Figure 8 and
Figures 9-13 shown in this section. Figure 8 (bottom left)
shows that, zonally averaged, the MISR and ISCCP joint
histograms contain very similar total cloud amounts, espe-
cially in midlatitudes. In the tropics, subtropics and latitudes
poleward of about 55° (in both hemispheres), the MISR data
set has slightly more total cloud. This is due to MISR
detecting more low (L) cloud and more single-layer low
cloud (L*), as shown in Figures 9 and 10, respectively. The
MISR single-layer low cloud (L*) is calculated as the total
MISR low cloud fraction (L) minus the estimated amount
of multilayer cloud, which we discuss further later in this

section. Based on case study analysis, the increase in MISR
low cloud amount is likely due to MISR detecting a much
larger percentage of small or partially filled (subpixel clouds)
in broken cloud conditions. In the subtropics and tropics, the
difference approaches 10% (zonally averaged).

[35] Asexpected, Figure 9 (bottom) shows that the MODIS
(MODOS) joint histogram contains significantly less total
cloud (fewer retrievals) than MISR or ISCCP primarily
because optical depth retrievals are including only those
cloudy elements which are not edge pixels (see section 3.2)
but also because optical depth retrievals are not attempted for
very optically thin cirrus cloud (see section 3.3). Figure 10
(bottom) shows that the later restriction has a large effect
on the amount of low-level cloud in the MOD08 CTP-OD
histograms. The MODIS operational cloud mask (MOD35)
detects a roughly similar amount of total cloud to MISR,
as shown by the light blue line in Figure 8 (bottom left).
The MOD?35 cloud fraction includes all cloud detections,
including those clouds whose retrieved optical depth would
likely be less than 0.3. However, as was observed in the
North Pacific data, the MODIS and MISR total cloud frac-
tions for clouds with optical depths larger than about 9.4 are
very similar in most regions (see Figure 11). Interestingly,
the MODIS and MISR cloud fractions for cloud with optical
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Figure 10. Comparisons of ISCCP Low (L) cloud cover over ocean (cloud top pressure > 680 hPA) with
estimate of single-layer low (L*) cloud cover from MISR (average for 2001). (top left) ISCCP, (top right)
MISR, and (bottom right) difference plot (ISCCP-MISR). MISR L* = MISR L — estimated multilayer
cloud amount (see text and Figure 12). (bottom left) Comparison of zonal averages with the global

(cosine weighted) average shown above the plot.

depths larger than 9.4 differ slightly poleward of about
50° latitude in both hemispheres (see Figure 11, bottom left).
In our case study evaluations we found no cases (including
cases poleward of 50° latitude) where the MODIS and MISR
histograms differed in this way. However, our case study
analysis was restricted to examining MODIS data only on that
part of the swath where MISR data exists. The MISR swath
width is about 400 km, which is much narrower than the
MODIS swath width of about 2300 km. The wider MODIS
swath means that MODIS observes regions more frequently
(at different times of day), at a wider range of solar zenith
and view zenith angles and with lower resolution (larger
pixel sizes) much of the time. However, other factors such as
unrecognized sea ice may also play a role in this difference.
More research will be needed to determine the exact cause.
Whatever the cause, the similarity of the results equatorward
of 50° suggest that the MISR and MODIS (optical depth >
9.4) cloud fractions are likely accurate to a few percent at
these latitudes (over ocean), while the difference poleward of
50° suggest that comparison of these data with model output
should consider them more uncertain (roughly ~5 to 10%).
[36] With regard to the ISCCP distribution of cloud with
optical depths greater than 9.4, Figure 11 (top) shows that

on an annually averaged basis ISCCP detects a similar
amount of optically thick cloud in the tropics and subtropics
to that found by MISR and MODIS, but somewhat less
cloud at midlatitudes (and, to some extent, high latitudes),
especially in the Southern Hemisphere. The ISCCP data
combines observations from both geostationary weather
satellites and polar orbiting satellites (AVHRR), with geo-
stationary weather satellites contributing a large fraction of
the data at midlatitudes and low latitudes. Because geosta-
tionary satellites hover near the equator, the resolution of
most of the ISCCP retrievals at midlatitudes is lower than in
the tropics and the view zenith angle is larger. As a result of
this geometry, a dependence in ISCCP cloud fractions with
latitude has long been recognized [Rossow et al., 1993;
Evan et al., 2007]. At high latitudes (poleward of about
50°), ISCCP relies on polar orbiting satellite observations.
The ISCCP data in Figure 11 (top left) certainly shows a
large change in the amount of optically thick cloud near
50°S in the South Pacific that is not found in the MISR (top
right) or MODIS (bottom right) data sets. Our case study
scenes (which used ISCCP retrievals from geostationary
satellites) for the South Pacific and North Pacific (not
shown) also seem to have a similar shift in the distribution
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Figure 11. Total cloud cover (cloud tops at any altitude) but including only clouds with optical depths

> 9.4. (Plots are as in Figure 9.)

of ISCCP cloud optical depth toward lower optical depths
relative to that retrieved by MISR or MODIS. The shift
seems to occur for both low-level and high-level clouds but
was most distinct for multilayer clouds, which may at least
partly explain why the differences with ISCCP shown in
Figure 11 (bottom left) are larger in the Southern Hemi-
sphere (which as we will see later in this section has more
multilayer cloud). We speculate that this bias (difference) in
optically thick cloud amount between ISCCP and MODIS/
MISR at midlatitudes reflects a bias in optical depth re-
trievals based on one-dimensional radiative transfer with
view and solar zenith angles. Nonetheless, other factors such
as the cloud phase used in the retrieval and horizontal reso-
lution may also be a factor and this topic needs to be studied
further.

4.3. Midlevel and Multilayer Clouds

[37] Over most oceanic regions ISCCP identifies more
midlevel cloud (440 hPA < cloud top pressure < 680 hPA)
than either MISR or MODIS. The relatively large amounts
of midlevel cloud identified by ISCCP are generally due to
bias in the ISCCP retrieval of cloud top when multilayer
clouds are present (see section 3.3, Stubenrauch et al. [1999],
and Rossow et al. [2005]). As a result, we recommend that
comparison of model output with ISCCP data should com-
bine high-level and midlevel cloud amounts (rather than

individually comparing model output to ISCCP high-level
and midlevel fractions).

[38] Figure 12 compares the amount of ISCCP high-level
+ midlevel cloud with MISR high-level + midlevel cloud.
As discussed earlier, the difference between these two
quantities provides an estimate for the amount of multilayer
cloud consisting of a low-level cloud and an optically thin
upper-level cloud. Figure 12 shows that globally averaged
such multilayer clouds occur about 13% of the time, with
notably larger values throughout the tropical warm pool, in
the North Pacific and North Atlantic, and at southern mid-
latitudes especially poleward of 50°. The large multilayer
cloud fraction off the west coast of South America is an
error in the estimate due to the aforementioned bias in
ISCCP cloud tops in stratocumulus regions (see discussion
in section 3.1). A variety of approaches for estimating the
amount of multilayer cloud from satellite have been devel-
oped. Heidinger and Pavolonis [2005] developed a tech-
nique to identify multilayer cloud using NOAA’s Advanced
Very High Resolution Radiometer (AVHRR) data. The
physical basis of their approach is to compare observations
of the 0.63 um reflectance with 10.8—12 pum brightness
temperature difference. For single-layer clouds, plane par-
allel theory predicts a smooth relationship between these
two quantities, which is violated when multiple cloud layers
are present. The authors note that optimal performance of
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Figure 12. Estimate of multilayer cloud fraction from ISCCP and MISR. Includes only multilayer
clouds where the upper-level cloud is optically thick enough for ISCCP to detect (optical depth > ~ 0.3)
and optically thin enough that MISR can “see” through the cloud (optical depth < 1 to 2); see text. Estimate
is given by ISCCP high-level + midlevel (HM) cloud amount minus the MISR high-level + midlevel
(HM) cloud amount. (top left) ISCCP HM cloud fraction, (top right) MISR HM cloud fraction, (bottom
right) multilayer cloud fraction (the difference between the top left and top right plots). (bottom left)
Zonally averaged multilayer cloud fraction with the global (cosine weighted) average shown in panel

title.

this method occurs when a cirrus cloud with an optical depth
between 0.5 and 3 occurs over a lower and warmer cloud
with an optical depth greater than 5. These are roughly the
same conditions under which we have found that the MISR
stereo retrieval will generally identify the altitude of the
lower cloud. Heidinger and Pavolonis found the average
multilayer cloud fraction between 60°N and 60°S to be 12%
with regional values approaching 35% over the tropical
warm pool and over the southern oceans, especially in July,
similar to our result shown in Figure 12 (bottom). Also,
similar to Heidinger and Pavolonis, we find that the global
pattern of ISCCP and MISR multilayer cloud occurrence has
a strong seasonal cycle, with the maximums tracking the
annual shifts in position of the major tropical convective
zones and midlatitude storm tracks (not shown). Chang and
Li [2005] developed a method for identifying multilayer
clouds using MODIS observations from the multispectral
CO;,-slicing channels (13.3, 13.6, 13.9, and 14.2 m) and
conventional VIS and IR window channels. They applied
this technique to MODIS observations from January, April,

July, and October 2001. They found a global multilayer
cloud fraction over ocean of 12.3% and global patterns that
are similar to those found by Heidinger and Pavolonis and to
those shown in Figure 12. Jin and Rossow [1997] developed
a technique to identify multilayer clouds using only
brightness temperature differences in High-resolution
Infrared Radiometer Sounder (HIRS) C0, channels at 13.3,
13.7, 14, and 14.2 pym. They found the frequency of occur-
rence of multilayer clouds over the ocean equatorward of
60° was 25.5% in July 1989 and 20.4% in January 1990. It
is not immediately clear why this estimate is so much larger
than that found by Heidinger and Pavolonis [2005], Chang
and Li [2005] or here. (The article by Jin and Rossow is not
very clear as to whether the multilayer fraction they estimate
is the fraction relative to the total number of observations or
to some other reference, for example, relative to the total
amount of cloud or total amount of high cloud. If the later,
this might partially explain this larger value. All the fractions
stated here are relative to the total number of observations (in
the given region) unless otherwise explicitly indicated.)
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Figure 13. Comparison of high-level cloud amounts (cloud top pressure < 440 hPA), (top left) ISCCP,
(top right) MISR, and (bottom right) MODIS. (bottom left) Comparison of zonal averages with the global

(cosine weighted) average shown above the plot.

[39] Other efforts to determine multilayer cloud occur-
rence over ocean include research by Minnis et al. [2007],
Ho et al. [2003] and Lin et al. [1998], who combine passive
microwave data with passive infrared and visible imagery to
estimate the occurrence of ice clouds over water clouds,
Mace et al. [2009], who examined multilayer cloud occur-
rence in merged data from satellite cloud radar (CloudSat)
and lidar (CALIPSO), and Wang and Dessler [2006], who
examined cloud overlap in observations from the Geoscience
Laser Altimeter System (GLAS) lidar carried aboard the Ice,
Cloud, and Land Elevation Satellite (ICESat) in the tropics
(between 10°S and 20°N). These data sets are difficult to
compare directly with the results presented here because the
passive microwave and radar data can penetrate most clouds
(not just optically thin cirrus) and the lidar systems are likely
more sensitive to the thin cirrus than passive instruments.
Thus one expects these data may well have larger multilayer
cloud occurrences. Wang and Dressler found tropical cirrus
occurred 34.5% of the time over the tropical ocean with
multilayer clouds occurring 18% of the time. Of this 18%
about 4.5% was cirrus over other cirrus, which would not be
identified in the ISCCP and MISR differences; the remain-
ing 13.5% overlap is similar to the value found here for the
same latitudes. Mace and coauthors find multilayer cloud

layers 18% of time (with a global pattern that is similar to
that shown in Figure 12 for thin cirrus), but they note this
may well be an underestimate of the true overlap given the
difficulties that CloudSat and CALIPSO have in detecting
low-level clouds and differentiating them from aerosols.
Multilayer cloud amounts derived by Ho et al. [2003] are
closer to those found here than those presented by Mace, but
the comparison is complicated because the passive micro-
wave approach has coarse resolution (~20 km) and can only
be applied over areas free of precipitation.

4.4. High-Level Clouds and the Tropical Western
Pacific

[40] The global distribution of high-level clouds (cloud
top pressure < 440 hPA) retrieved from ISCCP, MISR and
MODIS is shown in Figure 13. Figure 13 (bottom left)
compares zonal averages of the high cloud amount and
indicates that at midlatitudes and high latitudes the MODIS
joint histogram contains more high cloud, while in the
tropics and subtropics ISCCP contains more high cloud. An
examination of the ISCCP and MODIS joint histograms
for the tropical western Pacific (10°N to 10°S, 130°E to
170°W), given in Figures 14a and 14b shows that the ISCCP
high cloud fraction is larger than the MODIS fraction (in the
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Figure 14. Same as Figure 7 but for the tropical western Pacific (10°N to 10°S, 130°E to 170°W).

tropics) because of the large amount of optically thin high-
level cloud (optical depth less than 1.3) in the tropics. The
MODIS optical depth retrieval is not applied to some of this
thin cloud (see section 3.3). In addition, while cloud tops for
some of this high-level cloud will be biased by ISCCP into
midlevels, much of this cloud is single-layered and suffi-
ciently optically thin that the ISCCP retrieval is assigning
the altitude of this cloud to the lowest pressure and lowest
optical depth bin (the upper left corner of the joint histogram
in Figure 14a), as discussed in section 3.3. In contrast, in

midlatitudes (e.g., in the North Pacific, Figures 7a and 7b)
there is less optically thin high-level cloud, and a larger
percentage of what exists is multilayered. The ISCCP high-
level cloud tops are therefore more frequently biased into
midlevels and little cloud is assigned to the lowest pressure
bin.

[41] With regard to low clouds, the MISR histograms in
Figures 14c and 14d show that almost all of the low cloud in
this region (at least that which is visible from a spaceborne
imager) has low (1D equivalent) optical depths, as expected
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of small trade cumulus. This is true throughout most of the
tropics and subtropics. These optical depths (derived based
on one-dimensional radiative transfer) likely do not accu-
rately reflect the true optical depth distribution, for which
retrievals based on three-dimensional radiative transfer are
needed.

[42] Another feature of particular interest in this region is
the peak in cloud fraction observed by MISR between 5 and
7 km (Figure 14c). This altitude range typically includes the
tropical freezing level, where a cloud layer has long been
noted to preferentially form [Johnson et al., 1999] and is
frequently captured in cloud radar observations from the U.S.
Department of Energy (DOE) Atmospheric Radiation Mea-
surement (ARM) program tropical western Pacific sites
[Hollars et al., 2004; McFarlane et al., 2007] and more
recently by CloudSat [Riley and Mapes, 2008].

5. Summary and Discussion

[43] There are notable differences in the joint histograms
of cloud top height and optical depth being produced by the
ISCCP (D data sets), MODIS (MODO08, Collection 5) and
MISR projects. These differences have their roots in the
different algorithms used to detect clouds and to retrieve
the cloud heights and optical depths. The differences in the
three data sets are largely driven by responses of the retrievals
to (1) low-level clouds under temperature inversions,
(2) small (subpixel scale) and broken low-level clouds, and
(3) multilayer clouds.

[44] Because each algorithm has different strengths and
weakness, the combination of data sets tells us more about
the observed cloud fields than any of the three by itself. In
particular, the MISR stereo height retrieval provides a cal-
ibration insensitive approach to determining cloud height
that is especially valuable in combination with ISCCP and
MODIS data sets. This is because the combination provides
a direct means to estimate the amount of multilayer cloud
(with a low-level cloud below an optically thin midlevel or
high-level cloud). The multilayer occurrence is found by
subtracting the sum of high-level and midlevel cloud found
by ISCCP (or MODIS) from the sum of high-level and
midlevel cloud found by MISR. An estimate for the amount
of single-layer low cloud amount in the MISR data set can
likewise be made by subtracting the multilayer cloud
amount from the total amount of MISR low cloud.

[45] We recommend, therefore, that evaluations of climate
model output include comparison with both MISR and
ISCCP joint histograms of cloud top height and optical
depth. In addition to taking advantage of estimates in mul-
tilayer clouds and single-layer low clouds provided by the
combination, the MISR data provide more accurate retrievals
of cloud top height for low-level and midlevel clouds, more
reliable discrimination of midlevel clouds from other clouds,
and better detection of trade cumulus, while ISCCP provides
greater sensitivity to thin cirrus than MISR, a much longer
time series, and diurnal sampling (not available to either
MISR or MODIS). Because ISCCP high-level cloud top
heights are often biased low in altitude (often well into
midlevels in multilayer conditions) or assigned to the low-
est-pressure bin (when the total column optical depth is
small), comparisons of model output with ISCCP observa-
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tions of high-level and midlevel cloud should concentrate on
the sum of high-level and midlevel cloud amounts. Opti-
mally, such comparison should be undertaken using instru-
ment simulators, as discussed in the companion paper to this
article [Marchand and Ackerman, 2010].

[46] The above recommendations are not intended to
imply that comparison with MISR and ISCCP should be
undertaken exclusive of MODIS or other satellite data sets
such as those being provided by CloudSat or CALIPSO.
The analysis in section 4.1, for example, demonstrates the
advantage of including the MODIS (MODOS) data set for
analysis of optically thick clouds in combination with MISR
and ISCCP.

[47] Since a primary purpose of the joint histograms
produced by the ISCCP, MODIS and MISR projects is to
provide observational data for the evaluation of climate
models, it is important to understand the difference between
the fraction of pixels containing a cloud (i.e., what the
CTH-OD histograms contain) and the “true” fractional area
covered by clouds (both of which are often referred to as
cloud fraction). Because satellite pixels can be partially fil-
led by clouds, the fraction of satellite pixels containing some
amount of cloud (what one might call the “imager-retrieved”
cloud fraction) will be larger than the true fractional area
covered by clouds, and this difference should increase as the
satellite pixel size is increased [Di Girolamo and Davies,
1997]. Of course, satellite retrievals do not perfectly iden-
tify partially cloud-filled pixels as cloudy. In fact, the
comparisons presented in sections 3 and 4 show that MISR
identifies a larger faction of pixels as cloudy than ISCCP (in
regions dominated by small cumulus clouds) even though the
pixel size (or effective resolution) of MISR (about 1.1 km) is
smaller than ISCCP (4 km at nadir). Because of these failed
detections, the imager-retrieved cloud fraction is closer to
the true fractional area covered clouds than would be pro-
duced by a perfect cloud detector with the same resolution
[Wielicki and Parker, 1992]. While in some sense beneficial
for the evaluation of true cloud area (and perhaps sufficient
for mean radiative fluxes) the difference between the
“imager-retrieved” cloud fraction and the true cloud area
will vary with location (depending on the size of cloud
elements and other factors that influence the cloud detec-
tion), and the missing cloud detections may well distort the
apparent distribution of retrieved cloud properties. The dif-
ference between the MISR and ISCCP imager-retrieved
cloud fractions provides at least a rough estimate on the
sensitivity of the retrieved cloud fractions to failed detections.

[48] In trade cumulus regions, the difference between the
imager-retrieved cloud fraction and the true cloud area can
be large. Zhao and Di Girolamo [2006] compared MISR
and MODIS operational cloud masks (produced at 1.1 and
1 km, respectively) with cloud masks generated from 15 m
resolution visible wavelength observations made by the
Advanced Spaceborne Thermal Emission and Reflection
(ASTER) imager (which also flies on board the NASA Terra
space craft) for 124 scenes dominated by trade cumulus.
They found the fraction of ASTER pixels identified as
cloudy was about 8%. However, when the ASTER cloud
mask was reduced in resolution to match the MISR and
MODIS grids (with essentially perfect partially filled cloud
detection), the fraction of pixels identified as cloud increased
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Figure A1. Distribution of MISR optical depths as a func-
tion of MISR camera/view angle in January 2001 for the
North Pacific. The retrieval is only run for angles with little
possibility of Sun glint. In each plot, the legend shows the
percentage of the total possible observations (for each view
angle) considered free of Sun glint. Also shown is the best
camera result, which combines the results for camera closest
to nadir which is considered free of Sun glint on a pixel-by-
pixel basis. For the North Pacific, this is always the nadir
camera but for the tropical western Pacific (Figure A2)
this is a mix of the Nadir and 26° aft-view.

to about 50%. The MISR cloud mask algorithm correctly
identified approximately 82% of the pixels that contained
small (often subpixel) clouds with a total cloud fraction of
44%, while MODIS correctly identified 62% of the cloudy
pixels with a total cloud fraction of 26%. It therefore appears
that the MISR cloud mask is operating close to the nom-
inal 1 km resolution cloud mask over deep ocean (meaning
most partially filled pixels are detected as cloudy) and the
MISR cloud fraction will be larger than the true fractional
area covered by clouds.

[49] Based on the preceding discussion, we suggest that
comparisons of the MISR joint histograms with model
output be conducted in a manner consistent with nominal 1
km resolution cloud detection. From the climate model
perspective, this may prove difficult because most climate
models do not produce cloud fields in which the size and
spacing of cloud elements is explicitly determined. An
exception is the Multiscale Modeling Framework (MMF)
approach in which most climate model cloud para-
meterizations are replaced with a two-dimensional or small
three-dimensional cloud resolving model. In the companion
paper to this article [Marchand and Ackerman, 2010], we
examine the impact of resolution in comparing MMF model
output with MISR and ISCCP joint histograms. As one
would expect, the impact of the finite 1 km resolution is
largest in regions dominated by trade cumulus. Alterna-
tively, rather than trying to simulate 1 km resolution cloud
masking from model output, it may prove better to design
more sophisticated algorithms to estimate the true cloud area
from the satellite observations (rather than treating the
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fraction of pixels with clouds as the true cloud fraction).
Techniques to make such estimates have been proposed [e.
g., Di Girolamo and Davies, 1997], but more research in
this area (especially in regard to uncertainty) is needed. We
hope that future NASA satellite missions will focus on
continuous observations at spatial resolutions higher than
that of either the MISR or MODIS missions, in order to
improve cloud detection and to enable retrievals that con-
sider both the three dimensional structure of clouds and the
interaction of visible photons with clouds and aerosols in
close proximity.

Appendix A: Additional Details on MISR CTH and
OD Retrievals

[s50] The MISR CTH-OD histograms use the MISR best-
winds retrieval, when a high-quality wind retrieval is ob-
tained and otherwise use the retrieved height without any
wind correction (i.e., the MISR without-winds retrieval).
The heights are also spatially filtered using a 12 x 12 km
median following the analysis of Marchand et al. [2007],
who showed that such filtering produced good agreement
with cloud radar observations of CTH. The optical depth
retrieval is only run for pixels determined to be cloudy (with
high confidence) by the MISR radiometric cloud mask,
described by Zhao and Di Girolamo [2004]. The radio-
metric cloud mask is based on thresholding of observed
visible reflectances and the standard deviation of the 275 m
reflectances at a scale of 1.1 km. The cloud mask has been
found to compare well with a nominal cloud mask at 1.1 km
resolution when tested using 15 m imagery collected by the
ASTER instrument in trade cumulus dominated scenes
[Zhao and Di Girolamo, 2006]. While the surface reflec-
tance is small, it is nonetheless accounted for using an
anisotropic ocean model following ISCCP. Clouds with a
CTH below the climatological freezing level are assumed to
be composed of water drops with an effective radius of 10
pm, while those above the freezing level are treated as ice
particles with an effective radius 50 um and an aggregate-
like crystal habit. McFarlane et al. [2007] found that this
aggregate model fits the angular scattering pattern observed
by all nine MISR view angles well much of the time. The
underlying scattering phase function used in the MISR
retrieval is very similar to that used in ISCCP, which has
likewise been found to match multiangle reflectance mea-
surements reasonably well [Doutriaux-Boucher et al., 2000;
Descloitres et al., 1998].

[5s1] While there has been some research into the potential
advantage of using multiple MISR view angles for cloud
optical depth retrieval [Evans et al., 2008; McFarlane and
Marchand, 2008] much more research is needed and no
operational multiangle retrievals yet exist. Only one MISR
camera (that is, one view angle) is used in the optical depth
retrieval. However, the results shown here take advantage of
the MISR multiangle cameras by selecting a best camera, as
the camera closest to nadir that has no Sun glint. Most of the
time, the best camera is either the nadir viewing camera, or
one of the MISR 26° cameras. There is however, a small
region in the tropics (the exact location of which moves with
the seasonal cycle) where a 45° view is used. In general,
three-dimensional scattering effects can cause individual
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Figure A2. Same as Figure A1 but for the tropical western
Pacific, July 2001.

cloudy pixels to appear brighter or darker than would be the
case for a plane-parallel (or one-dimensional) cloud with the
same optical properties. The MISR resolution (field of view)
also changes with view angle. With the coarse optical depth
bin size employed here, however, the difference between the
retrieved optical depth histograms obtained from the various
MISR cameras is generally small (except for the most
oblique viewing cameras).

[52] The MISR joint histogram data set contains both the
“best camera” result, as well as histograms for each of the 9
MISR views. This permits examination of the sensitivity of
the MISR retrieval to the view angle. Figure Al, for
example, shows results for the North Pacific, and Figure A2
shows results for the tropical western Pacific. Except for the
most oblique MISR view angles (green and red lines),
Figures A1 and A2 show that view angle has only a modest
effect on the optical depth distribution. Note that the legend
in each panel shows the percentage of the total possible
observations (for each view angle) considered free of Sun
glint. As expected, the total cloud fraction increases as the
view zenith angle increases because one can increasingly
view the “sides” of clouds and because longer slant paths
make thin cirrus easier to detect. The view angle effect is
often most pronounced in regions with broken clouds and
thin cirrus, which dominate the distribution in the tropics.
The effect of view angle on the retrieval also generally in-
creases as the solar zenith angle increases. It is largest for
the North Pacific in January and changes very little with the
season in the tropics (not shown).

[53] The relatively modest sensitivity to view angle
should not be taken to mean that the optical depth of indi-
vidual pixels remains the same regardless of view angle.
Rather, it shows that (given the size of the optical depth bins
in the histogram) the net change in the optical depth dis-
tribution is not typically large. This result is consistent with
previous studies, such as that by Vdrnai and Marshak
[2007], who found that mean optical depth retrieved from
MODIS shows little sensitivity to view angle for solar zenith
angles less than about 50°, and Horvath and Davies [2004]
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who found that the percentage of clouds for which MISR
observations fit plane-parallel model increases dramatically
if the MISR 60° and 70.5° views are not considered.

Appendix B: Additional Details on MODIS CTH
and OD Retrievals

[54] The MODIS optical depth retrieval (in MODO06)
assumes single-layer single-phase clouds and a variety of
tests (using observations from several MODIS solar reflec-
tance and IR channels) are applied to determine the cloud
phase. Ice cloud scattering is treated using a mixture of ice
habits, and retrievals for both ice and liquid water clouds are
based on one-dimensional radiative transfer [Baum et al.,
2005]. The latest version of MODO06 (Collection 5) also
includes a multilayer flag using, in part, a near-infrared
absorption technique. Theoretical studies of the multilayer
detection algorithm have been described along with example
results by Wind et al. [2010] and quantitative validation is
ongoing and includes the CloudSat study by Joiner et al.
[2010]. An additional 1.6-2.1 um band combination is
also calculated in MODO06 over snow/ice surfaces, but is not
used in MODOS.

[s5] All MODO8 statistics (scalars and histograms) are
obtained by sampling the native 1 km optical depth retrieval
in the MODO06 product for each 5 x 5 pixel group. There is
only one cloud top pressure retrieval for each such group of
5 x5 (1 km) pixels. Oreopoulos [2005] examined the
impact of this sampling on the MODIS summaries. At the
temporal and spatial scales used in section 4, the impact
appears to be small.

[s56] In MODOS, in addition to “clear-sky restoral” filter
described in section 2, optical depths from those liquid
water pixels which are found to have an effective radius of
30 pum (the maximum size range allowable by the retrieval)
are not included. This is because an effective radius of
30 um is often indicative of three-dimensional scattering
effects, multilayer scenes (overlying ice phase contamina-
tion), an incorrectly retrieved cloud phase, a mixed phase
cloud, a significant precipitation mode, or false cloud
detection — and so a 30 pm retrieval value is interpreted as a
failed retrieval. The effect of this filtering appears to be
minor relative to the reduction in cloud coverage due to the
clear-sky restoral. Because of the reduced coverage, users
should also examine the MODIS total cloud fraction
(MODO0S8 variable Cloud Fraction Day), which gives the
cloud fraction for all clouds identified in the MOD35 cloud
mask.

[s7] Last, we while we only examined the MODOS
ISCCP-like histograms of cloud top pressure and optical
depth in this article, the MODO8 product also contains
optical depth histograms generated separately for the water
and ice phases, joint histograms of optical depth versus
effective radius, cloud top temperature, and effective emis-
sivity, as well as effective radius binned against cloud top
temperature and effective emissivity. Cloud properties for
single-layer and multilayer clouds are aggregated separately
using the MODO06 multilayer flag. As with the joint histo-
grams of cloud top pressure and optical depth, these other
statistics use only the standard optical depth and effective
radius retrieval (using the 2.1 pum band) and are similarly
filtered (e.g., “clear sky restoral” and ignoring the retrieval
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when water cloud effective radii are less than or equal to
4 pm or equal to 30 um). This choice reflects a belief that
the quality of the optical depth is correlated with a suc-
cessful size retrieval and ensures the meaning and consis-
tency of all joint histograms (some of which include
effective radius) in the MODOS data.
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