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Abstract

Coincident MISR and MODIS cloud-top heights retrieved above two vertically pointing radar sites (ARM-SGP and UK-CFARR) are
compared for 54 scenes between March 2000 and October 2003. The difference between MODIS and MISR cloud-top heights is assessed in
situations where multiple cloud layers are present in a vertical column (i.e., cloud overlap or multilayered cloud). MISR stereo cloud-top heights
are known to be sensitive to low-level clouds of high contrast (between two camera views) even if high clouds with a wide range of optical
thicknesses are also present in the scene. MODIS retrieved cloud-top heights do not experience this problem as long as the highest cloud layer has
a visible optical thickness greater than approximately 1. Consequently, the difference in cloud-top heights between MODIS and MISR is often
large and positive in cloud overlap conditions. In cloud overlap conditions, small differences between MODIS and MISR cloud-top heights can
be found where both instruments detect the highest cloud layer or, on the contrary, where they both fail to detect the highest cloud but instead
detect some lower level cloud. The comparison with radar cloud-top heights on a 21-scene subset confirmed that large differences are associated
with cloud overlap, but also showed that small differences can be found in similar situations if the highest layer is of large contrast (both
instruments detect the highest cloud layer) or of extremely small optical thickness (both instruments fail to detect the highest cloud layer). With
the use of a cloud-typing technique applied to MODIS data that can also identify areas containing cloud overlap, small differences were found to
occur for 60—70% of all overlap pixels examined here, highlighting the weakness of using the MODIS-MISR cloud-top height differences as a
sole indicator for automated cloud overlap detection. While the accuracy of the MODIS cloud-top pressure/height algorithm decreases as the
cirrus optical thickness becomes less than 1, the MISR approach may still be able to infer an accurate cloud-top height depending on the cloud
contrast between two view angles. However, synergy between the difference in MODIS-MISR cloud-top height analysis and the MODIS cloud-
typing method could improve overlap detection for thin cirrus over low cloud situations and provide additional information on the cloud-top
height of two distinct layers.
© 2006 Elsevier Inc. All rights reserved.

Keywords: Cloud; Overlap; MISR; MODIS; Cloud-top height; Cloud type

1. Introduction particular field of view. Satellite-based retrieval methods are not

sensitive to multilayered clouds for the case in which the

Operational satellite retrievals of cloud properties currently
rely on the assumption that only one cloud layer exists in any
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uppermost cloud is optically thick. However, retrieval errors
increase as the opacity of the uppermost cloud decreases, such
as for the situation of an optically thin ice cloud overlying
lower-level water clouds. Surface based observations (Hahn
et al., 1982, 1984) indicate the presence of low-level clouds in
about half of the cases where cirrus could be observed. It is thus
important to be able to automatically identify cloud overlap
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situations and monitor them from space. Methods have been
proposed that exploit differing visible and infrared spectral
signatures unique to cloud overlap (e.g. Baum & Spinhirne,
2000; Baum et al., 1995, 2003; Chang & Li, 2005; Nasiri &
Baum, 2004; Pavolonis & Heidinger, 2004). These methods are
restricted to situations when thin cirrus overlies a low-level
water cloud and are thus limited by the optical thickness of the
highest cloud layer. Others also use ground-based microwave
instruments (Huang et al., 2005).

Our goal is to investigate the retrieved cloud-top heights
obtained by two different sensors on the same NASA Terra
platform: the Multiangle Imaging SpectroRadiometer (MISR,
Diner et al, 1998) and the MODerate resolution Imaging
Spectroradiometer (MODIS, Salomonson et al., 1989). Our
focus is on cases in which two cloud layers are present in the
column (called multilayered cloud or cloud overlap), in par-
ticular when thin cirrus overlies a lower-level water cloud.
Each instrument provides a different view of the cloud
structure, and by understanding the strength of each retrieval
approach, our eventual goal is to improve multilayered cloud
retrieval using a data fusion approach. Naud et al. (2002)
found that because the MISR retrieval method is tuned to the
layer of higher contrast, MISR stereo heights often, but not
always, refer to lower cloud layers even if higher and optically
thinner cloud layers are present in the field of view. MODIS
cloud-top pressures and temperatures are produced operation-
ally using the CO,-slicing method (e.g. Menzel et al., 1983)
and can be converted to cloud-top heights using reanalysis
profiles of temperature. This method was found to be relatively
insensitive to multilayer cloud situations (Naud et al., 2005a),
although in the extreme case of very thin clouds (visible
optical thickness less than 1), the highest cirrus layers may not
be detected if thicker cloud layers are present below (Naud
et al., 2005b).

In this study, cloud-top heights (CTH) are obtained from
both instruments and differences in cloud-top heights between
MODIS and MISR are calculated. Theoretically, a large positive
difference (MODIS-MISR) should be the indication that MISR
stereo heights are detecting a low-level cloud layer of large
contrast when MODIS cloud-top heights refer to a high-level
cloud layer. This method provides a straightforward indication
of multilayered clouds and provides some insight as to the
tendencies of each retrieval approach. To assess the reliability of
each approach, both MISR and MODIS cloud-top heights are
compared to those provided by a ground-based vertically
pointing millimeter wave radar at two sites: the ARM Southern
Great Plains site in the USA (SGP) and the Chilbolton Facility
for Atmospheric and Radio Research in the UK (CFARR). In
addition, a routine that detects cloud type and overlap was
applied to MODIS radiances (Pavolonis & Heidinger, 2004;
Pavolonis et al., 2005).

The instruments and corresponding cloud data are described
in Section 2. Section 3 shows the comparison between radar and
MODIS and MISR cloud-top heights when cloud overlap is
detected with the radar, and Section 4 examines the difference
MODIS- MISR cloud-top height as a function of cloud type.
Conclusions are given in Section 5.

2. Data description
2.1. MISR stereo cloud-top heights

MISR is a push-broom camera instrument that measures 0.45,
0.56, 0.68 and 0.87 um radiances at 9 different along-track
view angles with 4 forward, one nadir and 4 aft cameras (0°,
+26.1°, £45.6°, £60°, £70.5°). Its nominal resolution is 275 m
(250 m for nadir) and its swath width is 380 km. The narrow
swath means that the global coverage is obtained every 9 days.
Cloud-top heights are inferred with a stereo technique that uses
the 0.87 pm channel at nadir and +£26.1° (Moroney et al., 2002).

The MISR stereo height algorithm first infers the cloud-top
winds, then corrects for wind advection displacement in one of
the views to match with the other view, and then infers the stereo
heights (Moroney et al., 2002). These stereo heights are named
“best winds”. The stereo heights are retrieved for all 1.1 km
pixels in the scene, regardless of the cloud content of the pixel.
When the stereo height retrieval fails, the radiometric cloud
mask and an independent measure of surface height and type is
automatically used to fill in the gaps with the surface height. The
theoretical accuracy is estimated to be 562 m (Moroney et al.,
2002) and MISR stereo heights were found to be in agreement
with surface heights within 1 km for clear-sky scenes where
wind advection is not an issue (Muller et al., 2002).

If the wind retrieval fails, the stereo heights are still retrieved
but placed in a different field called “without winds”. For this
study, we decided to use the “without winds” stereo heights
when the “best winds” stereo heights were unavailable to
increase the number of comparison cases. We found that for most
pixels with both retrievals available, the mean wind correction
was within 1 km which is the accuracy expected for the “best
winds” MISR cloud-top heights (Marchand et al., in press; Naud
etal.,2005a). In addition, it is necessary to test each stereo height
with respect to the surface altitude given in the geolocation
information file. When the stereo height is less than the surface
height plus 562 m, the pixel is flagged as clear-sky. Stereo
heights tend to contain “blunders” or anomalously high heights.
These “blunders” can be defined as isolated anomalously large
heights compared to the heights found in the surrounding pixels.
Research into how to automatically eliminate these blunders is
still ongoing and apart from a 20 km cut-off, pixels containing
anomalously high cloud-top heights are not automatically
removed in the operational product (Moroney, 2006, private
communication). To mitigate the impact of anomalously high
cloud-top heights, a threshold was imposed of 13 km at Chil-
bolton and 15 km at SGP, based on the average tropopause
height at these locations. The application of these thresholds
removed less than 1% of all pixels per scene on average. MODIS
cloud-top heights are available at 5 km resolution (Menzel et al.,
2002) and the latitude—longitude grids for both instruments are
not aligned. Consequently it was necessary to reproject the
MISR cloud-top heights onto the same latitude—longitude grid
as the MODIS cloud-top heights. We chose to keep the median
MISR cloud-top height for cloudy pixels within a 0.02° radius
area centered on each MODIS grid point. This process helps
filter out any remaining blunders.
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2.2. MODIS cloud-top heights

MODIS is an imager that measures radiances in 36 spectral
bands from 0.4 to 14.2 pm, with nadir spatial resolutions from
250 m to 1 km depending on the wavelength. With a swath
width of 2330 km, global coverage can be obtained in
approximately 2 days. MODIS cloud-top heights are specifi-
cally calculated with the latest algorithm used for MODIS
collection 5 (MODIS data are currently being reprocessed from
the beginning of the mission using improved algorithms and the
new version is called collection 5). Cloud-top pressures and
temperatures are normally provided in the product, but cloud-
top heights have to be obtained from use of independent
ancillary profiles. For this study cloud-top heights are calculated
directly using geopotential height profiles from the same
ancillary dataset as used operationally with the cloud-top
pressure algorithm.

The CO,-slicing method (e.g. Menzel et al., 1983) makes
use of differential atmospheric CO, absorption in two adjacent
MODIS bands (13.3/13.6 um, 13.6/13.9 um, 13.9/14.2 pm) to
simultaneously retrieve cloud-top pressure and cloud effective
emissivity (defined as cloud fraction multiplied by cloud
emissivity; Menzel et al., 2002). Although the algorithm was
initially designed for 4 pairs, the 11 pm/13.3 pum pair was
dismissed due to differences in cloud emissivity between the
two channels. The emissivity is less of an issue for ice clouds
than it is for water clouds. Cloud phase information is not
employed yet in the CO,-slicing algorithm. Retrievals are
performed for 5 x5 arrays of 1-km pixels. Ratios of difference
between clear and cloudy-sky radiances are compared to
forward radiance calculations based on gridded 1°-resolution
numerical weather prediction (NWP) model output tempera-
ture and moisture profiles. The corresponding cloud-top
pressure is kept that minimizes the error between modeled
and computed radiances for the CO, channels. Because
upwelling radiances in these bands are primarily sensitive to
the middle and upper troposphere, the algorithm is most useful
for retrieval of clouds at these levels, including transmissive
cirrus. For clouds below about 700 hPa, the “window channel”
method is used: measured 11-um brightness temperatures are
compared to modeled values for opaque clouds at various
atmospheric levels to find the level that minimizes the
difference between observed and calculated values. Once the
cloud-top pressures are obtained the reanalysis profiles of
geopotential heights are used for the conversion into cloud-top
heights. Collection 5 reprocessing uses an updated forward
radiance model, as well as changes in the averaging method
over the 5x5 pixel areas. For Collection 5, only observed
cloudy radiances are compared to modeled clear-sky values,
rather than clear and cloudy observed radiances together. This
has little effect on middle and high cloud retrievals where
clouds are mostly large in areal extent (cloud fraction is 100%
over 25 km?), but does lead to somewhat higher retrieved
cloud-top heights and colder cloud-top temperatures in the case
of broken low-level clouds. A complete description of the
improvements to the algorithm used in collection 5 is available
on the MODIS web site.

2.3. MODIS cloud type

Pavolonis and Heidinger (2004) have developed an auto-
mated method to detect multilayered clouds from satellite
imagery, for the Advanced Very High Resolution Radiometer
(AVHRR) and the Visible Infrared Imager Radiometer Suite
(VIIRS). In addition to multilayered cloud detection, Pavolonis
et al. (2005) present AVHRR and VIIRS algorithms that further
classify cloudy satellite pixels into various categories. Since the
VIIRS will have similar spectral channels as the MODIS, the
VIIRS cloud-typing algorithm was developed and tested
extensively on MODIS data. Using the combined methodology
described in Pavolonis and Heidinger (2004) and Pavolonis et
al. (2005), clouds observed from satellite can be classified into
one of the following categories: warm liquid water clouds, su-
percooled water/mixed phase clouds, opaque ice clouds, cirrus
clouds, and multilayered clouds. The warm liquid water
category includes clouds that are composed of liquid water
droplets that have an infrared radiative temperature greater than
273.16 K (given by the measured 11-pm brightness tempera-
ture). The second class accounts for clouds that are either
composed entirely of supercooled water droplets or both ice and
supercooled water (e.g. liquid water is detected but the 11-pm
brightness temperature<273.16 K). Opaque ice clouds are
considered to be non-transmissive or weakly-transmissive in the
infrared (i.e. with a visible optical thickness>5) that are either
entirely composed of ice crystals or opaque clouds that have
glaciated tops consistent with deep convection. The fourth
cloud type consists of single layer ice clouds that are trans-
missive. Most cirrus clouds fall into this category. Last, the
multilayered category identifies situations in which more than
one cloud layer is present in the field of view. All classifications
are determined through a series of physically based spectral
tests. See Pavolonis et al. (2005) for a detailed description of the
cloud-typing algorithm and a validation of the methodology.

For the analysis presented in this paper, the multilayered
cloud detection is of particular interest so a brief algorithm
summary will be given here. See Pavolonis and Heidinger
(2004) and Heidinger and Pavolonis (2005) for a much more
detailed discussion and validation. The Pavolonis and Heidin-
ger multilayered cloud detection algorithm was designed to
detect the presence of cirrus clouds overlapping a lower liquid
water cloud using channels in the 0.65, 1.38, 1.65, 11, and 12-
pm regions of the spectrum. The algorithm most effectively
detects cloud overlap when an ice cloud of visible optical
thickness between 0.5 and 4.0 overlaps a liquid water cloud
with a visible optical thickness>5. The algorithm generally
does not detect overlapping water clouds (e.g. liquid water over
liquid water) or overlapping ice clouds (e.g. ice over ice). In
spite of these limitations, validation studies (Pavolonis &
Heidinger, 2004) and global analysis (Heidinger & Pavolonis,
2005) show that the Pavolonis and Heidinger algorithm
captures a large subset of the multilayered cloud. Heidinger
and Pavolonis (2005) show that roughly 40% of all ice clouds
overlap water clouds. These results are consistent with
microwave/infrared derived multilayered cloud amounts (Ho
et al., 2003) and surface observations (Hahn & Warren, 2002).
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Table 1
Summary of comparison between MISR, MODIS and radar cloud-top heights for 21 scenes over SGP and CFARR
Date and Situation MISR  MODIS Radar  Radar Cloud type (% of pixels in £0.2° box) as
location CTH CTH low high determined from MODIS data
(km) (km) CTH CTH Water Mixed Opaque Cirrus Cloud
(km)  (km) h ; 1
phase ice overlap
Al 2000-10-07, Overlap detected by radar and cloud-typing 4.6+£0.6 6.0+04 3.1+0.7 6.8+0.1 00 213 0.0 0.0 78.7
CFARR but MISR indicates lowest cloud layer
while MODIS indicates highest
A2 2000-11-23, 35+2.8 7.0£09 43+0.8 93+0.0 00 0.1 2.7 0.3 96.9
SGP
A3 2001-03-15, 34+22 7.0+1.1 33+£0.7 8.0+0.1 00 8.1 12.5 1.9 717.5
SGP
A4 2003-05-08, 1.1£1.1 10.0£2.9 3.4+39 12.6£0.0 13.0 0.0 0.0 43.8 40.4
CFARR
A5 2003-05-18, 35+2.0 6.0+1.1 3.0+04 9.6£0.8 0.0 4.2 12.2 1.1 82.5
CFARR
Bl 2001-12-12, Overlap detected by radar and 6.9+04 5.0+09 2.0+0.0 6.8+2.1 23 16.6 3.8 3.6 73.7
SGP cloud-typing but MISR indicates
highest cloud layer with MODIS
B2 2001-12-29, 87+09 8.0+1.1 1.8+03 83+04 00 0.0 2.6 26.6 70.9
CFARR
B3 2002-03-16, 9.9+2.2 10.0£0.3 5.4+04 10.9+0.1 0.0 0.0 2.9 0.0 97.1
SGP
B4 2002-06-04, 9.7+44 11.0£1.5 2.5+0.0 12.3+£0.3 1.3 0.5 14.6 15.5 68.0
SGP
B5 2003-03-05, 85+29 9.0+13 1.6£0.0 99+0.1 0.0 3.1 10.1 1.4 85.4
SGP
Cl 2001-02-27, 3 cloud layers, MODIS and MISR 42409 5.0+09 5.6+0.5 9.7£0.1 0.0 4.9 0.0 0.2 94.9
SGP indicate middle layer (lowest layer
from radar not indicated here)
C2 2001-11-08, 52+1.1 6.0+1.4 6.0+02 104+00 7.6 12.0 6.8 353 36.1
SGP
C3 2002-01-29, 84+19 8.0+1.2 88+0.1 11.9+02 0.0 0.1 5.1 0.1 93.8
SGP
D1 2001-02-18, 2 high-cloud layers, but MISR and 7.6£2.0 6.0+1.8 7.7+1.8 12.0£0.0 6.8 12.0 0.0 75.3 3.1
SGP MODIS indicate lowest cloud layer
D2 2003-05-31, 2 high cloud layers, but MISR and 9.0+£3.0 10.0+1.0 7.6+1.1 12.4+0.0 0.3 0.1 0.0 85.9 13.7
SGP MODIS indicate highest cloud layer
D3 2003-05-27, Two low-level cloud layers MODIS CTH 1.2+04 2.0+0.5 1.5+£0.1 3.0£0.2 93.0 6.4 0.0 0.0 0.6
CFARR close to highest and MISR CTH close to lowest
El 2001-04-01, Overlap but highest layer not over 1.0£0.3 7.0+£0.8 1.0+£0.1 1.0£39 0.0 43 0.0 0.7 94.9
CFARR radar at the time of the overpass
E2 2001-06-06, Overlap but lowest layer not over radar 24+0.5 6.0+£06 72+02 7.2+0.1 12 238 0.3 43 70.4
CFARR at the time of the overpass
E3 2002-10-12, Highest layer broken so MODIS cloud-top height 3.2+1.7 6.0£1.8 2.9+0.1 11.2+0.0 76.5 4.5 0.7 22 16.1
SGP and cloud-typing not matching radar very well
E4 2002-08-16, Lowest cloud broken so MODIS cloud-type 1.7£2.1 11.0£0.7 1.8£0.0 13.7£0.1 0.0 0.0 0.0 62.3 37.7
SGP not matching radar very well
E5 2002-01-30, Cloud-top height of the highest layer vary rapidly 7.6+1.4 8.0£0.2 2.7£0.0 5.1+3.0 0.0 0.0 0.0 0.0 100
CFARR so not match between MODIS cloud-top

height and radar sampled around overpass time

The MISR and MODIS cloud-top heights correspond to the median in a £0.2° box centered on the radar, while the radar cloud-top heights correspond to the median

during the 40-min period.

The multilayered cloud detection algorithm is most prone to
false detection when single layer ice clouds reside over surfaces
that are bright in the near-infrared such as dry vegetation or
deserts. Throughout the rest of this paper the MODIS cloud-
typing algorithm (including the multilayered cloud detection)
will be referred to as the PH0405 algorithm.

The 1-km resolution cloud type product is sampled to match
the 5 km resolution of MODIS cloud-top heights by using the
cloud-type of the central pixel in the 5x5 km areas. The

frequency of occurrence of each cloud-type in £0.2° boxes
centered on the radar site for each date was estimated using the
1 km product and compared to the 5 km product. The dif-
ferences were negligible for all dates selected here.

2.4. Millimeter wave cloud radars

Chilbolton 94-GHz millimeter wave cloud radar data were
processed with a similar algorithm as the SGP 35-GHz radar
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data (Clothiaux et al., 2000). The two radars have different
wavelengths and receivers, making the SGP radar more
sensitive to thin high clouds (Mace et al., 2005) but also more
sensitive to low altitude clutter in summer (usually insects and
vegetation debris) that can be confused with low-level cloud
detection. The algorithm uses information from a nearby lidar to
decide if a low-level layer of hydrometeors is likely embedded
in the clutter. The data processing algorithm produces a cloud
mask that indicates clear, cloudy, clutter, mixture of hydrome-
teor and clutter or bad data. The mask is provided every 10 s and
every 60 m at CFARR and 45 m at SGP. On the days when the
radar site is located within the narrow MISR swath, the cloud-
top heights of the highest and lowest layer detected above the
radar are sampled over a S5-minute period from MODIS
acquisition start time, and for 10, 20 and 40 min centered on
MODIS start-time. The median cloud-top height is then
estimated for each time period and cloud layer. Two methods
are used to decide if a case could be kept. If the median cloud-
top heights of the highest cloud layer do not depart radically
from each other when comparing the 4 time periods (cloud-top
heights not varying by more than 3 km per layer) and two
distinct cloud layers are present for a significant period of time
close to the TERRA overpass, the case is selected for
comparison. In parallel, if more than one cloud layer is present
for at least half of the time in the 40-minute accumulated cloud
mask, the case is also kept. The radar cloud-top heights used for
the comparison are those obtained with the median value of data
sampled over a 40 min time period.

3. Comparison of MISR-MODIS difference in cloud-top
height and radar

Over the period of the TERRA mission (March 2000 to
present), 21 dates were selected between March 2000 and
October 2003 for which (a) the MISR narrow swath
encompassed the radar site (250 dates at CFARR and 252 at
SGP), (b) the radar was functioning (203 dates at SGP and 111
at CFARR), (c) the radar detected clouds (130 dates at SGP and
86 at CFARR), and (d) both MODIS and MISR cloud-top
retrievals were available. This gave a total of 39 dates. A final
quality check was performed by visual inspection of the radar
cloud mask and MISR and MODIS cloud-top height maps to
remove cases where single level clouds had not been properly
filtered out or if broken cloud layers could lead to ambiguities.
These conditions were met for 7 cases at CFARR and 14 at SGP.
There were fewer cases at CFARR because the radar was under
repair from March 2002 to April 2003. All 21 cases are listed in
Table 1 in the same order as discussed below.

Table 1 indicates the date of the scene, the median MISR,
MODIS and radar lowest and highest layer cloud-top height
values and the percentage of pixels per cloud type in the £0.2°
latitude—longitude box.

For cases Al to A5 in Table 1, the radar and the MODIS
cloud-typing method indicate the presence of more than one
cloud layer. MODIS cloud-top heights are close to the cloud-top
height of the highest layer detected with the radar. However,
MISR cloud-top heights are close to the top of the lowest layer

detected by the radar. These cases show that the difference
between MODIS and MISR cloud-top heights can provide an
indication of cloud overlap.

For cases B1 to BS, the radar and the MODIS cloud-typing
method also indicate the presence of more than one cloud layer.
However, this time both MODIS and MISR cloud-top heights
are close to the top of the highest layers. For these cases, the
contrast of the highest cloud layer is large enough for MISR
stereo heights to detect the highest cloud in the scene.

Cases C1 to C3 were found to contain three cloud layers on
the radar cloud mask. The MODIS cloud-typing indicate the
presence of cloud overlap even if the two layers that are most
frequent are found at mid- and high-level. Both MODIS and
MISR cloud-top heights are found close to the middle layer,
which is found at or above 5 km, and both fail to detect the
highest cloud layer.

Cases D1 to D3 show scenes where two cloud layers were
detected with the radar cloud mask but are of the same nature
(two high clouds presumably composed of ice particles for D1
and D2 or two low-level water clouds for D3). For these cases,
the cloud-typing technique did not detect cloud overlap. Case
D1 shows that MODIS and MISR cloud-top heights refer to the
lowest cloud layer and case D2 show that they both refer to the
highest cloud layer, so the difference in (MODIS-MISR) cloud-
top height may not indicate overlap either. For case D3, the
MODIS cloud-top height refers to the highest of the two water
cloud layers while the MISR cloud-top height is closer to the
lowest cloud layer. This example implies the possibility of
detecting more than one cloud layer even if the two layers are of
the same phase.

The final five cases E1-E5 show situations where it is more
complicated to compare the satellite retrievals with the radar
estimates. Cases E1 and E2 show that although the MODIS
cloud-typing indicates a predominance of cloud overlap and the
difference between MODIS and MISR cloud-top height
corroborates this fact, the radar cloud-top heights only indicate
one cloud layer at the time of the overpass. These cases were
nevertheless kept as longer sampling periods show the presence
of two distinct cloud layers with cloud-top heights in agreement
with MODIS and MISR. Cases E3 and E4 show situations
where the broken nature of one of the layers detected with the
radar means that the cloud-typing method is predominantly
detecting either water or ice. However, MODIS and MISR
cloud-top heights seem to agree with the radar highest and
lowest cloud-top heights respectively. For case E5, the cloud-
top height of the highest cloud is detected at lower altitude with
the radar than with MODIS and MISR. Because this case was
found at CFARR, there is an indication that the radar signal is
attenuated, but there was also high variability of the cloud-top
height of the highest layer, so it is difficult to gain much insight
from this particular example.

These case studies, although in limited number, reveal that
the method of inferring the presence of thin cirrus overlying
lower-level clouds by looking for a discrepancy between the
MODIS and MISR CTHs seems to hold promise. However, we
also find that there are cases where both instruments fail to
detect the thin cirrus and others where both instruments detect
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Terra-MODIS False Color (February 27, 2001, 1730 UTC)

Cloud Type

i | ;
Fog Water sWater/ Opaque Cirrus  Multi-  Missing
Mixed Ice layered

Terra-MODIS False Color (June 04, 2002, 1730 UTC) Cloud Type
i s T Dt 3 s - # 3 " e

Fog  Water sWater/ Opaque Cirrus  Multi- Missing
Mixed Ice layered

Cloud Type

]
Clear Fog  Water sWater/ Opaque Cirrus  Multi-  Missing
Mixed Ice layered

Fig. 1. Panel of MODIS false color images (left column) and MODIS cloud type (right column) for three different dates: top row shows 2001-02-27 at SGP for which
MISR nor MODIS cloud-top heights identify the highest layer detected with the radar; middle row shows 2002-06-04 at SGP for which both MISR and MODIS cloud-
top heights refer to the highest cloud layer; bottom row shows 2001-04-01 at CFARR for which MISR cloud-top heights refer to a lower cloud layer than MODIS
cloud-top height. The center of the black square on each plot represents the radar site.

the high cloud so that nothing can be said about the low-level ~ highest cloud layer to better characterize the MODIS-MISR
cloud. These are the two limiting situations, but at this stage we limits. These could be obtained only if coincident downward-
would at least need information on the optical thickness of the  pointing lidar measurements were available and the highest
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Fig. 2. Panel of MODIS (left column) and MISR (right column) cloud-top heights for the same three dates as on Fig. 1.

cloud was optically thin. Unfortunately, the limited sample of
scenes prevents us from extracting meaningful statistics to
assess the overall accuracy of this method. Another way of
gaining insight is to use the MODIS cloud type algorithm
results for all pixels within each scene that were selected over
both sites (54 scenes in total, including scenes where the radar
was not functioning or when single layer clouds were detected
with the radar) and examine the distribution of MODIS-MISR
cloud-top height differences as a function of cloud type.
Another result that arises from these case studies is the
possibility that the difference between MODIS and MISR
cloud-top heights may also indicate cloud overlap even when
both layers are composed of water clouds.

4. MISR-MODIS cloud-top height differences as a function
of cloud type

The previous analyses focused only on a small portion of the
data that encompassed cither the SGP or CFARR sites. In this

section, the entire area where MISR overlays MODIS is
analyzed to increase the number of sampled points. At most, the
region of interest will be as wide as the MISR swath (360 km)
and as long as 2 concurrent MISR blocks, i.e. about 250 km. At
SGP, 25 scenes were examined, while 29 were selected for
CFARR. Special attention was given to areas in the scenes
where large differences occurred between MODIS and MISR
CTHs. All together, these scenes total nearly 300,000 cloudy
pixels as points of comparison. For the area where the two
imagers coincide, the distribution of the (MODIS-MISR) CTHs
is calculated as a function of cloud type. To illustrate how the
MODIS cloud type relates to the false color imagery and how it
compares to MODIS and MISR cloud-top heights, we selected
three dates at both sites and show the false color imagery and
cloud-type in Fig. 1 and the corresponding MODIS and MISR
cloud-top height maps in Fig. 2.

Fig. 3 shows the frequency of occurrence of the difference
between MODIS and MISR cloud-top heights as a function of
cloud type for each site separately. In addition, Table 2 shows
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(a) 25 scenes at SGP

(b) 29 scenes at CFARR
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Fig. 3. Frequency of occurrence of difference between MODIS and MISR cloud-top heights as a function of cloud type at SGP (a) and CFARR (b): overlap (solid),
water (dot line), mixed phase (dash line), opaque ice (dash—dot line), cirrus (dash—dot—dot—dot line), for all pixels per scene and 25 and 29 scenes respectively.

the percentage of pixels per cloud type for which either (1)
MODIS and MISR cloud-top heights were above 5 km; (2)
MODIS cloud-top heights were found above 5 km and MISR
cloud-top heights below 5 km; (3) both MODIS and MISR
cloud-top heights were found below 5 km and (4) MODIS
cloud-top heights were found below 5 km while MISR cloud-
top heights were found above 5 km. These percentages were
calculated separately for SGP and CFARR.

4.1. Water clouds

The SGP frequency of occurrence plot (Fig. 3a) exhibits a
peak for differences of —1 km, indicating a slight tendency for
MISR cloud-top heights to be larger than MODIS cloud-top
height. However, a secondary maximum can be noticed for
differences around 4-5 km. Approximately 8% of the water
pixels had an average MODIS cloud-top height of 7.5 km while
the corresponding average MISR cloud-top heights were
2.67 km. Although 74% of all water pixels showed that both
MODIS and MISR cloud-top heights were below 5 km, 8% of all
water cases were found with both retrievals above 5 km. Another
10% of the water cloud pixels had MISR cloud-top heights

Table 2

Percentage of pixels per cloud type with both MODIS and MISR CTH>5 km,
MODIS CTH>5 km and MISR<5 km, both MODIS and MISR<5 km and
MODIS CTH<S5 km and MISR CTH>5 km for both sites

Cloud MODIS MODIS MODIS MODIS
type CTH>5 km CTH>5 km CTH<5 km CTH<5 km
MISR MISR MISR MISR
CTH>5 km CTH<5 km CTH<S5 km CTH<5 km
SGP CFARR SGP CFARR SGP CFARR SGP CFARR
(%) (%) (%) (%) () (%) () (%)
Water 8 0.5 8 0.5 74 97 10 2
Mixed 13 2 4 2 65 93 19 3
Opaque 84 70 8 13 5 12 3 5
ice
Cirrus 67 30 21 23 6 28 6 19
Overlap 61 30 26 40 8 27 5 3

greater than 5 km while MODIS cloud-top heights were below
5 km. In the latter situation, MISR cloud-top heights were found
on average at 6.6 km and this overestimate could be explained
by the presence of undetected blunders or a bad/no wind
correction. These last two types of anomalies cause the average
difference to be slightly negative. If we calculate the mean
difference when both instrument retrievals concur that the clouds
are below 5 km, MODIS cloud-top heights are found to be
slightly larger by 350 m than MISR cloud-top heights. At
CFARR, Fig. 3b shows the distribution of the CTH differences;
only one peak is found at roughly null differences. At this site,
97% of all water cloud pixels were found with both MODIS and
MISR retrievals below 5 km and the average difference was 0.1+
1.1 km. This result also reveals how the MODIS collection 5
cloud-top height retrievals have improved for low-level clouds
compared to what was found in Collection 4 by Naud et al.
(2005a). As far as MISR retrievals are concerned, less accurate
stereo heights are expected at SGP due to generally stronger
winds there compared to CFARR, causing more uncertainty for
wind advection corrections.

4.2. Mixed phase clouds

Mixed phase clouds (according to the MODIS cloud-typing
algorithm) tend to show better agreement between MODIS and
MISR cloud-top heights than most of the other cloud types.
They generally have high optical thicknesses so both instrument
retrievals should be able to obtain cloud-top height fairly
accurately. The differences are distributed over a slightly larger
range at SGP than CFARR. The mean difference was found to
be —0.4+1.5 km at SGP when both instrument retrievals
located these clouds above 5 km and 0.5+1.2 when they were
found below 5 km. When both instrument retrievals detected
these clouds at CFARR below 5 km (i.e., for the majority of
these cases), the mean difference between MODIS and MISR
cloud-top heights was 0.1+ 1.1 km. There were a slightly larger
number of pixels with both cloud-top heights above 5 km at
SGP where clouds are in general at higher altitudes there.
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4.3. Opagque ice clouds

Opaque ice clouds show a difference in MODIS-MISR
cloud-top height between —5 and 5 km at SGP, but this range is
slightly larger at CFARR. The peak is fairly well defined at SGP,
but much broader at CFARR. Although the agreement is good
between MODIS and MISR cloud-top heights at SGP, both in
term of where these clouds are with respect to the 5 km level and
in terms of the average difference (—0.3+1.5 km), there are
some notable discrepancies at CFARR. First, there are a non-
negligible number of pixels where MISR cloud-top heights are
found below 5 km, which could indicate the presence of a lower
cloud layer. Second, some of these cases also show MODIS
cloud-top heights below 5 km, and this could be an indication
that the cloud-typing algorithm has more difficulties in
detecting cloud overlap at CFARR. However, clouds tend to
be at a lower altitude at CFARR than at SGP, so they can be fully
glaciated but with a cloud-top height close to 5 km. Without
external information, we can only hypothesize that some
overlap situations may not be detected with the PH0405
cloud-typing algorithm. Perhaps the contrast exhibited by the
optically thick ice cloud is somehow less than the contrast
exhibited by a low-level cloud. Situations where MISR cloud-
top heights do not exceed 5 km constitute 25% of all opaque ice
cloud pixels at CFARR, but 13% at SGP.

4.4. Cirrus clouds

Cirrus clouds show a binomial distribution of the difference
in cloud-top heights at both sites. At SGP, we find that 67% of all
cirrus pixels have both MODIS and MISR cloud-top heights
above 5 km and within —1.2+2.3 km of each other on average.
These pixels seem to be populating the largest of the two
maxima. The secondary maximum occurs for differences of
between 5—6 km and indicate that MODIS cloud-top heights are
much higher than for MISR. About 21% of all cirrus cloud pixels
have MODIS cloud-top heights above 5 km and MISR cloud-top
height below 5 km. For these pixels, the average difference
between MODIS and MISR cloud-top heights is 6.3+2.3 km. At
CFARR, the percentage of cirrus cloud pixels with both
retrievals above 5 km was 30% with an average difference of
—1.9+2.7 km. Compared with what is found at SGP, this
represents a much smaller fraction of all cirrus pixels. In
addition, 23% of all cirrus pixels at CFARR had MODIS cloud-
top heights above 5 km and MISR below 5 km. This suggests
that at both sites, roughly 20% of the cirrus pixels could contain
cloud overlap that was undetected by the cloud-typing method.
Pavolonis and Heidinger (2004) found that if the low-level water
cloud is optically thin or broken, the cloud-typing algorithm may
not detect the overlap, and would indicate a cirrus cloud instead.
Another explanation could be that errors in surface height
delineation in MISR sterco height associated with a bad wind
correction could lead to false low-level cloud detections. While
at SGP, cirrus cloud pixels with MODIS cloud-top heights below
5 km amounted to 12%, at CFARR this number is about 47%.
Since it was found that cloud layers are more often broken at
CFARR than SGP (Naud et al., 2005a), it is possible that cirrus

cloud pixels at CFARR could contain cloud overlap even if
PHO0405 does not discriminate it. Assuming this is the case, it is
also possible that the MODIS cloud-top height algorithm only
detects the lowest cloud layer as would MISR stereo heights.
Without independent retrievals of separate cloud layer optical
thicknesses, this hypothesis can not be verified here.

4.5. Overlap

The differences in CTH for the overlap cloud type in Fig. 3a,
b also show a binomial distribution. The largest maximum is
found around 0 km at both sites with a large spread. The second
maximum is found at about 6 km at SGP and 4-5 km at
CFARR. Cloud overlap pixels with MODIS cloud-top heights
above 5 km and MISR cloud-top heights below 5 km were
found for 26% of all cloud overlap pixels at SGP and for 40% of
all overlap pixels at CFARR. Pixels with both MODIS and
MISR retrievals above 5 km were found for 61% of all overlap
pixels at SGP and 30% of all pixels at CFARR. There seems to
be a greater probability for MISR to detect cirrus clouds in
overlap situations at SGP than CFARR, either because the high
clouds at SGP exhibit a greater contrast or that the water clouds
at SGP exhibit a smaller contrast than at CFARR.

The radar data from CFARR and SGP for all of 2000 and
2001 were used to determine the distribution of differences in
cloud-top heights between the highest and lowest cloud layers
when more than one cloud layer is present (Fig. 4). This figure
provides a benchmark to evaluate if the differences between
MODIS and MISR CTH values behave in a similar manner as
radar retrievals when more than one cloud layer is present. The
“+” symbols show the contribution to the distribution of
situations where the highest cloud layer had a cloud-top height
greater than 5 km and the lowest layer had a cloud-top height of
less than 5 km.

Fig. 4 shows how differences at CFARR are less than 2 km for
amajority of cases, with equally probable separations between 2
and 6 km, and a sharp decrease to a zero frequency of occurrence
at 10 km. When the difference in cloud-top heights was greater
than 4 km, the highest cloud layer was always above 5 km whilst
the lowest layer was below 5 km. For differences in cloud-top
height less than 4 km, the two cloud layers can both be present
above 5 km or both below 5 km. When we divided the
tropopause into three regions limited by 4 km and 7 km altitudes,
instead of the two regions limited by the 5 km altitude, the
frequency of occurrence of both layers being present in the same
altitude range (i.e. 0—4 km, 4—7 km or above 7 km regions)
amounts to nearly 50% of all multilayer situations (compared to
about 25% at SGP). With the results shown in Fig. 3b, the
distribution of the difference in MODIS-MISR cloud-top height
when cloud overlap is detected seems to follow the distribution
of radar layer separation.

For SGP, there are two maxima for cloud layer separations
obtained with the radar data (Fig. 4), one in accordance with
CFARR at about 4 km and another for separations of about §—
9 km (at SGP clouds can attain altitudes up to 15 km). Situations
where the two cloud layers are present on a different side of the
5 km altitude level account for all cases that constitute the cloud-
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Fig. 4. Frequency of occurrence of the difference of cloud-top height between
highest cloud layer and lowest cloud layer when more than one layer were
present over CFARR and SGP radars during 2000 and 2001. The diamond
symbols represent all cases, whereas the + symbols only show the contribution
from situation where the highest layer has its top above 5 km and the lowest
below 5 km.

top separations beyond the second maximum at 7 km, and for
most of the cases with differences greater than 4 km. On Fig. 3a,
the secondary maximum for the difference in cloud-top heights
greater than 5 km was found to be smaller. This could come from
inaccuracies in MODIS cloud-top heights as clouds are higher
and optically thinner, causing an underestimate in the cloud-top
height of the highest cloud layer in the scene and thus a smaller
difference in cloud-top height with MISR.

5. Conclusions

MODIS and MISR cloud-top heights were derived and
compared for 54 scenes over the SGP and CFARR millimeter
cloud radar sites to assess if their CTH differences could help in
cloud overlap detection. The differences were compared with
radar and with results obtained from a cloud-typing method
applied to MODIS data and developed by Pavolonis and
Heidinger (2004) and Pavolonis et al. (2005).

Once all the scenes without radar data and with single-
layered clouds were excluded, we found larger differences
between MODIS and MISR cloud-top heights in cloud overlap
situations. However, the differences were not always large when
the radar data was used to identify multilayer situations. For
some situations, both instruments gave very good retrievals of
the cloud-top height of the highest layer. For other cases,
MODIS and MISR tended to miss the highest cloud layer and
were both assigned to the top of the lowest cloud layer. Thus the
main conclusion from the radar comparison is that large
differences between MODIS and MISR cloud-top heights were
not systematically found when more than one cloud layer was
present.

To increase the number of points of comparison, we used a
cloud-typing method applied to MODIS data (Pavolonis &
Heidinger, 2004; Pavolonis et al., 2005) that can discriminate
situations where thin cirrus overlaps a water cloud. We found
that large differences between MODIS and MISR cloud-top
heights occurred predominantly for pixels either showing a
cloud overlap type or a cirrus cloud type. We suggest that the
latter cases were in fact overlap situations that could not be
detected with PH0405, but we do not exclude the possibility
that they could also be caused by errors in MISR cloud-top
heights such as surface pixel contamination, the level of highest
contrast being closer to cloud base than top, differences in
resolution and different geolocation alignment between both
instruments in broken cloud situations. For the other cloud
types, the two retrievals were in fairly good agreement.

When cloud-typing or radar detected more than one cloud
layer, we found a large number of occurrences where MISR
cloud-top heights could detect the highest cloud layer, so the
difference between MODIS and MISR cloud-top heights alone
can only help for cloud overlap detection in about 30—40% of
all situations detected with PH0405. However, the radar
comparison also hinted that this method could be used when
clouds of the same phase overlap. In addition, the difference
method could also help to understand those situations where the
cloud-typing algorithm gives “cirrus” as the cloud type when it
should give “overlap”.

It would be important to use lidar measurements of cloud
optical thickness profiles to understand situations that cause
MISR cloud-top heights to succeed in detecting a high cloud
layer even if a lower cloud is present and to assess how often
MISR stereo height can be trusted in overlap situations. The
recent launch of CloudSat (Stephens et al., 2002) and CALIPSO
(Winker et al., 2003) will provide new tools to assess the merits
of the passive estimate of cloud-top heights.
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