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Abstract. Radar cloud-top heights were retrieved at both 1 Introduction

the Chilbolton Facility for Atmospheric and Radio Research,

UK (CFARR) and the ARM Southern Great Plain site, The principal objective of this work is to provide an in-
USA (SGP), using millimetre wave cloud radars and iden-dependent assessment of satellite-based, cloud-top pres-
tical algorithms. The resulting cloud-top heights were usedsure/height products that are produced operationally for the
for comparison with MODIS and MISR retrieved cloud-top Moderate resolution Imaging Spectrometer (MODIS) and
heights, from March 2000 to October 2003. Both imaging the Multi-angle Imaging SpectroRadiometer (MISR) instru-
instruments reside on the NASA Earth Observing Systemments. Both instruments are on NASAs Earth Observing
(EOS) Terra platform launched in 1999. MODIS and MISR System (EOS) Terra platform that was launched on 18 De-
cloud-top products were from the recent collections (4 and 3cember 1999. While MODIS has unprecedented spectral
respectively) that cover the entire mission. The cloud char-coverage in key atmospheric bands and an instantaneous
acteristics are different at each ground site, with clouds genfield of view of 1km (or better) at nadir, MISR has a set
erally residing at higher altitudes at SGP, but with a greaterof 9 cameras at angles froh70° to nadir, aligned in the
occurrence of broken or multilayered clouds at CFARR. A along-track direction that records data at four wavelengths
method is presented to automatically eliminate scenes wherat @ nominal resolution of 275m. The cloud products de-
clouds are of a broken nature, since it is difficult in theserived from these two instruments are based on quite different
conditions to ensure that ground-based and satellite meanethods: MODIS radiometric methods versus the MISR ge-
surements refer to the same cloud deck. The intercompariometric derivation. As will be discussed further throughout
son between MODIS and radar cloud-top heights reveals thafhis article, each method has strengths and weaknesses that
MODIS cloud-top heights agree with radar within about 1 km can be evaluated through comparison with independent cloud
for mid- and high-level clouds. However, this accuracy is de-boundary assessments derived from ground-based radar. The
graded to nearly 3 km for low-level clouds. MISR cloud-top focus of this investigation is to compare the Terra platform
heights are found to agree with radar cloud-top heights tocloud-top pressure/height product from both MODIS and
within 0.6 km, which is in line with theoretical expectations. MISR to ground-based cloud observations from two surface
In single-level cloud situations MODIS and MISR cloud-top Sites.

heights tend to agree within 1 km. This comparison also re- The Terra platform is in a Sun-synchronous, near-polar
veals that the loss of radar sensitivity during 2001 resultedorbit at a nominal altitude of 705km. Because of its wide

in the CFARR instrument being less accurate for high-levelcross-track scanning swath (2330 km), MODIS views the en-
cloud-top height measurements. tire surface of the Earth every one or two days (Salomonson

et al., 1989), while MISR has a more limited swath width
Keywords. Atmospheric composition and structure (Instru- (380 km) that produces global coverage every 9 days (Diner
ments and techniques) et al.,, 1998). The MODIS cloud-top pressures are avail-
able, at the time of writing, as a Level-2 MODO6 collection 4
product (Platnick et al., 2003); cloud-top heights are derived
through use of ECMWF operational analysis profiles. MISR
Correspondence taC. M. Naud cloud-top heights are from the latest collection (versions FO5
(cnaud@giss.nasa.gov) and F06, recently renamed collection 3) of the MISR level
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2 top-of-atmosphere/cloud product (L2TC). The use of thedata during this period. Both radar processing chains were
term “collection” refers to the reprocessing level of each datainterrupted at the time of this study — September 2003 for
stream. Each time the data processing algorithm and/or calSGP and October 2003 for CFARR.
ibration is updated significantly, all the data acquired since Section 2 describes the data sources and products. Sec-
the beginning of the mission is reprocessed. The resultingion 3 presents the intercomparison approach together with
data-set is then referenced to a specific collection number. its limitations. Section 4 describes the results from intercom-
This work builds upon previous efforts to assess MODIS parisons between MODIS and radar, MISR and radar, and
and MISR cloud-top heights as described heretofore. FreyMODIS and MISR. Concluding remarks follow in Sect. 5.
et al. (1999) used the airborne version of MODIS, called the
MODIS Airborne Simulator (MAS), and compared cloud-
top pressures (obtained with the same algorithm as the on2 Data
implemented for Terra and Aqua) with cloud-top pressures
derived from a downward pointing lidar on-board the sameWe first describe the MODIS, MISR and cloud radar data
NASA ER-2 aircraft. They found an agreement within products, as well as what criteria were used to select scenes
0.5km for most single-layered clouds, with errors increas-for intercomparison and identify potentially problematic
ing under multilayered cloud conditions. The best agree-cases. We also include a discussion of the strengths and lim-
ment was found for optically thick clouds, while compar- itations of these instruments for retrieving cloud-top heights.
isons were more problematic for a) optically thin, but geo-
metrically thick clouds, such as cirrus and b) multilayered2.1  MODIS
clouds consisting of thin cirrus overlying a low-level wa-
ter cloud. With data from the AirMISR instrument, an air- MODIS measures radiances in 36 spectral bands, using four
borne version of MISR, Marchand et al. (2001) tested thefocal planes covering the spectral range from 0.4—4n2
MISR operational algorithm against the aircraft lidar, finding The spatial resolution for nadir views varies from 250 m to
agreement to within about 0.5km. Naud et al. (2002, 2004)1 km, depending on the spectral band. The MODIS cloud
compared MISR and MODIS cloud-top heights with ground- products are generated on a granule basis; a granule is 5min
based radar and lidar on a limited data-set and again reasoff orbit data and typically consists of 2030 along-track and
able agreement (to within 2km) was found as long as thel350 across-track 1-km resolution pixels.
clouds were not multilayered for MISR and of sufficient opti- ~ The suite of operational cloud products begins with cloud
cal thickness for both. Mace et al. (2005) compared MODISdetection or masking, i.e. deciding whether or not a cloud
and ground-based measurements of cirrus cloud properties & present within a pixel (Ackerman et al., 1998). Infrared
the SGP site and found a MODIS cloud-top height underestechniques are employed to estimate cloud-top pressure, ef-
timation for thin clouds. fective cloud amount (product of cloud fraction and cloud
This study uses a larger data-set than that reported igmittance), and cloud thermodynamic phase from 5-km av-
Naud et al. (2002; 2004) and encompasses an assessmegigged radiances. Further discussion of the cloud products
period from March 2000 through October 2003. MODIS is provided in Platnick et al. (2003) and King et al. (2003),
and MISR products are evaluated from the latest processso only a brief description of cloud-top pressure retrieval is
ing algorithm (Collection 4 for MODIS and Collection 3 provided here.
for MISR). Surface-based data are taken at two differ- MODIS cloud-top pressures are calculated operationally
ent locations that have quite different cloud climatology using the CQ-slicing technique (Menzel et al., 1983, 2002;
characteristics (i.e. marine-UK and central continental-US).Wylie and Menzel, 1999; Wielicki and Coakley, 1981; Baum
The two surface sites are the Chilbolton Facility for At- and Wielicki, 1994), although this method is best suited to
mospheric and Radio Research (CFARR), Hampshire, UKmid- and high-level clouds. In the MODIS algorithms cloud-
(51.1% N—1.43 W) and the Atmospheric Radiation Mea- top pressure is converted into cloud-top temperature through
surements (ARM) program Southern Great Plains (SGP) sitéhe use of a gridded meteorological product that provides
in Oklahoma (36.62N—97.5° W). Clouds tend to reside in relevant profiles at some nominal vertical resolution every
a bimodal distribution at the SGP site, primarily consisting 6h. The product for this purpose is provided by the Na-
of low-level and high-level clouds, while mid-level clouds tional Center for Environmental Prediction (NCEP) Global
occur more often at the Chilbolton site. Data Assimilation System (GDAS; Derber et al., 1991). Due
Precise measurements of cloud-top heights can be obto signal-to-noise issues, G@licing cloud-top pressures are
tained with active instruments, such as millimetre wave cloudgenerally limited to the range from approximately 700 hPa,
radars that can reach an accuracy of better than 150 m fare. about 3 km above sea-level, up to the tropopause. When
cloud boundaries (Clothiaux et al., 2000). The millimetre- low clouds are present, the MODIS algorithms defer to the
wave cloud radar (MMCR) data for both sites were obtained,infrared window technique, where cloud-top pressure and
from which radar-derived cloud-top heights were extractedtemperature are determined through comparison of model-
for intercomparison with MISR and MODIS. The 3.5-year calculated and observed Lin radiances.
time period for the comparison is limited by the start of the Because cloud-top pressure and temperature, but not
MODIS and MISR processing and the availability of radar height, are provided in the MODO6 suite of data products,
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we use ECMWEF profiles to convert cloud-top pressures into2.3  Millimetre wavelength cloud radar
(geopotential) cloud-top heights. We chose to use ECMWF
meteorological profiles because they were readily availableA 35-GHz MMCR is operated continuously at the ARM pro-
to us at the time of our study with the Collection 4 MOD06 gram SGP site. These radar data are processed and archived
data products. automatically. Similarly, the CFARR 94-GHz MMCR oper-
ates in an automated mode. Both radars are vertically point-
ing and have fairly similar characteristics. We applied the
2.2 MISR radar data processing algorithm developed by Clothiaux et
al. (2000) to the data-sets from both radars. In our time-
series analyses we used the quality control (QC) reflectiv-
ty clutter flag, which provides a cloud mask flag every 10 s
at a vertical resolution of 75m. The cloud mask flag dis-
tinguishes between no data, clear (i.e. no significant atmo-
spheric power return), clouds (i.e. significant atmospheric
hepower return from hydrometeors), pure clutter (i.e. signifi-

swath V\ll'dth IIS ?80 k:cntha crtl)ss;r?ckrfD_mri ret ZI" t199i3)1l1' cant atmospheric power return from non-hydrometeors) and
nominal resolution of the cloud-top height productIs L. LKM. yyiyy s of clutter and clouds. Clutter is a generic term for

Because of its narrow swath, the time needed for global Covhon—hydrometeor objects, such as insects or vegetal debris.

erage is 9 days. However, each mid-latitude location on EarthMMCRS have the advantage of being able to detect multi-

?E%bs/’iﬂi%d dW'thm at (;etaSt I:hree dt|st|n(|:t Orb'tlf_ du_rtlng th_elayered clouds, so a full vertical profile of cloud occurrence
~day ground frack repeat cycle, maxing It posst-iq -, aijaple. However, they are not sensitive to small cloud

b]e 0 obtam.measurelments Sto6times a.month overa glVe'BarticIes far from the radar, and experience problems in iden-
site, depending on latitude. The MISR retrieval technique fortifying the presence or absence of cloud particles in regions

.CIOUd'tOp heightis based on a §tereoscop|c method that USE precipitating raindrops. Consequently, cloud base is diffi-
images of the same clou_d obtained from b_Oth pairs O_f the "Ncult to detect with a MMCR when the cloud is precipitating.
nermost three cameras, i.e. the MISR nadir L View 14 overcome this problem the base of the lowest cloud layer

zenith cameras (Mqroney etal., 2002, Mgller etal, 2002.)'in the column above the radars is retrieved using additional
Stereoscopic techniques have been applied to cloud he'graata from a micropulse lidar at the SGP site and a conven-
retrievals for more than 20 years now, in particular from 9€0-4: )2l Vaisala ceilometer at CEARR

stationary data (e.g. Hasler, 1981; Wylie et al, 1998). Stereo
cloud-top heights were found to be in good agreement with
techniques such as G&licing, with a similar tendency to be
tuned to the level of greater contrast within the cloud but not
necessarily at the cloud-top (Wylie and Menzel, 1989; Nau_dg_1 Data selection
et al, 2004). However, these measurements were not applied

routinely and only cov_ered specific regions, thus itis only " The radar data are sampled over time periods centred on the
cently that stereo retrlevgls could be automated (see Mu”eﬁ'erra overpass time. We examined only those Terra orbits for
etal., 2002 for more details). which the narrower swath of MISR encompasses the radar
The primary advantage of MISR cloud-top height retrieval site. As a result, only 5 to 6 Terra orbits per month con-
is that it is purely geometric and does not rely on any addi-tributed to our study. We varied the radar sampling time
tional scene information. However, because of the time de{eriods between 600s (at5min centred on the MODIS
lay between consecutive MISR camera views (about 45 s beoverpass time) to 4800 s (@r40 min). To characterize the
tween the nadir and one of the closest camera&t of one  different types of clouds over each site, we found that the
location), wind advection of clouds can often cause errors600 s sampling periods were sufficient for the ARM SGP site,
in MISR cloud-top height retrievals. For this reason winds whereas the 4800 s periods were necessary at CFARR, be-
are first retrieved. If a wind retrieval is deemed successful,cause of the broken nature of the clouds at this site. Radar
wind-corrected cloud-top heights are extracted (Zong et al.median cloud-top heights were derived for each period, as
2002). The product corrected for wind advection is namedwere the corresponding number of cloud layers.
the BestWind cloud-top height product, but an uncorrected Although both the ARM SGP and CFARR sites are situ-
product is also available and called the WithoutWind cloud- ated at mid-latitudes, their climates are very different. The
top height product. Both products are available in the MISRCFARR site is strongly influenced by the Atlantic Ocean to
level 2 top-of-atmosphere/cloud stereo operational producthe west and the North Sea to the east. In contrast, the SGP
but BestWind cloud-top heights are only used here; with thesite is situated at the centre of the United States. The height
WithoutWind product only being used to assess the cause obf the tropopause is located typically at 13 km at CFARR but
a missing retrieval. The MISR stereo cloud-top height re-16 km at the SGP site. Clouds tend to be equally distributed
trieval algorithm and preliminary results obtained from it are in height at the SGP site (Fid), whereas low-altitude clouds
summarized in Muller et al. (2002). (below approximately 3 km) are predominant at the CFARR

MISR is a push-broom imager that observes the Earth i
three visible channels (0.446, 0.558, 0.6if) and one near-

infrared (0.866:.m) channel at a nominal along-track resolu-
tion of 275m (250 m for nadir) at along-track view zenith
angles of 0, +26.1°, +45.6°, +60.0°, and+70.5. The

3 Intercomparison methodology
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SGP, N=84 (solid), N=75 (dashed) field of view, if the contrast in the lower cloud is larger.
J L R B Consequently, we must identify scenes where optically thin
clouds are above lower optically thick cloud. We used radar-
derived vertical profiles of cloud/no cloud classifications at
75 mresolution, to estimate the number of distinct cloud lay-
ers present above each site for each Terra overpass.

We found that no matter which time period we used for
the radar sampling, there were still outliers where the radar
reflectivity plots revealed broken layers or rapidly varying
cloud-top heights in frontal situations. The assumption of
frozen turbulence that allows the direct transformation from
time series to spatial averages, assuming a constant wind
speed, justifies the use of radar time series for comparison

— with satellite retrievals. However, additional tests had to

O b be performed, in order to discard cases where large varia-
0 Freégency of%%currengeo(%) 40 tions in cloud-top heights yvould cause disagreement between
ground-based and satellite observations. Most of the bro-
Fig. 1. Cloud-top height frequency of occurrence for all dates with !<en cloud situations were ellmlr!ated from the study by keeF"
radar data at SGP (solid line) and for cases that obeyed the thre'd only cases.for which the d'ﬁere”9€ between t_he maxi-
thresholds imposed for removing broken cloud cases (dashed lineynum and median radar cloud-top heights for a given time
The cloud-top heights correspond to the median calculated over th@€riod did not exceed 3km; the standard deviation of the
600 s time period. radar cloud-top height over the time period did not exceed
2 km, and the fraction of cloudy pixels over the sampling pe-
riod was at least 10%. We rejected any case that did not pass
these three tests. Figurgsnd2 show how the distributions
of radar cloud-top height vary when these cases are removed.
As Fig. 1 illustrates for the SGP site, the frequency of oc-
currence of cloud as a function of altitude does not change
much, implying that broken cloud situations are not frequent
at this location and have little influence on the mean verti-
cal CTH profile. On the other hand, Figgshows a decrease
in the highest clouds and an increase in mid-level clouds at
CFARR, revealing that situations with a broken high cloud
8 layer are more frequent.

We initially sampled the MODIS and MISR cloud-top
heights over latitude-longitude boxes of size8.2°, +0.1°,
+0.05 and £0.02, that were centred on the two sites.

P Since we found no significant differences in the results from
0 10 20 s 40 one box size to the next and the 5-km resolution of the
Frequency of occurrence (%) MODO06 cloud-top heights meant that there were often no

] ) ) ] ] results available for the smal0.02 boxes, we used medi-
Fig. 2. Same as Fig. 1 for the CFARR site, with median cloud-top 5n¢ ' means, and standard deviations of cloud-top height ob-
helghts_cg!cula_ted over a 4800 s time period centred on MODIS Star{ained from the large-0.2° boxes for this study. We present
of acquisition time. only the median cloud-top heights as the most representative
height within each box.

site (Fig.2), reflecting the much greater influence of marine  Since MODIS provides cloud-top heights derived us-
stratus clouds at the UK site. Additionally, clouds are moreing two different methods (C®slicing and 11pm radi-
often multilayered vertically and non-uniform horizontally ances/brightness temperatures, known hereafter as BT11),
(i.e. broken) at CFARR. we distinguish between them. On some occasions, we found

Broken cloud situations cause problems finding match-upghat both the C@-slicing and the BT11 techniques were used
between ground-based time series with instantaneous satdh one+0.2° box. This observation implied a broken cloud
lite views, and multilayered clouds present different retrieval situation, where low and high clouds were present in the area
issues for both MODIS and MISR. Naud et al. (2002, 2004) around the radar. Subsequently, we set the criteria as fol-
showed that MISR stereo height retrievals were sensitive tdows: (a) the MODIS cloud fraction had to be 100% within
multiple cloud layer situations. MISR stereo heights tendthe+0.2 box for a case to be kept, and (b) only one retrieval
to be assigned to the lower of the two cloud layers in its method for all pixels within the box was permitted.

Radar cloud top height (km)

CFARR, N=71 (solid), N=42 (dashed)
5 rrTrTTTTT T T T T T T T T T T T T T T T T T T T T T

Radar cloud top height (km)

ol
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3.2 Limitations 20001130. SGP
)

Although estimating the number of cloudy layers from the ~ 20

radar profiles appears to be an effective method of identify- E 15

ing cloud overlap situations in a vertical column, we visually ~ '

inspected the profiles to discard any suspicious cases. For < 10 vy J\. .N”i"" w

example, the ground-based radar at SGP observed one layer -% [

at a time for a heterogeneous multilayered cloud scene on T 5 '

30 November 2000 (Fig3); a high cloud layer was present | | : ‘

above the radar at the time of the overpass and a lower cloud

layer appeared soon thereafter in isolation from the upper 0 S . 10 15 20

cloud deck. Because of the short sampling time period that Time, hours

we chose for the SGP site, only one cloud layer was included

in the radar statistics for this case. However, both cloud lay- Reflectivity clutter flag

ers were apparent in the MODIS cloud-top height map and o cloudt clutter o At

both layers made contributions to the MODIS and MISR me- clutter

dian cloud-top height statistics. This case is an illustrative .

example of broken cloud situations where the radar and satef'9: 3 Radar ClO.Ud mask fo.r 20 November 2000, with ClO.Ud.S n
dark blue, clutter in green, mix of clutter and hydrometeors in light

lite instruments will disagree begause they do not nece;saril}glue and no returns in red. The dashed line represents the MODIS
observe the same cloud deck simultaneously. Cases like th@[art time of acquisition over the site. This figure illustrates the

one had to be manually eliminated. This type of situation complexity of some scenes where two different cloud layers appear
and broken cloud situations are the main limitation for suchapove the radar beam at different times but will be present close to
a comparison where time series and instantaneous views atge site in the satellite images.

compared. Although the thresholds we introduced for both

radar and MODIS data allowed for good match-ups between

the various instruments, this meant that a much smaller num4 Results

ber of cases could be kept in the inter-comparison datapool.

In the next three sections we present statistics of the dif-
ferences in cloud-top heights derived from the ground- and

. : : Satellite-based instruments. We summarize these results in

pollen) that are especially problematic at the SGP site. At th : ' L

: ! : able 1. The interested reader can find all the individual case
ARM SGP site this clutter can be detected at altitudes up to_, . L X

. : studies for both sites illustrated on the UCL results section of

5km. Although our cloud detection algorithms also rely on the EU-CLOUDMAP?2 web-page #tto://cloudman.or,
ceilometer measurements of cloud-base height, high altitude pag P p-0rg
clutter can prevent reliable information on cloud-top heights.
This clutter strongly affects all low-level cloud comparisons
at the ARM SGP site, particularly during the summer. These

T e oo S il fun 62 cases o SGP and 71 cases t CFARR,
"with clouds detected by both radar and MODIS. Once all the
Finally, MMCR radars lack sensitivity to small particles ambiguous cases were eliminated, as described above, the
that often occur at the top of high-level ice clouds. Becausecloud-top height comparison between MODIS and radar in-
the 35-GHz radar at SGP possesses a large antenna and poeltided 43 and 27 cases, respectively.
erful transmitter, it is believed to be accurate for ice clouds At SGP, 22 (out of 43) cases retrieved with &€licing
tops. However, this is not the case for the 94-GHz radar ashowed that MODIS cloud-top heights were lower than radar
CFARR, which in addition experienced technical problems cloud-top heights by an average difference-df.2+1.0 km.
during the period of comparison. During 2001 the sensitivity At CFARR, the same difference calculated for 10 (out of
of the CFARR radar began monotonically decreasing and ir27) cases gave an average difference oftQ.@km. The
March 2002 the radar failed altogether. The radar transmitstandard deviations are roughly similar, indicating an ac-
ter was replaced and full operations recommenced in Aprilcuracy between 1.0 km and 1.5 km when MODIS retrievals
2003. We attempted to identify if there were any trends inare performed with the Cfslicing technique. The differ-
our results that were correlated with the drop in CFARR radarent signs for the bias come from the differences in cloud-top
sensitivity but were unable to find any. However, as we dis-height distribution at the two sites. Figuteshows how radar
cuss later, some of the observed differences between radacloud-top heights are distributed, revealing that clouds were
and satellite-derived cloud-top heights might be partially ex-found at lower altitudes at CFARR compared to SGPCO
plained by the decrease in CFARR radar sensitivity duringslicing overestimates cloud-top heights for mid-level clouds
2001 and the early part of 2002. (Wielicki and Coakley, 1981; Baum and Wielicki, 1994),

Another issue stems from the sensitivity of MMCRSs to so-
called “clutter”, such as insects and vegetation debris (e.g

4.1 Intercomparison between MODIS and radar cloud-top
heights
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Table 1. Summary of all differences in cloud-top heights (CTH) for both sites and all instruments. N represents the number eficases,
and<B> the average CTHs for each instrument amtl—B> the average difference in CTH between instruments A and B.

Instruments Statistics for SGP Statistics for CFARR

A B N <A> <B> <A-B> N <A> <B> <A—B>
(km) (km) (km) (km) (km) (km)

MODIS CO2 Radar 22 881.4 10.6t1.9 -1.241.0 10 7.417 6.8:2.0 0.6:1.3

MODIS BT11 Radar 21 13811 2#23 -—-1.4+28 17 1.809 2.2£2.0 -0.5+2.3

MISR Radar 16 4.94.2 5544 —-0.6+0.6 14 1.816 1.9:1.4 -0.2+05

(single)

MODIS CO2 MISR 7 8.&1.1 9.3t15 -0.44+0.7 1 8.4 7.0 1.4

(single and with radar)

MODIS BT11 MISR 9 1.21.2 1406 -0.2+14 13 1.8:09 1.4t0.6 0.5:1.0

(single and with radar)

MODIS CO2 MISR 14 9.%#1.7 8.9:1.7 0.2:1.2 16 8.5:0.7 8.4t1.5 0.2:1.1

(all cases with difference
less than 3km)

MODIS BT11 MISR 24 0809 1.6:08 -0.8+12 55 1208 1405 -0.3:0.8
(all cases)

CFARR SGP 27) occasions and the difference between MODIS and radar
T AT cloud-top heights was-0.5+2.3 km. The standard deviation
X and bias for BT11 heights at CFARR is less than that at SGP.

X MODIS retrievals of optical thickness exhibited a slight pos-
,@K* i‘ itive correlation with a difference between MODIS and radar
| 10l K | cloud-top heights when BT11 is used. This correlation indi-
X x cates that when clouds are optically thick, the MODIS BT11
cloud-top heights are above radar cloud-top heights, whereas
when clouds are optically thin, the opposite is true. This is
x X consistent with the assumption made with the BT11 tech-
nique that the cloud is opaque. Hence, the biases calculated
w X at both sites are not systematic, but dependent on the distri-
X X bution of optical thicknesses in the data-set.
X ;Kx ’§<<><><x
ol X ol & x% - 4.2 Intercomparison between MISR and radar-cloud-top

4 2 0 2 4 4 2 0 2 4 heights
MODIS BT11 (x) and CO, (*) - Radar CTH, km

15[

=
o

Radar CTH, km

o
X
o

There were fewer cases at both sites for comparison be-
Fig. 4. Radar vs. difference MODIS — Radar cloud-top heights for tween MISR and radar because the BestWind stereo cloud-
CFARR (left) and SGP (right) distinguishing between BT11 casestop heights are not always available. From the 43 cases avail-
(x) and CQ-slicing cases (¥). able at SGP, 3 were found to lack a MISR stereo height

retrieval (e.g. algorithm failure, cloud not detected) and 16

had a stereo height retrieval but without wind correction. At
thus explaining some of the large positive differences for theCFARR, from the 27 cases available for comparison, one
clouds at CFARR. At SGP, clouds are mainly found abovelacked a stereo height retrieval and 5 had no wind retrievals.
7km; and in accordance with previous studies (Frey et al.in this study, the cases with technical problems were ex-
1999; Mace et al., 2005), MODIS G&licing cloud-top  cluded and we found that 40% (SGP) and 19% (CFARR)
heights appear underestimated for high thin clouds. of all cloudy cases did not have a wind retrieval. The larger

The 21 (out of 43) cases retrieved with BT11 at SGP number of cases at SGP appears to result from stronger winds

showed a very poor correlation between MODIS and theat this site that were highly variable across the scene, thus
radar cloud-top heights with a large average difference bemaking the stereo wind retrieval more difficult.
tween MODIS and radar cloud-top heights-ef.4+2.8 km. Of the remaining cloudy cases, we found 24 cases (SGP)
Cases retrieved with BT11 at CFARR occurred on 17 (out ofand 21 cases (CFARR) for which we could compare MISR
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and radar cloud-top heights. After discarding multilayer CFARR SGP
cloud cases, there were 16 (out of 43 originally) cases (SGP) L L L AR
and 14 (out of 27 originally) cases (CFARR) of single-
layered cloud cases (from inspection of the radar profiles). ;f
The resulting average differences between MISR and radar

10+ ¥ 1

cloud-top heights were calculated a€.6+0.6 km (SGP)
and—0.2£0.5km (CFARR). These results imply that MISR
cloud-top heights show a slight low bias, mainly because the
stereo technique is tuned to detect the area in the cloud that
has the brightest contrast, which does not necessarily coin-
cide with the highest levels in the cloud (Wylie et al., 1998).
However, the low bias is slightly larger at SGP where clouds
are at higher altitude (Fi¢) and potentially have a lower op- X X
tical thickness. The standard deviations are comparable and ﬁ( é

I Ll 0 I M

Radar CTH, km
N
o

[&)]
)]

of the order of the theoretical estimate of 0.562 km (Moroney
et al., 2002). Figuré indicates that some low-level clouds 4 2 0 2 4 4 2 0 2 a

at CFARR display a positive difference, i.e. MISR cloud-top MISR-Radar CTH, km

heights are sometimes higher than radar cloud-top heights,

whereas all low-level MISR cloud-top heights at SGP showFig. 5. Radar vs. Difference MISR - Radar cloud-top heights for
a low bias. This might be an indication of the CFARR radar Single level cloud cases selected at CFARR (left) and SGP (right).
loss in sensitivity.

4.3 Intercomparison between MODIS and MISR cloud-top

heights top heights when BT11 is used. These figures also show the
) ) cases where a radar profile was available and indicate when
There were 16 single level cloud cases with both MISR andy,ore than one cloud layer was present. For the SGP site,
MODIS CTH retrievals over the radar site at SGP and 14\ sr cloud-top heights are higher than MODIS cloud-top
at CFARR. For 7 cases at SGP, the average difference bgyeights when BT11 is used and also for some high clouds
tween MODIS CQ-slicing and MISR cloud-top heights was  sing the C@-slicing retrieval method. The MODIS GO
—0.4+£0.7 km. Unfortunately, only one case like this was gjicing cloud-top heights compare well with MISR cloud-top

found at CFARR; it had a difference of 1.4km. These dif- heignts with the exception of cases where the radar indicated
ferences confirm that MISR cloud-top heights are slightly mtjlayer situations.

higher than MODIS C@slicing cloud-top heights in single
layer cloud situations. MODIS BT11 cloud-top height dif-  For some multilayered cloud situations, the two instru-
ferences are-0.2+1.4km (SGP, 9 cases) and &5.0km  ments are in good agreement, meaning that for these cases
(CFARR, 13 cases); these differences are not consistent behe uppermost layer was of sufficient optical thickness for
tween the sites but the results from the previous sections sughe MISR retrieval algorithm to detect it. These situations
gest that the change in bias is dictated by the average opticallso show that multilayer situations with the uppermost layer
depth of the clouds at each site. Clouds tend to be of greatesf low optical thickness will exhibit differences in cloud-
optical depth at CFARR than SGP, so BT11 cloud-top heightstop heights (the differences are greater than 3 km) between
will be more often overestimated at CFARR than SGP. the two instruments. Consequently, if we only consider the
Multilayer cases are more likely to be processed with cases for which the difference is smaller than 3km, we can
MODIS CO;y-slicing rather than BT11 because the method be fairly certain that we have eliminated the multilayer cloud
is more sensitive to the presence of high level clouds. Con<cases from the intercomparison pool. With this expanded
sequently, we decided to compare MISR and MODIS for data-set, we recalculated the difference between MODIS
all available cases when BT11 is used. Here we foundand MISR cloud-top heights; for 14 cases at SGP, the dif-
an average difference between MODIS BT11 and MISRference between MODIS Cfslicing and MISR cloud-top
cloud-top heights 0f-0.8+-1.2 km at SGP and-0.2+0.8 km heights was calculated as 6:2.2 km, with a correlation co-
at CFARR (MISR-derived clouds were placed higher thanefficient of 0.7 and at CFARR for 16 cases the difference
MODIS clouds). The correlations are poor and the standardvas 0.2:1.1 km with a correlation coefficient of 0.8. The
deviations indicate that the retrieved cloud-top heights fromtwo sites gave virtually identical differences, which is quite
the two instruments are about 1 km from each other, on avexceptional considering the small number of cases and the
erage. Figure$ and 7 show, for the two sites, how the dif- different distributions in cloud-top heights. The standard de-
ference between MODIS and MISR cloud-top heights variesviations are close to 1km; the bias indicates that MODIS
as a function of MODIS and MISR cloud-top heights. These cloud-top heights are slightly higher than MISR cloud-top
figures confirm that for most low-level cloud cases, the MISR heights for mid- to high-level clouds, in contrast to the situa-
cloud-top heights appear slightly higher than MODIS cloud- tion for low-level clouds discussed heretofore.
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We distinguish between MODIS retrievals performed with

SGP
the CQ-slicing method from those performed with the 11-

2 um brightness temperature method. Mid-level and high-
10 level cloud-top heights are usually retrieved with the for-
mer, with resulting differences between MODIS and radar
cloud-top heights of~1.2+1.0km (SGP) and 0:61.3km
_5_ 8 o £ (CFARR). Radar measurements indicate that clouds at
= T CFARR tend to reside at lower altitudes than for clouds at
8 6 5 SGP. We conclude that either the CFARR radar could not
a % fully detect high clouds or that MODIS cloud-top heights are
g 4 = overestimated for mid-level clouds. When only BT11 was
used in the MODIS cloud-top height retrieval (meaning that
9 a valid CQ slicing result could not be obtained), a poor cor-
b relation was found between the radar and MODIS cloud-top
0 ‘&‘ heights. MODIS cloud-top heights tended to be underesti-

10 5 0 5 10 -10 5 0 5 10 mated for low optical thicknesses and overestimated for high
MODIS BT11 (x) and CO, (*) - MISR CTH, km optical thicknesses, with the difference between MODIS and
radar cloud-top heights beingl.4+ 2.8km at SGP and
Fig. 6. MODIS (left) and MISR (right) cloud-top heights vs. the dif- —(0.54-2.3 km at CFARR.
ference between MODIS and MISR cloud-top heights for all cases The average difference between MISR wind corrected and
found at SGP, with BT11 cases marked as (x),2&0cing as (*)  yadar cloud-top heights was0.6+0.6 km (SGP, 16 cases)
and cases with a radar retrieval and a multilayer situations squaredand_ol&o_s km (CFARR, 14 cases). The biases indicate a
tendency for MISR cloud-top heights to be underestimated,
CFARR due to the sensitivity of the cloud layer of highest contrast,
with a larger bias at SGP than CFARR. This is partly due to a)
the larger number of high clouds at SGP, b) high clouds being
of lower optical thickness, in general, and c) possibly also
indicating the loss of sensitivity of the CFARR radar. The
standard deviations are confined to within 0.6 km, in good
agreement with the MISR theoretical accuracy of 0.562 km
(Moroney et al., 2002).

MODIS and MISR cloud-top heights were also intercom-
pared, and the results appear consistent with their individ-
ual comparisons with radar. For both MODIS retrieval tech-
nigues, the standard deviations are approximately 1 km, sug-
gesting that, although both instruments provide similar esti-
mates of cloud-top heights, MISR cloud-top heights tend to
be of greater accuracy when compared to the radar measure-
5 0 5 10 ments. For the cases with MISR and MODIS BT11 cloud-

MODIS CTH, km
MISR CTH. km

|
-10 -5 0 5 -
MODIS BT11 (x) and CO; (*) - MISR CTH, km top heights, regardless of the number of cloud layers, the bias
_ _ _ that was found between MODIS and MISR cloud-top heights
Fig. 7. MODIS (left) and MISR (right) cloud-top heights vs. the was—0.8 km and—0.3 km at SGP and CFARR, respectively.

=

0 -10

difference between MODIS and MISR cloud-top heights for all
cases found at CFARR, with BT11 cases marked as (x»-8l0ing

as (*) and cases with a radar retrieval and a multilayer situation
squared.

One can surmise a) for both sites, the biases are consis-
Jent with the individual comparisons with the radar cloud-top
heights; b) the biases are negative, suggesting MISR cloud-
top heights are slightly higher than MODIS BT11 cloud-top
heights; c) the bias is smaller at CFARR than SGP, suggest-
5 Conclusions ing that low clouds at CFARR have higher optical thick-

nesses than at SGP. Comparing MODIS »&0icing with
Ground-based radar measurements of cloud-top heights alISR cloud-top heights, the corresponding bias was 0.2 km
the Atmospheric Radiation Measurement Southern Greaht both sites, indicating that MODIS G&licing cloud-top
Plains (SGP) and Chilbolton Facility for Atmospheric and heights were slightly higher than MISR cloud-top heights, in
Radio Research (CFARR) were used to assess the accuragarticular for mid-level clouds. The differences did not cor-
of the NASA Terra platform MODIS and MISR cloud-top relate with MODIS optical thicknesses, presumably because
height retrievals over the duration of the mission from March the latter correspond to the total atmospheric column rather
2000 to October 2003. than to the highest (first observable) cloud layer.
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