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Comparison of reﬂectivity data of radars onboard CloudSat and TRMM is performed using coincident
overpasses. The contoured frequency by altitude diagrams (CFADs) are constructed for two cases: (a) only
include collocated vertical proﬁles that are most likely to be raining and (b) include all collocated proﬁles
along with cloudy pixels falling within a distance of about 50 km from the centre point of coincidence.
Our analysis shows that for both cases, CloudSat underestimates the radar reﬂectivity by about 10 dBZ
compared to that of TRMM radar below 15 km altitude. The diﬀerence is well outside the uncertainty
value of ∼2 dBZ of each radar. Further, CloudSat reﬂectivity shows a decreasing trend while that of
TRMM radar an increasing trend below 4 km height. Basically W-band radar that CloudSat ﬂies suﬀers
strong attenuation in precipitating clouds and its reﬂectivity value rarely exceeds 20 dBZ though its
technical speciﬁcation indicates the upper measurement limit to be 40 dBZ. TRMM radar, on the other
hand, cannot measure values below 17 dBZ. In fact combining data from these two radars seems to give
a better overall spatial structure of convective clouds.

1. Introduction
Tropical deep convective clouds drive the large
scale circulation of the tropical atmosphere and
play key role in Earth’s water and energy cycles
(Charney 1969; Holton 2004). Convective clouds
present one of the largest sources of uncertainty
in weather and climate models (Kerr 2009), and
understanding their structure, organization and
space-time variation is a frontier area of research
in tropical meteorology (Randall et al. 2007).
With the objective of measuring various cloud
properties at high spatial and temporal resolution round the globe, specialised payloads have
been placed on board satellites (King et al. 1992;
Wielicki et al. 1996; Kummerow et al. 1998; Diner
et al. 1998; Schmetz et al. 2002; Stephens et al.
2002; Winker et al. 2009). Majority of them
measure cloud top properties (e.g., outgoing longwave radiation, albedo) or (vertical) integral

properties (e.g., cloud liquid water content), i.e.,
a 2-dimensional (2D) view. Radar is capable of
measuring the three dimensional (3D) structure
of clouds, however, used to be ground based
on weight and power requirement considerations.
As a result, radar coverage used to be of limited spatial extent till advancements in technology
in the last two decades enabled compact spaceborne radars. In particular, the precipitation radar
(PR) on board the TRMM (Tropical Rainfall Measuring Mission) satellite has been providing 3D
information concerning tropical clouds since 1998
(Kummerow et al. 1998, 2000). Another satellite,
namely CloudSat, with a cloud proﬁling radar
(CPR) on board and launched in 2006 also makes
3D measurements of cloud properties (Stephens
et al. 2008). The advantages of these radars are
that same sensor measures cloud properties across
the globe; continuous eﬀorts have been made
by dedicated team of experts to inter-compare
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and validate their products, and algorithms and
products are updated regularly (e.g., Schumacher
and Houze 2000; Stephens et al. 2002; Nicholson
et al. 2003a, b; Adeyewa and Nakamura 2003;
Wolﬀ et al. 2005; Barker et al. 2008; Hudak et al.
2008; Franchito et al. 2009; Nair et al. 2009;
Dinku et al. 2010; Gourley et al. 2010; Kim et al.
2011). As a result, conﬁdence in their products is
high.
A large number of studies addressing tropical clouds and cloud systems have been reported
using PR data (Masunga and Kummerow 2006;
Schumacher and Houze 2006; Casey et al. 2007;
Liu and Zipser 2008; Hence and Houze 2011) as
well as CPR (Haynes and Stephens 2007; Zhang
et al. 2007; Luo et al. 2008; Yuan et al. 2011;
Casey et al. 2012; Behrangi et al. 2012). Rajeevan et al. (2012) have examined the vertical
structure of Indian monsoon clouds using CloudSat retrieved products. These studies have given
emphasis on revealing cloud characteristics such
as vertical and spatial extent, cloud microphysics,
rainfall estimates, etc., using 3D-information individually provided by PR and CPR. Very few
studies have been carried out using data from both
radars. For example, Cetrone and Houze (2009)
have studied the diﬀerences between maritime,
continental and oceanic mesoscale convective systems (MCSs) using PR and CPR data for one
monsoon season in 2006–2007. The analysis was
carried out employing CFAD (contoured frequency
by altitude diagram) of radar reﬂectivity. They
examined MCSs as well as the associated convective and stratiform regions separately using PR
data, whereas, for the non-precipitating part of
anvil clouds (identiﬁed using the criterion CPR
reﬂectivity <−10 dBZ below 5 km) CPR data was
used. Below the freezing level, West Africa and
Bay of Bengal MCSs are found to have the highest and lowest modal reﬂectivity among the three
cases. In their upper portions, the thick anvils of
West Africa MCSs have a broad, ﬂat histogram
of reﬂectivity, while corresponding case over the
Bay of Bengal has a sharply peaked distribution.
For thick anvils, the mode of maximum contoured
frequency is found at reﬂectivity ∼ −5 dBZ at
9 km for Bay of Bengal while for West Africa
it occurs at ∼0 dBZ at 8 km. It may be noted
that the work of Cetrone and Houze (2009) does
not provide a case to compare the two reﬂectivity products. A study by Yuan et al. (2011) has
also delineated the diﬀerences in CFADs of continental and oceanic regions. Li and Schumacher
(2011) have examined the anvil clouds associated
with tropical deep convection, and found that the
anvil cloud top heights obtained from PR are
underestimated by ∼5 km on average compared
to CPR.

A common cloud property measured by a radar
is the ‘radar reﬂectivity factor ’ (Z) deﬁned by (e.g.,
CIMO 2008),
 6

 2 
λ2
r Pr
1024(2ln 2)
i Di
Z=
,
=
(−18)
3
2
Vp
10
π c Pt τ Go ΘΦ |K|2
(1)
where Vp is the radar beam volume, Di is the diameter of spherical particles occupying the volume, c
is the speed of light, λ is the radar beam wavelength, Pt is the transmitted power, Go is the radar
gain, K is the dielectric constant of water, r is the
range (distance between antenna and target), Θ
and Φ are the radar beam widths along two axes
normal to the beam propagation direction and τ is
the radar pulse duration. Few key assumptions are
made while deriving equation (1), important ones
being (i) beam intensity attenuation caused by the
atmospheric constituents (gaseous and hydrometeors when present) is negligible, and (ii) scattering by cloud drops/droplets is Rayleigh (CIMO
2008). When attenuation is not negligible, corrections are applied while Z is given out as a product
(Iguchi and Meneghini 1994; Testud et al. 2000;
Gorgucci and Chandrasekar 2005). The deﬁnition
of Z accounts for diﬀerences in λ, antenna characteristics, transmitted power, distance of target
from source, hydrometeor type, etc. Sampled volume may contain liquid, ice, melting ice particles
or mixture of these depending on the conditions
inside the cloud. In ordinary radar measurements,
the numbers of particles, composition and shape
are not known and an equivalent reﬂectivity factor
Ze is deﬁned assuming the backscattering particles
are spherical water drops (Houze 1993). For single polarized radars, Ze is given as a product, and
it is implicitly understood that it is a cloud property, in particular, a measure of the amount of condensed water per unit volume (Houze 1993). This
forms the basis of the reﬂectivity–rainfall (Z–R)
relationships which do not explicitly include radar
characteristics.
One of the products of PR and CPR is Ze . These
two radars work at diﬀerent wavelengths, their
sensitivities, dynamic range and sampling volumes
diﬀer (table 1). Scattering and attenuation characteristics of the radar beam are sensitive to the
wavelength (CIMO 2008) and thus λ has a bearing on Z itself. Therefore, it is important to understand how Ze from PR and CPR compare with each
other. To our knowledge a study that compares PR
and CPR reﬂectivities is not available in the public
domain and this study is aimed at ﬁlling the gap
by using coincident (collocated and near simultaneous) data from both satellites. Our study shows
that there are signiﬁcant diﬀerences in the vertical structure of Ze measured by these two radars.
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Table 1. Summary of CloudSat radar and TRMM precipitation radar characteristics.
Characteristics
Frequency
Pulse width
Pulse repetition frequency
Minimum detectable signal
Dynamic range
Vertical resolution
Cross-track foot print
Along-track foot print
Swath width

CloudSat CPR

TRMM PR

94 GHz
3.3 μsec
4300 Hz
−29 dBZ
∼70 dBZ
240 m
1.4 km
2.5 km
1.4 km

13.8 GHz
1.6 μsec
2776 Hz
17 (18)* dBZ
≥70 dBZ
250 m
4.3 (5.0)* km
4.3 (5.0)* km
217 (247)* km

∗: Numbers inside the brackets correspond to post TRMM satellite orbit height
increase in August 2001.

Ze values from PR are consistently higher than
that of CPR. In particular, CPR Ze suﬀers strong
attenuation below 6 km height (thus underestimates the cloud hydrometeor amount), whereas,
PR underestimates the vertical extent of deep convective clouds. PR and CPR seem to complement
each other with each individually measuring in the
range where the other is not. Therefore, the more
complete information on the structure of cloud system emerges if data from PR and CPR are seen
together wherever possible.
2. Data and methods
2.1 Radar reﬂectivity data
Ze (expressed in dBZ units) from TRMM-PR and
CPR has been used in this study. It is important
to note the diﬀerences between PR and CPR characteristics (table 1). PR is a Ku-band radar having
λ ∼2.2 cm (frequency 13.8 GHz). Currently, it is
ﬂying in 35◦ inclination non-synchronous orbit at
an altitude of 402.5 km after August 2001 (which
was 350 km when launched in 1997). PR footprint size was 4.3 km at nadir (launch time to
August 2001) with 49 ray tracks giving a swath
width of 217 km. Footprint size increased to 5.0 km
at nadir and swath width became 247 km postorbital height change. The vertical resolution is
250 m at nadir, geographic coverage is from 38◦ S
to 38◦ N, and it completes about 16 orbits per day.
The minimum detectable signal of PR is ∼17 dBZ
(and 18 dBZ after orbital boost), dynamic range
>70 dBZ, and uncertainty ∼1.5 dBZ below 0◦ C
isotherm and ∼2.0 dBZ above 0◦ C isotherm
(Kummerow et al. 1998; Steiner and Houze 1998;
Kawanishi et al. 2000; Schumacher and Houze
2000). The CPR onboard CloudSat (a member of
polar orbiting sun-synchronous satellites of NASA
A-train constellation at an altitude of 705 km) is
nadir viewing W -band radar with λ = 3.2 mm

(frequency 94 GHz) and launched in April 2006
(Stephens et al. 2008). The minimum detectable
signal strength of CloudSat Ze is ∼−30 dBZ with a
dynamic range of 70 dBZ. CPR has a single beam
with cross-track and along-track resolutions of 1.4
and 2.5 km, respectively. The vertical resolution is
480 m oversampled to obtain range gate spacing of
240 m (Mace et al. 2007; Marchand et al. 2008).
The measurement accuracy of CPR is ∼1 dBZ
(Protat et al. 2011) rather than 2 dBZ claimed
earlier (Stephens et al. 2002, 2008).
For a fair comparison, it is important that both
satellites measure a given sampling volume near
simultaneously. PR and CPR have diﬀerent swath
widths, footprint sizes and orbital trajectories but
comparable orbital periods. Because the satellite carrying the former is non-sun-synchronous
and that carrying the latter is sun-synchronous,
their orbits do intersect approximately 30 times
per day. As part of CloudSat project, 2DCloudSat-TRMM Product is made available at
www.cloudsat.cira.colostate.edu (a note prepared
by Carty and Kuo in 2008 and available at the
website gives product details). In this product, an
intersect is deﬁned as both TRMM and CloudSat
observing the same geographic location on the surface of the Earth with time diﬀerence of 50 minutes or less. The intersection of CloudSat path with
the midpoint of PR swath is taken as the point
of intersection. Many products are listed under
PR and CPR, and this study uses CPR reﬂectivity product 2B-GEOPROF and PR attenuation corrected reﬂectivity product TRMM-2A25,
both archived under 2D-CloudSat-TRMM dataset.
Two data subsets are prepared around the point of
intersection. For the PR data,
• PR block data that includes the entire PR swath
from 10 scans before and 10 scans beyond the
region of intersection,
• PR curtain data, a subset of PR block data containing interpolated PR data along the CloudSat
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track using a simple nearest-neighbour approach
to match the CPR horizontal resolution, but no
vertical resolution matching is performed. CPR
curtain data includes the CPR track data 50

scans before the point of intersection to 50 scans
beyond the point of intersection. These are called
coincident overpasses.
CloudSat data collection period is 2 June 2006 to
17 April 2011, and 2D-CloudSat-TRMM dataset
spans July 2006 to December 2010, i.e., approximately 4 years and 6 months, providing ∼29,000
coincident overpasses. Figure 1 shows a few examples of PR and CPR coincident overpasses. Because
of the diﬀerence in their pixel sizes, sampling volumes do not completely overlap. Basically CPR
slices through clouds and provides a vertical section along its track, whereas PR captures the three
dimensional structure, ∼250 km across. Figure 2
is a pictorial representation of intersection points
of CloudSat and TRMM (PR block data). It is
seen that the entire latitudinal belt of 38◦ N–38◦ S
is covered more or less uniformly with coincident
overpasses.
2.2 Analysis method

Figure 1. Examples of TRMM PR and CloudSat CPR coincident overpasses observed on 8 July 2008, Bay of Bengal (top); 13 July 2008, Tibetan Plateau (middle), and 10
August 2010, Tibetan Plateau (bottom). Continuous lines
show the path of CloudSat and parallelograms PR footprints. For PR, the maximum reﬂectivity in each vertical
column of the grid is projected onto the plane. Colour bar
on the top refers to PR Ze in dBZ units.

PR and CPR sampling volumes (footprint sizes in
particular) are diﬀerent and there could be a time
delay of up to 50 minutes, thus making one-toone comparison of instantaneous Ze proﬁles from
these two radars not very meaningful. However, the
statistics of their Ze values can be compared for
the coincident overpasses for the following reasons.
In most of the results presented here, we include
cases where clouds were precipitating by requiring that PR Ze ≥ 25 dBZ at least at one vertical
level (moderate rain and heavy snow expected, e.g.,
Houze 1993). As seen from ﬁgure 2, oceans dominate the study area where precipitating clouds are
normally found in the presence of large scale low
level convergence (e.g., Cotton and Anthes 1989)
which tends to be a synoptic scale feature. Then
major changes in the properties of cloud population within an hour are not expected. Since PR is
not sun-synchronous, there is equal probability of
PR sampling before and after a CPR pass. Thus,
there is no bias in the sampling time diﬀerence
between PR and CPR coincident passes. Present
study uses a large number of coincident overpasses
spanning four and half years. Therefore the statistics so obtained is expected to represent average
properties of precipitating cloud population in the
study region.
In the following, analysis is performed considering two cases:
Case 1: Includes data from coincident passes where
both PR and CPR share common sampling
volume, i.e., collocated. Further, the PR
volume contains Ze ≥ 25 dBZ at least at
one vertical level.
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Figure 2. Intersection points of coincident CPR and PR overpasses for the period July 2006 to December 2010.

Figure 3. Number of coincident points at diﬀerent vertical levels for case 1 and case 2. For case 1, both CPR and PR show
similar trend but not exactly identical owing to the diﬀerence in their footprint sizes. Number of coincident points are very
few above 15 km. For case 2, CPR shows a peak around the freezing level and at 2 km height, whereas PR has peak at
2 km and numbers drop drastically above 10 km.

Case 2: Includes data from grids surrounding the
collocated point as well. Thus majority of
the volumes are not collocated but both
radars sampled the same area near simultaneously. No condition is imposed on magnitude of Ze .

Layer of the atmosphere between 2 and 18 km
altitude range is considered with the lower limit
imposed to avoid possible ground contamination, and the upper limit to save computational
time since probability of getting valid Ze is very
small above this height (ﬁgure 3). The contoured
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frequency by altitude diagrams (CFADs) ﬁrst used
by Yuter and Houze (1995) for presenting radar
reﬂectivity data is prepared for both radars as follows. At each height, frequency of occurrence of
reﬂectivity is generated in diﬀerent bins considering all Ze proﬁles belonging to cases 1 and 2 separately. The reﬂectivity bin size is 5 dBZ and height
intervals for CPR and PR are 0.24 and 0.25 km,
respectively. The number of cases in a reﬂectivity
bin at each level k is normalized by the total number of cases (Nk ) at that level. Normalized individual histograms are combined and contours of
frequency of occurrence are plotted with reﬂectivity along x-axis and height as ordinate. CFAD
provides a method of pictorially representing the
vertical variations in cloud systems. This is alright
as long as values of Nk at diﬀerent levels are comparable. However, when the sample number becomes
small, the statistics obtained is not representative
or robust. In order to avoid the inclusion of cases
with small Nk , Yuter and Houze (1995) imposed
the condition that number Nk should not be less
than 10–20% of Nm , where Nm is the maximum
value among all Nk s. In the present study, we have
set the condition Nk /Nm ≥ 10%, i.e., if Nk is less

than 10% of Nm , then level ‘k’ data is excluded
from CFAD structure.
3. Results
Figure 4 shows the CFADs of CPR and PR reﬂectivities. Horizontal extent at any given height gives
the observed range of Ze and the maximum indicates the most frequently measured value (related
to the cloud type) at that height. The most striking feature observed in ﬁgure 4(a) is that the peaks
in CFADs are distinctly diﬀerent for CPR and PR
so much as it seems that these two radars are sampling diﬀerent class or populations of clouds. The
diﬀerences in the horizontal range are far outside
the claimed accuracies of ∼1–2 dBZ of CPR and
PR and their modes are separated by more than
10 dBZ below 10 km height. CPR mode shifts
towards lower values of Ze below 4 km height
whereas PR shows the opposite (ﬁgure 5). Nature
of the vertical variation of maximum frequency of
occurrence is also diﬀerent (ﬁgure 6). CPR has
two maxima, one at lower (∼2 km) and another
at higher (∼14 km) altitudes. The maximum

Figure 4. Contoured frequency by altitude diagrams (CFADs) of reﬂectivities for case 1 (top) and case 2 (bottom). The bin
size for Ze is 5 dBZ and height intervals are 0.24 km and 0.25 km for CPR and PR respectively. The colour bar shows the
frequency (in %) of reﬂectivity occurrence. Diﬀerences in the maximum height of the contours and abrupt ending are due
to the number of points falling below the 10% criterion used in CFADs (see text for details). The contours’ values lower
than the minimum detectable limit of 17 dBZ have been cut oﬀ in PR CFAD plot.
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frequency at the higher altitude indicates that
CPR captures the anvil clouds associated with
MCSs, and the other peak is likely to correspond
to low level convective clouds (perhaps precipitating cumulus congestus and low level stratus). PR
Ze shows a peak frequency of occurrence between
6 and 7 km height centred on Ze = 22.5 dBZ while
there is no peak in CPR CFAD in this height range.
CFADs of CPR and PR radar reﬂectivities for case

Figure 5. Vertical variation of the mean reﬂectivity for CPR
and PR for case 1. The error bars correspond to one standard
deviation about the mean. At no height, two measurements
come close to each other, and mean trends are in opposite
directions below 6 km level.

Figure 6. Vertical variation in the maximum frequency of
occurrence of CPR and PR reﬂectivities for case 1 indicating
the preference for a certain Ze to occur more frequently at
that height, and the mode itself a function of height as shown
in ﬁgure 4.
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2 (ﬁgure 4b) look diﬀerent but the main observation made earlier, namely the two radars appear
to sample diﬀerent cloud populations holds good
here too. The total area considered in the analysis included tropics and mid-latitudes, and cloud
systems may exhibit diﬀerent vertical variations in
cloud hydrometeor properties in these two regions.
To explore if the agreement is better in the tropics, analysis was repeated considering the tropics
only (i.e., 30◦ S–30◦ N). Results more or less reproduced the features observed above and thus the
conclusions remain the same for the tropics as well.
Figure 7 shows the frequency distributions of
CPR and PR reﬂectivities for case 1 considering all
levels between 2 and 18 km. CPR Ze is slightly negatively skewed whereas PR Ze is positively skewed.
The maxima in the reﬂectivity distributions of
CPR and PR are approximately at 9 and 22.5 dBZ,
respectively. Number of occurrences of Ze values
above 20 dBZ is negligible in CPR measurements.
The measurement range of CPR is −30 dBZ to
+40 dBZ, while PR Z values start at ∼17 dBZ.
Therefore some overlap of CPR and PR distributions is expected but not seen in ﬁgure 7. This suggests that the W-band radar signal gets strongly
attenuated in precipitating clouds, especially below
6 km height where PR Ze shows higher values
(ﬁgure 5). Figure 7 reveals that CPR range ends
where PR begins, i.e., PR and CPR cover two
ends of precipitating clouds, namely PR measurement capability limited to active precipitating clouds, and CPR more reliable in measuring
the spatial extent of cloud systems but not their
hydrometeor concentrations (e.g., anvil clouds
away from convective core). Combining data from
these two radars may lead to more realistic picture

Figure 7. Histograms of the reﬂectivities for CPR and PR
for case 1. Reﬂectivity values at all heights are taken into
consideration while constructing these histograms. Curves
(in red and black colours) are the probability density
functions obtained by ﬁtting normal distribution function.
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4. Discussion and conclusions
It is necessary to have spaceborne radars that provide 3D measurements of clouds globally. However,
they have limitations that need to be kept in mind
while drawing conclusions on the cloud characteristics measured by them. Here we have used coincident 2D-CloudSat-TRMM product for comparing
the radar reﬂectivities of CloudSat CPR and
TRMM PR radars. PR, essentially meant to measure characteristics of precipitating clouds, misses
the anvil part of mesoscale convective systems, and
the full spatial extent of MCSs is not covered.
CPR captures the cloud spatial coverage better.
However, its reﬂectivity values are much lower due
to the strong attenuation suﬀered by the radar
beam operating in W-band. CPR signal gets attenuated severely during rain, more so below 6 km
height. Stephens (1994) attributed this attenuation
to ‘non-Rayleigh scattering regime’ mainly caused
by scattering of radar wave by large hydrometeors when their sizes become comparable to or
greater than the radar wavelength. Kollias et al.
(2007) have reported that the radar signal attenuation is more prominent as radar wave frequency
increases. Therefore, although the technical speciﬁcations of the two radars indicate that their measurements have common overlap region in 17 to
40 dBZ range, the actual data show very little overlap in their measured Z values. These limitations
are to be considered while deriving conclusions on
cloud properties from PR and CPR data.
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