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ABSTRACT

This paper provides an evaluation of the level 1 (reflectivity) CloudSat products by making use of
coincident measurements collected by an airborne 95-GHz radar during the African Monsoon Multidisci-
plinary Analysis (AMMA) experiment that took place in summer 2006 over West Africa. In a first step the
airborne radar calibration is assessed. Collocated measurements of the spaceborne and airborne radars
within the ice anvil of a mesoscale convective system are then compared. Several aspects are interesting in
this comparison: First, both instruments exhibit attenuation within the ice part of the convective system,
which suggests either the presence of a significant amount of supercooled liquid water above the melting
layer or the presence of wet and very dense ice. Second, from the differences in the observed reflectivity
values, a multiple scattering enhancement of at least 2.5 dB in the CloudSat reflectivities at flight altitude
is estimated. The main conclusion of this paper is that in such thick anvils of mesoscale convective systems
the CloudSat measurements have to be corrected for this effect, if one wants to derive accurate level 2
products such as the ice water content from radar reflectivity. This effect is expected to be much smaller in
nonprecipitating clouds though.

1. Introduction

The African Monsoon Multidisciplinary Analyses
(AMMA) experiment’s special observing period (SOP)
3 took place between 15 and 30 September 2006 in the
Dakar region of Senegal. Among other scientific objec-
tives, this SOP was devoted to the investigation of the
evolution of microphysical properties of mesoscale con-
vective systems as they arrive in the coastal environ-
ment and to the evaluation of the CloudSat–Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) satellite constellation’s level 1
and 2 products within this particular region of West
Africa. This tandem of active sensors (95-GHz radar
and dual-wavelength lidar) had indeed been success-

fully launched in April 2006 to investigate cloud prop-
erties at global scale. The time frame of the AMMA
campaign was particularly well suited for the CloudSat–
CALIPSO validation, and represented a major oppor-
tunity for the scientific product evaluation in this par-
ticular region, where operational data are usually
sparse.

To fulfill these objectives, the French Falcon 20 (F-F20)
was deployed with a 95-GHz Doppler radar and a
three-wavelength lidar, therefore replicating the space-
borne payload, as well as a set of standard microphysi-
cal instrumentation [two-dimensional 0.2-mm-resolu-
tion precipitation (2D-P) probe, two-dimensional 0.25-
mm-resolution cloud (2D-C) probe, Forward Scattering
Spectrometer Probe (FSSP), and one-dimensional 0.2-
mm-resolution precipitation (1D-P) probe], covering
the whole cloud particle size range, and the dropsonde
capability. Flight strategies were designed to first un-
derfly the National Aeronautics and Space Adminis-
tration (NASA)–Centre National D’Études Spatiales
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(CNES) Afternoon Satellite Constellation (A-Train)
track and to then document the cross-track variability.
Such datasets will be particularly useful for the valida-
tion of upcoming new methods combining active and
passive sensors of the A-Train.

The new Radar Aéroporté et Sol de Télédétection
des Propriétés Nuageuses (RASTA) radar was imple-
mented for the first time in a field campaign during
AMMA. Table 1 shows the radar characteristics during
AMMA. Its major improvement compared to the pre-
vious version (Protat et al. 2004) is the implementation
of a cluster of five antennas (three downward, two up-
ward) allowing for the retrieval of the three-dimension-
al wind field in a vertical cross section below the aircraft
track and the two-dimensional wind field in a vertical
cross section above flight level. The emission is
switched from one antenna to the next every 0.5 ms. As
a result, the horizontal resolution of the measurements
for each of the five antennas is 2.5 s (or 500 m for an
aircraft flying at 200 m s�1).

To accurately assess the level 1 CloudSat reflectivi-
ties, a flight was dedicated to evaluate the RASTA cali-
bration. The basic idea is first to evaluate the calibra-
tion of the nadir-looking antenna and then to propagate
this calibration to the four other antennas by comparing
statistically the reflectivities of the five antennas for the
gates closest to the aircraft. The details of the calibra-
tion procedure are given in the following section. A
comparison of reflectivities measured by RASTA and
CloudSat is then undertaken in section 3. Concluding
remarks are given in section 4.

2. Calibration of the nadir-looking antenna of the
95-GHz airborne radar

Flight 78 (28 September 2006) was dedicated to the
evaluation of the calibration of the RASTA radar. A

first calibration proxy has been obtained from ground-
based measurements prior to its implementation on
board the aircraft. It has then been chosen to follow the
calibration procedure proposed by Li et al. (2005) and
to calibrate the radar reflectivity using the ocean sur-
face backscattering (�0). By minimizing the different
factors that affect the measurements of �0 (i.e., the sur-
face wind, the attenuation due to atmospheric gases,
the beam filling at the surface, and the variation of the
Fresnel reflection coefficient), the calibration of a 95-
GHz radar can be achieved with an accuracy of around
1–2 dBZ. As stated in Li et al. (2005), the main error
that can affect the �0 measurement is the estimation of
the two-way attenuation, and they recommend per-
forming this type of calibration in favorable atmo-
spheric conditions (i.e., midlatitude ocean during win-
ter). Under such conditions, the two-way path-integrat-
ed attenuation (PIA) is about 1 dB whereas for tropical
oceans it can be as large as 6 dB. To overcome this
problem, three sondes were launched during flight 78 in
order to accurately document the atmospheric profiles
and to compute the two-way PIA through an attenua-
tion model.

Figure 1 (left) depicts the F-F20 flight track on 28
September 2006. The flight has been divided into seg-
ments, as seen in Fig. 1 (right), that shows the flight
altitude, roll, and pitch as a function of time. A proper
definition of pitch and roll angles can be found in
Testud et al. (1995). The RASTA radar is not a per-
manent fixture on the F-F20. Therefore, the mounting
angles of the antennas must be checked to ensure that
they are accurately estimated. The radar is mounted
using a negative pitch (directed to the rear of the air-
craft) in order to compensate for the natural in-flight
pitch angle of the aircraft. By including this angle, it is
expected that if the aircraft flies straight-line patterns
without any roll, the radar beam will sample in the

TABLE 1. RASTA system specifications during the AMMA experiment. The antennas referred to as “down-back” and “up-back” are
the downward-looking and upward-looking antennas, both pointing 38° off-nadir and in the direction opposite to the aircraft heading.
The “down-trans” antenna is downward-looking, pointing 20° off-nadir, and in the direction perpendicular to the aircraft heading.

Frequency (GHz) 95.04
Peak power (kW) 1.8
PRF (kHz) 10
Pulse width (�s)/gate length (m) 0.4/60
Transmit polarization H
Receive polarization H
Minimum detectable range (m) 240

Nadir Down-back Down-trans Zenith Up-back

Antenna gain (dB) 47 47 47 47 41
Antenna beamwidth (°) 0.7 0.7 0.7 0.7 1.4
Antenna size (cm) 30 30 30 30 15
Real-time processing Pulse pair
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exact nadir direction. The A–B segment corresponds to
the flight track that has been used, keeping the roll as
close as possible to zero, in order to find the pitch angle
for which the Doppler velocity at ground level is as
close as possible to zero (since in this situation the radar
measures the vertical velocity of the ground). This ex-
act null velocity at ground level is quite difficult to
achieve due to the large aircraft speed contamination of
the Doppler measurement. Indeed, due to aircraft
speed (about 200 m s�1), a very small incidence angle
will lead to a Doppler velocity at ground level that is
different from zero. However, after a careful processing
of the Doppler observations, this null Doppler velocity
is observed for a pitch angle of 4.75° (not shown), cor-
responding to the deviation of the nadir beam to the
rear of the aircraft. This value has been retained in the
following in order to compute the real incidence angle
of the radar beam.

The B–C and D–E segments of the flight correspond
to the measurements of �0 at different incidence angles,
as can be observed in the roll time series. By plotting
the reflectivity measurements at the ocean surface as a
function of the roll angle for these segments (where the
pitch has been set close to 4.75°, but cannot be kept
strictly constant due to aircraft motions), a symmetric
patterns of behavior of the reflectivity values around
the 0° roll line is found, leading to the conclusion that
the roll is not affected by antenna-mounting error.

The E–F segment consists of a Lagrangian descent in
order to obtain a thermodynamical description of the
lower troposphere using the in situ measurements at
flight level. Finally, S1, S2, and S3 (crosses in the left-
hand panel of Fig. 1 or the vertical dashed line in the
right-hand side panel) correspond to the three locations
where dropsondes were launched.

a. Estimation of the two-way PIA

Li et al. (2005) have stressed that reliable atmo-
spheric attenuation estimates are required for the
proper calibration of an airborne radar operating at a
frequency near 95 GHz, because attenuation caused by
water vapor and oxygen can be significant in such a
frequency domain. In the present study, attenuation
due to water vapor and oxygen is assessed from the
atmospheric profiles provided by the above-mentioned
dropsondes.

Attenuation calculations at 95.04 GHz were per-
formed through the model developed by Liebe et al.
(1993). The imaginary part of the complex refractivity
was computed as the sum of the contributions associ-
ated with molecular oxygen (pressure-broadening and
nonresonant terms) and water vapor (pressure broad-
ening and continuum). Results from this model can dif-
fer from those provided by the model proposed by
Ulaby et al. (1981), which includes a simpler represen-
tation of the relevant attenuation. Under relatively

FIG. 1. (left) Flight track performed on 28 Sep 2006. The crosses show the dropsonde
launching positions. (right) Flight parameters: altitude, roll, and pitch (from top to bottom) as
a function of time.
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warm and moist atmospheric conditions [e.g., the tropi-
cal model presented by Ellingson et al. (1991)], the
Ulaby et al. (1981) model overestimates by 0.2 dB the
two-way PIA provided by the Liebe et al. (1993) model
for a nadir-viewing airborne radar at 95 GHz flying at
4 km.

All of the available dropsonde observations of rela-
tive humidity, air temperature, and pressure were taken
into account. Resulting two-way PIA profiles (Fig. 2)
are slightly different from each other, as a consequence
of the spatial variability associated with the humidity
and temperature profiles over the area under consider-
ation. Two-way PIA values at the aircraft level were
3.7, 3.5, and 3.9 dB, respectively. Because of the spatial
variability and, to a lesser extent, the uncertainties re-
garding the attenuation model of Liebe et al. (1993), we
retained the value of 3.7 dB in the following steps of our
study. The small variability obtained with the three
sondes and the small differences with the simple model
from Ulaby et al. (1981) seem to indicate that this at-
tenuation correction is fairly accurate, resulting in a
final radar calibration that is probably better than the
expected 1–2 dBZ.

b. Comparison of measured �0 with theoretical
models

The value of �0 at the sea surface is a function of
radar wavelength, radar beam incidence angle, polar-
ization, ocean surface wind speed, and surface wind
direction. For incidence angles smaller than 15°, �0 is
dominated by large-scale surface waves and at micro-
wave frequencies the quasi-specular scattering theory
has been shown to work well in this region. Theoretical

values of �0 are calculated using Eq. (4) of Li et al.
(2005) for the three different mean square surface slope
models proposed in this paper: Cox and Munk (1954),
Wu (1972, 1990), and Freilich and Vanhoff (2003).
These theoretical values are then compared with the
measurements performed with the RASTA radar.

As shown in Fig. 1, the two segments B–C and D–E
of flight 78 were dedicated to the measurement of �0 at
different incidence angles (computed as a combination
of pitch and roll) with the radar slowly scanning �20°
across the flight track (this was achieved by the pilot,
since the radar has no scanning capabilities). It has to
be mentioned that the mounting angle errors of the
antenna were taken into account for the computation of
the incidence angle.

Figure 3 shows the �0 values measured with the
RASTA radar at different incidence angles. Since on
this flight the RASTA radar sampled only at 0.66 Hz, it
has been chosen to cumulate all of the measurements
(gray crosses in Fig. 3) for each segment. Then, the
means and standard deviations for the different inci-
dence bins are computed (black and dashed black lines
in Fig. 3). This mean curve can be compared with the
theoretical models, keeping in mind that the near-
surface winds as given by the dropsondes were 6 and 9
m s�1 for segments B–C and D–E, respectively, ex-
plaining why the two segments have been separated in
Fig. 3. The obtained mean curves compare well with the
theoretical models up to 15° incidence angle, suggesting
a proper calibration of the RASTA radar. This type of
calibration check against the ocean surface is about to
become a standard procedure and is currently used to
evaluate the calibration of spaceborne radars such as

FIG. 2. (left to right) Relative humidity, air temperature and pressure, and resulting two-way attenuation estimates, at the points S1,
S2, and S3 in Fig. 1, where the three dropsondes were released on 28 Sep 2006.
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for the precipitation radar on board the Tropcal Rain-
fall Measuring Mission (TRMM) (Okamoto et al. 2002)
and for the CloudSat profiling radar. This figure also
exhibits a slight reduction in the spread of the �0 value
at about 10° incidence, in agreement with the findings
at other frequencies, for instance 13.8 HGz (TRMM
profiling radar frequency), where the ocean surface �0

under rain-free conditions is around 7 dB and has a
minimum sensitivity to the wind speed near 10° inci-
dence (see, e.g., Durden et al. 2003). The two dashed
lines in Fig. 3 correspond to the mean value (solid black
line) �1 standard deviation. In this case the standard
deviation is about 1.7 dB, suggesting a calibration of the
RASTA radar with an accuracy comparable to that of
the CloudSat radar [1–2 dB; Stephens et al. (2002)],
implying that the comparisons performed in the follow-
ing section are conducted with relatively well-calibrated
radars.

This evaluation of the RASTA measurements by the
nadir-looking antenna will be considered to be the ref-
erence in the following. The second step is to calibrate

the zenith-looking antenna of RASTA with the previ-
ously calibrated nadir-looking antenna. Differences are
expected between the antennas because of different
loses within the waveguides. To do so, we directly com-
pare the reflectivities of the nearest radar gates in the
five directions to the nadir direction and assume that
they should be statistically equal. For this purpose, all
the data collected during the AMMA experiment have
been cumulated, thus mixing different meteorological
conditions (cirrus, deep convective cloud, etc.) and dif-
ferent flight altitudes. As expected, a roughly constant
difference is found as a function of the nadir incidence
reflectivity for all of the antennas, except at small sig-
nal-to-noise ratios (not shown). Statistically, we obtain
a 2.3-dB difference between the nadir and zenith an-
tennas (the zenith antenna being more sensitive than
the nadir one). Using these calibration constants, the
corresponding sensitivities of the RASTA radar at 1 km
are �6.65 dB for the nadir-looking antenna and �8.97
dB for the zenith-looking antenna. It is to be noted that
these sensitivity values are not sufficient for the inves-

FIG. 3. The value of �0 (dB) measured by RASTA as a function of incidence angle (°) for the B–C (first line) and D–E (second line)
segments compared to the quasi-specular model with 3, 6, and 9 ms�1 wind speeds of Cox and Munk (1954), Wu (1972, 1990), and
Freilich and Vanhoff (2003) from left to right. The models are shown in solid gray lines; see legends. Each gray cross depicts a RASTA
measurement and the solid and dashed black lines show the mean and the mean �1 std dev of �0 at a given incidence.
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tigation of nonprecipitating clouds and have already
been greatly improved since AMMA by the use of a
new acquisition system (the final version was not avail-
able for AMMA) and by a better integration in the
aircraft (15 dB have been easily gained here). Never-
theless, this sensitivity should be sufficient for the in-
vestigation of the ice anvils of mesoscale convective
systems.

3. Comparisons of CloudSat and RASTA
measurements

In the early morning (about 0600 UTC) of 22 Sep-
tember 2006 several decaying small-scale cells originat-
ing from disorganized convection merged (at the bor-
der between Mali and Guinea) in order to give birth to
a more active cloud system. This system propagated
westward over Senegal during the morning and reached

southeast of Dakar at about 1430 UTC where it was
sampled by the A-Train. It continued to propagate
westward and arrived over the ocean about 2000 UTC
where it decayed rapidly. It was the target of AMMA
flight 72. Figure 4 shows the horizontal structure of the
cloud system as observed by Meteosat in the 10.8-�m
channel (IR) over Senegal at 1430 UTC at the same
time as the cloud parameters (optical thickness and ef-
fective radius) derived from the Moderate Resolution
Imaging Spectroradiometer (MODIS) on board Aqua,
which was passing over the region at that time. The
aircraft trajectory of the F-F20 during flight 72 is shown
in light gray, and the A-Train ground track in dark gray.

During flight 72 the Falcon 20 flight plan consisted of
an underflight of the CloudSat track (A–B segment in
Fig. 5) and then a cross-track documentation. As a con-
sequence of the differences in speed of the two plat-
forms, the time necessary to sample the A–B segment is

FIG. 4. (top) Meteosat IR channel brightness temperature (K), (bottom left) MODIS optical thickness, and
(bottom right) MODIS effective radius (�m) at 1430 UTC on 22 Sep 2006 with the A-Train track (dark gray) and
F-F20 flight track during flight 72 superimposed.
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about 1 min 20 s for the A-Train and 50 min for the
F-F20. The flight plan has then been designed in order
to optimize the coincidence in the middle of the A–B
segment. As a result, increasingly larger differences are
expected closer to A and B due either to the propaga-
tion of the meteorological system or changes in its in-
ternal organization. Along the A–B leg, it can be ob-
served that this cloud system is relatively deep (very
high optical thickness values in Fig. 4) and that it seems
to be reasonably homogeneous horizontally (no strong
horizontal gradients in the Meteosat image nor in the
effective radius as observed by MODIS). We therefore
expect a very small little beam-filling effect for both the
CloudSat and RASTA radars in the along-track and
cross-track directions.

Figure 6 shows the reflectivity measured along seg-
ment A–B by the CloudSat (top) and RASTA (bottom)
radars, respectively. The white line in the RASTA pic-
ture corresponds to the F-F20 flight level. Near the
aircraft, the area without observations corresponds to
the four first radar gates for which RASTA does not
provide reliable measurements (receiver is obstructed
during emission). This flight has been performed in the
stratiform region of a mesoscale convective system,
above a rain region as can be observed in Fig. 6 with the
melting layer (so-called radar bright band) located at
about 4.5-km altitude. In the region above the melting
layer the injection of significant amounts of liquid water
may be expected as described in the conceptual scheme

of Houze and Betts (1981). The CloudSat and RASTA
reflectivity profile between the melting layer and the
F-F20 flight level is somewhat puzzling, since it does not
correspond to our current understanding of cloud mi-
crophysics. Indeed, as it is classically observed using
ground-based precipitation radars, this reflectivity pro-
file should be characterized by a negative reflectivity
gradient in the vertical, owing to the aggregation pro-
cess that acts to produce an increase in the size of the
ice aggregates while falling down in the ice part, and
therefore smaller particles in the upper part, larger par-
ticles as one approaches the melting layer. Since radar
reflectivity is mostly sensitive to particle size (propor-
tional to D6 in a Rayleigh scattering regime), this con-
figuration should correspond to a negative reflectivity
gradient in the vertical. In our opinion, this decrease in
reflectivity observed for the two radars in this region
can only be due to attenuation. Nevertheless, even at 95
GHz it is not expected that pristine ice and ice aggre-
gates produce significant attenuation (Hogan and Ill-
ingworth 1999). As an illustration, Li et al. (2001) esti-
mated the attenuation profile associated with a tropical
disturbance. They found an average two-way extinction
rate of 0.38 dB km�1 within the ice cloud and 4.8 dB
km�1 within moderate rain. This large observed attenu-
ation can only be attributed to liquid water or to ice
hydrometeors with very high density (like graupel or
hail), which by providing both a highly scattering envi-
ronment and an optically thick layer can result in a high
scattering optical thickness (Battaglia et al. 2006b).
Even if further investigations into the outputs of the in
situ microphysics sondes are needed, supercooled water
was indeed observed at the flight level with droplets
reaching 25–30 �m in diameter. Some freezing oc-
curred on the 2D sondes during this flight because of
the presence of this supercooled water; however, when
measurements were taken, they showed ice particles
with a high degree of riming.

Going back to Fig. 6, the difference in the sensitivi-
ties of the two radars appears immediately, with for
instance a cloud top observed at about 16 km for the
CloudSat radar (the expected detection threshold for
CloudSat being around �29 dBZ) and at about 13 km
for the RASTA radar. Another interesting pattern is
that, generally speaking, for all the time series the re-
flectivities measured by the CloudSat radar seem larger
than those measured by the RASTA radar despite the
fact that both radars are expected to be calibrated to
within 1–2 dBZ (Stephens et al. 2002 for CloudSat and
section 2 for RASTA). These differences in reflectivity
cannot be attributed to errors in the collocation of the
data since both instruments do clearly detect the same

FIG. 5. Flight track on 22 Sep 2006. Light gray shows the
aircraft track while dark gray shows the A-Train track.
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cloud structure, even the small-scale structures. In ad-
dition, at the point of exactly coincident measurements
of the two radars (14.6197 h at the latitude 12.275°) this
difference still shows up. The good coincidence of the
two instruments sampling can also be observed in Fig. 7
(for two different flight levels) where the two reflectiv-
ity measurements have been precisely geolocated as a
function of latitude (the reason for regridding the data
as a function of latitude is that small variations in the
aircraft speed may cause an irregular sampling in terms
of distance in a given direction) along the A–B leg. The
small-scale structures are well observed in the two time
series at the same location.

In this case the RASTA radar is flying within the ice
anvil; therefore, its measurements close to the aircraft
(8.42-km altitude; Fig. 7, bottom) should not be af-
fected by attenuation while CloudSat may be affected
at least by the path-integrated attenuation from cloud

top down to 8.12-km altitude (flight altitude of the F-
F20). Still, it is striking to observe that even at this flight
altitude the CloudSat reflectivities remain as high as the
RASTA reflectivities in the anvil core and are slightly
smaller at the cloud border, suggesting that attenuation
is no longer occurring (or decreasing) in the CloudSat
radar measurements. Farther south (right-hand side in
Fig. 7) the discrepancies between the two signals in-
crease (even if the same broad structures are found in
both radars) at the same time as the errors in the tem-
poral collocation of both measurements (the exact col-
location being shown by the vertical dashed line in
Fig. 7).

The top panel in Fig. 7 shows the same time series but
for a higher altitude (11 km). In this case (highest alti-
tude for which a long time series is still measured by the
RASTA radar), the RASTA radar reflectivity is much
smaller than the CloudSat reflectivity, which is consis-

FIG. 6. Reflectivity (dBZ ) measured by the (a) CloudSat radar (level 1B-CPR) and (b) by
the nadir- and zenith-looking antennas of the RASTA radar along segment A–B. The white
line at about 8-km altitude corresponds to the F-F20’s flight altitude. The vertical cross section
is presented in such a way that north is on the left-hand side of the picture; south is on the
right-hand side.
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tent with the hypothesis of attenuation by the anvil
cloud layer between 8.42 and 11 km. As seen in the
mean vertical profile of the difference between the two
reflectivities (Fig. 8), this difference remains roughly
constant above 10.5 km, which strongly suggests that
the CloudSat and RASTA reflectivities are not attenu-
ated by the cloud layer above 11 km. As a result, the
difference observed at 11 km corresponds to a direct
estimate of the path-integrated attenuation of the
RASTA reflectivities by the cloud layer. Interestingly,
in the absence of any other effect, the same difference
should be found but with opposite sign at 8.42-km alti-
tude, with the CloudSat reflectivity being smaller than
the RASTA reflectivity this time. As discussed just
above, this is not what we observe. This puzzling situ-
ation is discussed below.

An explanation for the CloudSat reflectivity values
larger than expected at 8.42 km is most likely the mul-
tiple scattering contamination in the spaceborne radar
beam. This effect has been recently identified as an
issue to be addressed for spaceborne radars at frequen-
cies higher than 35 GHz (Marzano et al. 2003; Battaglia
et al. 2005; Kobayashi et al. 2005) at high scattering

optical thickness (defined as the columnar integral of
the scattering coefficient), for example, associated with
large amounts of high-density ice particles (Battaglia et
al. 2007). Battaglia et al. (2007) show that if only single
scattering is considered in a case of attenuation (as is
observed in Fig. 6), some regions close to the ground
should not be detectable since the signal falls below the
minimum detection threshold of the radar whereas they
are detectable when the multiple scattering is consid-
ered. In the CloudSat configuration for cold-front cases,
Battaglia et al. (2007) estimate multiple scattering ef-
fects as high as 10 dB, 3 km above the melting layer in
a deep snow layer leading to moderate rainfall rates at
the ground (e.g., 28.2 or 6 mm h�1). The contribution of
multiple scattering enhancement becomes even larger
when penetrating deeper into the cloud. These values
are expected to be even larger in a case of a deep con-
vective system such as that described in Battaglia et al.
(2006b) where a large amount of graupel exists in the
cloud shield and produces large rainfall rates. In the
case of airborne radar systems characterized by a much
smaller beamwidth than the CloudSat radar (0.7° in the
case of RASTA), the reflectivity enhancement due to
multiple scattering is always smaller than 1–2 dB in the
simulations of Battaglia et al. (2007).

Another demonstration of multiple scattering en-
hancement (even if not providing an estimate of the
magnitude) in this case may be obtained by looking at
the radar gate at and below the surface level. Indeed, it
is stated by Battaglia and Simmer (2008) that “smooth”
profiles at the surface range are distinctive signatures of
strong multiple scattering effects. For geolocation pur-
poses, Fig. 6 has been limited to ground level but it can
however be observed that the ground echo disappears
in several occasions below the deep cloud anvil. In Fig.
8 the vertical axes has been kept up to �2 km in order
to highlight in mean profiles what happens below the
surface level.

A quantitative assessment of this multiple scattering
effect in the CloudSat measurements can be performed
at the F-F20 flight level if we assume that multiple scat-
tering is negligible in the airborne radar beam, or rather
translates into an error of about 1 dB in our CloudSat
multiple scattering estimate. To do so, the reflectivity
measured by CloudSat at the same altitude as the
first usable gate of the RASTA radar (8.42-km height),
ZMS

CloudSat, can be rewritten as follows:

ZCloudSat
MS �8.42� � ZCloudSat

SS �8.42� � � ZCloudSat
MS �8.42�

ZCloudSat
MS �8.42� � Ze�8.42� � A2�ways�705 → 8.42� � � ZCloudSat

MS �8.42�, �1�

FIG. 7. Time series of reflectivity (dBZ ) at (top) 11- and (bot-
tom) 8.42-km altitude measured by the RASTA radar in dark
gray and the CloudSat radar in light gray during flight 72. The
lower axis corresponds to the latitude axis on which both mea-
surements have been accurately collocated (north is on the left-
hand side). The vertical dashed line shows the exact collocation of
both radars (CloudSat moving northward; Rasta southward).
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where ZSS
CloudSat is the corresponding single scattering

CloudSat reflectivity, Ze the equivalent reflectivity, and
A2�ways is the two-way attenuation along a given path
(always positive). It is assumed that the attenuation of
the RASTA radar between the flight level and gate 5
(i.e., 300 m) can be neglected. Therefore, the measure-
ments of RASTA at this level correspond to a direct
measurement of the equivalent reflectivity; that is,
ZMS

RASTA(8.42) � Ze(8.42).
As discussed previously, the right panel in Fig. 8 in-

dicates that the layer above 10.5-km altitude does not
produce significant attenuation, since between 10.5
and 12.5 km the difference between the two signals
remains within 1 dB. We can therefore reasonably as-
sume that the CloudSat measurements are unaffected
by attenuation and multiple scattering at 11 km, which
then implies that CloudSat provides a direct measure-
ment of the equivalent reflectivity at this level; that is,
ZMS

CloudSat(11) � Ze(11). On the other hand, at this level
the RASTA radar is affected by the path-integrated
attenuation between 8.42 and 11 km, which can be re-
written as follows:

ZRASTA
MS �11� � ZRASTA

SS �11�

� Ze�11� � A2-ways�8.42→11�. �2�

If one makes the assumption that A2-ways(705 → 8.42) �
A2-ways(11 → 8.42) � A2-ways(8.42 → 11), which should

be very accurate A2-ways, then by recombining (1) and
(2), we can finally write the following expression for the
multiple scattering:

�ZCloudSat
MS �8.42� � ZCloudSat

MS �8.42� � ZRASTA
MS �8.42�

� ZCloudSat
MS �11� � ZRASTA

MS �11�. �3�

From the mean vertical profile of ZMS
CloudSat � ZMS

RASTA

in Fig. 8, mean differences of �0.25 dB and 4.70 dB are
found at the 8.42- and 11-km heights, respectively. The
value of 4.7 dB can therefore be proposed as our esti-
mate of the integrated attenuation by the cloud layer
located between 8.42- and 11-km altitude. Using (3),
the contribution of multiple scattering to ZMS

CloudSat at
8.42-km altitude can then be estimated as 4.5 dB. This
value is directly contaminated by any error in the radar
calibrations, the attenuation by atmospheric gases, and
the assumptions made. An overall standard deviation
of 2 dB is believed to be representative of the errors on
these calculations. Therefore, the multiple scattering ef-
fect estimated in this West African anvil is 4.5 � 2 dB.
As an illustration of how an error in the calibration of
one of the two radars translates into a contribution to
the multiple scattering, we can show from Eq. (3) that,
for instance, a CloudSat or RASTA reflectivity calibra-
tion error of 1 dBZ (which is small given that two ra-
dars have been calibrated independently from each
other) leads to an overestimation of the multiple scat-

FIG. 8. Mean profiles of reflectivity from the RASTA (light gray) and CloudSat (dark gray)
radars (a) in the vicinity of the exact coincident measurements and (b) differences in these
mean profiles.
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tering effect of 2 dB. It is therefore probably more
realistic to conclude here that a multiple scattering ef-
fect of at least 2.5 dB has been found in the present
paper.

Former studies have investigated quantitatively the
multiple scattering contribution to the radar signal. In
an idealized configuration (plane wave incident upon a
slab of point scatterers), Tsang and Ishimaru (1985)
provide an estimate of this enhancement, which can be
corrected using the Kobayashi et al. (2005) estimation
considering spherical waves and an antenna pattern.
Battaglia et al. (2006a) show, using a Monte Carlo code,
that they were able to obtain comparable results to
Kobayashi et al. (2005). They then applied their radar
signal simulator (including multiple scattering enhance-
ment) to various “realistic” meteorological situations
simulated with a mesoscale model, which are illustrated
for the CloudSat configuration in Battaglia et al. (2007).
Unfortunately, in this paper no detailed profiles of
tropical cases are shown and substantial differences in
the microphysical profiles may be expected between
the midlatitude cases and the AMMA case. However,
the values obtained from Fig. 12 in Battaglia et al.
(2007) are in the same range as the ones obtained in our
observational study. For instance, Battaglia et al. obtain
an extinction coefficient of 0.3 km�1 at 4-km altitude
corresponding to a multiple scattering enhancement as
high as 3.5 dB, while we estimate this effect to be at
least 2.5 dB.

Furthermore, it is possible to derive the vertical pro-
file of the multiple scattering below the aircraft’s flight
altitude, since the RASTA and CloudSat reflectivities
below the aircraft (measurements of the nadir antenna)
should be attenuated in the same way from this altitude
downward into the cloud. Any difference (once the in-
tegrated attenuation in the layer above the flight alti-
tude is corrected in the CloudSat reflectivity) is then a
direct measurement of the multiple scattering. Going
back to Fig. 8 (right), this means that the vertical profile
of the difference � 4.7 dB is the vertical profile of the
multiple scattering, leading to a maximum value of at
least 6.7 dB (8.7 dB in Fig. 8 minus the estimated cal-
culation error of around 2 dB) of the multiple scattering
enhancement, 1 km above the melting layer.

The development of methods to correct for multiple
scattering in the CloudSat reflectivities is therefore
needed to ensure a good level of accuracy in the op-
erational and research products that are derived in me-
soscale convective systems [including ice water contents
(IWCs), rainfall rates, and heating fluxes] from the
CloudSat measurements, even if its effect is only ex-
pected for very optically thick clouds. If we refer to the

values obtained previously from the RASTA and
CloudSat measurements (a 4.7-dB integrated attenua-
tion and at least a 2.5-dB multiple scattering contami-
nation) for a CloudSat effective reflectivity of 16.53
dBZ, and if the Liu and Illingworth (2000) relationship
at 95 GHz is applied at the aircraft flight level to the
CloudSat reflectivities that are not corrected and cor-
rected for multiple scattering, then IWCs are about 3.17
and 2.19 gm�3, corresponding to at least 144% frac-
tional error. This result should be taken with caution,
obviously, since the Liu and Illingworth (2000) statisti-
cal relationships have been built for nonprecipitating
clouds. This figure is merely given here as an illustra-
tion of the potential errors that could arise from using
simple IWC–Z relationships or methods relying on ra-
dar reflectivity alone, which is the case of the standard
CloudSat 2B-CWC product.

4. Conclusions

The AMMA experiment, which took place in West
Africa between June and September 2006, was one of
the first opportunities to evaluate the CloudSat radar
products. In this paper an evaluation of the level 1
product (i.e., calibrated reflectivity) has been proposed
thanks to coincident measurements performed with a
five-beam airborne 95-GHz Doppler radar (RASTA).

To make sure that the measurements of the two in-
struments are directly comparable, an evaluation of the
RASTA calibration was first performed against the
ocean surface following the method proposed by Li et
al. (2005). The surface backscattering cross section
measured by the RASTA radar during flight 78 (28
September 2006) was found to correctly reproduce the
theoretical models proposed in the literature for the
range of surface winds encountered and can then be
assumed to be calibrated within a 1–2-dB range as
stated in Li et al. (2005) regarding this calibration
method. An estimation of the RASTA sensitivity was
also provided and appears as a major issue for compari-
son with the CloudSat radar (limiting the comparison to
the very thick ice anvil region). However, improve-
ments in the acquisition system are about to overcome
this limitation.

During flight 72 (22 September 2006) RASTA flew
under the CloudSat track, thereby acquiring coincident
measurements. A direct comparison at two different
flight levels was performed in the deep ice anvil of the
sampled mesoscale convective system. Several interest-
ing features are found. First, significant integrated at-
tenuation, as large as 4.7 dB for a 2.5-km layer is clearly
observed in the ice anvil. Then at flight level, the
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CloudSat reflectivities remain as high as the RASTA
reflectivities, although we would expect them to be
smaller owing to attenuation, which is suggestive of the
presence of multiple scattering in the CloudSat radar
beam. By stating that the two radars are affected by the
same attenuation along the same given path, this con-
tribution of multiple scattering to the measured Cloud-
Sat reflectivity has been quantified at a given height
within the ice anvil, and is found to be at least 2.5 dB.
Furthermore, as one approaches the melting layer, in a
region in which there is a much larger amount of su-
percooled water, this multiple scattering is found to be
of at least 6.7 dB. Finally, the need for taking this con-
tribution into account in level 2 CloudSat products is
highlighted.

By flying within the cloudy region and sampling si-
multaneously upward and downward, the RASTA ra-
dar has demonstrated that this flight strategy is suitable
in order to estimate the multiple scattering enhance-
ment profile below the flying altitude. Obtaining more
observational datasets (sampling up to the rain region
thanks to improved sensitivity) is of considerable inter-
est in order to provide estimates of the spaceborne ra-
dar multiple scattering enhancements in different me-
teorological situations comparable to the theoretical
studies.
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