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ABSTRACT

A quantitative assessment of Cloudsat reflectivities and basic ice cloud properties (cloud base, top, and

thickness) is conducted in the present study from both airborne and ground-based observations. Airborne

observations allow direct comparisons on a limited number of ocean backscatter and cloud samples, whereas

the ground-based observations allow statistical comparisons on much longer time series but with some ad-

ditional assumptions. Direct comparisons of the ocean backscatter and ice cloud reflectivities measured by an

airborne cloud radar and Cloudsat during two field experiments indicate that, on average, Cloudsat measures

ocean backscatter 0.4 dB higher and ice cloud reflectivities 1 dB higher than the airborne cloud radar. Five

ground-based sites have also been used for a statistical evaluation of the Cloudsat reflectivities and basic cloud

properties. From these comparisons, it is found that the weighted-mean difference ZCloudsat2ZGround ranges

from 20.4 to 10.3 dB when a 61-h time lag around the Cloudsat overpass is considered. Given the fact that

the airborne and ground-based radar calibration accuracy is about 1 dB, it is concluded that the reflectivities of

the spaceborne, airborne, and ground-based radars agree within the expected calibration uncertainties of the

airborne and ground-based radars. This result shows that the Cloudsat radar does achieve the claimed sen-

sitivity of around 229 dBZ. Finally, an evaluation of the tropical ‘‘convective ice’’ profiles measured by

Cloudsat has been carried out over the tropical site in Darwin, Australia. It is shown that these profiles can be

used statistically down to approximately 9-km height (or 4 km above the melting layer) without attenuation

andmultiple scattering corrections over Darwin. It is difficult to estimate if this result is applicable to all types

of deep convective storms in the tropics. However, this first study suggests that the Cloudsat profiles in

convective ice need to be corrected for attenuation by supercooled liquid water and ice aggregates/graupel

particles and multiple scattering prior to their quantitative use.

1. Introduction

A crucial factor to improve our ability to forecast fu-

ture climate change and short-range weather is a better

representation of convection and clouds in large-scale

models. This requires a better understanding of the sta-

tistical properties of clouds and deep convective storms,

as well as the variability of these properties as a function

of different temporal and spatial scales or physical pa-

rameters describing the large-scale environment (e.g.,

Protat et al. 2009). The A-Train mission (Stephens et al.

2002), which is a constellation of six satellites dedicated

to the observation of clouds, precipitation, and aerosols

from space, represents an unprecedented and unique

opportunity to address this broad objective both at re-

gional and global scales. Because this mission is the very

first of its kind, an extensive verification of the measure-

ments and standard products is required prior to using

these for quantitative studies. The prelaunch calibration
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of Cloudsat, in-flight calibration, and stability over the

period of operations has been very recently reported in

Tanelli et al. (2008). This in-flight calibration relies on

monthly comparisons of ocean backscatter measured at

108 incidence off-nadir using dedicated Cloudsat ma-

neuvers and the corresponding ocean backscatter pre-

dicted by different theoretical models. A complementary

approach to that adopted in Tanelli et al. (2008) is to

compare Cloudsat observations with other radar mea-

surements, either collocated or in a statistical sense. For

this reason many international and national experiments

have been conducted following the launch of two of the

A-Train satellites, Cloudsat (95-GHz cloud radar) and

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite

Observation (CALIPSO), including dedicated A-Train

underflights with airborne passive and active remote

sensing and in situ instruments; for example, theCALIPSO-

Cloudsat Validation Experiment (CCVEX; available on-

line at http://airbornescience.nasa.gov/media/) in Florida

in July–August 2006, the Canadian Cloudsat/CALIPSO

Validation Project (C3VP; available online at http://

www.c3vp.org) in Canada fromNovember 2006 toMarch

2007, the African Monsoon Multidisciplinary Analyses

(AMMA) over West Africa in June–September 2006,

and the French–German Cirrus Clouds Experiment-2

(CIRCLE-2; available online at http://www.pa.op.dlr.de/

pazi-falcon/circle2/) over Western Europe in May 2007.

Among the different validation campaigns, our team has

been involved with airborne radar, lidar, and in situ mi-

crophysicalmeasurements duringAMMA(Redelsperger

et al. 2006), CIRCLE-2, and very recently during a third

campaign in the Arctic. The main advantage of the air-

borne observations is that they allow direct comparisons

with the spaceborne measurements, because they sample

the cloud with approximately the same geometry as the

spaceborne instrument (from the top down) and with a

good temporal coincidence.

Ground-based continuous observations such as those

conducted in the framework of the U.S. Department of

Energy Atmospheric Radiation Measurement Program

(ARM; Stokes and Schwartz 1994) and the European

Union Cloudnet program (Illingworth et al. 2007) are

also relevant for spaceborne instrumentation assessment.

The main advantage of this is that long-term and multi-

sensor ground-based observations (radars, lidars, radi-

ometers, and in situ sensors) are readily available over

selected sites at midlatitudes and in the tropics. From the

combination of these instruments put together at those

sites, the morphological, microphysical, radiative, and

dynamical properties of clouds are routinely and accu-

rately retrieved. The accuracy of these cloud properties

retrieved from the ground-based stations provides a

reference for the evaluation of the spaceborne products.

However, it generally does not allow for direct compar-

isons but requires statistical assumptions. The geometry

of observations is also different, which introduces addi-

tional sources of discrepancy, including that observations

are not attenuated the same way into the cloud.

In the present paper, we exploit the specific advan-

tages of airborne and ground-based radar observations

by conducting both statistical and direct assessments

of the Cloudsat 95-GHz Cloud Profiling Radar (CPR)

observations. The paper is organized as follows: the

observations and methodology adopted are described in

section 2. In section 3, the Cloudsat reflectivity mea-

surements and macrophysical properties of ice clouds

are assessed using direct comparisons with airborne

observations. Statistical comparisons with ground-based

observations are analyzed in section 4. An assessment of

the reflectivity profiles measured by Cloudsat in the ice

part of convective systems is also conducted in section 5

by using unattenuated ground-based radar observations

and an estimate of the mean attenuation plus the mul-

tiple scattering profile is worked out. Conclusions and

perspectives of this work are given in section 6.

2. Observations and methodology

The assessment of Cloudsat ice cloud measurements

and products is conducted in the present study from both

airborne and ground-based observations. The Cloudsat

data used in the present paper are from the fourth re-

lease (R04) of the Cloudsat radar reflectivities given in

the so-called 2B-GEOPROF product. A review of the

performance, external calibration, and processing has

been published during the review process of the present

paper (Tanelli et al. 2008). The in-flight calibration of

Cloudsat relies on comparisons of ocean backscatter

measured at 108 incidence off nadir using dedicated

monthly Cloudsat calibration maneuvers and predicted

by different theoretical models. It has been clearly shown

in Tanelli et al. (2008) that the Cloudsat-derived ocean

backscatter is in very good agreement with the Cox and

Munk (1954) model modified following Li et al. (2005)

and with the Wu (1990) model. The absolute calibration

of Cloudsat is derived from these comparisons. The ap-

proach adopted in the present paper is very comple-

mentary, because it consists of comparing Cloudsat

observations to other radars, either statistically or by us-

ing direct comparisons. The rationale for using both air-

borne and ground-based observations is that they provide

very different ways of evaluating Cloudsat and using

different assumptions. Airborne observations allow for

direct comparisons on a limited number of collocated

ground return or cloud samples, whereas the ground-

based observations allow for statistical comparisons using
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much longer time series. In addition, our aim is to assess

the Cloudsat products both for midlatitude and tropical

ice clouds in order to span a sample as representative as

possible of ice clouds at global scale.Weare also currently

conducting an airborne radar–lidar experiment in arctic

mixed-phase clouds, which should soon be available to

extend the present assessment study to polar clouds.

Gaseous attenuation calculations at 95 GHz were

performed through the model developed by Liebe et al.

(1993) for all radar observations used in this study. The

input thermodynamic variables are from the European

Centre for Medium-RangeWeather Forecasts (ECMWF)

model in all cases. The imaginary part of the complex re-

fractivity was computed as the sum of contributions asso-

ciated with molecular oxygen (the pressure-broadening

and nonresonant terms) and water vapor (the pressure-

broadening and continuum terms). Under relatively warm

and moist atmospheric conditions [e.g., the tropical model

presented by Ellingson et al. (1991)], the model by Ulaby

et al. (1981) produces two-way path-integrated attenuation

0.2-dB larger than that by Liebe et al. (1993) for a nadir-

viewing airborne radar at 95 GHz flying at 4 km. This

number is probably a good estimate of the error of these

corrections on path-integrated attenuation correction.

In the following subsections, we describe the metho-

dology used for the airborne and ground-based evalua-

tions andwedescribewhich observations have been used.

a. The airborne cloud radar observations

The present evaluation is conducted using flights

performed under the A-Train track during the AMMA

(Redelsperger et al. 2006) and the French–German

CIRCLE-2 campaigns by the French Falcon 20 equip-

ped with the radar–lidar (RALI) instrument. This RALI

instrument (Protat et al. 2004) is the airborne combi-

nation of two instruments: a multiantenna (3 antennas

downward, 2 antennas upward) 95-GHz Doppler cloud

radar named Radar Aéroporté et Sol de Télédétection

des Propriétés Nuageuses (RASTA) and a triple-wave-

length (355, 532, and 1064 nm) and dual-polarization

(532 nm) backscatter lidar.

Direct comparisons between spaceborne and airborne

cloud radars can be performed using collocated mea-

surements of clouds or the earth surface (ocean or land).

Regarding the surface of the earth, the comparisons are

known to be more challenging over land surface than

over ocean owing to the fact that the land surface

backscatter is a function of the incidence angle, the di-

electric constant, and the surface roughness parameter.

As a result, we have restricted the comparisons to the

ocean surface. Regarding clouds, the two main factors

that can produce differences between the spaceborne

and airborne radars are the differential attenuation of

the two beams (when looking upward with the airborne

radar) and the differential multiple scattering. To min-

imize these potential sources of discrepancies between

the spaceborne and airborne observations, the non-

precipitating ice clouds are the best targets, because they

are characterized by a negligible attenuation and there is

no significant multiple scattering occurring in the wider

Cloudsat beam. Therefore, in the following, we have

only retained flights in which nonprecipitating ice clouds

were sampled by both instruments. Table 1 summarizes

themain characteristics of the flights performed along the

track of the A-Train during the AMMA and CIRCLE-2

field campaigns. Among these flights, two flights have

been performed over the ocean during CIRCLE-2 and

three during AMMA. Given the degraded sensitivity of

RASTAduringAMMA(for discussion, seeBouniol et al.

2008) and the fact that the flight altitude was very high

during the 20 and 21 September 2006 flights (11–12-km

altitude), the ocean surface backscatter during AMMA

was best measured during the 22 September AMMA

flight. Therefore, in our comparisons of the ocean

TABLE 1. List of Cloudsat validation flights with RASTA on board the Falcon 20 during AMMA and CIRCLE-2. Here, Ci indicates cirrus.

Date

Measurement period

Cloud type

RASTA suitable for Cloudsat

evaluation?

Start time

(UTC)

End time

(UTC)

AMMA

09 Sep 2006 1300 1450 Sporadic deep convection over land No

20 Sep 2006 1350 1635 Thin Ci over ocean No

21 Sep 2006 215 430 Thin Ci over ocean No

22 Sep 2006 1350 1650 MCS anvil over land and ocean Yes (ocean backscatter)

CIRCLE-2

13 May 2007 1110 1405 Convection over land No

16 May 2007 1220 1530 Thin frontal Ci over ocean Yes (ocean backscatter)

20 May 2007 1110 1415 Broken Ci 1 convection over land Yes (ice clouds)

25 May 2007 1120 1500 Thin Ci layer over ocean Yes (ice clouds and ocean backscatter)

26 May 2007 1100 1400 Outflow Ci over land Yes (ice clouds)
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backscatter, we have retained only the 22 September 2006

flight fromAMMA and the two CIRCLE-2 flights on 16

and 25 May 2007.

Regarding ice clouds, Bouniol et al. (2008) showed that

direct comparisons with Cloudsat within the 22 Septem-

ber 2006 thick anvil could not be quantitatively exploited,

because of the contamination of both radar measure-

ments by attenuation due to supercooled liquid water

and/or large ice particles and by the multiple scattering in

the Cloudsat beam. Among the CIRCLE-2 flights, three

of them included ice clouds at the approximate time of

overpass (see Table 1) and are therefore used in the

present study: the 20, 25, and 26 May 2007 cases.

b. The ground-based cloud radar observations

The ground-based observations selected for this

evaluation of Cloudsat have been collected over three

midlatitude sites and two tropical sites:

d the 95-GHz RASTA radar at the Site Instrumental de

Recherche par TélédétectionAtmosphérique (SIRTA)

site in Palaiseau, France (Haeffelin et al. 2005);
d the 35.5-GHz millimeter-wave radar (MIRA) in Lin-

denberg, Germany;
d the 95-GHz mobile facility W-band ARM cloud radar

(WACR) deployed during the Convective and Oro-

graphically induced Precipitation Study (COPS) ex-

periment in the Murg Valley, Germany;
d the35-GHzARMmillimeter-wavecloudradar(MMCR)

at Darwin, Australia; and
d the 94-GHz mobile facility WACR radar at Niamey,

Niger.

The periods considered for the statistical analysis of the

cloud properties are described in Table 2. Generally, the

ground-based radars have a lower noise floor than

Cloudsat, which is around 229 dBZ for the whole tro-

posphere (Tanelli et al. 2008), except in the upper part of

the troposphere for some of them. As a result, we have

carefully degraded all radar observations to the same

detection level (sensitivity) prior to any comparison. To

compare ground-based and spaceborne radar observa-

tions, we have considered Cloudsat data from a radius of

200 km around the sites and different time intervals

around the time of satellite overpass. These numbers

result from a trade-off between a sufficiently large num-

ber of observations to reach statistical significance and a

reasonable invariance of the reflectivity and basic cloud

properties statistics. Sensitivity studies are reported in the

following to address this issue. Finally, the geometry of

observations is different (the spaceborne instrument

samples the cloud from top to base, whereas the ground-

based instrument does it the other way around). This has

particularly important implications for the comparison of

ground-based and spaceborne ice cloud observations.

Indeed, most ice cloud observations from space will be

reasonably unattenuated (except in mixed-phase clouds

characterized by significant amounts of supercooled

liquid water). In contrast, a significant portion of the ice

cloud observations from the ground will be strongly at-

tenuated by any liquid cloud below ice clouds or by the

liquid part of the deep convective systems to which they

belong. As a result, we have carefully separated in the

Cloudsat datasets the ‘‘ice cloud’’ profiles (which do not

have a liquid layer below) and the ‘‘convective ice’’

profiles (which are ice clouds above liquid layers or the

ice part of a convective system). This separation is ach-

ieved using a two-step procedure. First, we identify the

altitude of the 08C isotherm altitude from the Cloudsat

ECMWF auxiliary (AUX) product (which is an extrac-

tion of the ECMWF profiles collocated with the Cloud-

sat reflectivity profiles), and we assume that at altitudes

greater than this 08C isotherm altitude we have ice

clouds and belowwe have liquid clouds (the occurrences

of supercooled liquid water is therefore treated as ice in

the present study, but it is also what is done with the

ground-based observations). Second, if there is 90% or

more of the liquid water part of the profile filled with

Cloudsat reflectivities larger than the Cloudsat detec-

tion level, then we classify the ice part of this profile as

a convective ice profile; otherwise, the ice part of the

profile is classified as an ice cloud profile. A similar

(although much more elaborated) separation has been

carried out with the ground-based observations using

the ‘‘target categorization’’ approach (detailed docu-

mentation available online at http://www.met.rdg.ac.uk/

;swrhgnrj/publications/categorization.pdf; Delanoë and

TABLE 2. Ground-based radar observational periods selected for statistical comparisons with Cloudsat measurements and products.

Location (lat, lon)

Radar frequency

(name)

Radar sensitivity

(dBZ at 10 km) Observational period

Darwin, Australia (12.4258S, 130.8918E) 35 GHz (MMCR) 241 (cirrus mode) December 2006–April 2007

Darwin, Australia (12.4258S, 130.8918E) 5 GHz (CPOL) 221 December 2006–April 2007

Niamey, Niger (13.4778N, 2.1768E) 94 GHz (WACR) 234 21 June 2006–December 2006

Lindenberg, Germany (52.2098N, 14.1228E) 36 GHz (MIRA) 240 August 2006–April 2007

COPS site, Germany (48.5408N, 8.3978E) 94 GHz (WACR) 234 April 2007–December 2007

Palaiseau, France (48.7138N, 2.2088E) 95 GHz (RASTA) 230 December 2006–February 2007
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Hogan 2008), which consists in classifying each observed

scene as a meteorological or nonmeteorological target

from the cloud radar, lidar, and microwave radiometer

measurements and then assigning awater phase (liquid, ice,

ormixed-phase) and adata-quality flag to each cloud scene.

In what follows, we compare the statistical properties

derived from the ice cloud profiles only, except over

Darwin, for which the Cloudsat convective ice profiles

are evaluated against observations from the C-band

polarimetric (CPOL) scanning dual-polarization Dopp-

ler research radar (Keenan et al. 1998) observations.

3. Assessment of Cloudsat calibration from airborne

cloud radar observations

a. The calibration of the airborne cloud radar

RASTA

The calibration of the airborne Doppler cloud radar

RASTA has been achieved using the ocean surface

backscatter (the so-called s0method; Li et al. 2005). The

principle of this method is that the ocean backscatter is

roughly independent of surface wind for an incidence

angle of 98–108, with a value around 7 dB. This calibra-

tion procedure using the ocean surface has demon-

strated its good performance in the context of the

Tropical Rainfall Measuring Mission (e.g., Okamoto

et al. 2002). Note that the Cloudsat calibration has also

been evaluated using this s0method (Tanelli et al. 2008).

Two flights were devoted specifically to this calibration

(one during AMMA and one during CIRCLE-2). The

RASTA calibration results are reported in Bouniol et al.

(2008). This technique is expected to produce a cali-

bration accurate to within 1 dB or so (e.g., Li et al. 2005),

especially if a large number of s0 samples are collected.

We believe that this accuracy has been achieved because

two flights of about 1.5 h sampling the ocean backscatter

were performed in various surface wind conditions, and

dropsondes were launched at regular intervals to update

the gaseous attenuation correction.

b. Comparison of Cloudsat and RASTA ocean

backscatter

As discussed in section 2, direct comparisons between

Cloudsat and RASTA can be performed by using col-

located measurements of the ocean backscatter during

the 22 September 2006 flight from AMMA and the two

CIRCLE-2 flights on 16 and 25 May 2007.

Figure 1 illustrates the analysis performed for each

flight using the 16 May 2007 flight during CIRCLE-2.

The track of the French Falcon 20 carrying RASTA is

shown in Fig. 1a (black line), as well as the Cloudsat

track (gray line and best coincidence with airborne

observations highlighted in red). The ocean surface

backscatters are shown in Fig. 1b, and the Doppler

measurement of RASTA (not corrected for the aircraft

speed) is shown in Fig. 1c. When the Doppler is zero, it

means that RASTA measures the surface backscatter at

exact vertical incidence, whereas any departure from the

zeroDoppler will indicate that themeasurement is made

slightly off nadir. The two time series of Cloudsat (gray)

and RASTA (black) s0 are in good agreement (Fig. 1b),

except on the left part of the time series, which after

inspection of the RASTA Doppler velocity appears to

be due to large departures from nadir (Fig. 1c), corre-

sponding to lower s0 values for RASTA expected from

theory (Cox andMunk 1954;Wu 1972;Wu 1990; Freilich

and Vanhoff 2003). The mean difference (denoted as

Ds05s0Cloudsat2s0RASTA) is 0.26 0.8 dB for this flight,

which is fairly small. As expected, the largest differences

are obtained for the largest Doppler velocities (see

Fig. 1e), and these Ds0 values are positive, which is in

agreement with the theory (departures from nadir inci-

dence produce smaller backscatter). The Ds0 values

obtained for the other CIRCLE-2 flight (25 May 2007)

and the AMMA flight (22 September 2006) are very

similar (Ds0 5 0.3 6 1.2 dB and Ds0 5 20.1 6 1.7 dB).

During the 25 May 2007 flight, the aircraft flew four

successive straight flight patterns along the Cloudsat

ground track (denoted as 1–4 in Figs. 1f,g for the fol-

lowing patterns, respectively: one before the satellite

overpass, one collocated in time, and two after the sat-

ellite overpass), corresponding to temporal differences

of up to one hour between the airborne and spaceborne

observations. This provides an opportunity to evaluate

how crucial the temporal coincidence of observations

is when comparing ocean surface returns. The corre-

sponding differences are plotted in Fig. 1f and they are

plotted as a function of the Doppler velocity in Fig. 1g.

As can be seen from these figures, there is not much

degradation in the agreement between spaceborne and

airborne ocean backscattering between the four flight

portions. More quantitatively, the differences are Ds05

0.56 0.8 dB,Ds05 0.06 0.4 dB, andDs05 0.66 0.7 dB

for the three noncoincident flight portions 1, 3, and 4,

respectively. It is striking to see that the standard devi-

ation does not increase with the temporal lag between

the airborne and spaceborne observations, which indi-

cates that in the present case the ocean surface backscatter

characteristics were sufficiently stationary at the 1-h time

scale for aircraft–satellite comparisons.

When taking all the s0 measurements from the three

flights together, the difference is Ds0 5 0.4 6 1.0 dB,

which will be retained as the final result of this direct

comparison between Cloudsat and RASTA ocean sur-

face backscatters. This 0.4-dBmean difference is smaller

than the expected accuracy of the calibration of RASTA
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FIG. 1. (a) Cloudsat (solid gray line) and RASTA (solid black line) tracks for the 16 May 2007 CIRCLE-2 flight.

The solid red line depicts the best temporally coincident track. (b) Ocean surface backscatter measured by Cloudsat

(gray) and RASTA (black) as a function of latitude, filtered using 0.18 latitude bins. (c) Doppler velocity (m s21)

measured at the ocean surface by RASTA (black), filtered using 0.18 latitude bins. Scatterplot of RASTA s0 as a

function of Cloudsat s0 for (d) the 16 May 2007 flight only and (f) all of the flights included in the statistical analysis

(colors correspond to different flights). Difference in s0 (Cloudsat2RASTA) as a function of themeasuredDoppler

velocity for (e) the 16 May 2007 flight and (g) all of the flights included in the statistical analysis.
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(around 1 dB). From these ocean backscatter compari-

sons, we therefore conclude that the reflectivities agree

within the expected RASTA calibration uncertainty.

c. Direct comparison of Cloudsat and RASTA ice

cloud reflectivities

Although direct comparisons are not possible with the

AMMA 22 September 2006 flight because of attenua-

tion and multiple scattering in the ice part of the thick

mesoscale convective system anvil (Bouniol et al. 2008),

three flights within the Cloudsat track can be used from

CIRCLE-2, as discussed in section 2. Figures 2–4 show

the high-resolution airborne RASTA radar data for

these flights (the 20, 26, and 25May cases), as well as the

same cloud scene derived from the RASTA observa-

tions, but at a scale and sensitivity comparable with the

Cloudsat observations. To do so, we have first averaged

the RASTA measurements in order to match the Cloud-

sat resolution (1.7 km along track and 500 m vertically),

and then, after the averaging, we have discarded all

RASTA observations below the Cloudsat sensitivity

threshold (around229 dBZ for the whole troposphere).

In each figure, the bottom panel is the corresponding

Cloudsat measurements with all observations below the

RASTA sensitivity threshold [231.5 dBZ 1 20 log(r),

where r is the radar range in kilometers] removed. The

difference in conventions for the refractive index (0.75

for Cloudsat and 0.93 for RASTA) has been accounted

for in the plots and in the computation of the statistics of

the difference between the two radars.

The 20 May 2007 cirrus case (Fig. 2) is the best one in

terms of cloud cover and temporal coincidence (8 s) of

the airborne and ground-based observations. However,

the spatial coincidence is not the best of all flights, with

spatial mismatches ranging from 200 to 400 m off the

Cloudsat track (see the color display of each point on

Fig. 5). The 26 May 2007 thicker cirrus case (Fig. 3) is

very good in terms of spatial and temporal coincidence

with the satellite observations (less than 100m and 130 s;

see Fig. 6). However, its internal structure apparently

varies very rapidly during the time of observations (see

differences in the upper part of the cirrus cloud on Fig. 3).

This is confirmed by inspecting the airborne observations

from the previous and next legs (not shown). The 25 May

2007 midlevel ice cloud case (Fig. 4) is good in terms of

spatial coincidence (less than 200 m; see Fig. 7), but there

was a time difference of 3–5minbetween the airborne and

spaceborne observations. Thus, this case does not provide

many common cloud samples, as can be seen from Fig. 4.

Generally speaking, once the airborne radar data are

averaged to the Cloudsat resolution, the qualitative

consistency between the two observations is quite good,

except for the upper part of the 26May 2007 case (Fig. 3).

The quantitative assessment of the difference for the 20

May 2007 case (assumed to be the best case because of

the large amount of common cloud samples), when all

data shown in Fig. 2 are included, is given in the top panel

of Fig. 5. We will examine DZ 5 ZCloudsat 2 ZRASTA in

the following: for the 20 May case, DZ 5 0.9 dB, with a

very large standard deviation of 4 dBZ, which means

that Cloudsat measures slightly larger reflectivities than

RASTA. The potential reasons for this fairly large stan-

dard deviation are the temporal and spatial lag of the ob-

servations, the possible slight geolocation errors of the two

instruments, and the partial beam filling of the Cloudsat

measurements at cloud edges. To minimize the effect of

spatial and temporal mismatch between observations, we

have used thresholds on these three parameters. If we

restrict the time lag to an absolute maximum of 3 min,

then DZ is unaffected but its standard deviation is re-

duced to 3.2 dB (Fig. 5,middle).Wedonot observe such a

reduction of the standard deviation of the error when

setting a threshold on the spatial mismatch, and the mean

difference is unchanged (not shown). The effect of partial

beam filling on cloud edges of the Cloudsat measure-

ments has been minimized by calculating a normalized

cloud height for each profile in both the airborne and

spaceborne observations and removing the observations

for normalized cloud heights less than 0.1 and greater

than 0.9 (cloud base and top, respectively). If we apply

this procedure,wefind thatDZ is almost unaffected (DZ5

1.0 dB), whereas the standard deviation is reduced further

to 2.9 dB (bottom panel of Fig. 5). These numbers are

unchanged if thresholds of 0.2 and 0.8 are used for the

normalized cloud height (not shown).

Because of much smaller amounts of common cloud

samples for the two other cases, such refinements are not

possible, and we have therefore retained all the points

in the difference statistics. These statistics are shown for

the 26 and 25 May cases on Figs. 6 and 7, respectively.

The difference found is DZ 5 2.3 6 4.2 dB for the

26May case (Fig. 6) andDZ5 1.16 2.1 dB for the 25May

case. It is noteworthy that the estimate from the 25 May

case is similar to that found with the 20 May case (DZ5

1.0 dB). We have checked that the larger difference

obtained for the 26May case resulted from the observed

large differences in the upper-right part of the cloud

structure, by restricting the comparison to heights lower

than 8 km. In this case, DZ reduces to 1.5 dB and the

standard deviation reduces to 3.5 dB.

In conclusion, by comparing reasonably collocated

airborne and spaceborne ice cloud samples at the same

resolution, we find that Cloudsat measures reflectivities

about 1dBhigher than the airborneRASTAradar.Given

the fact that the calibration accuracyof the airborne radar

is about 1 dB, we conclude that the spaceborne and
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airborne radar reflectivities agree within this calibration

uncertainty. This is in agreement with the findings of the

previous section, in which collocated ocean backscatter

measurements at vertical incidence had been compared.

The relatively large standard deviation of the difference

(2–3 dB) leads to the conclusion that this type of direct

comparison using ice clouds is of limited value if one

wants to achieve a more accurate evaluation of the

spaceborne radar calibration than that proposed in the

present study. It is also larger than the standard deviation

FIG. 2. Latitude–height reflectivity plots as observed (top) by RASTA at full resolution and

sensitivity, (middle) by RASTA at Cloudsat resolution and sensitivity, and (bottom) by the

Cloudsat radar at RASTA sensitivity on 20May 2007 over western Europe during CIRCLE-2.

The thick purple line at around 12-km height in (a),(b) is the French Falcon 20 track. The

satellite overpass (shown as a thick dashed line) occurred at a time corresponding to the lati-

tude of 45.448 on the plot.
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of the difference obtained when comparing the ocean

surface backscatter (around 1 dB), which seems to indi-

cate that the ocean surface is an easier target for space-

borne radar assessment than ice clouds. In the near

future, different assessments of the Cloudsat calibration

from all good underflights of the Cloudsat track made

worldwide during the different validation campaigns will

also be compared.

4. Assessment of Cloudsat reflectivities and

macrophysical ice cloud properties from

statistical comparisons with ground-based

cloud radar observations

a. Discussion and sensitivity tests

In this section, the statistical properties of ice clouds

derived from continuous ground-based Doppler radar

FIG. 3. As inFig. 2, but for the 26May2007 case study. For this case, the satellite overpass (shownas

a thick dashed line) occurred at a time corresponding to the latitude of 48.808 on the plot.
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observations collected in different regions of the world

(see Table 2) are used as references to assess how well

the ground-based and spaceborne radar reflectivities and

morphological cloud properties (cloud base, top, and

thickness) compare with each other. This will provide an

additional assessment of theCloudsat reflectivities, which

is complementary to the assessment carried out in section

3 with airborne radar observations (statistical versus di-

rect comparison). It is also a good way of checking if the

underlying assumptions of the statistical approach are

valid. Indeed, as briefly mentioned in section 2, for these

comparisons we need to assume that the statistical

properties of ice clouds are reasonably invariant within a

given range from the ground-based site location. We

FIG. 4. As in Fig. 2, but for the 25 May 2007 case study. For this case, the satellite overpass

occurred around 4 min before this scene had been sampled by the airborne radar (longitude

would not mean anything in this case to compare cloud structure).
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also need to consider a time lag between these space-

borne and ground-based observations to minimize dif-

ferences because of possible diurnal variability of the ice

cloud properties. Figure 8 shows the sensitivity of the

probability density function (PDF) of reflectivity and

cloud thickness (results discussed therein are similarwhen

the cloud-top or cloud-base heights are considered; not

shown) and mean vertical profile of reflectivity to the

maximum time lag (on the ground-based radar re-

flectivities; Fig. 8, left column) andmaximumdistance (on

FIG. 5. The difference between the spaceborne radar and the airborne radar as a function of

the time lag between these observations for the 20 May 2007 case study in Fig. 2. The color bar

indicates the distance between the observations as well for each observation. The graphs are

for when (top) the whole straight-flight pattern is considered, (middle) restricting to

63min around the overpass time, and (bottom) restricting to63min around the overpass time

and 0.1–0.9 normalized cloud heights. The mean and standard deviation of the difference of

(top)–(bottom) is given for each.
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the Cloudsat reflectivities; Fig. 8, right column). It is seen

that the maximum time lag over the Darwin site has little

impact on the PDFs and the mean vertical profile (Fig. 8,

left column). The computation of themeandifference and

standard deviation of the difference between the re-

flectivities derived from the ‘‘no time lag’’ and ‘‘61-h time

lag’’ cases are 0.03 and 0.15, respectively, which is fairly

small. This is also true over the SIRTA and Lindenberg

sites (not shown), somewhat less over the Niamey and

COPS sites for which the standard deviation of the dif-

ference is larger (0.6 dB over Niamey, 0.5 for COPS), but

remains relatively small. The effect of the maximum dis-

tance clearly has a larger impact, especially on the PDFs.

A trade-off must be found here, because reducing the

maximum distance could have two opposite effects: the

negative effect of reducing the statistical significance of

the Cloudsat-derived statistics, and the positive effect of

improving the collocation of the ground-based and

Cloudsat observations. It is observed in Fig. 8 (and the

same also applies for all the other sites, not shown) that

the choice of a maximum distance smaller than 200 km

systematically tends to degrade the agreement between

the ground-based and spaceborne observations by modi-

fying the shapes of the PDFs (see large peaks produced in

Fig. 8, top–middle, right column) and introducing more

structures in the mean vertical profiles (Fig. 8, bottom,

right column). As discussed previously, it indicates that

the statistics derived from Cloudsat observations become

questionable for 100 and 50 km distances for the time

spans selected for the comparisons. Toquantify thiseffect,

wehave taken the reflectivities derived fromconsidering a

200-km radius around the ground-based site and esti-

mated the mean difference and standard deviation of the

difference with the reflectivities derived from a 50-km

radius and a 100-km radius. It must be noted that the

statistics derived from a 300-km radius (not shown) has

been derived and is found to be virtually identical to the

200-km statistics, which indicates that there is no point in

FIG. 7. As in Fig. 6, but for the 25 May 2007 case study in Fig. 4.

FIG. 6. The difference between the spaceborne radar and the airborne radar as a function of

the time lag between these observations for the 26 May 2007 case study in Fig. 3. The color bar

indicates the distance between the observations as well for each observation. The mean and

standard deviation of the difference are also indicated.
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FIG. 8. Assessment of the sensitivity of reflectivity statistics to (left) the maximum time lag around Cloudsat

overpass and (right) the maximum distance of Cloudsat observations to the ground-based site. PDFs of (top) radar

reflectivity, (middle) cloud thickness, and (bottom) mean vertical profiles of radar reflectivity. The solid line on the

plots of (left) is when no time lag is applied to the Darwin ARM radar to compute the statistics, and dotted, dashed

and dashed–dotted lines are when 61, 62, and 63 h around the overpass time are considered to build up the

statistics, respectively. Solid, dashed, and dotted lines on the plots of (right) are when a 200-, 100-, and 50-km radius

is considered to build the Cloudsat statistics, respectively.

SEPTEMBER 2009 PROTAT ET AL . 1729



increasing the radius more than 200 km around the

ground-based sites. The mean difference and standard

deviation of the difference are 21.2 and 0.51, respec-

tively, when comparing the reflectivities using the 100-

and 200-km radius and20.2 and 0.70, respectively, when

comparing the reflectivities using the 50- and 200-km

profiles. These numbers are clearly much larger than

those obtained for the impact of considering different

time lags (0.03 and 0.15). This result applies to all the

other sites included in the present statistical analysis.

Increasing the time span of these comparisons could be

another option to reduce the horizontal scale for which

we assume an invariance of the ice cloud properties, but

we do not have the resources currently to process more

data for these comparisons. In what follows, we there-

fore retained the 200-km maximum distance as a good

trade-off. Regarding the time lag, there is no objective

way to say what the best trade-off is, but anyway the

effect does not appear to be very large, so for the sta-

tistical evaluation we have considered both the statistics

derived without using any time lag and the statistics

derived using a 61-h maximum time difference. This

allows us to evaluate how variable our numbers are with

respect to this assumption.

b. The wavelength difference between Cloudsat and

the ground-based radars

Another important aspect that needs to be addressed

is that three of the five ground-based radars used in this

study are operating at a frequency lower than that of

Cloudsat (Darwin and Lindenberg at 35GHz andCPOL

at 5 GHz); therefore, they are less prone to the so-called

Mie effects, which occur when the particle diameter is

no longer negligible with respect to the radar wave-

length. A statistical method is proposed in what follows

to take this effect into account. The principle is to

‘‘convert’’ the 5- and 35-GHz observations into pseudo-

95-GHz observations. The rationale for doing this is that

although there are some assumptions in this conversion

calculation, it will certainly yield more comparable

reflectivities than if no correction is applied. However, it

is difficult to estimate how accurate this conversion is on

individual profiles. A statistical evaluation of this cor-

rection will be given in section 5. For this purpose, we

use a large database of in situ ice cloud microphysical

measurements of the ice particle size distribution gath-

ered in different international field experiments (as de-

scribed in Delanoë et al. 2005), assume the Heymsfield

et al. (2007) temperature-dependent mass–dimension

relationship, and calculate radar reflectivity at the three

wavelengths of interest for the present study by using

Mie theory. For the Mie calculations, we have used the

spherical assumption for size, with the maximum di-

mension measured by the probes as the diameter of the

spheres, but we corrected the refractive index by as-

suming the Heymsfield et al. (2007) density for the ice

particles instead of taking the density of solid ice, fol-

lowing the ‘‘fractional refractive index’’ approach pro-

posed by Oguchi (1983). More details are given in Protat

et al. (2007). This is equivalent to the ‘‘equivalent melting

diameter’’ approach described in Donovan et al. (2004),

which has proven to well reproduce results from more

complex calculations, such as those using the discrete

dipole approximation and prescribed particle habits and

particle size distributions (see latest results in Weinman

and Kim 2007; Kim et al. 2007). The Mie calculations

have been preferred in our case because there are still

major uncertainties about the characteristics of the par-

ticle size distributions, especially of the statistics of small

ice crystals (e.g., McFarquhar et al. 2007), and about the

most representative ice habit, shape, and density of ice

particles in ice clouds, which all impact complex calcu-

lations probably as much as simple Mie calculations. We

have also repeated these calculations using the Brown

and Francis (1995) density–diameter relationship, which

is widely assumed in ice cloud retrieval techniques (e.g.,

Wang and Sassen 2002; Tinel et al. 2005; Hogan et al.

2006; Protat et al. 2007), but this did not change the re-

sults significantly. We have then fitted power-law rela-

tionships [assuming Z95GHz (dBZ) 2 Z35GHz (dBZ) 5

a Z35GHz (dBZ)b, with a and b retrieved using a least

squares fit] frompairs of reflectivities, whichwehave then

used to convert a reflectivity at one frequency to the

other. The result of this is given in Fig. 9 and will be

evaluated further in section 5 using the three radar mea-

surements at three wavelengths around Darwin. Obvi-

ously, it is expected that the errors are much larger when

trying to convert reflectivities from5 to 95GHz thanwhen

converting from 35 to 95 GHz.

c. Statistical comparison of Cloudsat and

ground-based radar basic cloud properties

Figures 10–15 compare the reflectivities and cloud

morphological characteristics as derived from the trop-

ical and midlatitude ground-based observations of ice

clouds and from the surrounding Cloudsat observations.

In all plots, Cloudsat-derived statistics are displayed in

black, whereas the statistics derived from the ground-

based radars are displayed in gray.

For the tropical sites, the most exact comparison

should be at Niamey (Fig. 10) because here both radars

are at the same frequency (95 GHz). Apart from a

slightly noisier PDF for Cloudsat attributable to a smaller

spaceborne sample, the agreement is excellent, with very

similar highly skewed distributions and similar widths. It

also appears that the Cloudsat PDFs are significantly
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noisier. Themean vertical profiles of reflectivity (Fig. 10e)

are also in relatively good agreement, with a peak re-

flectivity at approximately the same height and differ-

ences generally smaller than 2–3 dB. The weighted-

mean difference (calculated from the mean vertical

profile of reflectivity and the number of points per height

slab) is 20.8 dB. However, Cloudsat reflectivities tend

to be higher above 12-km height (up to 1–2 dBZ) and

lower below 12 km (by up to 3–4 dBZ). Restricting the

comparison to61 h seems to modify the structure of the

mean vertical profile, with a peak reflectivity at a lower

height for the ground-based observations but smaller

differences in the lower part of the profile. It is difficult

to assess whether this is due to insufficient statistics

when using61 h around the overpass time, but it seems

to degrade the agreement of the peak reflectivity alti-

tude, which could be an indication that this is the case.

The weighted-mean difference for the 61-h time-lag

profile is 0.3 dB. These are small differences when

considering all the possible sources of error included in

this exercise (calibration accuracy of the ground-based

radar, errors in the gaseous attenuation correction, dif-

ferent viewing geometry, etc.). This small number has

provided a motivation to see how variable this number

was when using other radars at other sites. The PDFs of

cloud-base height, cloud-top height, and cloud thickness

are also found to be in very good agreement, with a very

similar bimodal distribution of cloud-base and cloud-top

heights peaking at approximately the same heights (to

within 1 km). This indicates that there is no particular

geolocation problem with the Cloudsat observations

(especially in the vertical). The cloud thickness PDFs

are also very similar, with exactly the same exponential

decrease in the probability of having thick ice clouds. It

has to be remembered here that precipitating ice in the

upper part of convective systems has been removed

from the statistics, hence the lack of significant proba-

bility of thick ice clouds.

Similar plots are shown for the Darwin site using the

ground-basedMMCR (not converted to 95 GHz) in Fig.

11. The agreement is again very good, with the Cloudsat

PDFs again being noisier than the ground-based ones

(Figs. 11a–d). The mean vertical profiles of reflectivity

also show some differences of the same magnitude as

over Niamey (Fig. 11e), but of opposite sign with respect

to Fig. 10 and with slightly larger Cloudsat reflectivities

below 10-km height and slightly smaller Cloudsat re-

flectivities above 10 km. This seems to indicate that

these differences are due to the fact that the statistics are

not derived from exactly the same cloud samples. The

weighted-mean difference over Darwin is 20.6 dB

without any attempt to convert the Darwin MMCR

FIG. 9. Reflectivity differences at different wavelengths computed from in situ microphysical

measurements of ice particle size distributions. The (top) 95–5-GHz and (bottom) 95–35-GHz

reflectivity differences in dBZ as functions of the reflectivity at 5 and 35 GHz, respectively. The

small dots are individual estimates and the large dots are from a least squares fit to the indi-

vidual points (see text).
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reflectivities at the frequency of Cloudsat, as was found

using the Niamey observations. When considering a

61-h time lag around the overpass time, this number

remains roughly unchanged (20.5 dB). However, when

converting the Darwin MMCR reflectivities to 95 GHz,

the weighted-mean difference is10.1 dB (same number

when a 61-h time lag is considered). It is also observed

that the cloud morphology as derived from both radars

is very similar. Another way of looking at the differences

between Cloudsat and the ground-based radars is to

build up joint reflectivity–height histograms. This is

shown for Niamey andDarwin in Fig. 12. FromFig. 12, it

appears again very clearly that the Cloudsat statistics

are much noisier than the ground-based observations

with some transient features not included in the ground-

based statistics, but it is also clear that the main features

derived from the ground-based statistics are also found

in the spaceborne statistics, such as the location and

extent of the peak reflectivities, some secondary max-

ima around 7 km at Darwin and 6–7 km at Niamey, and

width of the reflectivity distributions at different heights.

Overall, again, the agreement is very good, although it is

not really possible to assess unambiguously from these

joint histograms as to which differences are simply due to

different cloud statistics and which are potentially due to

problems with Cloudsat. Therefore, in what follows, we

do not interpret such joint histograms further.

For the midlatitude sites, the comparisons that should

be in best agreement are those with the RASTA radar at

the SIRTA site in Palaiseau (Fig. 13) and the WACR

radar during COPS (Fig. 14) because all radars operate

at the same frequency (95 GHz), which was the case of

Niamey in the tropics. The shorter period for the com-

parisons between RASTA and Cloudsat is due to the

fact that the ground-based RASTA radar at SIRTA is

the same as that used in an airborne configuration during

AMMA and CIRCLE-2. The COPS dataset is of the

same duration as for the tropical sites. The comparisons

FIG. 10. Statistical comparisons over the Niamey ARM mobile facility between ground-based-derived (gray) and Cloudsat-derived

(black) ice cloudmorphology: PDFs of (a) radar reflectivity, (b) cloud-top height, (c) cloud thickness, (d) cloud-base height, and (e) mean

vertical profile of radar reflectivity. The dotted curve on the mean vertical profile in (e) is for when a 61-h time window around the

Cloudsat overpass time is used to bin the ground-based observations.
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at Lindenberg (Fig. 15) are equivalent to the Darwin

comparisons in the tropics because the Lindenberg radar

operates at 35 GHz, and the reflectivities are then con-

verted to 95 GHz using the relationships derived from

Fig. 9. Themain difference of this radar with respect to all

others used in this study is that it uses a magnetron as a

transmitting source and not a klystron, which allows for

larger power outputs (and therefore higher sensitivity)

but a somewhat less accurate control of transmitted pulse

characteristics (magnitude and phase).

The results over the Palaiseau and COPS sites (Figs.

13, 14) are very similar to what has been obtained in the

tropics, with very similar reflectivity and basic cloud

property statistics. The joint reflectivity–height histo-

grams also indicate very good agreement (not shown)

as in the tropics. The weighted-mean differences over

Palaiseau and COPS are 10.0 and 20.70 dB, respec-

tively. With a 61-h time lag, these differences become

20.2 and20.4 dB, respectively. It is noteworthy that the

sameWACR radar is used during COPS and at Niamey

and that the results found for the differences with

Cloudsat are quite similar for the two sites (20.80 dB for

Niamey and 20.70 dB for COPS). This can viewed ei-

ther as very lucky or as an indirect validation of the

robustness of our statistical approach. The results for

Lindenberg are significantly different (Fig. 15). Al-

though the PDFs of reflectivity and basic cloud properties

agree fairly well as over the other sites, themean vertical

profile exhibits a clear systematic shift betweenCloudsat

and the Lindenberg radar, with Cloudsat reflectivities

being systematically larger than the ground-based ones.

The weighted-mean difference without reflectivity con-

version and when no time lag is applied is 11.3 dB. It is

about the same with 61 h around the overpass, and it

reaches 11.9 dB when Lindenberg reflectivities are

converted at 95 GHz. Interestingly, during the COPS

experiment, MIRA and WACR have been compared

using detailed case studies (Handwerker and Miller

2008) showing a 3-dB difference between these two ra-

dars (WACR being higher than the Lindenberg radar).

It is significant to see here that when using Cloudsat as a

reference (just for this calculation) we are almost able to

reproduce this difference with our statistics (1.91 0.75

2.6 dB), which is a very good indirect overall validation

FIG. 11. As in Fig. 10, but with the original 35-GHz MMCR observations over the Darwin ARM site.
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of the statistical approach. We believe that, because the

four comparisons over the four other sites agree to

within 1 dB, this is indirect proof that the calibration of

the Lindenberg radarmay be low by around 2 dB. This is

most likely due to the fact that the calibration figure has

been derived from a budget of internal gains and losses

but no comparisons using reference targets or ocean

backscatter returns.

As a summary, if we assume that the calibration of the

Lindenberg radar is slightly low, then the weighted-mean

difference between Cloudsat and the other ground-based

radars, ZCloudsat 2 ZGround, ranges from20.8 to10.1 dB

if no time lag is considered and from 20.4 to 10.3 dB

when a 61-h time lag around the Cloudsat overpass is

considered. These numbers are unexpectedly small (and

consistently small over the different sites), when consid-

ering the possible sources of errors discussed previously.

These estimates are also in good agreement with the

airborne comparisons, which can be considered as a

cross-validation of the two approaches.

This study suggests that the Cloudsat reflectivities

are well calibrated. An implication of this is that these

FIG. 12. Comparison of joint height–reflectivity histograms derived from (top) the Cloudsat radar and the

ground-based (bottom left) Niamey WACR and (bottom right) Darwin 35-GHz MMCR.
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Cloudsat reflectivities can also be exploited quantita-

tively using the same statistical approach as that devel-

oped in this section to calibrate or check calibration of

any radar in the world operating at the same frequency,

and even with some caution any radar at other frequen-

cies provided that reflectivities are either converted to

95 GHz or compared in the so-called Rayleigh-scattering

domain of the Cloudsat reflectivities. The previous Lin-

denberg results are a good illustration of this point.

5. Assessment of the Cloudsat convective ice

reflectivities for quantitative studies

A potential advantage of Cloudsat over the ground-

based 35- and 95-GHz radars for the characterization of

convective ice is that it provides sampling of the ice part

of convective storms from the top down and therefore

does not experience attenuation by the liquid part of

the convective storms (typically located below the 08C

isotherm altitude). Cloudsat does therefore provide a

unique view of tropical convective ice at millimeter

wavelength and at global scale. However the Cloudsat

observations can be contaminated by three effects: at-

tenuation by supercooled liquid water, attenuation by

large ice particles, andmultiple scattering in the Cloudsat

radar beam.

Supercooled liquid water is very commonly found in

these convective storms because of the vigorous updrafts

carrying substantial amounts of liquid water above the

melting layer (e.g., Stith et al. 2002; Rosenfeld et al. 2006;

Kingsmill et al. 2004; Fiorino and Smith 2006). This su-

percooled liquid water will produce attenuation of

Cloudsat. The literature remains relatively poor re-

garding the presence and amount of supercooled water

and maximum height at which it can be encountered in

tropical convective storms. In deep convective cores, a

single study by Rosenfeld et al. (2006) and early results

presented in Rosenfeld and Woodley (2000) document

very high amounts of supercooled liquid water up to

very high altitudes (2388C isotherm altitude). In tropical

stratiform anvils, some studies indicate the presence of

significant amounts of supercooled liquid water mostly

below the 2128 to 2188C isotherm altitudes (Stith et al.

2002), whereas others document regular occurrences of

FIG. 13. As in Fig. 10, but over the SIRTA observatory in Palaiseau.
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supercooled liquid water up to a 9.5-km altitude in the

tropics (Fiorino and Smith 2006; Kingsmill et al. 2004).

Mesoscale convective storms also produce a variety of

ice particles in terms of shape, orientation, density, size,

and degree of riming. There are not many studies that

have attempted to estimate the attenuation ofmillimeter-

wavelength radars by precipitating ice resulting from the

complexity of ice microphysics (Lhermitte 1990). Li

et al. (2001) documented values of around 0.38 dB km21

using collocated ground-based and airborne 95-GHz

cloud radar observations in a thick midlatitude strati-

form anvil cloud. Matrosov (2007) estimated attenua-

tion of up to 0.4 dB km21 in heavy snowfall rates and

mentioned that for wet and/or rimed snow (as can be

found in deep convective storms) this attenuation could

be significantly larger. From combined in situ and dual-

wavelength radar observations in the tropics, there is also

some very recent evidence of attenuation by graupel

reaching as high as 4–5 dB km21 (G. and A. Heymsfield

2008, personal communication).

Finally, multiple scattering in the Cloudsat beam will

also tend to balance in part the attenuation by increasing

95-GHz reflectivity (Marzano et al. 2003; Battaglia et al.

2005; Kobayashi et al. 2005) but to a degree and vertical

extent that is still largely unknown (e.g., Bouniol et al.

2008). Battaglia et al. (2007) documented multiple scat-

tering effects as high as 10 dB at 3 km above the melting

layer of a deep snow storm responsible for only moderate

rainfall rates at ground. A first observational estimate in

the ice part of tropical convection has been obtained by

Bouniol et al. (2008), who reported a value of at least 2.5

dB at 8.5-km height in the anvil of a West African me-

soscale convective system sampled during AMMA.

In the context described previously, it is obviously

crucial to come up with estimates of how large these

combined effects are in a statistical sense and at which

height these effects really contaminate the Cloudsat

convective ice profiles before using such profiles for

quantitative studies. The following analysis is a first at-

tempt to estimate at a single location how large these

effects are and at which heights.

Near the Darwin ARM site, the Australian Bureau of

Meteorologyoperates theCPOLscanningdual-polarization

research radar (Keenan et al. 1998) continuously during the

FIG. 14. As in Fig. 10, but over the COPS ARM mobile facility site.
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wet season, which provides attenuation-corrected (using

the method described in Bringi et al. 2001) and calibrated

observations of the convective ice in this area (10-min

volumetric scans, RHIs over the Darwin ARM site every

10 min, and vertically pointing observations every 10 min).

However, this radar operates at a 5-GHz frequency, so

further comparisons with Cloudsat would require a re-

flectivity conversion from 5 to 95 GHz such as that

proposed in Fig. 9. Corrections are much larger than

when converting from 35 to 95 GHz (it reaches around

15 dBZ for a 30-dBZ reflectivity at 5 GHz), so we do

expect errors from this conversion. To estimate this er-

ror, the ice cloud reflectivity profiles from Cloudsat that

have been validated in section 4 by using the Darwin

MMCR radar reflectivities are considered again. These

Cloudsat profiles have been degraded to the CPOL

sensitivity (221 dBZ at 10-km range) and compared to

the reflectivity statistics derived from the CPOL profiles

collected during the same period (December 2006–April

2007). This comparison is shown in Fig. 16, and the

vertical profiles that had been obtained with MMCR (at

Cloudsat sensitivity) and Cloudsat are also reproduced

as dashed lines for the sake of comparison. As can be

clearly seen from Fig. 16, the reflectivity conversion

from 5 to 95 GHz seems to work very well in a statistical

sense because the agreement reached with the Cloudsat

mean ice cloud reflectivity profile is extremely good

(and comparable to the agreement reached between

MMCR and Cloudsat), with a weighted-mean differ-

ence between Cloudsat and CPOL of 10.3 dB, which

agrees well with the difference found with the Darwin

MMCR in section 4 (10.1 dB). The implication of this is

that we can now use the CPOL convective ice mean

profiles of 95-GHz reflectivities as a reference for the

statistical evaluation of the Cloudsat reflectivities in

convective ice. We have considered again the same pe-

riod (December 2006–April 2007) for the analysis and

repeated the same statistical analysis as we did for the

ice cloud profiles. Also, as for the ice cloud analysis, we

have considered a 200-km radius around the Darwin

sites, and we have not used any maximum time lag

around the Cloudsat overpass time. These mean vertical

profiles are shown in Fig. 17. The comparison is not

shown above a 13-km height because of the lack of a

FIG. 15. As in Fig. 10, but with the original 35-GHz MIRA radar observations over Lindenberg.
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sufficient amount of data in the CPOL statistics above

that height. The agreement between the two profiles is

very good (within a dB) from a 13-km height down to

approximately a 9-km height (which corresponds to

2268C if we use a lapse rate of 26.58C km21 and a 08C

isotherm altitude of 5-km height) and the vertical gra-

dient of reflectivity is very similar. From a 9-km height

down to the melting layer, the slope of the Cloudsat

profile clearly changes, whereas the CPOL reflectivities

continue to increase at approximately the same rate as

above 9-km height. From 9- to 7-km height, the rate of

reflectivity difference is about 1 dB km21, then in-

creasing strongly from 7 to 5.5 km (around 22 dB

km21). The difference between Cloudsat and CPOL

reaches amaximumof25.5 dB at a 5.5-km height, which

is large and cannot be neglected. As discussed previ-

ously, this reduction in mean Cloudsat reflectivities can

be due to attenuation by supercooled liquid water car-

ried aloft by the strong convective updrafts and to at-

tenuation by very dense ice particles (ice aggregates and

graupel are expected at this height in convective

storms). It must be noted also that the additional effect

of multiple scattering within the Cloudsat beam tends to

increase reflectivity (opposing the effect of attenuation),

which implies that attenuation is even larger than the

difference found in Fig. 17 between the Cloudsat and

CPOL profiles. The respective magnitude of these three

effects cannot be estimated using our statistical approach;

however, as seen in Fig. 17, the cumulative effect is large.

Whether the previous results are representative of the

statistics of all deep convective storms in the tropics is

difficult to assess with our currently limited knowledge of

the variability of the convective ice properties along the

tropical belt (e.g., Protat et al. 2009). On one hand, our

statistical results are derived from a specific region of the

tropics and the results may be representative of this re-

gion only. On the other hand, Darwin is located in a re-

gion typical of monsoonal deep convective storms (May

et al. 2008), storms that are known to producemost of the

convective ice in the tropics. More studies are clearly

required, but from this first statistical study we suggest

that the Cloudsat profiles in convective ice need to be

corrected for attenuation andmultiple scattering prior to

their quantitative use.

6. Conclusions

A quantitative assessment of Cloudsat reflectivities

and basic ice cloud properties (cloud base, top, and

thickness) has been conducted in the present paper from

both airborne and ground-based observations. The ra-

tionale for using both airborne and ground-based ob-

servations is that airborne observations allow direct

FIG. 16. Mean vertical profiles of ice cloud reflectivity over

Darwin from CPOL converted at 95-GHz frequency (solid gray

line), Cloudsat at CPOL sensitivity (solid black line), Cloudsat

(dotted black line), and MMCR at Cloudsat sensitivity and con-

verted to the 95-GHz frequency (dotted gray line).

FIG. 17. Mean vertical profiles of convective ice reflectivity over

Darwin fromCPOL converted to the 95-GHz frequency (solid gray

line) and Cloudsat to CPOL sensitivity (solid black line).
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comparisons on a limited number of ocean return and

cloud samples if good collocation in time and space is

achieved and a proper averaging of the airborne data is

done, whereas the ground-based observations allow for

statistical comparisons on much longer time series but

with different assumptions.

To evaluate the Cloudsat radar observations, we have

used observations from two experiments in 2006–07:

AMMA in West Africa and CIRCLE-2 in Western

Europe. Direct comparisons of the ocean backscatter

measured by the airborne RASTA cloud radar and

Cloudsat during AMMA and CIRCLE-2 were investi-

gated first. When taking all the s0 measurements to-

gether, the Cloudsat s0 is an average of 0.4 dB larger

than the RASTA s0. The standard deviation of this

difference is 1 dB. These numbers are fairly small. This

0.4-dB mean difference is smaller than the expected

accuracy of the calibration of RASTA (around 1 dB).

Direct comparisons using ice clouds as targets in three

CIRCLE-2 underflights of the Cloudsat track indicate

that Cloudsat measures reflectivities 1 dB higher than

the airborne cloud radar. Considering again that the

calibration accuracy of the airborne radar is about 1 dB,

we conclude that the reflectivities agree within the ex-

pected RASTA calibration uncertainties. The standard

deviation of the difference for the comparisons using ice

clouds is however significantly larger (2–3 dB) than that

found when using ocean backscatter (1 dB). This indi-

cates that the ocean surface was, in this case, a better

target than ice clouds for this spaceborne radar assess-

ment. This may however not always be the case, espe-

cially in regions of large variability of the surface wind

speed and direction, which can produce a large vari-

ability of the ocean backscatter.

Five ground-based datasets have then been used for a

statistical evaluation of the Cloudsat reflectivities and

basic cloud properties. Only the ice cloud profiles have

been retained for the comparison to avoid any differ-

ence resulting from differential attenuation between the

ground-based and spaceborne radars. For these com-

parisons, we needed to assume that the statistical prop-

erties of ice clouds were reasonably invariant within a

given range from the ground-based site location. Sensi-

tivity tests have shown that a 200-km radius was suitable

for the length of our observational periods (about 6

months over each site). The time difference also plays a

role, in some cases, on the statistics, but generally this

effect, which is a result of the diurnal variability of the

ice cloud properties, is smaller than the effect of the

chosen radius. Different time intervals have therefore

been considered around the satellite overpass to provide

an error bar associated with this effect. From these

comparisons, we find that the PDFs of cloud properties

are generally in excellent agreement over all the sites.

The weighted-mean difference ZCloudsat 2 ZGround

ranges from 20.4 to 10.3 dB when a 61-h time lag

around the Cloudsat overpass is considered. The only

departure is at the Lindenberg site, but this is probably

due to a slight undercalibration of the Lindenberg radar.

These numbers are unexpectedly small when consider-

ing the possible sources of errors, and they are also

consistent with the numbers found during the airborne

assessment.

Finally, we have used the opportunity offered by the

DarwinCPOLradar toevaluate the tropical convective ice

profiles measured by Cloudsat as well. We show that the

Cloudsat convective ice profiles can be used down to ap-

proximately a 9-km height (or 4 km above the melting

layer) without attenuation correction over Darwin. This

study, however, suggests that the Cloudsat profiles in

convective ice need to be corrected for attenuation by

supercooled liquid water and ice aggregates/graupel par-

ticles andmultiple scatteringprior to their quantitativeuse.
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