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ABSTRACT

This study illustrates the high potential of RALI, the French airborne radar-lidar instrument, for studying
cloud processes and evaluating satellite products when satellite overpasses are available. For an Arctic
nimbostratus ice cloud collected on 1 April 2008 during the Polar Study using Aircraft, Remote Sensing,
Surface Measurements and Models, of Climate, Chemistry, Aerosols, and Transport (POLARCAT) cam-
paign, the capability of this synergistic instrument to retrieve cloud properties and to characterize the cloud
phase at scales smaller than a kilometer, which is crucial for cloud process analysis, is demonstrated. A
variational approach, which combines radar and lidar, is used to retrieve the ice-water content (IWC), ex-
tinction, and effective radius. The combination of radar and lidar is shown to provide better retrievals than do
stand-alone methods and, in general, the radar overestimates and the lidar underestimates IWC. As the
sampled ice cloud was simultaneously observed by CloudSat and Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observations (CALIPSO) satellites, a new way to assess satellite cloud products by combining
in situ and active remote sensing measurements is identified. It was then possible to compare RALI to three
satellite ice cloud products: CloudSat, CALIPSO, and the Cloud-Aerosol-Water-Radiation Interactions
(ICARE) center’s radar-lidar project (DARDAR).

1. Introduction need to be investigated as the radar-lidar footprint ex-
ceeds 1 km along track. Ground-based radar-lidar instru-
ments are perfectly designed for long-term observations
(Illingworth et al. 2007; Bouniol et al. 2010) at high
temporal resolution but are limited to very local mea-
surements and it is therefore difficult to study clouds
over oceans, for instance. To close the gap between the
global (satellites) and local (ground-based station) scales,
airborne platforms can be deployed. Such platforms
have many advantages: among them is the possibility to
characterize cloud properties at very fine scales while
linking them to the regional scale. Airborne radar-lidar
instruments are also very useful for evaluating satellite
products when the aircraft takes concurrent in situ mea-
surements under a satellite track (Deng et al. 2010;
Mioche et al. 2010) and can also be used to evaluate
? 5 ‘ ‘ instrument calibration, as shown in Protat et al. (2011a).
Atmosphere, Milieux, et Observations Spatiales (LATMOS), In this paper we investigate an Arctic nimbostratus
IPSL/UVSQ/CNRS, Boulevard D’Alembert, Guyancourt 78280,
France. ice cloud sampled by the airborne radar-lidar platform
E-mail: julien.delanoe@latmos.ipsl.fr (RALI Protat et al. 2004) developed at the Institut

Spaceborne radar and lidar on board CloudSat
(Stephens et al. 2002) and the Cloud Aerosol lidar and
Infrared Pathfinder Satellite Observations (CALIPSO;
Winker et al. 2003) satellite present us with an amazing
opportunity to tackle questions about the influence of
clouds in forecasts and climate predictions at global
scale (Waliser et al. 2009; Delanoé et al. 2011). The
combination of spaceborne radar and lidar remains the
most accurate technique for documenting vertical cloud
properties at global scale (Mace et al. 2009; Delanoé and
Hogan 2010; Stein et al. 2011). However, both in-
struments reach their limit when local cloud processes
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Pierre Simon Laplace (IPSL) and Laboratoire Atmo-
sphere, Milieux, et Observations Spatiales (LATMOS)
during the Polar Study using Aircraft, Remote Sensing,
Surface Measurements and Models of Climate, Chem-
istry, Aerosols, and Transport (POLARCAT; see the
special issue on POLARCAT in Atmos. Chem. Phys.)
spring campaign, which took place in the north of Swe-
den during 2008. The general aim of the POLARCAT
campaign was to identify the impact of trace gases,
aerosols, and heavy metals, which are transported to the
Arctic and their impact on climate in the Arctic region.
This campaign involved numerous research institutes in
a joint effort to collect a large dataset of measurements
(aircraft, balloons, ground-based sensors, and satellites)
and perform modeling studies. The primary aim of this
study is to evaluate the RALI retrieval using in situ
measurements at the location closest to the aircraft al-
titude. A secondary objective is to use the RALI mea-
surements to evaluate satellite cloud products at regional
scale. In section 2, the context of the study and the RALI
configuration are described. The retrieval technique and
a comparison with in situ measurements are presented in
section 3. The RALI ice cloud retrievals are then used to
evaluate CloudSat and CALIPSO products in section 4.

2. Description of RALI experimental campaign
a. The RALI platform

The idea of combining radar and lidar measurements
and exploiting the many advantages/benefits of their
synergy for cloud studies originated in the early 1990s
with Intrieri et al. (1993), and this combination has al-
ready been used to study Arctic clouds (Intrieri et al.
2002; Shupe et al. 2006; Eloranta et al. 2007).

Due to their wavelengths, radar and lidar are sensitive
in different ways to the same hydrometeors. Lidar mea-
surements are directly linked to extinction, which can be
considered proportional to the second moment of the
particle size distribution if we assume spherical ice par-
ticles. As a result, lidar signal is strongly dominated by
the concentration of the hydrometeors. In contrast, the
radar has a lower frequency and in Rayleigh approxi-
mations the radar reflectivity is proportional to the sixth
moment of the particle size distribution, which makes
the radar measurement very dependent on the particle
size. Practically, these different characteristics have many
advantages.

By combining both instruments to simultaneously
detect a valid signal over the same region (hereinafter
defined as the overlap region), one can retrieve particle
size and concentration. The difference in sensitivity can
also be a strength; the lidar is more sensitive to small
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TABLE 1. RALI characteristics.

RALI RASTA (radar) LNG (lidar)
Wavelength 3.2 mm (95.04 GHz) 355/532/1064 nm
(frequency)
Vertical 60 7.5 averaged to 60
resolution (m)
Range (km) 15 15
Integration time (ms) 250 50 (minimum)
Energy 1.6 kW 60/10/80 mJ
Ambiguous 8 —

velocity (m s~ 1)

Full-angle beamwidth — 0.16/4/6.5
(mrad)
Sensitivity ~—40 dBZ at 1 km Molecular

scattering

ATR-42 speed (m s~ 1) ~100

liquid drops or small crystals while the radar is more
sensitive to large crystals. The lidar can detect thin
clouds composed of both ice crystals and liquid droplets
that are not detectable by the radar, but the radar mea-
surement can deeply penetrate ice clouds when the lidar
signal is extinguished. RALI consists of a combination of
the 95-GHz Doppler Radar System Airborne (RASTA)
and the Leandre New Generation (LNG) lidar, both of
which are nadir pointing. LNG was in its backscatter
configuration, operating at three wavelengths (355, 532,
and 1064 nm), including depolarization at 355 nm. The
main characteristics of RALI instruments are summa-
rized in Table 1.

Since 2010 the LNG lidar has had a high spectral
resolution capability added at 355 nm. Unfortunately,
the high spectral resolution capability was not opera-
tional during the POLARCAT campaign. Both instru-
ments were on board the French ATR-42 aircraft. In
situ measurements were also available on board the
ATR-42 to characterize ice cloud microphysical proper-
ties at finescale (i.e., the sampling volume is about 1 L).
Total ice concentration, particle habit, scattering phase
function, and particle size distribution were measured
using a cloud particle imager (CPI; Lawson et al. 2001),
two-dimensional optical array probes (2DC-2DP), and
a polar nephelometer (PN; Gayet et al. 2002a). The
main characteristics of the in situ probes are provided in
Table 2.

b. Meteorological context

There were 12 ATR-42 flights between 30 March and
11 April 2008 where RALI was operated. In this paper
we focus on one specific case collected during 1 April
2008, north of Kiruna, Sweden, when the ATR-42 took
off at 0920 UTC to sample the area above northern
Norway and the Arctic Ocean for 3 h, 45 min. This case
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TABLE 2. Characteristics of the in situ probes used in the study.

Diameter
Probes range (um) References
2D cloud probe (2DC) 25-800  Knollenberg (1970);

Strapp et al. (2001)
Knollenberg (1970)
Lawson et al. (2001)
Gayet et al. (2002b)

2D precipitation probe (2DP)  200-6400
Cloud Particle Imager (CPI) 10-2000
Polar nephelometer (PN) 3-800

study has been chosen for its combination of cirriform
parts and precipitating area, showing simultaneously
thin and very thick ice clouds to highlight the radar-lidar
complementarity, and because it was the only one to
coincide with a satellite overpass.

The general meteorological situation at 1100 UTC is
represented in Fig. 1 by a visible image of the Moderate
Resolution Imaging Spectroradiometer (MODIS), where
the flight track is shown in red. As shown by the radar
reflectivity from RASTA and attenuated backscatter at
532 nm from LNG in Figs. 2a and 2b, respectively, a
moderately thick ice cloud is present with a precipitating
part spanning from 69.5° to 70.5°N (corresponding to
1000-1100 UTC). Note that the RASTA radar was cal-
ibrated using the technique of Li et al. (2001) and Protat
et al. (2011a) and showed that the error in calibration
was less than 1 dBZ. RASTA sensitivity was estimated
ataround —35 dBZ at 1 km (Protat et al. 2011a). Figure 1c
exhibits a merged mask created using both radar and
lidar measurements following the same technique as
that used in Delanoé and Hogan (2010). In this very
cold region most of the cloud is made of ice but we
clearly notice supercooled layers spanning along the
aircraft trajectory.

These supercooled layers occur at the top of the
lowest cloud level, an observation that corroborates the
findings of Rauber and Tokay (1991). They explained
the existence of supercooled water at the top of cold
clouds by “‘the imbalance between the condensate sup-
ply rate and the bulk ice crystal mass growth rate at
wide range of temperatures and updraft speeds.” Super-
cooled layers are identified using the strong lidar return
signal due to the high concentration of small droplets
while the radar sensitivity does not allow us to see these
layers. However, it is not possible to determine if there
are any supercooled layers below the area where the
lidar is completely extinguished as the radar cannot ob-
serve such small droplets. Mixed-phase clouds are com-
monly observed at these high latitudes. Yoshida et al.
(2010) showed that, for the polar region, the fraction of
liquid water below the freezing level and below 3 km
was about 8% using satellite radar and lidar data. These
mixed-phase layers play an important role in the radia-
tive budget in the Arctic due to their longevity and their
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F1G. 1. MODIS visible image above Sweden at 1100 UTC 1 Apr

2008. The flight track corresponding to the study is represented in
red.

characteristics (Shupe and Intrieri 2004; de Boer et al.
2009; Shupe et al. 2011; Shupe 2011).

3. Cloud properties from RALI
a. Radar-lidar algorithm

As mentioned in the previous section, radar and lidar
can be used to retrieve cloud properties. This combi-
nation was initiated by Intrieri et al. (1993) but the
technique was limited to very optically thin clouds as
the lidar attenuation was neglected. Later on, Wang and
Sassen (2002), Okamoto et al. (2003), and Tinel et al.
(2005) used the radar signal to correct the lidar attenu-
ation. Mitrescu et al. (2005) were one of the first to propose
the variational approach to retrieve ice cloud properties
from radar-lidar combinations; however, only the over-
lap region was used to retrieve cloud properties.

In this study we use the variational synergistic algo-
rithm (Varcloud) developed by Delanoé and Hogan
(2008). This algorithm retrieves ice cloud properties
[visible extinction, ice-water content (IWC), and effec-
tive radius (Re)] seamlessly between regions of the
cloud detected by both radar and lidar, and regions de-
tected by just one of these two instruments. Typically,
when the lidar signal is unavailable due to strong at-
tenuation, the variational approach ensures that the
retrieval tends toward similar values to those that would
be obtained using an empirical relationship using the
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FIG. 2. Latitude-height representation of a polar cloud sampled on 1 Apr 2008 by the RALI
instruments during the POLARCAT spring campaign. (a) RASTA radar reflectivity (Z), (b) LNG
lidar attenuated backscatter (), and (c) the merged mask derived from both instruments (see

details in the text).

radar reflectivity factor and temperature (temperature
can be obtained from model or aircraft measurements).
On the other hand, when the radar is not sensitive
enough to detect the cloud, the retrieved extinction is
converted to IWC using lookup tables. Details of the
method can be found in Delanoé and Hogan (2008,
2010). The retrieval technique uses the optimal estima-
tion framework and the Gauss-Newton method (Rodgers
2000) to minimize iteratively the difference between the
forward-modeled observations and real observations.
This approach includes a rigorous treatment of mea-
surements and forward model errors. At each step,
forward-modeled radar reflectivity and lidar-attenuated
backscatter are computed using the forward model and
the state vector containing extinction, extinction-to-
backscatter ratio, and number concentration. Once the
convergence is achieved, the optimal state vector is
converted to IWC and Re using lookup tables. Note that
in the case of nonconvergence, the cloud properties
profile is not retrieved. The forward model assumes a
microphysical model describing the shape of the particle
size distribution (PSD) using the normalized approach
(Delanoé et al. 2005). In the standard version of the
algorithm, the mass—size relationship used to derive the
lookup table linking ice cloud properties to measurement

parameters follows a power law proposed by Brown and
Francis (1995) for spherical aggregates, which can be
applied to many kinds of ice clouds (Heymsfield et al.
2010). The corresponding area-size relationship is taken
from Francis et al. (1998), who used the same aircraft
dataset as Brown and Francis (1995). However, it is
possible to change the particle habits for specific studies.
For instance, in section 3c, we also retrieve cloud pro-
perties using the rimed dendrites relationship assump-
tion. The sensitivity of the algorithm to the mass size
relationship using satellite data can be found in Stein
et al. (2011). The lidar forward model accounts for mul-
tiple scattering and attenuation using the model of Hogan
(2006).

b. RALI retrieval

The method previously described is applied to the
RALI measurements. The RASTA radar reflectivity
and LNG lidar attenuated backscatter at 532 nm are
assimilated to retrieve ice cloud properties. The lidar
signal below and in the supercooled layers is not as-
similated in the retrieval and therefore the radar takes
over in these areas. Resulting IWC (IWCgay ), Visible
extinction, and Re (using standard mass-size assump-
tion) are presented in Figs. 3a—c, respectively. It clearly
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FIG. 3. Latitude-height representation of the synergistic radar-lidar retrieval of ice cloud
properties, (a) IWC, (b) visible extinction, and (c) effective radius (Re), for 1 Apr 2008

during the POLARCAT spring campaign.

appears that cloud properties are retrieved seamlessly
between regions of the cloud sampled by both radar and
lidar and regions detected by just one of these two in-
struments. Any part of the ice cloud can be retrieved
from the thin ice part before 69.5°N to the precipitating
core between 69.5° and 70.5°N. RALI retrieval can be
used for cloud process studies, for instance in the pre-
cipitating region below 3-km effective radius, increasing
and potentially highlighting the aggregation process.
This hypothesis of aggregation is corroborated by Fig. 4,
where the number concentration and effective radius,
averaged between latitudes 70° and 70.5°, are represented.
Below 2.7 km, N, is decreasing while Re is decreasing with
height. The right-hand panel in Fig. 4 shows the average
value of Doppler velocity, which indicates that the ice
particles velocity increases due to the increase in their size.
Note that the increase in velocity is not monotonic, which
can be explained by the fact that Doppler velocity corre-
sponds to the contribution of the terminal fall velocity of
ice particles and vertical air motion.

c. RALI retrieval and in situ measurements

The retrieved IWC and visible extinction are com-
pared to in situ measurements available on board the

same aircraft, such as CPI, 2DC and 2DP probes, and the
polar nephelometer. Unfortunately, no bulk measure-
ment of IWC was available, but two different methods
have been used to calculate the ice-water content. The
merged spectra of 2DC and 2DP have been used to
compute IWC assuming a rimed dendrites mass-size
relationship (hereafter IWC,pc_opp). The CPI images
show that the shape of the observed ice particles is close
to that of the rimed dendrite for the period under ex-
amination. The second approach for deriving IWC
(hereafter IWCcp;) exploits the combination of the CPI
particle size distribution and the particle shape analysis
(Mioche et al. 2010). This combination allows us to use
the best corresponding mass-size relationship from the
literature for each recognized habit and obtain an opti-
mal IWC (Lawson and Baker 2006; Protat et al. 2011b).
The comparison has been carried out using two different
RALI retrievals: one retrieval using the standard mass—
size relationship from Brown and Francis (1995) and the
other one using the rimed dendrites assumption.

The results of the comparison are shown in Fig. 5,
where panel (a) represents the binned latitude IWC
retrieved from in situ and RALI measurements at the
two closest valid radar and/or lidar gates to the aircraft
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FIG. 4. Averaged values of number concentration N, effective radius Re, and Doppler velocity V,, as a function of height corresponding to
the precipitating core between latitudes 70° and 70.5°.

(on average less than 150 m). IWC is linearly averaged
along the aircraft track in bins of 0.01° of latitude where
the associated in situ temperatures vary from —47° to
—19°C. The first striking result is the good agreement, in
terms of variation as a function of the latitude and order
of magnitude, between the in situ measurements and the
remote sensing retrieval despite the heterogeneity of the
vertical cloud structure. It is obvious that the remote
sensing measurements are not taken exactly at the same
location as the in situ probes and the sampled volume is
much larger (e.g., the radar gate size is 60 m). RALI
reproduces the variations as a function of latitude seen
in the in situ measurements. In the latitude interval
(70.15°~72°N), IWCr11 and in situ results are in good
agreement, except at a few areas, around 70.4°, 70.9°,
and 71.05°N, where RALI underestimates both IWCcpy
and IWC,pc_opp. Figure Sb shows the averaged relative
difference between IWCcpy and the other IWC values
(i.e., IWCcp; — IWC)/TWCcpj): RALI using the spher-
ical aggregates or rimed dendrites assumptions and
IWC,pcopp. The relative difference, given as a function
of IWCcpj, corroborates the relative good agreement
between RALI and in situ measurements between 0.01
and 0.08 g m*, where values remains within the —60%
to 60% interval and are less than 20% at 0.01 and
0.025 g m>. It is also important to note that the dif-
ferences between in situ probes, and between in situ
probes and RALI, are quite similar above 0.01 g m .
From these graphics, it is clear that RALI IWC retrieval
is not very sensitive to the two mass-size relationship

assumptions tested in this study, and this is especially
true above 0.01 g m . In general, RALI retrievals seem
to overestimate IWC below 0.01 g m ™, except around
0.003 g m; this result can be explained by the differ-
ence in the sampled volume, as the RALI sampled vol-
ume is larger than from in situ measurements. The same
conclusion is reached when IWC,pcpp is used as ref-
erence (not shown here). The relative difference be-
tween the RALI and in situ results can reach high values
at a given IWC, but when we calculate the total mean
relative differences, they correspond to about 23% and
7% for the 2DC-2DP and CPI, respectively, due to
compensating effects and domination of high content.
Figure 5b also shows an important discrepancy between
IWCcpr and IWC,pcopp for low values, this can be
explained by the fact that the CPI measurement errors
for characterizing the particle size distribution are gen-
erally larger than for the 2D probes due to a smaller
sampling volume than 2DP. Despite a longer time in-
tegration, the CPI is still penalized for measuring small
values of IWC. However, the CPI errors on the size
distribution and derived microphysical parameters are
expected to be of the same order as those obtained with
the PMS 2DC or 2DP instruments: up to 75% on the
particle concentration and 100% on the IWC (Gayet
et al. 2002b). This result is explained by the fact that the
CPI allows one to retrieve better IWC for the large value
as it uses the particle shape analysis to adjust the mass—
size relationship. This is the reason why IWCcpy is used
as reference here.
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F1G. 5. Illustration of the comparison between the RALI retrievals and the in situ mea-
surements. (a) IWC derived from CPI and 2DC-2DP probes, RALI with the spherical ag-
gregates assumption, and rimed dendrites (RD) as a function of latitude. (b) The relative
difference between IWC (CPI) and IWC (2DC-2DP), standard RALI, and RALI (RD) re-
trievals as a function of IWC (CPI). (c) The extinction derived from the PN and RALI for the
standard and rimed dendrites mass-size relationships as a function of latitude. (d) The relative
difference in extinction as a function of PN extinction.

A comparison between PN and RALI extinctions is
also presented in Fig. 5c. Some of the previous remarks
regarding IWC are still valid for extinction. For exam-
ple, RALI reproduces the variations as a function of

latitude seen in the in situ measurements but with less
variability. This is obvious between 69.8° and 70.1°N and
at 70.4°N. Figure 5d shows the relative difference be-
tween the PN and RALI extinctions as a function of PN
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FIG. 6. Illustration of the impact of coupling radar and lidar in airborne IWC retrievals.
(a) IWC values as a function of latitude. (b) The relative difference in IWC as a function of IWC

measured by CPIL.

extinction. The RALI-retrieved extinction is quite in-
sensitive to the mass—size assumption above 8 X 10> m ™!
and the rimed dendrites assumption seems to reduce
the relative difference for extinction greater than 4 X
10~* m~! compared to Brown and Francis (1995). From
Fig. 5d we can see that RALI retrievals overestimate
extinction below 4 X 10"* m ™' and underestimate
above this value but remain within the —80% to 80%
interval. The best results are obtained for the 2.5-8 X
10~* m~ ! range with less than 40%. Note that the mean
relative difference exceeds the error in PN measure-
ments of 25% (Gayet et al. 2002a). A potential expla-
nation for the discrepancy between PN and RALI
extinctions could be the presence of liquid droplets. In
a few regions, even the lidar may not detect very low
concentrations of liquid water due to the volume sam-
pling, while the PN can. This hypothesis is confirmed
when relative differences in extinction are plotted against
the liquid water content retrieved using the forward scat-
tering spectrometer probes (FSSP) (not shown). Relative
difference tends to increase as the LWC increases; this
is especially true when LWC exceeds 1072 g m . Note
that when the liquid droplets dominate the mixture (i.e.,
for large LWC), the lidar and PN are expected to yield
similar results.

The presence of liquid droplets is probably not the
only reason why large IWC and extinction appear to be
underestimated by RALI, and independently from the
mass-size assumptions. The differences between in situ

measurements and remote sensing retrievals in these
areas could be due to shattering effects (Korolev and
Isaac 2005; Field et al. 2006; Heymsfield 2007), when
large ice crystals are shattered on probes with shrouded
inlets such as CPI, 2DC, and PN. As a result, the ice
concentration for small particles artificially increases,
which leads to overestimations in extinction and IWC. If
we consider that large values of IWC and extinction
correspond to sampled volumes containing large parti-
cles, it would explain some of the differences observed in
Fig. 5 for large IWC.

We can also investigate the impact of using the radar—
lidar synergy instead of using single-instrument re-
trievals; the potential of the radar-lidar combination
is obvious, as mentioned previously, but it remains to
quantify the contribution of each instrument. The re-
trieval technique of Delanoé and Hogan (2008) does not
work only in the radar-lidar overlap, but can also re-
trieve IWC using only one of the instruments. Since only
one unique moment of the PSD can be retrieved, the
other relies on a priori information. As a priori information,
we use a relationship between the number concentration
and the extinction, which depends on temperature. This
relationship was built using an extensive database
including field campaigns of in situ measurements all
over the globe. The radar- and lidar-only retrievals of
IWC are compared with the in situ measurements and
the radar-lidar retrieval in Fig. 6. All retrievals were
obtained with the mass-size relationship corresponding
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to spherical aggregates (i.e., Brown and Francis 1995).
Relative differences in IWC as a function of IWCcpy are
represented in Fig. 6b. It is obvious that the radar-only
retrieval largely overestimates the retrieved IWC by
more than 200% below 3 X 10~% g m>. The lidar-only
retrieval slightly underestimates IWC for values less
than 1072 g m~>. When radar and lidar are combined,
the relative difference is clearly reduced (less than 30%
in absolute values between 10 % and 4 X 1072 g m°).
Note that for this comparison only the data where
radar and lidar measurements were available have
been used, explaining the differences with Fig. 5b. This
striking example shows the advantage of combining
radar and lidar instruments. The radar reflectivity is
dominated by the large particles, and the lidar signal
by the concentration. Therefore, the combination al-
lows one to retrieve two moments of the particle size
distribution and an optimal IWC. This is verified by
the fact that the lidar-only retrieval is slightly better
for values of IWC below 8 X 107> g m ™, and radar-
only retrieval gives satisfactory results for the largest
values of IWC. Single-instrument retrieval techniques
convert extinction or Z in IWC using statistical re-
lationships. As mentioned above, extinction is a lower
moment of the PSD than IWC while Z is a higher
moment. Therefore, the IWC-Z relationship is domi-
nated by large particles and the IWC-extinction con-
nection is dominated by small particles. When radar
and lidar are used together, the balance between small
and large particle contributions is maintained. The
reason why IWC does not increase when we add lidar
information is that both relationships are used simulta-
neously in the retrieval.

4. Using RALI to evaluate satellite products
a. Airborne and satellite measurement collocation

In the previous section we compare the RALI re-
trievals with the in situ measurements at the location
closest to the aircraft. In this section we want to evaluate
two official products from CloudSat and CALIPSO, and
the DARDAR synergistic radar-lidar product derived
from CloudSat and CALIPSO measurements. The com-
mon approach is to collocate satellite products and in
situ measurements (Deng et al. 2010; Mioche et al.
2010). Unfortunately, it is a fastidious task since the
collocation can be a source of important errors. For in-
stance, satellite and airborne tracks can be reasonably
collocated but the satellite observation is an instan-
taneous picture of the meteorological situation and since
the airborne sampling time is considerably longer, the
meteorological situation may have changed. Furthermore,
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the comparison is made at a given altitude and it is
impossible to analyze cloud property profiles. Ac-
cordingly, we suggest that a comparison of the satellite
products is made not only with the in situ measure-
ments but also with the airborne radar-lidar mea-
surements to analyze the averaged profiles of cloud
properties.

The case of 1 April 2008 was also sampled by CloudSat
and CALIPSO satellites. The distance between the pro-
jected tracks of the aircraft and satellites is about 25 km
at 68.5°N and it decreases to less than 1 km at 69.5°N
(i.e., about the CloudSat footprint). The time difference
between the aircraft track and the satellite’s track varies
between 85 min at 68.5°N and 30 min at 71.5°N. Figure 7
shows the collocated measurements from both CloudSat
and CALIPSO and RALLI, including the aircraft altitude
as a function of the latitude. The MODIS 1-km optical
phase (King et al. 1998) is also shown in Fig. 7m to il-
lustrate the meteorological context. The MODIS in-
strument is on board the Aqua satellite, which is part of
the A-Train satellite constellation. The red line is the
projected ATR-42 track and the black one represents
the satellite track (note that we assume that CloudSat
and CA LIPSO measurements are perfectly collocated).
The ATR-42 flew above land from 68.5° to 69.4°N, going
through ice and liquid cloud regions according to the
MODIS cloud-phase product. This is corroborated by
the RALI cloud-phase mask (Fig. 2c) but also by the
strong lidar return of the Cloud-Aerosol Lidar with
Orthogonal Polarization (CALIOP; see Fig. 7d) at 3-km
altitude highlighting a supercooled layer on top of an ice
cloud. We also notice that the CloudSat radar (Fig. 7b)
detects more clouds below 4 km. This could be ex-
plained by two reasons. The first is that the observation
time and location are different and therefore CloudSat
and RASTA are not sampling the same scene; this is
especially true between 68.5° and 70°N. However, LNG
and CALIOP lidars seem to observe the same liquid
cloud at 3 km, which would suggest that the meteoro-
logical situation has not drastically changed (MODIS
imagery supports this statement). The second plausible
explanation comes from the radar sensitivity. The RASTA
sensitivity is about —35 dBZ at 1 km while CloudSat
sensitivity (Tanelli et al. 2008; Protat et al. 2009) is al-
most vertically constant at about —30 dBZ in the tropo-
sphere. The radar RASTA is less sensitive than CloudSat
close to the ground and would explain the observed
differences.

Before the evaluation of cloud products, we pursue
the comparison between satellite and RALI measure-
ments. The underlying idea is to determine whether the
differences are due to the measurements from each
platform or due to the cloud property retrieval techniques
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(b) CloudSat, (d) CALIPSO, and (m) the MODIS 1-km optical phase. In (a)-(d), the solid black line represents the aircraft altitude. The
scene has been separated into four different regions (see text for details). For each region, the averaged values of reflectivity and
backscatter coefficient have been calculated for each altitude bin and are represented in (e)—(1). Blue lines correspond to the RALI values,
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the black line the satellite’s track. Black arrows give an indication on the wind direction (from ECMWF reanalysis) at 5-km altitude and at
the closest time to the observations. Yellow line indicates the coast of Sweden.
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used. We need to assume that the meteorological situ-
ation has not completely changed if we want to compare
both measurements and retrievals. Nevertheless, as
shown in Fig. 7, the precipitation part of the ice cloud
shows a slight shift toward high latitude between satellite
and airborne measurements. This implies that we cannot
directly compare profile-to-profile RALI and satellite
measurements and, for this reason, we will base our
comparison on four different latitude slices. The sepa-
rations are visible in Fig. 7, where each latitude band is
separated by vertical dotted lines. For each region, the
averaged values of the reflectivity and backscatter co-
efficient have been calculated for each altitude bin and
are represented in Figs. 7e-1. Blue lines correspond to
the RALI values, while red lines show the averaged
values for CloudSat and CALIPSO, respectively. First
of all, we can see that the instruments are well calibrated
and there is no obvious bias, despite a few differences. In
the precipitating part between 70° and 70.8°N, the dif-
ference in reflectivity values is less than 1 dBZ. In the
latitudes ranges from 69.5° to 70°N and for the part from
the highest latitudes (Figs. 7f and 7h, respectively), the
differences do not exceed 5 dBZ, except for the latter
above 4.5 km. Note that in Fig. 7e that the reflectivity
profile of RASTA is derived using a very small amount
of data and therefore it cannot be compared to CloudSat
values below 4 km. As shown in panels Fig. 7i-1, the
differences in lidar backscatters are also reasonable
(within =50% relative difference) considering the fact
that during daytime the CALIOP signal is noisier than
the LNG signal.

b. Satellite product description

Since most of these products are already well docu-
mented in the literature we only give a short description
below.

e DARDAR (for radar-lidar) is an operational CloudSat—
CALIPSO product, available at the Cloud-Aerosol-
Water—Radiation Interactions (ICARE) data center
in France based on the method of Delano€ and Hogan
(2010). The algorithm is very similar to the technique
used for retrieving ice cloud properties from RALI.
The main idea here is to use the RALI product to
evaluate the satellite products. Note that the use of the
same algorithm does not imply that the results will be
identical since we are comparing very different in-
struments, scales, and viewing geometries. Retrieved
properties are given at the CloudSat horizontal reso-
lution (about 1.4 km) and 60-m vertical resolution.

o The level-2B radar-only cloud water content product
(2B-CWC-RO), provided by the National Aeronautics
and Space Administration (NASA) CloudSat project
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(Austin et al. 2009), is also included in the comparison.
This product is the result of the assimilation of the
CloudSat reflectivity and the model temperature from
the European Centre for Medium-Range Weather
Forecasts (ECMWEF) to retrieve cloud water content.
We limit our comparison to the ice part of the clouds.
IWC is available at 1.4-km horizontal and 240-m ver-
tical resolutions.

e The CALIPSO lidar level-2 cloud profile data at 5 km
(V3-01 version; Young and Vaughan 2009) contain
the cloud extinction at 532 nm and IWC with a hori-
zontal spatial resolution of 5-km along track and 60-m
vertical resolution. This retrieval uses the combination
of the Hybrid Extinction Retrieval Algorithms (HERA;
Young and Vaughan (2009), as well as scene classifi-
cation and phase algorithms. The ice cloud water content,
considered as the provisional product, is calculated
using a parameterized function of the retrieved 532-nm
extinction. The empirical relationship between extinc-
tion and IWC has been derived using an extensive in
situ dataset (Heymsfield et al. 2005).

c. Results

We have already mentioned above that the colloca-
tion of satellite products and airborne measurements is
a difficult task. Figure 8 depicts both IWC and extinction
as a function of the latitude at the closest location to
the aircraft and includes satellites products, RALI re-
trievals, and in situ measurements. CloudSat seems in
general to overestimate IWC, by up to 150%, while
CALIPSO tends to underestimate IWC by about 50%—
100% (note that the IWCcap1pso is smoother due to
the 5-km horizontal resolution). This is an expected
trend, which agrees with the results shown in Fig. 6 in
section 3c. The DARDAR cloud product, combining
radar and lidar measurements, seems to better match the
in situ values (=50%). DARDAR and CALIPSO are in
better agreement regarding the extinction retrieval. From
this example it is obvious that in situ measurements
cannot give a quantitative evaluation of the satellite
products but they can give us an estimate of the order of
magnitude expected for IWC and extinction retrievals.
The strength of the RALI platform is to exploit the in
situ measurements to evaluate or eventually constrain
the radar-lidar retrieval; then the retrieval can be com-
pared to satellite products. Even if it remains difficult to
make profile-to-profile comparisons, we can statistically
evaluate cloud properties profiles.

Figure 9 illustrates the comparison between each IWC
product. From Figs. 9a—d we represent the CloudSat
official IWC product (IWCcjougsa), the 5-km ITWC
product from CALIPSO (IWCcar1pso), the DARDAR
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FIG. 8. As in Figs. 5a—d, but for official DARDAR, CALIOP, and CloudSat products.

IWC (IWCparpar), and the RALI retrieval averaged
over a 1-km footprint. The black horizontal line illus-
trates the aircraft altitude and the vertical dashed lines
split the scene into several latitude regions, which will be
analyzed in Figs. 9e—t. These panels show contour plots
of the IWC distribution as a function of altitude, where
each column corresponds to the latitude region de-
limited by the black dashed lines and each row corre-
sponds to one product: Figure 9 also shows IWCcjouasat
[panels (e-h)], WCcarLipso [panels (i-1)], IWCparpAR
[panels (m-p)], and IWCgray; [panels (q-t)]. They all
include mean profiles of IWC for each product, as well
as a red line for CloudSat, a green line for CALIPSO, a
magenta line for DARDAR, and a blue line for RALI.
From these results we can see that in general IWCcat ipso
has the lowest values and IWCcjougsa; the largest values
and independently on the altitude. We also note that
IWCparpar lies mostly between the CALIPSO and
CloudSat values, a result consistent with what we pre-
viously observed between single-radar and -lidar re-
trievals and synergistic retrieval. However, we observe
a level of good agreement between the retrievals below
3 km, around 0.1 g m™?, in the region starting at 70°N
apart from CALIPSO, since the lidar is extinguished
and the information is obtained mainly from the radar.
Most of the time, DARDAR and RALI retrievals
compare more favorably with each other than do the
CloudSat and CALIPSO retrievals. This is expected
since their retrieval techniques are identical and only the
measurements are changing.

Figures 9e and 9m show that DARDAR and CloudSat
are in good agreement around 2 km (about =20%), but
below 2 km, IWCcjouasat decreases while IWCparpaR
increases as altitude decreases. This pattern of behavior
has been highlighted by Stein et al. (2011). In the stan-
dard version of CloudSat retrieval, ice and liquid results
are scaled linearly with temperature between 0° and
—20°C by adjusting the respective particle number
concentrations. This leads to a smooth transition to
liquid-only retrievals at temperatures above 0°C. The
Varcloud retrieval assumes that the radar reflectivity is
dominated by the presence of ice particles and does not
account for any liquid contribution below 0°C.

Figure 10 is equivalent to Fig. 9 for the visible ex-
tinction; however, only CALIPSO, DARDAR, and
RALI are represented, since CloudSat cannot be used to
accurately retrieve extinction. Contrary to what one
might think, DARDAR, CALIPSO, and RALI extinc-
tion are in slightly better agreement than for IWC, al-
though DARDAR extinction is slightly higher than the
result retrieved by CALIOP. For example, in the lati-
tude band between 70° and 70.5°N, the relative differ-
ence in extinction is between about 50% and 80% in
IWC between DARDAR and CALIPSO. The lidar, by
definition, measures the attenuated backscatter, which is
strongly conditioned by the extinction. Therefore, the
microphysical assumptions are limited to the way we treat
multiple scattering and the extinction-to-backscatter
ratio. In the CALIPSO retrieval technique, multiple
scattering is corrected using a fixed correcting factor and
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the extinction-to-backscatter ratio is fixed. The Var-
cloud algorithm, used to derive the DARDAR product,
accounts for multiple scattering using the model of Hogan
(2006) and retrieves the extinction-to-backscatter ratio
(the radar signal is used as an external constraint).

5. Conclusions and perspectives

The present paper aims to illustrate the considerable
potential of RALI, the French airborne radar-lidar in-
strument, for studying cloud processes and evaluating
satellite products when we have satellite overpasses. We
have demonstrated the capability of this synergistic in-
strument to retrieve cloud properties and also to char-
acterize the cloud phase at scales smaller than a kilometer,
which is crucial for cloud process analysis. Due to their
different wavelengths, radar and lidar instruments allow
one to infer both cloud phase and cloud properties, as
lidar signals are more sensitive to high concentrations
of hydrometeors, while radar measurements are more
sensitive to the size of the ice particles. We have adapted
the variational approach described in Delanoé and Hogan
(2008) to the airborne measurements to retrieve IWC,
extinction, and effective radius. Note that, as was shown
in Delanoé and Hogan (2008) for ground-based and
satellite observations used by Delanoé and Hogan (2010),
it is possible to retrieve cloud properties seamlessly
where clouds are detected by both radar and lidar and
where they are only sampled by one instrument. It has
been highlighted that the combination of radar and lidar
gives better results when compared to the in situ mea-
surements and that in general radar overestimates IWC
while lidar underestimates it.

The case of 1 April 2008 was chosen for its combina-
tion of thin and thick mixed-phase clouds and because
of the availability of CloudSat and CALIPSO satellite
overpass results and the presence of in situ measure-
ments on board the aircraft. One common way to assess
satellite cloud products is to compare the retrieved pro-
perties with collocated in situ measurements. However,
as with others who have tried to do so, we encounter col-
location and sampling issues, as mentioned in section 4.
These issues can be partly overcome when aircraft remote
sensing instruments are available to link the very fine
scales (a few meters, characterized by in situ probes) with
larger scales, typically 1 km for CALIPSO and CloudSat
satellites. We show that for our case study, CALIPSO
retrievals tend to underestimate IWC and CloudSat tends
to overestimate IWC. The DARDAR product lies mostly
between the CALIPSO and CloudSat values, as the in-
strument synergy allows for the retrieval of both small
and large ice crystals. We also note that DARDAR and
CALIPSO extinction retrievals give similar results.
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Future field campaigns will ideally include IWC bulk
measurements such as from Nevzorov (Korolev et al.
1998) or counterflow virtual impactor (CVI; Twohy et al.
1997) probes. It will then be possible to precisely evaluate
the retrieved IWC from both aircraft and satellite
measurements. We remain dependent on the choice of
the mass-size relationship assumption, which is still a
weakness of most of the known retrieval techniques. We
are also working on assimilating Doppler velocity from
the radar (Delanoé et al. 2007) and high spectral reso-
lution capability, which should improve retrieval. Dur-
ing the POLARCAT campaign the Doppler measurement
was available; unfortunately, however, due to the an-
tenna configuration it could not be used in any of our
microphysical retrievals. We need at least three anten-
nas, pointing in three noncollinear directions, to isolate
the terminal fall velocity from the vertical air motion.
The high spectral resolution lidar, which was not avail-
able during POLARCAT, will also improve the extinc-
tion retrieval, as the extinction-to-backscatter ratio will
not have to be assumed constant along the vertical.

The RALI platform will be perfectly designed to
prepare and to evaluate the future EarthCare mission
(ESA 2004). This satellite, to be launched in late 2015,
will be flown with some key components of the A-Train
constellation on the same platform. The mission aims to
study cloud and aerosol impacts on the earth radiative
budget, including a 95-GHz Doppler cloud radar, a high
spectral resolution lidar at 355 nm, an infrared imager,
and a broadband radiometer.
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