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Abstract

At CNR-IMAA, an aerosol lidar system is operative since May 2000 in the framework
of EARLINET (European Aerosol Research Lidar Network), the first lidar network for
tropospheric aerosol study on continental scale. High quality multi-wavelength mea-
surements make this system a reference point for the validation of data products pro-5

vided by CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-
tions), the first satellite-borne lidar specifically designed for aerosol and cloud study.
Since 14 June 2006, devoted measurements are performed at CNR-IMAA in coin-
cidence of CALIPSO overpasses. For the first time, results on 1-year comparisons
between ground-based multi-wavelength Raman lidar measurements and correspond-10

ing CALIPSO lidar Level 1 profiles are presented. A methodology for the comparison
is presented and discussed into details. Cases with the detection of cirrus clouds in
CALIPSO data are separately analysed for taking into account eventual multiple scat-
tering effects. For cirrus cloud cases, few cases are available to draw any conclusions.
For clear sky conditions, the comparison shows good performances of the CALIPSO15

on-board lidar: the mean relative difference between the ground-based and CALIPSO
Level 1 measurements is always within its standard deviation at all altitudes, with a
mean difference in the 3–8 km altitude range of (−2±12)%. At altitude ranges corre-
sponding to the typical PBL height observed at CNR-IMAA, a mean underestimation
of (−24±20)% is observed in CALIPSO data, probably due to the difference in the20

aerosol content at the location of PEARL and CALIPSO ground-track location. Finally,
the mean differences are on average lower for the closest overpasses (at about 40 km),
with an increment of the differences at all altitude ranges when the 80 km overpasses
are considered.
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1 Introduction

Tropospheric aerosols, and in particular anthropogenic aerosols, are one of the most
uncertain elements in the estimation of radiation budget, in fact the uncertainties in
aerosol direct and indirect anthropogenic forcing are of the same magnitude of the
effects themselves (Forster et al., 2007). The main cause of uncertainty is the large5

tropospheric aerosol variability in space and time. It is well known that a coordinated
approach of local, regional, and global observations, and physical, chemical, radiation,
and dynamics modelling is needed for dramatically improving our understanding of
aerosol climate impacts and environmental interactions (Diner et al., 2004). In addition,
it has to be considered that in the past, the variability of the horizontal and temporal10

distribution of aerosols and of their optical properties has been investigated mainly by
means of passive remote sensing instruments on board of satellites or ground based
sun photometers networks like AERONET (Kaufmann et al., 2000; Anderson et al.,
2003; Omar et al., 2005; Kahn et al., 2007). In these studies based on columnar
measurements, there are no information about the vertical distribution of the aerosols15

that is a crucial point for the aerosol-clouds interaction study. Moreover, since vertical
concentration gradients can lead also to significant horizontal inhomogeneities, the lack
of information about the vertical mixing can be a large source of variability typically
neglected in the models.

Aerosol profiling with high resolution both in time and space provided by lidar tech-20

niques is an indispensable tool to study the vertical structure of aerosol field and its
temporal and spatial evolution. Moreover, lidar techniques can penetrate optically thin
clouds allowing, therefore, to investigate aerosol-clouds interactions and the aerosol
indirect effects on radiation budget.

Since April 2006, CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite25

Observations), the first satellite-borne lidar specifically designed for aerosol and cloud
study, provides high vertical resolution profiling of aerosol and clouds on global scales
(Winker et al., 2007). Flying in the A-train constellation, CALIPSO offers, for the first
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time, the possibility for developing an integrated strategy between lidar and passive
remote sensing techniques thanks to the synergies among different A-train sensors for
both aerosols and clouds studies (Stephens et al., 2002; Anderson et al., 2005; Hu et
al., 2007; Lamquin et al., 2008; Sassen et al., 2008).

CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization), the lidar on board of5

CALIPSO, is an elastic backscatter lidar that provides vertical profiles of aerosol and
clouds backscatter coefficients at 532 nm and 1064 nm and depolarization ratio profiles
at 532 nm. Since the equation for a lidar in the elastic configuration has two unknowns,
the extinction and backscatter coefficients, an assumption on their ratio, i.e. the lidar
ratio, is needed for retrieving profiles of extinction and backscatter coefficients from the10

CALIOP measurements. A first guess of the lidar ratio is selected in CALIPSO retrieval
algorithms on the type and subtype of the layer being analysed and mainly on the base
of AERONET climatological studies and model calculations (Cattrall et al., 2005; Liu
et al., 2005; Young et al., 2008). However, it has been observed that even for the
same kind of aerosol, the lidar ratio can largely varies because of the natural variabil-15

ity of each aerosol species and of the aerosol modification/transportation processes
(Mona et al., 2006; Müller et al., 2007; Müller et al., 2008; Papayannis et al., 2008).
In order to increase and validate the accuracy of aerosol optical properties retrieved
from CALIPSO pure backscatter lidar, comparisons with ground-based elastic/Raman
lidar measurements are strongly necessary, since this technique allows to characterize20

atmospheric aerosols in terms of vertical profiles of extinction and backscatter coeffi-
cients without any assumptions on the aerosol type and composition (Ansmann et al.,
1990; Ansmann et al., 1992). However, before proceeding with the comparison on final
CALIPSO products (namely the Level 2 products), it is important to study and assess
the accuracy of CALIPSO raw signals (Level 1 data). This is essential to identify, if it25

is the case, possible biases due, for example, to specular reflection, multiple scattering
effects, or to low accuracy at some altitude ranges because of low SNR and to the
calibration procedure. Only after a check of the unprocessed CALIPSO data, the com-
parison in terms of Level 2 products will allow to check and improve CALIPSO retrieval
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algorithms and assumptions. Comparing first ground-based vs. CALIPSO Level 1 prod-
ucts allows to distinguish problems and biases contained already in the acquired and
calibrated lidar signal from uncertainties and errors related to misleading assumptions
needed in the optical properties retrieval algorithms. As shown in the present work, a
comparison in terms of CALIPSO Level 1 data starting from ground-based measure-5

ments is possible without assumptions only if independent extinction and backscatter
profiles are available, as it is possible with the elastic/Raman technique.

In this paper, the methodology for addressing this kind of comparison is presented
and discussed into details, and, for the first time, a 1-year comparison between ground-
based multi-wavelength Raman lidar measurements and corresponding CALIPSO lidar10

profiles is presented. After a brief description of the CNR-IMAA multi-wavelength lidar
system operative within EARLINET (Bösenberg et al., 2000), the methodology for the
comparison in terms of CALIPSO Level 1 data is presented. In particular, the status
of the correlative measurements acquired at CNR-IMAA since June 2006 following the
EARLINET devoted strategy for CALIPSO measurements (Mattis et al., 2007) is pre-15

sented. Then the procedure for the calculation of profiles to be compared to CALIPSO
Level 1 profiles starting from aerosol extinction and backscatter profiles measured by
means of the CNR-IMAA lidar is presented and discussed. In the third section a com-
parison for a strong Saharan dust event is reported as example of the applied method-
ology. Then results on 1-year of night-time measurements are reported for cirrus cloud20

cases and clear sky conditions. Finally, conclusions and perspectives are given.

2 Elastic/Raman aerosol lidar system

At the CNR-IMAA, located in Tito Scalo, Potenza (40◦36′ N, 15◦44′ E, 760 m above
sea level), a Raman lidar system for tropospheric aerosol study is operative since
the beginning of EARLINET in May 2000. The Potenza EARLINET lidar (PEARL)25

is based on a Nd:YAG laser equipped with second and third harmonics generators
and on a Cassegrain reflecting telescope with a primary mirror of 500 mm diameter
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and combined focal length of 5 m. The three laser beams at 1064, 532 and 355 nm
are simultaneously and coaxially transmitted into atmosphere after they are separately
expanded. The receiving system has 3 channels for the detection of the radiation elas-
tically backscattered from the atmosphere at the 3 laser wavelengths and two chan-
nels for the detection of the Raman radiation backscattered from the atmospheric N25

molecules at 607 and 386 nm. An additional Raman channel at 407 nm collects radia-
tion backscattered from the water vapor molecules present in the atmosphere. Finally
a cubic polarizing beam splitter allows the detection of components of backscattered
light polarized perpendicular and parallel to the direction of the linearly polarized trans-
mitted laser beam. The backscattered radiation collected by the telescope is spec-10

trally selected by means of dichroic mirrors and interferential filters with a bandwidth
of 0.5 nm. After spectral selection, the signal at each wavelength is furthermore split
in two signals of different intensity by means of a beam splitter. This allows to obtain
a lidar signal extending from low altitude range to the free troposphere with a good
statistic and overcoming the detector limited counting scale interval.15

PEARL allows independent measurements of the aerosol extinction and backscat-
ter coefficients, and therefore of the lidar ratio at 532 nm and 355 nm, thanks to the
combined elastic/Raman approach (Ansmann et al., 1990, Ferrare et al., 1998). An
iterative approach (Di Girolamo et al., 1999) is used for retrieving the aerosol backscat-
ter coefficient at 1064 nm starting from the elastically backscattered lidar signal at this20

wavelength and assuming a lidar ratio profile at 1064 nm, on the basis of literature
values and simultaneous lidar ratio measurements at 532 and 355 nm.

With this lidar system, it is possible to measure vertical profiles of aerosol optical
properties from low troposphere to the upper troposphere. The full overlap between
the transmitted laser beam and the telescope field of view for this system is reached25

at about 0.8 km above the lidar station. However, the elastic/Raman method for the
determination of the aerosol backscatter coefficient profile at 355 and 532 nm involves
the ratio of two lidar signals, therefore the overlap effect is partially corrected and these
profiles typically start from 400 m above the ground. For the other products, a correc-
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tion for the incomplete overlap (Wandinger et al., 2002) is applied and this allows to
obtain profiles of the aerosol extinction coefficient at 532 nm and 355 nm and of the
aerosol backscatter coefficient at 1064 nm that typically start from 500 m above the
lidar station.

Aerosol optical properties vertical profiles are typically obtained by 30 min of tempo-5

ral integration, and with an effective vertical resolution of 60 m for the aerosol backscat-
ter coefficient and ranging between 60 and 240 m for the aerosol extinction coefficient
and lidar ratio. With these resolutions, in night time conditions, typical statistical errors
due to the signals detection in the PBL are below 5% for the aerosol backscatter co-
efficients at 355 and 532 nm, and below 10% for the extinction coefficients at 355 nm10

and 532 nm. In the free troposphere, typical statistical errors are below 30% for aerosol
backscatter at 355 and 532 nm and aerosol extinction, for values of the aerosol extinc-
tion at 532 nm higher than about 0.03 km−1. Both the system and the used algorithms
have been quality checked and are object of continuous standard checks within the
EARLINET Quality Assurance program (Matthias et al., 2004; Böckmann et al., 2004;15

Pappalardo et al., 2004; Amodeo et al., 2007).

3 PEARL vs. CALIPSO comparison methodology

3.1 Measurements strategy

Because of its Raman multi-wavelength capability, PEARL is an high quality reference
point for CALIPSO measurements of the aerosol backscatter coefficient at 532 and20

1064 nm. In particular, the PEARL simultaneous measurements of aerosol extinc-
tion and backscatter profiles at 532 nm allow to quantify the errors on the CALIPSO
backscatter profiles due to lidar ratio assumptions and therefore to improve the algo-
rithms for these retrievals. Furthermore, PEARL aerosol extinction and backscatter
measurements at 355 nm, and water vapor mixing ratio profiles, add useful informa-25

tion about microphysical aerosol properties that can be used to improve the retrieval of
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aerosol backscatter coefficient from pure backscatter lidar.
Since 14 June 2006, devoted measurements are performed at CNR-IMAA in coin-

cidence of CALIPSO overpasses according to the scientific CALIPSO team requests
for the validation purposes. Measurements are performed each time that CALIPSO
overpasses PEARL’s location within a maximum distance of 100 km and 2 h. Additional5

measurements are performed in agreement with EARLINET specific strategy designed
for the CALIPSO measurements (Mattis et al., 2007). The network measurements plan
is distributed to all stations once per week, including, for each station, measurements
with CALIPSO overpass within 100 km (Case1) and additional measurements when the
EARLINET closest station and the multi-wavelength EARLINET closest station perform10

measurements in coincidence with CALIPSO (respectively Case2 and Case3). This
kind of measurements were suggested for exploiting the EARLINET network capabil-
ity to investigate aerosol properties modification over the European continent and for
combining all these information with CALIPSO profiles. In the following, only Case
1 measurements will be considered because these measurements allow the point-to-15

point comparison between ground-based and satellite-borne lidar measurements, that
is the aim of the current paper.

Following this strategy of measurements, 68 measurements were performed at CNR-
IMAA as Case 1 in the June 2006–June 2007 period, covering 77% of the Case 1
measurements scheduled for our station. For these measurements the average min-20

imum distance between PEARL and CALIPSO is of 66.5 km, reaching an absolute
minimum distance of 40.3 km. Figure 1 reports two examples of night-time CALIPSO
overpasses over Potenza, examples representative of the 2 typical overpasses with a
minimum distance of about 40 and 80 km.

3.2 Attenuated backscatter comparison25

Ground-based lidar measurements at 3+2 wavelengths are an optimal tool for valida-
tion of CALIPSO products, because they provide independent measurements of the
particles backscatter and extinction at 532 nm and backscatter at 1064 nm profiles that
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can be directly compared to analogous quantities derived from CALIPSO. However,
before these comparisons, it is necessary to assess the quality of CALIPSO Level 1
data in order to distinguish problems and possible biases contained in the acquired
lidar signal from uncertainties and errors related to the retrieval algorithms.

The main product contained in the CALIPSO Level 1 data is the attenuated backscat-5

ter profile, i.e. its range corrected lidar signal unless of a calibration constant (Hostetler
et al., 2006).

The attenuated backscatter coefficient β′ provided by CALIPSO is defined at each
altitude z as (Hostetler et al., 2006):

β′(z) = βtot(z)T 2
par(z)T 2

mol(z)T 2
O3

(z) (1)10

where βtot is the backscatter coefficient resulting from particles, molecular and ozone
contributions:

βtot(z) = βpar(z) + βmol(z) + βO3
(z) (2)

and T 2
mol(z) , T 2

O3
(z) and T 2

par(z) are the transmission terms present in the elastic li-
dar equation due respectively to the molecules, ozone and particles contained in the15

atmosphere layer extending between the lidar and the range z.
The attenuated backscatter profiles provided by CALIPSO are not directly compara-

ble to PEARL profiles, but a procedure has to be followed in order to compare PEARL
and CALIPSO independent measurements. In retrieving attenuated backscatter profile
from PEARL data, it has to be taken into account that PEARL and CALIPSO transmis-20

sion terms are different, because the first lidar is an upward looking lidar and CALIPSO
is a downward looking lidar. The molecular terms in (1), both backscatter coefficient
and transmission, can be obtained by a co-located radiosounding if available or can
be well approximated using modelled atmosphere. The ozone terms can be estimated
starting from ozone profiles available directly as met data embedded in CALIPSO Level25

1 products and taking into account the ozone absorption at 532 nm in the Chappuis
band (Brasseur and Solomon, 1985).
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The particles backscatter coefficient in (1) is measured by upward looking PEARL
system. The particles transmission term can be calculated from PEARL measure-
ments using the independent measurements of particles extinction profiles. In fact, the
particles transmission term for a downward looking lidar can be written as function of
the particles extinction:5

T 2
par(z) = exp

−2

zs∫
z

αpar(ζ )dζ

 (3)

where zs indicates the satellite-borne lidar altitude.
Therefore, starting from simultaneous and independent measurements of aerosol

backscatter and extinction profiles measured by PEARL, it is possible to calculate the
CALIPSO-like attenuated backscatter (CLAB) profile at 532 nm without any assump-10

tions.

3.2.1 The molecular profile

As reported above, PEARL measurements allow to calculated the CALIPSO-like atten-
uated backscatter if the ozone and molecular terms in the equation (1) are calculated
starting from radiosoundings or models. In this paragraph we explicitly deal with these15

molecular terms calculation and their influences on the retrieved CLAB uncertainties.
The ozone terms contribution on the CLAB calculation is around 3% in the

0–10 km a.s.l. and lower above. Considering that the ozone profile is not highly variable,
differences due to the ozone profile used for the CLAB calculation can be considered
negligible. In the following, for each attenuated backscatter profile comparison, the cor-20

responding ozone profile available directly as met data embedded in CALIPSO Level 1
products is used.

More relevant is the contribution of the molecular terms in (1), that can be exactly
calculated if vertical temperature and pressure are known, using Bucholtz’s approach
(Bucholtz, 1995). This method requires as input the vertical profiles of pressure and25
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temperature. For our purposes, simultaneous and lidar co-located measurements of
these quantities, for example with radiosoundings, would be obviously the best solution.
However, this is not always possible, also because of the expensive cost of radioson-
des launch and of the sparse temporal sampling of these measurements. Therefore,
alternative solutions have to be explored. The most common way to proceed is to use5

US standard atmosphere profiles (US Standard Atmosphere, 1976). These profiles are
typically used in a satisfying way also for the calculation of the density profiles needed
for the aerosol backscatter and extinction retrieval starting from lidar measurements
(see for example Ansmann et al., 1990; Ansmann et al., 1992).

Significant differences can be observed, especially in the temperature, between the10

true atmospheric profile and the corresponding standard atmosphere one. This is ev-
ident in Fig. 2, where temperature profile as measured with a radiosonde launched
at CNR-IMAA on 20 October 2005, 18:00 UTC and the corresponding standard atmo-
sphere profile are reported. In the troposphere differences up to 3–4 K are observed
and a difference of about 10 K is observed in the 15–20 km altitude range.15

A better estimation of the temperature profile is provided by NOAA model profiles
available at www.arl.noaa.gov, where meteorological products for any location in the
world are provided through the GDAS (Global Data Assimilation System) operational
system run by NCEP (NOAA National Centers for Environmental Prediction). Figure 2
shows a very good agreement between NOAA modelled radiosounding temperature20

profile and the true state of the atmosphere measured by CNR-IMAA radiosounding.
The vertical resolution of this modelled radiosounding is obviously lower and tempera-
ture gradients as that observed on 20 October 2005 at about 11.5 km a.s.l. cannot be
caught by NOAA model.

A systematic comparison between radiosondes and NOAA modelled temperature25

vertical profiles has been carried out using all available CNR-IMAA radiosounding pro-
files for the 2005 (68 cases). The mean difference is very close to zero (0.03±0.07 K)
and lower than 0.2 K in the 0–10 km altitude range. In addition, the profile-to-profile
difference never exceeds 2.5 K in the 0–10 km range. On the base of this analysis,
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we can affirm that if radiosounding data are not available, NOAA modelled profiles are
preferred to the simply standard atmosphere profiles. At this point, it is interesting
to quantify how large is the influence of this choice on the attenuated backscatter as
retrieved from a ground-based lidar.

For the period June 2006–June 2007, no CNR-IMAA radiosounding profiles are5

available, therefore we limit the comparison to the NOAA modelled radiosounding and
the US standard atmosphere model. For all considered cases, the CALIPSO like at-
tenuated backscatter at 532 nm is calculated starting from the aerosol extinction and
backscatter profiles measured by PEARL using the NOAA modelled temperature and
pressure profiles and the US standard atmosphere profiles for the calculation of the10

molecular terms in (1). Then, for each case, the difference between the CLAB pro-
files obtained with the two different modelled atmosphere profiles is calculated. The
mean CLAB difference profile, in percentage, is reported in Fig. 3 as thick line. On
the whole profile, the mean difference is on average of about 1%, with lowest values
below 4 km a.s.l. (lower than 0.5% in absolute value) and however lower than ±1%15

up to 11 km a.s.l. Larger values are observed for higher altitudes where the aerosol
contribution is typically negligible and therefore the molecular terms prevail. However,
the difference in CLAB due to the modelled atmosphere is lower than 2.5% on average
also at altitude of about 12 km staying however below the statistical error, typically of
about 20%, of PEARL ground-based CLAB profiles at this altitude. The minimum and20

maximum observed differences in CLAB profiles are reported as thin lines in Fig. 3, to-
gether with mean difference profile. Even in the worst cases the influence of modelled
atmospheric temperature and pressure profile choice is well below 5% up to 10 km,
reaching the highest values of 10% only at 11–12 km.

Our analysis allows us to affirm that, if radiosonde profiles are not available, the25

NOAA modelled profiles have to be preferred to the standard atmosphere profiles,
but that for a statistical analysis in terms of attenuated backscatter comparison with
CALIPSO data the influence of the chosen atmosphere description is negligible (typ-
ically below 1%). In cases of single profile comparison instead, the differences can
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be larger especially above 10 km a.s.l., therefore for this kind of investigation the as-
sumption about atmospheric density profile is more critical for the calculation of the
molecular terms in (1). In the following, NOAA modelled radiosounding data are used,
because of their better performances respect to the standard atmospheric profiles.

4 An example of comparison5

In order to show the capability of PEARL for CALIPSO validation purposes and the
comparison methodology, one example of comparison is presented in the following.
A major case of Saharan dust intrusion over Europe is considered. NOAA Hys-
plit back-trajectory analysis (Fig. 4a) shows air masses reaching CNR-IMAA around
3–4 km a.s.l. coming from Southern Spain where in the previous day a large amount of10

dust was observed, as shown in the MODIS image of 12 August 2006 (Fig. 4b).
The procedure reported in the previous section has been applied to retrieve the

CALIPSO-like attenuated backscatter at 532 nm, starting from 3+2 PEARL profiles
measured on 13 August 2006, 00:55–01:25 UTC (Fig. 5). It is evident that CALIPSO
vertical profile is highly noisy if compared to the PEARL one. In fact in the CALIPSO15

algorithms an additional averaging is necessary for the identification of vertical lay-
ers reaching also a maximum horizontal averaging of 80 km (Vaughan et al., 2005).
However, the main layering characteristics are evident also in the 5-km horizontal res-
olution CALIPSO profile reported in Fig. 5 and these are similar to what observed by
the ground-based lidar.20

Starting from the ground, there is a sharp decrease around 1.5 km a.s.l. in the
CALIPSO profile, clear signature of the PBL top, with a residual layer extending up
to about 2.5 km, as shown by the almost vertically homogeneous layer observed by the
2 systems. In the free troposphere a wide layer extends between 2.5 and 5 km a.s.l.
Nevertheless, there are differences in the vertical distribution of the aerosol in the25

Saharan dust layer. These differences in the free troposphere are to be mainly as-
cribed to the atmospheric variability, that cannot be neglected as demonstrated by
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the temporal and spatial variations shown in the CALIPSO and PEARL quick-looks
reported in Fig. 6a and b, respectively, and to the minimum distance of 44.16 km be-
tween CALIPSO ground-track and CNR-IMAA and the difference in time resolution of
the two measurements for the reported case. Finally, a cirrus cloud around 9 km a.s.l.
is evident in PEARL data but it is not observed in CALIPSO measurements. Looking5

at Fig. 6b, it is clear that on this day there is a broken cirrus cloud situation, therefore
CALIPSO does not catch the cirrus cloud because of horizontal distance between the
two sensors.

5 Results

For a quantitative comparison between ground-based and CALIPSO lidar data in terms10

of attenuated backscatter, we selected, among all measurements performed at CNR-
IMAA in correspondence of CALIPSO overpass, night-time cases, because, in ab-
sence of the solar background, it is possible to obtain independent measurements
of backscatter and extinction coefficients vertical profiles at 532 nm and therefore a
CALIPSO-like attenuated backscatter profile at the same wavelength using the method15

reported in Sect. 3.2.
CALIPSO Level 1 data of Version V2.01 are used. Attenuated backscatter profiles

are provided in Level 1 data with the original resolution of 1/3 km. In order to reduce the
noise in the CALIPSO signal, profiles are averaged on an horizontal scale of 5 km, ac-
cordingly to horizontal resolution of CALIPSO Level 2 Layer Aerosol products (Vaughan20

et al., 2008). The typical horizontal distance between PEARL and CALIPSO ground-
track is of about 60 km with a minimum distance of 40.3 km. Profiles are almost coin-
cident in time, because PEARL temporal integration window (typically 30 min) is cen-
tred around the CALIPSO overpass over Potenza. Following the procedure reported
in Sect. 3.2, CLAB is calculated starting from backscatter and extinction profiles and25

using ozone profiles embedded in met CALIPSO Level 1 and the molecular profiles
calculated starting from the NOAA modelled radiosounding data. After CLAB calcu-
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lation, PEARL vertical profiles resolution is degraded to the CALIPSO lower resolu-
tion, through linear interpolation, for allowing a quantitative comparison between the
CALIPSO and PEARL datasets.

Low clouds cases have been identified in PEARL measurements and removed for
the comparison reported in this work, because the high variability of low clouds fields5

and the typical horizontal distance between the 2 sampled air volumes would bias the
study.

In this way among the 31 nights when PEARL performed measurements in coinci-
dence of CALIPSO overpasses, we selected 22 cases in absence of low clouds. In 3
cases CALIPSO data are not available and in 3 cases PEARL vertical profiles of par-10

ticulate extinction are not available. Finally 16 cases are available for the comparison.
Figure 7 reports the mean, over the 16 cases, vertical profiles of attenuated

backscatter as measured by CALIPSO and obtained by PEARL data. There is a good
agreement between the two observations, even if there are some differences especially
in the PBL and at high altitudes where signatures of cirrus clouds are evident. There is15

a strong peak in CALIPSO data around 2.5 km a.s.l., signature of very low cloud. The
corresponding 2 cases are removed in the analysis reported in the following.

Large differences observed in the PBL region, typically below 2.5 m a.s.l. at our
station (Pandolfi et al., 2004; Mona et al., 2006), and at low altitudes are probably due
to the distance between the location of PEARL and the CALIPSO ground-track, that20

is always larger than 40 km and to the CALIPSO horizontal resolution of 5 km. In this
context, it is also to be considered that the Potenza lidar station is located at 760 m
a.s.l. with a complex horography of the surrounding area that makes very difficult the
comparison in the PBL with satellite data acquired with no-perfect spatial coincidence.
However, it has to be taken into account that specular reflection from the ground in the25

CALIPSO nadir configuration can influence these low altitudes measurements.
The difference between satellite and ground-based observations reaches also 100%

between 8 and 11 km a.s.l. in the cirrus region. A better agreement is achieved in the
altitude range between 3 and 8 km, where however it seems that CALIPSO slightly
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underestimates the direct ground-based measurements. These could be an effect of
the presence of cirrus cases, with different geometrical and optical extension in the
PEARL and CALIPSO observations. Therefore cirrus and no cirrus cases are analysed
separately in the following.

5.1 Cirrus clouds cases5

Among the 14 selected cases, cirrus are observed by PEARL and/or CALIPSO in
5 coincident measurements. However, cirrus are not always detected by both lidars
because of the high variability typical of cirrus clouds and of the distance between the
air volumes sampled. In particular, cirrus are detected only by PEARL in 2 cases, in
just 1 case CALIPSO observes a cirrus not detected by PEARL and finally in 2 cases10

cirrus clouds are detected by both the ground-based and satellite-borne lidars.
In presence of cirrus clouds, multiple scattering is typically not negligible, in particular

for space-borne lidars (Winker, 2003). The main effect of multiple scattering is an
apparent extinction and optical depth lower than real one, with an almost unchanged
backscatter. For CALIPSO data, multiple scattering influence on Level 1 data have15

been observed through the comparison with collocated AIRS data (Lamquin et al.,
2008) and a multiple scattering correction on Level 2 data is applied for cirrus cloud
cases (Liu et al., 2005).

In addition, it is well known that space-borne lidar measurements of ice clouds are
typically affected by specular reflection, when observed by lidar at zenith or nadir20

(Young and Vaughan, 2008). Specular reflection causes anomalously high backscatter,
not coupled by any increase in the extinction (Hogan and Illingworth, 2003). Regarding
CALIPSO, at the beginning it was nominally pointed in a “near nadir” direction (∼0.3◦ off
nadir), while after 28 November 2007, it was pointed 3◦ off nadir in order to avoid spec-
ular reflection effects. Therefore for the time period considered in this study, specular25

reflection effects cannot be neglected a priori.
Considering these well-known effects for space-borne lidar, here we focus only on

cases with cirrus clouds detected by CALIPSO. On the other hand, the 2 cirrus cases
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observed only by PEARL have been included in the statistics presented in the next
section after a cirrus cloud removing procedure that rescales the calculated attenuated
backscatter taking into account the transmittance terms in the cirrus. For the sake of
completeness, here we mention that the results presented in the next section do not
change significantly if these 2 cases are not included in the statistics.5

Before comparing the CALIPSO and PEARL attenuated backscatter profiles for the 3
CALIPSO observed cirrus cases, these profiles have to be rescaled in order to take into
account the difference in transmittance terms due to the presence of cirrus clouds with
different geometrical and optical extension in the PEARL and CALIPSO observations.

For ground-based measurements, the cirrus contribution to the transmittance term in10

(3) is calculated starting from the extinction profile. A rescaled attenuated backscatter
is obtained dividing the old one for evaluated T 2 term.

For CALIPSO data, cirrus removing procedure is more complicated because Level
1 data have not information about the extinction profiles and for Level 2 products de-
termination some assumptions are needed. Since we are here interested in a direct15

comparison with Level 1 data avoiding retrieval assumptions, a method to “remove”
cirrus from Level 1 data using only Level 1 products is needed. Following Lamquin
et al. (2008), the optical depth and the transmittance term due to the presence of the
cirrus are estimated comparing the actual attenuated backscatter profile with Level 1
clear sky profiles acquired close in time and space to the analysed profile. In partic-20

ular, the closest 50 km clear sky scene within 1000 km horizontal distance is chosen
like molecular reference. The ratio between the molecular reference and the actual
attenuated backscatter just below the cloud provides optical depth and transmittance
term of the cirrus (Lamquin et al., 2008). Also for the space-borne lidar, the rescaled
attenuated backscatter is obtained dividing the old one for evaluated T 2 term.25

After removing clouds by both PEARL and CALIPSO observations, we can finally
compare the new rescaled attenuated backscatter profiles. The mean of attenuated
backscatter profiles at 532 nm as observed by CALIPSO and PEARL in these 3 cirrus
clouds cases are reported in Fig. 8a. Profiles are reported only for altitude ranges
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below the minimum identified cirrus base height.
An almost satisfying agreement between the 2 profiles is observed in the 6–

8 km a.s.l. altitude range, where a difference of about (13±31)% is observed, and in
this case, as in the previous comparison, below 2.5 km a.s.l. there is a large discrep-
ancy of about (−23±14)%. Larger differences up to 80% (see Fig. 8) are observed5

instead in cirrus cases at 3–6 km a.s.l., with a CALIPSO overestimation of the atten-
uated backscatter. The main cause of the observed difference is related to a single
case in which aerosol content is highly variable and CALIPSO detected aerosol up to
5 m while we observed a Saharan dust layer up to about 3 km, producing the observed
large difference. Discarding this case, as mean in the 3–6 km altitude range, a resid-10

ual difference of (14±34)% is obtained, comparable with what obtained in the 6–8 km
range. This could be ascribed to the combination of the aerosol variability at these
altitudes and a residual contribution of possible multiple scattering effect that leads to
an apparent lower extinction and therefore higher trasmissivity for the same backscat-
ter, i.e. an apparently increased attenuated backscatter, below the cirrus clouds. On15

the other hand, specular reflection has to be discarded as cause of the observed large
discrepancy at low altitude, because this effect would lead to an increase of the at-
tenuated backscatter at the altitude where the cirrus cloud is located, but it would not
influence the lower portion of the profile.

Due to the low number of cirrus cases comparisons, it is not possible at the moment20

to draw any conclusions about the presence of multiple scattering effect on CALIPSO
signal, but it has to be kept in mind the possibility of no negligible effects on the atten-
uated backscatter in presence of cirrus clouds.

5.2 No cirrus cloud cases

After removing cirrus cloud cases, a total number of 11 night-time coincident mea-25

surements is available for comparison between CALIPSO and PEARL observations.
Figure 9 reports, for each case, the CALIPSO attenuated backscatter at 532 nm (black
lines) as reported in Level 1 V2.01 products and averaged on 5 km as horizontal reso-
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lution and the almost simultaneous PEARL CLAB profiles obtained with 30 min as tem-
poral averaging (red lines). These cases range between occurrences of high aerosol
load in the free troposphere related to Saharan dust intrusions (e.g. 26 June and 13
August 2006) to very clear conditions (29 January 2007), with a good balance between
warm and cold seasons cases.5

A very good agreement between CALIPSO and PEARL attenuated backscatter pro-
files is achieved if only these 11 cases are considered. Compared with Fig. 7, the
agreement, for these no cirrus cloud cases, between the CALIPSO and PEARL atten-
uated backscatter mean profiles (Fig. 10a) is improved at all altitude ranges apart from
the very low atmosphere below 2.5 km a.s.l., identified as the typical boundary layer top10

at CNR-IMAA (Pandolfi et al., 2004; Mona et al., 2006). In particular, differences are
strongly reduced not only in the altitude range interested by the cirrus cloud presence
(8–12 km a.s.l.), but also in the middle range down to 2.5 km a.s.l. The underestima-
tion in CALIPSO attenuated backscatter shown in Fig. 7 in the middle altitude range is
significantly reduced when cirrus cloud cases are removed from the statistical analysis.15

Figure 10b reports the relative difference of mean CALIPSO attenuated backscatter
profiles at 532 nm with respect to the corresponding quantity measured by PEARL.
Above the lowest 2.5 km a.s.l., differences are typically within 20% that is the expected
error of Level 2 CALIPSO vertical profiles (Winker et al., 2004).

The mean difference of the whole mean profile is around −12% with a standard20

deviation of about 28%. Even if this value is in agreement with zero within the error,
it is largely shifted toward negative values indicating a possible bias in CALIPSO raw
signals. In order to better investigate the reason of this apparent underestimation, the
relative CALIPSO vs. PEARL difference in the attenuated backscatter is investigated
as a function of the altitude range (Fig. 11) and of the CALIPSO-PEARL horizontal25

distance (Fig. 12).
Figure 11 reports the mean relative difference between CALIPSO and PEARL ob-

servations for different atmospheric layers calculated as average on the 11 considered
cases. The related standard deviations are reported as error bars. The analysis is
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reported up to 8 km, where the PEARL statistical error is lower than 10%. At higher
altitudes, it has to be considered that besides the large ground-based measurements
statistical errors, the molecular terms of Eq. (1) strongly influence the CLAB calculation
in this free aerosol region. For these reasons, in the following we limit the comparison
altitude range below 8 km.5

Looking at Fig. 11, it is clear that the negative bias obtained on the whole profile
is mainly due to the PBL region, typically below 2.5 km a.s.l., where a relative differ-
ence of (−24±20)% is observed. As reported above, the comparison at PBL altitudes
is not appropriate due to the distance, always larger than 40 km, between CALIPSO
ground-track and the CNR-IMAA. Because of the distance and because of the local10

aerosol content at this altitude range, one could expect a no perfect agreement be-
tween the two observations for case-by-case comparison, but due to the large vari-
ability of the aerosol field at this altitude, this would result in a mean difference value
close to zero with a large observed standard deviation. This is not the case: CALIPSO
seems to underestimate the aerosol content in this low range region. This could be due15

to specular reflection effects from ground in CALIPSO data but it could be also linked to
the difference between the location of PEARL and the exact location of the CALIPSO
ground-track. For the typical CALIPSO ground-tracks in the Potenza surroundings for
night-time overpasses (see Fig. 1), the closest point to CNR-IMAA is located closer
than Potenza to the sea and at a lower altitude. Taking into account that Potenza is not20

an uncontaminated mountain site, but a city with an industrial area surrounded by rural
areas located at 760 m a.s.l., this could lead to a PBL top height higher over Potenza
rather than over CALIPSO ground-track closest points, and as a consequence, to a
higher aerosol load (both extinction and backscatter, i.e. attenuated backscatter) in the
altitude range corresponding to PBL for a mountain site rather than for other locations.25

At higher altitudes, CALIPSO vs. PEARL differences are typically slightly negative
although the two independent observations are always in agreement within their stan-
dard deviations.

Between 3 and 8 km, the 1 km mean differences are very close to zero and range
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between −7.5 and 3.6% with a typical standard deviation of 18%. At these altitudes,
the mean percentage difference between the ground-based and CALIPSO measured
attenuated backscatter (Fig. 10b) is (−2±12)%. This very small residual difference, in
agreement with zero, can be due to the CALIPSO calibration procedure. The observed
large standard deviations can be ascribed to the horizontal distance between the vol-5

umes sampled by the 2 lidars in conjunction with the variability of the aerosol field at
these altitudes where the wind is responsible of fast changes both in time and space
(see for example Fig. 6a and b).

In order to further investigate the relationship between the observed differences and
the spatial variability in the aerosol field, the difference between CALIPSO and PEARL10

attenuated backscatter at 532 nm is studied as a function of the horizontal distance be-
tween the two sensors. There are two groups of overpasses, one with closest distance
around 43 km (5 cases) and a far overpass around 83 km (6 cases), corresponding to
the 2 typical ground-tracks reported in Fig. 1. The closest overpass is located at North-
East of Potenza, between the Appennines and the Salerno Gulf, while the overpass at15

about 80 km far from Potenza is much closer to the sea pretty close to a coastal and
flat region, the Ionian Sea region.

The mean percentage relative difference between CALIPSO and PEARL attenuated
backscatter at 532 nm is reported in Fig. 12 for each one of these 2 overpasses classes
for the different atmospheric layers. Also in this cases the standard deviation of the20

observed values is reported as error bars. Although in agreement with the standard
deviation, the mean differences are lower when the closest overpasses are considered,
with an increment of the differences at all altitude ranges when the 80 km overpasses
are considered. For both 40 and 80 km distances, larger standard deviations are ob-
served typically in the lower atmospheric altitude layers because of the large variability25

of the aerosol field at these altitudes. For both classes the mean difference observed
in the PBL (namely below 2.5 km a.s.l., the typical PBL height as measured at CNR-
IMAA) is significantly negative, with lowest values observed for the 80 km overpasses.
This furthermore supports our hypothesis that the negative differences observed in the
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PBL are strongly affected by the differences between a mountain but polluted site like
Potenza, and the Potenza closest ground-track point observed by CALIPSO. In fact,
the mean differences in the PBL are larger, in absolute values, when overpasses much
closer to the sea are considered.

6 Conclusions and perspectives5

For the first time, a 1-year comparison between ground-based multi-wavelength Raman
lidar measurements and corresponding CALIPSO lidar profiles is presented. Compar-
isons are performed in terms of Level 1 data, which are, unless of the calibration con-
stant, the CALIPSO unprocessed data. Through a devoted methodology, described in
this work, backscatter and extinction profiles measured by the ground-based lidar can10

be converted into the attenuated backscatter, which represents the CALIPSO Level
1 product, without critical assumptions. Comparing this quantity to the CALIPSO data
measured in coincidence with ground-based measurements allows to identify problems
and biases already contained in the CALIPSO lidar signals (like multiple scattering and
specular reflection effects or deviations due to calibration procedure) and to discrim-15

inate them from uncertainties and errors related to misleading assumptions needed
in the optical properties retrieval algorithms. Only after a check of the unprocessed
CALIPSO data, the comparison in terms of Level 2 products will allow to check and
improve CALIPSO retrieval algorithms and assumptions.

All night-time measurements performed at CNR-IMAA in coincidence (within 100 km20

and almost simultaneously in time) with CALIPSO overpass have been analysed. Cir-
rus cloud cases and clear sky cases have been analysed separately.

For cirrus cloud cases observed by CALIPSO, we found a CALIPSO overestimation
of the attenuated backscatter of about 80% in the free troposphere. The main cause
of the observed difference is related to a single case in which aerosol content is highly25

variable. Discarding this case, a residual difference is still present in the 3–6 km altitude
range. This could be ascribed to the combination of the aerosol variability at these
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altitudes and possible presence of multiple scattering effects. However, because of
the low number of this kind of cases, at the moment it is not possible to draw any
conclusions about the presence of multiple scattering effect on CALIPSO signal.

For clear sky conditions, the comparisons show good performances of the CALIPSO
on-board lidar. Apart from the PBL region, the mean difference between the ground-5

based and CALIPSO measured attenuated backscatter is always with its standard de-
viation at all altitudes, with a mean difference in the 3–8 altitude range of (−2±12)%.
Largely scattered values in the observed differences and the resulting large standard
deviation of the mean difference values are the results of the atmospheric variability at
the investigated altitudes. At altitude ranges comparable with typical PBL height ob-10

served at CNR-IMAA, a systematic underestimation is observed in CALIPSO data of
(−24±20)%. This could be linked to the difference between the location of PEARL and
CALIPSO ground-track location: CALIPSO ground-tracks closest point to CNR-IMAA
is typically located closer than Potenza to the sea and at a lower altitude. This could
lead to a PBL top height higher over Potenza rather than over CALIPSO ground-track15

closest points, and as a consequence, to a higher aerosol load (both extinction and
backscatter, i.e. attenuated backscatter) in the altitude range corresponding to PBL for
a mountain polluted site rather than for other locations.

Studying mean percentage differences profiles as a function of the horizontal dis-
tances between CALIPSO and PEARL we found that, although in agreement with the20

standard deviation, the mean differences are significantly lower when the closest over-
passes are considered, with an increment of the differences at all altitude ranges when
the 80 km overpasses are considered. In particular, within the PBL, the mean differ-
ence is (−21±26)% and (−27±14)%, for a distance of about 40 and 80 km, respectively.
Since the overpass at about 80 km far from Potenza is pretty close to a coastal and flat25

region, this furthermore supports the hypothesis that the negative differences observed
in the PBL are due to the differences between a mountain but polluted site like Potenza,
and the Potenza closest ground-track point observed by CALIPSO.

On the basis of these satisfying results on CALIPSO Level 1 quality, a devoted study
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for the accuracy of CALIPSO aerosol backscatter profiles will be carried on for evalu-
ation and improving of the retrieval algorithms. On the other hand, in order to better
address still unclear points, as the possible influence of CALIOP geometry on the PBL
data underestimation, all PEARL data will be used in synergy with others EARLINET
stations for CALIPSO data validation on continental scale, applying the methodology5

presented in this paper. Finally after a quality check of CALIPSO Level 1 products, an
integrated study of CALIPSO and EARLINET correlative measurements will open new
possibilities for spatial (both horizontal and vertical) and temporal variability of aerosol
and clouds investigations.
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Fig. 1. PEARL location (blue dot) and typical CALIPSO night-time orbits overpassing over
Potenza (red lines).
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Fig. 2. Temperature profile measured by balloon-borne radiosounding system launched at
CNR-IMAA on 20 October 2005, 18:00 UTC (red line). The corresponding US standard atmo-
sphere profile and the NOAA model profiles are reported as black and blue lines, respectively.
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Fig. 3. Difference in CALIPSO like attenuated backscatter (CLAB) resulting by use of NOAA
model profile instead of using US atmosphere standard profile. The thick line reports the mean
profile calculated over all the selected cases for CALIPSO – PEARL comparison, thin line report
the minimum and maximum observed differences in CLAB profiles.
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Fig. 4. NOAA Hysplit back-trajectory analysis for 13 August 2006, 01:00 UTC (a) and MODIS
Aqua image acquired on 12 August 2006, 13:10 UTC (b).
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Fig. 5. CALIPSO attenuated backscatter profile at 532 nm measured at 01:11 UTC on 13
August 2006 and corresponding CALIPSO-like profile calculated starting from PEARL pro-
files measured at 00:55–01:25 UTC on 13 August 2006. The reported CALIPSO attenuated
backscatter has an horizontal resolution of 5 km, i.e. it is obtained as the average of 15 single
shot attenuated backscatter profiles.
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Figure 6. (a) Temporal evolution of attenuated backscatter vertical profiles measured by 

CALIPSO at 532 nm on 13 August 2006.  (b)Temporal evolution of aerosol backscatter 

coefficient vertical profiles measured at 1064 nm on 13 August 2006 by PEARL at CNR-

IMAA. The vertical and temporal resolution are respectively 7.5 m and 30 s. The purple box 

indicates the location in space (Fig 6a) and time (Fig 6b) of CALIPSO overpass over CNR-

IMAA. 
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Fig. 6. (a) Temporal evolution of attenuated backscatter vertical profiles measured by CALIPSO
at 532 nm on 13 August 2006. (b) Temporal evolution of aerosol backscatter coefficient vertical
profiles measured at 1064 nm on 13 August 2006 by PEARL at CNR-IMAA. The vertical and
temporal resolution are respectively 7.5 m and 30 s. The purple box indicates the location in
space (Fig. 6a) and time (Fig. 6b) of CALIPSO overpass over CNR-IMAA.
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Fig. 7. Mean profiles of attenuated backscatter at 532 nm as measured by CALIPSO and
PEARL for all night-time cases, with no-low clouds observed by the CNR-IMAA lidar.
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Figure 8. Comparison between attenuated backscatter at 532 nm as measured by CALIPSO 

and PEARL for all night-time cases (3) in which CALIPSO detected cirrus cloud:  mean 

attenuated backscatter profiles (a) and mean percentage difference as a function of the altitude 

(b). 
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Fig. 8. Comparison between attenuated backscatter at 532 nm as measured by CALIPSO and
PEARL for all night-time cases (3) in which CALIPSO detected cirrus cloud: mean attenuated
backscatter profiles (a) and mean percentage difference as a function of the altitude (b).

8464

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/8429/2009/acpd-9-8429-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/8429/2009/acpd-9-8429-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 8429–8468, 2009

CNR-IMAA
measurements in

correspondence of
CALIPSO overpass

L. Mona et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 9. CALIPSO attenuated backscatter at 532 nm (black lines) for all night-time cases
of CALIPSO-PEARL correlative measurements in which no cirrus clouds are detected by
CALIPSO. The corresponding PEARL CLAB at 532 nm are reported as red lines. CALIPSO
profiles are obtained with 5 km as horizontal resolution. PEARL profiles are average on 30 min
centered around the CALIPSO overpass over CNR-IMAA.
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Figure 10. Comparison between attenuated backscatter at 532 nm as measured by CALIPSO 

and PEARL for all night-time cases in which no cirrus clouds are detected by CALIPSO: 

mean attenuated backscatter profiles (a) and mean percentage difference as a function of the 

altitude (b). 
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Fig. 10. Comparison between attenuated backscatter at 532 nm as measured by CALIPSO
and PEARL for all night-time cases in which no cirrus clouds are detected by CALIPSO: mean
attenuated backscatter profiles (a) and mean percentage difference as a function of the altitude
(b).
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Fig. 11. Mean percentage difference between CALIPSO and PEARL attenuated backscatter
at 532 calculated for the PBL region and for the 1km-depth altitude layers extending between
3–8 km for all no cirrus cloud night-time cases. The standard deviation around these mean
values are reported as error bars.
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 Figure 12. Mean percentage difference between CALIPSO and PEARL attenuated 

backscatter at 532 for no cirrus cloud night-time cases divided into two classes: overpasses at 

about 40 km (left panel) and at about 80 km (right panel). The standard deviation around 

these mean values are reported as error bars. 

 

 

Fig. 12. Mean percentage difference between CALIPSO and PEARL attenuated backscatter at
532 for no cirrus cloud night-time cases divided into two classes: overpasses at about 40 km
(left panel) and at about 80 km (right panel). The standard deviation around these mean values
are reported as error bars.
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