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Abstract

The solar background illumination has a strong effect on CALIOP (Cloud-Aerosol Lidar

with Orthogonal Polarization) measurements, leading to a decrease in the signal-to-

noise ratio of the lidar signal. Because of this, CALIOP level 2 data algorithms might

be limited in the retrieval of the properties of the aerosols in the atmosphere. In this5

work, we present a methodology that combines CALIOP level 1 data with AERONET

(Aerosol RObotic NETwork) measurements to retrieve aerosol extinction profiles and li-

dar ratios in daytime conditions. In this way, we fulfill a two-fold objective: first, we obtain

more accurate daytime aerosol information; second, we supplement column integrated

measurements from AERONET sun photometers with information about the vertical10

distribution of aerosols. The methodology has been applied to Burjassot (39.30
◦
N,

0.25
◦
W) and Barcelona (41.39

◦
N, 2.11

◦
E) AERONET stations in the Mediterranean

coast of Spain in the period from June 2006 to September 2011. We have found good

agreement for the extinction profiles in several study cases of ground lidar measure-

ments in Barcelona, coincident with CALIOP overpasses. Finally, the methodology has15

proved to be useful for the study of special episodes such as Saharan dust outbreaks.

1 Introduction

Atmospheric aerosols play an important role in the radiative balance of the earth-

atmosphere system (IPCC, 2007). They can affect this balance in several ways: in

a direct way, by scattering and absorbing radiation arriving from the Sun (Ramanathan20

et al., 2001); in an indirect way, acting as cloud condensation nuclei and modifying

the optical properties and mean-life of clouds (Rotstayn and Penner, 2001); and in the

so-called “semi-direct” way, changing the thermal structure of the atmosphere, which

affects cloud formation (Ackerman et al., 2000).

To deal with the study of aerosols at a global scale, satellite-based sensors become25

essential since they perform worldwide measurements of the atmosphere. The great
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majority of satellites that perform aerosol measurements only retrieve column inte-

grated properties in cloud-free conditions. Amongst all the aerosol parameters mea-

sured by satellites, the most common are the aerosol optical depth (AOD) and the

Ångström exponent (α), retrieved by sensors such as MODIS -Moderate Resolution

Imaging Spectroradiometer (Remer et al., 2005), AVHRR – Advanced Very High Reso-5

lution Radiometer (Ignatov and Stowe, 2006), CERES – Clouds and the Earth’s Radiant

Energy System (Loeb and Kato, 2007), or AATSR – Advanced Along-Track Scanning

Radiometer (Holzer-Popp et al., 2002).

Despite the usefulness of column integrated measurements, knowledge of the verti-

cal distribution of aerosols is necessary to fully understand the total effect of aerosols10

in climate. Vertically-resolved data is needed to study the interactions between clouds

and aerosols, essential for the estimation of the aerosol indirect effect, or the vertical

structure of the atmosphere, for the determination of atmospheric dynamics or bound-

ary layer structure (Penner, 2001).

Vertically-resolved measurements are usually performed by lidar (LIght Detection15

and Ranging) systems, which consist of active sensors that emit a laser beam to the

atmosphere and are able to measure the signal backscattered by aerosols, clouds and

molecules at different altitudes. Lidar raw data can be processed by different algorithms

that allow us to retrieve aerosol extinction profiles at different wavelengths.

Since the 1990’s several of these systems have been placed in orbit aboard space-20

crafts. The first Lidar system in space was the LITE (Lidar In-space Technology Exper-

iment) (LITE, 2011), developed by NASA and installed in the Discovery space shuttle

from September the 9th to the September 20th in 1994. This mission was used as

the base line for the subsequent Lidar systems in stable orbits, such as the GLAS

(Geoscience Laser Altimeter System) aboard the ICESat – Ice, Cloud and land El-25

evation Satellite, 2004–2010 (ICESAT, 2011) or the CALIOP – Cloud-Aerosol Lidar

with Orthogonal Polarization – sensor onboard the CALIPSO – Cloud-Aerosol Lidar

and Infrared Pathfinder Satellite Observation – platform (CALIPSO, 2011; Winker et

al., 2009), which was launched in April 2006 as a member of the A-Train satellite
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constellation (ATRAIN, 2011). In particular, measurements from CALIOP are pro-

cessed by a series of algorithms (Liu et al., 2005; Vaughan et al., 2005; Winker et

al., 2006; Young et al., 2008) to obtain elaborated data, namely level 2 data, including

extinction profiles and column aerosol optical depth at 532 and 1064 nm, in addition to

aerosol classification products.5

Several validation works show good agreement between CALIOP level 1 data and

surface-based lidar measurements, although noticeable differences are found for alti-

tudes below 3 km, which are attributed to aerosol spatial changes between the CALIOP

overpass and the surface Lidar position (Mamouri et al., 2009; Mona et al., 2009; Pap-

palardo et al., 2010; Reba, 2010). However, comparisons of daytime level 2 data with10

AOD measurements from MODIS (Kittaka et al., 2011; Redemann et al., 2012) and

AERONET (Bréon et al., 2011) show non-negligible discrepancies. Kacenelenbogen

et al. (2011), in a detailed study of the CALIOP level 2 data limitations, point out some

causes that would explain these results: low signal-to-noise ratio, failure in cloud re-

moval or aerosol misclassifications.15

In order to obtain more accurate aerosol profiles from satellite measurements over lo-

cal areas, a synergy between CALIOP level 1 data and ground-based can be exploited.

Examples of direct combination of CALIOP and sun-photometer measurements can

be found in the works made by Kim et al. (2008), Chazette et al. (2009) or Chiang et

al. (2011).20

Kim et al. (2008) compare the extinction profiles obtained from the combination of

CALIOP and sun photometer data with measurements made by a ground-based lidar

over Seoul, Korea. For the only cloud-free daytime case, the lidar ratio from CALIOP

and the ground-based lidar lied within the margin of error, and a mean difference of

0.02 km
−1

was found for the aerosol extinction coefficients. However, for the two cases25

affected by semi-transparent cirrus the lidar ratio could not be retrieved, and large

discrepancies were found between CALIOP and ground-based measurements.

Chazette et al. (2009) analyze the ability of CALIOP to retrieve the aerosol optical

properties in the lower troposphere in southeastern France, using CALIOP data from
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version 2.01. The synergy between CALIOP and AERONET was exploited in two day-

time cases, with moderate (∼0.2) and low (<0.1) AOD values respectively. In both

cases the CALIOP inversion is able to find weak aerosols layers at altitudes where

level 2 algorithms are unable. The authors conclude that this method is useful for ob-

taining information on the structure of aerosol layers for AOD values greater than 0.1.5

In a comparison of CALIOP against ground-based lidar measurements over Chung-

Li, Taiwan, Chiang et al. (2011) retrieved the lidar ratio for 16 cases combining satellite

and ground-based photometer data. A mean lidar ratio of 23±8 sr was found. The

authors point that the aerosol variability and humidity may have an important effect in

the discrepancies between ground-based lidar and CALIOP, and propose a solution for10

this based on the properties of aerosols in their local area.

According to these three precedent works, the combination of sun photometer and

CALIPSO measurements during daytime is a useful technique for obtaining aerosol ex-

tinction profiles over a determined area. However, several factors limit the applicability

of this method: low aerosol conditions, poor signal-to-noise ratio of CALIOP signal for15

some cases, presence of clouds or aerosol variability, both vertical and horizontal.

In this work we combine CALIOP level 1 data with AOD from surface sun photome-

ters to study the aerosol vertical distribution of aerosol over the AERONET (AERONET,

2001) stations of Burjassot (39.51
◦
N, 0.42

◦
W) and Barcelona (41.39

◦
N, 2.11

◦
E) , in

the Mediterranean coast of Spain. The results have been validated in a comparison20

with a ground-based lidar in Barcelona. Afterwards, the developed methodology has

been applied to the stations of Burjassot and Barcelona in order to prove the validity of

the CALIOP sensor for local-scale aerosol studies.
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2 Instrumentation and measurements

2.1 CALIOP

The CALIOP sensor, the main instrument aboard the CALIPSO platform, is a Lidar

system designed to perform measurements of the vertical profile of the atmosphere in

near-nadir angle orbiting in a sun-synchronous orbit, 705 km from the earth surface.5

CALIOP has three operating channels: two operating at 532 nm, with parallel and per-

pendicular polarization respectively, and one at 1064 nm. However, only the total signal

at 532 nm is used in this work.

Although CALIOP only offers aerosol information in the altitude range from −0.5 to

30 km, it also collects data at other altitudes that are used for the signal calibration and10

the calculation of the background noise caused by the solar radiation. This noise is one

of the main problems that CALIOP has to deal with, especially in daytime measure-

ments, when the noise can be similar to the signal itself, e.g. in clear atmospheres.

The main level 1 product offered by CALIOP is the attenuated backscatter (β
′
), de-

fined at a height z and for a wavelength λ as:15

β′
λ
(z) = βλ(z) exp



−2

TOA
∫

z

σλ(r
′)dr ′



 = βλ(z)T 2
λ

(z) (1)

where β is the backscatter coefficient, σ is the extinction coefficient and T is the trans-

mittance (Hostetler, 2006); and TOA is the top of the atmosphere height.

2.2 AERONET

AERONET (Holben et al., 1998) is a global network of sun photometer stations that20

carry out measurements of different aerosols properties. The instrument used in the

AERONET network is the CIMEL 318A spectral radiometer, which is designed to per-

form spectral measurements (usually from 340 to 1020 nm) of the direct solar radiation
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and the sky radiance at different angles. Using these measurements, and through an

inversion algorithm (Dubovik and King, 2000) it is possible to retrieve information about

the AOD, the phase function, the Ångström exponent and the size distribution.

The AERONET station of Burjassot (Fig. 1) is placed on the roof of the Physics

Faculty, in the metropolitan area of Valencia (>1.5 million inhabitants in 2011), 5 km5

far from Valencia city center and 10 km far from the Mediterranean Sea. The station is

30 m a.s.l. (above sea level) in a predominantly plain region, 15 km south of the nearest

mountain range, with its highest peak at an altitude of 1000 m. The station has been

supplying data to AERONET since April 2007.

The Barcelona site (Fig. 1) is located in the Universitat Politècnica de Catalunya10

(UPC), in the metropolitan area of Barcelona (>3 million inhabitants in 2011), 5 km

west of the city center and 6 km far from the Mediterranean coast. The sun photometer

is placed 125 m a.s.l., at the foothill of Sierra de Collserola, at about 4 km far from

its highest peak, the mount Tibidabo (512 m). This station has been operating since

December 2004.15

2.3 RSLAB lidar

The RSLAB Lidar is a Lidar system developed by the Remote Sensing Laboratory

(RSLab) of the Universitat Politècnica de Catalunya (UPC). This system is part of the

European Aerosol Research Lidar Network (EARLINET) that, among other duties, per-

forms coincident measurements with CALIPSO overpasses for validation (Pappalardo20

et al., 2010).

At the time of the measurements (2008–2009) the lidar system measured the verti-

cal profile at the elastic wavelengths of 532 and 1064 nm, the same as CALIOP, and at

the Raman wavelength of 607 nm (Rocadenbosch et al., 2002). The lidar had an over-

lap distance of approximately 500 m, and a range resolution of 7.5 m, which effectively25

becomes a vertical resolution of 5.9 m due to the tilted position of the lidar system. In

2010, the system was upgraded to a 3-elastic wavelengths (355, 532 and 1064 nm)

plus 3-Raman wavelengths (387, 407 and 607 nm) system (Reba et al., 2010). The
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RSLab Lidar system is located next to the Barcelona AERONET station, so that the

measurements made by both instruments are representative of the same aerosol con-

ditions in the atmosphere.

3 Data processing

3.1 CALIOP5

Due to the low signal-to-noise ratio in a single daytime level 1 profile, it is necessary to

average a certain number of consecutive profiles to obtain a signal adequate enough

to calculate the aerosol extinction profiles. In our method, we have averaged the level 1

signal over an area surrounding each AERONET station. This area must fulfill two

requirements: being large enough to reduce the signal noise, but, at the same time,10

being small enough to represent the aerosol situation over each AERONET station.

Different criteria for the election of the averaging area can be found in other works

where CALIOP and surface sun photometer data are combined. For example, depend-

ing on the case, the number of profiles averaged by Chazette et al. (2009) vary from 134

(∼44 km) to more than 400 (>130 km). On the other hand, Kim et al. (2008) only use15

the 18 closest profiles (∼6 km) to the ground-based lidar station.

The criterion we used to choose the averaging area is based on the one described by

Ichoku et al. (2002) which estimate, using data from the TOMS (Total Ozone Mapping

Spectrometer) sensor, that the mean speed of an aerosol front is about 50 km h
−1

.

Therefore the hourly averaged measurements of a sun photometer can apply to a20

50×50 km window centered in the sun photometer. This averaging scale is similar to

the one used by the CALIOP algorithms to detect aerosol layers.

To remove clouds from the level 1 profiles, we have used the CAD (Cloud-Aerosol

discrimination) score, offered as part of the level 2 product catalogue (Liu et al., 2009).

The CAD score presents negative values in those parts of the profile that the algo-25

rithm has classified as aerosol, and positive values for the parts classified as clouds.
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The absolute value of this score is an estimate of the confidence of the classification.

In addition to the CAD score, we have also used the Extinction Quality Control (QC)

Flag 532 product that describes in which conditions the CALIOP algorithm has esti-

mated the aerosol extinction profiles. We consider cloud-contaminated those profiles

associated to CAD score values over −30 or with QC Flag values indicating that the5

initial assumptions of the algorithm had to be changed to avoid divergence or negative

results. Those cases with more than 50 % of the profiles classified as cloud contami-

nated are then discarded.

After removing the cloudy profiles, a change in the vertical resolution is made from

the original 30 m in level 1 data to 60 m. This change is made for two reasons: (1) to10

increase the signal-to-noise ratio; and (2) to match the vertical resolution of level 2

data for direct comparison. Finally, the uncertainty for the β
′

profiles, namely ∆β
′
, is

calculated as described by Liu et al. (2006).

3.2 AERONET

The CALIOP data used in this work are measured in the 532 nm channel. However, the15

AERONET sun photometers used in this work do not operate in that wavelength. The

calculation of the AOD at 532 nm has been made by using the Ångström exponent,

using the 675 and 500 nm channels when they are available (Burjassot since February

2009) or the 675 and 440 nm channels otherwise. We used the two nearest channels

to 532 nm because the Ångström exponent can change with the wavelength (Martinez-20

Lozano et al., 1998). The Ångström law sets that the spectral variation of the AOD is

given by:

AODλ1
= AODλ2

(

λ1

λ2

)−α

(2)

being λ1 and λ2 the selected wavelengths, and α the Ångström exponent. The values

of the AOD obtained from AERONET measurements are averaged during one hour25

centered in the overpass of CALIPSO (Ichoku et al., 2002).
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The uncertainty associated to the AOD at 532 nm has two major sources: the un-

certainty in the measurement of the sun photometer and the temporal variability of the

aerosols during the averaging time. In the AERONET webpage it is suggested that

the measurements of the sun photometers have a typical uncertainty between 0.01

and 0.02, although it strictly changes with the solar height and wavelength (Estellés5

et al., 2006). Since the actual uncertainty at the CALIOP overpass time is likely to lie

between the suggested values in the AERONET webpage (Estellés et al., 2006), we

consider a mean constant uncertainty of 0.15 for all channels and then calculate the

error at 532 nm with uncertainty propagation theory.

The uncertainty due to the variability of the AOD is calculated with Eq. (3):10

∆AODvar
532

=
AOD

max
532 − AOD

min
532

2
(3)

where AOD
max
532 and AOD

min
532 are, respectively, the maximum and minimum values of

AOD used in the average. Equation (3) is preferred to the standard deviation because

the number of AERONET measurements during the averaging time is usually less

than 5, and thus not relevant enough for a statistical analysis. Since the uncertainties15

caused by instrumental limitations and aerosol variability are independent, the total

error for the AOD is calculated as:

∆AOD532 =

√

(

∆AODins
532

)2
+
(

∆AODvar
532

)2
. (4)

3.3 RSLAB lidar

The RSLAB lidar signal is averaged one hour centered in the CALIPSO overpass20

over Barcelona, as it is done with the AERONET data. The aerosol extinction pro-

files are obtained using the two-component elastic lidar inversion algorithm (Fernald,

1984; Sasano and Nakane, 1984; Klett, 1985) and the AERONET AOD as a boundary

condition (Reba, 2010). Once the extinction profile is calculated, its vertical resolution

is changed so that it matches the CALIOP processed data vertical resolution (60 m).25
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4 Determination of extinction profiles

In our case, the extinction coefficients are calculated directly from β
′
. First, we sepa-

rate the backscatter coefficient (β) and extinction (σ) coefficients into their respective

components: gas molecules (m), aerosols (a) and ozone (o, which only contributes to

extinction). This way, β
′
at 532 nm can be written as:5

β′(z) =
(

βm(z) + βa(z)
)

exp



−2





TOA
∫

z

(

σm (r ′) + σo (r ′) + σa(r ′)
)

dr ′







 . (5)

If we consider the altitude increments (∆r) always positive, Eq. (5) can be written in a

discrete form as:

β′
z =
(

βm
z + LRσa

z

)

exp

[

−2

(

z
∑

i=1

[(

σm
i
+ σo

i
+σa

i

)

|∆ri |
]

)]

. (6)

From Eq. (6), σ
a

at an altitude with index j can be analytically calculated using the10

Lambert W function (e.g. Veberič, 2012):

σa
j
=

[

−2βm
j
|∆ri | − LR · W

{

−
2β

′
j |∆ri |

LR
exp

(

2
(

MODj + OODj + AODj−1

)

−
2β

m
j |∆ri |

LR

)}]

·
(

2 |∆ri |LR
)−1 (7)

where LR is the lidar ratio, and MODj and OODj stand for, respectively, the molecular

and the ozone optical depth at an altitude of index j , and are defined as:

MODz =

z
∑

i=1

[(

σm
i

)

|∆ri |
]

(8)15

OODz =

z
∑

i=1

[(

σo
i

)

|∆ri |
]

. (9)
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Equation (7) has several unknowns required to determine σ
a
. These terms are either

measured (β
′
) or obtained using models (β

m
, MOD and OOD).

Finally, the solution of Eq. (7) requires a certain value of LR. In our case we consider

a constant LR for the whole profile. This assumption is common in the inversion of

elastic lidar signal and is adequate when the distribution of aerosols in the atmosphere5

is homogeneous (Kovalev, 1995). This constant LR will be iteratively determined so

that the AOD from the CALIOP profile matches the AERONET AOD, with a maximum

absolute difference of 0.015 (the instrumental error of the sun photometers).

Assuming a constant LR in the whole profile will unavoidably lead to a certain error if

two or more aerosol layers with different LR co-exist in the atmosphere. However, using10

the AERONET AOD as a constraint allows us to avoid aerosol classifications that can

be affected by daytime signal noise or imply wrong assignments of LR for some cases

(Schuster, 2012).

Based on the typical values of LR measured by surface systems at 532 nm (Liu et

al., 2002; Mattis et al., 2002; Ansmann et al., 2000; Franke et al., 2003), we have set a15

valid range for the LR between 20 and 110 sr. The cases not lying in this range will be

discarded, since the exceptionally high or low values of LR suggest a non-negligible

incompatibility of the measurements of CALIOP and AERONET, either because of

aerosol variability, signal noise or failure in cloud removal.

Uncertainty calculations20

An estimation of the uncertainty of the aerosol extinction profiles and LR has also been

made using simulated profiles. The uncertainties due to the noise in CALIOP signal

(∆σCAL and ∆LRCAL) are estimated by the following procedure:

1. At each altitude, a certain number of simulated backscatter coefficients are ran-

domly generated assuming a normal distribution with a mean value of β
′

and a25

standard deviation equal to its associated uncertainty (∆β
′
).
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2. For each simulated aerosol backscatter profile, an extinction profile together with

a LR value is obtained, as it has been described in Sect. 3.2.

3. The uncertainty due to the noise in CALIOP signal is calculated as the standard

deviation of these simulated aerosol extinction coefficients and LR values.

The uncertainties due to the AOD indetermination (∆σAOD and ∆LRAOD) are calculated5

in a similar way. The only difference is found in step 1, where random AOD values are

generated following a normal distribution, instead of backscatter coefficients. Finally,

the total uncertainty for both parameters is calculated as:

(∆σ) =

√

(∆σCAL)2
+ (∆σAOD)2 (10)

(∆LR) =

√

(∆LRCAL)2
+ (∆LRAOD)2. (11)10

A case study has been chosen for the determination of the optimal number of simu-

lations. The low AOD in this case (0.055) makes it more sensitive to CALIOP signal

noise and uncertainty in the AERONET measurements. The contribution to the total

uncertainty in the LR (with a mean value of 69 sr and σ
a

at 1 km (with a mean value

of 0.020 km
−1

) due to the AOD indetermination and CALIOP signal noise is shown15

in Fig. 2a and b. For a number of simulations greater than 300, variations in the un-

certainty of both LR and σ
a

are smaller than a 15 %, suggesting that this number of

simulations is enough to get a good estimate of the uncertainties.

We can see that the main contribution to the uncertainty of the LR is the indetermi-

nation of the AOD. This is because the deviations of the simulated β
′

from the mean20

value are compensated in the whole profile. On the other hand, CALIOP signal noise

is the main cause in the uncertainty of the σ
a

values at a certain altitude.
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5 Results

5.1 Summary

A summary of the number of CALIOP overpasses used in combination with AERONET

from June 2006 to September 2011 is shown in Table 1. We can see that only a small

percentage of the cases can be finally used to obtain valid aerosol extinction profiles.5

In 60 % of the cases, the CALIOP measurements have to be discarded due to the

presence of clouds or the inability to find aerosols; and 15 % of the CALIOP overpasses

cannot be exploited because there are no coincident AERONET measurements. Taking

into account the time span in the database (more than 5 years), the number of valid

cases is very limited. This is the drawback of using CALIOP data for a local study.10

In Table 2 we present the mean values of the main parameters obtained with the

suggested method (from now on, C+A, standing for CALIOP plus AERONET) and

the level 2 data from CALIOP. The mean aerosol extinction profiles both for Burjassot

and Barcelona have been calculated (see Fig. 3). As we can see, the aerosol layers

reach, on average, a higher altitude in the case of Burjassot. This is caused by the15

Saharan dust intrusions, which have a bigger impact in the Burjassot station during the

studied cases. More details on dust intrusions are given in Sect. 4.4. We also can see

a noticeable discrepancy between the results obtained by C+A and the ones from the

level 2 catalogue. For instance, the LR values obtained with C+A are systematically

higher and have a greater variance than the ones given by level 2 data. This may20

be caused by the fact that in many cases CALIOP uses fixed values of LR, always

under 70 sr, depending on the aerosol type. Finally, the mean LR values obtained in

Barcelona, both for C+A and level 2 data, concur, within the margin of error, with the

mean annual value of 55.5 sr retrieved by Sicard et al. (2011).
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5.2 Comparison with RSLAB lidar

In this section, measurements of the RSLAB lidar are compared to the C+A method

and CALIPSO level 2 extinction profiles. Three daytime cases are available for direct

comparison, and each case is studied in detail in order to reach a better understanding

of the capabilities and limits of the proposed C+A method and the level 2 data. The5

three available cases are called case a (10 August 2008), case b (22 March 2009)

and case c (28 July 2009). More information about the CALIOP overpasses is given in

Table 3.

The extinction profiles from RSLAB measurements are obtained by means of the the

two-component elastic lidar inversion algorithm (Fernald, 1984; Sasano and Nakane,10

1984; Klett, 1985), using a fixed value of AOD as a closing condition (Reba, 2010). In-

stead of using the column integrated AERONET-derived AOD, we use the C+A results

to calculate the AOD over and under the overlap distance (dim 500 m) in each case, so

we can have a better estimation of the actual aerosol load in the range the inversion is

performed. In this way, comparisons between RSLAB, C+A and Level 2 data can be15

made more accurately. Finally, the vertical resolution of the RSLAB extinction profiles

is changed from 5.9 to 60 m in order to match the resolution of C+A and level 2 data.

5.2.1 Comparison between RSLab and C+A

In this section we describe the three cases where comparisons between RSLab and

C+A could be made. A summary of the results is shown in Table 4.20

Case a (10 August 2008)

The AERONET-derived AOD for this case is 0.177±0.017, while C+A estimates an

AOD value of 0.12 above the overlap. The comparison between RSLAB and C+A is

shown in Fig. 4. We can see that in both cases the aerosol layers reach the same

altitude (∼3 km), and that the C+A method is able to detect the weak (<0.025 km
−1

)25
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upper aerosol layer (2–3 km). Between 2 and 1.5 km, C+A reproduces the sharp vari-

ation in σ
a

seen by RSLAB. Finally, for altitudes below 1.5 km, both RSLAB and C+A

show that the values of σ
a

fluctuate around 0.1 km
−1

. The scatter plot shows a good

correlation (R
2
=0.85) between both cases, with a slope of 1.04. The LR retrieved by

C+A has a value of 60±6 sr, which is 18 sr bigger than the one obtained with the5

RSlab. This difference is three times bigger than the estimated uncertainty by C+A.

Case b (22 March 2009)

In this case, the AOD from AERONET has a value of 0.172±0.019, and the estimated

AOD over the overlap range is 0.13. In Fig. 5 a comparison between RSLab and C+A

is shown. We can see that in this case most of the aerosols lie below 2 km, and that a10

sharp decrease in σ
a

between 1 and 1.5 km is detected by both methods.

A good correlation is found between RSLab and C+A in this case (R
2
=0.93), with a

slope of 0.95. The C+A method has found a LR of 53±5 sr, while RSlab-derived has

a value of 44 sr, 9 sr fewer, a difference that is almost twice the estimated uncertainty.

Case c (28 July 2009)15

This last case is the one with highest aerosol load, with an AOD of 0.228±0.017 and

an estimated AOD over the overlap range of 0.20. The aerosol profiles from RSLab

and C+A are shown in Fig. 6. In the scatter plot we can see that the correlation be-

tween C+A and RSLab is higher for values of σ
a

below 0.1 km
−1

, which correspond

to altitudes over 1.3 km, but decreases for bigger values of σ
a
. The R

2
for the whole20

profile is found to be 0.71, and the linear fit has a slope of 0.88.

5.2.2 Comparison between RSLab and level 2 data

Before comparing RSLab and level 2 data we have to bear in mind that the RSLAB

extinction profiles are obtained assuming a constant LR, while level 2 data make no

restriction about it. Therefore, although the comparison is made for the three cases,25
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only case 2, where a constant LR is found by CALIOP algorithms, should be taken into

account to assess the accuracy of level 2 extinction profiles. In this way we avoid the

discrepancies that might be caused by the different assumptions made for obtaining

the LR. The results of the comparisons can be seen in Table 5 and Fig. 7.

Case a (10 August 2008)5

In Fig. 8 we show the aerosol classification scheme near the Barcelona station ac-

cording to the level 2 Feature Classification Flags. It can be seen that three different

aerosol situations (separated with dashed grey lines) lie within the averaging area (be-

tween red vertical lines): situation 1, with an upper layer classified as polluted dust

(LR=55±22 sr) and a lower layer made of polluted continental (70
±

25 sr) and pol-10

luted dust aerosols; situation 2, with three different layers of polluted dust, polluted

continental and dust aerosols (40±20 sr); and situation 3, consisting of a single layer

of polluted dust that spreads from the ground to 2 km.

In Fig. 8 we can see the differences in the extinction profiles obtained with Level 2

data and RSLab. In both cases the sharp variation of σ
a

is seen between 1.5 and 2 km.15

However, level 2 data fails in detecting the upper weak aerosol layers (σ
a
<0.02 km

−1
)

that C+A did notice.

Level 2 data underestimates the AOD in 0.02, which is a good estimation if we com-

pare it with the average performance of level 2 against AERONET over Barcelona

(Sect. 4.3). The RMSD is found to be 0.03, with a R
2

of 0.69. The mean LR for level 220

data is calculated as the aerosol extinction coefficients integrated for the whole profile,

divided by the aerosol backscatter coefficients integrated for the whole profile:

LRL2 =

N
∑

i=1

σ
a
i

N
∑

i=1

βa
i

. (12)
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For this case we have found a value of 55 sr, 13 sr bigger than the LR derived by RSLab.

Case b (22 March 2009)

The level 2 aerosol classifications (Fig. 9) show the existence of two main different

aerosol situations within the averaging area, both consisting of polluted dust: the first

one lying from the ground to 1 km; and the second reaching an altitude over 1.5 km.5

Figure 6 shows the different profiles obtained with RSLab and level 2 data.

Since only one type of aerosol has been detected, a direct comparison can be made

with RSLab and C+A data (Table 6 and Fig. 10). We can see that for the studied pa-

rameters C+A show the best results, although level 2 data offers a reasonable good

performance in this case: a difference in the AOD of 0.01, better than the mean perfor-10

mance of level 2 against AERONET over Barcelona (Sect. 4.3), a RMSD of 0.03 km
−1

and a R
2

of 0.84. A LR of 55 sr has been found (corresponding to polluted dust), which

is 11 sr greater than the LR obtained by the RSLab-photometer synergy.

Case c (28 July 2009)

According to level 2 data, there are two main different aerosol situations near the15

Barcelona station (Fig. 11): situation 1, consisting of a polluted dust layer going from

the ground over 2 km; and situation 2, where dust and smoke aerosols (70±28 sr) are

detected within the polluted dust layer. The mean level 2 extinction profile within the

whole averaging area are compared with the RSLAb measurements (Fig. 7). We can

see the decrease in σ
a

between 1 and 2.5 km in both cases, although level 2 data fails20

in detecting the upper aerosols with low σ
a

(<0.025 km
−1

). The level-2 derived AOD is

found to be 0.19, 0.04 lower than the measured by AERONET, which is better than the

mean performance of level 2 against AERONET over Barcelona (Sect. 4.3), a RMSD

of 0.04 km
−1

and a R
2

of 0.73. In this case the LR has a mean value of 57 sr, 15 sr

higher than the LR found by the RSLab lidar.25
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5.2.3 Summary of the comparison

For case b, where discrepancies caused by the different assumptions of LR can be

avoided, we have seen that C+A shows a better agreement with RSLab than level 2

data. For all cases, C+A shows good correlation with RSLab measurements. More-

over, the method could detect weak aerosol layers (σ
a
<0.025 km

−1
) at altitudes where5

level 2 algorithms could not. This fact is consistent with the results obtained by Sheri-

dan et al. (2012), who find that for daytime conditions CALIOP algorithms are unable

to detect aerosols with σ
a
<0.02 km

−1
in a 50 % of the cases.

We have estimated RMSD values between 0.02 and 0.04 km
−1

, which are consistent

with the results obtained by Kim et al. (2008) for a cloud-free case with a mean differ-10

ence of about 0.02 km
−1

. However, big discrepancies have been found in the values of

LR (between 9 and 20 sr), that have been overestimated for all cases.

Level 2 data has been compared to RSLab for the three cases, although we have to

take into account that comparisons of cases a and c might be affected by the different

assumptions made for obtaining the LR. For all cases the level 2 data overestimated15

the LR found by the RSLab between 11 and 15 sr. For the extinction profiles, the results

obtained can be compared to those present in the work by Misra et al. (2012), where a

similar comparison is made over Kanpur, India. For four cases where CALIPSO over-

pass distance is lower than 25 km, Misra et al. (2012) find a mean RMSD of 0.18 km
−1

and a mean R
2

of 0.63 between level 2 data and a ground-based lidar plus a photome-20

ter. This is a poor performance compared to our results (Table 5), and can be explained

by the difference of the AOD values over Kanpur (over 0.5) and Barcelona (under 0.25);

or by the particularly good performance of level 2 data in the three cases studied over

Barcelona, compared to the average results (Sect. 4.3).

5.3 Comparison between C+A and level 2 data25

In Table 7 we present the results of the comparison between the AOD given by CALIOP

level 2 data and the AOD from AERONET measurements (Fig. 12). The best results
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are obtained for the Barcelona station, with lower values for both the mean difference

(MD) and root mean squared difference (RMSD). It is remarkable that the estimated

R
2

for the Barcelona station, 0.65, is much higher than the one obtained by Bréon et

al. (2011), 0.4, comparing the CALIOP level 2 data against AOD measurements from

AERONET. These differences may be explained by the fact that Bréon et al. (2011)5

used a square averaging window 150 km wide, which led to a greater aerosol variability

influence, while in this work we use a much smaller circular area of radius of 25 km.

A comparison of the LR estimated by C+A and the ones given by level 2 data has

been also made (Table 8). The LR for level 2 data is calculated in each case using

Eq. (12). We can observe that the value for R
2

is less than 0.1 for all cases, which10

indicates a poor correlation between the LR obtained by C+A and CALIOP level 2

data. This may be caused by the fact that in many cases CALIOP uses pre-established

fixed values for the LR, and because these values are never higher than 70 sr, although

such LR values can actually be found (Liu et al., 2002; Mattis et al., 2002; Ansmann et

al., 2000; Franke et al., 2003), for example for industrial, urban and biomass burning15

aerosols.

Finally, a comparison of σ
a

is carried out. The main statistical parameters have been

calculated for each profile, and their mean values are shown in Table 9. The mean

values of R
2

obtained for all cases (0.7∼0.8) indicates that, in general, there is a good

correlation between C+A and level 2 data (Fig. 13). We find a mean RMSD of 0.06,20

which is equivalent to the mean value of σ at an altitude of 1.1 km in Burjassot or at

1.5 km in Barcelona.

5.4 Saharan dust outbreaks

Due to its proximity to Northern Africa, the Iberian Peninsula is usually affected by

aerosol fronts arriving from the Saharan Desert (Pérez et al., 2006; Cachorro et al.,25

2008). To know the origin of the air masses we have used the HYSPLIT (HYbrid Single

Particle Lagrangian Integrated Trajectory) back trajectories (Draxler and Rolph, 2003).

We classified those cases as dust outbreaks when the back trajectories crossed the
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Sahara Desert within the 5 previous days to the CALIPSO overpass. We have found

4 cases for the Burjassot station but none for Barcelona.

In Fig. 14 we show the mean aerosol extinction profiles for cases classified as dust

outbreak and for the rest of cases. There is a noticeable difference between both situ-

ations: in cases affected by dust outbreaks aerosols reach an altitude of 6 km with an5

inhomogeneous vertical distribution, whereas the mean extinction profile for the rest of

cases lies below 5 km and have an exponential shape.

We have obtained a mean LR of 56 sr for the dust outbreaks, with a standard

deviation of 10 sr. These values are consistent with the ones retrieved by Pedrós

et al. (2010), who obtained a LR between 55±11 and 60±6 sr (depending on the10

method) for Burjassot during dust outbreaks.

As a study case we present the dust outbreak on 1 August 2011, with an AERONET

AOD of 0.476±0.021 at 532 nm. The aerosol extinction profile, together with the back-

trajectory analysis, is shown in Fig. 15.

Two different aerosol layers are noticed: one below 1500 m (red), and the other be-15

tween 3000 and 6000 m (green). We have computed the back-trajectories for each

layer (800 and 4500 m, respectively), and also for the aerosol free zone between them

(2500 m). According to the results given by the HYSPLIT model, we can see that the

air mass of the lowest layer had travelled near the land surface on the SE of the Iberian

Peninsula, and that it raised to the altitude where it was detected about two days be-20

fore the CALIOP overpass. For the aerosol-free zone between 1500 and 3000 m, the

air masses travel from the Atlantic Ocean in a descending trajectory starting above

5000 m. Finally, we can see that the air masses at 4500 m come from the Western Sa-

hara. They first travelled at the ground level and were advected later up to the altitude

where they were detected in Burjassot.25

In Fig. 16 we show the size distribution given by AERONET. It can be seen that the

coarse mode (>1 mum) is dominating, which indicates the presence of large particles,

such as dust. The LR in this case is 61±4 sr, consistent with the results of Pedrós et

al. (2010).
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Since this is a case where two clearly different aerosol layers co-exist, it is a good

opportunity to study the divergences between C+A and level 2 data caused by the

different methodology used for estimating the LR. In Fig. 17 we present the aerosol

situation near Burjassot as seen by the CALIOP algorithms. The two layers are clas-

sified as dust (upper layer) and polluted dust (lower layer). In Table 10 we show the5

differences in the AOD and LR for the two layers and the whole profile for Level 2 and

C+A data. We can see that level 2 AOD is clearly lower than the AERONET-derived

AOD (0.232 vs. 0.477), a fact that might be caused by the inability to detect low σ
a

values and the underestimation of the LR in one or both of the aerosol layers. It is also

noticeable that the different methodology for estimating the LR has an effect on the10

relative vertical distribution of AOD, and the upper dust layer has a bigger weight in the

total AOD for C+A (70 %) than for level 2 data (66 %).

6 Conclusions

We have developed a methodology for combining daytime data from CALIOP and

AERONET for the determination of aerosol extinction profiles in local scales. In this15

way we try to fulfill a double objective: get more accurate extinction profiles than the

ones given by CALIOP level 2 data and complete the column integrated information in

AERONET sites with vertically-resolved data.

To prove the validity of the proposed methodology, we have applied it to the

AERONET station of Barcelona, where the results can be compared to surface lidar20

measurements. Then, we have used this methodology for the study of aerosols over

the AERONET station of Burjassot.

We have analyzed three cases where surface lidar measurements were made in co-

incidence with CALIOP overpasses. A mean RMSD of 0.03 km
−1

with a correlation co-

efficient (R
2
) of 0.8 has been obtained, which indicates a similar shape in the extinction25

profile. C+A has also been able to detect weak aerosol layers with σ
a
<0.025 km

−1
.
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For case b (22 March 2009) C+A results show better agreement with RSLab than

level 2 extinction profiles.

In the comparison with CALIOP and level 2 data, we have observed that the corre-

lation between the AOD measurements varied depending on the AERONET station,

obtaining better results for Barcelona, with a R
2

of 0.65. The lidar ratios obtained with5

the proposed methodology (namely, C+A) are greater than those given by CALIOP

level 2 data, and show poor correlation (R
2
<0.1). For the extinction profiles, a mean

R
2

of 0.8±0.2 has been found between CALIOP level 2 and C+A, which indicates a

good agreement in the shape of the profiles.

With the help of the HYSPLIT model we could study the influence of the dessert10

aerosols over the Burjassot AERONET station. We have noticed relevant differences

between the cases where air masses came from Northern of Africa and the rest of the

cases, especially above 1500 m.
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Table 1. Summary of the valid and discarded cases. The mean value of the overpass times,
minimum distance between CALIOP overpass and each AERONET station and number of
averaged profiles is also shown. Numbers between brackets points the standard deviation of
each parameter.

Burjassot Barcelona

Total cases 117 111
Cloudy and non-aerosol cases 68 74
No AERONET measurements 20 8
Not valid LR value 6 7
Valid cases 23 22

Overpass time (hh:mm) 13:20 (00:02) 13:08 (00:02)
Distance (km) 6 (3) 3 (2)
Averaged level 1 profiles 119 (19) 123 (19)
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Table 2. Mean values for the AOD and LR. Standard deviation between brackets.

Burjassot Barcelona

C+A

AOD 0.19 (0.12) 0.17 (0.09)
LR (sr) 60 (16) 66 (13)

CALIOP level 2

AOD 0.12(0.08) 0.17 (0.13)
LR (sr) 48 (12) 53 (7)
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Table 3. Summary of the CALIOP overpasses over Barcelona in the three study cases.

Case a b c

Date 10 August 2008 22 March 2009 28 July 2009
AOD(AERONET) 0.177±0.017 0.172±0.019 0.228±0.017

Overpass time 13:08:06 13:11:41 13:10:30
Minimum distance (km) 6.0 2.1 4.6
Number of averaged profiles 115 118 141
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Table 4. Results of the comparison between RSLAB and C+A for all cases. The studied

parameters are root mean squared difference (RMSD), correlation coefficient (R
2
), LR and

LRx −LRRSlab (∆LR). The relative deviations with respect to the RSLab values are shown be-
tween brackets.

Case a Case b Case c
(10 August 2008) (22 March 2009) (28 July 2009)

RMSD 0.02 0.02 0.04

R
2

0.85 0.93 0.71
LR 60±6 53±5 62±5
∆LR 18 (40 %) 9 (20 %) 20 (48 %)
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Table 5. Results of the comparison between RSLAB and level 2 data for all cases. The stud-
ied parameters are AOD, AODx-AODAERONET(∆AOD), root mean squared difference (RMSD),

correlation coefficient (R
2
), mean LR (LR) and LRx −LRRSlab(∆LR). The relative deviations with

respect to the RSLab values are shown between brackets.

Case a Case b Case c
(10 August 2008) (22 March 2009) (28 July 2009)

AOD 0.16 0.18 0.19
∆AOD −0.02 (−10 %) 0.01 (6 %) −0.04 (17 %)
RMSD 0.03 0.03 0.04

R
2

0.69 0.84 0.73

LR (sr) 55 55 57
∆LR (sr) 13 (42 %) 11 (25 %) 15 (35 %)
Constant LR No Yes No
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Table 6. Results of the comparison between RSLAB and C+A and level 2 for case b. The
studied parameters AOD, AODx-AODAERONET (∆AOD), root mean squared difference (RMSD),

correlation coefficient (R
2
), mean LR (LR) and LRx −LRRSlab (∆LR). The relative deviations

with respect to the RSLab values are shown between brackets.

RSLab C+A Level 2

AOD 0.172 0.172 0.183
∆AOD – – 0.010 (6 %)
RMSD – 0.025 0.033

R
2

– 0.93 0.84

LR (sr) 44 53±5 55
∆LR (sr) – 9 (20 %) 11 (25 %)
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Table 7. Mean AOD values given by AERONET and CALIOP level 2 data, with the standard de-
viations between brackets. Statistical parameters from the comparison are also shown: mean

difference (MD), root mean squared difference (RMSD), correlation coefficient (R
2
), and per-

centage of AOD in the estimated margin of error (1∆).

Burjassot Barcelona Total

AODAERONET 0.19 (0.12) 0.17 (0.09) 0.18 (0.10)

AODN2 0.12 (0.09) 0.17 (0.13) 0.14 (0.11)
MD 0.06 0.006 0.04
RMSD 0.11 0.07 0.09

R
2

0.5 0.7 0.5
1∆ (%) 9 14 12
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Table 8. Mean LR values from C+A and CALIOP level 2 data, with the standard deviations
between brackets. Statistical parameters from the comparison are also shown: mean difference

(MD), root mean squared difference (RMSD), correlation coefficient (R
2
), and percentage of

AOD in the estimated margin of error (1∆).

Burjassot Barcelona Total

LRC+A 60 (16) 66 (12) 63 (15)

LRN2 48 (12) 55 (13) 51 (10)
MD 9 13 11
RMSD 18 19 19

R
2

0.03 0.002 0.03
1∆ (%) 16 31 23
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Table 9. Mean values of the statistical parameters obtained from σ
a

case-to-case comparisons:

mean difference (MD), root mean squared difference (RMSD), correlation coefficient (R
2
), and

percentage of AOD in the estimated margin of error (1∆).

Burjassot Barcelona Total

MD 0.014 (0.024) 0.005 (0.003) 0.01 (0.03)
RMSD 0.06 (0.03) 0.06 (0.04) 0.06 (0.03)

R
2

0.7 (0.3) 0.8 (0.2) 0.8 (0.2)
1∆ (%) 13 (8) 9 (5) 11 (7)

4020

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD

6, 3983–4038, 2013

Daytime aerosol

extinction profiles

from the combination

of CALIOP profiles

C. Marcos et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
Table 10. AOD and LR from Level 2 data and C+A for 1 August 2011 over Burjassot. Values
between brackets show the relative contribution to the total AOD.

Level 2 C+A

AOD Upper layer 0.153 (66 %) 0.333 (70 %)
Lowe later 0.079 (34 %) 0.143 (30 %)
Total 0.232 0.477

LR (sr) Upper layer 40 61
Lowe later 55 61
Mean 44 61
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Fig. 1. Location of Barcelona and Burjassot AERONET sites. The circle around each station
shows the actual size of the averaging area.
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Fig. 2. (A) Estimated uncertainty for σ
a

at 1 km and (B) estimated uncertainty for LR at against
number of simulated profiles. The blue line shows the contribution of the uncertainty in AOD
and the red line the contribution of the CALIOP noise.

4023

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD

6, 3983–4038, 2013

Daytime aerosol

extinction profiles

from the combination

of CALIOP profiles

C. Marcos et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

0 0.05 0.1 0.15
0

2

4

6

8

10

σ
a
 (km

−1
)

A
lt
. 

(k
m

)

Aerosol Mean Extinction Profiles

 

 

Burjassot
Barcelona

Fig. 3. Mean aerosol extinction profiles for the Barcelona (red line) and Burjassot (blue line)
sites.
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Fig. 4. Left panel: aerosol extinction profiles from RSLAB (black line) and C+A (blue dashed
line) for case a (10 August 2008). Right panel: σ

a
from C+A vs. σ

a
from RSLab. The black

dashed line shows the linear fit.
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Fig. 5. Left panel: aerosol extinction profiles from RSLAB (black line) and C+A (blue dashed
line) for case b (22 March 2009). Right panel: σ

a
from C+A vs. σ

a
from RSLab. The black

dashed line shows the linear fit.
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Fig. 6. Left panel: aerosol extinction profiles from RSLAB (black line) and C+A (blue dashed
line) for case c (28 July 2009). Right panel: σ

a
from C+A vs. σ

a
from RSLab. The black dashed

line shows the linear fit.
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Fig. 7. Aerosol extinction profiles from RSLAB (blue line) and Level 2 (red line) for all cases.
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Fig. 8. Aerosol classification for case a (10 August 2008) according to CALIPSO level 2 data.
The x-axis show the distance of the classification profiles from the Barcelona station. Red
lines point the averaging area limits, and grey dashed lines delimit the three different aerosol
situations (1, 2 and 3).
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Fig. 9. Aerosol classification for case b (22 March 2009) according to CALIPSO level 2 data.
The x-axis show the distance of the classification profiles from the Barcelona station. Red lines
point the averaging area limits, and grey dashed lines delimit the two different aerosol situations
(1 and 2).
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Fig. 10. Aerosol extinction profile for case b (22 March 2009) from RSLab lidar (black line),
Level 2 data (red line) and C+A (blue dashed line).
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Fig. 11. Aerosol classification for case b (28 July 2009) according to CALIPSO level 2 data.
The x-axis show the distance of the classification profiles from the Barcelona station. Red lines
point the averaging area limits, and grey dashed lines delimit the two different aerosol situations
(1 and 2).
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Fig. 12. CALIOP level 2 AOD vs. AERONET derived AOD at 532 nm. Blue dots are the mea-
surements over the Burjassot site and the red dots over Barcelona. The blue and the red lines
show, respectively, the linear fits for Burjassot and Barcelona and the black line is the linear fit
for all measurements.

4033

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/3983/2013/amtd-6-3983-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD

6, 3983–4038, 2013

Daytime aerosol

extinction profiles

from the combination

of CALIOP profiles

C. Marcos et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

◭ ◮

◭ ◮

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
is

c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|
D

is
c
u

s
s
io

n
P

a
p

e
r

|

Fig. 13. Mean aerosol extinction profiles for Barcelona (left panel) and Burjassot (right panel)
sites. The blue lines are the results obtained with the C+A method, and the red lines the
profiles given by CALIOP level 2 data.
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Fig. 14. Mean aerosol extinction profiles for dust outbreaks (red lines) and for the rest of the
cases (blue lines). The continuous lines are the C+A results, and the dashed lines are the
profiles from CALIOP level 2 data.
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Fig. 15. Left panel: aerosol extinction profile over Burjassot for 1 August 2011. The light thin
lines correspond to CALIOP level 2 data, and the thick dark lines are the C+A results. Right
panel: HYSPLIT five day air-mass back trajectories at 800 m (red), 2500 m (blue) and 4500 m
(green).
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Fig. 16. AERONET derived aerosol size distribution during the dust outbreak on 7 August 2012.
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Fig. 17. Aerosol classification near Burjassot according to the CALIOP level 2 algorithms for
1 August 2011. The red lines point the limits of the averaging area.
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