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Abstract. An approach based on the graphical method of
Gobbi and co-authors (2007) is introduced to estimate the
dependence on altitude of the aerosol fine mode radius (Rf)
and of the fine mode contribution (η) to the aerosol optical
thickness (AOT) from three-wavelength lidar measurements.
The graphical method of Gobbi and co-authors (2007) was
applied to AERONET (AErosol RObotic NETwork) spec-
tral extinction observations and relies on the combined anal-
ysis of the Ångstrom exponent (å) and its spectral curva-
ture1å. Lidar measurements at 355, 532 and 1064 nm were
used in this study to retrieve the vertical profiles ofå and
1å and to estimate the dependence on altitude ofRf and
η(532 nm) from theå–1å combined analysis. Lidar mea-
surements were performed at the Department of Mathematics
and Physics of the Universita’ del Salento, in south-eastern
Italy. Aerosol from continental Europe, the Atlantic, north-
ern Africa, and the Mediterranean Sea are often advected
over south-eastern Italy and as a consequence, mixed advec-
tion patterns leading to aerosol properties varying with alti-
tude are dominant. The proposed approach was applied to ten
measurement days to demonstrate its feasibility in different
aerosol load conditions. The selected days were character-
ized by AOTs spanning the 0.26–0.67, 0.15–0.39, and 0.04–
0.27 range at 355, 532, and 1064 nm, respectively. Mean
lidar ratios varied within the 31–83, 32–84, and 11–47 sr
range at 355, 532, and 1064 nm, respectively, for the high
variability of the aerosol optical and microphysical proper-
ties.å values calculated from lidar extinction profiles at 355
and 1064 nm ranged between 0.1 and 2.5 with a mean value
±1 standard deviation equal to 1.3± 0.7. 1å varied within
the −0.1–1 range with mean value equal to 0.25± 0.43.
Rf andη(532 nm) values spanning the 0.05–0.3 µm and the

0.3–0.99 range, respectively, were associated with theå–1å
data points.Rf andη values showed no dependence on the
altitude. 60 % of the data points were in the1å–å space de-
limited by theη andRf curves varying within 0.80–0.99 and
0.05–0.15 µm, respectively, for the dominance of fine-mode
particles in driving the AOT over south-eastern Italy. Verti-
cal profiles of the linear particle depolarization ratio retrieved
from lidar measurements, aerosol products from AERONET
sun photometer measurements collocated in space and time,
analytical back trajectories, satellite true colour images, and
dust concentrations from the BSC–DREAM (Barcelona Su-
per Computing Center-Dust REgional Atmospheric Model)
model were used to demonstrate the robustness of the pro-
posed method.

1 Introduction

Atmospheric aerosols play a central role in influencing the
Earth’s climate by direct, indirect, and semi-direct effects.
In attempts to quantify these effects, the main difficulties
arise from the very high variability in time and space of
the aerosol concentration and related physical, optical, and
chemical properties. The sensitivity of aerosol direct radia-
tive effects and heating rate (HR) profiles to the vertical dis-
tribution of aerosol properties was investigated in a recent
paper by one of the authors (Perrone et al., 2012). Sensitiv-
ity tests indicated that the uncertainties of the aerosol size
distribution and its vertical distribution had a large impact,
mainly on aerosol HR vertical profiles both in the solar and
the terrestrial domain.
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Lidars are currently the best devices to retrieve vertical
profiles of aerosol extinction (α) and backscattering (β) co-
efficients. More specifically, Raman lidars based on a tripled
Nd:YAG laser are able to provideα and β profiles at dif-
ferent wavelengths. Several numerical approaches were de-
veloped in recent years to invertα and β measured at
multiple wavelengths to particle parameters (Kolgotin and
Muller, 2008, and references therein). In the regularization
approach described in Veselovskii et al. (2002) five input
optical data (three backscattering and two extinction coef-
ficients, i.e. 3β+ 2α) were needed to retrieve the particle
size distribution. A numerical approach for the linear esti-
mation of aerosol bulk properties such as particle volume,
effective radius and complex refractive index from three
aerosol backscattering coefficient and one extinction coeffi-
cient (i.e. 3β + α) was recently developed by Veselovskii et
al. (2012), since it would be highly desirable to reduce the
number of optical channels in some lidar experiments. Simu-
lation studies with regard to the feasibility of using combined
observations from sun photometers and lidars for micro-
physical characterization of aerosol particles were reported
by Pahlow et al. (2006). Subsequently, a numerical tool
(LIRIC, LIdar/Radiometer Inversion Code) was developed
by Chaikovsky et al. (2012) to retrieve vertically resolved
aerosol microphysical properties by combining backscat-
tering coefficient measurements at three wavelengths and
sun/sky radiance measurements. This activity was performed
in the framework of the European project Aerosol, Clouds,
and Trace gases Research InfraStructure Network (ACTRIS,
http://www.actris.net/) with the main aim of integrating
sun photometer measurements from AERONET (AErosol
RObotic NETwork) (Holben et al., 1998) with lidar measure-
ments from the European Aerosol Research LIdar NETwork
(EARLINET, Matthias et al., 2004). More recently, the GAR-
RLiC (Generalized Aerosol Retrieval from Radiometer and
Lidar Combined data) method was proposed by Lopatin et
al. (2013). Both LIRIC and GARRLiC use the AERONET
retrieval and the GARRLiC approach for treating lidar data
that is based on the one used in LIRIC. However, in con-
trast to LIRIC, in the GARRLiC method, the size intervals
of the modes may overlap and the size-independent com-
plex refractive index may be different for each aerosol mode.
Gross et al. (2011) used multi-wavelength depolarization and
Raman lidar measurements to characterize the optical prop-
erties of desert dust, marine aerosols, and biomass-burning
aerosol and to determine the changes with the altitude of the
aerosol types. Furthermore, Ansmann et al. (2012) have pro-
posed the single-wavelength POLIPHON (POlarization LI-
dar PHOtometer Networking) technique for the retrieval of
particle volume and mass concentration profiles for fine- and
coarse-mode particles.

The Ångstrom exponent (å) capability to be an indicator
of the dominant size of atmospheric aerosols was exploited
in this study to estimate the dependence on altitude of the
aerosol size distribution from lidar measurements at three

wavelengths (three optical channels). The Ångstrom expo-
nent that is calculated from the spectral dependence of the
aerosol optical thickness (AOT) is commonly used as a good
indicator of the dominant size of the atmospheric particles
determining the AOT. Values ofå≤ 1 indicate size distri-
butions dominated by coarse-mode aerosols (radii≥ 0.5 µm)
that are typically associated with dust and sea salt parti-
cles, and values ofå≥ 1.5 indicate size distributions domi-
nated by fine-mode aerosols (radii < 0.5 µm) that are usually
associated with urban pollution and biomass burning parti-
cles. Schuster et al. (2006) pointed out that it was impor-
tant to consider the wavelength pair used to calculate the
Ångstrom exponent when making qualitative assessments
about the corresponding aerosol size distribution. They found
that å values calculated from longer wavelength pairs (e.g.
λ = 670, 870 µm) were sensitive to the fine-mode fraction of
aerosols but not the fine-mode radius. Conversely, shorter
wavelength pairs (e.g.λ = 380, 440 µm) were sensitive to
the fine-mode effective radius but not the fine-mode frac-
tion. However,å cannot provide information on the relative
contribution of coarse- and fine-mode particles if different
aerosol types are present in the air column. Large fine-mode
particles can have the sameå as mixtures of coarse-mode
and small fine-mode ones (Gobbi et al., 2007). Several au-
thors have investigated how the spectral variation ofå can
provide further information about the aerosol size distribu-
tion (e.g. O’Neill et al., 2003; Schuster et al., 2006, and
references therein). Kaufman (1993) pointed out that neg-
ative values of the differences1å= å (440 nm, 613 nm) –
å(440 nm, 1003 nm) indicated the dominance of fine-mode
aerosol, while positive differences indicated the effect of
two separate modes with a significant coarse-mode contri-
bution. Futhermore, O’Neill et al. (2003) demonstrated that
the recognition that the aerosol particle size distribution is
bimodal permits the extraction of the fine- and coarse-mode
optical depth from the spectral shape of the total aerosol
optical depth. An overview of the studies on the Ångstrom
exponent and its curvature has been reported in Schuster
et al. (2006) and Gobbi et al. (2007). A simple graphi-
cal method to visually convertå and its spectral curvature
(1å) to both the fine-mode aerosol radius and the contri-
bution of the fine-mode aerosol to the AOT was proposed
by Gobbi et al. (2007). In particular, aerosols were classi-
fied in a new space defined by1å vs. å, which was invari-
ant to changes in AOT for a given size distribution. Quality-
assured direct-sun data in the 440–870 nm wavelength range
retrieved from sun photometers operating within AERONET
were used by Gobbi et al. (2007) to demonstrate the feasibil-
ity of the introduced classification scheme. Considering the
operating wavelengths of AERONET sun photometers,å was
derived for the wavelength pairs of 440–870 nm, and its spec-
tral curvature was represented by the difference1å= å(440,
675) – å(675, 870). The graphical method was applied by
Gobbi et al. (2007) to the analysis of yearly records at eight
sites in three continents; the sites were characterized by
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different levels of pollution, biomass burning and mineral
dust concentrations. Results depicted the dominance of fine-
mode aerosols in driving the AOT at polluted sites. Basart et
al. (2009) provided an atmospheric aerosol characterization
for northern Africa, the north-eastern Atlantic, the Mediter-
ranean region, and the Middle East by applying the1å vs.
å graphical method to direct sun observations made at 39
AERONET stations.

Lidar measurements at 355, 532 and 1064 nm are used
in this study to retrieve vertical profiles ofå and its spec-
tral curvature,1å, with the aim of demonstrating the fea-
sibility of the 1å–å graphical method to provide altitude-
resolved estimates of the fine-mode aerosol radius and the
fine-mode contribution to the AOT, when atmospheric parti-
cles from different sources; and hence of different types are
present along the aerosol column. Depolarization lidar mea-
surements, AERONET sun photometer measurements col-
located in space and time with lidar measurements, satel-
lite true colour images, analytical back trajectories, and
dust concentrations from the BSC–DREAM (Barcelona Su-
per Computing Center-Dust REgional Atmospheric Model)
model (www.bsc.es) have been used to understand/support
the change with altitude of the aerosol properties revealed by
the graphical method. A short version of this paper was pre-
sented at the 9th International Symposium on Tropospheric
Profiling (Cavalieri et al., 2012). An overview of the 3 wave-
length lidar system and measurements is provided in Sect. 2.
The aerosol classification framework used is discussed in
Sect. 3. Subsequently, four study cases are presented and dis-
cussed in detail in Sect. 4. Results referring to 10 measure-
ments days with different aerosol types in the air column are
presented in Sect. 5. Summary and conclusion are given in
Sect. 6.

2 Lidar system and measurements

2.1 Description of the lidar system

The ground-based lidar system operating at the Department
of Mathematics and Physics of the Universita’ del Salento
(Lecce) in south-eastern Italy (40.33◦ N; 18.11◦ E) and iden-
tified as UNILE (UNIversity of LEcce) lidar was used in this
study. The UNILE lidar activity has been carried out within
EARLINET since May 2000. The UNILE lidar system is
nowadays composed of a 30 Hz Nd:YAG laser operating at its
fundamental wavelength, 1064 nm, and the second and third
harmonic at 532 and 355 nm, respectively. The linear polar-
ized laser pulses are about 10 ns long. The maximum energy
per pulse is 1000 mJ, 150 mJ and 300 mJ, at 1064, 532, and
355 nm, respectively. The 3-wavelength laser beams deliv-
ered by the Nd:YAG laser which are spatially separated, are
recombined in one beam by dichroic mirrors and sent in the
atmosphere by means of a mirror located on the axis of a f/4
Newton telescope. The backscattered radiation collected by

the primary mirror of the Newton telescope and collimated
by a plano convex lens, is spectrally resolved by means of
dichroic mirrors and interferential filters. Subsequently, the
1064 nm signal is detected by an avalanche photodiode and
an A/D transient recorder. The signals at 532 and 355 nm are
detected by photomultipliers connected to transient recorders
that have both a 12 bit A/D conversion and a photon-counting
(PC) capability. In this way, the full dynamic range of the li-
dar signals can be monitored. Transient recorders integrate
over 2000 laser shots that correspond to about 60 s. The li-
dar system is estimated to achieve full overlap between 0.5–
1.0 km above the ground level (a.g.l.).

2.2 Aerosol parameters from lidar measurements

The UNILE lidar system was designed to derive vertical pro-
files of the aerosol extinction (α(z)) or backscattering (β(z))
coefficient at 355 nm, 532 nm and 1064 nm, respectively and
of the linear volume depolarization ratio (δ(z)) at 355 nm
during day time measurements. The approach proposed by
Fernald (1984) and Klett (1985), which requires an a priori
value of the aerosol extinction-to-backscatter ratio (also re-
ferred to as the aerosol lidar ratio, LR), is commonly used
to invert lidar signal profiles and extract aerosol extinction
and backscattering coefficient profiles. The assumption that
LR is known a priori is likely the largest source of system-
atic error within this lidar inversion procedure. However, this
uncertainty can be largely reduced if additional information
is available. Takamura et al. (1994) considered the possibil-
ity of removing the indeterminacy in LR by combining li-
dar data with independent measurements of the aerosol opti-
cal thickness. Then, Di Girolamo et al. (1994) and Marenco
et al. (1997) suggested an alternative inversion technique,
which, through an iterative procedure, allows one to deter-
mineα(z) andβ(z) by using as boundary conditions (1) the
AOT of a selected altitude range and (2), as in the Fernald–
Klett approach, the total backscattering coefficientβT (due
to molecules (βM) and aerosol (β) ) at a far-end reference
heightzf . This last approach was used in this study to extract
aerosol extinction profiles at 355 nm, 532 nm, and 1064 nm,
from UNILE lidar measurements. AOT values at the lidar
wavelengths were retrieved from AERONET sun/sky pho-
tometer measurements collocated in space and time. An
AERONET sun/sky photometer has operated at the UNILE
lidar site since 2003, and it provides AOTs with accuracy of
±0.01, according to Dubovik et al. (2002). Hence, it was re-
quired that the AOTs calculated from the aerosol extinction
profiles should not exceed (within±0.01) the correspond-
ing AOT values retrieved from collocated sun/sky photome-
ter measurements. To this end, we have assumed thatα(z)

does not vary with altitude below the height (zi) where the
lidar system achieves the full overlap. The full overlap height
varies within 0.5–1.0 km a.g.l. for the lidar system of this
study. Note that the planetary boundary layer (PBL) height
on average varies within 0.4–1.0 km a.g.l. at the monitoring
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site of this study (De Tomasi and Perrone, 2006; De Tomasi
et al., 2011). Aerosol particles are well mixed within the
PBL and, as a consequence, it is reasonable to assume that
α(z) does not vary with altitude below∼ 1 km a.g.l. The far-
end reference height was chosen, for each profile, in a re-
gion where the lidar signal follows the molecular profile;
and hence it was assumedβT (zf) ∼= βM(zf). Note that the
assumption of an altitude-independent lidar ratio to retrieve
α(z) profiles was still necessary for the iterative procedure
used in this study. A discussion on this assumption is re-
ported in Sect. 4.1.1. Uncertainties in the retrievedα(z) pro-
files include statistical uncertainties due to the presence of
noise on the received lidar signals as well as systematic un-
certainties, i.e. those due to the assumed molecular profile,
the reference backscattering coefficient value, the total mea-
sured AOT, the AOT contribution of the atmospheric layer
below the overlap heightzi , and the lidar ratio variability.
Radiosonde measurements at the meteorological station of
Brindisi (http://esrl.noaa.gov/raobs/), which is 40 km north-
west of the monitoring site of this study, were used to define
air density vertical profiles. The uncertainty of the reference
backscattering coefficient value was accounted for by assum-
ing that the aerosol backscattering coefficient varied from a
nil value up to 5× 10−7 (m sr)−1 at z = zf . The error on the
AOT contribution of the atmospheric layer extending from
the ground level up tozi , which is indicated as AOT1, was
accounted for by allowing it to increase up to 30 % of the
reference value AOT1,ref. To this end, a two-step numerical
procedure was used. In the first step, extinction coefficient
profiles at the lidar wavelengths were calculated from the in-
version of the lidar signals through the implemented itera-
tive procedure by setting the condition that extinction coef-
ficients do not vary with altitude from the ground up to the
overlap heightzi . Then, the AOT contribution of the (0−zi)

atmospheric layer (AOT1,ref) at each lidar wavelength was
calculated. In the second step, extinction coefficient profiles
were calculated from the implemented iterative procedure by
allowing AOT1 to increase up to 30 % of the determined ref-
erence value AOT1,ref. In fact, the condition thatα(z) does
not vary with altitude from the ground up tozi could be re-
sponsible for an underestimation of AOT1. The inversion of
the lidar signals through the implemented iterative procedure
does not demand much computation time so that a few thou-
sand extinction profiles at 355 nm, 532 nm, and 1064 nm are
easily generated by changing boundary conditions. The mean
extinction profile at each lidar wavelength was then calcu-
lated by averaging all corresponding extinction profiles de-
termined by the iterative procedure and theα(z) uncertainty
was set equal to one standard deviation of the mean value.
Ångstrom exponents at the altitude z have been calculated as
follows:

åλ1,λ2(z) = −{ln [αλ1(z)/(αλ2(z)]} /[ln(λ1/λ2)], (1)

whereαλ1(z) andαλ2(z) represent the extinction coefficient
at the heightz and at the wavelengthλ1 andλ2 in nm, re-

spectively. The spectral curvature1å(z) has been set equal
to the difference

1å(z) = å355,532(z) − å532,1064(z). (2)

Angström exponent and1å(z) profiles have been calculated
for each set of the extinction profiles at 355 nm, 532 nm, and
1064 nm generated by the implemented iterative procedure.
The mean profile ofåλ1,λ2(z) and1å(z) has then been cal-
culated and theåλ1,λ2(z) and1å(z) uncertainties have been
set to be equal to one standard deviation of the corresponding
mean value.

The linear volume depolarization ratio profileδ(z) has
been calculated from the ratio of the cross-polarized to
the parallel-polarized backscattering coefficient at 355 nm,
and under our experimental conditions it takes the value of
0.0045 in a pure molecular atmosphere and higher values in
presence of nonspherical particles as desert dust particles.
Afterwards, the linear particle depolarization ratio (δp(z))
profile (e.g. Freudenthaler et al., 2008) has been determined.
δ(z) and δp(z) have been calculated for each cross- and
parallel-polarized backscattering coefficient generated by the
implemented iterative procedure. The meanδp(z) profile has
been calculated by averaging all retrieved particle depolar-
ization profiles and uncertainties have been set equal to one
standard deviation of the mean value.

3 Graphical framework for the aerosol classification

To classify aerosol properties by the1å(z) vs. å355,1064(z)

scatter plot, reference points corresponding to bimodal size
distributions characterized by a variety of fine-mode (Rf)

and coarse-mode (Rc) modal radii combined in order to lead
to prescribed fine-mode fractions (η) at 532 nm were deter-
mined, according to Gobbi et al. (2007). More specifically,
Mie calculations of the aerosol spectral extinction for se-
lectedRf (0.02, 0.05, 0.1, 0.15, 0.2, 0.3, and 0.4 µm) and
Rc (0.5, 0.6, 0.7, and 0.8 µm) values combined in order to
provide η fractions of 1, 10, 30, 50, 70, 90, 99 %, were
performed. The real (n) and imaginary (k) refractive index
values at 532 nm used in the Mie calculations are given in
Table 1. The daily mean values ofn and k retrieved from
sun photometer AERONET measurements performed at the
monitoring site of this study from 2003 to 2010 were used
to calculate the mean refractive index values reported in Ta-
ble 1. More specifically, the level 2, quality-assured values
of n and k at 440, 675, and 1018 nm, respectively, were
used to determine the mean values ofn andk at 532 nm re-
ported in Table 1. Figure 1 (black lines) shows the aerosol
classification framework calculated by usingn = 1.455 and
k = 0.0047 at 532 nm (Table 1). Solid and dashed black lines
were calculated for fixedRf values, and for fixed fine-mode
fraction contributions to the total AOT at 532 nm. Figure 1 re-
veals that aerosol size distributions characterized by different
values of the fine-mode radius and the fine-mode fractions

Atmos. Chem. Phys., 14, 1185–1204, 2014 www.atmos-chem-phys.net/14/1185/2014/

http://esrl.noaa.gov/raobs/


M. R. Perrone et al.: Vertically resolved aerosol properties 1189

Table 1. Real (n) and imaginary (k) refractive index values at
532 nm used in the Mie simulations for mixed aerosol loads and for
aerosol loads significantly affected by desert-dust intrusions (nc, kc)

and continental pollution (nf , kf).

Aerosol type

Mixed (n, k) 1.455 0.0047
Dust-affected (nc, kc) 1.483 0.0035
Pollution-affected (nf , kf) 1.445 0.0070

can have the sameå355,1064, and, as a consequence, it high-
lights the aerosol classification framework potential.

Aerosol loads affected by Sahara dust intrusions have fre-
quently been observed at the monitoring site of this study
and characterized in a series of papers as Perrone and Berg-
amo (2011), Santese et al. (2008), Barnaba et al. (2004) and
De Tomasi et al. (2003). It was also shown that Ångstrom
exponents retrieved from AERONET sun photometer mea-
surements provided a useful tool for identifying dust intru-
sion events (e.g. Santese et al., 2008). Therefore, daily mean
values ofå440,675(z) < 0.5 were used in this study to iden-
tify the AERONET measurement days significantly affected
by dust intrusion events during the years 2003 to 2010 (Per-
rone and Bergamo, 2011). Then, the AERONETn andk val-
ues (level 2, quality-assured data) retrieved during the dust-
affected days were used to define the mean value of the dust-
affected real (nc) and imaginary (kc) refractive index.nc and
kc values at 532 nm are reported in Table 1 in addition to the
mean value of the real (nf) and the imaginary (kf) refractive
index found by selecting the AERONET measurements days
with å440,675(z) > 1.2, from 2003 to 2010 years. These last
measurements days were considered to be characterized by
continental pollution, according to Santese et al. (2008). The
relative differences ofnc andnf with n (Table 1) are smaller
than 2 % at 532 nm, whereas the relative differences ofkc
andkf with k (Table 1) are smaller than 50 %. To this end, it
is worth mentioning that according to Dubovik et al. (2002),
the expected accuracy for the real part of the refractive index
is 0.04 for AOT (440 nm)≥ 0.5 and of 0.05 for AOT (440 nm)
≤ 0.2. The values of the imaginary part of the refractive in-
dex are instead retrieved with errors of the order of 30–50 %
for AOT (440 nm)≥ 0.5 and of the order of 80–100 % for
AOT (440 nm)≤ 0.2.

Red and blue lines in Fig. 1 represent the aerosol classi-
fication framework calculated by using the refractive index
values for dust-affected (nc, kc) and pollution-affected (nf ,
kf) days (Table 2), and highlight the dependence of the graph-
ical framework on refractive index values. Figure 1 shows
a clockwise rotation about the origin of the constant radius
curves as the real part of the refractive index increases from
1.445 to 1.483 and the imaginary part increases from 0.0035
to 0.0070. The maximumRf indetermination generated by
this range of refractive indexes is of the order of±30 % for

 34 

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

∆∆ ∆∆å
 =

 å
35

5,
53

2  -
 å

53
2,

10
64

4.03.53.02.52.01.51.00.50.0-0.5

å355,1064

0.02  µµµµm

1 %

0.05  µµµµm

10 %

0.1  µµµµm

30 %

0.15  µµµµm

50 %

0.2  µµµµm

70 %

0.3  µµµµm

90 %

0.4  µµµµm

99 %

 Mixed
 Dust Aff.
 Poll. Aff.

 1 
 2 
 3 
 4 
 5 
         Figure 1 (M. R. Perrone et al.) 6 
 7 

Fig. 1. Graphical framework for the aerosol characterization cal-
culated according to Gobbi et al. (2007) forn = 1.455 and
k = 0.0047 (black lines),nc = 1.483 andkc = 0.0035 (red lines),
andnf = 1.445 andkf = 0.0070 (blue lines) at 532 nm.

Rf ≥ 0.05 µm, whereas the maximum indetermination ofη is
of the order of±5 % for η ≤ 90 %. A further test was im-
plemented to verify the change in the generated graphical
scheme of Fig. 1 (red lines) by switching from the real and
imaginary refractive index values for dust reported in Table 1
to the corresponding ones recently reported by Wagner et
al. (2012). The new dust refractive indices calculated from
laboratory measurements on dust samples arenc = 1.55 and
kc = 0.008. The test has shown that the average change in
all the 49 grid points of Fig. 1 (red lines) was of about 7 %.
These last results are in accordance with the ones reported by
Gobbi et al. (2007). In fact, a sensitivity study on the effects
of the refractive index changes has also been presented and
discussed in Gobbi et al. (2007). The effects of changes in
the coarse-mode radius have also been discussed in Gobbi et
al. (2007, end of page 454).

4 Analysis of case studies

Some case studies are analysed in this section to demonstrate
the robustness of the proposed graphical method and estimate
the dependence on altitude of the fine-mode aerosol contri-
bution and the fine-mode aerosol radius on the basis of lidar
measurements ofå and1å.

4.1 Case study: 28 July 2011

Figure 2a shows the mean extinction coefficient profiles
at 355 nm (black line), 532 nm (green line), and 1064 nm
(red line) retrieved from lidar measurements performed on
28 July 2011 from 12:29 to 13:00 UTC. Extinction co-
efficient profiles have been calculated in accordance with
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Table 2.Lidar ratios (LR)±1 standard deviation (SD) retrieved from the implemented iterative procedure and AOTs at the laser wavelengths.
Measurement day and time interval (T1−T2 (UTC)) during which lidar measurements were performed are also provided. The fine-mode frac-
tion (ηA) at 500 nm, å440,870, and1å= å440,675 − å500,870 values retrieved from the AERONET sun photometer measurements performed
at the timeTA (UTC) are given in addition to the AERONET AOT at 500 nm.

Lidar aerosol product AERONET aerosol products

Day LR± 1 SD(sr) AOT TA ηA at å440,870 1å AOT at
yy/mm/dd (wavelengths, nm) (wavelengths, nm) hh:mm 500 nm 500 nm

(T1 − T2) 355 532 1064 355 532 1064
11/04/11 40 42 20 0.27 0.22 0.16 12:49 0.32 0.42 0.12 0.22
12:33–13:06 ±4 ±4 ±16
11/05/30 39 36 31 0.41 0.24 0.07 12:15 0.93 1.55 −0.05 0.26
11:59–12:31 ±2 ±10 ±12
11/06/06 52 48 34 0.42 0.30 0.18 12:02 0.48 0.73 0.08 0.31
11:43–12:08 ±8 ±4 ±11
11/06/09 31 32 13 0.33 0.18 0.05 12:47 0.79 1.55 0.12 0.19
12:25–12:45 ±6 ±3 ±4
11/06/20 42 49 27 0.26 0.15 0.05 12:58 0.80 1.50 0.10 0.16
12:44–13:16 ±4 ±4 ±9
11/07/28 50 45 11 0.33 0.20 0.06 12:40 0.92 1.51 −0.11 0.21
12:28–13:00 ±10 ±20 ±10
11/08/23 83 84 44 0.41 0.21 0.06 11:59 0.85 1.71 −0.02 0.23
11:44–12:19 ±15 ±10 ±16
11/08/29 61 39 18 0.67 0.39 0.12 11:58 0.84 1.54 0.00 0.42
11:44–12:15 ±11 ±4 ±6
11/09/05 52 42 47 0.48 0.37 0.27 14:33 0.33 0.45 0.08 0.38
14:14–14:45 ±10 ±6 ±17
11/10/03 67 64 17 0.31 0.15 0.04 13:08 0.86 1.83 0.07 0.17
12:41–13:16 ±9 ±7 ±6

the methodology described in Sect. 2.2. Error bars rep-
resent uncertainties. The altitude-independent mean lidar
ratio within the (zi – zf) atmospheric layer is equal to
50± 10 sr, 45± 20 sr, and 11± 10 sr at 355 nm, 532 nm, and
1064 nm, respectively. Mean LR values±1 SD and AOTs
are reported in Table 2. AOTs are in accordance within
±0.01 with the corresponding values retrieved from the
AERONET (Lecce University) sun photometer measure-
ments at 12:40 UTC. Level 2 AERONET products have
been used. The columnar fine-mode fraction (ηA) at 500 nm,
å440,870, 1å= å440,675 – å500,870, and the AOT at 500 nm re-
trieved from AERONET sun photometer measurements per-
formed atTA = 12:40 UTC are also given in Table 2 for com-
parison. It is worth mentioning thatηA(500 nm) is derived
from the spectral deconvolution algorithm (SDA) developed
by O’ Neill et al. (2003).

Aerosol particles up to∼ 5 km a.g.l. were detected by the
lidar on 28 July. In particular, a vertically inhomogeneous
layering of aerosol particles was observed by the lidar from
∼ 0.5 up to 5.0 km a.g.l. The particles located within about
3–4 km a.g.l. were responsible for rather large extinction co-
efficients at 355 and 532 nm. The detected aerosol layering
may be supported by the vertical structure of the potential
temperature (θ) profile (Fig. 2b, open dots) that has been ob-

tained from radiosonde measurements performed at the me-
teorological station of Brindisi (http://esrl.noaa.gov/raobs/)
on 28 July at 11:00 UTC. In fact, Fig. 2b reveals that the
potential temperature increases with altitude and shows a
temperature inversion at∼ 2 and ∼ 4.5 km a.g.l. The ra-
diosonde relative humidity (RH) profile shown in Fig. 2b
(full dots) is also quite dependent on altitude. In particu-
lar, RH reaches the 50 % value at∼ 2 km a.g.l., takes val-
ues≥ 70 % within 3–4 km a.g.l., and decreases fast with al-
titude atz > 4.5 km a.g.l. This means that the particle hygro-
scopic growth, which varied significantly with altitude even
for particles of the same type, has likely helped to obtain
large extinction coefficients within 3–4 km a.g.l. The vertical
profiles of the Ångstrom exponentså355,532(z), å532,1064(z),
and å355,1064(z), and of the spectral curvature,1å(z), to-
gether with corresponding uncertainties, are plotted in Fig. 2c
and d.å(z) and1å(z) values retrieved atz ≥ 1 km a.g.l. are
only reported in Fig. 2b, since the lidar system is estimated
to achieve full overlap atz ≥ 1 km a.g.l.å values vary with
altitude and the trend is similar for all wavelength pairs. In
particular, the meanå355,1064(z) value increases from∼ 0.8
to 2 within 1.2–3.4 km a.g.l., and then remains constant up
to ∼ 4.6 km a.g.l.1å mean values vary from−0.8 to 0.0
within the 1–4.6 km a.g.l. The change with the altitude of
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the aerosol size distribution and hence of the aerosol prop-
erties is responsible for the dependence ofåλ1,λ2(z) and
1å(z) on z and for the changes ofåλ1,λ2(z) with the wave-
length pair. Note that the efficiency of scattering by small
particles reaches the maximum value when the size param-
eter is comparable with the wavelength; thus the scattering
of small particles is more pronounced at the short wave-
lengths, and the scattering of the large particles is more
pronounced at long ones (Lopatin et al., 2013). As a con-
sequence, Ångstrom exponent values are quite dependent
on the wavelength pairs used, as Fig. 2c clearly reveals.
Figure 2c shows thatå532,1064(z) is larger thanå355,532(z)

mainly atz ≥ 2 km a.g.l. The larger value of extinction coef-
ficient α532(z) with respect to that ofα1064(z) is responsible
for this result (Eq. 1): this is expected to occur when fine-
mode particles are dominant, in accordance with the above
statement. The blue line in Fig. 2e represents the linear par-
ticle depolarization ratio (δp(z)) profile with corresponding
uncertainties.δp(z) was calculated from the measured lin-
ear volume depolarization ratio (e.g. Freudenthaler et al.,
2008) as has been outlined in Sect. 2.2. It reaches greater
values within 1–2 km a.g.l. This last result indicates that the
contribution of nonspherical particles was largest within 1–
2 km a.g.l. Calculated1å(z) vs.å355,1064 (z) values are plot-
ted in Fig. 3a (open dots) with corresponding uncertainties.
Different colours are used to represent1å(z)− å355,1064 (z)

values referring to differentz, as indicated by the colour bar
on the top of Fig. 3a. The graphical framework calculated
for n = 1.455 andk = 0.0047 at 532 nm is shown in Fig. 3a.
These refractive index values were considered representative
of aerosol loads affected by mixed aerosol types, in accor-
dance with the discussion reported in the previous section.
Figure 3a (open dots) shows that theå355,1064(z) − 1å(z)

mean values within 1–2 km a.g.l. are on the graphical frame-
work area delimited byη equal to about 60 % and 80 %, re-
spectively, andRf equal to∼ 0.10 µm and 0.15 µm, respec-
tively. Conversely, theå355,1064− 1å mean values within
3.5–4.6 km a.g.l. are located on the framework area delim-
ited byη equal to 90 % and 99 %, respectively, andRf equal
to 0.08 µm and 0.12 µm, respectively. These results, which
can allow one to obtain an estimate ofη(z) andRf(z), indi-
cate that the contribution of fine-mode particles to the whole
aerosol load progressively increases with the altitude, while
the fine-mode radius decreases with the altitude.

Analytical back trajectories from the Hybrid Single Par-
ticle Lagrangian Integrated Trajectory Model (HYSPLIT)
(Draxler and Rolph, 2003) were used to gain information
about the source regions of the air masses advected over
south-eastern Italy on 28 July 2011 and to understand and/or
support theη(z) andRf(z) variability range resulting from
the 1å(z)-å(z) scatter plot. Figure 4a shows the pathways
estimated at 13:00 UTC of the ten-day back trajectories with
arrival heights at 1, 2, and 4 km a.g.l. The time evolution of
the altitude of each back trajectory is plotted in Fig. 4b. North
America was the source region of the air masses arriving
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Fig. 2. (a) Extinction coefficient profiles at 355 nm (black line),
532 nm (green line), and 1064 nm (red line) retrieved from li-
dar measurements performed on 28 July 2011 from 12:28 to
13:00 UTC. (b) Vertical profiles of the potential temperature (θ )
and relative humidity (RH) retrieved from radio-sounding mea-
surements performed at 11:00 UTC. Vertical profiles of(c) the
Ångstrom exponentså355,532(z), å532,1064(z), å355,1064(z), and
(d) the spectral curvature1å(z). (e) Vertical profile of the lin-
ear particle depolarization ratio (blue line) with corresponding un-
certainties (error bars) and the dust particle concentration from
the BSC–DREAM model (red line).(f) Vertical profiles of the
Ångstrom exponentså355,1064(z) and the spectral curvature1å(z)

calculated from extinction profiles based on altitude-dependent li-
dar ratio values. Dotted lines represent the corresponding profiles
plotted in Fig. 2c and d, respectively.

from 1 up to 4 km a.g.l. The air masses arriving at 4 km a.g.l
have travelled at altitudes varying within 3–6 km a.g.l. before
reaching south-eastern Italy. By contrast, the air masses
at 2 km arrival height crossed north-western Africa before

www.atmos-chem-phys.net/14/1185/2014/ Atmos. Chem. Phys., 14, 1185–1204, 2014



1192 M. R. Perrone et al.: Vertically resolved aerosol properties

 36 

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

∆∆ ∆∆å
 =

 å
35

5,
53

2  -
 å

53
2,

10
64

0.02  µµµµm1 %

0.05  µµµµm

10 %

0.1  µµµµm

30 %

0.15  µµµµm

50 %

0.2  µµµµm

70 %

0.3  µµµµm

90 %

0.4  µµµµm

99 %

 (a)

4000300020001000

2.0

1.5

1.0

0.5

0.0

-0.5

-1.0

-1.5

∆∆ ∆∆å
 =

 å
35

5,
53

2  -
 å

53
2,

10
64

3.53.02.52.01.51.00.50.0-0.5

å355,1064

0.02  µµµµm1 %

0.05  µµµµm

10 %

0.1  µµµµm

30 %

0.15  µµµµm

50 %

0.2  µµµµm

70 %

0.3  µµµµm

90 %

0.4  µµµµm

99 %

 (b)

 1 
 2 
 3 
                                                                                            Figure 3 (M. R. Perrone et al.) 4 
 5 

Fig. 3. Solid and dashed black lines represent the graphical frame-
work calculated forn = 1.455 andk = 0.0047 at 532 nm.(a) Open
dots represent calculated1å(z) vs. å(z) values. Error bars repre-
sent uncertainties. Different colours are used to represent1å(z)-
å(z) values referring to differentz, as indicated by the colour bar
on the top of the figure. The full black box represents the colum-
nar åin(355, 1064) and1åin values calculated from Eq. (4)–(5),
respectively.(b) Open dots represent1å(z) vs. å(z) values calcu-
lated from extinction profiles based on altitude-dependent lidar ratio
values.

reaching south-eastern Italy and, as a consequence, they
likely picked up lofted desert dust particles. In fact, dust
particles lifted up to a few kilometres a.g.l. are commonly
subject to long-range transport. The true colour images
from the Moderate Resolution Imaging Spectroradiometer
(MODIS) on board the Terra and Aqua satellite support
the last comment. The MODIS images reveal the presence
of African dust particles over the south-western Mediter-
ranean both at 11:35 UTC (http://lance-modis.eosdis.nasa.
gov/cgi-bin/imagery/single.cgi?granule=T112071035)
and at 12:10 UTC (http://lance-modis.eosdis.nasa.gov/
cgi-bin/imagery/single.cgi?granule=A112071210) of 26
July 2011 and Fig. 4b indicates that the 2 km air masses
have likely crossed the south-western Mediterranean on

26 July. The BSC–DREAM model also simulated the
advection of a small amount of Sahara dust particles
over south-eastern Italy. For the monitoring site of this
study, it predicted the existence of a dust layer within
0.5–3 km a.g.l. at 12:00 UTC. Figure 2e (red line) shows the
vertical profile of the dust particle concentration from the
BSC–DREAM model (http://www.bsc.es/earth-sciences/
mineral-dust-forecast-system/bsc-dream8b-forecast/
north-africa-europe-and-middle-ea-0): the dust particle con-
centration varies up to∼ 25 µg m−3 within 0.5–3.0 km a.g.l.
Thus, the greaterδp(z) values retrieved from lidar measure-
ments within 1–2 km a.g.l. (Fig. 2e, blue line) are likely due
to the contribution of desert dust particles, in accordance
with MODIS images and the BSC–DREAM simulations. It
is also interesting to observe that the extinction coefficients
at 355 nm, 532 nm, and 1064 nm (Fig. 2a) reach a peak
value at∼ 2 km a.g.l. Hence, the contribution of desert dust
particles has likely helped to obtain up to∼ 2 km a.g.l.
η(z) and Rf(z) values smaller and larger, respectively,
than the corresponding ones obtained for the aerosol load
located atz > 2 km a.g.l. Theη(z) and Rf(z) mean values
within 3.0–4.6 km a.g.l., which vary from 90 % to 99 % and
from 0.08 µm to 0.15 µm, respectively, are likely due to
anthropogenic pollution lifted up to altitudesz > 2 km a.g.l.
and then transported over south-eastern Italy in accordance
with Fig. 4. Typical size distribution associated with desert
dust and continental pollution support the last statements
(Seinfeld and Pandis, 1998).

The black box in Fig. 3a represents the columnar1åin and
åin(355, 1064) values calculated from the AOTs at 355, 532,
and 1064 nm using the following relationships:

åin(λ1,λ2) = −{lnAOT λ1/AOTλ2]} /[ln(λ1/λ2)], (3)

1åin = åin(355,532) − åin(532,1064). (4)

We found that1åin = −0.5 andåin (355, 1064)= 1.5. These
values correspond toηin ∼= 0.9 andRf−in ∼= 0.12 µm, which
can be considered typical of continental pollution (Sein-
feld and Pandis, 1998).ηin is in good accordance with
the value ofηA(550 nm)= 0.92 retrieved from AERONET
sun photometer measurements. It is interesting to note that
1åin and åin(355, 1064) values are closest to the1å(z)

andå355,1064(z) values that characterize the aerosol load at
z > 3 km a.g.l. In fact, Fig. 2a combined with Fig. 3a indicate
that AOTs have mainly been driven by the fine-mode particle
contribution at 532 nm and 355 nm, respectively.1åin and
åin(355, 1064) values highlight the differences which may
occur between vertically resolved and column-integratedη

andRf values. In particular, Fig. 3a shows that the1åin −åin
data point (black box) may lead to the underestimation of
η(z) and the overestimation ofRf(z) at z > 3 km, and to
the overestimation ofη(z) and the underestimation ofRf(z)

at z < 2 km. The differences between vertical-resolved and
column-integratedη andRf values are expected to be quite
large when aerosols of a different type/origin are located at
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Fig. 4. (a)Pathways estimated at 13:00 UTC on 28 July 2011, of the
ten day HYSPLIT back trajectories with arrival heights at 1, 2, and
4 km a.g.l.(b) Time evolution of the altitude of each back trajectory.

different altitudes, as occurred in the study case of this sec-
tion. Note that aerosols from continental Europe, the Atlantic
Ocean and the Mediterranean Sea, and African deserts are
frequently advected over the monitoring site of this study
and more generally all over the central Mediterranean, as the
case study of this section has revealed. As a consequence,
aerosol size distributions may significantly vary with the al-
titude over the central Mediterranean, and this must be ac-
counted for in radiative transfer simulations (Perrone et al.,
2012).

4.1.1 Sensitivity test on the lidar ratio vertical profile
for 28 July 2011

Figure 3a and the discussion in the previous section re-
veal that the aerosol size distribution may significantly vary
with altitude when aerosols of different types (i.e. origins)
are located at different altitudes. In fact, lidar measurements
combined with additional information have revealed that the
aerosol particles within 1–2 km a.g.l. have likely been af-
fected by Saharan dust on 28 July 2011. By contrast, it
has been found that fine-mode particles, likely due to con-
tinental pollution, were prevailing within 3.5–4.6 km a.g.l.
Lidar ratios values depend on aerosol optical and micro-
physical properties, and, as a consequence, they vary with
the aerosol type. Thus, the use of altitude-independent li-
dar ratios to retrieve the extinction lidar profiles at 355, 532,
and 1064 nm, (as described in the previous section) rep-

resents a weak point of the performed analysis. Lidar ra-
tios dependent on altitude are used in this section to test
the sensitivity of the1å(z) − å355,1064(z) scatter plot on li-
dar ratios for the case study of 28 July 2011. More specifi-
cally, we have hypothesized that the assumption of altitude-
independent lidar ratios was responsible for the overestima-
tion of the aerosol optical thickness due to the aerosol located
up to 2 km a.g.l. (AOTinf) and the underestimation of the
AOT due to the aerosol located atz > 2 km a.g.l. (AOTsup),
which was likely more affected by anthropogenic pollution.
As an example, we have assumed that the aerosol optical
thickness due to the aerosol located atz > 2 km a.g.l. was
20 % larger than the corresponding value found with altitude-
independent LRs (AOTsup,ref). Subsequently, extinction co-
efficient profiles at 355, 532, and 1064 nm were calculated
from the implemented iterative procedure by setting the con-
dition that AOTsup= (AOTsup,ref+ 0.2× AOTsup,ref) and by
leaving the aerosol optical thickness due to the whole aerosol
layer unchanged. We found from the implemented iterative
procedure that lidar ratios equal to 80± 20 sr, 60± 30 sr,
and 20± 20 sr at 355 nm, 532 nm, and 1064 nm, respec-
tively, at z > 2 km a.g.l., and equal to 40± 15 sr, 20± 15 sr,
and 6± 2 sr at 355 nm, 532 nm, and 1064 nm, respectively,
at z ≤ 2 km a.g.l., were required to fulfil the above reported
assumption regarding AOTsupand AOTinf . Note that lidar ra-
tio values at 351 nm even larger than 100 sr were retrieved
over south-eastern Italy during the advection of continen-
tal pollution, according to Barnaba et al. (2007). On the
contrary, lidar ratios even equal to∼ 20 sr at 351 nm were
retrieved over south-eastern Italy for dust-polluted aerosol
loads (Barnaba et al., 2004). Figure 2f (solid lines) shows
the vertical profiles of1å(z) andå355,1064(z) retrieved when
LRs atz > 2 km a.g.l. are larger than the corresponding ones
atz ≤ 2 km a.g.l. The dotted lines in Fig. 2f show for compar-
ison the vertical profile of1å(z) andå355,1064(z) retrieved
from the altitude-independent LRs. It is interesting to note
that the differences between the solid and the correspond-
ing dotted profile are on average smaller than the solid pro-
file uncertainties. Figure 3b shows1å(z) vs. å355,1064(z)

with corresponding uncertainties (error bars). The compar-
ison of Fig. 3b with Fig. 3a reveals that the use of smaller
(larger) LRs atz ≤ 2 km a.g.l. (z > 2 km a.g.l.) has not sig-
nificantly affected the1å(z) vs. å355,1064(z) scatter plot:
the main differences are due to the fact that1å(z) takes,
on average, smaller and larger values within 1–3 km and
3.5–4.6 km a.g.l., respectively, when LRs vary with altitude.
The following methodology is suggested to select altitude-
dependent lidar ratios, in accordance with the above reported
analysis. Altitude-independent LRs could at first have been
assumed to obtain a first guess on the1å(z) andå355,1064(z)

profiles and the correspondingη(z) andRf(z) values. Then,
if the proposed graphical approach combined with addi-
tional experimental and model data will allow inferring the
dependence onz of the main aerosol types and hence of
the prevailing lidar ratios values, it would be preferable to
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recalculate1å(z) and å355,1064(z) profiles from extinction
profiles based on altitude-dependent LRs, to reduce the un-
certainties ofη(z) andRf(z) values. However, the selection
of altitude-dependent LRs can also be responsible for large
extinction and AOTs uncertainties, since LRs depend on the
source regions of the aerosol particles and on the pathways
the aerosols crossed before reaching the monitoring site (e.g.
Barnaba et al., 2004, 2007; De Tomasi et al., 2006). The co-
existence of different aerosol types in one layer can also give
rise to considerable uncertainty in the lidar ratio value and
its impact on the AOT. Because of this, we decided to use
altitude-independent LRs in the case studies analysed in this
paper. We believe that the uncertainties of theη(z) andRf(z)

values due to the assumption of an altitude-independent LR
would be comparable, in most of the case studies, to the ones
resulting from an inappropriate choice of LR values depen-
dent on altitude, as a consequence of the addressed problems.

4.2 Case study: 29 August 2011

Lidar measurements performed on 29 August 2011 are anal-
ysed in this case study to further test the capability of the
proposed graphical method. Fig. 5a shows the extinction co-
efficient profile at 355 nm (black line), 532 nm (green line),
and 1064 nm (red line) retrieved from lidar measurements
performed from 11:44 to 12:19 UTC by using the imple-
mented iterative procedure (Sect. 2.2). Error bars represent
uncertainties. The retrieved altitude-independent lidar ratios
are equal to 61± 11 sr, 39± 4 sr, and 18± 6 sr at 355 nm,
532 nm, and 1064 nm, respectively, fromzi = 0.5 km to
zf = 6 km a.g.l. Mean LR values and calculated AOTs are
in Table 2. AOTs are in accordance, within±0.01, with the
corresponding ones retrieved from the AERONET sun pho-
tometer measurements at 11:58 UTC. A vertically inhomo-
geneous layering of aerosol particles was observed with the
lidar from ∼ 0.5 up to 4 km a.g.l. The potential temperature
and RH profiles (Fig. 5b) obtained from radiosonde measure-
ments performed on 29 August at 11:00 UTC support the
aerosol layering.θ (Fig. 5b, full dots) decreases with alti-
tude atz > 0.5 km a.g.l. and shows a marked temperature in-
version at∼ 0.7, 1.8, and 3.5 km a.g.l., respectively. RH that
is equal to 40 % at∼ 1.8 km a.g.l. increases with altitude up
to ∼ 3.5 km a.g.l., where it reaches the value of∼ 70 %, and
then rapidly decreases (Fig. 5b, open dots). Figure 5c and
d show the vertical profiles ofå355,532(z), å532,1064(z), and
å355,1064(z) and of the spectral curvature1å(z) = å355,532(z)

– å532,1064(z), respectively, with corresponding uncertain-
ties. We observe thatå355,532(z) mean values span the 0.9–
1.7 range and increase with altitude within 2–3 km a.g.l.
å355,1064(z) which spans the 1.5–1.8 range, is characterized
by a weaker dependence onz, and increases with altitude
within 1.5–3 km a.g.l.1å(z) takes negative values spanning
the −1–0 range within 1–3.5 km a.g.l. Open dots and error
bars in Fig. 6 show the scatter plot of1å(z) vs.å355,1064(z)

with corresponding uncertainties of the graphical framework
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Fig. 5. Extinction coefficient profile at 355 nm (black line), 532 nm
(green line), and 1064 nm (red line) retrieved from lidar measure-
ments performed on 29 August 2011 from 11:44 to 12:19 UTC.(b)
Vertical profiles of potential temperature (θ) and relative humid-
ity (RH) retrieved from radio sounding measurements performed
at 11:00 UTC. Vertical profiles of(c) the Ångstrom exponents
å355,532(z), å532,1064(z), andå355,1064(z) and(d) the spectral cur-
vature1å(z). The blue line in Fig. 5d represents the vertical profile
of the linear particle depolarization ratio.

calculated forn = 1.455 andk = 0.0047 at 532 nm. Figure 6
reveals that theå–1å data points within 1–2 km a.g.l. lie
mainly on the graphical framework area delimited byη equal
to 90 % and 99 %, andRf equal to 0.12 µm and 0.15 µm,
respectively. Theå–1å data points at altitudes higher than
2.5 km a.g.l. are mainly located on the area delimited byη

equal to 80 % and 90 %, andRf equal to 0.08 µm and 0.1 µm.
These results indicate that fine-mode particles prevailed on
29 August all along the aerosol column, in good accordance
with the value ofηA(500 nm)= 0.84 retrieved from the SDA
applied to sun photometer measurements (O’ Neill et al.,
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2003). However, we believe that Fig. 6 (open dots) can allow
the inference that the size distribution of the aerosol particles
located atz > 2 km a.g.l. was characterized by a smaller fine-
mode radius and fine-mode fraction than the one due to the
particles located atz < 2 km a.g.l. HYSPLIT analytical back
trajectories were used to know about the source regions of
the air masses advected over south-eastern Italy on 29 Au-
gust 2011 and to understand and support the aerosol micro-
physical properties revealed by Fig. 6. Figure 7a shows the
pathways estimated at 12:00 UTC of the ten-day back trajec-
tories with arrival heights at 1, 2, and 3 km a.g.l. The time
evolution of the altitude of each back trajectory is plotted
in Fig. 7b. Air masses from north-eastern Europe were ad-
vected to south-eastern Italy on 29 August at 12:00 UTC.
Advection patterns similar to the one in Fig. 7a are rather
frequent over south-eastern Italy mainly in summer, accord-
ing to Perrone et al. (2013) and Santese et al. (2008). It was
also shown by Perrone et al. (2013) that the air flows from
north-eastern Europe were mainly responsible for the advec-
tion of fine-mode particles due to ammonium sulfate (Fig. 6b
in Perrone et al., 2013), traffic (Fig. 6f in Perrone et al.,
2013), and combustion including biomass burning (Fig. 7a
in Perrone et al., 2013) sources. Lelieveld et al. (2002) also
revealed the important contribution of fine pollution aerosols
transported from central and eastern Europe to south-eastern
Italy, in satisfactory agreement with the results from Fig. 6
(open dots). It is worth noting from Fig. 7b that the 1, 2,
and 3 km arrival-height back trajectories were close to the
ground level over Eastern Europe and as a consequence,
they were likely responsible for the lifting of soil particles
up ∼ 3 km a.g.l. The lack of rainy days mainly occurring in
summer over southern Europe also enhances the natural and
anthropogenic dust resuspension. Finally, it is worth men-
tioning that the true colour image from the Moderate Res-
olution Imaging Spectroradiometer (MODIS) on board the
Aqua satellite revealed the presence of a thin layer of African
dust particles over south-eastern Italy at 12:00 UTC of
29 August 2011 (http://lance-modis.eosdis.nasa.gov/cgi-bin/
imagery/single.cgi?granule=A112411200). Hence, resus-
pended soil and/or desert dust particles have likely con-
tributed to the decrease ofη(z) with the altitude revealed
by Fig. 6. The linear particle depolarization ratio profile
(Fig. 5d, blue line) retrieved from lidar measurements sup-
port the last comments:δp(z) takes values spanning the
0.06–0.09 range within about 1.5–2.5 km a.g.l. The black
open box in Fig. 6 representsåin (355, 1064)= 1.6 and
1åin = −0.36, which have been calculated in accordance
with Eqs. (4)–(5), respectively, and corresponds toηin ∼= 0.9
andRf−in ∼= 0.1 µm. Note that theå(z)−1å(z) data points in
Fig. 6 (open dots) are less spread out than the ones in Fig. 3.
As a consequence, the differences betweenRf(z) andRf−in
andη(z) andηin are smaller than the corresponding ones re-
vealed by Fig. 3.
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Fig. 6. Scatter plot of1å(z) vs. å355,1064(z) retrieved from the
lidar measurements performed on 29 August 2011 within 11:44–
12:19 UTC. Different colours represent different altitudes in accor-
dance with the colour bar on the top. The open black box represents
the1åin andåin(355, 1064) data point.

4.3 Case study: 5 September 2011

Figure 8a shows the extinction coefficient vertical profiles
at 355, 532, and 1064 nm retrieved from the lidar mea-
surements performed on 5 September 2011 from 14:14 to
14:45 UTC. Error bars represent uncertainties. Mean lidar
ratios retrieved from the implemented iterative procedure
(Sect. 2.2) are 52± 10 sr, 42± 6 sr, and 47± 17 sr at 355 nm,
532 nm, and 1064 nm, respectively, (Table 2). A vertically
inhomogeneous layering of aerosol particles was observed
with the lidar from∼ 0.5 up to 5.0 km a.g.l., on 5 Septem-
ber 2011. The potential temperature (θ) profile that increases
with z (Fig. 8b, full dots) supports the detected aerosol lay-
ering. θ was obtained from radio-sounding measurements
performed at 11:00 UTC of 5 September 2011. The ra-
diosonde relative humidity (RH) profile is also shown in
Fig. 8b (open dots), and it is interesting to note that the
RH takes values≥ 80 % within 3.5–4.8 km a.g.l. (De Tomasi
and Perrone, 2003; Perrone et al., 2012). The vertical pro-
files of the Ångstrom exponentså355,532(z), å532,1064(z),
and å355,1064(z), and of the spectral curvature1å(z) with
corresponding uncertainties are plotted in Fig. 8c and d.
å355,1064(z) and1å(z) vary within 0.1–0.5 and 0.0–0.9 from
1 up to 4 km a.g.l. In Fig. 8c, it is worth noting thatå355,532(z)

is larger thanå355,1064(z) at 2 <z < 3.3 km a.g.l. This result
can be due to a significant contribution of coarse-mode parti-
cles within 2–3.3 km a.g.l., in accordance with the discussion
reported in Sect. 4.1.1å(z) vs.å355,1064 (z) mean values are
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plotted in Fig. 9 (open dots) with corresponding uncertain-
ties.å355,1064(z) – 1å(z) mean values within 1–3.5 km a.g.l.
are mainly on the graphical framework area delimited by
η equal to 30 % and 50 %, andRf equal to∼ 0.05 µm and
0.2 µm, whereas theå355,1064(z) – 1å(z) mean values within
3.5–4.5 km a.g.l. are mainly on the graphical framework area
delimited by η equal to 50 % and 70 %, andRf equal to
∼ 0.1 µm and 0.2 µm. These results reveal the prevailing con-
tribution of coarse-mode particles within 1–3.5 km a.g.l. Fig-
ure 8e shows the linear particle depolarization ratio profile
and we observe thatδp(z) reaches mean values larger than
0.15 from 1 up to 4.5 km a.g.l. Then, coarse nonspherical
particles, like the ones due to desert dust, have likely af-
fected the whole aerosol load. Mean lidar ratio values at
355 nm, 532 nm, and 1064 nm, (Table 2), support the last
statements (e.g. Muller et al., 2007). The HYSPLIT ana-
lytical back trajectories (Fig. 10a–b) reaching south-eastern
Italy on 5 September 2011 at 11:00 UTC also support the
advection of desert dust particles. Air masses that on 3
and 4 September crossed north-western Africa at low al-
titudes (1–2 km a.g.l.) were directly advected over south-
eastern Italy on 5 September (14:00 UTC), from about 1
to 4 km a.g.l. It is interesting to note that, for the moni-
toring site of this study, the BSC–DREAM model simu-
lated the existence of a dust layer from the ground up to
∼ 5 km a.g.l. at 12:00 UTC (Fig. 8f) with dust concentra-
tions reaching the largest values (∼= 100 µg m−3) within 3.0–
3.5 km a.g.l. Note that extinction coefficient profiles (Fig. 8a)
reached a peak value at∼ 2.9 km a.g.l., in satisfactory accor-
dance with the modelled dust concentration profile. MODIS,
on board the Aqua satellite, also revealed the presence of
dust over the central Mediterranean on 5 September 2011
at 12:05 UTC (http://lance-modis.eosdis.nasa.gov/cgi-bin/
imagery/single.cgi?granule=A112481205) Hence,δp(z), the
MODIS true colour image, the HYSPLIT analytical back tra-
jectories, and the BSC–DREAM model all support theη(z)

and Rf(z) mean values and, to some extent, their respec-
tive dependence onz retrieved from the graphical framework
of Fig. 9 (open dots). AERONET sun photometer measure-
ments also support the results revealed by Fig. 9:ηA(500 nm)
andå440,870 reached rather small values (0.33 and 0.45, re-
spectively) on 5 September 2011 (Table 2).

4.4 Case study: 3 October 2011

The extinction coefficient vertical profiles at 355, 532, and
1064 nm, respectively, retrieved from lidar measurements
performed on 3 October 2011 from 12:41 to 13:16 UTC
are plotted in Fig. 11 with corresponding uncertainties (er-
ror bars). Mean lidar ratios retrieved from the implemented
iterative procedure (Sect. 2.2) are 67± 9 sr, 64± 7 sr, and
17± 6 sr at 355 nm, 532 nm, and 1064 nm, respectively (Ta-
ble 2). A vertically homogeneous layering of aerosol parti-
cles was detected from the lidar within 1–2.5 km a.g.l. The
potential temperature (full dots) and the RH (open dots) pro-
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Fig. 7. (a)Pathways of the ten-day HYSPLIT back trajectories of
29 August 2011 estimated at 12:00 UTC, each with arrival heights
at 1, 2, and 3 km a.g.l.(b)Time evolution of the altitude of each back
trajectory.

files shown in Fig. 11b support theα(z) profiles.θ and RH
have been retrieved from radio-sounding measurements per-
formed at 11:00 UTC on 3 October and Fig. 11b reveals
that θ shows a marked inversion at∼ 0.7 and 2.5 km a.g.l.
The vertical profiles of the Ångstrom exponentså355,532(z),
å532,1064(z), andå355,1064(z), and of the spectral curvature
1å(z) together with corresponding uncertainties are plotted
in Fig. 11c and d, respectively. Figure 11c reveals that the
å355,1064(z) mean values span the 1.9–2.1 range from 1 up to
2.5 km a.g.l.å355,532(z) is smaller thanå355,1064(z) at all alti-
tudes and decreases faster thanå355,1064(z) with the increase
of z up to ∼ 2.5 km a.g.l. The increase with the altitude of
the particle size is likely responsible for this result, in accor-
dance with the discussion reported in Sect. 4.1.1å(z) mean
values are negative and decrease with altitude (Fig. 11d)
spanning the – (0.2–1.1) range within 1–2.5 km a.g.l. Cal-
culated1å(z) vs. å355,1064 (z) values are plotted in Fig. 9
(open triangles) together with corresponding uncertainties.
å355,1064(z)-1å(z) mean values are on the graphical frame-
work area delimited byη equal to 90 % and 99 %, andRf
values equal to∼ 0.08 µm and 0.12 µm, respectively. These
results reveal the prevailing contribution of fine-mode parti-
cles on 3 October. The HYSPLIT analytical back trajectories
reaching south-eastern Italy on 3 October 2011 at 13:00 UTC
are plotted in Fig. 12a–b. We observe that air masses that
crossed anthropized areas of north-eastern Europe were ad-
vected at the monitoring site of this study from about 1 to
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Fig. 8. (a) Extinction coefficient profiles at 355 nm (black line),
532 nm (green line), and 1064 nm (red line) retrieved from li-
dar measurements performed on 5 September 2011 from 14:14 to
14:45 UTC.(b) Vertical profiles of potential temperature (θ) and
relative humidity (RH) retrieved from radio sounding measurements
performed at 11:00 UTC. Vertical profiles of(c) the Ångstrom ex-
ponentså355,532(z), å532,1064(z), å355,1064(z), and(d) the spec-
tral curvature1å(z). (e) Vertical profile of the linear particle de-
polarization ratio (blue line) with corresponding uncertainties (er-
ror bars).(f) Dust particle concentration from the BSC–DREAM
model.

3 km a.g.l. Advection patterns similar to the one of Fig. 12a
are rather frequent over south-eastern Italy, as mentioned
in Sect. 4.2 (Perrone et al., 2013). It was also shown that
they were mainly responsible for the advection of fine-mode
particles caused by anthropogenic pollution (e.g. Perrone et
al., 2013; Lelieveld et al., 2002). AERONET sun photome-
ter measurements support the results revealed by Fig. 9. Ta-
ble 2 shows that å440,870 reached a rather large value (1.83)
on 3 October 2011, in good accordance within uncertainties
with theå355,1064(z) values of Fig. 9. In addition, we observe
from Table 2 that the columnar value ofηA(500 nm)= 0.86
is in satisfactory accordance with theη(z) mean values that
can be estimated from Fig. 9 (open triangles). The1å(z)-
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Fig. 9. 1å(z) vs. å355,1064 (z) scatter plot with corresponding
uncertainties retrieved from lidar measurements performed on 5
September 2011 from 14:14 to 14:45 UTC (open dots) and on 3
October 2011 from 12:41 to 13:16 UTC (open triangles). The open
black boxes represent the1åin andåin(355, 1064) data points re-
ferring to 5 September and 3 October 2011, respectively.

å355,1064(z) scatter plot of Fig. 9 (open triangles) indicates
that the contribution of coarse-mode particle within 1.0–
1.5 km a.g.l. was larger than the one within 2.0–2.5 km a.g.l.
To this end, it is worth noting in Fig. 12b that 1 km arrival-
height air masses crossed north-western Africa at very low
altitudes before reaching south-eastern Italy, and as a conse-
quence they have likely picked up a small amount of desert
dust particles.

5 Overall results and discussion

The proposed graphical method was applied to lidar mea-
surements performed on 10 days of the year 2011 to fur-
ther demonstrate the method’s ability to estimate the depen-
dence on altitude of the fine-mode aerosol contribution to
the aerosol optical thickness and of the fine-mode aerosol
radius. Lidar measurement days were selected in order to
have AOTs driven by the main sources characterizing aerosol
particles over south-eastern Italy (Perrone et al., 2013). As
mentioned, aerosols from continental Europe, the Atlantic
Ocean and the Mediterranean Sea, and the African deserts
are frequently advected over south-eastern Italy and more
generally all over the central Mediterranean, as the study
cases presented in Sect. 4 have revealed. Mean lidar ratios
and calculated AOTs at the lidar wavelengths are given in
Table 2, in addition to column-integrated microphysical pa-
rameters retrieved from AERONET (Lecce University) sun
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photometer measurements collocated in time and space with
lidar measurements, in order to highlight the differences be-
tween column integrated and corresponding vertically re-
solved aerosol parameters. Table 2 reveals that the investi-
gated measurements days were characterized by AOTs span-
ning the 0.26–0.67, 0.15–0.39, and 0.05–0.27 range at 355,
532, and 1064 nm, respectively. Mean lidar ratios retrieved
from the implemented iterative procedure varied within the
31–83, 32–84, and 11–47 sr range at 355, 532, and 1064 nm,
respectively. Lidar ratio values depend on the aerosol opti-
cal and microphysical properties and are commonly used to
distinguish aerosol of different types or origins by means of
lidar measurements. Coarse non-absorbing aerosols such as
sea-salt particles are characterized by small lidar ratio val-
ues (e.g. Barnaba et al., 2004). Conversely, fine absorbing
particles such as soot are characterized by large lidar ratio
values (e.g. Barnaba et al., 2007). Thus, measurements days
affected by different aerosol types or sources were selected
in accordance with aerosol parameters reported in Table 2.
Columnar aerosol parameters retrieved from AERONET
sun photometer measurements collocated in space and time
with lidar measurements (Table 2) support the last state-
ment. In fact, the AOT(500 nm),ηA(500 nm), å440,870, and
1å= å440,675 – å500,870 spanned the 0.16–0.42, 0.32–0.93,
0.42–1.83, and−0.11–0.12 ranges, respectively, during the
investigated measurement days. Numerical results showing
the dependence of lidar ratios of fine- and coarse-mode parti-
cles on the complex refractive index for particles of different
shapes have recently been reported by Lopatin et al. (2013).
Lidar ratios have been provided at 355, 532, and 1064 nm.
Lopatin et al. (2013) have found (Fig. 10 of their paper) that
the lidar ratio spectral dependence is quite affected by the
complex refractive index, shape, and size of particles. As a
consequence, the lidar ratio changes with the wavelength are
quite dependent on particle type, as the results of this paper
have revealed (Table 2). Lopatin et al. (2013) found that the
1064 nm lidar ratios are always smaller than the correspond-
ing ones at 532 and 355 nm. More specifically, they found
that the 1064 nm lidar ratio of fine-mode particles is on av-
erage more than three times smaller than the one at 355 nm
and takes values smaller than 20 sr for absorbing particles
with the real part of the particle refractive indexn ≥ 1.5. Note
that we have found (Table 2) relatively small and large li-
dar ratios at 1064 and 355 nm, respectively when fine-mode
particles were dominant (ηA ≥ 0.84), in satisfactory accor-
dance with the results by Lopatin et al. (2013). More specif-
ically, fine-mode particles were dominant on 28 July 2011
(ηA = 0.92; Table 2), and we found a lidar ratio of (11± 10)
sr and (50± 10) sr at 1064 and 355 nm, respectively. Lopatin
et al. (2013) have also found that weakly absorbing coarse-
spheroid particles withn = 1.55 are characterized by small
lidar ratios (< 50 sr) at 355, 532, and 1064 nm, respectively.
Table 2 shows that the contribution of coarse-mode parti-
cles was significant on 11 April 2011 (ηA = 0.32) and it is
interesting to observe that the retrieved lidar ratios at 1064
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Fig. 10. (a)Pathways estimated for 14:00 UTC of 5 September 2011
of the ten day HYSPLIT back trajectories with arrival heights at 1,
2, and 4 km a.g.l.(b) Time evolution of the altitude of each back
trajectory.

and 355 nm are equal to (20± 16) sr and (40± 4) sr, respec-
tively, in satisfactory accordance with the results by Lopatin
et al. (2013).

Figure 13 shows the scatter plot of LRs at 355 nm (dots),
532 nm (triangles), and 1064 nm (boxes) vs. the AOTs, at
355, 532, and 1064 nm, respectively. It is interesting to note
that LR values that depend on aerosol optical and microphys-
ical properties are weakly correlated to corresponding AOTs,
as has commonly been found. This result indicates that AOTs
are mainly driven by the concentration of aerosols of differ-
ent optical and microphysical properties. Aerosol products
from AERONET sun photometer measurements lead to the
same conclusion. Figure 14 showsηA(500 nm) and å440,870
vs. the AOT at 500 nm by dots and triangles, respectively.
ηA(500 nm) and å440,870 depend on the aerosol microphys-
ical properties and it is interesting to note that they do not
reveal any marked dependence on the AOT: fine-mode dom-
inated aerosols (ηA > 0.6, å440,870> 1.4) and coarse-mode
dominated aerosols (ηA < 0.6, å440,870< 0.8) were responsi-
ble for high and low AOTs during the measurement days.

Open dots and error bars in Fig. 15a show the scatter plot
of 1å(z) vs. å355,1064(z) with corresponding uncertainties
retrieved from lidar measurements performed on 10 differ-
ent measurement days (Table 2). Different colours have been
used to represent different measurement days as indicated
at the top of Fig. 15a. Figure 15b shows the scatter plot of
1å(z) vs. å355,1064(z) mean values without corresponding
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Fig. 11. (a)Extinction coefficient profiles at 355 nm (black line),
532 nm (green line), and 1064 nm (red line) retrieved from li-
dar measurements performed on 3 October 2011 from 12:41 to
13:16 UTC.(b) Vertical profiles of potential temperature (θ) and
relative humidity (RH) retrieved from radio sounding measurements
performed at 11:00 UTC. Vertical profiles of(c) the Ångstrom ex-
ponentså355,532(z), å532,1064(z), å355,1064(z), and(d) the spectral
curvature1å(z).

uncertainties to better show how they vary with the monitor-
ing day.å(z) and1å(z) mean values span the 0.1–2.5 and
−0.1–1.0 range, respectively, as a consequence of the high
variability of the aerosol properties (Fig. 15b). Figure 16a
shows theå355,1064(z) frequency of occurrence plot which is
characterized by a bimodal distribution that peaks at about
0.3 and 1.6. The 0.3 peak value is likely due to the contribu-
tion of coarse-mode particles from the African deserts and/or
the Atlantic Ocean and the Mediterranean Sea, as previous
studies have indicated (Barnaba et al., 2004; Perrone et al.,
2005; Perrone and Bergamo, 2011). The1å(z) frequency of
occurrence plot (Fig. 16b) that peaks at about−0.3, is rather
broad, with the mean value equal to 0.25 and the standard
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Fig. 12. (a)Pathways estimated for 13:00 UTC on 3 October 2011
of the ten day HYSPLIT back trajectories with arrival heights at 1,
2, and 4 km a.g.l.(b) Time evolution of the altitude of each back
trajectory.
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and 1064 nm (boxes) vs. the AOTs at 355 nm, 532 nm, and 1064 nm,
respectively.

deviation equal to±0.43.å355,1064(z) –1å(z) mean values
lie within the graphical framework area delimited byη(z)

andRf (z) values spanning the 0.30–0.99 and 0.05–0.30 µm
range, respectively. Theη(z) variability range reveals that
the aerosol particle size distribution is mainly bimodal. The
spread of theå355,1064(z) –1å(z) data points allows for the
identification of two main clusters. One cluster represents
40 % of the data points and it is associated withη andRf
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Fig. 14. Scatter plot ofηA(500 nm) (dots) and å440,870 (triangles)
vs. the AOT(500 nm) retrieved from AERONET sun photometer
measurements collocated in space and time with lidar measure-
ments.

values varying within the 30–70 % and 0.05–0.30 µm range,
respectively. Four of the 10 measurement days contributed
to this cluster where the contribution of coarse-mode par-
ticles increases asη decreases. 60 % of the data points lie
in the cluster delimited by theη curves equal to about 80
and 99 %, respectively and theRf curves equal to about 0.05
and 0.15 µm, respectively (Fig. 15b). Fine-mode particles are
dominant in this last cluster, and the high percentage of data
points indicates that the contribution of fine-mode particles
prevailed at the monitoring site of this study. Data points
from seven measurement days contributed to this cluster.
This last result indicates that the contribution of fine-mode
particles was significant during almost all measurement days.
These last results are supported by several studies performed
by some of the authors of this paper (e.g. De Tomasi et al.,
2006; Tafuro et al., 2007; Santese et al., 2008; Perrone et al.,
2013) which revealed that the aerosol load over south-eastern
Italy is significantly affected by fine pollution aerosols also
due to long-range transported contributions from the sur-
rounding populated regions. In particular, the analysis of
more than one year of AERONET sun photometer measure-
ments revealed that the aerosol volume size distribution was
bimodal and that the volume (and mass) of aerosols smaller
than 1 µm in maximum dimension (fine mode) was domi-
nant during the entire year, and particularly during spring and
summer (Tafuro et al., 2007). However, the bimodal structure
of the dimensional spectrum reported in Tafuro et al. (2007)
indicated that along with fine-mode particles, which were
mainly of anthropogenic origin, coarse-mode particles, like
the ones of natural (marine and crustal) origin, also con-
tributed to the aerosol load during the entire year. Note that
the results revealed by Fig. 15 are in satisfactory agreement
with those reported by Basart et al. (2009) which depicted the
dominance of fine-mode aerosols in driving the AOT at the
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                                                                                                        Figure 15 (M. R. Perrone et al.) 3 
Fig. 15. (a)Scatter plot of1å(z) vs.å355,1064(z) with correspond-
ing uncertainties retrieved from the lidar measurements performed
on ten measurement days (Table 2). Different colours are used to
represent different measurement days.(b) Scatter plot of1å(z) vs.
å355,1064(z) mean values without corresponding uncertainties. The
open boxes represent the1åin and åin(355, 1064) data point for
each measurement day.

monitoring site of this study. Quality-assured direct-sun ob-
servations of the Lecce University AERONET station, which
included 2003–2007 annual cycles, were analysed by Basart
et al. (2009).

Figure 15 shows that the increase ofå355,1064(z) along
constantη curves is associated with the decrease ofRf .
By contrast, the decrease ofå355,1064(z) along constantRf
curves is associated with the decrease ofη and hence, to
the larger contribution of coarse-mode particles. 5 Septem-
ber and 3 October 2011 have been the days most affected by
the contribution of coarse- and fine-mode particles, respec-
tively (Fig. 9), as outlined in Sect. 4. Open boxes in Fig. 15b
show1åin vs. åin values calculated from the AOTs at 355,
532, and 1064 nm (Eqs. 4 and 5) to highlight the differences
between columnar and vertically resolvedå355,1064 and1å
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Fig. 16.Frequency of occurrence plot of(a) å355,1064(z) and(b) 1å(z).

values for each of the analysed study cases. Figure 17 shows
the scatter plot of1å(z) vs.å355,1064(z) mean values, using
different colours to represent data referring to different alti-
tudes a.g.l., in accordance with the colour bar on the top of
the figure. It is interesting to note that Fig. 17 does not reveal
any significant dependence ofη(z) andRf(z) on the altitude,
at least for the analysed measurement days. In fact, the study-
case analysis has clearly revealed that fine particles due to
anthropogenic pollution and coarse particles of natural or an-
thropogenic origin could be found at any altitude sounded
by the lidar. Data points retrieved from 1 up to∼ 5 km a.g.l.
contributed to the cluster delimited by the 80–90 %η curves
and the 0.05–0.15 µmRf curves, where fine-mode particles
were prevailing, and to the cluster delimited by the 30–70 %
η-curves and the 0.05–0.30 µmRf-curves, where the contri-
bution of coarse-mode particles was largest. The advection
over south-eastern Italy of aerosol from continental Europe,
the Atlantic Ocean and the Mediterranean Sea, and northern
Africa contributed to these results, as previously mentioned.

6 Summary and conclusion

The graphical method of Gobbi and co-authors has for the
first time been used to track the changes with altitude of dif-
ferent aerosol types from 3-wavelength lidar profiles. The
method relies on the use of a graphical framework and on
the combined analysis of the Ångstrom exponentå355,1064(z)

and its spectral curvature1å(z) = å355,532(z) − å532,1064(z),
which were calculated from the lidar extinction profiles at
355, 532, and 1064 nm, respectively. Plotting data in the
1å(z) vs. å355,1064(z) coordinates of the graphical frame-
work allows one to obtain an estimate of the aerosol fine-
mode radiusRf(z) and fine-mode fractionη(z) at different
altitudesz. Lidar measurements performed on several days
of the year 2011 were analysed to demonstrate the method
feasibility. The measurement days were selected in order to
have AOTs driven by the main sources of aerosol particles
over south-eastern Italy. Aerosols from continental Europe,
the Atlantic and Mediterranean Sea, and the African deserts
are frequently advected over south-eastern Italy and more
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                                                                                                         Figure 17 (M. R. Perrone et al.) 3 
Fig. 17. Scatter plot of1å(z) vs. å355,1064(z) retrieved from the
lidar measurements performed during 10 measurement days. Dif-
ferent colours are used to represent different altitudes a.g.l.

generally all over the central Mediterranean. As a conse-
quence, aerosol types and hence,Rf(z) and η(z) may sig-
nificantly vary with the altitude over south-eastern Italy. Lin-
ear particle depolarization ratio profiles from lidar measure-
ments, AERONET (Lecce University) sun photometer mea-
surements collocated in space and time with lidar measure-
ments, MODIS satellite images, HYSPLIT analytical back
trajectories, and the BSC–DREAM model were used to un-
derstand and support the dependence ofRf andη values re-
trieved from the proposed graphical method onz.

This paper’s results have demonstrated the following:

a. η(z) and Rf(z) mean values varied within the
0.30–0.99 and 0.05–0.30 µm range, respectively and
that
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b. Rf(z) and η(z) varied significantly with altitude,
mainly when aerosol of different types and hence from
different sources were at different altitudes a.g.l.

c. It was found thatRf(z) andη(z) mean values were not
dependent on the altitude from the ground level: fine
particles due to anthropogenic pollution and coarse
particles of natural or anthropogenic origin could be
found at any altitude sounded by the lidar.

d. Results depicted the dominance of fine-mode aerosols
in driving the AOT over south-eastern Italy: 60 %
of the Rf(z) and η(z) mean values were within the
0.04–0.15 µm and 0.80-0.99 range, respectively. How-
ever, theη(z) variability which spanned the 0.30–0.99
range has indicated that along with fine-mode parti-
cles, coarse-mode particles, which are of natural (ma-
rine and crustal) origin, also contributed to the aerosol
load.

In conclusion, the results of this study have shown the fea-
sibility of the proposed graphical approach to obtain an esti-
mate ofRf(z) andη(z) from three-wavelength lidar measure-
ments. The high variability ofRf andη with z has demon-
strated the importance of accounting for the dependence of
the aerosol microphysical properties onz. Several techniques
have been developed in recent years to characterize the
changes with altitude of the aerosol optical and microphysi-
cal properties from multi-wavelength lidar measurements, as
it has been highlighted in the introduction. Each technique
has its benefits and drawbacks and one must be aware that
the uncertainties of retrieved aerosol parameters on average
increase if the number of input parameters and hence, the
number of optical channels in lidar systems decreases. How-
ever, it can be highly desirable/necessary to reduce the num-
ber of optical channels in some lidar experiments in order to
obtain a lidar system more easy to handle. In fact, the three-
channel lidar systems based on frequency tripled Nd-YAG
laser are more widely spread throughout the world than Ra-
man and high-spectral-resolution lidars. Therefore, the ap-
proach suggested in this study can be of interest mainly to
users of three-channel lidar systems. We believe that the re-
sults onRf(z) andη(z) combined with the column-integrated
size distributions retrieved from AERONET sun photometer
measurements collocated in space and time with lidar mea-
surements, should allow obtaining particle size distributions
dependent onz by a closure analysis. Work in this direction
is in progress. Finally, it is worth noting that the monitoring
site of this study is on a flat peninsula of south-eastern Italy,
more than 40 km away from large industrial sites. As a con-
sequence, it can be considered representative of the aerosol
load affecting the central Mediterranean. Hence, this pa-
per’s results have also highlighted some of the main features
of the aerosol particles affecting the central Mediterranean
and have revealed the importance of accounting for altitude-
dependent size distributions in radiative transfer simulations.
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