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Abstract

Single wavelength polarization lidar observations collected at Mt. Cimone (44.2◦ N,
10.7◦ E, 1870 m a.s.l.) during the June 2000 MINATROC campaign are analyzed to
derive tropospheric profiles of aerosol extinction, depolarization, surface area and vol-
ume. Lidar retrievals for the 2170–2245 m level are compared to the same variables as5

computed from in situ measurements of particles size distributions, performed at the
mountain top Station (2165 m a.s.l.) by a differential mobility analyzer (DMA) and an
optical particle counter (OPC). A sensitivity analysis of this closure experiment shows
that mean relative differences between the backscatter coefficients obtained by the two
techniques undergo a 30% decrease when hygroscopic growth to ambient humidity is10

considered for the DMA dataset, otherwise representative of dry aerosols. Minimiza-
tion of differences between lidar and size distribution-derived backscatter coefficients
allowed to find values of the “best” refractive index, specific to each measurement.
These results show the refractive index to increase for air masses proceeding from ei-
ther continental Europe or Africa with respect to Mediterranean air. Lidar depolarization15

was observed to minimize mainly in airmasses proceeding from Western Europe, thus
indicating a spherical, i.e. liquid nature for such aerosols. This analysis shows aver-
age relative differences between lidar and in-situ observations of 10% for backscatter,
37% for extinction and 44% for surface area and volume. These values are within
the expected combined errors of the lidar and in situ retrievals. However, average20

differences strongly decrease during the Saharan dust transport event, when a lidar
signal inversion model considering non-spherical scatterers is employed. The closure
obtained between particle counter and lidar-derived aerosol surface area and volume
constitutes a validation of the technique providing the latter estimates on the basis of
single-wavelength lidar observations.25
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1. Introduction

Atmospheric aerosols play a crucial role in determining the Earth radiation balance
via two different mechanisms: 1) scattering and absorbing both solar and thermal ra-
diation, 2) acting as cloud condensation nuclei. The radiative forcing anthropogenic
aerosols enact via these two mechanisms (in particular the second one) is currently5

evaluated to be opposite in sign but of the same order and in some regions even
larger than the forcing due to current greenhouse gases (e.g. Ramanathan et al.,
2001). Also through mechanism (2), in particular by increasing the number of sus-
pended cloud droplets, anthropogenic contribution to aerosol concentrations can inhibit
precipitation, therefore modifying the hydrological cycle (Rosenfeld et al., 1999). Fur-10

thermore, aerosols provide airborne reactive surfaces for the heterogeneous chemistry
processes leading to changes in atmospheric composition (e. g. Jacob, 2000, Balka-
nski et al., this issue). Understanding of these processes is still considered to be very
low (e.g. Houghton et al., 2001). An improved global picture of atmospheric aerosols
and related processes is therefore needed to better address some of the fundamental15

mechanisms controlling the Earth climate.
In situ observations play a key role in building the picture of airborne particulate

matter. This is because the microphysical and chemical properties of aerosol parti-
cles necessary to invert remote sensing (satellite, lidar, sunphotometer) retrievals are
mainly determined by means of these techniques (e.g. Raes et al., 2000). While cur-20

rent satellite passive radiometry experiments start providing global (land and ocean)
column contents (e.g. Kaufman et al., 2002), lidars (laser radars) remain best suited
at retrieving vertical profiles of atmospheric aerosols. In fact, in the near future elastic
backscatter lidars will be flown onboard space platforms by both NASA (Calipso) and
ESA (Earthcare). A quantitative retrieval of aerosol properties by these lidars requires25

the use of specific algorithms and assumptions. These might lead to rather large er-
rors if erroneously applied (e.g. Karyampudi et al., 1999; Gobbi et al., 2002). Relevant
results need then to be validated against in situ or complementary observations.
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In this paper we shall compare and discuss lidar and in situ particle size distribution
measurements simultaneously collected during an experimental campaign character-
ized by both continental and Saharan aerosol conditions. The instrumental set up and
measurement schemes will be described in Sect. 2. In Sect. 3 we shall present and
discuss the evolution of the vertical profiles of aerosol extinction, depolarization, sur-5

face area and volume retrieved by the single-wavelength, polarization lidar system.
Finally, in Sect. 4 we shall compare lidar retrievals of aerosol surface area, volume,
backscatter and extinction for the 2170–2245 m level to equivalent retrievals computed
from observations in situ particle counters carried-out at that altitude. The latter anal-
ysis will provide both the best refractive index of the observed aerosols and a closure10

experiment between lidar and particle counter-derived surface area and volume obser-
vations.

2. Methods

The European Union (EU) Mineral dust and Tropospheric Chemistry (MINATROC)
campaign was carried out at the Mt. Cimone Station (44.2◦ N, 10.7◦ E, 2165 m a.s.l.)15

between 1 June and 5 July 2000 (Balkanski et al., this issue). In addition to atmospheric
chemistry measurements, aerosol observations were carried out by means of particle
sizing instrumentation, by impactors, by optical nephelometer and aethalometer and by
the Vehicle-mounted Lidar System (VELIS). For the purposes of our analysis, we shall
combine particle size distribution and composition results, together with the VELIS lidar20

measurements. We start with providing an outline of the observational methods.

2.1. The VELIS lidar

VELIS is a compact, mobile polarization lidar designed to provide day and night-time
profiles of atmospheric aerosols starting 150 m from the system and up to the lower
stratosphere. VELIS has been developed at the Institute for Sciences of the Atmo-25

448

http://www.atmos-chem-phys.org/acpd.htm
http://www.atmos-chem-phys.org/acpd/3/445/acpd-3-445_p.pdf
http://www.atmos-chem-phys.org/acpd/3/445/comments.php
http://www.copernicus.org/EGU/EGU.html


ACPD
3, 445–477, 2003

Lidar and in situ
observations of
continental and
Saharan aerosol

G. P. Gobbi et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Print Version

Interactive Discussion

c© EGU 2003

sphere and Climate (ISAC) of the Italian Research Council (CNR) in Rome (Gobbi et
al., 2000). The lidar emitter is based on a frequency doubled (532 nm) Nd:YAG laser,
generating plane-polarized, 100 mJ pulses at 15 Hz. A two-receiver configuration is
employed to cope with the high dynamic range of the returning signal: a 10 cm tele-
scope for the near range (150–2000 m from the system) and a 25 cm one for the far5

range (1.5–20 km). Below 150 m the signal is corrected to account for the incomplete
geometrical superposition between the laser beam and the telescope field of view at
these levels.

The atmospheric backscatter signal is detected by photomultipliers and digitized by
photon counting devices. Relative to the polarized laser emission, each receiver de-10

tects both parallel, S//, and perpendicular, S⊥, polarization signals. Here S represents
the backscatter signal generated by atmospheric molecules Sm and aerosols Sa (S
= Sm + Sa), after subtraction of the background noise. Since non-spherical particles
introduce some degree of depolarization in the light they backscatter while spherical
particles do not, the linear depolarization ratio D = S⊥/S// allows to discriminate liq-15

uid (spherical) from solid (non-spherical) particles (e.g. Gobbi, 1998). Aerosol-induced
depolarization Da = Sa⊥/Sa// (that is the ratio between the aerosol-generated orthogo-
nal signals) represents a further step in studying the solid versus liquid aerosol phases
(e.g. Gobbi et al., 2000).

The lidar signal of a specific altitude z, is generated by the backscatter of atmo-20

spheric molecules and aerosols present at that level and extinguished (by the same
constituents) on its way back to the receiver. Assuming that molecular density pro-
files are known (via either radiosonde or model data), the lidar equation, relating the
signal to its atmospheric causes, then contains the two unknowns βa and σa, i.e. the
aerosol backscatter and extinction coefficients, respectively (e.g. Measures, 1984). A25

relationship between aerosol extinction and backscatter is then needed to solve this
equation (e.g. Klett, 1985). Our analysis of the VELIS observations is performed by
employing model-derived relationships σa = f (βa) specific to the aerosol types being
observed (e.g. Barnaba and Gobbi, 2001). The lidar equation is therefore solved by
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means of an iteration-convergence procedure: 1) The lidar trace is calibrated against
a model atmosphere at an aerosol-free level; 2) the aerosol backscatter βa at each
measurement point is determined; 3) the aerosol extinction σa at each measurement
point is obtained from the model on the basis of the aerosol backscatter βa computed
at step 2; 4) at each measurement point the signal is corrected for both the aerosol5

and molecular extinction encountered below that point; 5) steps 1–4 are iterated until
convergence is reached.

To analyze VELIS data collected during the Mt. Cimone campaign, σa = f (βa) re-
lationships for continental aerosols (Barnaba and Gobbi, 2002) and for Saharan dust
(Barnaba and Gobbi, 2001) have been employed. This is justified by the dominating10

aerosol types being identified on the basis of backtrajectories as mainly continental in
the period 1 June – 2 July and as Saharan dust in the period 3–5 July (e.g. Van Din-
genen et al., this issue). Once backscatter profiles are retrieved, the backscatter ratio
R = (βa + βm)/βm can be computed. This parameter is very useful in determining the
relative contributions of molecules and aerosols to the total atmospheric backscatter.15

Aerosol surface area, Sa, and volume, Va, profiles are estimated by relationships
(Sa = f (βa) and Va = f (βa)) relating these parameters to backscatter coefficients and
provided by the same aerosol models. In the case of Saharan dust, the functional rela-
tionships σa = f (βa) and Sa = f (βa) computed for non-spherical particles representa-
tive of mineral dust will be employed (Gobbi et al., 2002). Since the volume-backscatter20

relationship Va = f (βa) is not available for non-spherical dust particles (Barnaba and
Gobbi, 2001), volume estimates will be performed on the basis of the spherical (Mie)
model for both continental and Saharan aerosols. In Sect. 4 we shall discuss in depth
the relevant results and the effects of non-sphericity on retrieved aerosol optical and
physical properties.25

During the campaign, VELIS was located at Pian Cavallaro (1870 m a.s.l.), about
300 m below and 300 m apart from the Mt. Cimone Station (2165 m a.s.l.) where the
aerosol in situ observations were performed. VELIS collected aerosol profiles in the
period 2 June – 4 July 2000. Both day and night-time observations employed in this
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paper are the result of 5-min averages, at 75 m vertical resolution.

2.2. The particle sizing instrumentation

Instrumentation for the in-situ particle size distribution measurements deployed by the
European Commission Joint Research Center (JRC) is described in detail by Van Din-
genen et al., this issue. Aerosol number size distributions in the 6–600 nm dry size5

range were measured by a custom-built Vienna type DMA (length 28 cm), using a TSI
CPC model 3010 as particle counter. It is important to note that these size distribu-
tions were obtained in dry sheath air conditions, hence particles are reduced to their
dry size when measured. Number size distributions in the size range 0.3–10µm were
measured with an optical particle counter (OPC, GRIMM model 1.108). The optical ar-10

rangement inside the instrument is such that the scattered light is detected at an angle
of 90±30◦.

Unlike the DMA sampling, the aerosol entering the OPC was not dried. The OPC
sizing is based on a calibration with latex spheres, performed by the manufacturer. Siz-
ing of non-spherical dust particles implies uncertainties which are difficult to quantify.15

Mishchenko et al. (1997) calculated ratios for non-spherical to spherical phase func-
tions for scattering angles from 60◦ to 120◦ to be in the range 0.8 to 1.8, at 90◦ the
ratio being near 1.2. Overall, some overestimation might affect the size retrieval in the
presence of non-spherical particles.

3. Lidar profiles during MINATROC20

An overview of the lidar retrievals collected during the Mt. Cimone campaign is given
in Fig. 1. Here are reported the contour plots of the 532 nm extinction coefficient σa
(Fig. 1a), depolarization ratio D (Fig. 1b), surface area (Fig. 1c) and volume (Fig. 1d),
respectively. These plots allow to see both the maximum height reached by aerosols
and the presence of a daily cycle. The latter is nicely evidenced in the depolarization25
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record of Fig. 1b. In general, both features were determined by the daily inflation of the
planetary boundary layer (PBL) and aerosols are observed to reach maximum heights
of approximately 3 km in the second half of the day. Several different conditions are
noticed to be superimposed to this general behavior, markedly in the periods 4–11
June, 28 June and 2–5 July (days 32–35), when aerosols were detected up to 5–8 km5

altitudes. In these cases backtrajectories (Van Dingenen, personal communication,
2002) together with high depolarization values reveal that these airmasses proceeded
from Africa and contained dust. Most of the PBL aerosol presented some depolariza-
tion, i.e. it contained some non-spherical particles. However, a marked decrease in
depolarization is observed in the period 24–31 June, mainly characterized by trans-10

port from Western Europe. We shall further discuss these issues in Sect. 4. Amongst
the episodes of Saharan dust transport detected by VELIS, the only one that clearly
reached down to the station was observed at the beginning of July 2000. In fact, in
the period 6–9 June, when dust was observed aloft, aerosol extinction was compara-
ble and depolarization was even higher than during the period 3–4 July. However, the15

depolarization plot of the June events (Fig. 1b) clearly shows the features of PBL and
Saharan aerosols to remain separated, with most of the dust confined to levels above
3 km, i.e. higher than the Mt. Cimone Station. This is consistent with in situ OPC mea-
surements, which did not indicate any significant increase in coarse particles at that
time. Conversely, a progressive lowering of the dust layer clearly starts on 2 July (day20

32). In fact, the arrival of mineral particles at the station was detected in the afternoon
of 3 July, well in agreement with the descent of the 8% depolarization contour at that
level. This dust event reached up to about 8 km altitude with maximum backscatter
ratio of the order of R = 5. However, maximum values of depolarization were of the
order of D = 15%, i.e. much lower than the typical dry dust depolarization of D = 45%25

(e.g. Gobbi et al., 2000), as observed between 3 and 5 km on 6 June. This behavior
is possibly explained by the combined presence of a rather large soluble fraction (of
the order of 50%, Putaud et al., this issue) and RH levels larger than 50% which could
sustain the condensation of a liquid aerosol phase. As a matter of fact, cloud conden-
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sation occurred between 3 and 5 km altitude during the whole night between 3 and 4
July.

Plots of aerosol surface area and volume (Figs. 1c and 1d) depict a behavior similar
to the one of extinction (Fig. 1a). These results show maximum values in both aerosol
surface area and volume to be associated with dust events, with concentrations of5

the order of 500µm2 cm−3 and 30µm3 cm−3, respectively. Considering that volume is
underestimated in the presence of non-spherical particles, these results indicate the
dust events crossing over Mt. Cimone (that is at about 2500 km from the source) to be
characterized by contents of at least 10–30µm3 cm−3 (that converts to approximately
25–75µg m−3) extending all the way up to 6 km altitude. In the following section, we10

shall address in detail all these aerosol properties by comparing lidar observations and
in situ aerosol samplings of air masses located at the Mt. Cimone Station level.

4. Lidar-particle counters comparisons at the Mt. Cimone Station level

In this comparison we employ lidar retrievals for the 75 m height bin spanning the re-
gion 2170–2245 m a.s.l. together with size distributions observed by the DMA and OPC15

instruments at the Station level (2165 m a.s.l.) within 30 min from the lidar measure-
ment. Size distributions are employed to compute aerosol surface area and volume,
plus backscatter and extinction coefficients at the lidar wavelength of 532 nm. These
optical properties have been computed by means of a Mie scattering code at fourteen
different values of the refractive index m = 1.30–0.0i, 1.33–0.0i, 1.35–0.0i, 1.4–0.0i,20

1.40–5×10−3i, 1.45–0.0i, 1.45–5×10−3i, 1.45–0.01i, 1.50–0.0i, 1.50–5× 10−3i, 1.50–
0.01i, 1.55–0.0i, 1.55–5× 10−3i, and 1.55–0.01i. These values have been selected to
represent the full variability range of aerosol composition from pure water droplets (m
= 1.33–0.0i) to mineral dust grains m = 1.55–0.01i (e.g. d’Almeida et al., 1991). The
boundary value m = 1.30–0.0i has been included to check for results outside the ex-25

pected range. Use of the Mie theory implies considering particles as spherical. While
such an assumption is rather good in the case of hygroscopic aerosols, it might lead
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to a strong overestimation of backscatter and to a slight underestimation of extinction
in the case of non-spherical particles as soot or mineral dust (Mishchenko et al., 1997;
Gobbi et al., 2002). As mentioned, we shall use a non-spherical scattering model
to invert lidar traces of Saharan dust but a spherical scattering model for continental
aerosols. Nevertheless, we shall use lidar depolarization information to flag possible5

sources of inconsistencies by indicating when non-spherical particles are affecting the
signal.

4.1. RH-correction of observed particle size

Since DMA size distributions are provided for dry particles, physical and optical proper-
ties computed using these size distributions should be converted to ambient conditions10

to allow for comparison with lidar data. To account for such an effect, we have used
a semi-empirical hygroscopic growth model parameterized by using the Köhler the-
ory and size-resolved measurements (from impactor filters) of chemical composition
of the aerosol (Putaud et al., this issue). The hygroscopic growth model considered
in the present study relates the wet aerosol diameter Dwet at a given ambient rela-15

tive humidity RH to the dry aerosol diameter Ddry by means of an expression of the
form: Dwet = Ddryaexp(b∗RH), where RH is expressed in % and a, b are constants
depending on the particle size and chemical composition. Analysis of the chemical
composition of aerosols, in particular for water soluble inorganic and organic species,
shows important changes in both the percentage and the ionic composition from one20

air mass to the other, as well as from one size range to another within the same air
mass. Therefore, for each air mass type (e.g. Sect. 4.3) we have determined differ-
ent constants a and b for each Berner impactor stage by fitting the mean wet aerosol
diameter computed by the Köhler theory as a function of relative humidity. At a given
relative humidity, the mean wet aerosol diameter of a given impactor stage then rep-25

resents the mean of the wet diameters computed by means of the Köhler theory from
the DMA dry diameter measurements enclosed in that stage. In the present calcula-
tions, the aerosol in the DMA size range was assumed to be internally mixed (e.g. Van
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Dingenen et al., this issue), with mean chemical composition corresponding to the one
observed in the relevant impactor stage and for the specific air mass. The variation of
the surface tension with concentration of moles of carbon (Facchini et al., 1999) was
also considered.

All size distribution-derived physical quantities (i.e. surface area, volume, backscat-5

ter and extinction coefficients) have been computed for both RH-corrected and non
corrected size distributions. Results of these computations and their comparisons with
lidar retrievals obtained at the most 30 min apart from the size distribution measure-
ment are discussed hereafter.

4.2. Backscatter and extinction: sensitivity to RH and refractive index10

Minimum and maximum backscatter coefficients obtained from Mie calculations are
reported in Fig. 2a for non corrected data and in Fig. 2b for RH-corrected data, re-
spectively. Both figures show backscatter coefficients to approximately double when
switching from lower (m = 1.33–0.0i) to maximum value (m = 1.55–0.0i) of the refrac-
tive index. Lidar-measured backscatter coefficients are also plotted in these figures15

as black dots. Comparison of Figs. 2a and 2b clearly shows that the best agreement
between lidar and size distribution-derived aerosol backscatter is achieved when the
RH-correction is applied. In this case most of the lidar observations fall within the
backscatter range determined by refractive index variability. This result is quantified by
the analysis of average, module relative differences:20

dβa/βa = N−1
∑

i=1, N
(|βVELISi

− βJRCi
|/βJRCi

) (1)

obtained for the different values of the refractive index (N = 148 being the number of
considered measurements). In this analysis a minimum of dβa/βa = 0.40 is found for
m = 1.45–0.0i in the case of RH-corrected data, while non-corrected data present a
minimum dβa/βa = 0.60, for m = 1.55–0.0i.25

Values of dβa/βa are representative of the combined average relative error of the
two measurements. In this respect, even though levels of dβa/βa = 40% can appear
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quite large, we should consider that this is the agreement to be expect when employing
a single refractive index (m = 1.45–0.0i) for the whole campaign. Next to that minimum
value, relative differences of 41–42% were observed for m = 1.40–0.0i, and m = 1.45–
0.005i, differences of 43–46% for m = 1.45–0.01i and all the m = 1.50-Xi indices (with
X indicating all the considered imaginary parts). Finally, values dβa/βa > 48% char-5

acterized the remaining values of m. In Sect. 4.3, for each measurement we shall
minimize the differences dβi (m) with respect to m to provide an estimate of the refrac-
tive index specific to the relevant aerosol type.

The behavior of the extinction coefficient σa as retrieved by the lidar measurement
and from the RH-corrected JRC size distributions is presented in Fig. 2c. In this case,10

a minimum average difference of dσa/σa = 0.52 is found when employing for the
whole campaign refractive index values of either m =1.40-Xi, or m = 1.45-Xi. A similar
value (dσa/σa = 0.54) is found for refractive index values of m = 1.50-Xi. Finally,
dσa/σa = 0.57 is found for all the m = 1.55-Xi indices. These results indicate that
extinction retrievals are consistent with backscatter ones, but less sensitive to a precise15

choice of the refractive index. In Sect. 4.3 we shall see how the minimization procedure
carried-out to retrieve a time-dependent value of m will also improve the quality of the
extinction estimates.

As a campaign average, approximately 20% of all aerosol backscatter and extinc-
tion coefficients computed from the RH-corrected size distributions were generated by20

particles smaller than 0.15µm in radius. Only a few percent of βa and σa was due
to particles larger than 1µm in the case of continental aerosols. Conversely, in the
case of Saharan dust (whose grains were mainly larger than 1µm) this fraction in-
creased to approximately 20% for extinction and 40% for backscatter. These results
reveal two noteworthy points: 1) the importance of resolving aerosol size distributions25

below 0.15µm (a typical lower threshold of optical particle counters) when evaluating
aerosol optical properties, and 2) the error (overestimate) intrinsic to the Mie-computed
backscatter in the case of non-spherical particles can be rather large and tending to
compensate the possible lack of information about smaller sizes mentioned at point
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(1).

4.3. Airmass origin in relation to depolarization and refractive index

To improve the interpretation of results we plotted in Fig. 3a the origin of the air-
masses arriving at the top of Mt. Cimone (2165 m a.s.l.), as obtained by 10-day, three-
dimensional backtrajectories computed by the FLEXTRA model (Stohl and Wakowa,5

1995). They were classified into five categories according to the geographical area
overpassed when approaching Mt. Cimone. The backtrajectory information has been
parameterized by indicating with 1 air from West Europe, with 2 air from North-NW Eu-
rope, with 3 air from Eastern Europe, with 4 air from the Mediterranean basin and with
5 air from Africa. This plot shows that airmasses originated from the Mediterranean-10

African regions in the periods 6–15 June and 2–5 July 2000. The remaining periods
were characterized by air mainly proceeding from Eastern Europe (5 June and 19–22
June) and Western Europe (3–4 June, 24–26 and 30). In Fig. 3b we plot the behavior
of relative humidity (RH) as measured at the Station level (Bonasoni, personal commu-
nication, 2001), together with the aerosol depolarization ratio Da, observed by VELIS15

at that level.
Analysis of these plots shows lower values of depolarization to be mainly linked to

airmassess arriving from Western and N-NW Europe, an effect particularly evident in
the period 2–5 and 25–31 June. Conversely, air from E-Europe is characterized by rel-
atively high values of depolarization, as well as air proceeding from the Mediterranean-20

African regions. Over the whole campaign (for conditions of RH < 90%) aerosol de-
polarization (Da) follows the anticorrelated behavior with respect to RH expected for
hygroscopic particles, with an average slope dDa/dRH% ≈ −0.1/30. However, the
low depolarization events of 4 June, 25–27 June and 2 July show dDa/dRH% ≈ 0.0,
confirming these aerosols were in the liquid phase down to RH values as low as 40%. If25

these events are not included, an average slope dDa/dRH% ≈ −0.1/20 characterizes
the remaining observations.

Saharan dust is commonly considered to be hydrophobic. This property is nicely
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portrayed by the airborne observations of aerosol extinction coefficients carried-out in
dry (RH = 10–30%) and wet (RH = 80–90%) conditions by Gasso’ et al. (2000). These
measurements show the marine PBL aerosol extinction to grow by a factor of 2–3,
when switching from the dry to the wet conditions. Conversely, the extinction coefficient
of Saharan dust shows no meaningful increase when subject to the same change in5

RH . Nevertheless, at the Mt. Cimone Station level we kept observing low aerosol
depolarization (average Da < 20%) and an anticorrelation of dDa/dRH% ≈ −0.1/40
(for RH = 40–70%) even in the Saharan aerosol conditions of 3–4 July. As opposed to
this behavior, after 12:00 UT of 3 July lidar depolarization was observed to reach the
typical dry dust value of Da = 45% at levels above 2.8 km, i.e. in the region less affected10

by intrusions of PBL aerosols. At the same time, in situ observations at 2165 m reveal
the soluble fraction of these airmasses to be larger than the campaign average and to
peak at noon of 3 July, when PBL convection reaches its maximum (Putaud et al., this
issue). All this evidence strongly supports the presence of a soluble aerosol fraction,
externally mixing with the Saharan dust particles at the Mt. Cimone Station level. It is15

worth noticing that the same conclusion is independently reached by Putaud et al. (this
issue) on the basis of chemical analysis of the sub and super-micron aerosol modes.

To estimate the time-dependent aerosol refractive index, we determined the m value
(amongst the fourteen ones reported above) minimizing the dβai/βai ratio for each i-th
lidar-in situ comparison. Three-point running averages of the real and imaginary parts20

of the refractive index as retrieved by this procedure are reported in Fig. 3c. This plot
shows that until 13 June, i.e. the period during which air mainly proceeded from the
Mediterranean region, both real and imaginary part of the retrieved refractive index are
rather low (m <1.45–0.002i). The aerosol refractive index then grows during the sec-
ond part of the campaign, peaking in both its real and imaginary parts (m = 1.5–0.01i)25

for the liquid, non-depolarizing particles from Western and NW Europe (26–27 June)
and only in the real part (m = 1.5–0.0i) for the solid aerosols (possibly non-absorbing
mineral dust) from Eastern Europe (19–21 June). On 3 July, when maximum depo-
larization (Da ≤ 30%) was reached, i.e. at its driest condition, the Saharan aerosol
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presented a mean refractive index of m = 1.50–0.003i. As mentioned, depolariza-
tion values lower than the ones typical for dry dust (Da = 45%) indicate that part of
the backscatter was generated by spherical (liquid) particles. This possibly explains
retrieved m values lower than the one expected for mineral dust.

The inferred values of aerosol refractive index well match the long term climatology5

collected by the photometer network AERONET and described in Dubovik et al. (2002).
This analysis also showed the refractive index to be quite well correlated with the non-
soluble and refractory aerosol fraction (dust plus non-volatile organic carbon) observed
at Mt. Cimone Station (Van Dingenen et al., this issue). Overall, the analysis carried
out at the Station level (2165 m a.s.l.) showed: 1) Western Europe aerosols to be more10

liquid and absorbing than Eastern European ones; 2) Saharan dust to be possibly ex-
ternally mixed with soluble aerosols; and 3) depolarization Da and relative humidity RH
to be generally anticorrelated, with the exception of the W-European pollution aerosols,
which presented no solubility effects (dDa/dRH% ≈ 0.0 for 40% < RH < 90%).

4.4. Error analysis15

Our previous analysis can be summarized as follows: from the VELIS lidar we have
measured βVELIS and estimated σVELIS, SVELIS, and VVELIS. The in-situ size distribu-
tion measurements yielded measured SJRC, VJRC, whereas application of a Mie code
to these size distribution (with “tunable” refractive indices) provided a set of estimates
of βJRC and σJRC. Then, backscatter differences for each backscatter measurement20

pair (βVELIS, βJRC) recorded within 30 min have been minimized to determine the as-
sociated best refractive index m. To evaluate the effects of such a minimization, mean
values of the relevant relative differences (βVELIS−βJRC)/βJRC and (σVELIS−σJRC)/σJRC
have been computed accordingly with Eq. (1). The same mean differences have been
computed for the lidar and in situ retrievals of aerosol volume and surface area, though25

these values do not depend on the minimization procedure. Three different time inter-
vals have been considered for this analysis: 1) the whole campaign period 2 June – 4
July (148 data points); 2) the period 2 June – 2 July (116 data points) and 3) the Sa-
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haran dust period 2–4 July (32 data points). Relevant results are reported in Table 1 in
terms of both average module relative differences (as defined in Eq. 1) and of average
bias, i.e. sign-conserving relative differences.

Minimization with respect to m, led to a decrease in average backscatter differences
dβa/βa from 0.40 (e.g. Sect. 4.2) to 0.10 for the whole campaign period, and to5

dβa/βa = 0.04 in dust conditions. Systematic differences in these two periods also
change from −0.03 to +0.03, respectively (e.g. Table 1). As a matter of fact, both
computations (Mishchenko et al., 1997) and observations (Gobbi et al., 2002) indicate
backscatter from dust-like particles to be 0.4–0.7 times the one computed by the Mie
theory for spheres of equivalent surface area. Therefore, we would have expected the10

Mie computations applied to the JRC size distributions to overestimate βa during the
dust event, leading to larger cumulative error. Conversely, we observe a better agree-
ment in this period than during the “continental” one (2 June – 2 July). This can be
explained as due to a combination of at least two effects: 1) lidar-observed backscatter
was partly due to spherical particles (this is supported by the definitely low depolariza-15

tion values), therefore it was higher than the pure non-spherical case; 2) In situ particle
counters underestimated number concentrations of larger particles, then leading to
smaller Mie backscatter coefficients. This problem often affects optical particle coun-
ters and was possibly encountered in the JRC measurements (e.g. Putaud et al., this
issue). Conversely, the presence of a negative bias (−0.05) during the “continental”20

2 June – 2 July period (e.g. Table 1) indicates that to match these lidar retrievals we
would have needed to consider unrealistic values of m < 1.30–0.0i in computing size
distribution-derived βa. This systematically lower lidar backscatter is likely to be due to
the frequent presence of non-spherical particles in continental aerosol conditions, as
indicated by the depolarization record of Fig. 3b.25

Since during the dust period retrieved values of m never went outside the considered
variability range (1.3–1.55) we take the relevant backscatter differences (dβa/βa =
0.04) as the error intrinsic to the discretization of refractive indices employed in the
analysis (being infinite the set of considered m values we would necessarily have
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dβa/βa = 0.0). We then assume the balance to the average relative difference ob-
served during the continental aerosol period (i.e. 0.12–0.04 = 0.08) as the indetermi-
nation characterizing the DMA+OPC size distribution-derived optical parameters βJRC
and σJRC. This is to be compared to the typical error of VELIS-retrieved backscatter,
dβVELIS/βVELIS = 0.03 − 0.05.5

The time evolution of aerosol extinction σa, surface area Sa and volume Va as es-
timated from lidar and obtained from in situ measurements (both RH-corrected and
non corrected data) is reported in Figs. 4a, 4b and 4c, respectively. Similarly to the
case of βa, these figures show that RH-corrected data provide a better agreement
between lidar and in situ data. In the case of extinction, the same minimization pro-10

cess carried-out for backscatter leads to average differences dσa/σa = 0.37 for the
whole period (e.g. Table 1). In the analysis using a fixed “best” refractive index this
value was dσa/σa = 0.52. Again, the agreement is better during the Saharan dust
event (dσa/σa = 0.17) and poorer in the “continental” period (dσa/σa = 0.42). The
systematic difference observed during the latter (−0.40) sharply decreases to 0.01 in15

dust conditions. This behavior shows again a better performance of the non-spherical
(dust) model with respect to the spherical (continental aerosol) one. However, consid-
ering that the average relative error expected in the lidar estimation of σa is of the order
of 0.3 + dβVELIS/βVELIS (Barnaba and Gobbi, 2001; Barnaba and Gobbi, 2002), even
the largest average absolute differences reported above fall within the combined error20

bars of the VELIS and JRC measurements.
Surface area and volume average differences for the whole campaign decrease from

dSa/Sa = 0.46 and dVa/Va = 0.53 in the non RH-corrected record down to a common
value of 0.44 for RH-corrected data. Again, the agreement is much better (almost by
a factor of two) during the dust event than before (e.g. Table 1). It is interesting to no-25

tice that while for surface area (extinction) systematic differences we switch from −0.43
(−0.40) in continental aerosol conditions to −0.01 (+0.01) in dust conditions, in the
case of volume the change is much smaller (from −0.45 to −0.20). This result clearly
shows the effects of missing a non-spherical aerosol model to retrieve dust particles
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volume. Nonetheless, the expected average uncertainty for these lidar-retrieved sur-
face area and volume estimates is of the order of 0.40+ dβVELIS/βVELIS (Barnaba and
Gobbi, 2001; Barnaba and Gobbi, 2002), that is, the average cumulative differences of
the surface area and volume observations discussed here are well within the two mea-
surements cumulative error bars. In particular, during the dust event these differences5

are a 50% smaller than the expected error bars.
Overall, the error analysis just discussed shows that in the continental aerosol period

(2 June – 2 July) all average differences are larger than during the dust event (2–4
July), i.e. when a non-spherical scattering model was employed in the lidar analysis
(e.g. Table 1). Furthermore, size distribution-derived backscatter was systematically10

larger than lidar-measured one in continental aerosol conditions. We expect this effect
to be linked to the non-spherical shape often characterizing continental aerosols. To
check for the possible influence of particles non-sphericity on the continental aerosol
results we then analyzed the behavior of the cumulative errors with respect to aerosol
depolarization. For the time interval 2 June – 2 July, we found an increase of 0.1 in15

dβa/βa, a growth of 0.25 in dVa/Va and an increase of 0.35 in dSa/Sa when passing
from Da = 0.0 to Da = 0.5, that is, from spherical to fully non-spherical conditions.
Conversely, during the dust period no depolarization-dependent change was observed
for both dβa/βa and dSa/Sa, while dVa/Va (obtained as mentioned by a Mie-based
aerosol model) showed an increase of 0.35 over the same depolarization interval.20

Together with the systematic differences reported in Table 1, these results clearly
indicate that the Mie computations performed to compute aerosol optical properties
from observed size distributions tend to overestimate backscatter when in the presence
of non-spherical particles. In the same fashion, the lower backscatter observed by
lidar in the presence of non-spherical aerosols leads to lower estimates of extinction,25

surface area and volume when a spherical scattering model is employed to retrieve
these parameters (as it was the case here for continental aerosols). To our knowledge,
no parameterization of non-spherical continental aerosol βa versus βa relationship is
currently available in the literature and we have to accept the larger margin of error
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specific to these cases.

5. Conclusions

Aerosol extinction, depolarization, surface area and volume profiles obtained by lidar
during the MINATROC campaign at Mt. Cimone (1 June – 5 July 2000) have been
presented. These observations consistently show the presence of a daily, PBL-related5

aerosol cycle reaching approximately 3 km altitude. Transport of Saharan dust was
also observed to occur in several occasions, reaching up to 8 km altitude. However,
lidar depolarization profiles indicate that during the month of June the dust did not
reach down to the Mt. Cimone Station level (2165 m a.s.l.), where the campaign in
situ sampling took place. Conversely, a dust event first observed on 2 July is shown to10

extend down to the station level by the afternoon of 3 July, when it also started being
detected by the instrumentation deployed there.

To perform a closure analysis, aerosol size distributions observed at the Mt. Ci-
mone Station by DMA and OPC instruments have been employed to compute aerosol
backscatter and extinction coefficients plus surface area and volume. These values15

have then been compared to retrievals of the same variables as obtained by the VELIS
lidar in the corresponding height interval 2170–2245 m. Minimization of differences in
backscatter coefficients obtained for fourteen values of the refractive index (mreal rang-
ing from 1.3 to 1.55 and mimaginary from 0.0 to 0.01), provided for each measurement a
“best” value of m for the relevant aerosol. When using such a refractive index, average20

differences (for the whole campaign) between lidar and in situ-retrieved backscatter
and extinction coefficients are of 10% and 37%, respectively. In the case of surface
area and volume, average differences are of the order of 44%. All these differences
are well compatible with the combined standard error associated to the aerosol model
employed in the inversion of the lidar equation and to the estimate of such parameters25

from particle sizing techniques.
It was also noticed that all average differences strongly reduced during the July dust
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event, a case for which a non-spherical scattering model was available to invert the
lidar signal. Conversely, in continental aerosol conditions average differences were ob-
served to increase with depolarization, i.e. with increasing particles non-sphericity.
These results confirm how sensitive to particles shape the quantitative retrieval of
aerosol properties by means of optical methods can be. In this context, depolariza-5

tion measurements represent an extremely useful tool for recognizing which aerosol
shape (that is thermodynamic phase) is being observed and what inversion model to
adopt.

By exploiting air mass back-trajectories, the analysis carried out at the Station level
showed that: 1) Western Europe aerosols were more liquid and light-absorbing than10

Eastern European ones; 2) The aerosol soluble fraction of the African air mass sam-
pled at the Station level on 3 July was larger than the campaign average and possibly
externally mixed with the Saharan dust; and 3) the link between depolarization Da and
relative humidity RH was in general anticorrelated, with the exclusion of the liquid W-
Europe aerosols, that revealed no increase in Da even starting from low (40%) values15

of RH .
On the whole, the analysis presented here provides a good (within the inversion

model error bars) in situ validation of the single wavelength lidar estimates of aerosol
extinction, surface area and volume. If considered together with the validation of lidar-
retrieved optical depth observations (Gobbi et al., 2002; Barnaba and Gobbi, 2002),20

these results show the great potential elastic backscatter, polarization-sensitive lidars
have for reducing the current lack in knowledge affecting the altitude-dependent prop-
erties of atmospheric aerosols.
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Table 1. Absolute values of average relative differences (in parentheses the sign-conserving
relative values, e.g. Eq. 1) between lidar and size distribution-derived aerosol properties.
Backscatter and extinction coefficient differences are obtained after minimization of dβa with
respect to refractive index

Time Period dβa / βa dσa / σa dSa / Sa dVa / Va Npts.

2 June –4 July 0.10 (−0.03) 0.37 (−0.32) 0.44 (−0.34) 0.44 (−0.39) 148
2 June – 2 July 0.12 (−0.05) 0.42 (−0.40) 0.49 (−0.43) 0.50 (−0.45) 116
2 July – 4 July 0.12 (−0.05) 0.17 (0.01) 0.25 (−0.01) 0.23 (−0.20) 32
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Fig. 1. Contour plots of lidar-derived aerosol properties observed during the Mt. Cimone MI-
NATROC campaign: (a) 532 nm extinction coefficient σa, (b) Depolarization ratio D, (c) Surface
area Sa, (d) Volume Va.
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Fig. 1. Continued.
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Fig. 1. Continued.
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Fig. 1. Continued.
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Fig. 2. Lidar observed (black dots) and size distribution-derived backscatter coefficients for two
values of the refractive index:1) m = 1.33–0.0i (diamonds), 2) m = 1.55–0.0i (open squares).
Results employing original DMA “dry” size distributions are presented in (a), while (b) considers
particles RH-dependent growth.
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Fig. 2. Continued.
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Fig. 3. (a) origin of air masses arriving at Mt. Cimone Station level during the MINATROC
campaign; (b) relative humidity RH (blue area) and aerosol depolarization Da (green dots rep-
resent all lidar data, while red triangles show data within 30 min from is situ observations for
RH < 90%), and (c) three-point running averages of real (red triangles) and imaginary (blue
bullets) part of the aerosol refractive index, as inferred from minimization of lidar and size
distribution-derived backscatter coefficients.
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Fig. 4. Comparison of lidar (black dots) and size distribution-derived parameters as observed
at the level of the Mt. Cimone Station during the MINATROC campaign: (a) 532 nm aerosol
extinction σa (diamonds and squares represent results for m = 1.33–0.0i, and m = 1.55–0.0i,
respectively), (b) aerosol surface area Sa, and (c) aerosol volume Va. In the case of Sa and Va
diamonds represent non RH-corrected DMA data while squares consider particles after RH-
dependent growth.
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Fig. 4. Continued.
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