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Abstract. Aerosol optical properties were retrieved from di- BB aerosol episodes with large AOD are observed mainly in
rect and diffuse spectral irradiance measurements made bjuly and August, the driest months of the year, when the de-
a multi-filter rotating shadowband radiometer (MFRSR) at velopment of fires is frequent.

the island of Lampedusa (35.H, 12.6 E), in the Central
Mediterranean, in the period July 2001-September 2003. In
a companion paper (Pace et al., 2006) the aerosol opticaj
depth (AOD) andAngstibm exponent were used together
with airmass backward trajectories to Identlfy and C|aSSifYThe sing|e scattering albedo (SSA) represents a key param-

different aerosol types. The MFRSR diffuse-to-direct ra- eter in describing the aerosol optical properties: it is defined
tio (DDR) at 415.6nm and 868.7 nm for aerosol classifiedgg

as “biomass burning-urban/industrial”, originating primar- r
ily from the European continent, and desert dust, originat-SSA=——% (1)
ing from the Sahara, is used in this study to estimate the s +ka
aerosol single scattering albedo (SSA). A detailed radiativeyherek, andk, are the aerosol scattering and absorption co-
transfer model is initialised with the measured aerosol opti-efficients, respectively.
cal depth; calculations are performed at the two wavelengths The co-albedo, defined as (1-SSA), expresses the fraction
varying the SSA values until the modelled DDR matches of energy absorbed by the aerosols. Knowledge of the SSA
the MFRSR observations. Sensitivity studies are performeds essential for the estimate of the aerosol radiative effects
to estimate how uncertainties on AOD, DDR, asymmetry and impact on climate. Direct measurement of particles’ ab-
factor (g), and surface albedo influence the retrieved SSAsorption and scattering properties is expensive, and is gener-
values. The results show that a 3% variation of AOD or gjly carried out only at the surface. Information on the ver-
DDR produce a change of about 0.02 in the retrieved SSAjca| behaviour of SSA are more difficult to obtain. Indirect
value at 415.6 and 868.7 nm;1£0.06 variation of the asym-  methods require the determination of the aerosol size distri-
metry factorg produces a change of the estimated SSA ofpytion and of the complex refractive index, which necessi-
<0.04 at 415.6nm, ane0.06 at 868.7 nm; finally, an in-  tates the contemporaneous use of various chemical and opti-
crease of the assumed surface albedo of 0.05 causes Vepy| instruments (e.g. Conant et al., 200%jller et al., 2003).
small changes (0.01-0.02) in the retrieved SSA. The calcupye to the difficulty in obtaining such an extended set of ob-
lations show that the SSA of desert dust (DD) increases withserved quantities, an increasing effort is made to derive the
wavelength, from 0.8%0.05 at 415.6nm to 0.940.05 at  SSA through alternative methods. Herman et al. (1975) first
868.7 nm; on the contrary, the SSA of urban/industrial (UN) syggested that aerosol absorption and refractive index could
aerosols decreases from 049802 at 415.6 nm t0 0.8#0.07  pe estimated from the comparison of measured and calcu-
at 868.7nm; the SSA of biomass burning (BB) particles is |ated diffuse-to-direct irradiance ratios. Silva etal. (2002) de-
0.82+0.04 at 415.6 nm and 0.8(.05 at 868.7 nm. Episodes termine the broadband SSA by comparing measured down-
of UN aerosols occur usually in June and July; long lastingwelling radiation with fluxes obtained with a radiative trans-
fer model initialised with measured AOD and with estimated
Correspondence tdD. Meloni aerosol phase function. Russell et al. (2002) retrieved the
(daniela.meloni@casaccia.enea.it) SSA during two experiments in the North Atlantic Region,
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716 D. Meloni et al.: Single scattering albedo of aerosols over the Mediterranean

the Tropospheric Aerosol Radiative Forcing Observational The purpose of this paper is to estimate the column-
Experiment (TARFOX) and the Second Aerosol Character-integrated SSA from measurements performed with a multi-
ization Experiment (ACE-2), applying various techniques filter rotating shadowband radiometer (MFRSR) at Lampe-
(the comparison of measured and modelled radiative fluxesgusa (35.5N, 12.6 E) from July 2001 to September 2003.
the derivation of SSA from measurements of Sun and skyLampedusa is a remote island reached by airmasses of vari-
radiances; the comparison of lidar-derived backscatter proeus origin loaded with different aerosol types. Since 1998 the
file and AOD from sun photometer with model calculations Italian National Agency for New Technologies, Energy and
of aerosol optical properties; the comparison of modelledEnvironment (ENEA) maintains a Climate Laboratory for the
aerosol scattering and absorption with in situ measurementsonitoring of solar radiation, aerosol and ozone with various
by means of nephelometer and photometer). The best-fiinstrumentslittp://www.palermo.enea.it/Lampedjsa
technique between measured and modelled fluxes yielded a In the companion paper by Pace et al. (2006) the different
relatively wide range of values for SSA, 0:80.04 at about  aerosol types reaching Lampedusa throughout the year are
550 nm for polluted aerosol in the boundary layer. This rangeidentified and classified based on the MFRSR measurements.
produces notably different effects in terms of radiative im-  The determination of SSA as a function of wavelength is a
pact. The other techniques gave different results, leading taseful tool to distinguish among different aerosol types; for
the conclusion that accurate controls have to be performedxample Bergstrom et al. (2002), Dubovik et al. (2002) and
when dealing with different methods. Bergstrom et al. (2003)Holler et al. (2003) found that SSA decreases with increasing
calculated the SSA for two days during the Southern Africanwavelength for urban/industrial aerosols, while increases for
Regional Science Initiative (SAFARI 2000) field experiment, desert dust.
comparing the irradiance measurements with the result of a We will show that the wavelength dependence of the re-
radiative transfer model in the spectral range 300-1700 nmirieved SSA is consistent with the aerosol classification based
Their results show that the decrease of SSA with increasingn AOD, Angstr'c')m parameter and airmass trajectory analy-
wavelength is consistent with the absorption by black car-sjs presented in the companion paper by Pace et al. (2006).
bon particles and that the uncertainty is larger in cases of low
AOD.

In the Mediterranean Sea, few studies on the deriva2 Methodology
tion of the aerosol SSA have been conducted. Formenti
et al. (2002) estimated the SSA for an aged biomass burnThe MFRSR performs nearly simultaneous measurements of
ing plume from airborne irradiance measurements performedlobal (direct plus diffuse) and diffuse irradiance at six nar-
over the Aegean Sea: the value of 0.89 at 550 nm for dry parrow bands in the visible and near IR, and in a broadband
ticles was found to be in agreement with estimations from(300-1100 nm) channel. The narrowband channels are cen-
other works. During the Photochemical Activity and So- tred at 415.6, 495.7, 614.6, 672.8, 868.7, and 939.6 nm, and
lar Ultraviolet Radiation modulating factors (PAUR Il) cam- have a FWHM bandwidth of approximately 10 nm. The di-
paign (Zerefos et al., 2002), optical and chemical characterisrect component is calculated as the difference between the
tics of aerosols originating from different sources were mea-global and the diffuse irradiances. The MFRSR calibration
sured at a coastal site in Crete (Kouvarakis et al., 2002): thend the AOD retrieval are accurately described in Pace et
SSA at 532 nm was found to be 0.91 for clean marine aerosolal. (2006). The absolute calibration is performed with the
0.81 for anthropogenic aerosol, and 0.87 for Saharan dust. Langley technique on cloud-free half days characterized by

Radiation and aerosol data collected on the island ofsmall and stable aerosol amount. The global and the diffuse
Lampedusa in the context of the PAUR Il project (di Sarra etirradiances are measured with the same sensor and electron-
al., 2002) have shown that very different radiative effects areics by the MFRSR, and the ratio of the diffuse to the direct
produced by desert dust and continental/polluted aerosols isomponents (DDR) is reasonably accurate (Halthore et al.,
the Mediterranean. Meloni et al. (2003) retrieved the SSA at2004); moreover, the DDR is independent of calibration con-
500 nm for desert dust from measurements of UV irradiancestants and in particular of the extraterrestrial solar spectrum.
and model simulations: the SSA values at different altitudesAlthough the extraterrestrial solar spectrum in the UV — vis-
within the aerosol layer fall between 0.73 and 0.84. They alsdble — near IR has been accurately measured, some discrep-
estimated that at surface level the radiative forcing in the vis-ancies exist (e.g. Drummond and Thekaekara, 1973; Kurucz,
ible per unit optical depth is largest for aerosols transportedl992). Thus, the DDR is the most appropriate quantity to be
from continental Europe. The forcing at the top of the atmo-compared with radiative transfer simulations.
sphere is negative for desert dust, thus producing a cooling, Herman et al. (1975) first introduced the DDR method to
and close to zero or positive for aerosol originating from Eu- determine the imaginary part of the refractive index for desert
rope. The column-integrated SSA at 532 nm for aerosols ofdust, comparing the measured and the calculated DDR. This
continental origin was calculated by Di lorio et al. (2003) at method is based on the sensitivity of the diffuse radiation to
Lampedusa from a combination of lidar and particle counterabsorption by dust (and on the weak dependence on the real
measurements: values varied between 0.79 and 0.84. part of the refractive index), and allows a unique solution
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once the ground albedo is known. When the albedo is not Atmospheric aerosols are described in the model by means
known, a solution is still possible, but the uncertainties dueof the wavelength-dependent optical depth, the asymmetry
to potential errors increase. A similar approach has beeractor, and the single scattering albedo at each layer. If, as
adopted by Petters et al. (2003) to derive the SSA in theis the case for most of the analysed period, the aerosol verti-
UV wavelengths for cloud-free summer days in the South-cal distribution is not measured, the aerosol profile by Shet-
Eastern United States; they simulated the DDR measured dte (1989) is assumed. Model simulations using measured
the seven operational wavelengths of the ultraviolet MFRSRand climatological aerosol distributions (Meloni et al., 2004)
(UV-MFRSR) by means of a radiative transfer model, vary- show that visible irradiance at the surface presents a very
ing the SSA values until the model output matched the measmall dependence on the aerosol vertical profile. We also
surements. assume that the single scattering albedo and the asymmetry

In this study we apply the method by Herman et al. (1975)factor do not vary with altitude.
to derive the SSA at the two MFRSR channels centred at The AOD measured at Lampedusa from July 2001 to
415.6 nm and 868.7 nm using the cloud-free measurement§eptember 2003 around 68ZA varied between 0.03 and
performed at Lampedusa from Ju]y 2001 to September 2003116 at 415.6 nm, and between 0.03 and 1.04 at 868.7 nm.
The diffuse and direct irradiances are calculated using theWO main aerosol types have been identified, on the basis
radiative transfer model UVSPEC by Mayer et al. (1997), of Angstom exponenta, and AOD at 495.7 nm, in con-
assuming a plane-parallel atmosphere with standard verticdPrmity with the classification by Pace et al. (2006): the
profiles of temperature, pressure and ozone for mid-latitudesPiomass burning-urban/industrial aerosol (BU), character-

The radiative transfer equation is solved using the im-1zed byer>1.5and AOD>0.1, and the desert dust (DD), iden-

proved version of the discrete ordinate method of Stamne%iﬁed by“i(iffsand AO(?%%;? Valrl]Jes Obf the aslymlmet(;y
et al. (1988) (DISORT?2) with 8 streams, a sufficient num- actor g at -onm an -/nm have been calculated ac-

ber when calculating integrated radiation quantities such agprding to,the Mie theory assuming the aerosol _properties
irradiance. given by d’Almeida et al. (1991). For BU aerosglis ob-

. . ) tained from the size distribution of urban/industrial aerosol
The DDR is a function of the solar zenith angle (SZA),

type, composed of water-soluble, soot and dust-like particles

thus a single SZ.A is chosen for the gnalysis. The sr.T]"’lllesEd’Almeida etal., 1991): its values are 0.65 at 415.6 nm, and
SZA reached dally at Lampedusa during the year varies be0.60 at 868.7 nm. For DD the background desert aerosol by

Meen 12 (in June) and 59(in Decemk_)er), and the DDR d’Almeida et al. (1991) has been adoptgds 0.84 at 415.6
is calculated at 60SZA to span the entire year of measure- m and 0.73 at 868.7nm. The sensitivity of SSA to these
ments. The comparison of the measurements with the mod ssumed \./alues (gfw'ill be iested in Sect. 3

calculations are performed for both morning and afternoon 1. .- qiative transfer model is run to compute look-up ta-

SZA. bles for the two aerosol types, expressing DDR as a function
The temperature-dependent ozone cross sections in thgf the AOD and SSA at 415.6 and 868.7 nm: variations of
vacuum from the SCIAMACHY spectrometer (Bogumil et the AOD from 0 to 1.2 at 0.2 steps, and SSA values from
al., 2003) were converted into cross sections in air at 0.2nMy 7 to 1.0 at 0.06 steps, are used. The DDRs are calculated
steps. at the central wavelengths of the MFRSR bands, so that no
The ground albedo of Lampedusa has not been measuredssumptions have to be made either on the aerosol optical
due to the small surface area of the island, a large contribuproperties in other spectral intervals, nor on the instrumental
tion to the ground reflectivity derives from the sea. Spectralfiltering function. The comparison of the measurements with
measurements of the open sea albedo require an airborne ithe model results at 6056ZA is performed averaging the in-
strument or a tower, and are scarce. The surface albedo dstantaneous MFRSR measurements in cloud-free conditions
pends on SZA (Payne, 1972); the surface area that influencea a 5 wide SZA interval centred at 60
the downward flux depends on wavelength, being larger for The total number of cases (BU and DD) is 168. Since
the radiation at short wavelengths. According to Ruggabetthe acquisition rate has changed with time, from 10 min to
et al. (1998) the UV irradiance at a specific point is influ- 1 min, and in order to have a sufficient number of values
enced by the albedo of an area with a radius of 20km. Thdo average, we have chosen SZA intervals of 8% .
albedo at Lampedusa is calculated averaging the values fdbue to the different acquisition rates and to the uneven
ocean and land, weighted for the respective areas occupiedistribution of SZA values within the averaging interval,
within a radius of 15km: the resulting albedos correspondit was necessary to apply a correction factor to the mea-
t0 0.10 at 415.6 nm and 0.07 at 868.7 nm. The ocean albedsurements performed at SZAs other thar?.60With the
is derived form Jin and Charlock (2001), who derive esti- aim of accounting for changes of DDR with SZA, the ra-
mates in the range 300—-800 nm af VA by means of a tio DDR(SZA)/DDR(6C) was calculated by means of the
coupled atmosphere-ocean radiative transfer model. Valuesdiative transfer model. Model simulations show that the
of the albedo of a loam soil (as we have supposed for land atorrection factor does not significantly depend on the aerosol
Lampedusa) are taken from Feister and Grewe (1995). type, while it is quite sensitive to the AOD; for example, for
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parameters that are not directly measured, like the aerosol
phase function, vertical distribution, etc.

12 We performed some tests with the radiative transfer model
11 in order to quantify the impact of the missing correction on

10 the results. We simulated the angular distribution of the dif-
9 fuse radiance at SZA=60Qand calculated the diffuse irra-

diance that would be measured by a sensor with a perfect
cosine response, and by a sensor with the cosine response
of the MFRSR. The MFRSR cosine response of our instru-
ment was measured by the manufacturer; its deviation from
the ideal cosine curve is small (i.e. always withid% at all
wavelengths at 60elevation angle). In this study we assume
that the MFRSR angular responsivity has not changed since
its determination. The possible variation of the instrumental
cosine response with time might lead to additional errors not
accounted for in the analysis.

In the model simulation we fixed the AOD at 0.6 (a fairly
large value) and calculated the DDR at 415.6 and 868.7 nm.
Calculation were made for desert dust, due to the fact that for
this type of particles the diffuse component is larger than for
the other aerosol types considered in our study (i.e. biomass
AOD values of 0.2 the ratio DDR(6YDDR(6C°) is 1.09 at  burning or urban/industrial) for the same AOD. Our results
415.6 nm and 1.06 at 868.7 nm, while for AOD values of 1 show that the DDR for the MFRSR cosine response differ
the ratio DDR(62)/DDR(6C) is 1.17 at 415.6nm and 1.13 from that of a perfect cosine response instrument by less than
at 868.7 nm. The ratio calculated at the observation SZA is2% at both 415.6 nm and 868.7 nm. The difference increases
divided by the observed DDR to derive the DDR at 80lar ~ with AOD. The afternoon DDRs calculated without cosine
zenith angle. The derived individual values of DDR af 60 correction on the diffuse component are lower than the morn-
are then averaged. ing DDRs by less than 1% at both wavelengths; this differ-

A graphical representation of the look-up table for DD at ence is due to the effect of the East-West asymmetry of the
415.6 nm is shown in Fig. 1. It can be noticed that at low cosine response.

AODs the DDR does not depend on SSA; on the contrary, |arger differences between observed morning and after-
changes of the SSA produce larger DDR variations at modnoon values of DDR for the same AOD may be taken as an
erate and high AOD values. For example, for AOD=0.6 atindication of a degradation of the cosine response. Differ-
415.6nm a change of SSA from 0.76 to 0.94 determines a&nces might also be induced by changes in the atmospheric
37% increase in DDR. The modelled DDR for each wave-conditions. In order to quantify these differences, morning

length and aerosol type are fitted with a polynomial surfaceand afternoon DDR values together were fitted as a func-

O =~ N W Hh OO N ©

Fig. 1. Surface plot of the DDR at 415.6 nm as a function of AOD
and SSA at 60 SZA. The plot is relative to desert dust.

of the form tion of AOD with a second order polynomial, both at 415.6
3 3 ' ' and 868.7nm. The mean (and standard deviation) differ-
DDR(AOD,SSA)= Z ZaijAODl SSA. (2)  ences of the observations from the fit are @08 (cor-
i=0 j=0 responding to a percent difference af®) in the morning

The coefficients are determined with a least square fit to thétnd 0.18-0.09 (6£5%) in the afternoon at 415.6nm, and
modelled data. Once the AOD is fixed to the observed value0-030.04 (4:7%) in the morning and 0.G0.03 (4-4%)
the equation reduces to a third order polynomial in SSA, i.e. d" the afternoon at 868.7 nm. Thus, no systematic morning-
monotone function in the interval (0.70, 1.00), for which the afternoon differences affect the MFRSR DDR.
number of real zeros in the interval is one or null. The SSAis The direct component measured by the MFRSR includes
thus calculated as the solution of the third order polynomial.the portion of forward scattered radiation that is blocked by
The sensitivity of the retrieved SSA to the AOD, DDRand  the band, which has an umbral angle of 3.2& correction
surface albedo will be discussed at the end of Sect. 3. for the fraction of the diffuse field obscured by the band is
The MFRSR is not an ideal Lambertian spectroradiometerjmplemented in the operational procedure. This correction
and angular corrections have to be applied to the direct anés done by estimating this contribution as the difference be-
diffuse signals. The cosine correction is routinely applied totween the global irradiance and the measurement performed
the direct component and not to the diffuse one. The correcwhen the shadowband blocks a strip of skyté the side
tion of the diffuse component requires the knowledge of theof the Sun (Harrison et al., 1994). Depending on the prop-
radiance angular distribution, which depends on a number oérties of the forward scattering peak, this correction may

Atmos. Chem. Phys., 6, 71827, 2006 www.atmos-chem-phys.net/6/715/2006/
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Table 1. Average and standard deviation of the single scattering 40 [T T T T T

albedo, SSA, at 415.6 nm and 868.7 nm for the two aerosol types: .| il 13-15/06/03
BU refers to biomass burning-urban/industrial aerosol, and DD to L | 29-30/07/02
desert dust. The averages are calculated over all case$ 8780 30 |- - 10-13/07/03
in the period July 2001-September 2003. The number of data for 3/06/02

. | o | 12/06/03
each aerosol type is also shown. 25 1 ° T . 21-22/06/03
[ il 20-21/07/03

20 [ .
Aerosoltype N  SSA (415.6nm) SSA (868.7 nm) H %@@{ class b : - ;5;;8;/8;1/08/01

class a
n 26-29/08/01
BU 74 0.87#0.08 0.82:0.07 L X’/{& 4 n 31/07-03/08/03

DD 94 0.8H-0.05 0.94:0.05 1.0 - f o 5-22/08/03
1 27/08/03

15-27/06/02

©c o e 0O

DDR 415.6 nm

3 A T N N
01 02 03 04 05 06 07 08

AOD 415.6 nm

compensate for a fraction of the forward scattering falling

into the band shadow. Fig. 2. DDR as a function of AOI? measured_ by the MFRSR
Additional analyses were performed to quantify the in- & 415.6nm at 60 SZA, for the episodes of biomass burning-

fluence of the forward scattering peak falling into the band urban/industrial aerosols. Two classes are identified: black, grey,

shadow on the results. Desert dust is composed of large paf’;l_nd green symbols are relative to consecutive days belonging to

ticles that d t f d tteri K dth classa; other colours identify consecutive days of classSecond

;ﬁ:l?sisawgrso clejl?r?e?j ‘erﬁr}gr ?r:\g a;erics‘zl ?;'gg p'(l?f?e, ;r?gula:?)rder polynomial fits (solid curves) for the two classes are shown.

distribution of the radiance was calculated with the radiative

transfer model for AOD equal to 0'4(? f'ﬂ 41?'6 rc‘jm' anddequaLI-hese episodes are clearly detectable also by the backtrajec-
to 0.36 at 868.7nm (average conditions for desert dust aJt'ory analysis (Pace et al., 2006). Thus we assume that dust

Lampedusa). A Mie phase function producing an asymmetryq ihe prevalent aerosol component carried by the airmasses

factor of 0.84 at 415.6 nm and 0.73 at 868.7 nm was used iy, the Saharan desert, and determines the optical proper-

the calculations. The forward peak of the Mie phase functlonges of the aerosol: this reason explains the lower standard

is about one order of magnitude more intense than the one o eviation of DD SSA in Table 1 with respect to BU aerosol
the Henyey-Greenstein phase function with the same asymg; ero50ls (74 cases) are almost as common at Lampedusa

metry factor, confirming that a significant fraction of the for- as Saharan dust, and their average AOD at 415.6 nm is 0.339
ward scattering may be obscured by the MFRSR band. Wey; \asses from Europe may carry different aerosol types,
also deter_mlned the portion of diffuse irradiance blocked byfor example polluted and continental aerosols with varying
a shadovymg sphere that produces an umbral angle O1_5'3'27fractions, mixed with particles from biomass burning, par-
The fraction of diffuse irradiance blocked by the band is 9% ;.4 1y in summer; thus assuming pure continental aerosol
at 4_15'6 nm, and 4.1% at 868.7 nm. The_ fract_|0r_1 of diffuse Ir'properties could result in a wide range of values of retrieved
radiance blocked by the sphere (i.e. falling within the umbral A

angle of 3.27 around the Sun) is 4.4% at 415.6 nm, and 0.4% ' I . .

at 868.7 nm. The corresponding AOD underestimate is O'O?bi The large uncertainties associated with the SSA for the

) omass burning-urban/industrial aerosols suggest that the
at 415.6 nm, and 0.002 at 868.7 nm; the DDR underestima- - . )
tion is 8.4% at 415.6 nm, and 0.8% at 868.7 nm. The OVera"absorpnon properties of the aerosol particles for these cases

et s an underesimteof he SSA (see th discussion e Senicar Y TECDRALELS oo heomase
Sect. 3). g .
a function of the AOD (see Fig. 2). Two classes of data can
be clearly identified: at the same value of AOD, DDR for
3 Results classb is lower than for clasa (23% reduction of DDR for
AOD of 0.4), indicating that the aerosol particles of class
Table 1 illustrates the average SSAs retrieved for the twoabsorb more radiation than those of clas#t is also relevant
aerosol types over the entire measurement period at the twihat all class: cases occur for AORO.4, while clas$ cases
wavelengths. SSA for desert dust decreases at the shospan values of AOD upto 0.8.
wavelength while, due to the large standard deviations of the In order to explain the differences between the optical
results, no significant spectral behaviour is discernable foproperties of clasg and b, we examined the airmass tra-
the biomass burning-urban/industrial aerosol. Situations ofectories ending at Lampedusa in a time period of five con-
Saharan dust outbreaks at Lampedusa are frequent in sprirggcutive days, belonging to each class. The Hysplit Disper-
and summer (di Sarra et al., 2001) and characterized by higkion Model (Draxler and Rolph, 2003), with vertical velocity
values of the AOD: among the 94 analysed cases, the averadilds, is used to calculate the airmass backtrajectories. Days
AOD at 415.6 nm is 0.404, with a maximum value of 1.159. with AOD at 415.6 nm lower than 0.25 are disregarded, since

www.atmos-chem-phys.net/6/715/2006/ Atmos. Chem. Phys., 6,72752006
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Fig. 3. Backtrajectories ending at Lampedusa at 750 m (blue curves), and at 2000 m (green curves) for periods al (24-27 June 2002, left
panel) and a2 (13-16 June 2003, right panel). The location of fires (red open squares) according to the ESA World Fire Atlas for the two
periods is shown.

Two periods representative of claggperiod al, 24-27
June 2002, and period a2, 13-16 June 2003) were identified.
Figure 3 displays 5-day trajectories ending at Lampedusa at
750 and 2000 m for the two periods, and the corresponding
maps of the active fires detected from ATSR. The fires de-
tected during the last 5 days before the arrival of the airmass
at Lampedusa on each of the considered days are displayed
(i.e. fires occurring between 19 and 26 June 2002 for pe-
riod al, and between 8 and 15 June 2003 for period a2). In
period al the airmasses pass over Sardinia, or originate from
the Balkan region and overflow Southern Italy and Sicily on
days when fires are not detected. In period a2 trajectories
at 750 and 2000m travel from the Balkan region through
Southern ltaly and Sicily, where a small number of fires are
active. During the days under consideration, and for the en-
tire classa, the continental airmasses may have been only
slightly affected by biomass burning aerosols, thus we can
conclude that their optical characteristics are prevailing of
urban/industrial type.

Fig. 4. Backtrajectories ending at 750 m (blue curves) and at 2000 m A qui : . . :
. . uite different situation occurred in the selected pe-
(green curves) for period b1 (31 July—4 August 2001). The location . 9 P

of fires (red open squares) according to the ESA World Fire Atlas isnod belonging t(_) CIaS_Sb (period bl, 31 _July_—4 August
Shown. 2001), whose trajectories and corresponding fires are shown

in Fig. 4: alarge number of active fires in the Balkans, South-

ern ltaly, Sicily and the coasts of Northern Africa were over-
for these cases the two classes are not clearly distinguistpassed by trajectories ending at Lampedusa. The difference
able. The trajectory analysis is carried on in conjunctionwith respect to the maps for periods al and a2 is evident.
with the detection of fires from the ESA World Fire Atlas During period bl the airmasses from Eastern Europe pass
(http://dup.esrin.esa.int/ionia/wfa/index.aspvhich locates over Southern ltaly and Sicily and are presumably loaded
fires worldwide on the basis of Along Track Scanning Ra- with biomass burning aerosols produced by fires. A sec-
diometer (ATSR-2 until 2002 and AATSR from 2003) obser- ond period corresponding to clasgarticles, August 2003,
vations. The aim of this analysis is to assess the possible rolis discussed by Pace et al. (2006), and is particularly in-
of biomass burning on the observed aerosol SSA at Lampeteresting: intense fires developed in Southern Europe, and
dusa. combustion particles were transported to the Mediterranean
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largely influencing the aerosol properties at Lampedusa (Se?able 2. Average and standard deviation of SSA for ur-

the discussion by Pace et al., 2006). The larger content of aljan/industrial UN (clasa) and biomass buring BB cases (class
sorbing aerosols (black carbon from forest fires) during the). The number of data for each aerosol type is also shown.

days belonging to clads may explain the lower DDR with
respect t9 clas_s for the same AOD. Aerosoltype N  SSA (415.6nm) SSA (868.7 nm)
Following this analysis, the SSA has been calculated for

classa andb separately, employing the optical properties of ~ UN(classa) 30 0.96£0.02 0.82-0.07
urban/industrial (UN) and biomass burning (BB) aerosols, BB (classb) 44 0.82:0.04 0.88:0.05
respectively. For biomass burning aerosol the asymmetry

factorg is obtained averaging the results (at the wavelengths

of 440 and 870 nm) of different studies on the optical proper-

ties of smoke aerosols from Amazonia and Africa (Procopio92ve values in the range 0.82-0.90 in the blue, and in the
et al., 2003): the resulting values gfare 0.63 at 415.6nm ange 0.92-0.99 around 870 nm. Tewet al. (2001) derived

and 0.53 at 868.7 nm. The results in Table 2 show that the>>A from the AERONET measurements performed at Sal Is-
mean SSAs are larger for classhan for class, and that land and the Banizoumbou sites, finding values of 8945

the uncertainties are reduced compared to those in Table £Nd 0.950.03 at 441 nm, and 0.96.04 and 0.9%0.02 at
especially for class. 870 nm at the two sites. Their results show a lower absorp-

It is worth noting that the UN and BB cases occur in sum- fion than that found by Kaufman et al. (2001) in the coast
mer (see Fig. 2), when stable atmospheric conditions an(ﬂ’f Senagal from Landsat TM observations; they obtain 0.88

transport of airmasses from Europe to Africa (Duncan andn the blue and 0.98 at wavelength$70nm. Dubovik et

Bey, 2004) led to episodes of polluted aerosols and biomas@l- (2002) present optical properties of desert dust obtained
burning at Lampedusa. As can be seen, the cases belon&'—om measurements at AERONET sites worldwide: the SSA

ing to classa (black and grey symbols in Fig. 2) occur in &t 440nmand 870nm are 0.92 and 0.99(03) in the Per-

June and July. The UN aerosol episode occurring from 155ian Gulf, 0.92 and 0.9740.02) in Saudi Arabia, 0.93 and

to 27 June 2002 is remarkable for its duration; the AOD at9-99 (£0.01) at Cape Verde, and 0.98 and 0.90(03) at
415.6 nm spanned values from about 0.15 to 0.4. Episodes dfanal- Cattrall et al. (2003) show that the absorption by
BB aerosols are observed in July and August: however thgesert dust estimated from remote sensing measurements is
largest values of AOD and the longest duration are observegMaller than that derived from dust models constructed on
in August, generally the driest month of the year, when thethe base of laboratory measurements, which range from 0.6
development of fires is favoured. The longest period with BB 10 0-74 around 400 nm and from 0.92 to 0.98 around 870 nm:

aerosols at Lampedusa lasted from 5 to 22 August 2003, an@t the Dry Tortugas site the SSA at 412nm and 865nm is
is notable for the large values of AOD at 415.6 nm, which 0.89 and 1.00£0.02), respectively. Our results for DD are in
ranged from 0.25 to 0.8. agreement, within the estimated uncertainty, with most of the

Figure 5 shows the frequency of occurrence of the re-above cited studies at 868.7 nm; the SSA is generally smaller

trieved SSA at 415.6 and 868.7nm for the three aerosofMe&ning stronger absorption) at 415.6 nm.
types. The most prominent feature emerging from the graphs Pubovik et al. (2002) report estimates of SSA for ur-

is the different wavelength dependence of the SSA for thePan/industrial and mixed aerosols at different sites: they ob-

DD, UN, and BB aerosols, as is also apparent from the avert@in 0-94 and 0.96£0.02) at Greenbelt (MD), 0.94 and 0.92

age values of Tables 1 and 2. SSA increases with wavelengtf=0-03) in Paris, 0.90 and 0.85:0.02) at Mexico City, and
for DD, and decreases for UN aerosols: no net wavelengthp-gl and 0.86%0.03) at the Maldives, with the first and sec-
dependence can be detected for BB aerosols. ond value at each site derived at 440 and 870 nm, respec-

The SSAs obtained from the analysis have been CompareHvely. The SSA derived with Mie calculation from the size

to the values published in the literature. Mie calculationsdiStribution and the refractive index given by d'Almeida et
based on the size distribution and refractive index for the@!- (1991) for the same type of particles, is 0.97 at 415.6 nm
desert background aerosol from d’Almeida et al. (1991) give""nd 0.93 at 868.7 nm. . i ]

values of SSA of 0.80 at 415.6 nm and 0.98 at 868.7 nm, in 1€ SSA at two sites, Alm& (Spain) and Vienna (Aus-
agreement with our results. Sokolik and Toon (1996) presenifd). influenced by continental/polluted aerosols, has been
the spectral dependence of SSA for various dust models: §Stimated by Horvath etal. (2002); both sites experience dif-
wide range of values reflects differences in adopted size disf€rént aerosol loadings. The SSA at 440 nm varies between
tributions and refractive indices. SSA around 400 nm and0-86 and 0.92 in Aiméa, and between 0.84 and 0.92 in Vi-

900 nm are in the ranges 0.62—-0.95 and 0.70-0.95, respe&Na, depending on the aerosol amount and absorption char-
tively. Moulin et al. (2001) determined the dust absorp- acteristics. Horvath et al. (2002) also report that the SSA at

tion in the visible-NIR from SeaWiFS images and estimated440 nm varies between 0.8 and 0.9 in Central and Southern

SSA for different aerosol size distributions, refractive index EUroPe.
and dust vertical distributions; the 18 possible combinations
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During the Indian Ocean Experiment (INDOEX) the at 440nm, and 0.914#0.02) at 870 nm in the Amazonian
columnar SSA at 440 nm was derived at a coastal site of Inforest of Brazil and Bolivia, 0.91 and 0.8£@.03) in the
dia by means of active and passive remote sensing instruBrazilian cerrado, 0.88 and 0.8&0.015) in the African sa-
ments ground-based, airborne and spaceborger(let al., vanna of Zambia, and 0.94 and 0.920.02) in the Boreal
2002): values for polluted aerosols were found in the rangeforest of United States and Canada. The average SSA val-
0.88-0.93, with an uncertainty of 0.04. ues retrieved by Procopio et al. (2003) at twvo AERONET

sites in Amazonia are 0.93.01 at 440 nm and 0.840.02 at

The SSA for biomass burning has been derived by Eck €870 nm. Bergstrom et al. (2003) found large uncertainties as-
al. (2003a) in various sites in Southern Africa during SA- sociated with the retrieved SSA. The uncertainties are largest
FARI 2000: they found values between 0.86 and 0.90 affor small AODs. At 450 nm, they found values between 0.79
440nm, and between 0.80 and 0.85 at 870nm. The SSAynd 0.92 for low AOD, and between 0.86 and 0.89 for high
regional variability is attributed to the aging of the aerosol AOD. At 850 nm, the SSA was in the range 0.36-0.85 for
cloud, which leads to modification and contamination of the jow AOD, and in the range 0.80—0.88 for high AOD.
plume by different aerosol sources. Eck et al. (2003b) dis-
cuss SSA estimates at 4 locations where biomass burnin
episodes were observed, which were characterized by larg
AODs (from 2.2 to 2.5 at 440 nm): the SSA ranges from 0.85
to 1.0 at 440 nm, and from 0.78 to 1.0 at 870nm. Dubovik In order to assign an uncertainty on the retrieved SSA, a
et al. (1998) determined the SSA from AERONET mea- sensitivity analysis is necessary. The sensitivity to AOD has
surements of radiance and irradiance at CaiéBrazil) in been tested for the three aerosol types by adding to the aver-
the period 1993-1995, and obtained cases of spectral SSAge AOD its standard deviation, without changing the DDR.
which increase or decrease with wavelength. Biomass burnThe results are summarized in Table 3, where relatively small
ing aerosol SSAs reported by Dubovik et al. (2002) are 0.94variations of the average SSAs appear. If we express the

The previous studies reveal a wide range of variability for
e SSA of urban/industrial and biomass burning aerosol; our
results are within these ranges at both wavelengths.
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Fig. 6. Change in SSA due to a percent increase of AOD(&rdesert dust(b) urban/industrial, angc) biomass burning aerosol. Open
triangles refer to 415.6 nm, open circles to 868.7 nm; linear regression lines are shown in corresponding colours.

change in SSA as a function of the percent AOD standardand zero at 868.7 nm for the desert dust average AOD (0.40
deviation (see Fig. 6), more interesting aspects can be highat 415.6 nm and 0.36 at 868.7 nm).

Iighted_. The SSA change seems to fqllow a linear relation-  pq previously discussed, the asymmetry factor is taken

ship with AOD for all aerosol types, with a change of about 5y the literature. We choose a variation-60.06 in the

—0.02 at 415.6 and 868.7 nm for a 3% variation in the AOD, 5|, ofg to test the change in SSA; differencesd.06, in

and of—0.03/-0.04 for a 5% variation. fact, are similar to the change gfcorresponding to a change
We tested the sensitivity of SSA to the DDR using the of aerosol type, and can be reasonably considered as the un-

same approach: the change in SSA due to a one standafgtainty on the values g@ffor a particular aerosol type. The

deviation increase of the average DDR was calculated keep2Verage SSAs at both wavelengths do not vary sensibly for
ing the AOD fixed at its mean value. As shown in Table 4, values ofg within the£0.06 interval (see Fig. 8): at415.6 nm

the average SSAs do not change remarkably. Figure 7 ilSSA varies by 0.03 for DDg((between 0.78 and 0.90), and
lustrates how the SSA retrieval depends on DDR variationty 0-04 for UN ¢ between 0.59 and 0.71) and BB aerosols
percentages: a 3% increase of DDR induces a change dfrom 0.57 to 0.69), while at 868.7 nm the variations of SSA
SSA by about 0.02 for DD and UN aerosols at 415.6 nm and®r€ 0-05 for DD £ between 0.67 and 0.79), 0.06 for UM (
868.7 nm, while a 5% increase of DDR produces a Changg)etween 0.54 and 0.66), and 0.04 for BB aerosols (from 0.47
by about 0.03-0.04. Data for BB aerosol are more scatf0 0-59).

tered, but their average behaviour does not sensibly differ Finally, the sensitivity of the derived SSA to the assumed
from the other aerosol types. An additional 0.01-0.02 uncersurface albedo has been studied increasing by 0.05 the val-
tainty on the SSA retrieved for medium to high AOD (desert ues of 0.10 at 415.6 nm and 0.07 at 868.7 nm. This change
dust cases) is due to the missing cosine correction on the difeorresponds to a 50% and 71% increase of albedo at the two
fuse irradiance. The underestimate of SSA due to the diffusevavelengths, respectively. Table 5 shows that the SSA at
radiation blocked by the shading band is 0.03 at 415.6 nn415.6 changes by 0.01 for DD, and by 0.02 for UN and BB

www.atmos-chem-phys.net/6/715/2006/ Atmos. Chem. Phys., 6,72752006
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Fig. 7. Change in SSA due to a percent increase of DDR&)desert dust(b) urban/industrial, andc) biomass burning aerosol. Open
triangles refer to 415.6 nm, open circles to the 868.7 nm; regression lines are shown in corresponding colours.

Table 3. Average and standard deviation of SSA at 415.6 nm andTable 4. Average and standard deviation of SSA at 415.6 nm and
868.7 nm, assuming an increase of AOD equal to its standard devi868.7 nm, assuming an increase of DDR equal to its standard devi-

ation. ation.
Aerosoltype SSA (415.6nm) SSA (868.7 nm) Aerosol type  SSA (415.6nm) SSA (868.7 nm)
UN 0.95+0.03 0.85:0.08 UN 0.970.02 0.88:0.06
BB 0.81+0.04 0.79:0.04 BB 0.84+0.05 0.83:0.07
DD 0.80+0.04 0.92+0.05 DD 0.82+0.05 0.95-0.05

aerosols, while at 868.7 nm the SSA variation is 0.01 for aIITable 5. Average and St.andard deviation of SSA at 415.6nm and
868.7 nm, assuming an increase of surface albedo of 0.05.

the aerosol types. Thus, it may be concluded that the uncer-
tainty on the albedo does not produce a large variation in the

Aerosol type  SSA (415.6nm) SSA (868.7 nm)

SSA values.
UN 0.94+0.02 0.86:0.07
BB 0.84+0.05 0.79:0.05
4 Conclusions DD 0.80+0.04 0.93-0.04

In the Central Mediterranean two main aerosol types, in addi-
tion to marine and continental/mixed aerosols, have been ob-
served to occur: biomass burning-urban/industrial aerosols

Atmos. Chem. Phys., 6, 71827, 2006 www.atmos-chem-phys.net/6/715/2006/
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from the European continent, and desert dust from the Sa-
haran region. The aerosol classification is based on aerosol
optical depth (AOD)Angstidim parameter and airmass tra-

jectory analysis presented in the companion paper by Pace et

al. (2006).
The single scattering albedo (SSA) for these major aerosol

types has been estimated using the measurements of direct

and diffuse irradiances performed at°&blar zenith angle

by a multi-filter rotating shadowband radiometer (MFRSR)
at415.6 nmand 868.7 nm from July 2001 to September 2003.
A detailed radiative transfer model has been applied to re-

produce the MFRSR diffuse-to-direct ratio (DDR), using the ¢/

measured AOD as model input. The DDR is the most appro-
priate quantity to be compared with radiative transfer simula-
tions because it is independent of both calibration constants
as well as the extraterrestrial solar spectrum (which has to

be assumed in the model). The SSA has been retrieved as
the value giving the best match between measurements and

model results.
The main results of this study can be summarized in the
following points:

1.

The average SSA of the desert dust (DD) increases with
wavelength from 0.810.05 at 415.6 nm to 0.940.05

at 868.7 nm; on the contrary, the SSA of the biomass
burning-urban/industrial aerosol (BU) presents a large

standard deviation and a weak wavelength-dependence. <

. The cases of BU aerosols reveal two distinct absorption ¢z

capacities for a fixed AOD: the analysis performed by
means of airmass backtrajectories ending at Lampedusa
permits us to discriminate the cases with prevailing opti-
cal characteristics of urban/industrial (UN) type (higher
SSA at both wavelengths) and cases of biomass burning
(BB) (lower SSA).

. The average SSA of urban/industrial aerosols repro-

duces the spectral behaviour reported in the literature,
decreasing from 0.950.02 at 415.6 nm to 0.870.07

at 868.7 nm; the SSA of biomass burning particles has
a weak wavelength-dependence, being €824 at
415.6 nm and 0.880.05 at 868.7 nm.

725

g

05 06 0.7 0.8 0.9
100 — 771 7

0.96 - (a) -
0.92 - .
0.88 - .
0.84 - .
0.80 - .
0.76 - .
072 - ]

1.00 — | | | |
0.96 -
0.92 - .
0.88 -
0.84 -
0.80 -
0.76 - *
0.72 - *

\ | \ | \ | \ | \
05 06 0.7 08 0.9
g

Fig. 8. Average SSA obtained for the assumed asymmetry fagtor
and forg+0.06 for(a) 415.6 nm andb) 868.7 nm. Error bars indi-

cate the standard deviation on SSA. Blue triangles represent desert

- The aerosols originating from Europe, UN and BB, are dust, red circles urban/industrial, and green squares biomass burn-

mainly detected at Lampedusa during the cloud-freejng aerosol.

days of summer, when stable atmospheric conditions
and transport of airmasses from Europe to Africa oc-
cur. The episodes of UN aerosols are found in June and
July, while those of BB with the largest AOD and dura-
tion are observed in August, generally the driest month
of the year, when the development of fires is favoured.

. Sensitivity studies have been performed in order to

check how the uncertainties of the measured AOD and
DDR, and of the assumed asymmetry fagiand sur-
face albedo influence the retrieved SSA. The results
show that a 3% variation in the AOD or DDR produces

www.atmos-chem-phys.net/6/715/2006/

a change in SSA of about 0.02 at 415.6 and 868.7 nm.
The average SSAs at both wavelengths do not sensi-
bly vary for values ofg within the intervalg+0.06: the

variations are 0.03—0.04 at 415.6 nm, and 0.04-0.06 at
868.7 nm. The influence of the surface albedo has been
tested, increasing the assumed values by 0.05: the re-
sulting changes in SSA are between 0.01 and 0.02.
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