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Abstract

The clear-sky, instantaneous Direct Radiative Effect (DRE) by all and anthropogenic
particles is calculated during Sahara dust intrusions in the Mediterranean basin, to
evaluate the role of anthropogenic particle’s radiative effects and to obtain a better es-
timate of the DRE by desert dust. The clear-sky aerosol DRE is calculated by a two
stream radiative transfer model in the solar (0.3—4 um) and infrared (4—200 um) spec-
tral range, at the top of the atmosphere (ToA) and at the Earth’s surface (sfc). Aerosol
optical properties by AERONET sun-sky photometer measurements and aerosol ver-
tical profiles by EARLINET lidar measurements, both performed at Lecce (40.33°N,
18.10° E) during Sahara dust intrusions occurred from 2003 to 2006 year, are used to
perform radiative transfer simulations. Instantaneous values at 0.44 um of the real (n)
and imaginary (k) refractive index and of the of aerosol optical depth (AOD) vary within
the 1.33-1.55, 0.0037-0.014, and 0.2-0.7 range, respectively during the analyzed dust
outbreaks. Fine mode particles contribute from 34% to 85% to the AOD by all particles.
The complex atmospheric chemistry of the Mediterranean basin that is also influenced
by regional and long-range transported emissions from continental Europe and the de-
pendence of dust optical properties on soil properties of source regions and transport
pathways, are responsible for the high variability of n, k, and AOD values and of the
fine mode particle contribution. Instantaneous all-wave (solar+infrared) DREs that are
negative as a consequence of the cooling effect by aerosol particles, span the — (32—
10) Wm™2 and the — (44-20) Wm2 range at the ToA and surface, respectively. The
instantaneous all-wave DRE by anthropogenic particles that is negative, varies within
-(13-7) Wm™2 and — (18-1 1)Wm'2 at the ToA and surface, respectively. It represents
from 41% up to 89% and from 32% up to 67% of the all-wave DRE by all particles at
the ToA and surface, respectively during the analysed dust outbreaks. A linear relation-
ship to calculate the DRE by natural particles in the solar and infrared spectral range
is provided.
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1 Introduction

Large quantities of African dust are carried into the Mediterranean basin every year
and as a consequence mineral dust is among the major aerosol components over the
Mediterranean. The Direct Radiative Effect (DRE) by mineral dust is complex (Soko-
lik et al., 2001). Sign and magnitude of the dust DRE are controlled by dust optical
properties, which depend on dust size distribution and dust refractive index. The latter
depends on mineral composition and particle mixing state, which might vary regionally
due to potentially different soil properties of dust source regions (Tegen, 2003). Desert
dust absorbs at ultraviolet, visible, and infrared wavelengths and the African dust trans-
port is driven by complex wind fields: the vertical structure of the dust layers reflects
that complexity (e.g. Hamonou et al., 1999; di Sarra et al., 2001; De Tomasi et al.,
2003). Hence, the presence of dust particles in the atmosphere can lead to either a
cooling or a warming effect, depending on properties such as single-scattering albedo,
altitude of the layer, and albedo of the underlying surface. According to Balkanski et
al. (2007), over bare surfaces with a large surface albedo (>0.3) the mineral aerosols
will always warm the atmosphere column. Over dark surfaces such as oceans and
deciduous forests, where surface albedo (@) is less than 0.15, the effect of the mineral
aerosols is similar to sulphates since it cools the atmospheric column. Over surface
albedos in the intermediate range, 0.15 < a < 0.30, the sign of the forcing depends
mainly on two factors, the size distribution and the mineralogical composition which
both determine the single scattering albedo of the particles. Therefore the net radiative
impact (sum of solar and long-wave) exhibits large regional variations, and this explains
why the global mean is difficult to estimate: modeling studies and satellite retrievals do
not agree on the amplitude and/or sign of the direct radiative perturbation from dust
(Balkanski et al., 2007).

Physical and optical properties of the Saharan dust aerosol measured by the Met
Office C-130 during the Saharan Dust Experiment (SHADE) have been used by Hay-
wood et al. (2003) to calculate the instantaneous DRE by dust. They found that the
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DRE at the top of the atmosphere (ToA) ranged from —44 to —129.2 Wm~2 in the solar
spectrum as the AOD at 0.55 um varied from 0.48 to 1.48. Hence, their results sug-
gested that the Saharan dust aerosol exerts the largest local and global DRE of all
aerosol species and should be considered explicitly in global radiation budget studies.
Results on the DRE of Saharan dust from measurements at the Lampedusa Island, in
two days of July 2002 (14 and 16) have also been reported by Meloni et al. (2003).
They found that the instantaneous DRE over the 0.29-0.80 um spectral range varied
within the — (1.2-6.2) Wm™2 and the — (12.3-25.0) Wm™2 range at the ToA and surface,
respectively for AODs at 0.42 um spanning the 0.23—-0.26 range. Several recent studies
(e.g. Mallet et al., 2009; Raut and Chazette, 2008) have mainly investigated the dust
DRE over African deserts.

The instantaneous DRE by all (anthropogenic plus natural) and anthropogenic
aerosols from measurements at Lecce (40.33° N, 18.10° E), in southeastern ltaly, dur-
ing Sahara dust intrusion events, monitored from 2003 to 2006 year, is investigated in
this paper to further contribute to the characterization of the direct radiative forcing by
desert dust over the central Mediterranean: one of the most sensitive areas to climate
change. Dust particles that are usually advected over the central Mediterranean at alti-
tudes larger than 1.5 km (Papayannis et al., 2008) from ground, add to the pre-existing
background aerosol and can affect the whole aerosol load up to ground (Bellantone et
al., 2008; Pavese et al, 2009). Instantaneous DREs are calculated in this study by a
two-stream radiative transfer model (Tafuro et al., 2007; Bergamo et al., 2008a, b) in
the solar (0.3—4 um) and infrared (4—200 um) spectral range, at the top of the atmo-
sphere (ToA) and at the surface (sfc): the ToA forcing is important to local and global
radiation budgets, the sfc-forcing is important to surface heating and water evaporation
(Bates et al., 2006).

Section 2 provides a brief description of the two stream radiative transfer model
and of input data. The applied methodology to detect dust intrusion events over the
monitoring site is outlined in Sect. 3, where two study cases are analyzed in more
details. The applied methodology for DRE estimates by all (anthropogenic plus natural)
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and anthropogenic particles is illustrated in Sect. 4, where results for one study case
are also reported. Main results on instantaneous aerosol properties and corresponding
DREs referring to all investigated dust outbreaks are analyzed and discussed in Sect. 5.
Summary and conclusion are in Sect. 6.

2 The two-stream radiative transfer model and input data

Radiation Transfer Models (RTMs) are commonly used to compute aerosol radiative ef-
fects and the procedure to calculate the radiation field for a given distribution of aerosol
optical properties is at the heart of all RTMs (Mayer and Kylling, 2005). The calculation
procedure ranges from a variety of parameterizations and approximations to sophis-
ticated and accurate solutions of the three-dimensional radiative transfer equation. A
comparative study of four methods for solving the radiative transfer equation is reported
in Kay et al. (2001). Most of the radiative transfer equation solvers are plane-parallel,
that is, they neglect the Earth’s curvature and assume an atmosphere of parallel ho-
mogeneous layers. Some of the solvers include a so-called pseudo-spherical correc-
tion which treats the direct solar beam in spherical geometry and the multiple scatter-
ing in plane-parallel approximation (Dahlback and Stamnes, 1991). The widely used
UVSPEC radiation transfer model (Mayer et al., 1997) allows the choice of one among
three methods for the solution of the radiative transfer equation: the two stream approx-
imation (Meador and Weaver, 1980) that is one of the simplest techniques to solve the
radiative transfer equation, the discrete ordinate method (DISORT) for plane-parallel at-
mosphere (Stamnes et al., 1988), and the pseudo spherical approximation of DISORT
(SDISORT). The proper accounting for the spectral dependence of the aerosol optical
properties is also important in RTMs. Aerosol optical properties vary with wavelength
(A1) and as a consequence their interaction with radiation is very sensitive to 1. Recent
studies showed that both to neglect completely the spectral dependence and consider
only specific spectral range of aerosol properties can be important error sources (Zhou
et al., 2005; Hatzianastassiou et al., 2007).
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Measurement-based aerosol properties are used in this study to initialize the two-
stream radiative transfer model. A detailed description of the used two-stream RTM is
given in Tafuro et al. (2007). Twenty homogeneous plane-parallel atmospheric layers
are used in the model to account for the changes with altitude of atmospheric param-
eters and components (e.g. pressure, temperature, gases, and particle distributions),
and radiative fluxes are determined in the solar (0.3—4 um) and infrared (4—200 um)
spectral region. Eight solar and twelve infrared subbands are considered to properly
account for the spectral dependence of atmospheric particle properties: the optical
properties (extinction, single-scattering albedo, and asymmetry factor) of the atmo-
spheric particles remain constant in each of the 20 subbands. Centers of the eight
solar subbands are at: 0.35pum, 0.45pum, 0.55um, 0.65pum, 1.00 um, 1.6 um, 2.2 um,
and 3.0um. Centers of the twelve IR subbands are at: 4.25pum, 5.35um, 6.25um,
7.35um, 8.75um, 10.30 um, 11.75um, 13.90 um, 17.20 um, 24.30 um, 37.00 um, and
80.00 um. Absorption of trace gases (H,O, O3, CO,, CO, N,O, and CH,) is repre-
sented by / exponential terms in each of the 20 spectral subbands, with / varying within
the 1-12 range. Thus, 20 applications of the radiative transfer model are required to
account for the solar and infrared spectral dependence of each trace gas (Tafuro et al.,
2007).

Input data include instantaneous size distributions and real (n) and imaginary (k)
refractive indices from AERONET sun-sky photometer measurements (Holben et al.,
1998) performed at Lecce during Sahara dust intrusion events that have occurred from
2003 to 2006. In particular, cloud-screened and quality-assured AERONET retrievals
(level 2.0) from the Version 2 (V2) inversion algorithm are used in this study. For the
near-infrared region of the solar spectrum, the AERONET refractive indices extracted
for the wavelength at 1.02 um are applied. n and k values for mineral aerosol (Sokolik
and Toon, 1998) are used in the far infrared spectral region (Table 1). MIE calculations
(assuming a spherical particle shape) are applied to translate the data on size, concen-
tration, and refractive indices into AODs (a measure of the magnitude of the aerosol
extinction due to scattering and absorption), single scattering albedo (SSA) values
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(a measure of the relative importance of absorption and scattering), and asymmetry-
factor (g) values (a measure of the angular distribution of the scattering radiation).
AOD, SSA, and g represent the major used parameters in aerosol DRE simulations.

Surface albedo values are based on the ones assumed for Lecce in the AERONET
inversion code at the wavelengths corresponding to sky radiance measurements. A
surface emissivity of 0.96 is assumed in the far-infrared.

Lidar measurements performed within the European Aerosol Research Lidar
Network-EARLINET (e.g. Matthias et al., 2004) are used to characterize the aerosol
vertical distribution. Data from a ground-based meteorological station operating at the
AERONET site are used to define density, pressure, temperature, and water vapor at
the surface. Then, radiosonde measurements (see also http://esrl.noaa.gov/raobs/)
at the meteorological station of Brindisi that is 40 km north-west of Lecce are used
to define vertical profiles of density, pressure, temperature, and water vapor from 1
up to 20km altitude. Above 20km of altitude, vertical profiles of density, pressure,
temperature, and water vapor are extended with corresponding mid-latitudes stan-
dard atmosphere data provided by the Air Force Geophysics Laboratory (AFGL) for
autumn-winter and spring-summer months. The Rayleigh scattering due to atmo-
spheric molecules is taken into account (Tafuro et al., 2007).

Vertical profiles of oxygen, ozone, and well mixed trace-gases (N,O, CO,, CO and
CH,) are prescribed by the US Air Force Geophysics Laboratory (AFGL) standard at-
mosphere for mid-latitude (30°-60° N) summer and winter with interpolations for the
transitional seasons. Trace-gas concentrations in conjunction with pre-defined absorp-
tion coefficients are used to compute gas absorption.

3 Detection of dust events: methodology

Dust particles are usually advected over the central Mediterranean and European
regions at altitudes larger than 1.5km from ground and add to the pre-existing
aerosol. Then, the coexistence of lofted Sahara dust plumes over European areas with

20679

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 20673-20727, 2010

Aerosol direct
radiative forcing
during Sahara dust
intrusions

M. R. Perrone et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://esrl.noaa.gov/raobs/

10

15

20

25

significant anthropogenic aerosol sources in the boundary layer (Pérez et al., 2006)
does not allow their accurate separation, when examining satellite or ground-based
columnar measurements. Polarization-sensitive lidar systems are the best tool to in-
fer dust intrusion events and to monitor the structure of lofted dust plumes, since they
allow tracing the vertical distribution of the aerosol optical properties. A multistep ap-
proach has been adopted in this study to properly detect dust intrusion events over
Lecce. More specifically, a polarization sensitive lidar system whose light source is a
XeF excimer laser operating a 0.351 um has been used in step (1), to retrieve aerosol
backscatter coefficient (G(z)) and depolarization ratio (6(z)) vertical profiles of aerosol
layers (De Tomasi et al., 2006). 5(z) is the ratio of cross-polarized to parallel-polarized
backscatter coefficient and takes a value of 0.014 in a pure molecular atmosphere and
generally higher values in presence of non spherical particles such as desert dust par-
ticles. Depolarization ratios up to 50% and 56% were retrieved over Etna by Tafuro et
al. (2006) and over Lampedusa by Meloni et al. (2004), respectively for the presence
of Sahara dust particles. However, significantly lower 6(z) values are retrieved during
low intensity dust outbreaks. Hence, while backscatter coefficient profiles allow tracing
the vertical distribution of the whole aerosol load, 6(z) profiles can allow inferring the
location of aerosol layers with a larger content of non-spherical particles. In addition to
step 1, aerosol products by AERONET sun/sky photometer measurements collocated
in space and time with lidar measurements have been used in step (2) to support the
presence dust particles inferred by lidar measurements. In particular, the AERONET
sphericity parameter, the Angstrom coefficient, computed from AOD values at 0.44 pm
and 0.87 um, the columnar volume size distribution, and the fine mode fraction have
been used. Typical A values range from 1.5 for aerosol dominated by accumulation
mode particles, to nearly zero for large dust particles (e.g. Tafuro et al., 2006). The
new AERONET retrieval scheme (Dubovik et al., 2006) considers aerosol particles
made by a mixture of polydisperse, randomly oriented, homogeneous spheroids with
a fixed distribution of aspect ratios and accordingly, it provides the fraction (in percent-
age) of spherical particles (sphericity parameter). Therefore, the sphericity parameter
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(S) gets smaller values as the contribution of non spherical dust particle increases. The
AERONET fine mode fraction also decreases as the contribution of coarse mode par-
ticles such as desert particles increases. In addition to steps 1 and 2, analytical back
trajectories have been used in step (3) to identify the aerosol source region and hence
the occurrence of a dust transport over the monitoring site. To this end, 7-day ana-
Iytical back trajectories by NASA GSFC (http://croc.gsfc.nasa.gov/aeronet/index.html)
have been used. Finally, true-color satellite images by the MODerate Resolution Imag-
ing Spectroradiometer — MODIS (http://modis.gsfc.nasa.gov/; King et al., 1992) have
been used in step 4 to further support the dust transport over the monitoring site.

Results for two study cases are presented in the following sub sections to better
illustrate the methodology for the detection of dust outbreaks over Lecce. In particular,
the dust outbreaks occurred on 5 July 2005 and on 22 June 2006 are analyzed: 5 July
and 22 June dust events are representative over south-east ltaly of typical weak and
strong dust intrusion events, respectively.

3.1 5 July 2005 dust event

Figure 1a—d (solid lines) shows the aerosol backscatter coefficient profiles retrieved
from polarization sensitive lidar measurements performed at Lecce on 5 July 2005 at
different day hours (UTC). Grey dotted lines in Fig. 1b and d represent depolarization
ratio vertical profiles. Depolarization ratio uncertainties are lower than 10%. The B(z)
profile in Fig. 1a reveals the presence of a significant aerosol load up to ~1.5 km from
ground, even if aerosol particles are detected up to higher altitudes. A well defined,
additional aerosol layer extending from about 3.2 up to 4.1 km and characterized by
6(z) values slightly larger than 0.02 is revealed by lidar measurements performed from
08:44 up to 09:36 UTC (Fig. 1b). We also observe that the aerosol vertical distribution
significantly varies with the time of the day (Fig. 1c—d) and that the aerosol column bur-
den increases. In addition, §(z) values in Fig. 1d (dotted line) indicate that non spher-
ical particles contribute to the aerosol layer extending up to ~5km from ground. Both
the high variability of the aerosol vertical distribution that is usually observed during
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dust outbreaks (Pavese et al., 2009) and §(z) profiles suggest that the monitoring site
is affected by the advection of non-spherical particles, since late morning.

Figure 1e shows the columnar volume size distribution retrieved from AERONET
measurements at different day hours. The V2 AERONET retrieval provides volume
particle size distribution in 22 logarithmically equidistant bins in the radius range 0.05—
15um. We observe from Fig. 1e that the columnar volume size distributions retrieved
from measurements performed in the early afternoon of 5 July, are significantly larger
than the one retrieved at 04:53 UTC. These results are in accordance with the column
burden increase revealed by lidar measurements. In addition, the bimodal structure of
Fig. 1e spectra retrieved since 14:58 UTC indicates that along with fine mode particles,
coarse-mode particles also significantly contribute to the aerosol burden. In fact, the
Angstrom exponent that is equal to 2.0 at 04:53 UTC takes the 1.4 value at 14:58. In
addition, the sphericity parameter that takes values spanning the 20—-40% range on
the afternoon of 5 July, also allows inferring the presence of non spherical particles
in accordance with depolarization ratio measurements. Figure 2a—b shows the 7-day
analytical back trajectories for the air masses reaching Lecce on 5 July, at 12:00 UTC.
Analytical back trajectories are provided by NASA for each AERONET site, at eight
distinct arrival pressure levels (950, 850, 700, 500, 400, 300, 250, and 200 hPa) and at
two arrival times (00:00 and 12:00 UTC). The trajectories are based on a kinetic trajec-
tory analysis using NASA GMAO assimilated gridded data. Pathways of the 950, 850,
700, and 500 hPa back trajectories are plotted in Fig. 2a. The altitude of each back
trajectory as a function of time is shown in Fig. 2b. We observe from Fig. 2a that the
500 hPa back trajectory travels over north-west Africa before reaching the monitoring
site. Conversely, the 950 and 850 hPa back trajectories cross northeastern Europe be-
fore reaching Lecce. MODIS true color images reveal that on 5 July the central Mediter-
ranean is affected by Sahara dust (http://rapidfire.sci.gsfc.nasa.gov/realtime/single.
php?T051861100; http://rapidfire.sci.gsfc.nasa.gov/realtime/single.php?A051811215).
Therefore, back trajectories and MODIS images support the advection of Sahara dust
particles over Lecce on 5 July 2005, in accordance with lidar and sun/sky photometer
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measurements (Fig. 1). However, the anthropogenic pollution advected from north-
eastern Europe is also likely responsible for the increase of the aerosol column burden
revealed by Fig. 1 and more specifically for the fine mode particle contribution. The
coexistence at different altitudes of air masses advected from different areas/sources
is quite often observed over southeastern Italy (Santese et al., 2008).

3.2 22 June 2006 dust event

Figure 3a—e shows the aerosol backscatter coefficient profile G(z) retrieved from li-
dar measurements performed on 22 June at different day hours (UTC). Grey dotted
lines represent vertical profiles of the depolarization ratio. Figure 3a shows that the
aerosol layer extends up to ~2.7 km at the early morning. Conversely, lidar measure-
ments performed from 10:28 to 11:32 UTC reveal that the aerosol burden extends up
~6km (Fig. 3b). Aerosols up to ~6km have been detected by the lidar at least up to
16:37 UTC, in accordance with Fig. 3a—e. Dotted lines in Fig. 3a and b show that the
depolarization ratio is of about 0.07 from about 0.5 to 2 km and of about 0.08 from 0.5
to 5.5 km, respectively. § values (Fig. 3a—b) allow inferring the presence of non spheri-
cal particles and hence, likely, of desert dust particles. Moreover, the poor dependence
of & values on altitude revealed by Fig. 3a and b, suggests that non-spherical particles
are well mixed in the whole aerosol layer. It is worth noting from Fig. 3c that rather high
depolarization ratios (£0.4) are detected by lidar measurements at ~4.5 km of altitude.
We believe that the high variability within few hours of the aerosol column burden and
the larger G(z) and &(z) values revealed by Fig. 3c can likely be due to the advection of
desert particles. Pathways of the 7-day analytical back trajectories reaching Lecce on
22 June (Fig. 2c—d) support last comment. We observe from Fig. 2¢ that the 700 and
500 hPa back trajectories originate over Mauritania and south-east Algeria, respec-
tively and travel over north-west Africa before reaching the monitoring site. Conversely,
the 950 and 850 hPa back trajectories cross Tunisia and north-east Algeria but, they
spend a large fraction of the days over the central Mediterranean basin.
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In addition to back trajectories and lidar measurements, aerosol products by
AERONET sun/sky photometer measurements also support the presence of desert
dust particles over Lecce. Figure 3f shows the columnar volume size distribution re-
trieved from AERONET measurements at 15:31 UTC (dotted line) and at 16:27 UTC
(solid line). The bimodal structure of Fig. 3f spectra indicates that along with fine mode
particles, coarse-mode particles also significantly contribute to the aerosol burden,
which increases from 15:31 UTC to 16:27 UTC, in accordance with lidar measurements
(Fig. 3d—e). The bimodal structure of the columnar volume size distributions of Fig. 3 is
generally observed at Mediterranean AERONET sites during Sahara dust outbreaks,
as it has been shown by Tafuro et al. (2006) and Fotiadi et al. (2006). However, the
coarse mode in the bimodal distribution could also be attributed (at least to some ex-
tent) to maritime sea-salt aerosols (e.g. Fotiadi et al., 2006). The sphericity parameter
that takes the value of 1.5 and 1.9% at 15:31 and 16:27 UTC, respectively and the
Angstrom coefficient that takes the value of 0.46 and 0.52 at 15:31 and 16:27 UTC, re-
spectively also support the advection of dust particles over Lecce. True colour MODIS
images also reveal the presence of desert dust over south-eastern Italy.

4 Aerosol direct radiative effect estimates: methodology

Results on clear-sky aerosol DREs for 22 June 2006 are presented in the following sub-
sections, as an example, to better illustrate the methodology to calculate instantaneous
DREs by all (anthropogenic plus natural) and anthropogenic particles.

4.1 Study case: aerosol DREs on 22 June 2006

Instantaneous values at 0.44pum of the real (n) and imaginary (k) refractive in-

dex retrieved from AERONET measurements at 15:31 UTC and at 16:27UTC of

22 June 2006 are given in Table 2 in addition to AOD, A, S, and « values calculated

from AERONET data. Instantaneous columnar volume size distributions are plotted in

Fig. 3f. As mentioned in Sect. 2, MIE calculations are applied in the RTM to trans-

late input data (n, k, and size distributions) into AOD, SSA, and asymmetry-factor (g)
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values: the main parameters generally used to understand the complex interaction of
aerosols with radiation. Table 3 shows AOD, SSA, and g values at 0.55 um retrieved
by MIE calculations, in addition to corresponding values retrieved by the AERONET in-
version algorithm (Dubovik et al., 2006). AERONET AOD, SSA, and g values retrieved
at 0.44 and 0.675 um, respectively have been averaged to calculate AOD, SSA, and g
values at 0.55um. The differences between AERONET and corresponding Mie-code
values are equal and smaller than the AERONET retrieval accuracy for AOD and SSA
values, respectively. The AERONET retrieval accuracy is £0.01 and +0.03 for AOD
and SSA values, respectively, according to Dubovik et al., 2002. Conversely, the dif-
ferences between AERONET and Mie-code g values that are <0.05, are larger than
the theoretical AERONET retrieval accuracy, which is equal £0.02, according to Yu et
al. (2006). This is probably due to the fact that MIE calculations consider particles to be
spherical, while the AERONET inversion algorithm considers aerosol particles made by
a mixture of polydisperse, randomly oriented, homogeneous spheroids. Mishchenko et
al. (1997) have shown that the error in the asymmetry factor due to the non-sphericity
of the particles is inferior to 7%.

AOD, SSA, and g values by the Mie’s code, a values from Table 2, and the AOD frac-
tion vertical profiles retrieved by the B(z) vertical profiles of Fig. 3e and d, have been
used to calculate the clear-sky instantaneous aerosol DRE at 15:31 and 16:27 UTC. In-
stantaneous DRE values by the whole aerosol (DRE;) at solar and infrared (IR) wave-
lengths, and at the ToA and surface, respectively are given in Table 4, in addition to the
surface net flux (Fg) in the solar and IR spectral range, respectively. Table 4 shows
that aerosol DREs at solar wavelengths are negative at the ToA and surface since
aerosol particles determine a planetary and surface cooling. In particular, the DRE
at the surface by all particles (DRE; ) is 2.7 and 1.5 larger than that at the ToA at
15:31 and 16:27 UTC, respectively, in accordance with previous studies (e.g. Tafuro et
al., 2007; Bergamo et al., 2008b; Meloni et al., 2003). It is also worth noting that the
surface DRE decreases in magnitude from 15:31 to 16:27 UTC, while it increases at
the ToA. The larger contribution of fine mode particles and the smaller k value found
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at 16:27 UTC contribute to this last result. Aerosol DREs at infrared wavelengths are
positive and in particular, the aerosol IR-DRE offsets the solar-DRE by 8.5% and of
17% at the ToA and surface, respectively at 15:31 UTC. The aerosol IR-DRE offsets
the solar-DRE by 7.2% and of 22% at the ToA and surface, respectively at 16:27 UTC.
These last results reveal the significant role of the IR-DRE during dust intrusion events.

4.2 Comparisons of modeled fluxes with measured and AERONET solar fluxes

Instantaneous solar fluxes by the model (open dots) are compared in Fig. 4 with cor-
responding solar flux estimates (open boxes) by AERONET to test the accuracy of our
model in the solar spectral range. The radiative transfer model used within AERONET
to estimate broadband radiative fluxes and aerosol DREs is described in Garcia et
al. (2008), where validation tests by ground-based broadband measurements are also
reported. The AERONET broadband fluxes are calculated by spectral integration in the
range from ~0.3 to 2.8 um using more than 200 size sub-intervals. The simulation relies
on the retrieved complex refractive index at operational wavelengths of CIMEL sun/sky
photometers and the retrieved aerosol size distributions. The spectral integration em-
ploys real and imaginary parts of refractive index that are interpolated/extrapolated
from the values of complex refractive index retrieved at AERONET wavelengths. Simi-
larly, spectral dependence of surface reflectance is also interpolated/extrapolated from
surface albedo values assumed in the retrieval on the wavelengths of the sun/sky pho-
tometer. Similarly, to the AERONET retrieval approach, flux calculations account for
absorption and multiple scattering effects using the Discrete Ordinate DISORT ap-
proach (Stamnes et al., 1988). The integration of atmospheric gaseous absorption and
molecular scattering effects are conducted using developments employed in the Global
Atmosphere ModEl (GAME) code (Dubuisson et al., 1996). Thus, the AERONET cal-
culation of broadband radiation is focused on accurate accounting for the spectral de-
pendence of atmospheric gases, aerosol optical properties and surface albedo used
as input. It is worth noting from Fig. 4, that the AERONET solar flux values at the
surface are in satisfactory accordance with our model results (differences are smaller
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than 1%), despite the different methodology used to solve the radiative transfer equa-
tion (Kay et al., 2001) and the poorer spectral resolution of our model. We believe that
these results support the accuracy of our model in the solar spectral range.

Modeled all-wave (solar+IR) fluxes at the surface (full dots) are compared in Fig. 4
to broadband all-wave flux measurements at the surface (solid line) by a net ra-
diation transducer (p056 RADNT, by SIAP+MICROS S.r.l., ltaly) characterized by
1.5% accuracy, which is routinely used at the ISAC-CNR Department of Lecce
(www.basesperimentale.le.isac.cnr.it), to monitor broadband all-wave fluxes in the 0.3-
30 um spectral range, with two hemispheric (up and down) sensors, which do not allow
separating solar and IR component. The net radiation transducer is located few hun-
dred meters away from the AERONET sun/sky radiometer site. Figure 4a reveals that
measured all-wave fluxes are in satisfactory accordance with modeled values: mod-
eled all-wave fluxes are 15% and 5% larger than measured all-wave fluxes at 15:31
and 16:27 UTC, respectively. We believe that these last results are encouraging and
support the appropriateness of our model in the (solar+IR) spectral range.

4.3 Direct radiative effects by anthropogenic particles on 22 June 2006.

Volume size distributions of Fig. 3f indicate that along with coarse-mode particles, fine-
mode particles, which are mainly due to anthropogenic aerosol, also contribute to the
aerosol burden of 22 June 2006. The anthropogenic aerosol contribution is associated
in this paper with the number concentration of fine-mode aerosol N;(r) provided by
AERONET, in accordance to Bergamo et al. (2008a). Potential anthropogenic contri-
butions to the coarse-mode aerosol are ignored. In particular, only a fraction f of Ni(r)
is considered of anthropogenic origin in accordance with the following relationship

N, (r) = FxNg(r) (1)

where N,(r) is the number concentration of anthropogenic-only submicron aerosol par-

ticles. Monthly f—values relating to Lecce are given by Bergamo et al. (2008a) and are

considered constant with particle size in the submicron fraction. f-values are based
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on LMDzT3.3 (Reddy et al., 2005) global model-simulations (Schulz et al., 2006). In
particular, inventories for global emissions of aerosols and pre-cursor gases for the
years 2000 (current conditions) and 1750 (pre-industrial conditions) have been used in
the General Circulation Model LMDzT3.3 to calculate f —values (Dentener et al., 2006,
Stier et al., 2007).

MIE calculations are applied to translate the data on number concentration of an-
thropogenic aerosols (Eqg. 1) into aerosol optical depth, single-scattering albedo, and
asymmetry factor for anthropogenic particles: AOD,, SSA,, and g,, respectively. Re-
fractive indices are not considered dependent on particle size. A discussion on this last
assumption is given in Bergamo et al. (2008a). AOD; and AOD, values at 0.55 ym by
MIE calculations and for f = 0.73 are given in Table 4. It is worth noting that 38% of the
AQD; (Table 3) is due to anthropogenic particles at 15:31 and 16:27 UTC, respectively.

Simulated DRE values by anthropogenic particles (DRE,) in the solar and infrared
spectral range, and at the ToA and surface are given in Table 4. The solar ToA-DRE
by anthropogenic particles (DRE, 1,4) is 48% and 44% of the solar-ToA-DRE by alll
particles (DRE; 1,5) at 15:31 and 16:27 UTC, respectively. Conversely, 28% and 33%
of the solar-DRE, . is due to anthropogenic particles at 15:31 and 16:27 UTC, respec-
tively. The IR-DRE by anthropogenic particles is negligible at the ToA, whereas at the
surface, it represents 10% and 13% of the of the IR-DRE; 4 at 15:31 and 16:27 UTC,
respectively. In conclusion, the results listed above highlight the role of anthropogenic
particles during Sahara dust intrusion in the Mediterranean and allow inferring that on
22 June 2006, the all-wave (solar + IR) DRE by desert dust particles is less than 56%
and 67% of the all-wave DRE by all particles at the ToA and surface, respectively.
Recent studies (e.g. Bellantone et al., 2008; Carofalo et al., 2008) on the chemical
composition of the ground-collected particulate matter have also revealed the signifi-
cant contribution of anthropogenic particles during dust outbreaks over south-eastern
Italy.
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The above calculated DREs by anthropogenic particles depend on the accuracy of
size distributions retrieved by the AERONET inversion algorithm. A discussion on this
subject is given in the following Section.

4.4 Comments on the accuracy of AERONET size distributions

Aerosol size is a key parameter to separate natural from man-made aerosol and in-
fer the anthropogenic contribution to the total aerosol load. Hence, the results re-
ported in Sect. 4.3 depend on the accuracy of volume size distributions retrieved by
the AERONET inversion algorithm. Dubovik et al. (2002) have shown that the error of
the retrieved volume density changes as a nonlinear function of particle size, aerosol
type, and actual values of the size distribution. In particular, for the intermediate par-
ticle size range (0.1 <r <7 pum), the retrieval errors do not exceed 10% in the maxima
of the size distribution and may increase up to about 35% for the points correspond-
ing to the minimum values. For the edges (0.05<r <0.1um and 7 < r <15um) of
the assumed particle size interval, the accuracy of the size distribution retrieval drops
significantly and retrieval errors rise up to 80%—100%. It is worth mentioning that the
AERONET inversion algorithm constrains particles with radius r larger than 15pum to
be absent. As a consequence of this assumption, the fine mode size distribution can
be overestimated if large particles (r >15 um) contribute to the aerosol column burden,
according to Kleidman et al. (2005). More specifically, they have shown that when
the fine mode fraction () takes values smaller than 0.6, the Dubovik inversion of sky
radiances overestimates n for dust aerosol by 0.1-0.2 relative to the O’Neill method
of inverting AERONET AOD spectra. The above reported comment suggests that the
number concentration of fine-mode aerosol (N;(r)) retrieved on 22 June 2006 by the
AERONET inversion algorithm, is probably overestimated being 1 <0.5. Then, we have
assumed that N;(r) is overestimated by 40% to test on 22 June 2006, the sensitivity of
the DRE by anthropogenic particles to AOD, values. In particular, we have set, as an
example

N cor(r) = 0.6NK(r) ()
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where N; . (r) is the corrected number concentration of fine-mode particles. Then,
we have applied Eq. (1) to calculate N, . (r): the corrected number concentration of
anthropogenic-only submicron aerosol particles. Mie calculations have been applied
to get the corrected AOD (AOD,,,) by fine (AODs ) and anthropogenic (AOD, .,)
particles (Table 4). We observe from Table 4 that AOD; ., is 62% and 59% of AODy
at 15:31 and 16:27 UTC, respectively. Then, the difference between = AOD; /AOD;
and the corrected fine mode fraction 1, = AOD;x .,,/AOD; is equal to 0.19 and 0.17 at
15:31 and 16:27 UTC, respectively (Kleidman et al., 2005). AOD, ., is 50% and 58%
of AOD, at 15:31 and 16:27 UTC, respectively. Then, the solar DRE by the corrected
estimate of anthropogenic particles (DRE, .,,) decreases in magnitude of about 44%
at the ToA and surface, respectively (Table 4). The IR-DRE by AOD, .., decreases
at the surface by 45%. These results besides showing the strong dependence of the
DRE, on the number concentration of fine-mode particles, reveal the need of accurate
estimates of fine mode size distributions to properly evaluate DREs by anthropogenic
particles. However, it is noteworthy that AERONET measurements and products are
extensively used as the only ground truth in aerosol-related research.

5 Results on 2003—2006 dust outbreaks

The selected dust events are listed in Table 2, where AERONET instantaneous val-
ues of AOD, n, and k at 0.44 um, of the Angstrom coefficient (0.44 um/0.87 um), the
sphericity parameter, and of the solar surface albedo () are also given. A multistep
approach based on polarization-sensitive lidar measurements, AERONET products, 7-
day analytical back trajectories, and true-color MODIS images has been used to select
dust intrusion events over Lecce, as we have outlined in Sect. 3.
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5.1 Analysis of AERONET products during Sahara dust intrusions

Instantaneous columnar size distributions and n and k values by AERONET are used
in the radiative transfer code to define aerosol properties. Figure 5a shows the instanta-
neous columnar volume size distributions retrieved by AERONET measurements per-
formed on the selected dusty-days, to highlight main features of dusty-day volume size
distributions. The largest coarse mode peak at ~2.5 um has been retrieved from mea-
surements performed on 17 July 2003 at 04:59 UTC. The grey line in Fig. 5a represents
the mean columnar volume size distribution obtained by averaging all instantaneous
volume distribution profiles. Vertical error bars in Fig. 5a represent £1 standard devi-
ation from the average value and indicate the volume size distribution variability. The
significant role of coarse-mode particles in dusty-days is clearly pointed-out by Fig. 5a,
which reveals that the mean coarse mode distribution peaks at =2.2 um. However,
along with coarse-mode particles, fine-mode particles also contribute to the aerosol
burden. In fact, the fine mode fraction n, i.e. the ratio between the fine-mode and the
total optical depth at 0.55 um spans the 0.34—0.79 range on the selected dusty days.
Instantaneous A values versus AODs at 0.44 pm, retrieved during dusty-days are
plotted in Fig. 5b. Different symbols are used to characterize different dusty-days. A
represents a good marker of dust outbreaks, as we have mentioned. We observe
that instantaneous A values span the 1.5-0.23 range. Nevertheless, data points re-
lating to a given day vary within a rather small range. This result may indicate that
aerosol microphysical properties are quite dependent on the dust event and less on
the aerosol property changes during the day. Figure 5b shows that A values become
smaller as the AOD increases. Hence, coarse mode particles are responsible for the
large AODs monitored during dust events. The rather high A values retrieved during
low-AOD dusty-days are probably due to the larger contribution of fine mode particles
of local origin and/or long-range transported (Fig. 2a—b). Figure 6a and b show the
scatterplot of n and k values versus the AOD at 0.44 um, respectively. n and k in-
stantaneous values vary within the 1.33—1.55 and 0.0037-0.014 range, respectively
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during the monitored dust outbreaks and are quite dependent on the aerosol col-
umn burden, in accordance with Fig. 5b. The columnar averaged value +1SD of n
and kis: <n>=1.48+0.01 and < kK >=0.007+0.002 at AODs >0.45. Whereas,
<A>=0.33+0.07 for AODs >0.45 (Fig. bb). These last results are in accordance with
corresponding mean values reported by Tafuro et al. (2006). AERONET sun/sky pho-
tometer measurements performed at five different sites of the central Mediterranean
during strong Saharan dust outbreaks, have been used by Tafuro et al. (2006) to cal-
culate A, n and k mean values. Hence, the < n> and < k > values of this paper at
AODs (0.44 um) >0.45, further more contribute to the definition of the mean aerosol
properties in the Mediterranean basin, during strong dust intrusion events.

5.2 Modeled aerosol properties at 0.55 ym

Instantaneous AOD;, SSA;, and g; values at 0.55 um, recomputed by Mie calculations
from AERONET-derived aerosol size distributions and refractive indices, are plotted in
Fig. 7a—7c, respectively, as a function of the fine mode fraction n at 0.55 um. Relative
differences between AERONET and corresponding Mie-code values span the 6%—
12%, 0.03%—3%, and 3%—7% range for AOD;, SSA;, and g;, respectively. AERONET
AQOD;, SSA;, and g, values retrieved at 0.44 and 0.675pm, respectively have been
averaged to calculate AERONET AOD;, SSA;, and g, values at 0.55 pm.

Figure 7a shows that AOD; values span the 0.19-0.64 range and increase as 1 val-
ues decrease, in accordance with Fig. 5b. g; values that span the 0.61-0.70 range
also increase as n values decrease (Fig. 7c). Conversely, SSA; values span the 0.87—
0.95 range without any significant dependence on . Instantaneous SSA; values of
this study are in satisfactory accordance with those provided by Meloni et al. (2003).
Lecce’s g; values are smaller than those retrieved at Lampedusa, where the contribu-
tion of coarse mode particles is on average larger, since Lampedusa is closer to the
Africa coast.
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The anthropogenic aerosol contribution is associated with a fraction f of the sub-
micron size particles, in accordance with the discussion reported in Sect. 3b. The f
value has been set equal to 0.73 and 0.80 for June and July, respectively, in accor-
dance to Bergamo et al. (2008a). Then, MIE calculations are applied to translate the
number concentration of anthropogenic particles into AOD,, SSA,, and g,. Figure 8a
shows the scatterplot of AOD,/AQD; ratios versus AOD,. AOD,/AOD,; ratios that are
quite dependent on dusty-day vary from 0.27 up to 0.65 and allow inferring the role
of anthropogenic particles in Mediterranean dust events. It is also worth noting from
Fig. 8a that the contribution of anthropogenic particles decreases with AOD;. Figure 8b
and c show the scatterplot of SSA, versus SSA,; and of g, versus g;, respectively. The
comparison of Fig. 8 data to the ones reported by Bergamo et al. (2008a) allows in-
ferring that AOD,/AOD; ratios, and SSA,, and g, values of this study are typical of
Mediterranean costal sites.

5.3 Aerosol vertical distribution on dusty days

Lidar measurements at the closest time of AERONET measurements have been used
to retrieve the aerosol vertical profile normalized to the AOD at 0.351 um. The vertical
profile of the AOD fraction is used in the aerosol radiative forcing calculations. Figure 9
shows the vertical profiles of all instantaneous dusty-day AOD fractions. The huge layer
from about 5 to 8 km has been detected by the lidar on 24 July 2003. The grey line in
Fig. 9 represents the mean vertical profile of the AOD fraction. Horizontal error bars
represent +1 standard deviation from the average value and indicate the AOD fraction
variability. The high variability in time and space of the aerosol vertical distribution
revealed by Fig. 9 is typical of Sahara dust intrusion events (e.g. Pavese et al., 2009).
Aerosol particles up to 8 km have been monitored by the lidar during the analyzed dusty
days.
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5.4 Modeled solar, IR, and all-wave fluxes and comparisons

Figure 10a shows the scatterplot of the instantaneous solar (0.3—4.0 um) fluxes at the
surface calculated by the two-stream RTM versus the corresponding instantaneous
surface fluxes (~0.3—2.8 um) by AERONET. Different symbols are used to characterize
different dusty days. Correlation coefficient (r = 100%) and slope (0.998 + 0.005) of
the least-square fit reveal a very good accordance between our model and AERONET
data, despite the different procedure used in the AERONET RTM to calculate the ra-
diation field for a given distribution of aerosol optical properties. The root men square
error (RMS =7 Wm™2) is also given in Fig. 10a. We believe that these results support
the appropriateness of our model in the solar spectral range.

Modeled all-wave (solar+IR) fluxes at the surface are plotted in Fig. 10b as a func-
tion of surface all-wave-flux measurements performed at Lecce by an all-wave radi-
ation transducer (p056 RADNT) which does not allow separating the solar and the
IR component. All-wave-flux measurements are not available for 19 June 2006. The
comparison show that instantaneous experimental and simulated all-wave fluxes are in
satisfactory accordance: all-wave fluxes are highly correlated (r = 97%) and the linear
relation slope of modeled to observed fluxes is 1.1 £ 0.03 (least square slope). These
last results also support the appropriateness of input data and of the used radiative
transfer model. Modeled solar and IR fluxes at the surface, are plotted in Fig. 10c and
d, respectively versus corresponding all-wave flux measurements to highlight their re-
spective role at the surface and support the results of Fig. 10b. The regression line
fitting the data points (dotted line) in addition to the 1:1 line (solid line) is plotted in
Fig. 10c.

5.5 Instantaneous DREs by all particles on dusty days

Clear-sky, instantaneous DREs by all particles relating to the selected dusty-days (Ta-
ble 2) are analyzed in this section. Figure 11a and b show ToA-DREs (DRE; 1) at
solar and IR wavelengths, respectively as a function of  (0.55um). sfc-DREs by all
particles (DRE; ) versus n are plotted in Fig. 11d and e at solar and IR wavelengths,
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respectively. Figure 11c and f show all-wave (solar+IR) DREs at the ToA and surface,
respectively. We observe from Fig. 11a and d that DRE; 1,5 and DRE; ;. values at so-
lar wavelengths span the — (38—11) m~2 and — (58-25) Wm™2 range, respectively and
decrease in magnitude as 1 increases. The AOD, increase for the larger contribution
of coarse mode particles (Fig. 7a) as n decreases, contributes to these results. Hence,
Sahara dust particles can exerts over south-eastern Italy quite large DREs, in accor-
dance with previous studies (e.g., Haywood et al., 2003). It is noteworthy that ToA-
and sfc-DRE values span within a wide range but, data points relating to a particu-
lar dusty-day vary within a smaller range. The strong dependence of aerosol optical
and microphysical properties on dust event and more specifically on dust source and
transport pathway, contribute to the high variability of the aerosol DRE (Fig. 11). The
magnitude of the aerosol DRE at the surface is always larger than that at the ToA since
aerosols not only scatter but, also absorb solar radiation. The solar DRE; «./DRE; 1,
ratio spans the 1.3-3.2 range in accordance with previous studies (e.g. Tafuro et al.,
2007; Bergamo et al., 2008a-b; Meloni et al., 2003). Figure 11b and e show ToA- and
sfc-DREs at IR wavelengths, respectively and reveal that both parameters on average
decrease as n values increase, being the IR-DRE quite sensitive to the contribution of
coarse mode particles mainly at the surface. IR-DRE; 1,4 and IR-DRE; . values vary

up to 7 and 19 Wm™2 at the ToA and surface, respectively. In particular, the IR-DRE; 1oa
offsets the solar-DRE; 1,p from 1% up to 26%. Whereas, the IR-DRE, . offsets the
solar-DRE; ¢, from 5% up to 47%. The largest offset percentage at the surface has
been found on 17 July 2003. AOD; and n reached the largest (0.71) and the smallest
(0.34) value, respectively on this day (Fig. 7a). The largest offset percentage at the
ToA has been found on 19 June 2006. Rather high and small AOD; and ; values, re-
spectively have also been found on this day (Fig. 7a). These last results clearly show
the importance of taking into account the IR-DRE mainly during dust intrusion events
leading to 17 <0.5.

Figure 12 shows the atmospheric forcing (AF;) versus n. AF; is defined as the differ-
ence between ToA and surface aerosol DRE at solar wavelengths. AF; introduces part
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of the remained in the atmosphere radiation and consequently may cause the heat-
ing effects. Thus, it is an indicator of aerosol effects on atmosphere dynamics. More
specifically, AF; leads to a stabilizing effect on the atmospheric stratification. Figure 12
reveals that AF; values span the 8.8-35 Wm™2 range without any marked dependence
on 1.

Figure 13a—c show AOD; (0.55um) and solar DREs at the ToA and surface versus
the solar zenith angle (), in order to investigate the sensitivity of these parameters
to 6. The results reported in this study are based on measurements performed at
solar zenith angles spanning the 54°~76° range. AOD, on average increases with 6
(Fig. 13a). Its dependence on 6 varies from day to day, since scattering and absorption
processes depend on aerosol optical and microphysical properties, which may also
vary with the time of the day. The dependence on 8 of aerosol DREs also varies
from day to day. However, on average, aerosol DREs reach a minimum values within
the 60°-70° range at the ToA (Fig. 13b) and within the 55°-65° range at the surface
(Fig. 13c). These results showing that the solar zenith angle contributes to the daily
variability of instantaneous DREs at the ToA and surface, are in accordance with those
reported by Meloni et al. (2005) and Derimian et al. (2008). The strong dependence
of the upwelling radiation on the particle’s dimensions for particles of large radii is
responsible for the results of Fig. 13b—c.

Figure 14a—b shows the aerosol forcing efficiency (AFE) in the solar spectral range
versus 7 at the ToA and surface, respectively. The AFE is defined as radiative effect per
unit aerosol optical thickness and is mainly dependent on aerosol size and composition.
In our study the AFE is calculated with respect to AOD, at 0.55um. ToA- and sfc-
AFE values span the — (81-45) Wm™ and — (156-79) Wm™ range, respectively and
appear to not be significantly affected by r values. However, it is noteworthy that at the
surface the radiative efficiency of aerosol with a large content of fine-mode particles
can be even larger than that of less polluted dust aerosol. Solar-AFEs of this study
are in satisfactory accordance with those recently provided by di Sarra et al. (2008)
and Derimian et al. (2008). Di Sarra et al. (2008) found for desert dust particles, that

20696

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

ACPD
10, 20673-20727, 2010

Aerosol direct
radiative forcing
during Sahara dust
intrusions

M. R. Perrone et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

the surface shortwave AFE varied from —240 up to —100 Wm™2 for solar zenith angles
varying within the 15-75° range. Ground based measurements of aerosol optical depth
and shortwave irradiance at the Mediterranean island of Lampedusa were used by di
Sarra et al. (2008) to calculate AFEs at the surface with respect to the optical depth at
496 nm. Instantaneous AFEs by Derimian et al. (2008) vary at the surface from —220
up to -30 Wm™2 and refer to dust aerosol and biomass-burning affected dust aerosol
monitored over M’Bour (Senegal, Africa).

5.6 Instantaneous DREs by anthropogenic particles on dusty days

Results on the aerosol DRE by anthropogenic particles, calculated in accordance with
the procedure outlined in Sect. 4.3 are analyzed in this section. Instantaneous solar-
DREs by anthropogenic particles vary from —-13 up to -7 Wm~2 and from -18 up to
~11Wm™ at the ToA (DRE, 1oa) and surface (DRE, ), respectively. Figure 15a and
d show the scatterplot of DRE, 1,a/DRE; 1,4 and DRE, ;./DRE; . ratios versus 1, re-
spectively and reveal that the contribution of anthropogenic particles to DRE; increases
linearly with n both at the ToA and surface. The ToA-DRE by anthropogenic particles
that represents on average 40% of that by all particles at n= 0.4, represents 80% of
the DRE; 1,5 at n= 0.8. 30% and 60% of the DRE; . is due to anthropogenic parti-
cles at n= 0.4 and at 1= 0.8, respectively. Hence, Fig. 15 clearly shows the significant
contribution of anthropogenic particles to the Earth-Atmosphere energy balance dur-
ing Mediterranean Sahara dust outbreaks. Several studies have revealed that n values
spanning the 0.3—0.8 range are on average retrieved by satellite- and ground-based
radiometer measurements, during Sahara dust intrusions over the Mediterranean (e.g.
Santese et al., 2007; Meloni et al., 2007; Santese et al., 2008). Solid lines represent
in Fig. 15a and d regression lines fitting the data points. Correlation coefficient (r)
and slope (b) also are given in each plot. We believe that the high r values may lead
assuming in the solar spectral range that:

DRE, 1o £ 17 X DRE; 7oA (3)
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DREa,sfc =0.7xnx DREt,sfc (4)

IR-DREs by anthropogenic particles span the 0.01-0.6 Wm™2 and the 0.3-1.7 Wm™2

range at the ToA and surface, respectively. The IR-DRE, 1,5 offsets the solar-DRE, 1,5
from 0.1% up to 4%. Whereas, the IR-DRE, . offsets the solar-DRE, . from 2% up
to 11%. Figure 15b and e show the scatterplot of the IR-DRE, 1,4/IR-DRE; 1,4 and
IR-DRE, «;/IR-DRE; . ratios versus 1, respectively: the contribution of anthropogenic
particles to IR-DRE; increases linearly with n both at the ToA and surface. Solid lines
represent regression lines fitting the data points. Hence, we can assume in the infrared
spectral range, that:

IR-DRE, o2 £0.2 X 77 X IR-DRE; 104 (5)
IR-DRE, 41, £ 0.3 x 7 X IR-DRE, ¢ (6)

Figure 15c and f show all-wave (solar+IR) DRE,/DRE; ratios versus n at the ToA and
surface, respectively.

As a first approximation, valid at aerosol optical thicknesses sufficiently small that
multiple aerosol scattering is a small fraction of aerosol extinction; DREs by natural
and anthropogenic particles are linear in the amount of aerosol (Bates et al., 2006).
Thus, in the limit of low aerosol optical depths, the linear assumption

DRE, = DRE, + DRE, (7)

is expected to hold, where DRE,, represents the DRE by natural particles. If we assume
that the natural aerosol is mainly made by desert dust particles during Sahara dust
intrusions, the aerosol DRE by dust (natural) particles can be estimated by the following
relationships, in accordance with Eq. (7):

DRE;, toa = (1-1) X DRE; 1o (8)

DREn,sfc = (1 -0.7x ’1) X DREt,sfc (9)
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IR-DRE,, 1oa £ (1-0.2 x 17) X IR-DRE; 104 (10)

(11)

A methodology to evaluate the DRE contribution by fine and coarse mode particles
has been illustrated in this work. In particular, we believe that Egs. (8—11) can be used
to obtain a better estimate of the DRE by dust particles over the Mediterranean. The
high n values that generally are found over Mediterranean and continental European
sites affected by Sahara dust and the results on the chemical composition of ground
collected particles during dust events, support the importance of taking into account
the DRE by anthropogenic particles to properly estimate the DRE by dust particles
over the Mediterranean basin and Europe.

However, uncertainties of size distributions must be low to properly account for the
fine mode particle contribution and according to Kleidman et al. (2005). The AERONET
inversion algorithm can overestimate the fine mode fraction mainly during strong dust
events (171 <0.6). Hence, if fine mode size distributions have been overestimated by
AERONET during strong dust events, overestimated values of the DRE by anthro-
pogenic particles are also provided by our model. More specifically, the study case
analyzed in Sect. 4.4 has revealed that if the fine mode particle contribution is overes-
timated by 40%, anthropogenic aerosol DRE is also overestimated of about 40%. Size
distribution measurements are needed to properly account for fine mode fractions but,
these measurements that are usually performed at ground or by aircrafts to get size
spectra at different altitudes from ground, can be quite expensive and are available
only for rather few study cases. As a consequence, synthetic or AERONET size distri-
butions are usually used in radiative transfer calculations (e.g. Derimian et al., 2008).
AERONET products are extensively used as the only ground truth in aerosol-related
research.

IR-DRE, g & (1-0.3 x 1)) X IR-DRE, g
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6 Summary and conclusion

Nine Sahara dust outbreaks that have affected the Mediterranean basin and south-east
Italy from 2003 to 2006 have been selected to calculate clear-sky instantaneous DREs
by all and anthropogenic particles.

Aerosol optical and microphysical properties have firstly been analyzed to contribute
to the characterization of the mean optical properties of the Mediterranean aerosol
affected by the intrusion of Sahara dust particles. We have found that aerosol prop-
erties are quite dependent on dusty day. Soil properties of source regions, transport
pathways and anthropogenic particles contribute to the observed high variability of
aerosol properties. Instantaneous n and k values at 0.44 ym span the 1.33—-1.55 and
0.0037-0.014 range, respectively during the analyzed dust outbreaks and fine mode
particles contribute from 34% to 85% to the total AOD. The variability range of n and k
values and the contribution of anthropogenic particles decrease as the AOD increases.
In particular, we have found that at AODs (0.44 um) >0.45, the contribution of fine mode
particles becomes smaller than 55% and the columnar averaged value +1 SD of n and
kis: <n>=1.48+0.01 and < k> =0.007+0.002, in accordance with previous studies
(Tafuro et al., 2006).

The aerosol DRE has been calculated in the solar (0.3—4 um) and infrared (4—
200 um) spectral range, at the top of the atmosphere (ToA) and at the Earth’s surface
(sfc). Observation-based meteorological and aerosol parameters have been used to
initialize the two-stream radiative transfer model. The appropriateness of input and
output model data has been demonstrated by the comparison of simulated surface all-
wave fluxes to broadband all-wave flux measurements at the surface and in the solar
spectral range, by the comparison with modelled surface fluxes by AERONET.

Instantaneous DREs, in addition to the AF and AFEs have been calculated to investi-
gate aerosol radiative effects during dust events. We have found that the instantaneous
solar-DRE by all particles (DRE;) spans the — (38—11) Wm~2 and the — (58-25) Wm™2
range at the ToA and surface, respectively as a consequence of the high variability of
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aerosol optical and microphysical properties. We have also observed that the solar
zenith angle is mainly responsible for the daily variability of the aerosol DRE. The IR-
DRE; & by all particles offsets the solar-DRE; . from 5% up to 47%. Whereas, the
IR-DRE; 1,4 offsets the solar-DRE; 1,5 from 1% up to 26%. Hence, the importance of
taking into account the aerosol IR-DRE during dust intrusion events has been demon-
strated.

DREs by anthropogenic particles have also been evaluated. The anthropogenic
aerosol contribution has been associated with a fraction f of the number concentra-
tion of fine-mode aerosol N(r) provided by AERONET, in accordance to Bergamo et
al. (2008a). Then, we have found that the AOD at 0.55 um by anthropogenic particles
represents from 27% up to 65% of the AOD,. This result highlights the role of an-
thropogenic particles in Mediterranean dust events, if we assume that AERONET size
distributions are accurate. DREs by natural and anthropogenic particles have been
considered linear in the amount of aerosol present, as a first approximation. Then, a
linear relationship dependent on the fine mode fraction n and on the total aerosol DRE
has been retrieved to calculate the DRE by natural and anthropogenic particles in the
solar and infrared spectral range. In particular, by assuming that all natural particles are
from the Sahara deserts, we have found that the instantaneous solar-DRE by desert
particles represents from 20% up to 65% and from 45% up to 76% of the instantaneous
solar-DRE by all particles at the ToA and surface, respectively. The instantaneous IR-
DRE by desert particles represents from 84% up to 93% and from 76% up to 90% of
the instantaneous IR-DRE by all particles at the ToA and surface, respectively. We
believe that our results highlight for the first time, to the best of our knowledge, the role
of anthropogenic particles (mainly in the solar spectral range), during dust intrusions
events in the Mediterranean basin. The significant presence of anthropogenic particles
during dust events has also been revealed by chemical analyses on ground collected
particles (e.g. Bellantone et al., 2008; Carofalo et al., 2008). Hence, the methodology
used in the paper should allow getting more reliable estimates of the DRE by desert
dust particles over Europe.
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The dependence of our results on the accuracy of volume size distributions retrieved
by the AERONET inversion algorithm represents the main weak point of the paper.
Kleidman et al. (2005) have shown that the Dubovik inversion of sky radiances can
overestimate fine fractions for dust aerosol by 0.1-0.2 relative to the O’Neill method
of inverting AERONET AOD spectra. In particular, they have shown that fine-mode-
fraction overestimations become significant at n < 0.6. Then, according to Kleidman
et al. (2005), DREs by anthropogenic and coarse mode particles have probably been
over- and under-estimated, respectively, during strong dust outbreaks (7 <0.6). Work
is in progress to investigate the accuracy of size distributions retrieved by AERONET
during strong dust events by performing size spectra measurements at ground.

Aerosol properties from sun/sky radiometer measurements performed at Lecce (a
peninsular site in south-east ltaly) during selected dust outbreaks have been used
in this study. Nevertheless, we believe that paper’s results can be representative of
several Mediterranean sites, in accordance to Bergamo et al. (2008a) and hence, con-
tribute to the characterization of aerosol effects on the energy-balance of the Mediter-
ranean: one of the most responsive regions to climate change. Last but not least, the
used methodology can generally be applied to evaluate the DRE contribution by fine
and coarse mode particles.
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Table 1. Real (n) and imaginary (k) refractive index at IR subbands.
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Table 2. Instantaneous values of AOD, real (n) and imaginary (k) refractive index at 0.44 um,
of the Angstrom coefficient (A) computed from AOD values at 0.44 pm and 0.87 um, of the
sphericity parameter (S), and surface albedo values (a) retrieved from AERONET sun/sky
radiometer measurements during the selected dusty days observed at Lecce from 2003 to
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Table 3. Instantaneous AOD, SSA, and g values at 0.55 um by MIE calculations and AERONET
products for 22 June 2006 at different day hours. AERONET AOD, SSA, and g values at
0.44 and 0.675 pm, respectively have been averaged to calculate AOD, SSA, and g values at
0.55 um.

Mie code AERONET
Time (UTC) AOD SSA g AOD SSA G
15:31 0.34 0.87 066 035 0.89 0.71
16:27 0.37 090 066 0.38 0.91 0.70
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Table 4. Instantaneous surface net-flux (Fg) in the solar (0.3—4 pm) and IR (4—200 um) spectral
range, AOD at 0.55 pm by fine (AOD;) and anthropogenic (AOD,) particles, DRE by all (DRE;)
and anthropogenic (DRE,) particles at the top of the atmosphere (ToA) and surface (sfc), in
the solar (0.3—4 um) and IR (4—200 pm) spectral range for 22 June 2006 at different day hours.
Corrected AOD (AOD,,,) and DRE (DRE,,,) values calculated in accordance with Eq. (2) are
also reported.

Parameter (0.3—4) um (4-200) pm

Time (UTC) 15:31 16:27 15:31 16:27
Fee (Wm™2) 331 184 -72 -T71
DRE;1,a (Wm™?) -20 -25 1.7 1.8
DRE,y, (Wm™?) -53 -45 91 10.0
AOD; (0.55 pm) 016  0.17

AOD, (0.55 pm) 012 0.13

DRE, 1on (Wm™) -96 -11 003 0.04
DRE, ¢ (Wm™) -15  -15 092 1.3

AOD;y ., (0.55 pm) 0.10 0.10
AODa,cor (0.55 pm) 0.06 0.07

DRE; cor oA (Wm_z) -5.5 -6.3 0.02 0.02
DRE, corsc WM™  -83 -85 051 0.71
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Fig. 1. (a—-d) Aerosol backscatter coefficient profiles (solid lines) from lidar measurements
performed on 5 July 2005 at different day hours (UTC). Grey dotted lines represent vertical
profiles of the depolarization ratio. (e) Columnar volume size distributions from AERONET
sun/sky photometer measurements performed on 5 July 2005 at different day hours.
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Fig. 2. Pathways of the 7-day analytical back trajectories at 950, 850, 700, and 500 hPa reach-
ing Lecce at 12:00 UTC (a) on 5 July 2005 and (c¢) on 22 June 2006. Altitude of each back
trajectory as a function of time (b) on 5 July 2005 and (d) on 22 June 2006.
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Fig. 3. (a—e) Aerosol backscatter coefficient profiles (solid lines) from lidar measurements
performed on 22 June 2006 at different day hours (UTC). Grey dotted lines represent vertical
profiles of the depolarization ratio. (f) Columnar volume size distributions from AERONET
sun/sky photometer measurements performed on 22 June 2006 at 15:31 (dotted line) and at
16:27 UTC (solid line).
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Fig. 4. Broadband (0.3—-30 um) flux measurements at the surface (solid line) by a net radiation
transducer. Full dots represent modeled instantaneous all-wave fluxes at the surface. Open
dots and open boxes represent solar fluxes at the surface by the model and by AERONET,
respectively.
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Fig. 5. (a) Instantaneous columnar volume size distributions of the selected dusty days. The
grey line represents the mean columnar volume size distribution. Vertical bars represent +1
standard deviation from the average value. (b) Instantaneous Angstrom coefficient values com-
puted from AODs at 0.44 um and 0.87 um versus the AOD at 0.44 um. Different symbols are
used to characterize different dusty-days: 17 July 2003 (»); 24 July 2003 (~); 8 July 2004 (¥); 5
July 2005 (#); 6 July 2005 (m); 18 July 2005 (+); 19 June 2006 (+); 22 June 2006 (O); 26 June
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Fig. 8. (a) Ratios of the anthropogenic particle AOD (AOD,) to the AOD by all particles (AOD;)
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2005 (m); 18 July 2005 (+); 19 June 2006 (+); 22 June 2006 (O0); 26 June 2006 (&).
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Fig. 11. ToA-DRE by all particles in the (a) solar, (b) IR, and (c) solar+IR spectral range as a
function of the fine mode fraction n at 0.55 um. sfc-DRE by all particles in the (d) solar, (e) IR,
and (f) solar+IR spectral range as a function of n. Different symbols are used to characterize
different dusty-days: 17 July 2003 (#»); 24 July 2003 (+); 8 July 2004 (+); 5 July 2005 (#); 6 July
2005 (m); 18 July 2005 (+); 19 June 2006 (+); 22 June 2006 (O0); 26 June 2006 ().
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Fig. 12. Solar atmospheric forcing by all particles versus n; at 0.55 um. Different symbols are
used to characterize different dusty-days: 17 July 2003 (#); 24 July 2003 (»); 8 July 2004 (+); 5
July 2005 (#); 6 July 2005 (m); 18 July 2005 (+); 19 June 2006 (+); 22 June 2006 (O); 26 June
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different dusty-days: 17 July 2003 (#»); 24 July 2003 (+); 8 July 2004 (+); 5 July 2005 (#); 6 July
2005 (m); 18 July 2005 (+); 19 June 2006 (+); 22 June 2006 (O); 26 June 2006 (@).

20726

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 20673-20727, 2010

Aerosol direct
radiative forcing
during Sahara dust
intrusions

M. R. Perrone et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/20673/2010/acpd-10-20673-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

1.0 1.0
—— y=bx (b =1.02£0.01) y = bx (b =0.7120.01)
r=0.94 r=0.95
5038 L081
g 9
w W
£ g .
Qo8- % 06
:_ o
i [
04 S 04
= s
£ 8 o4
@ 02 @02
(d),
0.0 | I 1 L@ 0.0 1 1 1 1
1.0 1.0
y =bx (b =0.18+0.01) —— y=bx (b=0.29£0.01)
08l  r=o0s4 0sf =088
g $
w’ o
E 0.6 - X 0.6
3 S
H
w 0.4 o4l
x a [ ]
4 [] 9
il M ~r
]
(b)) »
0.0 I o '@mW 1 00 L% | L@
1.0 1.0
—— y=bx (b =0.82£0.02)
Zosl %08 r=0.77
& & .
S06 06
g 3
S uf ik’ ®
w x ° ¢ m
Q04 o 04 *
e s &
£ H
Z 021~ — y=bx (b=1.1520.03) < 02
r=0.80 © o
0.0 1 1 I 1 0.0 1 1 1 1
00 02 04 06 08 1.0 00 02 04 06 08 10
7 (0.55 pm) n (0.55 pm)

Fig. 15. Ratio of the DRE by anthropogenic particles (DRE,) to the DRE by all particles (DRE;)
as a function of the fine mode fraction 7 (a—c) at the ToA and in the solar, IR, and solar+IR spec-
tral range, respectively, (d—f) at the surface and in the solar, IR, and solar+IR spectral range,
respectively. Different symbols are used to characterize different dusty-days: 17 July 2003 (#);
24 July 2003 (£); 8 July 2004 (+); 5 July 2005 (#); 6 July 2005 (m); 18 July 2005 (+); 19 June
2006 (#); 22 June 2006 (O); 26 June 2006 ().
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