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Abstract. The all-sky direct radiative effect by anthro-
pogenic aerosol (DREa) is calculated in the solar (0.3–4µm)
and infrared (4–200µm) spectral ranges for six Mediter-
ranean sites. The sites are differently affected by pollution
and together reflect typical aerosol impacts that are expected
over land and coastal sites of the central Mediterranean basin.
Central to the simulations are aerosol optical properties from
AERONET sun-/sky-photometer statistics for the year 2003.
A discussion on the variability of the overall (natural + an-
thropogenic) aerosol properties with site location is provided.
Supplementary data include MODIS satellite sensor based
solar surface albedos, ISCCP products for high- mid- and
low cloud cover and estimates for the anthropogenic aerosol
fraction from global aerosol models. Since anthropogenic
aerosol particles are considered to be smaller than 1µm in
size, mainly the solar radiation transfer is affected with im-
pacts only during sun-light hours. At all sites the (daily av-
erage) solar DREa is negative all year round at the top of
the atmosphere (ToA). Hence, anthropogenic particles pro-
duce over coastal and land sites of the central Mediterranean
a significant cooling effect. Monthly DREa values vary from
site to site and are seasonally dependent as a consequence
of the seasonal dependence of available sun-light and micro-
physical aerosol properties. At the ToA the monthly average
DREa is −(4±1) W m−2 during spring-summer (SS, April–
September) and−(2±1) W m−2 during autumn-winter (AW,
October–March) at the polluted sites. In contrast, it varies
between−(3±1) W m−2 and−(1±1) W m−2 on SS and AW,
respectively at the less polluted site. Due to atmospheric ab-
sorption the DREa at the surface is larger than at the ToA.
At the surface the monthly average DREa varies between
the most and the least polluted site between−(7±1) W m−2

and−(4±1) W m−2 during SS, and between−(4±3) W m−2
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and−(1±1) W m−2 during AW. The DREa at infrared wave-
lengths is positive but negligible, especially at the ToA
(<0.3 W m−2). The average of DREa monthly-means refer-
ring to all sites has allowed getting a ToA- and sfc-DREa
yearly-mean value of−(3±2) and−(5±3) W m−2, respec-
tively at solar wavelengths. Last data, even if refer to a partic-
ular year, indicate that the radiative energy-balance of Cen-
tral Mediterranean land and coastal sites is quite affected by
anthropogenic particles.

1 Introduction

It is well known that aerosol particles, both of natural
and anthropogenic origin, affect the climate of the Earth-
Atmosphere-System directly by scattering and absorbing so-
lar radiation and indirectly by modifying cloud microphys-
ical properties. Nevertheless, the level of scientific under-
standing of the direct and indirect forcing by aerosols is clas-
sified as “med-low” and “low”, respectively by the Inter-
governmental Panel on Climate Change (IPCC, 2007), as a
consequence of the variable nature of aerosols on regional
and seasonal scales. Multiple-technique measurements are
currently used to assess the aerosol impact on global cli-
mate. Long-term continuous observations from satellites,
networks of ground-based instruments and dedicated field-
measurements in clean and polluted environments are cur-
rently used to feed global aerosol and climate models (e.g.
Kaufman et al., 2002).

The Moderate Resolution Imaging Spectro-radiometer
(MODIS) has been launched onboard the EOS Terra and
Aqua polar-orbiting satellites since December 1999 and May
2002, respectively, for multi-disciplinary studies of land-
atmosphere and ocean-atmosphere interactions (e.g. King
et al., 1992). The Aerosol Robotic Network (AERONET)
has also been established to provide aerosol optical depth
retrievals and to get additional details on aerosol column
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averaged properties. AERONET is a federated network of
about 400 automatic sun/sky radiometers worldwide, coordi-
nated by the NASA Goddard Space Flight Center (Holben et
al., 1998). These (global) data on aerosols have led to new
attempts to quantify accurately the global aerosol impact on
the radiative energy balance of the Earth-Atmosphere sys-
tem (e.g. Chung et al., 2005; Yu et al., 2006). The assess-
ment of the direct radiative effect (DRE) by anthropogenic
aerosols is of great interest. Estimates of the direct climate
forcing (anthropogenic aerosols) so far have been predomi-
nantly model-based (e.g. Giorgi and Bi, 2002). Nine differ-
ent global models with complex component aerosol modules
have recently been employed by Schulz et al. (2006) to pro-
duce independent estimates of the DRE due to anthropogenic
aerosols and hence, to provide a new global annual estimate
(−0.22±0.16 W m−2) of the anthropogenic aerosol DRE at
the top of the atmosphere.

A detailed analysis on the current observation-based meth-
ods to determine the anthropogenic aerosol contribution to
the observed aerosol optical depth (AOD) is provided in the
paper by Yu et al. (2006). Kaufman et al. (2005) show that
the fraction of the aerosol originating from anthropogenic ac-
tivity can be estimated from MODIS measurements with an
uncertainty of±30% over the oceans. The so-derived aver-
age anthropogenic AOD is about 0.033, consistent with as-
sessments of 0.03–0.36 from global chemical transport mod-
els: GOCART, LMDZ-LOA, and SPRINTARS (Schulz et
al., 2006).

The present study focuses on the anthropogenic aerosol
DRE over the Mediterranean. The Mediterranean basin has
a particular relevance in this kind of studies as this area is
particularly affected by air pollution. In addition to sea-
spray aerosols and mineral dust particles from North Africa,
long-range transported urban/industrial and biomass burning
aerosols from Northern and Eastern Europe regions converge
in the Mediterranean. As a consequence, several studies in-
dicate that the aerosol radiative forcing is among the highest
in the world over the Mediterranean summer (e.g. Le Treut
et al., 1998; Haywood and Boucher, 2000; Lelieveld et al.,
2002; Andreae et al., 2002). A Regional Climate Change In-
dex (RCCI) has been defined by Giorgi (2006) to identify the
most responsive regions to climate changes, or Hot-Spot. Ac-
cording to Giorgi (2006), the two most prominent Hot-Spots
emerging from the RCCI analysis are the Mediterranean and
North Eastern Europe regions.

In this paper, local monthly statistics of aerosol parame-
ters retrieved on 2003 (one of the warmest of the last few
years over the Mediterranean Regions) are used as input
into a two-stream radiative transfer code, to quantify the an-
thropogenic aerosol impact to the radiative energy-balance
of several land sites of the Mediterranean basin. In par-
ticular, aerosol parameters retrieved at Ispra, Venice, Oris-
tano, Lecce, Lampedusa, and Crete, which span more than
17◦ in longitude and 10◦ in latitude and are differently af-
fected by natural and anthropogenic aerosols, are used to in-

vestigate the dependence of the anthropogenic aerosol im-
pact on the site location. Size-distributions and refractive
indices from sun/sky photometer measurements performed
within AERONET are used to characterize aerosol properties
at each site. In addition, mid-latitude standard atmosphere
data by AFGL, MODIS derived data on solar surface albedo,
and ISCCP cloud products are used to define the necessary
input to a two-stream radiative transfer code. The anthro-
pogenic aerosol DRE is calculated at each site in all-sky at
the top of atmosphere (ToA), at the surface (sfc), and within
the atmosphere, both at solar (0.3–4µm) and infrared (4–
200µm) wavelengths.

The AERONET instrumentation and the geographical lo-
cation of the selected sites are briefly described in Sect. 2.
A brief description of the two-stream radiative transfer code
and of the main input data is given in Sect. 3. A discussion on
the aerosol properties of the selected AERONET site is also
provided in Sect. 3. The results on the anthropogenic aerosol
DREs are presented in Sect. 4. Some sensitivity tests are dis-
cussed in Sect. 5. Summary and conclusion are in Sect. 6.

2 AERONET instrumentation and geographical loca-
tion of the selected sites

Cimel sun/sky radiometers operating within AERONET are
automatic, robotically-operated instruments and consist of
two detectors for the measurements of direct sun and sky ra-
diance. Spectral observations of sun radiance are generally
made at seven spectral channels: 340, 380, 440, 500, 675,
870, and 1020 nm, while measurements of sky radiance are
made at 440, 675, 870, and 1020 nm. Holben et al. (1998,
2001) give detailed descriptions of the instrument and data
acquisition procedures. A flexible inversion algorithm (e.g.
Dubovik and King, 2000; Dubovik et al., 2006) is used to
retrieve columnar aerosol volume size distributions, and real
and imaginary refractive indices (n and k) from direct-sun
and diffuse-sky radiance measurements. Cloud-screened and
quality-assured retrievals (level 2.0) from the Version 2 (V2)
inversion algorithm are used in this study.

Figure 1 shows the geographical location of the selected
AERONET sites: six stations that span more than 17◦ in
longitude and 10◦ in latitude are considered. The Ispra
site is located in the north-west of Italy (45.80◦ N, 8.63◦ E,
235 m a.s.l.), near the Lago Maggiore and between two
hills. The Venice sun photometer is located on Acqua Alta
Oceanographic Tower (AAOT) in the northern Adriatic Sea,
8 nautical miles off the Venice Lagoon (45.31◦ N, 12.51◦ E,
10 m a.s.l.). Both Ispra and Venice are northern Italian sites
that are expected to be largely affected by anthropogenic pol-
lution, as they are quite close to large cities and industrial ar-
eas. The Oristano site is situated on the west coast of Sardinia
and the sunphotometer is located on the roof of the Inter-
national Marine Center (IMC, 39.91◦ N, 8.5◦ E, 10 m a.s.l.).
The Lecce sun photometer is located on the roof of the
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Fig. 1. Geographical location of the selected AERONET sites in the
Central Mediterranean. The cross indicate a marine area (34.50◦ N,
14.50◦ E ) off the Lampedusa island.

Physics Department of the University of Salento (40.33◦ N,
18.10◦ E, 27 m a.s.l.). The site is in a suburban area, 6 km
away from the city centre, and about 20 km from the Adriatic
and the Ionian Sea, respectively. Lampedusa is a small Ital-
ian island located in the middle of the Sicilian Channel. The
sun photometer is located in the area of the Military Base
LORAM (35.52◦ N, 12.63◦ E, 45 m a.s.l.). The Forth-Crete
AERONET station is located in the northern coast of Crete
(35.19◦ N, 25.16◦ E, 20 m a.s.l.), a relatively isolated Greek
island in the central-east Mediterranean Basin. In particular,
the sun photometer is located on the roof of the 20 m-high
building of the National Center of Marine Research, which
is at 100 m from the coast and 15 km east from Heraklion:
the largest city in Crete. Both Lampedusa and Crete are ex-
pected to be more affected by natural aerosols being away
from large sources of local pollution (Pace et al., 2006; Fo-
tiadi et al., 2006).

3 The two-stream radiative transfer model and input
data

A detailed description of the two-stream radiative transfer
model used is given in Tafuro et al. (2007). The two stream
method (e.g. Meador and Weaver, 1980) provides radiative
fluxes at the boundary of homogeneous plane-parallel lay-
ers. Twenty homogeneous plane-parallel atmospheric layers
are used in our model to account for the changes with al-
titude of the atmospheric parameters and components (e.g.
pressure, temperature, gases, and particle distributions), and
daily-averaged radiative fluxes are determined for the solar
(0.3–4µm) and infrared (4–200µm) spectral region. In or-
der to account for the diurnal Sun elevation changes, solar

radiative transfer simulations are performed at five different
Sun-elevations, which are characterized by cos(ζ )=0.9, 0.7,
0.5, 0.3, and 0.1, respectively, whereζ represents the solar
zenith angle. Then, site-latitude and corresponding average
Sun height above the horizon are used to determine fractional
day-periods for each month. All available data are then prop-
erly weighted to get daily averaged solar radiative fluxes.

Vertical profiles of density, pressure, temperature, water
vapour, oxygen, ozone, and well mixed trace-gases (N2O,
CO2, CO and CH4) are prescribed by the US Air Force
Geophysics Laboratory (AFGL) standard atmospheres for
mid-latitude (30–60◦ N) summer and winter with interpola-
tions for the transitional seasons. Based on the air-density
Rayleigh scattering is included and trace-gas concentrations
in conjunction with pre-defined absorption coefficients are
used to compute the trace-gas absorption.

3.1 Surface properties

Surface albedo monthly means are based on “black-sky”
albedo (directional-hemispherical reflectance) and “white-
sky” albedo (bihemispherical reflectance) data from the
MODIS MOD43B3 products (Schaaf et al., 2002), which are
provided every 16 days, at 1◦

×1◦ resolution for three broad-
bands: 0.3–0.7, 0.3–5.0, and 0.7–5.0µm. Figure 2a–b shows
monthly averaged surface albedo values for the visible (0.3–
0.7µm) and infrared (0.7–5.0µm) spectral range, respec-
tively, retrieved from the 2003-year MOD43B3 products and
for 1◦

×1◦ cells centred at Ispra, Venice, Oristano , Lecce,
Lampedusa, and Crete, respectively. Monthly averaged sur-
face albedo values retrieved over a marine area (34.50◦ N,
14.50◦ E ) off the Lampedusa island are also shown for com-
parison in Fig. 2 by grey crosses. We mention that percent-
age differences between 16-days and monthly averaged sur-
face albedo values are on average smaller than few percents.
Surface albedo values of Venice, Oristano, Lecce, Crete, and
Lampedusa span the 0.02–0.09 and 0.09–0.17 range for the
visible and infrared spectral range, respectively. These sites
have the common properties to be rather close to the Sea and
as a consequence the 1◦

×1◦ spatial MODIS regional aver-
age is quite affected by the low albedo of the surrounding
Mediterranean Sea. The comparison in Fig. 2 of coastal site
surface albedos with the one (grey crosses) retrieved over
a marine area off the Lampedusa island supports last com-
ment. On the contrary, Ispra that is located at the border of
the Po Valley near the Lago Maggiore, is characterized by
higher values spanning the 0.11–0.16 and 0.20–0.26 range
for the solar and infrared spectral range, respectively. Note,
that with (even only partial) snow cover much larger solar
albedo values during winter at Ispra are possible.

A surface emissivity of 0.96 (and an albedo of 4%) has
been assumed in the far-infrared.
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Table 1. Number of AERONET measurements per month from which level 2 aerosol products are extracted. When level 2 AERONET
products do not providen and k values, the corresponding ones provided by level 1.5 AERONET products are used. The number of
measurement days/month is given in brackets. Total measurements per month and per site are also given.

Ispra Venice Oristano Lecce Lampedusa Crete Total

January 20(9) 38(13) 23(8) 0(0) 0(0) 8(3) 89(33)
February 101(19) 77(22) 16(5) 0(0) 0(0) 3(2) 197(48)
March 79(22) 52(16) 53(17) 5(2) 0(0) 22(9) 211(66)
April 21(9) 74(14) 32(11) 17(10) 0(0) 40(11) 184(55)
May 23(14) 80(18) 27(8) 15(10) 12(4) 87(23) 244(77)
June 27(14) 95(22) 54(19) 16(12) 47(22) 100(28) 339(117)
July 41(18) 97(23) 71(24) 50(22) 80(30) 103(30) 442(147)
August 25(14) 77(23) 33(17) 100(25) 101(28) 73(24) 409(131)
September 33(8) 54(18) 40(17) 47(17) 27(12) 64(17) 265(89)
October 5(4) 38(12) 5(3) 6(3) 30(12) 48(15) 132(49)
November 4(3) 37(10) 0(0) 6(4) 37(11) 24(6) 108(34)
December 8(6) 31(9) 0(0) 16(7) 20(8) 2(1) 77(31)
Total 387(140) 750(200) 354(129) 278(112) 354(127) 574(169)

Fig. 2. Evolution of 2003 monthly mean surface albedos, at the
selected sites and the marine area off the Lampedusa island in the
(a) visible (0.3–0.7µm) and(b) near infrared (0.7–5.0µm), based
on MODIS MOD43B3 products.

3.2 Aerosol properties at the selected sites from 2003
AERONET products

Particle number size distributions and real and imaginary re-
fractive indices from AERONET sun/sky photometer mea-
surements of the 2003 year, are used as input to the two-
stream radiative transfer model to characterize aerosol prop-
erties. Real and imaginary refractive indices are retrieved at
0.44, 0.675, 0.87, and 1.02µm, respectively. For the near-
infrared region of the solar spectrum, the AERONET refrac-
tive indices extracted for the wavelength at 1.02µm are ap-
plied. For the far-infrared spectral region the refractive in-
dices for tropospheric aerosol (Paltridge and Platt, 1976) are
used. A discussion on the accuracy of individual AERONET
retrievals is reported in Dubovik et al. (2000, 2002) and it is
also recalled in Tafuro et al. (2007). The number of mea-
surements/month that have been properly weighted to re-
trieve monthly aerosol optical and microphysical properties
at the selected AERONET sites, are given in Table 1. We
recall that when level 2 AERONET products do not pro-
vide n and k values, the corresponding ones provided by
level 1.5 AERONET products are used. The number of mea-
surement days/month are reported in brackets. MIE calcu-
lations (assuming a spherical particle shape) are applied to
translate the data on size, concentration and refractive in-
dices into AODs (a measure of the magnitude of the aerosol
extinction due to scattering and absorption), single scatter-
ing albedo (SSA) values (a measure of the relative impor-
tance of absorption and scattering), and asymmetry-factors
(a measure of the angular distribution of the scattering radi-
ation). AOD, SSA, and asymmetry-factor (g) represent the
main parameters generally used to understand the complex
interaction of aerosols with radiation. Figure 3a–c shows
monthly averaged AODs at 550 nm for Ispra and Venice, for
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Oristano and Lecce, and for Lampedusa and Crete, respec-
tively. Error bars in Fig. 3 represent±1 standard deviation
(std. dev.) and are based on the daily AOD variability. Ar-
rows highlight in each plot monthly averaged AOD values
based on less than 4 measurement days (i.e. less than 10%
of month days) to better evaluate the statistical significance
of mean values and standard deviations. The variability of
AOD monthly means is generally much larger than the accu-
racy of its retrieval (±0.01, Holben et al., 1998) at all sites.
The selected sites are grouped by latitude band in Fig. 3 and
it is worth noting that the differences between mean monthly
AOD values are on average lower than corresponding stan-
dard deviations at the sites characterized by rather close lat-
itude values. Figure 3 highlights that daily AOD variations
are on average larger at the northern Mediterranean sites of
this study. Crete represents the site where monthly standard
deviations are on average smaller all year round. We also ob-
serve from Fig. 3 that monthly mean AODs are on average
larger on spring-summer (April–September) at all sites. This
result is likely due to the larger solar flux and to the lack
of rainy days that generally occur over the Mediterranean
basin in summer favouring the production of photochemical
smog and the accumulation, in the absence of rain, of local
and long range transported atmospheric particles. Forest fires
that mostly on summer occur over southern Europe also rep-
resent a contributing factor (Pace et al., 2005; Tafuro et al.,
2008). The recent paper on the spatial and temporal vari-
ability in aerosol properties over the Mediterranean basin by
Papadimas et al. (2008) that is based on 6-year (2000–2006)
MODIS data, support last comments. The AOD interannual
variability in the Mediterranean basin has also been analyzed
by Papadimas et al. (2008). Hence, that paper is rather useful
to evaluate the specificity of the 2003-year AOD values (used
in this study) with respect to the corresponding ones over the
2000–2006 periods. In addition, the paper by Papadimas et
al. (2008) can allow inferring to what extent the AERONET
sites of our study are representative of the Central Mediter-
ranean.

Aerosol size is a key parameter to separate natural from
man-made aerosol and hence to infer the anthropogenic con-
tribution to the total aerosol load. The anthropogenic aerosol
is dominated by fine-mode particles, while natural aerosol
contains a substantial component of coarse-mode particles
(e.g. Kaufman et al., 2001). The AERONET inversion algo-
rithm retrieves aerosol volume size distributions in the range
of sizes 0.05µm≤r<15µm, wherer represents the particle
radius. In accordance with previous studies, all particles with
radius 0.05µm≤r<0.5µm are considered fine, while those
with 0.5µm≤r≤15µm are considered coarse. This last def-
inition is commonly used to define the AOD due to fine and
coarse mode particles and therefore the fine-mode fraction
η, i.e. the ratio between the fine-mode and the total optical
depth at 550 nm.η is used to infer the role of natural and
anthropogenic particles to the total aerosol load (e.g. Santese
et al., 2008). Monthly averagedη values±1 std. dev. (based

Fig. 3. Evolution of 2003 monthly averages of the total aerosol op-
tical depth (AOD) at 550 nm, recomputed from AERONET-derived
aerosol particle size distributions and refractive indices, for(a) Ispra
and Venice,(b) Oristano and Lecce, and(c) Lampedusa and Crete.
Error bars represent±1 std. dev. and are based on the daily AOD
variability. Arrows highlight in each plot monthly averaged AOD
values based on less than 4 measurement days (i.e. less than 10% of
month days).

on the dailyη variability) at 550 nm are plotted in Fig. 4a–
c. The comparison of AOD andη values provides a clear
picture on how aerosol properties vary from site to site and
how the selected sites of this study are differently affected
by coarse- and fine-mode particles and hence, by natural and
anthropogenic aerosols. Figure 3 reveals that AODs are on
average larger at Venice and Ispra. In addition,η values that
span the 0.86–0.94 and 0.81–0.93 range at Ispra and Venice,
respectively (Fig. 4a) indicate that the rather high aerosol
load is mainly due to fine mode particles, probably of an-
thropogenic origin both sites being rather close to large cities
and industrial areas. In addition,η-standard deviations that
on average are rather small at Ispra and Venice (Fig. 4a) allow
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Fig. 4. Evolution of 2003 monthly averaged fine-mode fractions
(η) at 550 nm, recomputed from AERONET-derived aerosol parti-
cle size distributions and refractive indices, for(a) Ispra and Venice,
(b) Oristano and Lecce, and(c) Lampedusa and Crete. Error bars
represent±1 std. dev. and are based on the dailyη variability. Ar-
rows highlight in each plot monthly averagedη values based on less
than 4 measurement days (i.e. less than 10% of month days).

inferring that anthropogenic aerosols dominate all through
the year at both sites. Hence, the high AOD daily variability
revealed by the plots of Fig. 3a may be due to the high vari-
ability of the anthropogenic sources (urban/industrial) that
affect the aerosol load of north Italy. The rather high AOD
observed on March both at Ispra and Venice, is probably due
to a rather strong pollution event (beingη ∼=0.9 at both sites)
that on March has affected all north Italy. Monthly means
of March aerosol parameters are based on a large number
of measurements (79 and 52, at Ispra and Venice, respec-
tively), which have been retrieved from 22 and 16 measure-
ment days at Ispra and Venice, respectively (Table 1). Fig-
ures 4b and c show that Lecce and Oristano, and Crete and
Lampedusa, respectively are characterized byη values span-

ning the 0.3–0.9 range. These lastη values that are on av-
erage smaller than those retrieved at Venice and Ispra, are
probably due to the fact that Lecce, Oristano, Crete, and
Lampedusa are more affected by desert and sea salt aerosols.
In fact, monthly-averagedη values reach smallest values at
Crete and Lampedusa both sites being surrounded by the Sea
and rather close to desert areas. The high daily variability
of η-values revealed by the large width of standard deviation
bars of Fig. 4b–c, allows inferring that the southern Mediter-
ranean sites of this study, also are quite affected by the an-
thropogenic aerosol in addition to the natural aerosol (such
as dust and sea-salt). The rather lowη value retrieved on
October at Oristano is mostly due to the strong Sahara dust
outbreak that occurred over the Mediterranean basin on 1–2
October.η and AOD values of Figs. 4c and 3c, respectively
indicate that Lampedusa and Crete have also been affected by
dust events on October, in accordance with back-trajectory
plots. Figures 3c and 4c show that the Lampedusa aerosol
load was also quite affected by Sahara dust particles on July
2003 (Tafuro et al., 2006): the AOD reaches a rather high
value whileη reaches a rather small value.

It is worth mentioning that according to Bellouin et
al. (2005), anthropogenic aerosols alone are associated
with η values at 550 nm larger than 0.83±0.05, while
0.35<η<0.83 are associated with mixtures of anthropogenic
and natural aerosols. In situ observations of the AOD frac-
tion from aerosol particles smaller than 1µm in diameter
(accumulation-mode fraction) have been used by Bellouin et
al. (2005) to define the aboveη threshold values. Hence, in
accordance with Bellouin’s criteria and our above reported
discussion, the Ispra and Venice aerosol load is made of an-
thropogenic aerosols alone. In contrast, mixtures of anthro-
pogenic and natural aerosols characterize the aerosol load at
Oristano, Lecce, Lampedusa, and Crete.

Figure 5a–c shows monthly averaged SSA values
±1 std. dev. (based on the daily SSA variability) at 550
nm for Ispra and Venice, for Oristano and Lecce, and for
Lampedusa and Crete, respectively. The differences between
monthly SSA values are on average lower than±1 std. dev.
at the sites characterized by rather close latitude values. SSA
values vary within the 0.84–0.98 range, in accordance with
the variability range observed by Yu et al. (2006) over Eu-
rope. We also observe from Fig. 5a, that SSA values span
the 0.84–0.96 and 0.92–0.96 range at Ispra and Venice, re-
spectively. In addition, Fig. 5a shows that SSA values have
at Ispra a marked seasonality that is characterized by smaller
and larger SSA values on winter and summer, respectively.
The smaller SSA values retrieved at Ispra on winter months
show the relative importance of absorption processes by an-
thropogenic particles on these months. We believe that
winter house-heating emissions and meteorological condi-
tions contribute to the Ispra-SSA seasonality. Venice SSA
values are also smaller on winter months. In contrast to
Fig. 5a results, Figs. 5b and c show that the relative impor-
tance of absorption by aerosol particles is on average larger

Atmos. Chem. Phys., 8, 6995–7014, 2008 www.atmos-chem-phys.net/8/6995/2008/



A. Bergamo et al.: Anthropogenic aerosol direct forcing over the Mediterranean 7001

Fig. 5. Evolution of 2003 monthly averages of the total single
scattering albedo (SSA) at 550 nm recomputed from AERONET-
derived aerosol particle size distributions and refractive indices, for
(a) Ispra and Venice,(b) Oristano and Lecce, and(c) Lampedusa
and Crete. Error bars represent±1 std. dev. and are based on the
daily SSA variability. Arrows highlight in each plot monthly aver-
aged SSA values based on less than 4 measurement days (i.e. less
than 10% of month days).

on spring-summer (SS) at Lecce and Lampedusa: SS and
autumn-winter (AW, October to March) average values are
0.93±0.02 and 0.95±0.03 at both sites. As mentioned, the
larger solar flux and the lack of rainy days that, on aver-
age, similarly affect Lecce and Lampedusa on summer, is
quite responsible for these results (Pace et al., 2006; San-
tese et al., 2008). Summer forest fires represent a contribut-
ing factor (Pace et al., 2005). However, it is worth mention-
ing that the variability range of monthly averaged SSA val-
ues is comparable to the theoretical accuracy of its retrieval
(±0.03 for AOD (440 nm)>0.2 and±(0.05–0.07) for AOD
(440 nm)≤0.2; Dubovik et al., 2000) at all sites, even for the
larger AOD values at Ispra during the winter.

Table 2. Monthly values of the factorf .

f -values Ispra Venice Oristano Lecce Lampedusa Crete

January 0.91 0.90 0.80 0.74 0.56 0.66
February 0.91 0.92 0.88 0.78 0.67 0.59
March 0.88 0.87 0.81 0.68 0.61 0.54
April 0.82 0.79 0.82 0.66 0.73 0.65
May 0.79 0.78 0.77 0.63 0.66 0.53
June 0.67 0.68 0.63 0.73 0.52 0.79
July 0.80 0.80 0.70 0.80 0.64 0.76
August 0.78 0.81 0.69 0.86 0.59 0.84
September 0.85 0.84 0.83 0.79 0.76 0.73
October 0.82 0.79 0.75 0.66 0.64 0.58
November 0.89 0.78 0.80 0.45 0.68 0.57
December 0.85 0.75 0.68 0.64 0.48 0.66

Asymmetry-factor plots in Fig. 6a–c show that monthly
averagedg-values vary within the 0.63–0.74 range. Error
bars in Fig. 6 represent±1 std. dev. and are based on the daily
g variability. According to Yu et al. (2006) the theoretical ac-
curacy of its retrieval is±0.02. As it is well known,g is equal
to 1 for completely forward scattering and is equal to zero for
symmetric (e.g. Rayleigh) scattering. The plots of Fig. 6a–c
suggest that the angular distribution of the scattering radia-
tion by aerosol particles follows a seasonal trend that varies
from site to site. In particular, Fig. 6a shows that, on aver-
age,g-values reach smaller values (0.66±0.02) on autumn-
winter at Ispra, since fine-mode particles are predominant on
AW at this site (Fig. 4a). In contrast, Creteg-values appear
to reach smaller values (0.65±0.01) on summer when fine-
mode particles are on average predominant (Fig. 4c). These
last results may indicate that the aerosol properties are differ-
ently affected by seasons at Ispra and Crete as a consequence
of the different contribution of aerosol sources. It is worth
mentioning that Yu et al. (2006) foundg=0.66±0.03 (annual
average) over Europe.

3.3 Anthropogenic aerosol properties at the selected sites

In accordance with previous studies (e.g. Bellouin et al.,
2005; Kaufman et al., 2005; Chung et al., 2005; Yu et al.,
2006), also in this paper the anthropogenic aerosol contribu-
tion is associated with a fraction of the sub-micron size parti-
cles. In particular, the AERONET volume particle size distri-
bution referring to particles with radius 0.05µm≤r<0.5µm
is first used to calculate the number concentration of fine-
mode aerosolsNf (r). Potential anthropogenic contributions
to the coarse size mode are ignored. Then, only a fractionf

of Nf (r) is considered of anthropogenic origin in accordance
with the following relationship

Na(r) = f · Nf (r) (1)

whereNa(r) is the number concentration of anthropogenic-
only submicron aerosol particles. Monthlyf -values that
are given in Table 2 for each selected site of this study
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Fig. 6. Evolution of 2003 monthly averages of the total asymmetry-
factor (g) at 550 nm, recomputed from AERONET-derived aerosol
particle size distributions and refractive indices, for(a) Ispra and
Venice, (b) Oristano and Lecce, and(c) Lampedusa and Crete. Error
bars represent±1 std. dev. and are based on the dailyg variability.
Arrows highlight in each plot monthly averagedg values based on
less than 4 measurement days (i.e. less than 10% of month days).

are considered constant with particle size in the submicron
fraction. f -values are based 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) (Dentener et al., 2006; Stier
et al., 2007) were used in the General Circulation Model
LMDzT3.3 to calculatef -values.

MIE calculations are applied to translate the data on the
number concentrations of anthropogenic aerosols (Eq. 1) into
aerosol optical depth, single-scattering albedo, and asymme-
try factor of anthropogenic particles. Refractive indices are
not considered dependent on particle size. A discussion on
this last assumption is given in Sect. 5.

Mean values±1 std. dev., and minimum (Min) and maxi-
mum (Max) values of monthly means for annual and semi-
annual time-periods of anthropogenic aerosol parameters are
investigated next. Anthropogenic aerosol optical depths
(AODa) at 550 nm are listed in Table 3 for all sites. In ac-
cordance with the discussion of Sect. 3.2, Table 3 shows
that AODa values are on average larger at Ispra and Venice
and smaller at Crete and Lampedusa, the last two sites be-
ing more affected by desert and marine aerosols. In particu-
lar, AODa values span the 0.06–0.37 range at Ispra and the
0.02–0.11 and 0.01–0.13 range at Lampedusa and Crete, re-
spectively: the sites less affected by anthropogenic particles
(mean percentage AODa/AOD=40%).

We know that a criterion different than that of Eq. (1) could
be used to infer AODa values but, each criterion may have its
weakness since only in situ samplings can allow determin-
ing anthropogenic particle contributions. In particular, we
believe that Bellouin et al. (2005) criteria that have been re-
ported in the previous paragraph, tend to overestimate the
anthropogenic aerosol component. Kaufman et al. (2005)
considered the total aerosol optical depth made by its anthro-
pogenic (air pollution and smoke aerosol), dust, and base-
line marine components and suggested a method to calculate
AODa by using MODIS and AERONET retrievals to calcu-
late dust, and baseline marine components. We have found
that the AODa values of Table 3 are in good accordance with
the values calculated according to Kaufman et al. (2005).
The fraction of natural AOD from the Georgia Tech/Goddard
Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model (Chin et al., 2002) was used by Chung et
al. (2005) to estimate worldwide the anthropogenic aerosol
component from combined MODIS and AERONET AODs
retrieved for the period 2001–2003. The latitude dependence
of the AODa values retrieved in this paper appears in fair ac-
cordance with the one reported by Chung et al. (2005) for the
month of April.

Spring-summer and autumn-winter AODa average values
are also given in Table 3 to facilitate the comparison be-
tween different sites. Table 3 reveals that SS AODa values
are more than 30% larger than AW AODa values at all sites
with the exception of Ispra where the anthropogenic frac-
tion is ∼80% of the whole aerosol optical depth in both
SS and AW. In contrast, at Lampedusa, 30% and 40% of
the aerosol load is of anthropogenic origin on AW and SS,
respectively. According to Kaufman et al. (2005) anthro-
pogenic fractions of∼80% at AODs>0.2 are typical of pol-
luted sites, while anthropogenic fraction of∼40% are typi-
cal of sites affected by mixed aerosol types. In accordance
with the above comment, Table 3 data show that the Mediter-
ranean coastal island sites far away from larger cities and/or
industrial area such as Lampedusa and Crete are more af-
fected by mixed aerosol types, contrary to Venice, Oristano
and Lecce, which are coastal sites closer to the European
continent, the main source of pollution advected over the
Mediterranean basin (e.g. Lelieveld et al., 2002). The results
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Table 3. Basic statistics of AODa, AODa/AOD(%), SSAa, andga parameters. Mean values and standard deviations are based on monthly
values. April–September and October–March monthly values are used to calculate Mean SS and Mean AW values, respectively and corre-
sponding standard deviations.

Ispra Venice Oristano Lecce Lampedusa Crete

AODa
Mean (0.19±0.08) (0.15±0.07) (0.11±0.03) (0.11±0.05) (0.07±0.03) (0.08±0.04)
Min–Max 0.06–0.37 0.07–0.26 0.05–0.15 0.05–0.21 0.02–0.11 0.01–0.13
Mean SS (0.20±0.05) (0.18±0.05) (0.12±0.02) (0.13±0.04) (0.09±0.02) (0.10±0.03)
Mean AW (0.18±0.11) (0.12±0.07) (0.08±0.03) (0.08±0.05) (0.04±0.02) (0.06±0.03)
AODa/AOD%
Mean (79±9) (71±7) (57±16) (53±11) (36±13) (43±14)
Min–Max 61–88 62–85 25–82 36–68 18–55 14–62
Mean SS (76±11) (68±5) (58±10) (57±11) (40±11) (50±12)
Mean AW (82±5) (75±8) (57±24) (47±10) (28±13) (35±12)
SSAa
Mean (0.93±0.04) (0.96±0.01) (0.95±0.02) (0.97±0.01) (0.98±0.01) (0.98±0.01)
Min–Max 0.85–0.98 0.94–0.98 0.92–0.98 0.95–0.99 0.96–0.99 0.95–1.00
Mean SS (0.95±0.02) (0.96±0.01) (0.95±0.02) (0.96±0.01) (0.97±0.01) (0.98±0.00)
Mean AW (0.91±0.05) (0.95±0.01) (0.95±0.02) (0.97±0.02) (0.99±0.01) (0.98±0.02)
ga

Mean (0.65±0.02) (0.66±0.02) (0.63±0.01) (0.63±0.02) (0.65±0.03) (0.64±0.03)
Min–Max 0.61–0.68 0.62–0.69 0.61–0.65 0.59–0.66 0.62–0.69 0.60–0.72
Mean SS (0.66±0.02) (0.65±0.02) (0.63±0.01) (0.62±0.01) (0.64±0.02) (0.62±0.01)
Mean AW (0.65±0.02) (0.67±0.02) (0.63±0.01) (0.63±0.03) (0.67±0.03) (0.66±0.03)

by five global circulation models, including aerosol represen-
tations (Reddy et al., 2005; Takemura et al., 2005; Collins
et al., 2002; Stier et al., 2005; Kirkevag and Iversen, 2002)
and using the same emissions have shown that on a global,
annual average, 47±9% of the AOD over land is due to an-
thropogenic aerosols and that the anthropogenic fraction is
54±16% over Eurasia (90◦ N–30◦ N, 30◦ W–180◦ E). These
results are in fair accordance with the mean value of this pa-
per (60±20%) referring to 5 different sites of the Mediter-
ranean basin (Table 3).

Mean values, minimum and maximum values, and SS- and
AW-mean values of the anthropogenic-SSA (SSAa) and -g
(ga) at 550 nm are also given in Table 3. We observe from
Table 3 that the mean SSAa value that is 0.98±0.01 both
at Crete and Lampedusa, is equal to 0.93±0.04 at Ispra as a
consequence of the larger absorption by anthropogenic parti-
cles occurring at this site.

3.4 Aerosol vertical distribution

The profile plotted in Fig. 7 is used to represent the aerosol
vertical distribution at all sites of this study. Seasonal varia-
tions are neglected. The lowermost 2 km layer of the Fig. 7
profile contributes by∼90% to the total AOD. The vertical
profile of Fig. 7 can be considered representative of the mean
aerosol vertical distribution over southern Europe in accor-
dance with the paper by Guibert et al. (2005). Although sen-
sitivity studies demonstrated a relatively weak impact of the

Fig. 7. Vertical profile of the aerosol optical depth fraction.

aerosol vertical distribution on radiative forcing at the surface
or at clear-sky conditions (e.g. Tafuro et al., 2007), some im-
pact can be expected under cloudy-skies for ToA DREa, as
(already slightly) absorbing aerosols (e.g. dust and pollution)
above lower placed clouds (e.g. stratus, inversions) can even
lead to a ToA warming for low DREa values.
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Fig. 8. Monthly evolution in 2003 of the incoming solar flux (sym-
bols) at the selected sites. Dashed areas represent the altitude loca-
tion of low-, medium-, and high-level clouds.

3.5 Cloud cover

Necessary cloud properties are based on the multi-year
(1984–2004) ISCCP D2 statistics (Rossow and Schiffer,
1999), which supplies data defined by a multi-annual aver-
age (1984–2004) of monthly means of cloud scene optical
depth for high-, mid-, and low-cloud cover. ISCCP cloud
climatology data have been interpolated from 2.5◦ to 1◦. In-
verse distance weights of the next four corners values define
the applied cloud properties at each site. Figure 7 shows as
a function of the months of the year, the altitude location of
high-, mid-, and low-level clouds that has been used in this
paper. Cloud optical depth (COD) and cloud cover values as
a function of the months of the year are plotted in Fig. 9a and
b, respectively for each site.

4 Anthropogenic aerosol direct radiative effect esti-
mates

All-sky anthropogenic aerosol direct radiative effects
(DREa) are calculated at each site at the top of atmosphere
(ToA), at the surface (sfc), and within the atmosphere (AF),
both at solar (0.3–4µm) and infrared (4–200µm) wave-
lengths. To this end, it is worth recalling that AERONET
measurements are essentially clear-sky and that it is assumed
in this work that the average aerosol properties derived from
AERONET can be extrapolated to all sky conditions.

The ToA DRE summarizes the impact to the entire Earth-
Atmosphere-System, while the surface DRE captures the
impact on exchange processes between the atmosphere and
the Earth’s surface. The anthropogenic atmospheric forcing
(AFa) that is defined as the difference between ToA and sur-
face aerosol DREa is an indicator of aerosol effects on at-
mospheric dynamics. The anthropogenic-aerosol forcing ef-
ficiency AFEa (aerosol DREa per unit anthropogenic optical

Fig. 9. (a)Cloud optical depth (COD) and(b) cloud cover percent-
ages as a function of the months of the year based on the multi-year
(1984–2004) ISCCP D2 statistics at different sites.

depth) that is mainly dependent on aerosol size and compo-
sition is also calculated at each site.

4.1 Anthropogenic ToA and surface DREs at solar wave-
lengths (0.3–4µm)

Figure 10a–c and Fig. 11a–c show the monthly evolution of
the all-sky DRE by anthropogenic aerosols at the ToA and
at the surface (sfc), respectively. The anthropogenic AF is
plotted in Fig. 12a–c. Anthropogenic DRE efficiencies at
the ToA and at the surface (sfc) are plotted in Figs. 13a–c
and 14a–c, respectively. The selected sites are grouped by
latitude band in Figs. 10–14 and it is worth noting that the
monthly evolution of all plotted parameters is quite depen-
dent on latitude. Mean (±1 std. dev.), maximum (Max) and
minimum (Min) values, and SS and AW mean-values of the
investigated parameters are given on Table 4a to show the
variability range of each parameter and facilitate comparison
between different sites.

ToA- and sfc-DREa monthly-means are negative all
through the year at all sites. This demonstrates a cooling
of the Earth-Atmosphere-System by aerosols, as extra so-
lar radiation is reflected back to space. Aerosol associated
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Fig. 10. Monthly evolution in 2003 of the solar (0.3–4µm) all-sky
ToA-DRE by anthropogenic particles at(a) Ispra and Venice,(b)
Oristano and Lecce, and(c) Lampedusa, Crete, and the marine area
off the Lampedusa island.

reductions of the downward solar radiation at the Earth’s
surface are larger, as aerosols not only scatter but also ab-
sorb solar radiation. According to Ramanathan et al. (2001),
for strongly absorbing aerosols (SSA<0.95) the surface forc-
ing far exceeds the ToA forcing. In accordance with the
above comments, Figs. 10 and 11 allow inferring that sfc-
anthropogenic-aerosol DREs are on average more than 1.3
larger than ToA-DREa values. SSAa values are, on average,
smaller at Ispra (0.85≤SSAa≤0.98). Then, the differences
between ToA- and sfc-DREa values are larger at Ispra, where
the (sfc-DREa)/(ToA-DREa) ratio varies within the 1.4÷6.6
range. In contrast, the (sfc-DREa)/(ToA-DREa) ratio varies
within the 1.1÷1.5 range at Lampedusa, where SSAa values
vary within the 0.96÷0.99 range.

A marked seasonal trend of the ToA- and sfc-DREa
with larger absolute values on spring-summer and smaller
absolute values on autumn-winter is observed at most of

Fig. 11. Monthly evolution in 2003 of the solar (0.3–4µm) all-
sky sfc-DRE by anthropogenic particles at(a) Ispra and Venice,(b)
Oristano and Lecce, and(c) Lampedusa, Crete, and the marine area
off the Lampedusa island.

the sites. ToA-DREa values span the−(0.2÷4.2) W m−2

and the−(2.3÷7.1) W m−2 range, on AW and SS, respec-
tively (Fig. 10a–c). In contrast, sfc-DREa values span the
−(0.4÷9.4) W m−2 and the−(2.3÷10.3) W m−2 range, on
AW and SS, respectively (Fig. 11a–c). Figure 8 (symbols)
shows the monthly-means of the incoming solar flux at the
six selected sites, to better infer the aerosol role on the sea-
sonal trend of the ToA- and sfc-DREa. The incoming so-
lar flux reaches the highest value (∼500 W m−2) on June
at all sites and the smallest value (∼120 W m−2) on De-
cember both at Ispra and Venice. Hence, the seasonal cy-
cle of the available solar radiation that reaches higher val-
ues on SS at all sites, is primarily responsible for the sea-
sonal variability of the aerosol DREa. The seasonal changes
of the aerosol properties are a contributing factor and are
mainly responsible for the asymmetric trend of the aerosol
DREa seasonal variability. Figures 10 and 11 show that
the aerosol DREa follows a rather similar seasonal trend at
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Table 4a.Basic statistics (mean value±1 std. dev. and minimum and maximum values and Spring-Summer and Autumn-Winter mean values
±1 std. dev.) of the parameters used to evaluate the DRE by anthropogenic particles at solar wavelengths.

(W m−2) Ispra Venice Oristano Lecce Lampedusa Crete

DREToA
a

Mean −(2.3±1.3) −(3.0±1.9) −(3.2±1.4) −(3.1±2.0) −(2.1±1.2) −(2.6±1.8)
Min; Max −(4.5; 0.2) −(6.1; 0.7) −(5.2; 1.0) −(7.1; 0.9) −(3.8; 0.3) −(5.6; 0.4)
Mean SS −(3.0±0.9) −(4.3±1.3) −(4.1±0.9) −(4.2±1.7) −(3.0±0.9) −(4.1±1.2)
Mean AW −(1.6±1.4) −(1.8±1.6) −(1.9±0.9) −(1.5±0.9) −(0.9±0.5) −(1.2±0.7)
DREsfc

a
Mean −(5.5±2.6) −(5.0±3.0) −(5.3±2.4) −(4.7±2.8) −(2.8±1.7) −(3.4±2.2)
Min; Max −(9.4; 1.2) −(10.1; 1.1) −(10.3; 1.6) −(9.5; 1.0) −(5.6; 0.4) −(6.9; 0.4)
Mean SS −(6.8±1.4) −(7.2±2.2) −(6.7±1.9) −(6.3±1.9) −(3.9±1.2) −(5.1±1.6)
Mean AW −(4.1±2.9) −(2.8±2.1) −(3.2±1.2) −(2.3±1.9) −(1.1±0.7) −(1.7±1.1)
AFa
Mean 3.2±1.6 2.0±1.2 2.1±1.3 1.6±0.1 0.7±0.5 0.8±0.5
Min; Max 0.8; 5.7 0.4; 4.3 0.6; 5.1 0.1; 2.5 0.04; 1.8 0.02; 1.5
Mean SS 3.8±1.3 2.9±1.1 2.6±1.4 2.1±0.3 0.9±0.4 1.1±0.4
Mean AW 2.5±1.7 1.0±0.5 1.3±0.9 0.8±1.1 0.2±0.2 0.5±0.5
AFEToA

a
Mean −(11.6±5.6) −(19.1±6.9) −(29.4±8.0) −(26.6±7.2) −(29.5±6.6) −(31.4±10.0)
Min; Max −(20.1; 3.1) −(33.1; 10.4) −(45.5; 19.2) −(36.6; 15.7) −(39.1; 20.1) −(43.5; 12.7)
Mean SS −(15.3±4.2) −(24.3±5.2) −(34.0±6.6) −(31.9±4.9) −(33.2±4.1) −(39.6±4.1)
Mean AW −(7.9±4.3) −(14.0±3.5) −(22.6±4.0) −(20.1±4.8) −(23.5±5.5) −(23.2±6.6)
AFEsfc

a
Mean −(28.9±7.2) −(31.9±9.8) −(48.0±11.0) −(39.4±11.6) −(39.0±10.7) −(40.5±12.0)
Min-Max −(43.1; 19.9) −(45.7; 16.5) −(67.5; 33.5) −(52.0; 17.4) −(50.8; 22.8) −(56.0; 20.3)
Mean SS −(35.0±4.4) −(40.2±4.7) −(54.6±7.3) −(46.9±3.3) −(45.6±5.7) −(50.1±5.4)
Mean AW −(22.8±2.4) −(23.7±5.3) −(38.2±7.6) −(28.0±9.8) −(28.1±6.9) −(31.0±8.4)

Table 4b. Basic statistics (mean value±1 std. dev. and minimum and maximum values and Spring-Summer and Autumn-Winter mean values
±1 std. dev.) of the parameters used to evaluate the DRE by anthropogenic particles at infrared wavelengths.

(W m−2) Ispra Venice Oristano Lecce Lampedusa Crete

DREToA
a

Mean 0.03±0.03 0.03±0.03 0.05±0.04 0.04±0.04 0.015±0.015 0.025±0.022
Min; Max 0; 0.08 0; 0.11 0; 0.11 0; 0.1 0; 0.04 0; 0.06
Mean SS 0.05±0.02 0.06±0.03 0.07±0.03 0.06±0.03 0.02±0.01 0.04±0.01

Mean AW 0.008±0.007 0.01±0.01 0.01±0.01 0.008±0.009 0.0±0.0 0.007±0.008
DREsfc

a
Mean 0.21±0.08 0.18±0.08 0.18±0.06 0.16±0.08 0.12±0.06 0.14±0.11

Min; Max 0.07; 0.35 0.08; 0.35 0.09; 0.26 0.06; 0.33 0.02; 0.2 0.01; 0.33
Mean SS 0.23±0.07 0.22±0.08 0.21±0.04 0.21±0.08 0.15±0.04 0.22±0.10

Mean AW 0.02±0.01 0.13±0.06 0.13±0.03 0.09±0.04 0.06±0.03 0.06±0.04
AFEToA

a
Mean 0.14±0.12 0.18±0.14 0.35±0.26 0.26±0.20 0.17±0.12 0.23±0.16

Min; Max 0.02; 0.35 0.03; 0.44 0.05; 0.77 0.04; 0.57 0.04; 0.33 0.02; 0.44
Mean SS 0.23±0.10 0.29±0.12 0.51±0.21 0.39±0.15 0.25±0.06 0.37±0.07

Mean AW 0.04±0.01 0.07±0.04 0.11±0.05 0.08±0.03 0.04±0.0 0.10±0.06
AFEsfc

a
Mean 1.0±0.2 1.1±0.5 1.5±0.2 1.3±0.2 1.5±0.3 1.5±0.6

Min; Max 0.8; 1.4 0.8; 1.4 1.2; 1.9 0.9; 1.6 1.0; 1.8 0.7; 2.6
Mean SS 1.0±0.2 1.1±0.2 1.5±0.2 1.4±0.2 1.7±0.1 1.9±0.5

Mean AW 1.0±0.1 1.1±0.2 1.4±0.2 1.2±0.2 1.3±0.2 1.1±0.3
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Venice, Oristano, Lecce, Lampedusa, and Crete: maximum
aerosol DREa values at the ToA and sfc are reached on Au-
gust at these sites. The anthropogenic AOD that reaches the
highest value on August at Venice, Oristano, Lecce, Lampe-
dusa, and Crete, is quite responsible for these last results.
Similarly, we believe that the rather high ToA- and sfc-
DREa value observed on March at Ispra is quite affected by
the anthropogenic AOD that at this site reaches the highest
value on March. It is also worth noting that anthropogenic
AODs take at Ispra largest mean values both on AW and
SS: (0.18±0.11) and (0.20±0.05), respectively. As a con-
sequence, Table 4a shows that the sfc-DREa takes a rather
small mean value at Ispra both on AW (−(4.1±2.9) W m−2)

and SS (−(6.8±1.4) W m−2). In contrast, sfc-DREa values
are larger (−(3.9±1.2) W m−2 and−(1.1±0.7) W m−2 on SS
and AW, respectively) at Lampedusa that is the site less af-
fected by anthropogenic particles all year round. Lampedusa
AODa mean-values are 0.09±0.02 and 0.04±0.02 on SS and
AW, respectively. The above reported discussion reveals that
monthly-means of ToA- and sfc-DREa values can signifi-
cantly vary from site to site, as a consequence of the high
spatial and temporal variability of the anthropogenic aerosol
load over the Mediterranean basin.

Chung et al. (2005) have recently provided a global
estimate of the all-sky DRE by anthropogenic particles,
by integrating MODIS, 1999–2001 ISCPP, and 2001–2003
AERONET observations with models of aerosol chemistry,
transport and radiative transfer. According to Chung et
al. (2005) annual-mean ToA and sfc DREa values span
the−(2÷4) W m−2 and−(6÷12) W m−2 range, respectively
over the Mediterranean Regions, in fair accordance with the
results of this paper (Table 4a).

Anthropogenic AF plots (Fig. 12a–c) reveal that Ispra,
Venice, and Oristano represent the sites where AFa values
are on average larger, as a consequence of the fact that
at these sites, AODa and SSAa take on average larger and
smaller values, respectively, all year round (Table 3). An-
thropogenic AFs vary within the (0.8÷5.7), (0.4÷4.3), and
(0.6÷5.1) W m−2 range at Ispra, Venice, and Oristano, re-
spectively. On the contrary, anthropogenic AFs vary within
the (0.1÷2.5), (0.04÷1.8), and (0.02÷1.5) W m−2range at
Lecce, Lampedusa and Crete, respectively. Anthropogenic
AF values of this paper appear to be in fair accordance with
annual mean values provided by Chung et al. (2005) over the
Mediterranean Regions. As mentioned, the AF is an indi-
cator of aerosol effects on atmospheric dynamics. In fact,
the cooling of the Earth’s surface from absorbing aerosols
and the consequential warming of the atmosphere may cause
a flattened vertical temperature profile in the troposphere,
which is expected to slow the hydrological cycle, reduce
evaporation from the surface and reduce cloud formation
(Kaufman et al., 2002). In accordance with the results of
this paper, anthropogenic aerosol effects on the atmospheric
dynamics are expected to be less important over the southern
Mediterranean Regions.

Fig. 12. Monthly evolution in 2003 of the solar (0.3–4µm) all-
sky atmospheric aerosol absorption by anthropogenic particles at
(a) Ispra and Venice,(b) Oristano and Lecce, and(c) Lampedusa,
Crete, and the marine area off the Lampedusa island.

Anthropogenic-aerosol forcing efficiencies (AFEa) at the
ToA and surface, referring to AODa at 550 nm, are plot-
ted in Figs. 13a–c and 14a–c, respectively, to infer the im-
pact of factors such as aerosol absorption, size, and surface
albedo. ToA- and sfc-AFEa values have a marked season-
ality at all sites, characterized by smaller and larger abso-
lute values on AW and SS, respectively. Hence, the vari-
ations with seasons of the aerosol optical and microphysi-
cal properties contribute to the seasonal trend of the DREa
observed at all sites both at the ToA and surface. Both the
forcing efficiency dependence on Sun elevation (e.g. Russel
et al., 1999) and the minimum cloud cover during summer
also represent contributing factors to the AFEa annual cycle
(Figs. 13a–c and 14a–c). Ispra represents the site where ToA-
and sfc-AFEa values, which span the−(3.1÷20.1) W m−2

and−(18.9÷43.1) W m−2 range, respectively, are on aver-
age larger all year round. Hence, the same unit of AODa
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Fig. 13. Monthly evolution in 2003 of the solar (0.3–4µm) all-sky
ToA atmospheric forcing efficiency by anthropogenic particles at
(a) Ispra and Venice,(b) Oristano and Lecce, and(c) Lampedusa,
Crete, and the marine area off the Lampedusa island.

produces at Ispra larger ToA- and sfc-AFEa values than those
produced at the other sites. AODa and SSAa values that on
average take at Ispra larger and smaller values, respectively,
are responsible for these last results. Oristano and Crete
represent the sites where sfc- and ToA-AFEa values reach
higher negative values through all the year. sfc AFEa values
span the−(33.5÷67.5) W m−2 range at Oristano, while ToA-
AFEa values span the−(12.7÷43.5) W m−2 range at Crete.
The ToA-AFEa decreases with the SSAa increase (e.g. Mel-
oni et al., 2005), and Crete represents the site where on av-
erage SSAa values are larger. The AFEa data that are quite
dependent on aerosol optical and microphysical properties
and hence, on aerosol type, further more show that over the
Mediterranean, the monthly-averaged anthropogenic-aerosol
impact on climate is quite dependent on the site location.

Mean-values (±1 std. dev.) of monthly-means of all tested
parameters have been calculated at each site and are given

Fig. 14. Monthly evolution in 2003 of the solar (0.3–4µm) all-
sky sfc atmospheric forcing efficiency by anthropogenic particles at
(a) Ispra and Venice,(b) Oristano and Lecce, and(c) Lampedusa,
Crete, and the marine area off the Lampedusa island.

in Table 4a in addition to SS- and AW-mean-values, to fa-
cilitate comparison between different sites. At the ToA the
monthly average DREa is ∼=−(4±1) W m−2 during spring-
summer (SS, April–September) and∼=−(2±1) W m−2 dur-
ing autumn-winter (AW, October–March) at the pol-
luted sites. In contrast, it is−(3.0±0.9) W m−2 and
−(0.9±0.5) W m−2 on SS and AW, respectively at Lampe-
dusa. At the surface the monthly average DREa varies
between the most and the least polluted site between
−(7.2±2.2) W m−2 and −(3.9±1.2) W m−2during SS, and
between−(4.1±2.9) W m−2 and−(1.1±0.7) W m−2 during
AW. It is worth observing for nearly all investigated pa-
rameters of Table 4a, that the differences between mean-
values of different sites are lower than±1 std. dev., even if
monthly-mean-values significantly vary from site to site. The
high spatial and temporal variability of the anthropogenic
aerosol load over the Mediterranean is probably responsible
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for these last results. ToA- and sfc-DREa yearly-mean val-
ues, which have been calculated by averaging all available
monthly-means, respectively, are reported in Table 5. We
believe that Table 5 data can provide a 1st-order estimate
of the anthropogenic-aerosol impact on the radiative energy-
balance of Central Mediterranean land and coastal sites for
the 2003-year. Table 5 data appear to be in satisfactory
accordance with corresponding values provided by Chung
et al. (2005) for the Mediterranean basin, at least within
±1 std. dev. However, they are larger than corresponding val-
ues retrieved by several chemical transport models coupled to
general circulation models (e.g. Schulz et al., 2006; Stier et
al., 2007), which are not based on experimental data.

Finally, it is worth noting that the ToA- and sfc-DREa
yearly-mean values of Table 5 are significantly larger than
corresponding global-yearly-mean values provided by sev-
eral models (e.g. Chung et al., 2005). This last observa-
tion indicates that the energy-balance of the Mediterranean
is quite affected by pollution and as a consequence, the
Mediterranean can be one of the most responsive regions to
climate changes in accordance to Giorgi (2006). We men-
tion that IPCC (2007) provides a summary of the principal
atmospheric components responsible of DREs, which can be
rather useful to compare the results of this paper with those
provided by other authors both for the aerosol and other at-
mospheric components.

4.2 Anthropogenic ToA and surface DREs at infrared
wavelengths (4–200µm)

It is worth noting that we have assumed that the an-
thropogenic aerosol is<1µm in maximum dimension,
as a consequence we cannot expect significant radiative
anthropogenic-aerosol effects at infrared wavelengths. Fig-
ure 15a–c and Fig. 16a–c show the monthly evolution of the
all-sky IR-DRE by anthropogenic aerosols at the ToA and at
the surface (sfc), respectively. The IR- DREa is positive both
at the ToA and surface since aerosols produce planetary and
surface warming through interaction with IR radiation. How-
ever, as expected, it is small compared to the solar DREa, es-
pecially at the ToA. The seasonal trend of the infrared ToA-
DREa that reaches higher values on SS, is similar at all sites.
Peak values that are reached on summer are of∼0.1 W m−2

at most of the sites, while a peak value of 0.04 W m−2 is
reached at Lampedusa. Infrared sfc-DREa values that on
summer reach peak values close to 0.35 W m−2 at most of
the sites are significantly larger than ToA-DREa values and
offset 3–6% of the (negative) solar DREa. It is worth observ-
ing that sfc-DREa values vary within the (0.0÷0.2) W m−2

range at Lampedusa that represents the site where sfc-DREa
values are smaller all year round.

IR-anthropogenic-aerosol forcing efficiencies (AFEa) at
the ToA and surface and referring to AODa at 550 nm have
also been calculated. Mean-values (±1 std. dev.) of monthly-
means of all tested parameters are given in Table 4b for each

Table 5. Yearly-mean values of the DREa and of the AFEa at so-
lar and IR wavelengths for Central Mediterranean land and coastal
sites.

Solar wavelength (W m−2)

DRE
ToA
a DRE

sfc
a AFE

ToA
a AFE

sfc
a

This paper −(3±2) −(5±3) −(24±10) −(38±12)

Chung et al., 2005 −(3±1) −(9±6)

IR wavelength (W m−2)

DRE
ToA
a DRE

sfc
a AFE

ToA
a AFE

sfc
a

0.03±0.03 0.17±0.08 0.22±0.18 1.3±0.4

site. Tested parameter mean-values referring to different sites
have then been averaged and are reported in Table 5 to pro-
vide a 1st order estimate of the annual anthropogenic-aerosol
impact on the long-wave radiative energy-balance of coastal
and land sites of the Central Mediterranean for the 2003 year.
The IR effect of tropospheric aerosols is often neglected be-
ing small compared to the solar effect and as a consequence
not many data are available in literature. Recently, Stier
et al. (2007) have used the comprehensive aerosol-climate
model ECHAM5-HAM to globally calculate for the 2000
year, the long-wave anthropogenic aerosol ToA DRE and
atmospheric forcing. According to Stier et al. (2007) ToA-
DREa and AFa values for the 2000-year, vary within the
(0.02÷0.1) W m−2 and (0.1÷0.5) W m−2 range, respectively
over the Mediterranean basin. These last results even if refer
to a different year than that analyzed in this paper, appear to
be in satisfactory accordance with the data of Table 5.

5 Sensitivity studies

The role of few selected aerosol properties on the anthro-
pogenic aerosol DRE at solar wavelengths is investigated in
this section. In particular, the DREa sensitivity to the anthro-
pogenic aerosol fraction (f ) and to the imaginary refractive
index (k) of the anthropogenic aerosol component is investi-
gated. We believe thatf andk values are probably affected
by larger uncertainties with respect to the other input param-
eters. The DREa sensitivity to the surface albedo is also in-
vestigated in this section. Results of the sensitivity tests are
given in terms of percentage changes (1F%) of the aerosol
DREa, where:

1F% =

(
F − Fref

Fref

)
· 100 (2)

Fref, is the DREa of the reference case andF represents the
DREa obtained after varying a particular aerosol property.
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Fig. 15. Monthly evolution in 2003 of the infrared (4–200µm) all-
sky ToA-DRE by anthropogenic particles at(a) Ispra and Venice,
(b) Oristano and Lecce, and(c) Lampedusa and Crete.

5.1 Anthropogenic aerosol DRE sensitivity to f values

The number concentration of anthropogenic-origin particles
has been determined in this study by using model-basedf

values (Schulz et al., 2006), in accordance with Eq. (1).
The role of the model-basedf values on the anthropogenic
aerosol DRE is investigated by replacing at each site, model-
basedf values with the corresponding values provided by
the relationship

f +,−
= f ± 0.1f (3)

The factor 0.1 in Eq. (3) has been established in order not
to getf values larger than one.f + is close to 1 on win-
ter months at Ispra. This last result indicates that all fine-
mode particles are of anthropogenic origin on winter at Is-
pra. Table 6 provides for all sites absolute change mean val-
ues±1 std. dev. of the anthropogenic aerosol optical depth

Fig. 16. Monthly evolution in 2003 of the infrared (4–200µm) all-
sky sfc-DRE by anthropogenic particles at(a) Ispra and Venice,(b)
Oristano and Lecce, and(c) Lampedusa and Crete.

(|1+,−AODa|) determined by the use off + or f − val-
ues. We observe that|1+,−AODa| values are lower than the
AOD accuracy (±0.01) at all sites with the exception of Is-
pra and Venice. Mean values of absolute change percentages
±1 std. dev. of the anthropogenic aerosol DRE at the ToA
and surface, respectively are also given in Table 6, which
shows that absolute mean-percentages are≤10% at all sites.

5.2 Anthropogenic aerosol DRE sensitivity to the imagi-
nary refractive index values

In accordance with the discussion of Sect. 3.3, refractive
index values retrieved from AERONET sun/sky photome-
ter measurements for the whole aerosol load have also been
ascribed to the anthropogenic aerosol component. In or-
der to investigate the effects of this last assumption on the
DREs of anthropogenic particles, the sensitivity of DREa
values to imaginary refractive index values is analyzed in
this section. To this end, imaginary refractive index values
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Table 6. Absolute changes of the AODa±1 std. dev. and absolute
change-percentages±1 std. dev. of the solar DREa at the ToA and
at the surface (sfc) determined by the replacement of thef values
of Table 2 with the ones provided by Eq. (3).

∣∣1+,−AODa
∣∣ ∣∣∣1+,−DREToA

a

∣∣∣ ∣∣∣1+,−DREsfc
a

∣∣∣
% %

Ispra (0.019±0.008) (7±5) (10±2)
Venice (0.015±0.007) (9±1) (10±1)
Oristano (0.011±0.003) (9.5±0.4) (9.6±0.3)
Lecce (0.011±0.005) (9±2) (10±2)
Lampedusa (0.007±0.003) (9.9±0.4) (9.8±0.5)
Crete (0.008±0.003) (9.7±0.6) (9.8±0.4)

(k) retrieved from AERONET sun/sky photometer measure-
ments have been replaced at all sites with the values provided
by the relationship

k+,−
= k ± 0.5k (4)

According to Dubovik et al. (2000) uncertainties onk val-
ues are of 50% at AOD (440 nm)≥0.2. Table 7 provides
for all sites the absolute change mean-values±1 std. dev. of
the anthropogenic SSA (|1+,−SSAa|) determined by the use
of k+ or k− values. We observe from Table 7 that abso-
lute change mean-values|1+,−SSAa| are comparable to the
theoretical accuracy of its retrieval (Dubovik et al., 2000).
The effects ofk+ or k− values on AODa andga values are
negligible. Table 7 also provides for all sites mean values
of absolute change-percentages±1 std. dev. of the anthro-
pogenic aerosol DRE at the ToA and surface, respectively.
We observe from Table 7 that the absolute mean-percentage
values are larger at Ispra, Venice, and Oristano. How-
ever, it is worth noting that the rather high mean-percentage
value

∣∣1+,−DREToA
a

∣∣=(40±30)% of Ispra, is mainly deter-
mined by the rather low values of the AW ToA- DREa
that at Ispra reaches values close to zero on December
(Fig. 10a). Lecce, Lampedusa, and Crete that are the sites
less affected by anthropogenic particles, are characterized by
|1+,−DREa|≤10% both at the surface and at the ToA.

5.3 Anthropogenic aerosol DRE sensitivity to surface
albedo values

The DRE by anthropogenic particles is additionally com-
puted in this section using open sea surface albedo values.
This study allows investigating the DREa sensitivity to sur-
face albedo values and in particular, can allow getting a first
order estimate on how much the DREa computed in this pa-
per for coastal sites, differs from that of open-sea areas off
the coastal sites. To this end, at first we have retrieved by the
MODIS MOD43B3 products the monthly-average surface-
albedo values of a marine area (34.50◦ N, 14.50◦ E) off the
Lampedusa island (Fig. 1). Marine surface albedo values

Table 7. Absolute changes of SSAa±1 std. dev. values and absolute
change-percentages±1 std. dev. of the solar DREa at the ToA and at
the surface (sfc) determined by the replacement of thek-AERONET
values with the ones provided by Eq. (4).

∣∣1+,−SSAa
∣∣ ∣∣∣1+,−DREToA

a

∣∣∣ ∣∣∣1+,−DREsfc
a

∣∣∣
% %

Ispra (0.03±0.02) (40±30) (16±4)
Venice (0.020±0.006) (12±4) (12±2)
Oristano (0.023±0.009) (9±6) (14±4)
Lecce (0.016±0.006) (8±4) (10±4)
Lampedusa (0.011±0.004) (4±2) (8±3)
Crete (0.008±0.003) (5±4) (7±3)

are plotted by grey crosses in Fig. 2. The comparison of
marine- and Lampedusa-surface-albedo values for the visible
(0.3–0.7µm) spectral range (Fig. 2a), reveals that marine-
surface-albedo monthly values are from 50% to 65% smaller
than corresponding Lampedusa-surface-albedo monthly val-
ues, except on January: the marine-surface-albedo monthly
value is 26% smaller than that of Lampedusa on January.
The comparison of marine- and Lampedusa-surface-albedo
values for the infrared (0.7–5.0µm) spectral range (Fig. 2b),
reveals that marine-surface-albedo monthly values are from
26% to 32% smaller than corresponding Lampedusa-surface-
albedo monthly values, except on January: the marine-
surface-albedo monthly value is 16% smaller than that of
Lampedusa on January. Figure 2 allows also inferring that
the differences between Crete- and marine-surface-albedo
monthly values are less than 35%. Then, we have assumed
that Lampedusa aerosol properties could also be extrapo-
lated off-shore and in particular, to the marine site marked
in Fig. 1, in order to calculate the DREa. The monthly evo-
lution, at the marine area (34.50◦ N, 14.50◦ E), of the all-sky
DRE by anthropogenic aerosols at the ToA and at the surface
(sfc) is plotted by crosses in Figs. 10c and 11c, respectively.
The switch to smaller surface albedo values increases in ab-
solute value the solar DREa at the TOA and at the surface, as
illustrated in Figs. 10c and 11c, respectively: lower surface
albedo values increase the aerosol’s potential to change the
upwelling radiation and thus net fluxes. In particular, at the
marine area, ToA-DREa monthly values are in absolute value
from 14% to 23% larger than corresponding Lampedusa-
ToA- DREa monthly values. Conversely, sfc-DREa monthly
values at the marine area are in absolute value from 16%
to 31% larger than Lampedusa-ToA-DREa monthly values.
These last results that are in accordance with previous stud-
ies (e.g. Tafuro et al., 2007), indicate that the ToA- and sfc-
cooling effect of aerosols increases off-shore if one assume
that coastal-site aerosol properties can be extrapolated off-
shore. Hence, we believe that the inclusion in this paper of
results on off-shore (or open Sea) DREs by anthropogenic
particles would have further increased in absolute value, the
mean DREa values reported in Table 5.
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6 Conclusion and summary

This paper has provided significant results on the sea-
sonal dependence of the DRE by anthropogenic particles
at Mediterranean land sites differently affected by anthro-
pogenic pollution. This makes this paper unique. Most avail-
able studies on the aerosol DRE over the Mediterranean re-
fer to dedicated campaigns during special pollution events
(e.g. Sahara dust outbreaks) and mainly account for the so-
lar DRE determined by all (natural+anthropogenic) particles.
Here, in contrast, monthly evolutions of the anthropogenic
aerosol impact on the solar and IR direct radiative forcing un-
der all-sky conditions have been presented for different sites.
In addition, paper results have allowed getting for the 2003
year, a 1st order estimate of the yearly-mean value of the
ToA- and sfc-DRE by anthropogenic particles over land and
coastal sites of the Mediterranean basin.

Aerosol optical and microphysical properties of
AERONET sun/sky photometer data at six Mediter-
ranean sites (Ispra, Venice, Oristano, Lecce, Lampedusa,
and Crete) of the year 2003 (the warmest in recent years),
have been applied in a radiative transfer code to simulate
monthly mean values of the direct radiative effect (DRE)
by anthropogenic particles. The use of observation-based
aerosol properties also represents a peculiarity of the paper.

A detailed analysis of the AERONET aerosol properties
(AOD, η, SSA, and g) at each selected site has been per-
formed to better understand the dependence of the aerosol
DRE on site location and hence on corresponding anthro-
pogenic aerosol properties. It has been shown that the se-
lected sites are differently affected by natural and anthro-
pogenic particles. Ispra and Venice that are the site with
on average larger aerosol loads all year round, also are the
sites more affected by anthropogenic particles. In contrast,
Lampedusa and Crete are the sites less affected by anthro-
pogenic particles and also characterized by smaller AOD val-
ues. The mean percentage of the AODa/AOD ratio that is
larger of 70% at Ispra and Venice is equal to 40% at Lampe-
dusa and Crete. Last two sites are also characterized by larger
SSA values. A marked seasonality of the aerosol properties
dependent on site location has also been observed at all sites.

We have found that calculated monthly-means of the solar
sfc- and ToA-DREa are negative all year round and are also
characterized by larger negative values on SS at all sites with
the exception of Ispra. Then, it has been shown that anthro-
pogenic particles produce over the central Mediterranean a
significant cooling effect both at the surface and at the ToA,
and that the cooling effect at the surface is larger than that
associated to the ToA for the presence of absorbing aerosols.
sfc-DREa values are up to 7 times larger than ToA-DREa
values at Ispra, since the anthropogenic aerosol is much more
absorbing than at other sites. In contrast, mean sfc-DREa val-
ues are 1.3 times larger than the ToA-DREa values at Lampe-
dusa and Crete. As a consequence, the AF by anthropogenic

particles reaches a value of 5 W m−2 at Ispra, while it is al-
ways less than 2 W m−2 at Lampedusa and Crete.

Atmospheric forcing efficiency calculations have also pro-
vided larger negative values at the surface than at the ToA
for all sites. In particular, we have found that the DRE by
anthropogenic particles per unit optical depth reaches larger
(smaller) values at Ispra (Oristano) both at the ToA and sur-
face. AFEa values are also characterized at all sites by a
marked seasonality with larger values on SS, as a conse-
quence of the seasonality of the anthropogenic particle prop-
erties.

The average of monthly-means has revealed that sfc- and
ToA-DREa averaged-values vary from site to site. However,
the differences between averaged-values of different sites are
smaller than the associated standard deviation. These last
results may indicate that the yearly-DRE by anthropogenic
particles is not very sensitive to the site location over Central
Mediterranean land and coastal sites.

We have also observed that compared to the solar DREa,
the IR DRE by anthropogenic particles is significantly
smaller in magnitude and positive. In particular, the IR ToA-
DREa is ≤0.11 W m−2 at all sites, while at the surface the
IR DREa varies within the 0.01÷0.35 W m−2 range, offset-
ting few percent of the negative solar DREa. The average
of monthly-means has also revealed that the differences be-
tween IR sfc- and ToA-DREa averaged-values of different
sites are smaller than the associated standard deviations.

Finally, all available monthly-means have been used to
calculate the yearly-mean value of the DREa at the ToA

(DRE
ToA
a ) and at the surface (DRE

sfc
a ), and of the AFEa at

the ToA (AFE
ToA
a ) and at the surface (AFE

sfc
a ), at solar and

infrared wavelengths. It has been found that the yearly-mean
value of the solar DRE by anthropogenic particles is−(3±2)
and −(5±3) W m−2 at the ToA and surface, respectively.
The above data, which provides a 1st order estimate of the
ToA- and sfc-DREa of Mediterranean land and coastal sites
for the 2003 year, are significantly larger than correspond-
ing global-yearly-mean values provided by several models.
Hence, the results of this paper show that the energy-balance
of the Mediterranean is quite affected by pollution and as a
consequence, that the Mediterranean can be one of the most
responsive regions to climate changes.

In sensitivity studies the relatively weak impact of imag-
inary refractive index andf changes on the mean optical
properties of anthropogenic particles has been demonstrated.
In fact, changes ofk andf values by±50 and±10%, respec-
tively, with respect to corresponding reference values have
determined on average changes of the ToA- and sfc-DREa
values lower than 10% at most of the sites. Finally, the study
on the DREa sensitivity to surface albedo values has revealed
that the ToA- and sfc-cooling effect of aerosols increases off-
shore if one assumes that coastal-site aerosol properties can
be extrapolated off-shore.
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