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Abstract

The all-sky direct radiative effect by anthropogenic aerosol (DREa) is calculated in the
solar (0.3—4 um) and infrared (4—200 um) spectral ranges for six Mediterranean sites.
The sites are differently affected by pollution and together reflect typical aerosol impacts
that are expected over land sites of the central Mediterranean basin. Central to the sim-
ulations are aerosol optical properties from AERONET sun-/sky-photometer statistics
for the year 2003. A discussion on the variability of the overall (natural+anthropogenic)
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 mod-
elling. Since anthropogenic aerosol particles are considered to be smaller than 1 um
in size, mainly the solar radiation transfer is affected with impacts only during sun-light
hours. At all sites the (daily average) solar DRE, is negative all year round at the
top of the atmosphere (ToA). Hence, anthropogenic particles produce over land sites
of the central Mediterranean a significant cooling effect. Monthly DRE, values vary
from site to site and are seasonal dependent as a consequence of the seasonal de-
pendence of available sun-light and microphysical aerosol properties. At the ToA the
monthly average DRE, is —(4:|:1)Wm'2 during spring-summer (SS, April-September)
and —(2:|:1)Wm'2 during autumn-winter (AW, October—March) at the polluted sites.
In contrast, it varies between —(31:1)Wm_2 and —(1:&1)Wm‘2 on SS and AW, re-
spectively at the less polluted site. Due to atmospheric absorption the DRE, at the
surface is larger than at the ToA. At the surface the monthly average DRE,, varies be-
tween the most and the least polluted site between —(7:|:1)Wm‘2 and —(45:1)Wm‘2
during SS, and between —(4+3)Wm™2 and —(1£1) Wm™ during AW. The DRE, at
infrared wavelengths is positive but negligible, especially at the ToA (<O.3Wm'2).
DRE, monthly-means referring to all sites have been averaged to evaluate the yearly-
mean value of the DRE,. The ToA- and sfc-DRE, yearly-mean value is —(3+2) and
—(5i3)Wm'2, respectively at solar wavelengths. Last data further more reveal that
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the radiative energy-balance of the Central Mediterranean land sites is quite affected
by anthropogenic particles.

1 Introduction

It is well known that aerosol particles, both of natural and anthropogenic origin, af-
fect the climate of the Earth-Atmosphere-System directly by scattering and absorbing
solar radiation and indirectly by modifying cloud microphysical properties. Neverthe-
less, the level of scientific understanding of the direct and indirect forcing by aerosols
is classified as “med-low” and “low”, respectively by the Intergovernmental 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 climate. Long-term continuous observations from
satellites, networks of ground-based instruments and dedicated field-measurements in
clean and polluted environments are currently 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 averaged properties. AERONET is a fed-
erated network of about 400 automatic sun/sky radiometers worldwide, coordinated 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 system (e.g. Chung et al., 2005;
Yu et al., 2006). The assessment 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 predominantly model-based (e.g. Giorgi and Bi, 2002).
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Nine different global models with complex component aerosol modules have recently
been employed by Schulz et al. (2006) to produce 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 methods to determine the an-
thropogenic aerosol contribution to the observed aerosol optical depth (AOD) is pro-
vided in the paper by Yu et al. (2006). Kaufman et al. (2005) show that the fraction
of the aerosol originating from anthropogenic activity can be estimated from MODIS
measurements with an uncertainty of £+30% over the oceans. The so-derived average
anthropogenic AOD is about 0.033, consistent with assessments of 0.03—0.36 from
global chemical transport models: GOCART, LMDZ-LOA, and SPRINTARS (Schulz et
al., 2006).

The present study focuses on the anthropogenic aerosol DRE over the Mediter-
ranean. 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 indicate that the aerosol radia-
tive 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 Index (RCCI) has been defined by Giorgi (2006)
to identify the most responsive regions to climate changes, or Hot-Spot. According 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 parameters 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 illustrate the anthropogenic aerosol impact
to the radiative energy-balance of several land sites of the Mediterranean basin. In
particular, aerosol parameters retrieved at Ispra, Venice, Oristano, Lecce, Lampedusa,
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and Crete, which are differently affected by natural and anthropogenic aerosols, are
used to investigate the dependence of the anthropogenic aerosol impact on the site
location. Size-distributions and refractive indices from sun/sky photometer measure-
ments 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 anthropogenic aerosol DRE is cal-
culated 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—4 um) and infrared (4-200 um) wavelengths.

The AERONET instrumentation and the geographical location 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
discussed in Sect. 5. Summary and conclusion are in Sect. 6.

2 AERONET instrumentation and geographical location 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 radiance. Spectral observations of sun radiance are generally made at seven
spectral channels: 340, 380, 440, 500, 670, 870, and 1020 nm, while measurements of
sky radiance are made at 440, 670, 870, and 1020 nm. Holben et al. (1998, 2001) give
detailed descriptions of the instrument and data acquisition procedures. A flexible in-
version 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 Vers. 2 (V2) inversion algorithm are
used in this study.
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Figure 1 shows the geographical location of the selected AERONET sites: six sta-
tions 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, 235ma.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, 10ma.s.l.). Both Ispra and Venice are northern
Italian sites that are expected to be largely affected by anthropogenic pollution, as they
are quite close to large cities and industrial areas. The Oristano site is situated on the
west coast of Sardinia and the sunphotometer is located on the roof of the International
Marine Center (IMC, 39.91° N, 8.5°E, 10 ma.s.l.). The Lecce sun photometer is located
on the roof of the Physics Department of the University of Salento (40.33° N, 18.10°E,
27ma.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 lonian Sea, respectively. Lampedusa is a small Italian
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, 45ma.s.l.). The Forth-
Crete AERONET station is located in the northern coast of Crete (35°19'N, 25°16' E,
20ma.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 expected to
be more affected by natural aerosols being away from large sources of local pollution
(Pace et al., 2006; Fotiadi 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 ra-
diative fluxes at the boundary of homogeneous plane-parallel layers. Twenty homo-
geneous plane-parallel atmospheric layers are used in our model to account for the

12774

ACPD
8, 12769-12822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/12769/2008/acpd-8-12769-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/12769/2008/acpd-8-12769-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

changes with altitude 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—4 um) and infrared (4—200 um) spectral region. In order
to account for the diurnal Sun elevation changes, solar radiative transfer simulations
are performed at five different Sun-elevations, which are characterized by cos(¢{)=0.9,
0.7, 0.5, 0.3 and 0.1, respectively, where ¢ represents the solar zenith angle. Then,
site-latitude and corresponding average Sun height above the horizon are used to de-
termine fractional day-periods for each month. All available data are then properly
weighted to get daily averaged solar radiative fluxes.

Vertical profiles of density, pressure, temperature, water vapour, oxygen, ozone, and
well mixed trace-gases (N,O, CO,, CO and CH,) are prescribed by the US Air Force
Geophysics Laboratory (AFGL) standard atmospheres for mid-latitude (30—60° N) sum-
mer and winter with interpolations 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 MODA43B3 product (Schaaf et al., 2002), which are provided every
16 days, at 1°x1° resolution for three broandbands: 0.3—-0.7, 0.3-5.0, and 0.7-5.0 um.
Figures 2a and b show monthly averaged surface albedo values for the visible (0.3—
0.7 um) and infrared (0.7-5.0 um) spectral range, respectively, retrieved from the 2003
year MOD43B3 product and for 1°x1° cells centred at Ispra, Venice, Oristano, Lecce,
Lampedusa, and Crete, respectively. 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 in-
frared spectral range, respectively. These sites have the common properties to be
rather close to the Sea and as a consequence the 1°x1° spatial MODIS regional aver-
age is quite affected by the low albedo of the surrounding Mediterranean Sea. On the
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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.

The infrared ground emissivity has been set to 0.96.

3.2 Aerosol properties at the selected sites from 2003 AERONET products

Particle number size distributions and real and imaginary refractive indices from
AERONET sun/sky photometer measurements of the 2003 year, are used as input
to the two-stream radiative transfer model to characterize aerosol properties. Real
and imaginary refractive indices are retrieved at 0.44, 0.675, 0.87, and 1.02 um, re-
spectively. For the near-infrared region of the solar spectrum, the AERONET refractive
indices extracted for the wavelength at 1.02 um are applied. For the far-infrared spec-
tral region the refractive indices for dust are used (Sokolik I., private communication),
since any significant ToA direct radiative effect in the far infrared can be attributed to
dust. 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 measurements/month that have been properly weighted (Tafuro et al., 2006) to re-
trieve monthly aerosol optical and microphysical properties at the selected AERONET
sites, are given in Table 1. It is worth noting that when level 2 AERONET products do
not provide n and k values, the corresponding ones provided by level 1.5 AERONET
products are used. The number of measurement days/month are reported in brackets.
MIE calculations (assuming a spherical particle shape) are applied to translate the data
on size, concentration and refractive indices into AODs (a measure of the magnitude
of the aerosol extinction due to scattering and absorption), single scattering albedo
(SSA) values (a measure of the relative importance of absorption and scattering), and
asymmetry-factors (a measure of the angular distribution of the scattering radiation).
AOD, SSA, and asymmetry-factor (g) represent the main parameters generally used to
understand the complex interaction of aerosols with radiation. Figures 3a and b show
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monthly averaged AODs at 550 nm for Ispra, Venice, and Oristano, and for Lecce,
Lampedusa, and Crete, respectively. The AOD variability is generally much larger than
the accuracy of its retrieval (+0.01, Holben et al., 1998) at all sites. We observe from
Fig. 3 that 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 weather stability that
generally occur over the Mediterranean basin in summer favouring the production of
photochemical smog and the accumulation of local and long range transported atmo-
spheric particles.

Aerosol size is a key parameter to separate natural from man-made aerosol and
hence to infer the anthropogenic contribution to the total aerosol load. The anthro-
pogenic 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 algorithm retrieves aerosol volume size distributions in the range
of sizes 0.05 um<r<15 um, where r represents the particle radius. In accordance with
previous studies, all particles with radius 0.05 um<r<0.5 um are considered fine, while
those with 0.5 um<r<15um are considered coarse. This last definition is commonly
used to define the AOD due to fine and coarse mode particles and therefore the fine-
mode fraction 1, i.e. the ratio between the fine-mode and the total optical depth. 7
represents the best parameter to infer the role of natural and anthropogenic particles
to the total aerosol load. In addition to AODs, monthly averaged 1 values at 550 nm are
plotted in the upper part of Fig. 3a and b. The comparison of AOD and 7 values in Fig. 3
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, n; values that span the 0.86—0.94 and
0.81-0.93 range at Ispra and Venice, respectively indicate that the rather high aerosol
load is mainly due to fine mode particles, probably of anthropogenic origin being both
sites rather close to large cities and industrial areas. The rather high AOD observed
on March both at Ispra and Venice, is probably due to a rather strong pollution event
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that on March has affected all north ltaly, being n=0.9 at both sites that are ~300 km
apart. Monthly means of March aerosol parameters are based on a large number of
measurements (79 and 52, at Ispra and Venice, respectively), which have been re-
trieved from 22 and 16 measurement days at Ispra and Venice, respectively (Table 1).
Figure 3 shows that Lecce, Oristano, Crete, and Lampedusa are characterized by n
values spanning the 0.3-0.9 range. These last n7 values that are on average smaller
than those retrieved at Venice and Ispra, are probably due to the fact that Lecce, Oris-
tano, Crete, and Lampedusa are more affected by desert and sea salt aerosols. In
fact, monthly-averaged n values reach smallest values at Crete and Lampedusa being
both sites surrounded by the Sea and rather close to desert areas. The rather low 1
value retrieved on October at Oristano is mostly due to the strong Sahara dust out-
break occurred over the Mediterranean basin on 1-2 October. n and AOD values of
Fig. 3b indicate that Lampedusa and Crete have also been affected by dust events on
October, in accordance with back-trajectory plots. Figure 3b 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 while n; reaches a rather small value.
Figures 4a and b show monthly averaged SSA values at 550 nm for Ispra, Venice,
and Oristano, and for Lecce, Lampedusa, and Crete, respectively. SSA values vary
within the 0.84—-0.98 range, in accordance with the variability range observed by Yu
et al. (2006) over Europe. We observe from Fig. 4a that SSA values span the 0.84—
0.96 and 0.92-0.96 range at Ispra and Venice, respectively. In addition, Fig. 4a 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 val-
ues retrieved at Ispra on winter months show the relative importance of absorption
processes by aerosol particles on these months. Venice SSA values are also charac-
terized by a seasonal trend similar to that of Ispra. In contrast to the results of Fig. 4a
referring to Ispra and Venice, Fig. 4b shows that the relative importance of absorption
by aerosol particles is on average larger on spring-summer (SS) at Lecce and Lampe-
dusa: SS and autumn-winter (AW, October to March) average values are 0.93+0.02
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and 0.95+0.03 at both sites. As mentioned, the larger solar flux and weather stability
that, on average, similarly affect Lecce and Lampedusa on summer, is quite respon-
sible for these results (Pace et al., 2006; Santese et al., 2008). However, it is worth
mentioning that the SSA variability range is comparable to the theoretical accuracy of
its retrieval (+£0.03 for AOD (440 nm)>0.2 and +(0.05-0.07) for AOD (440nm) <0.2;
Dubovik et al., 2000) at all sites, even for the larger AOD values at Ispra during the
winter.

Asymmetry-factor plots in Fig. 5a and b show that g-values vary within the 0.63—
0.74 range. According to Yu et al. (2006) the theoretical accuracy 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. 5a and b
suggest that the angular distribution of the scattering radiation by aerosol particles
follows a seasonal trend that varies from site to site. In particular, Fig. 5a shows that, on
average, 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. 3a). In contrast, Crete
g-values appear to reach smaller values (0.66+0.01) on SS when fine-mode particles
are on average predominant (Fig. 3b). These last results may indicate that the aerosol
properties are differently 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)
found g=0.65+0.03 (annual average) over Europe (Zhou et al., 2005).

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
contribution is associated with a fraction of the sub-micron size particles. In partic-
ular, the AERONET volume particle size distribution referring to particles with radius
0.05um <r<0.5 um is first considered to calculate the number concentration of fine-
mode aerosols N((r). Potential anthropogenic dust contributions to the coarse size
mode are ignored. Then, only a fraction f of N(r) is considered of anthropogenic
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origin in accordance with the following relationship
Na(r) =1 x Ng(r) (1)

where N,(r) is the number concentration of anthropogenic-only submicron aerosol
particles. Monthly f-values that are given in Table 2 for each selected site of this
study are considered constant with particle size in the submicron fraction. 7-values
are based on the comparison of the LMDzT3.3 (Reddy et al., 2005) global model-
simulations with emission scenarios for the years 2000 and 1750 (Schulz et al., 2006).
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) were
used in the General Circulation Model LMDzT3.3.

MIE calculations are applied to translate the data on the number concentrations of
anthropogenic aerosols (Eqg. 1) into aerosol optical depth, single-scattering albedo, and
asymmetry 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 standard deviation, and minimum (Min) and maximum (Max) values
of monthly average for annual and semi-annual time-periods of anthropogenic aerosol
parameters are investigated next. Anthropogenic aerosol optical depths (AOD,) at
550 nm are listed in Table 3 for all sites. In accordance with the discussion of Sect. 3.2,
Table 3 shows that AOD,, values are on average larger at Ispra and Venice and smaller
at Crete and Lampedusa, the last two sites being more affected by desert and ma-
rine aerosols. In particular, AOD, 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, respectively: the sites less
affected by anthropogenic particles (mean percentage AOD,/AOD=40%).

We know that a criterion different than that of Eq. (1) could be used to infer AOD,
values but, each criterion may have its weakness since only in situ samplings can allow
determining anthropogenic particle contributions. According to Bellouin et al. (2005),
anthropogenic aerosols alone are associated with n values at 550 nm larger than
0.83+0.05, while 0.35< 1 <0.83 are associated with mixtures of anthropogenic and
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natural aerosols. In situ observations of the AOD fraction from aerosols smaller
than 1 um in diameter (accumulation-mode fraction) have been used by Bellouin et
al. (2005) to define the above n threshold values. In accordance with Bellouin’s criteria,
the Ispra and Venice aerosol load is made of anthropogenic aerosols alone. In con-
trast, mixtures of anthropogenic and natural aerosols characterize the aerosol load at
Oristano, Lecce, Lampedusa, and Crete. We believe that Bellouin et al. (2005) criteria
tend to overestimate the anthropogenic aerosol component. Kaufman et al. (2005) rep-
resented the total aerosol optical depth by its anthropogenic (air pollution and smoke
aerosol), dust, and baseline marine components and suggested a method to calculate
AOD,, by using MODIS and AERONET retrievals to calculate dust, and baseline marine
components. We have found that the AOD,, 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
AOD, values retrieved in this paper appears in fair accordance with the one reported
by Chung et al. (2005) for the month of April.

Spring-summer and autumn-winter AOD, average values are also given in Table 3
to facilitate the comparison between different sites. Table 3 reveals that SS AOD,
values are more than 30% larger than AW AOD,, values at all sites with the excep-
tion of Ispra where the anthropogenic fraction 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) anthropogenic fractions of ~80% at AODs >0.2 are typical of polluted sites,
while anthropogenic fraction of ~40% are typical 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 affected by mixed aerosol types, contrary to Venice,
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Oristano and Lecce, which are costal sites closer to the European continent, the main
source of pollution advected over the Mediterranean basin (e.g. Lelieveld et al., 2002).
The results by five global circulation models, including aerosol representations (Reddy
et al., 2005; Takemura et al., 2005; Collins et al., 2002; Stier et al., 2005; Kirkevag
and lversen, 2002) and using the same emissions have shown that on a global, annual
average, 47+9% of the AOD over land is due to anthropogenic aerosols and that the
anthropogenic fraction is 54+16% over Eurasia (90° N-30° N, 30° W-180° E). These re-
sults are in fair accordance with the mean value of this paper (60+£20%) referring to 5
different sites of the Mediterranean basin (Table 3).

Mean values, minimum and maximum values, and SS- and AW-mean values of the
anthropogenic-SSA (SSA,) and —g (g,) at 550 nm are also given in Table 3. We ob-
serve from Table 3 that the mean SSA, 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 particles occurring at this site.

3.4 Aerosol vertical distribution

The profile plotted in Fig. 6 is used to represent the aerosol vertical distribution at all
sites of this study. The lowermost 2 km layer of the Fig. 6 profile contributes by ~90%
to the total AOD. The vertical profile of Fig. 6 can be considered representative of the
mean aerosol vertical distribution over southern Europe in accordance with the paper
by Guibert et al. (2005). Although sensitivity studies demonstrated a relatively weak
impact of the aerosol vertical distribution on radiative forcing at the surface or at clear-
sky conditions (e.g. Tafuro et al., 2007), some impact can be expected under cloudy-
skies for ToA DRE,, 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 DRE, values.
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3.5 Cloud cover

Necessary cloud properties are based on the multi-year (1984-2004) ISCCP D2 statis-
tic (Rossow and Schiffer, 1999), which supplies data defined by a multi-annual average
(1984—-2004) of monthly means of cloud scene optical depth for high-, mid-, and low-
cloud cover. ICSSP cloud climatology data have been interpolated form 2.5° to 1°.
Inverse distance weights of the next four corners values define the applied cloud prop-
erties 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.

4 Anthropogenic aerosol direct radiative effect estimates

All-sky anthropogenic aerosol direct radiative effects (DRE,) 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—4 um) and infrared (4-200 um) wavelengths. The ToA DRE sum-
marizes 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 (AF,) that is defined as the difference
between ToA and surface aerosol DRE, is an indicator of aerosol effects on atmo-
spheric dynamics. The anthropogenic-aerosol forcing efficiency AFE, (aerosol DRE,
per unit anthropogenic optical depth) that is mainly dependent on aerosol size and
composition is also calculated at each site.

4.1 Anthropogenic ToA and surface DREs at solar wavelengths (0.3—-4 um)

Figures 8a and b and 9a and b show the monthly evolution of the all-sky DRE by
anthropogenic aerosols at the ToA and at the surface (sfc), respectively. The anthro-
pogenic AF is plotted in Fig. 10a and b. Anthropogenic DRE efficiencies at the ToA
and at the surface (sfc) are plotted in Figs. 11a and b and 12a and b, respectively.
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Mean (+1 standard deviation), 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-DRE, monthly-means are negative all year along at all sites. This
demonstrates a cooling of the Earth-Atmosphere-System by aerosols, as extra solar
radiation is reflected back to space. Aerosol associated reductions of the downward
solar radiation at the Earth’s surface are larger, as aerosols not only scatter but also
absorb solar radiation. According to Ramanathan et al. (2001), for strongly absorbing
aerosols (SSA<0.95) the surface forcing far exceeds the ToA forcing. In accordance
with the above comments, Figs. 8 and 9 allow inferring that sfc-anthropogenic-aerosol
DREs are on average more than 1.3 larger than ToA-DRE, values. SSA, values are,
on average, smaller at Ispra (0.85<SSA,<0.98). Then, the differences between ToA-
and sfc-DRE, values are larger at Ispra, where the (sfc-DRE,)/(ToA-DRE,) ratio varies
within the 1.4+6.6 range. In contrast, the (sfc-DRE,)/(ToA-DRE,) ratio varies within the
1.1+1.5 range at Lampedusa, where SSA, values vary within the 0.96+0.99 range.

A marked seasonal trend of the ToA- and sfc-DRE, with larger absolute values on
spring-summer and smaller absolute values on autumn-winter is observed at most of
the sites. ToA-DRE, values span the —(0.2+4.2)Wm_2 and the —(2.3+7.1)Wm_2
range, on AW and SS, respectively (Fig. 8a and b). In contrast, sfc-DRE, values span
the —(0.4+9.4)Wm'2 and the —(2.3+10.3)Wm'2 range, on AW and SS, respectively
(Fig. 9a and b). Figure 7 (symbols) shows the monthly-means of the incoming solar
flux at the six selected sites, to better infer the aerosol role on the seasonal trend of the

ToA- and sfc-DRE,. The incoming solar flux reaches the highest value (~ 500Wm_2)

on June at all sites and the smallest value (~120 W m‘2) on December both at Ispra and

Venice. Hence, the seasonal cycle of the available solar radiation that reaches higher
values on SS at all sites, is primarily responsible for the seasonal variability of the
aerosol DRE,. The seasonal changes of the aerosol properties are a contributing factor
and are mainly responsible for the asymmetric trend of the aerosol DRE, seasonal
variability. Figures 8 and 9 show that the aerosol DRE,, follows a rather similar seasonal

12784

ACPD
8, 12769-12822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/12769/2008/acpd-8-12769-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/12769/2008/acpd-8-12769-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

trend at Venice, Oristano, Lecce, Lampedusa, and Crete: maximum aerosol DRE,
values at the ToA and sfc are reached on August at these sites. The anthropogenic
AOD that reaches the highest value on August at Venice, Oristano, Lecce, Lampedusa,
and Crete, is quite responsible for these last results. Similarly, we believe that the
rather high ToA- and sfc-DRE, 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 largest mean values (0.2+0.1) at Ispra both
on AW and SS. As a consequence, Table 4a shows that the sfc-DRE, takes the largest
mean value at Ispra both on AW (—(4:|:3)Wm'2) and SS (—(7:|:1)Wm'2). In contrast,
sfc-DRE, values are less negative (—(41:1)Wm_2 and —(1¢1)Wm‘2 on SS and AW,
respectively) at Lampedusa that is the sites less affected by anthropogenic particles
all year round. Lampedusa AOD, 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-DRE, values can significantly 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 DRE, values span
the —(2+4) Wm~2 and —(6+12)Wm'2 range, respectively over the Mediterranean Re-
gions, in fair accordance with the results of this paper (Table 4a).

Anthropogenic AF plots (Figs. 10a and b) reveal that Ispra, Venice, and Oristano rep-
resent the sites where AF, values are on average larger, as a consequence of the fact
that at these sites, AOD, and SSA,, take on average larger and smaller values, respec-
tively, all year round (Table 3). Anthropogenic AFs vary within the (0.8+5.7), (0.4+4.3),
and (0.6+5.1)Wm‘2 range at Ispra, Venice, and Oristano, respectively. On the con-
trary, anthropogenic AFs vary within the (0.1+2.5), (0.04+1.8), and (0.02+1.5)Wm'2
range at Lecce, Lampedusa and Crete, respectively. Anthropogenic AF values of this
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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 indicator 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 forma-
tion (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.

Anthropogenic-aerosol forcing efficiencies (AFE,) at the ToA and surface, referring
to AOD, at 550nm, are plotted in Figs. 11a and b and 12a and b, respectively, to
infer the impact of factors such as aerosol absorption, size, and surface albedo. ToA-
and sfc-AFE, values have a marked seasonality at all sites, characterized by smaller
and larger absolute values on AW and SS, respectively. Hence, the variations with
seasons of the aerosol optical and microphysical properties contribute to the seasonal
trend of the DRE, 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 AFE, annual cycle
(Figs. 11a and b and 12a-b). Ispra represents the site where ToA- and sfc-AFE,
values, which span the —(3+20)Wm'2 and —(20+36)Wm'2 range, respectively, are
on average less negative all year round. Hence, the same unit of AOD, produces
at Ispra less negative ToA- and sfc-AFE, values than those produced at the other
sites. AOD, and SSA, 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-AFE, values reach higher negative values all year along.
sfc AFE, values span the —(34+68)Wm'2 range at Oristano, while ToA-AFE, values
span the —(13+44)Wm'2 range at Crete. The ToA-AFE, decreases with the SSA,
increase (e.g. Meloni et al., 2005), and Crete represents the site where on average
SSA, values are larger. The AFE, data that are quite dependent on aerosol optical
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and microphysical properties and hence, on aerosol type, further more shows that over
the Mediterranean, the monthly-averaged anthropogenic-aerosol impact on climate is
quite dependent on the site location.

Mean-values (+1 standard deviation) of monthly-means of all tested parameters
have been calculated at each site and are given in Table 4a in addition to SS- and AW-
mean-values, to facilitate comparison between different sites. At the ToA the monthly
average DRE, is —(4:|:1)Wm‘2 during spring—summer (SS, April-September) and
—(2:|:1)Wm'2 during autumn—winter (AW, October—March) at the polluted sites. In
contrast, it varies between —(3ﬂ:1)Wm'2 and —(1ﬂ:1)Wm‘2 on SS and AW, respec-
tively at the less polluted site. At the surface the monthly average DRE,, varies between
the most and the least polluted site between —(7:|:1)Wm'2 and —(4&:1)Wm'2 during
SS, and between —(4ﬂ:3)Wm‘2 and —(1ﬂ:1)Wm_2 during AW. It is worth observing
for nearly all investigated parameters of Table 4a, that the differences between mean-
values of different sites are lower than +1 standard deviation, even if monthly-mean-
values vary significantly from site to site. The high spatial and temporal variability of the
anthropogenic aerosol load over the Mediterranean is probably responsible for these
last results. ToA- and sfc-DRE, yearly-mean values, which have been calculated by
averaging all available monthly-means, respectively, are reported in Table 5. We be-
lieve that Table 5 data are representative of the anthropogenic-aerosol impact on the
radiative energy-balance of the Central Mediterranean land sites for the 2003 year. Ta-
ble 5 data appear to be in satisfactory accordance with corresponding values provided
by Chung et al. (2005) for the Mediterranean basin. However, Table 5 data appear
to over estimate the anthropogenic-aerosol impact over the Central Mediterranean,
if compared to corresponding values retrieved by several chemical transport models
coupled to general circulation models (e.g. Schulz et al., 2006; Stier et al., 2007).

Finally, it is worth noting that the ToA- and sfc-DRE, 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 observation indicates that the energy-
balance of the Mediterranean is quite affected by pollution and as a consequence,
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the Mediterranean can be one of the most responsive regions to climate changes in
accordance to Giorgi (2006).

4.2 Anthropogenic ToA and surface DREs at infrared wavelengths (4—200 um)

It is worth noting that we have assumed that the anthropogenic aerosol is <1um
in maximum dimension, as a consequence we cannot expect significant radiative
anthropogenic-aerosol effects at infrared wavelengths. Figs. 13a and b and Figs. 14a
and b show the monthly evolution of the all-sky IR-DRE by anthropogenic aerosols at
the ToA and at the surface (sfc), respectively. The IR-DRE, is positive both at the ToA
and surface since aerosols produce planetary and surface warming through interaction
with IR radiation. However, as expected, it is small compared to the solar DRE,, es-
pecially at the ToA. The seasonal trend of the infrared ToA-DRE, that reaches higher
values on SS, is similar at all sites. Peak values that are reached on summer are of
~0.3Wm™? at Ispra, Venice and Oristano and of ~0.2W m~2 at Lecce, Lampedusa and
Crete. Infrared sfc-DRE_, values that on summer reach peak values close to 1W m~2
at most of the sites are significantly larger than ToA-DRE, values and offset 10-20%
of the (negative) solar DRE,. It is worth observing that sfc-DRE, values vary within the
(0.0+0.5)W m~2 range at Lampedusa that represents the site where sfc-DRE, values
are smaller all year round.

IR-anthropogenic-aerosol forcing efficiencies (AFE,) at the ToA and surface and re-
ferring to AOD, at 550 nm have also been calculated. Mean-values (+1 standard de-
viation) of monthly-means of all tested parameters are given in Table 4b for each site.
Tested parameter mean-values referring to different sites have then been averaged
and are reported in Table 5 to provide an estimate of the annual anthropogenic-aerosol
impact on the long-wave radiative energy-balance of the Central Mediterranean. The
IR effect of tropospheric aerosols is often neglected being 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
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and atmospheric forcing. According to Stier et al. (2007) ToA-DRE, and AF, values for
the 2000-year, vary within the (0.02+0.1)Wm'2 and (0.1+0.5)Wm‘2range, respec-
tively 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 anthropogenic aerosol DRE at solar
wavelengths is investigated in this section. In particular, the DRE, sensitivity to the
anthropogenic aerosol fraction (f) and to the imaginary refractive index (k) of the an-
thropogenic aerosol component is investigated. We believe that f and k values are
probably affected by larger uncertainties with respect to the other input parameters.
Results of the sensitivity tests are given in terms of percentage changes (AF %) of the
aerosol DRE,, where:

F _Fref

AF% = |————]-100 2)
ref

Ft is the DRE, of the reference case and F represents the DRE, obtained after

varying a particular aerosol property.

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

Fr= = f £0.1f (3)
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The factor 0.1 in Eq. (3) has been established in order not to get f values larger than
one. ¥ is close to 1 on winter months at Ispra. This last result indicates that all fine-
mode particles are of anthropogenic origin on winter at Ispra. Table 6 provides for all
sites absolute change mean values + 1sd of the anthropogenic aerosol optical depth
(|A*~AOD,|) determined by the use of f* or f~ values. We observe that [A*"~AOD,)|
values are lower than the AOD accuracy (+£0.01) at all sites with the exception of Ispra
and Venice. Table 7 provides for all sites mean values of absolute change percentages
+1sd of the anthropogenic aerosol DRE at the ToA and surface, respectively. It is worth
noting from Table 7 that absolute mean-percentages are <10% at all sites.

5.2 Anthropogenic aerosol DRE sensitivity to the imaginary refractive index values

In accordance with the discussion of Sect. 3.3, refractive index values retrieved from
AERONET sun/sky photometer measurements for the whole aerosol load have also
been ascribed to the anthropogenic aerosol component. In order to investigate the
effects of this last assumption on the DREs of anthropogenic particles, the sensitivity
of DRE, values to imaginary refractive index values is analyzed in this section. To
this end, imaginary refractive index values (k) retrieved from AERONET sun/sky pho-
tometer measurements 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 on k values are of 50% at AOD
(440nm)>0.2. Table 8 provides for all sites the absolute change mean-values +1sd
of the anthropogenic SSA (|A*SSAa|) determined by the use of k™ or k™ values. We
observe from Table 8 that absolute change mean-values |[A™'~SSA,| are comparable
to the theoretical accuracy of its retrieval (Dubovik et al., 2000). The effects of k* or
k™ values on AOD, and g, values are negligible. Table 9 provides for all sites mean
values of absolute change-percentages +1sd of the anthropogenic aerosol DRE at
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the ToA and surface, respectively. We observe from Table 9 that the absolute mean-
percentage values are larger at Ispra, Venice, and Oristano. However, it is worth not-

ing that the rather high mean-percentage value ‘A*"DRE;OA | =(40+30)% of Ispra, is

mainly determined by the rather low values of the AW ToA-DRE, that at Ispra reaches
values close to zero on December (Fig. 8a). Lecce, Lampedusa, and Crete that are the
sites less affected by anthropogenic particles, are characterized by |A*'"DRE,|< 10%
both at the surface and at the ToA.

6 Conclusion and summary

This paper has provided significant results on the seasonal dependence of the DRE
by anthropogenic particles at Mediterranean land sites differently affected by anthro-
pogenic pollution. This makes this paper unique. Most available studies on the aerosol
DRE over the Mediterranean refer to dedicated campaigns during special pollution
events (e.g. Sahara dust outbreaks) and mainly account for the solar 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 under all-sky
conditions, have been presented for different sites. In addition, paper results have al-
lowed evaluating for the 2003 year, the yearly-mean value of the ToA- and sfc-DRE by
anthropogenic particles over land sites of the Mediterranean basin.

Aerosol optical and microphysical properties of AERONET sun/sky photometer data
at six Mediterranean 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 anthro-
pogenic particles. The use of observation-based aerosol properties also represents a
peculiarity of the paper.

A detailed analysis of the AERONET aerosol properties (AOD, n, SSA, and g) at
each selected site has been performed to better understand the dependence of the
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aerosol DRE on site location and hence on corresponding anthropogenic aerosol prop-
erties. It has been shown that the selected sites are differently affected by natural and
anthropogenic 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 parti-
cles. In contrast, Lampedusa and Crete are the sites less affected by anthropogenic
particles and also characterized by smaller AOD values. The mean percentage of the
AOD,/AQD ratio that is larger of 70% at Ispra and Venice is equal to 40% at Lampedusa
and Crete. Last two sites are also characterized by larger SSA values. A marked sea-
sonality 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-DRE, 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 anthropogenic
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-DRE, values are up
to 7 times larger than ToA-DRE, values at Ispra, since the anthropogenic aerosol is
much more absorbing than at other sites. In contrast, mean sfc-DRE_ values are 1.3
times larger than the ToA-DRE, values at Lampedusa and Crete. As a consequence,
the AF by anthropogenic particles reaches a value of 5W m~2 at Ispra, while it is always
less than 2Wm™2 at Lampedusa and Crete.

Atmospheric forcing efficiency calculations have also provided 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 less (more) negative values
at Ispra (Crete) both at the ToA and surface. AFE, values are also characterized at
all sites by a marked seasonality with larger values on SS, as a consequence of the
seasonality of the anthropogenic particle properties.

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

We have also observed that compared to the solar DRE,, the IR DRE by anthro-
pogenic particles is significantly smaller in magnitude and positive. In particular, the IR
ToA-DRE, is 50.3Wm'2 at all sites, while at the surface the IR DRE,, varies within the
0.2+1.0Wm™ range, offsetting 10-20% of the negative solar DRE,. The average of
monthly-means has also revealed that the differences between IR sfc- and ToA-DRE,
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

—ToA ——sfc
value of the DRE, at the ToA (DRE, ) and at the surface (DRE, ), and of the AFE, at

the ToA (AFEZOA) and at the surface (AFEZfC), at solar and infrared wavelengths. It has
been found that the yearly-mean value of the solar DRE by anthropogenic particles is
—(8x2) and —(5£3) W m~2 at the ToA and surface, respectively. The above data, which
can be considered representative of the ToA- and sfc-DRE, of Mediterranean land sites
for the 2003 year, are significantly larger than corresponding 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 imaginary refractive index and f
changes on the mean optical properties of anthropogenic particles has been demon-
strated. In fact, changes of k and f values by +50 and +10%, respectively, with respect
to corresponding reference values have determined on average changes of the ToA-
and sfc-DRE, values lower than 10% at most of the sites.
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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 provide n and k values, the correspond-
ing ones provided by level 1.5 AERONET products are used. The number of measurement

days/month is given in brackets. A. Bergamo et al

Ispra  Venice Oristano Lecce Lampedusa Crete

January 20(9) 38(13) 23(8) 0(0) 0(0) 8(3) _
vch 792 s san  se) o0 220 st noducton.
Ve 204 oo e a0 1@ o7ee Gorctsrs s
Wy  aln 9% 7ien So@a)  soen 10s0) e P
Sepimber 9@ 5418 4o 417) o712 ean) e
November 4@ o700 00  o@  or1n 240 I
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ACPD
8, 12769-12822, 2008

Anthropogenic
aerosol direct
radiative forcing over

Table 2. Monthly values of the factor . the Mediterranean
f-values Ispra  Venice Oristano Lecce Lampedusa Crete A. Bergamo et al.
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
Ve o7 o7 077 088 066 03 BN .
June 067  0.68 063 0.73 052 079 ! !
July 0.80 0.80 0.70 0.80 0.64 0.76
August 0.78  0.81 069 0.86 0.59 0.84 | Tables  Figues
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 ! !
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Table 3. Basic statistics of AOD,, AOD,/AOD (%), SSA,, and g, parameters.

ACPD
8, 12769-12822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

Ispra Venice Oristano Lecce Lampedusa Crete
AOD,
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 (0.2+0.1) (0.12+0.07) (0.08+0.03) (0.08+0.05) (0.04+0.02) (0.06+0.03)
AOD,/AOD%
Mean (79£9) (71£7) (60+20) (50+10) (40£10) (40£10)
Min—Max 61-88 62—-85 25-82 36-68 18-55 14-62
Mean SS (80+10) (68+5) (60+10) (60+10) (40+10) (50+10)
Mean AW (82+5) (75+8) (60+20) (50+10) (30+10) (30+10)
SSA,
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)
9a
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)
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Table 4a. Basic statistics (mean value £1 std. dev., 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.

ACPD
8, 12769-12822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

(Wm™) Ispra Venice Oristano Lecce Lampedusa Crete
DRE°*
Mean —(2+1) —(3+2) —(3+1) —(3+2) —(2+1) -(3+2)
Min; Max —(4.5;0.2) —(6.1;0.7) -(5.2;1) —=(7.1;0.9) -(3.8;0.3) —(5.6;0.4)
Mean SS —(3x1) —(4£1) —(4£1) —(4£2) —(3x1) —(4+1)
Mean AW —(2£1) -(2+2) —(2£1) —(2£1) —-(11) —-(1£1)
DRES®
Mean —(5+3) —(5+3) —(5+2) —(5+3) —(3+2) -(3+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 —(7+£1) —(7+£2) —(7+2) -(6+2) —(4%1) -(56+2)
Mean AW —(4£3) -(3+2) —(3£1) -(2+2) —-(1£1) —(2+1)
AF,
Mean 4+1 3+1 3+1 240 1+0 11
Min; Max 0.9;5.7 0.4;4.3 0.6; 5.1 0.1;2.5 0.04; 1.8 0.02; 1.5
Mean SS 4+1 3+2 3+1 2+0 10 1+0
Mean AW 3+£2 1+1 11 1+1 0+0 1+1
AFE*
Mean —-(12+6) —-(19+7) —(29+8) —(27+7) —(30+7) —(31x10)
Min; Max —(20; 3) —-(33;10) —(45;19) —(37;16) —(39;20) —(44;13)
Mean SS —(15+4) —(24+5) —(34+7) —(31+£5) —(33x4) —(40+4)
Mean AW —(8+4) —(14+4) —(23+4) —(20+5) —(23+6) —(23+7)
AFES®
Mean —(2947) —(32+10) —(48+11) —(39+12) —(39+10) —(40+12)
Min-Max —(43; 20) —(46; 17) —(68;34) -(52;17) —-(51;23) —(56; 20)
Mean SS —(35+4) —(40+5) —(55+7) —(47+3) —(46+6) —(35+4)
Mean AW —(23+2) —(24+5) -(38+8) —(28+10) —(28+7) —(31+8)
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Table 4b. Basic statistics (mean value +1 std. dev., minimum and maximum values and Spring-
Summer and Autumn-Winter mean values +1 std. dev.) of the parameters used to evaluate the ACPD
DRE by anthropogenic particles at infrared wavelengths.
8, 12769-12822, 2008

Wm™2 Ispra Venice Oristano Lecce Lampedusa Crete
DRE[ Anthropogenic
Mean 0.07+0.08 0.09+0.09 0.1+0.1 0.1+0.1 0.04+0.04 0.06+0.06 COee Cllies:
Min; Max 0:02 001:03 0.01;0.3 0:0.3 0; 0.1 0:0.2 radiative forcing over
Mean SS 01201 02401 0.2+0.08 02401  0.1£0.0  0.1+0.1 the Mediterranean
Mean AW 0.02+0.02 0.02+0.02 0.03+0.01 0.02+0.02 0+0 0.01+0.01

A. Bergamo et al.

f
DRES®
Mean 0.6+0.2 0.5+0.2 0.5+0.2 0.4+0.2 0.3+0.2 0.4+0.3
Min; Max 0.2; 0.9 0.2;1.0 0.2; 0.7 0.2; 0.9 0.1; 0.6 0.04; 0.9 _
Mean SS 0.6+0.2 0.6+0.1 0.6+0.1 0.6+0.2 0.4+0.1 0.6+0.3
Mean AW 0.5+0.3 0.3+0.2 0.3+0.1 0.2+0.1 0.2+0.1 0.2+0.1 ! !
AFET ‘Conclusions  References
Mean 04403 05404 10408  07+06 05104  07+05 . Tables  Figues
Min; Max 0.0; 0.1 0.1;1.3 0.1; 2.2 0.1;1.7 0.1; 1.0 0.0; 0.1
Mean SS 0.6+0.3 0.8+0.3 1.5+0.6 1.1+£0.5 0.7+0.2 1.1+0.2
Mean AW 0.1+0 0.2+0.1 0.3+0.1 0.2+0.1 0.1+0 0.2+0.2 ! !
AFED® T
Mean 3.1+0.6 3.3+0.5 4.6+0.7 3.9+0.7 4.5+0.8 5+2 ! !
Min; Max 2.2;4.1 25;4.2 3.6; 5.9 2.7:5.0 3.0; 5.6 2.0;7.8 _
Mean SS 3.2+0.7 3.4+0.5 4.8+0.7 4.3+0.5 5.0+0.4 6+2
Mean AW 2.9+0.5 3.2+0.5 4.24+0.6 4.2+0.6 3.6+0.7 3.1+0.8 _I
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Table 5. Yearly-mean values of the DRE, and of the AFE, at solar and IR wavelengths for

Central Mediterranean land sites.

Solar wavelength (W m‘2)

fc

ToA ——T0A — s
AFE, AFE,

—sfc
DRE, DRE,

This paper —(3x2) —(5+3) -(24+10) —(38x12)
Chung et al., 2005 —(8x1) —(946)
IR wavelength (Wm™2)
ToA ——sfc ToA ——sfc
DRE, DRE, AFE, AFE,
0.08+0.08 0.5+0.2 0.6+0.5 41
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Table 6. Absolute changes of the AOD,+1 std. dev. determined by the replacement of the

values of Table 2 with the ones provided by Eq. (3).

ACPD
8, 1276912822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

| A*"AOD, |
Ispra (0.019+0.008)
Venice (0.015+0.007)
Oristano (0.011+0.003)
Lecce (0.011+0.005)
Lampedusa (0.007+0.003)
Crete (0.008+0.003)
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Table 7. Absolute change-percentages +1 std. dev. of the solar DRE, at the ToA and at the
surface (sfc) determined by the replacement of the f values of Table 2 with the ones provided

by Eq. (3).

A" DREX*| |A*TDRES®
% %
Ispra (7+£5) (10+2)
Venice (9+1) (10+1)
Oristano (9.5+0.4) (9.6+0.3)
Lecce (9+2) (10+2)
Lampedusa (9.9+£0.4) (9.8+£0.5)
Crete (9.7+0.6) (9.8+0.4)
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Table 8. Absolute changes of SSA, +1 std. dev. values determined by the replacement of the

k-AERONET values with the ones provided by Eq. (4).

ACPD
8, 1276912822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

| AT TSSA, |
Ispra (0.03+0.02)
Venice (0.020+0.006)
Oristano (0.023+0.009)
Lecce (0.016+0.006)
Lampedusa (0.011+0.004)
Crete (0.008+0.003)
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Table 9. Absolute change-percentages +1 std. dev. of the solar DRE, at the ToA and at the
surface (sfc) determined by the replacement of the k<-AERONET values with the ones provided

by Eq. (4).

ACPD
8, 1276912822, 2008

Anthropogenic
aerosol direct
radiative forcing over
the Mediterranean

A. Bergamo et al.

A*"DRE*| |A*DRES®
% %
Ispra (40+30) (16x4)
Venice (12+4) (12+2)
Oristano (9+6) (14x4)
Lecce (8+4) (10+4)
Lampedusa (4+2) (8+3)
Crete (5+4) (7+3)
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Latitude (degrees)

Longitude (degrees)

Fig. 1. Geographical location of the selected AERONET sites in the Central Mediterranean.
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Fig. 2. Evolution of 2003 monthly mean surface albedos, at the selected sites in the (a) visible _
(0.3-0.7 um) and (b) near infrared (0.7-5.0 um), based on MODIS MOD43B3 products. g
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AOD;n (550 nm)

AOD,n (550 nm)

Fig. 3. Evolution of 2003 monthly averages of the total aerosol optical depth (AOD, lower plots)
and the fine-mode fraction (7, upper plots) at 550 nm, recomputed from AERONET-derived
aerosol particle size distributions and refractive indices, for (a) Ispra, Oristano, and Venice and
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(b) Lecce, Lampedusa, and Crete.
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Fig. 4. Evolution of 2003 monthly averaged single scattering albedos (SSA) at 550 nm recom-
puted from AERONET-derived aerosol particle size distributions and refractive indices, for (a)
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Ispra, Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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Fig. 5. Evolution of 2003 monthly averaged asymmetry-factors (g) at 550 nm, recomputed
from AERONET-derived aerosol particle size distributions and refractive indices, for (a) Ispra,
Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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Fig. 6. Vertical profile of the normalized aerosol optical depth.
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Fig. 7. Monthly evolution in 2003 of the incoming solar flux (symbols) at the selected sites.
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Fig. 8. Monthly evolution in 2003 of the solar (0.3—4 um) all-sky ToA-DRE by anthropogenic
particles for (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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Fig. 9. Monthly evolution in 2003 of the solar (0.3—4 um) all-sky sfc-DRE by anthropogenic
particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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Fig. 10. Monthly evolution in 2003 of the solar (0.3—4 um) all-sky atmospheric aerosol absorp-
tion by anthropogenic particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa,

and Crete.
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Fig. 11. Monthly evolution in 2003 of the solar (0.3—4 um) all-sky ToA atmospheric forcing effi-
ciency by anthropogenic particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa,

and Crete.
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Fig. 12. Monthly evolution in 2003 of the solar (0.3—4 um) all-sky sfc atmospheric forcing effi-
ciency by anthropogenic particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa,

and Crete.
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Fig. 13. Monthly evolution in 2003 of the infrared (4—200 um) all-sky ToA-DRE by anthropogenic
particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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Fig. 14. Monthly evolution in 2003 of the infrared (4—200 um) all-sky sfc-DRE by anthropogenic
particles at (a) Ispra, Oristano, and Venice and (b) Lecce, Lampedusa, and Crete.
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