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Summary. — The direct radiative effect (DRE) by all (anthropogenic plus nat-
ural) and anthropogenic aerosols is calculated at the solar (0.3–4 μm) and infrared
(4–200 μm) spectral range to better address the annual cycle of the anthropogenic
aerosol impact at a site (Rome, Italy) significantly affected by pollution. Aerosol
optical and microphysical properties from 2003 AERONET Sun/sky-photometer
measurements and solar surface albedos based on MODIS satellite sensor data con-
stitute the necessary input to radiative transfer simulations. Clear- and all-sky
conditions are investigated by adopting ISCCP monthly products for high-, mid-,
and low-cloud cover. It is shown that monthly mean values of aerosol optical depths
by anthropogenic particles (AODa) are on average more than 50% of the correspond-
ing all-aerosol-optical-depth (AOD) monthly means. In particular, the AODa/AOD
ratio that varies within the (0.51–0.83) on autumn-winter (AW, October-March),
varies within the (0.50–0.71) range on spring-summer (SS, April-September) as a
consequence of the larger contribution of natural particles on SS. The surface (sfc),
all-sky DRE by anthropogenic particles that is negative all year round at solar wave-
lengths, represents on average 60% and 51% of the all-sky sfc-DRE by all aerosols
on AW and SS, respectively. The all-sky atmospheric forcing by anthropogenic par-
ticles (AFa) that is positive all year round, is little dependent on seasons: it varies
within the (1.0–4.1) W/m2 and (2.0–4.2) W/m2 range on AW and SS, respectively.
Conversely, the all-sky AF by all aerosols is characterized by a marked seasonality.
As a consequence, the atmospheric forcing by anthropogenic particles that on av-
erage is 50% of the AF value on AW, decreases down to 36% of the AF value on
SS. Infrared aerosol DREs that are positive all year round are significantly smaller
than the corresponding absolute values of solar DREs. Clouds decrease on average
ToA- and sfc-DRE absolute values by anthropogenic particles of 36% and 23%, re-
spectively and are quite responsible of the seasonal dependence of aerosol forcing
efficiencies by all and anthropogenic aerosols.

PACS 92.60.Mt – Particles and aerosols.
PACS 92.60.Vb – Radiative processes, solar radiation.
PACS 92.70.Cp – Atmosphere.
PACS 92.70.Bc – Land/atmosphere interactions.
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1. – Introduction

Atmospheric particles of natural and anthropogenic origin influence the Earth’s radi-
ation balance and climate mainly in two ways: a) by scattering and absorbing the solar
radiation, a phenomenon termed as “aerosol direct radiative effect (DRE)”, and b) by
acting as cloud condensation nuclei and, thereby, affecting cloud lifetime and properties,
a phenomenon termed as “aerosol indirect radiative effect”. The assessment of the direct
radiative effect by anthropogenic aerosols is of great interest being its level of scien-
tific understanding “medium-low” in accordance with IPCC, 2007 [1]. The high aerosol
variability in space and time and the assumptions on aerosol properties are partially
responsible for this last result. Quantifying and reducing the uncertainty in aerosol in-
fluences on climate is critical to understanding climate change over the industrial period
and to improving predictions of future climate change [2]. 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
have indicated that the aerosol radiative forcing is among the highest in the world over
the Mediterranean [3, 4]. The seasonal dependence of the DRE by anthropogenic parti-
cles (DREa) at Mediterranean land sites differently affected by anthropogenic pollution
has recently been investigated by the authors of this paper [5]. In particular, monthly
evolutions of the anthropogenic aerosol impact on the solar and IR direct radiative forc-
ing under all-sky conditions have been analyzed for six different sites: Ispra, Venice,
Oristano, Lecce, Lampedusa, and Crete. To this end, aerosol optical and microphysical
properties of AERONET Sun/sky photometer data [6] of the year 2003 (the warmest in
recent years) have been applied in a radiative transfer code to simulate DREa monthly
mean values. The use of observation-based aerosol properties is of peculiar importance to
reduce uncertainties of model-based results. The AERONET aerosol property’s analysis
has revealed that Ispra and Venice that were the site with on average larger aerosol loads
all year round, also were the sites more affected by anthropogenic particles. In contrast,
Lampedusa and Crete were the sites less affected by anthropogenic particles and also
characterized by smaller aerosol optical depth (AOD) values. The mean percentage of
the AODa/AOD ratio that was larger than 70% at Ispra and Venice was equal to 40%
at Lampedusa and Crete, where AODa represents the aerosol optical depth due to an-
thropogenic particles. A marked seasonality of the aerosol properties dependent on site
location has also been observed at all sites. Calculated monthly means of the solar DREa

at the surface (sfc) and at the top of the atmosphere (ToA) were negative all year round
and were 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. sfc-DREa values
were up to 7 times larger than ToA-DREa values at Ispra. In contrast, mean sfc-DREa

values were 1.3 times larger than the ToA-DREa values at Lampedusa and Crete. How-
ever, the differences between averaged values of different sites were smaller than the
associated standard deviation. These last results have indicated that the yearly-DREa

was not very sensitive to the site location over Central Mediterranean land sites.
The annual cycle of the DRE by all (anthropogenic plus natural) and anthropogenic

aerosols from measurements at Rome (Italy), a Central Mediterranean land site signif-
icantly affected by pollution, is investigated in this paper to further contribute to the
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Fig. 1. – (a) Surface albedo monthly means based on MODIS MOD43B3 products for visi-
bile (open dots) and near-infrared (full dots) wavelengths. (b) Monthly averaged real (open
dots) and imaginary (full dots) refractive indices at 0.44 μm retrieved from Sun/sky photometer
measurements.

characterization of the direct radiative forcing by aerosols over the Central Mediter-
ranean. DRE and DREa values are calculated by a two-stream radiative transfer
model [7] at the ToA and at the surface: the ToA forcing is important to local and
global radiation budgets, the sfc-forcing is important to surface heating and water evap-
oration [2]. Input data include monthly statistics of local aerosol column properties
from AERONET Sun-sky photometer measurements and regional data on solar surface
albedo from MODIS satellite sensor [8] for the year 2003. Clear- and all-sky conditions
are investigated by adopting ISCCP monthly products for high-, mid-, and low-cloud
cover [9].

A brief description of the two-stream radiative transfer code and input data is given
in sect. 2. Direct radiative forcing data are presented and discussed in sect. 3. Summary
and conclusion are in sect. 4.

2. – Radiative transfer model and input data

The two-stream method [10] provides radiative fluxes at the boundary of homogeneous
plane-parallel layers. Twenty homogeneous plane-parallel atmospheric layers are used in
the two-stream model of this study to account for the changes with altitude of the
atmospheric parameters and components. A detailed description of the model is given
in [5, 7]. Daily-averaged radiative fluxes are determined for the solar (0.3–4μm) and
infrared (4–200 μm) spectral region. In order to account for the diurnal Sun elevation
changes, solar radiative transfer simulations are performed at different Sun elevations
and all available data are then properly weighted to get daily averaged solar radiative
fluxes.

The standard, mid-latitude (30◦–60◦ N), vertical profiles of density, pressure, temper-
ature, and water vapour provided by the US Air Force Geophysics Laboratory (AFGL)
for winter and summer are used in the model for meteorological parameters. Then, con-
centration vertical profiles of ozone, N2O, CO2, CO and CH4 provided by AFGL, are
used to account for absorption by atmospheric trace-gases.

2.1. Surface albedo. – Surface albedo monthly means are based on “black-sky”
albedo (directional-hemispherical reflectance) and “white-sky” albedo (bihemispherical
reflectance) data from MODIS MOD43B3 products [11], 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.
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Fig. 2. – (a) Monthly evolution of the altitude location of high-, mid-, and low-level clouds
(dashed areas) and vertical profile of the aerosol optical depth fraction (solid line). (b) Monthly
evolution of cloud optical depth (COD, open dots) and cloud cover (full dots).

Figure 1a shows monthly averaged surface albedo values for the visible (0.3–0.7 μm)
and infrared (0.7–5.0 μm) spectral range, respectively, retrieved from the 2003-year
MOD43B3 products and for 1◦ × 1◦ cell centred at 42.5◦ N, 12.5◦ E. A surface emis-
sivity of 0.96 (and an albedo of 4%) is assumed in the far-infrared.

2.2. Cloud cover . – Necessary cloud properties are based on the ISCCP D2 statis-
tics [9], 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. Figure 2 shows as
a function of the months of the year (a) the altitude location of high-, mid-, and low-level
clouds and (b) cloud optical depth (COD, open dots) and cloud cover (full dots) values
used in the paper. Both COD and cloud cover values are quite dependent on seasons:
spring-summer (SS, April-September) COD and cloud cover values are on average 57%
and 72%, respectively, of the corresponding autumn-winter (AW, October-March) values.
Hence, the interaction of the solar radiation with aerosol particles is favoured on SS over
the Mediterranean basin.

2.3. AERONET aerosol properties for the 2003 year . – The AERONET Sun/sky
photometer is placed on the roof of the ISAC-CNR building (41.84◦ N; 12.65◦ E, 130 m
asl) at Roma-Tor Vergata, in the southern suburbs of Rome, ∼ 15 km away from the city
centre and ∼ 30 km away from the Tyrrhenian Sea. Rome is one of the largest Italian
cities with more than 2.5 million of inhabitants and as a consequence it is quite affected
by anthropogenic pollution.

Particle number size distributions and real (n) and imaginary (k) 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. In par-
ticular, cloud-screened and quality-assured retrievals (level 2.0) from the Version 2 (V2)
inversion algorithm are used. However, when level 2 AERONET products do not provide
n and k values, the corresponding ones provided by level 1.5 AERONET products are
used. A discussion on the accuracy of AERONET retrievals is reported in [12, 13] and
it is also recalled in [7]. The numbers of measurements/month that have been properly
weighted [7] to retrieve monthly aerosol optical and microphysical properties are given
in table I where in brackets the number of measurement days/month also are reported.

Figure 3 shows the monthly averaged volume size distributions (dV (r)/dlnr) re-
trieved from AERONET measurements during (a) autumn-winter and (b) spring-summer
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Fig. 3. – Monthly averaged volume size distributions retrieved from AERONET measurements
during (a) autumn-winter and (b) spring-summer months of the 2003 year.

months of the 2003 year. The bimodal structure of fig. 3 spectra indicates that along
with fine mode particles, which are mainly of anthropogenic origin, coarse-mode particles
as those of natural (marine and crustal) origin, also contribute to the aerosol load all
year along and mainly on SS.

AERONET real and imaginary refractive indices are retrieved at 0.44, 0.675, 0.87,
and 1.02 μm, respectively. For the near-infrared region of the solar spectrum, refractive
indices extracted for the wavelength at 1.02μm are applied. For the far-infrared spectral
region the refractive indices for tropospheric aerosol [14] are used. Figure 1b shows, as an
example, monthly averaged real (open dots) and imaginary (full dots) refractive indices
at 0.44 μm. We observe from fig. 1b that n values span within the 1.4–1.5 range without

Table I. – Monthly values of the factor f and 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 corresponding ones provided by level 1.5 AERONET products are
used. The number of measurement days/month is given in brackets. Total measurements are
also given.

Number of
f -values

measurements

January 20(6) 0.85

February 36(15) 0.90

March 41(18) 0.84

April 31(12) 0.81

May 48(13) 0.78

June 72(22) 0.66

July 99(26) 0.75

August 106(27) 0.75

September 89(19) 0.84

October 28(10) 0.77

November 34(9) 0.79

December 2(2) 0.72

Total 606(179)
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Table II. – Basic statistics of the aerosol optical depth by all (AOD), fine (AODf), and an-
thropogenic (AODa) particles, of the single scattering albedo by all (SSA), fine (SSAf), and
anthropogenic (SSAa) particles, and of the asymmetry factor by all (g), fine (gf), and anthro-
pogenic (ga) particles. 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 corresponding standard deviations.

AOD AODf AODa

Mean (0.19 ± 0.07) (0.15 ± 0.05) (0.12 ± 0.04)

Min–Max 0.078–0.31 0.065–0.25 0.05–0.19

Mean SS (0.24 ± 0.06) (0.19 ± 0.04) (0.14 ± 0.03)

Mean AW (0.15 ± 0.05) (0.12 ± 0.04) (0.10 ± 0.04)

SSA SSAf SSAa

Mean (0.89 ± 0.04) (0.92 ± 0.04) (0.93 ± 0.04)

Min–Max 0.79–0.92 0.81–0.96 0.81–0.97

Mean SS (0.91 ± 0.01) (0.95 ± 0.02) (0.95 ± 0.02)

Mean AW (0.87 ± 0.04) (0.90 ± 0.05) (0.90 ± 0.05)

g gf ga

Mean (0.66 ± 0.01) (0.63 ± 0.02) (0.63 ± 0.02)

Min–Max 0.64–0.68 0.60–0.65 0.60–0.65

Mean SS (0.65 ± 0.01) (0.62 ± 0.02) (0.62 ± 0.02)

Mean AW (0.66 ± 0.01) (0.64 ± 0.01) (0.64 ± 0.01)

any marked seasonal dependence. Conversely, k values are quite dependent on seasons,
they span within the 0.013–0.032 and 0.007–0.015 range on AW and SS, respectively.
However, it worth mentioning that the rather high k value of December is based on two
measurement days (table I). In conclusion, fig. 1b and fig. 3 indicate that contributions of
large-size, less-absorbing aerosols are larger on SS over the monitoring site. These results
may partially be due to both the lack of rainy days, which favour the accumulation of
natural and anthropogenic aerosols in the atmosphere and to the advection of large-size
desert particles: Sahara dust outbreaks are more frequent on SS over the Mediterranean
basin.

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 magni-
tude 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 4a-c (full black
symbols) show the time evolution of AOD, SSA, and g monthly means at 0.55 μm, re-
spectively recomputed from AERONET-derived aerosol size distributions and refractive
indices. We observe from fig. 4a-c (full black symbols) that the mean columnar aerosol
properties are quite dependent on seasons: particles of smaller SSA (SSA = 0.87± 0.04)
and AOD (AOD = 0.15±0.05) characterize the aerosol load on AW. SSA and AOD mean
values ±1 std. dev. are 0.91 ± 0.01 and 0.24 ± 0.06, respectively, on SS. g-mean values
are less dependent on seasons (table II). The comparison of fig. 4a-c (full black symbols)
with the corresponding data of Oristano (39.91◦ N, 8.5◦ E) and Lecce (40.33◦ N, 18.10◦ E)
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Fig. 4. – Monthly averaged (a) aerosol optical depths of all aerosols (AOD) and of the fine
(AODf) and the anthropogenic (AODa) component.

reported in [5], reveals that Rome aerosol properties are rather close to the ones observed
at Oristano and Lecce for the year 2003. In fact, it has been shown in [5] that aerosol
properties are quite affected by latitude at land sites of the Central Mediterranean basin.

In accordance with the discussion reported in [5], the anthropogenic aerosol contribu-
tion is associated with a fraction of the sub-micron size particles. Potential anthropogenic
contributions to the coarse size mode are ignored. Hence, the AERONET volume par-
ticle size distribution referring to particles with radius 0.05μm ≤ r < 0.5μm is first
used to calculate the number concentration of fine-mode aerosols Nf(r). Then, only a
fraction f of Nf(r) is considered of anthropogenic origin in accordance with the following
relationship:

(1) Na(r) = f · Nf(r),

where Na(r) is the number concentration of anthropogenic-only submicron aerosol par-
ticles. Monthly f -values that are given in table I are considered constant with par-
ticle size in the submicron fraction. f -values are based on LMDzT3.3 [15] global
model-simulations [16]. In particular, inventories for global emissions of aerosols and
pre-cursor gases for the years 2000 (current conditions) and 1750 (pre-industrial con-
ditions) [17, 18] were used in the General Circulation Model LMDzT3.3 to calculate
worldwide f -values.

MIE calculations are also applied to translate the data on number concentra-
tions of fine (Nf(r)) and anthropogenic (Na(r)) aerosols into aerosol optical depth,
single-scattering albedo, and asymmetry factor of fine and anthropogenic particles, re-
spectively. Refractive indices are not considered dependent on particle size. Figures 4a-c
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show the time evolution of aerosol-optical-depth, single-scattering-albedo, and asymme-
try factor monthly means of fine-mode (AODf , SSAf , and gf) and anthropogenic (AODa,
SSAa, and ga) particles by open-black and full-grey symbols, respectively. Basic statis-
tics of AOD, SSA, and g values for all, fine, and anthropogenic particles are given in
table II. Figure 4 shows that AODa values are less dependent on seasons than AOD
values. The AODa/AOD ratio that varies within the (0.51–0.83) range on AW, varies
within the (0.50–0.71) range on SS as a consequence of the larger contribution of natural
particles on SS. Conversely, ga values are on average 96% of g values both on AW and SS.
SSAa values are slightly larger than SSA values since refractive indices are not considered
dependent on particle size.

2.4. Aerosol vertical distribution. – The vertical profile of the aerosol optical depth
fraction that is assumed constant all year along, is plotted in fig. 2a (solid line). It is
equal to the one used in [5]. The lowermost 2 km layer contributes by ∼ 90% to the
total AOD.

3. – Aerosol direct radiative effects

The aerosol direct radiative effect (DRE) is defined as a change in a given radiative
flux due to aerosols and the term “direct” refers to the interaction of aerosols with so-
lar radiation and excludes the radiative influences of aerosols within clouds (“indirect
effects”). Of particular interest for climate change over the industrial period are the
top-of-atmosphere (ToA) and surface (sfc) DREs, defined here as the changes in the
respective net fluxes due to scattering and absorption of shortwave (solar, 0.3–4 μm)
and long wave (infrared, 4–200μm) radiation by aerosols. Direct radiative effects by all
(anthropogenic plus natural) and anthropogenic aerosols are calculated in this study to
better infer the role of anthropogenic particles. DREs are calculated at the ToA and
surface and within the atmosphere. The atmospheric forcing (AF) that is defined as
the difference between ToA and surface aerosol DRE is and indicator of aerosol effects
on atmosphere dynamics. The aerosol forcing efficiency (AFE, aerosol DRE per unit
of AOD) that is mainly dependent on aerosol size and composition is also calculated.
Finally, clear- and all-sky conditions are investigated by adopting ISCCP monthly prod-
ucts. 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.

3.1. Aerosol DREs at solar wavelengths (0.3–4μm). – Figure 5a (full symbols) shows
the monthly evolution of the all-sky (cld) ToA-DRE by total and anthropogenic par-
ticles at solar wavelengths: (DREcld

t )ToA and (DREcld
a )ToA, respectively. Clear-sky

(clr) ToA-DRE monthly means by total and anthropogenic particles, (DREclr
t )ToA and

(DREclr
a )ToA, respectively, are represented by open symbols. Figure 5b shows by full and

open symbols the corresponding solar aerosol DRE at the surface at all sky ((DREcld
t )sfc

and (DREcld
a )sfc) and clear sky ((DREclr

t )sfc and (DREclr
a )sfc), respectively. Basic statis-

tics of all tested DRE parameters for all and anthropogenic particles are given in table III.
ToA- and sfc-DREa monthly means are negative all year along with the exception of

December (DREcld
t )ToA and (DREcld

a )ToA values, which are equal to 0.4 and 0.1 W/m2,
respectively for the larger presence of absorbing aerosols. Total and anthropogenic SSA
values are 0.79 and 0.81, respectively on December. In contrast to greenhouse gases,
which only cause warming, atmospheric aerosols, depending on their properties can cause
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Fig. 5. – Monthly evolution in 2003 of the solar (0.3–4 μm) (a) ToA-DRE and (b) sfc-DRE
by all aerosols (black symbols) and anthropogenic particles (grey symbols), at clear sky (open
symbols) and all sky (full symbols).

either cooling or warming of the atmosphere. However, cloud covers and CODs also
affect aerosol radiative effects. In fact, December (DREclr

t )ToA and (DREclr
a )ToA values

are negative for the larger sunlight availability at clear-sky conditions, which favours
scattering processes by atmospheric particles. Clouds reflect solar radiation back to space
and reduce sunlight available for aerosol interactions, as a consequence, solar aerosol
DREs reduce in magnitude at all sky. The percentage reduction with respect to the
clear-sky aerosol DRE is larger in winter than in summer in part because there is less
cloud cover and cloud optical depth during summer (fig. 2). Figure 5a reveals that at
the ToA, the DRE absolute mean percentage reduction is of 62% and 26% on AW and
SS, respectively for the total aerosol component, while it is of 50% and 21% on AW and
SS, respectively for anthropogenic particles. At the surface (fig. 5b), the DRE absolute
mean percentage reduction is of 34% and 12% on AW and SS, respectively, for both all
and anthropogenic aerosols.

Negative ToA and surface DRE values indicate a cooling of the Earth-Atmosphere-
System by aerosols, as extra solar radiation is reflected back to space. Figure 5 shows that
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. In fact, the compari-
son of fig. 5a and fig. 5b allows inferring that sfc-DRE monthly means by all aerosols are
on average more than twice larger than the corresponding ToA-DRE monthly means at
clear-sky: (DREclr

t )sfc/(DREclr
t )ToA ratios span within the (1.9–3.9) and (1.9–2.4) range

on AW and SS, respectively. The anthropogenic-aerosol associated reduction of the down-
ward solar radiation at the Earth’s surface is slightly smaller than that due to all aerosols:
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Table III. – 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 solar DRE by all and anthropogenic particles at clear and all sky.

(W m−2) (DREclr
t )ToA (DREclr

a )ToA (DREcld
t )ToA (DREcld

a )ToA

Mean −(6.0 ± 2.5) −(4.2 ± 1.7) −(3.7 ± 2.8) −(2.8 ± 1.8)

Min; Max −(9.7; 1.6) −(7.0; 1.0) −7.9; 0.4 −6.3; 0.1

Mean SS −(7.7 ± 1.8) −(5.3 ± 1.1) −(5.8 ± 2.1) −(4.2 ± 1.3)

Mean AW −(4.4 ± 1.8) −(3.1 ± 1.4) −(1.6 ± 1.3) −(1.4 ± 1.0)

(W m−2) (DREclr
t )sfc (DREclr

a )sfc (DREcld
t )sfc (DREcld

a )sfc

Mean −(12.8 ± 4.6) −(6.9 ± 2.2) −(10.4 ± 5.2) −(5.5 ± 2.3)

Min; Max −(21.1; 11.2) −(9.9; 3.2) −(19.8; 9.7) −(9.2; 1.9)

Mean SS −(16.2 ± 3.6) −(8.2 ± 1.4) −(14.5 ± 3.9) −(7.2 ± 1.8)

Mean AW −(9.3 ± 2.6) −(5.6 ± 2.2) −(6.3 ± 2.1) −(3.8 ± 1.4)

(W m−2) AF clr
t AF clr

a AF cld
t AF cld

a

Mean 6.8 ± 2.4 2.7 ± 1.0 6.7 ± 2.5 2.7 ± 1.1

Min; Max 3.7; 11.8 1.0; 4.3 3.4; 11.9 1; 4.2

Mean SS 8.5 ± 1.9 2.9 ± 0.9 8.7 ± 1.9 3.0 ± 0.9

Mean AW 4.9 ± 1.1 2.5 ± 1.2 4.7 ± 1.1 2.4 ± 1.1

(W m−2) (AFEclr
t )ToA (AFEclr

a )ToA (AFEcld
t )ToA (AFEcld

a )ToA

Mean −(30.6 ± 4.7) −(34.3 ± 5.9) −(16.9 ± 10.4) −(21.4 ± 11.8)

Min-Max −(36.4; 19.9) −(42.1; 21.9) −31.4; 5.7 −38.5; 2.1

Mean SS −(32.7 ± 3.2) −(37.7 ± 3.7) −(24.3 ± 5.2) −(30.0 ± 6.6)

Mean AW −(28.5 ± 5.4) −(31.0 ± 6.0) −(9.4 ± 8.9) −(12.8 ± 9.2)

(W m−2) (AFEclr
t )sfc (AFEclr

a )sfc (AFEcld
t )sfc (AFEcld

a )sfc

Mean −(66.7 ± 5.5) −(58.7 ± 5.2) −(51.9 ± 10.7) −(45.0 ± 8.2)

Min; Max −(76.7; 57.9) −(69.6; 50.4) −(68.9; 34.26) −(55.7; 28.6)

Mean SS −(68.8 ± 3.5) −(58.9 ± 3.6) −(60.9 ± 6.0) −(51.5 ± 3.9)

Mean AW −(64.5 ± 6.6) −(58.6 ± 6.9) −(43.0 ± 5.2) −(38.4 ± 5.6)

(DREclr
a )sfc/(DREclr

a )ToA ratios span within the (1.3–3.2) and (1.4–2.0) range on AW
and SS, respectively. It is worth observing (fig. 5a) both that the seasonal evolution of
the anthropogenic particle’s DRE is similar to that one due to all aerosols at the ToA and
that the ToA-DRE is mostly due to anthropogenic particles: on average 70% and 75% of
the ToA-DRE by all aerosols is due to anthropogenic particles at clear and all sky, respec-
tively. The role of the anthropogenic particle’s DRE is smaller at the surface (fig. 5b). On
average 55% of the surface DRE by all aerosols is due to anthropogenic particles both at
clear and all sky. In particular, the mean sfc-DRE ±1 std. dev. by anthropogenic parti-
cles is −(5.6±2.2) W/m2 and −(8.2±1.4) W/m2 on AW and SS, respectively at clear sky.
While, at all-sky mean (DREcld

a )sfc values are −(3.8±1.8) W/m2 and −(7.2±1.4) W/m2

on AW and SS, respectively. Atmospheric-forcing monthly means (fig. 5c) allow inferring
that the anthropogenic particle’s effects on atmospheric dynamics are poorly dependent
on seasons (AFa mean values are 3.0 ± 0.9 W/m2 and 2.4 ± 1.1 W/m2 on SS and AW,
respectively) despite the ones by all aerosols. As a consequence, the mean atmospheric
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Fig. 6. – Monthly evolution in 2003 of the solar (0.3–4 μm) (a) ToA-AFE and (b) sfc-AFE by all
aerosols (black symbols) and anthropogenic particles (grey symbols), at clear sky (open symbols)
and all sky (full symbols).

forcing by anthropogenic particles is 50% and 36% of the AF by all aerosols on AW
and SS, respectively (table III), both at clear and all sky. These last results are mainly
due to the smaller dependence on seasons of the aerosol optical depth by anthropogenic
particles.

Monthly means of clear- and all-sky aerosol forcing efficiencies referring to 550 nm
aerosol-optical-depths by all and anthropogenic aerosols are plotted in figs. 6a,b. We
observe from fig. 6 that forcing-efficiency’s monthly means of both the all-aerosols
(black-open symbols) and the anthropogenic particles (grey-open symbols) are poorly
affected by seasons at clear sky. This result indicates that the seasonal trend of the
DRE observed both at the ToA and at the surface is mainly affected by the seasonal
dependence of the AOD and less by the dependence on seasons of aerosol optical and
microphysical properties: AFEs are mainly dependent on aerosol size and composition
as mentioned. To this end it is worth noting that the marked dependence on seasons
that characterize all-sky aerosol forcing efficiencies (full symbols) is mainly determined
by the variations with seasons of cloud covers and cloud optical depths. Table III data
facilitate the comparison between DREs by all and anthropogenic aerosols both at clear
and all sky. In addition, the comparison of the all-sky data by anthropogenic particles
of table III with the corresponding ones of [5] referring to Oristano and Lecce reveals
that the differences between mean values of all tested parameters are smaller than asso-
ciated standard deviations, even if Oristano and Lecce are less affected by pollution than
Rome. The significant dependence of aerosol properties on latitude over land sites of the
Central Mediterranean [5] is responsible for these last results. It is also worth mention-
ing that yearly mean values of (DREcld

a )ToA, (DREcld
a )sfc, (AFEcld

a )ToA, (AFEcld
a )sfc,

and AF cld
a are quite similar to the corresponding yearly mean values reported in [5] for

Central Mediterranean land sites, even if monthly mean values vary from site to site.
Hence, these last results further more indicate that the yearly DRE by anthropogenic
particles is not very sensitive to the site location over Central Mediterranean land sites,
in accordance with [5].

3.2. Aerosol DREs at infrared wavelengths (4–200μm). – The infrared (IR) ToA-DRE
(also often referred to as greenhouse effect, as thermal energy is retained in the Earth-
Atmosphere-System) requires significant IR aerosol optical depth (e.g., coarse size
aerosols). Indeed, a significant IR ToA effect by tropospheric aerosols is only expected
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Table IV. – Basic statistics of the clear- and all-sky infrared DRE by all and anthropogenic
aerosols at the surface and at the ToA.

(W m−2) (DREclr
t )ToA (DREclr

a )ToA (DREcld
t )ToA (DREcld

a )ToA

Mean 0.54 ± 0.31 0.05 ± 0.02 0.36 ± 0.25 0.02 ± 0.02

Min; Max 0.11; 0.98 0.01; 0.09 0.06; 0.81 0.00; 0.05

Mean SS 0.75 ± 0.20 0.06 ± 0.02 0.53 ± 0.22 0.04 ± 0.01

Mean AW 0.34 ± 0.26 0.03 ± 0.01 0.17 ± 0.14 0.007 ± 0.005

(W m−2) (DREclr
t )sfc (DREclr

a )sfc (DREcld
t )sfc (DREcld

a )sfc

Mean 1.32 ± 0.59 0.26 ± 0.08 0.86 ± 0.53 0.16 ± 0.07

Min; Max 0.41; 2.11 0.09; 0.36 0.18; 1.77 0.04; 0.29

Mean SS 1.61 ± 0.49 0.29 ± 0.05 1.20 ± 0.50 0.21 ± 0.05

Mean AW 1.03 ± 0.57 0.23 ± 0.09 0.52 ± 0.30 0.12 ± 0.05

from elevated dust layers over cloud-free scenes and warm surfaces. The IR surface DRE
requires IR opacity (e.g., coarse size aerosol) at temperatures not too much below that of
the surface. Thus, largest IR surface effects are expected from coarse (sea-salt and dust)
aerosols near the surface. However, the IR effect of tropospheric aerosols and in particu-
lar of anthropogenic aerosols (being < 1 μm in maximum dimension) is often neglected,
because IR-DREs are small compared to the solar effects, especially at the ToA.

Basic statistics of ToA and surface IR-DREs by all and anthropogenic aerosols are
given in table IV. ToA and surface DREs are always positive. Hence, aerosols pro-
duce planetary and surface warming through interaction with IR radiation. Clear-sky
IR-DREs by all aerosols vary within the 0.4–2.1 W/m2 and 0.1–1.0 W/m2 range at the
surface and at the ToA, respectively. While, clear-sky IR-DREs by anthropogenic aerosols
vary within the 0.1–0.4 W/m2 range at the surface and are lower than 0.1 W/m2 at the
ToA. Clouds, due to their own greenhouse effect, reduce the IR aerosol DRE both at the
ToA and at the surface. Percentage reductions with respect to the clear-sky IR-DREs by
anthropogenic aerosols are of about 40% and 60% at the surface and ToA, respectively.

4. – Conclusions

All- and clear-sky DREs by all (anthropogenic plus natural) and anthropogenic
aerosols have been calculated for the year 2003 to address the anthropogenic aerosol’s
impact at a polluted land site (Rome, Italy) of the Central Mediterranean. The analy-
sis of aerosol optical and microphysical properties has revealed that the contribution of
large-size, less-absorbing aerosols, which are expected to be of natural origin, gets quite
large on SS over the monitoring site. As a consequence, the AODa/AOD ratio at 550 nm
that varies within the (0.51–0.83) range on AW, varies within the (0.50–0.71) range on
SS. Mean AODa values ±1 std. dev. at 550 nm are: 0.14 ± 0.03 and 0.10 ± 0.04 on AW
and SS, respectively. ga values are on average 96% of g values both on AW and SS.

The aerosol DRE analysis has revealed that ToA-DRE values are more affected by
anthropogenic particles. In fact, on average 70% and 75% of the ToA-DRE by all aerosols
is due to anthropogenic particles at clear and all sky, respectively. Conversely, the surface
DRE by anthropogenic particles is on average 55% of the one by all aerosols both at clear
and all sky.
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Atmospheric-forcing monthly means that are positive all year round since aerosol as-
sociated reductions of the downward solar radiation at the Earth’s surface are larger,
have revealed that anthropogenic particles are on average responsible of 50% and 36%
of the AF by all aerosols on AW and SS, respectively, both at clear and all sky. Anthro-
pogenic particle’s effects on atmospheric dynamics are poorly dependent on seasons: AFa

mean values are 3.0± 0.9 W/m2 and 2.4± 1.1 W/m2 on SS and AW, respectively despite
AF values. Aerosol forcing efficiencies that are poorly affected by seasons at clear sky
have allowed inferring that the seasonal trend of ToA- and sfc-DREs by all and anthro-
pogenic particles is mainly affected by the seasonal dependence of aerosol optical depths
and less by the aerosol optical and microphysical property changes with the time of the
year. COD and cloud cover effects on the seasonality of all tested parameters have also
been highlighted. Finally, the comparison of (DREcld

a )ToA, (DREcld
a )sfc, (AFEcld

a )ToA,
(AFEcld

a )sfc, and AF cld
a yearly mean values with the corresponding ones reported in [5]

for Central Mediterranean land sites has further more revealed that the yearly DRE by
anthropogenic particles is not very sensitive to the site location over Central Mediter-
ranean land sites, even if monthly values can significantly vary from site to site. The
negligible role of DREs by anthropogenic particles at infrared wavelengths has also been
demonstrated.

In conclusion this paper that highlights role and main characteristics of DREs by
anthropogenic particles at a site (Rome, Italy) significantly affected by pollution for
the year 2003, also contributes to the characterization of aerosol DREs by all and
anthropogenic aerosols over the Mediterranean basin: an area quite sensitive to climate
change. Work is in progress to investigate the year by year variability of aerosol DREs
over the Mediterranean basin.
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