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Abstract. A systematic study of black carbon (BC) verti-
cal profiles measured at high-resolution over three Italian
basin valleys (Terni Valley, Po Valley and Passiria Valley)
is presented. BC vertical profiles are scarcely available in
literature. The campaign lasted 45 days and resulted in 120
measured vertical profiles. Besides the BC mass concentra-
tion, measurements along the vertical profiles also included
aerosol size distributions in the optical particle counter range,
chemical analysis of filter samples and a full set of meteo-
rological parameters. Using the collected experimental data,
we performed calculations of aerosol optical properties along
the vertical profiles. The results, validated with AERONET
data, were used as inputs to a radiative transfer model (li-
bRadtran). The latter allowed an estimation of vertical pro-
files of the aerosol direct radiative effect, the atmospheric ab-
sorption and the heating rate in the lower troposphere.

The present measurements revealed some common behav-
iors over the studied basin valleys. Specifically, at the mixing
height, marked concentration drops of both BC (range: from
−48.4 ± 5.3 to −69.1 ± 5.5 %) and aerosols (range: from
−23.9 ± 4.3 to −46.5 ± 7.3 %) were found. The measured
percentage decrease of BC was higher than that of aerosols:

therefore, the BC aerosol fraction decreased upwards. Cor-
respondingly, both the absorption and scattering coefficients
decreased strongly across the mixing layer (range: from
−47.6 ± 2.5 to −71.3 ± 3.0 % and from−23.5 ± 0.8 to
−61.2 ± 3.1 %, respectively) resulting in a single-scattering
albedo increase along height (range: from+4.9 ± 2.2 to
+7.4 ± 1.0 %).

This behavior influenced the vertical distribution of the
aerosol direct radiative effect and of the heating rate. In
this respect, the highest atmospheric absorption of radia-
tion was predicted below the mixing height (∼ 2–3 times
larger than above it) resulting in a heating rate characterized
by a vertical negative gradient (range: from−2.6 ± 0.2 to
−8.3± 1.2 K day−1 km−1). In conclusion, the present results
suggest that the BC below the mixing height has the potential
to promote a negative feedback on the atmospheric stability
over basin valleys, weakening the ground-based thermal in-
versions and increasing the dispersal conditions.
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1 Introduction

Atmospheric aerosols influence the Earth’s climate through
direct effects (sunlight absorption and scattering), indirect
effects (i.e., modifying the lifetime of the clouds) and semi-
direct effects (i.e., affecting the thermal structure of the at-
mosphere) (Ramanathan and Feng, 2009; Koren et al., 2008,
2004; IPCC, 2013; Kaufman et al., 2002). The instanta-
neous direct radiative effect (DRE) due to the aerosol load
amount to∼ −10 to 20 W m−2 at the top of atmosphere
(TOA) and can reach∼ −50 W m−2 at the surface (Perrone
and Bergamo, 2011).

Among the various aerosol constituents, black carbon
(BC) is the second most important anthropogenic climate-
forcing agent (Ramanathan and Carmichael, 2008; Bond
et al., 2013). The averaged BC-DRE at the TOA ranges
between +0.08 and +1.4 W m−2 (Samset et al., 2013;
Ramanathan and Carmichael, 2008; Jacobson, 2001) with a
best estimate of+0.71 W m−2 (Bond et al., 2013). Unlike
CO2, which is distributed quite homogeneously in the atmo-
sphere, BC affects the climate with significant spatial varia-
tion and the magnitude of the BC radiative forcing are also
highly uncertain; therefore, BC may affect the climate by
both warming the atmosphere (in average+2.6 W m−2 and
instantaneously up to+75 W m−2) or cooling (masking) the
surface (in average−1.7 W m−2 and instantaneously down
to −60 W m−2) (Chakrabarty et al., 2012; Ramanathan and
Carmichael, 2008).

The wide range of reported BC-DRE values, reported
in literature, is due to different reasons: the complexity of
aerosol chemistry (i.e., mixing state) (Ramana et al., 2010),
the surface albedo (Seinfeld and Pandis, 1998) and, most im-
portant, the spatial heterogeneity of BC concentrations (hori-
zontal and vertical) due to its relatively short lifetime (weeks)
when compared to CO2 (Samset et al., 2013; Cape et al.,
2012). In particular, recent modeling of the BC-DRE (Samset
et al., 2013; Zarzycki and Bond, 2010) evidenced opposing
DRE behaviors depending on the BC abundance along the
vertical profile. The resulting overall degree of uncertainty
attributable to the assumptions about the vertical distribution
of BC was estimated to be in the range 20–50 %.

This is very important as the vertical heterogeneity of BC,
and therefore of its DRE, the thermal structure of the atmo-
sphere; in particular, heating rates may vary as a function of
height in a range from 0.5 to 2 K day−1 (Chakrabarty et al.,
2012; Ramana et al., 2010; Tripathi et al., 2007). As a re-
sult, different kinds of feedback can take place, such as those
on clouds dynamics (Bond et al., 2013), on regional circula-
tion systems (i.e., monsoons) and on the planetary boundary
layer dynamics (Ramanathan and Feng, 2009; Ramanathan
and Carmichael, 2008).

Since it is likely that different regions have a different sen-
sitivity to all of these processes (Bond et al., 2013) and since
modeling based on observational constraints of the BC ver-
tical distribution are particularly poor, there is the need to

measure the BC vertical distribution on a regional scale: from
areas characterized by anthropogenic emissions at ground
to areas characterized by long-range transport phenomena
(Corrigan et al., 2008; Ramana et al., 2007), where most
of the uncertainty on the BC-DRE comes from the region
above 5 km (Samset et al., 2013). It is clear that the BC evo-
lution in the first hundred meters above the planet surface,
especially across the mixing layer, is going to strongly af-
fect the BC concentration in the upward atmospheric lay-
ers. In this respect, measurements in the planetary bound-
ary layer are important and can be conducted by tethered
balloons and unmanned aerial vehicles (Ferrero et al., 2012;
Corrigan et al., 2008; Maletto et al., 2003). However, up till
now, BC profiles were globally scarce compared to ground-
level data, even if recently many measurements have been
reported over the Asian region (Safai et al., 2012; Babu et
al., 2011; Ramana et al., 2010; Corrigan et al., 2008; Tripathi
et al., 2007) and some over the ocean (Schwarz et al., 2013,
2010). Conversely, there is a noticeable lack of BC profile
measurements over Europe, where reported campaigns were
limited in time and/or in space (McMeeking et al., 2010;
Schwarz et al., 2006); even in Italy, the only measured verti-
cal profiles of BC and absorption coefficient are reported for
a short campaign by Ferrero et al. (2011a).

Thus, there is a clear need to improve the knowledge
about aerosol vertical profiles over Europe. This is true espe-
cially over mountainous regions. The complex morphologi-
cal structure of the Italian landscape represents an interesting
and significant case study for BC and aerosols monitoring.
The Italian territory is characterized by a multitude of basin
valleys surrounded by hills or mountains, where urban and
industrial centers are usually settled. These valleys represent
areas where low wind speeds and conditions of atmospheric
stability are common, thus promoting the formation of strong
vertical aerosol (and BC) gradients in the lower troposphere
(Moroni et al., 2012, 2013; Ferrero et al., 2011a; Carbone et
al., 2010; Rodríguez et al., 2007).

This paper tries to fill a gap in measurement of vertical
profiles. We report a comparative study of BC and aerosol
vertical profiles measured over three different Italian basin
valleys (Terni Valley in the central Apennines; Po Valley in
northern Italy; Passiria–Val Venosta valleys in the Alps). An
extensive field campaign allowed collecting data for 120 ver-
tical profiles in less than 45 days. A calculation of DRE and
heating-rates profiles has been implemented, starting from
the experimental data. Finally, a modeling of possible feed-
backs induced by BC gradients in the lower troposphere in
relationship to the mixing height (MH) dynamics has been
performed.

In the next sections, we briefly describe the sampling sites
(Sect. 2.1) and the vertical profile measurements (Sect. 2.2).
BC and aerosol chemistry determination are explained in
Sects. 2.2.1 and 2.2.2. The optical particle counter size-
distribution correction and the optical properties calculation
using the Mie theory are described in Sect. 2.3 and the
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radiative transfer in Sect. 2.4. Results and discussion follow
in Sect. 3, with the conclusions in the final Sect. 4.

2 Experimental

2.1 Sampling sites

Balloon soundings were carried out during winter 2010 over
three Italian basin valleys in the following sites (Fig. 1a):

1. Terni (TR; 42◦33′58′′ N, 12◦38′56′′ E; 122 m a.s.l.), lo-
cated in the Terni Valley in central Italy. The Terni Val-
ley (∼ 50 km2) is surrounded by mountains on three
sides (NNE, SE and SW) and hosts the medium-sized
town of Terni, with the largest stainless-steel produc-
tion site in Europe and various other industries. In win-
tertime, wind speed is low and the aerosol dispersion
is limited with height. A full description of the site
concerning the aerosol properties (chemistry, sources
and vertical profiles) is reported in Moroni et al. (2012,
2013) and Ferrero et al. (2012). Within the present work,
vertical aerosol and BC profiles were measured over
Terni from 27 January to 4 February for a total of 40
profiles.

2. Milan (MI; 45◦31′19′′ N, 9◦12′46′′ E; 136 m a.s.l.), lo-
cated in the Po Valley (∼ 46 000 km2, northern Italy)
in the midst of an extensive conurbation that is one of
the most industrialized and heavily populated areas in
Europe. In the Po Valley stagnant conditions often oc-
cur causing a marked seasonal variation of aerosol con-
centrations within the mixing layer. Balloon soundings
were conducted at the Torre Sarca sampling site within
the Milano Bicocca University Campus in the northern
side of Milan (the site is active from 2005 for aerosol
characterization both at ground level and along vertical
profiles). A full description of the site and the related
aerosol properties (vertical profiles, chemistry, sources
and toxicity) are reported in Ferrero et al. (2010), in
Perrone et al. (2013) and in Sangiorgi et al. (2011).
Within the framework of the 2010 winter campaign, ver-
tical aerosol and BC profiles were measured over Milan
from 12 to 25 February for a total of 36 profiles.

3. Merano (ME; 46◦38′52′′ N, 11◦10′13′′ E; 272 m a.s.l.),
located at the intersection of two main Alpine valleys:
Val Venosta (E–W orientation) and Val Passiria (N–S
orientation) allowing the air masses to be transported
both from continental Europe (north) and from the Po
Valley (south). The sampling site was located in a rural
area at the location of the local authority background
station for air quality monitoring of the local authori-
ties (Merano 2 station, APPA). A full description of the
site and aerosol pollution in the surrounding valleys are
reported in Emili et al. (2010). Within the 2010 winter

Figure 1. (a) Location of the three sampling sites: Terni in central
Italy (Terni Valley), Milan in northern Italy (Po Valley) and Merano
in the Alpine region (between Passiria and Val Venosta valleys);
(b) the tethered balloon flying over Merano with the instrumentation
package.

campaign, vertical aerosol and BC profiles were mea-
sured over Merano from 3 to 13 March for a total of 40
profiles.

2.2 Vertical profile measurements

Vertical BC and aerosol profile measurements were carried
out over TR, MI and ME by means of a helium-filled tethered
balloon (diameter 4.5 m; volume 47.8 m3; payload 40 kg;
Fig. 1b) equipped with an instrumental package consisting of
(1) the micro-Aethalometer microAeth® AE51 (Magee Sci-
entific) to measure the BC concentrations and the absorption
coefficient at 880 nm; (2) an optical particle counter (OPC,
1.107EnvironcheckGrimm, 31 class-sizes ranging from 0.25
to 32 µm) for the particle number–size distribution determi-
nation; (3) a portable cascade impactor (Sioutas equipped
with Leland Legacy pump, SKC) to collect PM2.5 samples
at different heights (Sect. 2.2.2) and (4) a meteorological sta-
tion (LSI-Lastem: pressure, temperature and relative humid-
ity).

An electric winch controlled the balloon ascent/descent
rate which was set at 30.0 ± 0.1 m min−1; a measurement
time resolution of 6 s was chosen for each instrument, giv-
ing 3.0 m of measurement vertical resolution. The maximum
height reached during each flight depended on atmospheric
conditions and the location; for the majority of profiles, the
maximum height was between 600 and 800 m a.g.l.

Vertical aerosol profiles allowed the determination of the
MH by means of a gradient method, as aerosols act as tracer
of atmospheric plumes integrating the effects of turbulent
forces (thermal and mechanical) along height; the gradient
method’s ability to infer the MH has yet been assessed in pre-
vious works (Ferrero et al., 2010, 2011a, b). The MH will be
used to calculate averaged aerosol and BC profiles for each
site (Sect. 3.2)
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2.2.1 Aethalometer data: black carbon and the related
absorption coefficient

BC and absorption coefficient profiles have been deter-
mined using the microAeth® AE51 (Magee Scientific, 250 g,
117× 66× 38 mm3). The sample is continuously deposited
on the filter and the AE51 measures light attenuation (ATN)
at 880 nm induced by BC collected on the PTFE-coated
borosilicate glass fiber filter (Fiberfilm™ Filters, Pall Corpo-
ration) relative to a clean part of the filter. ATN is calculated
as

ATN = 100· ln(I0/I), (1)

whereI0 andI are the light intensities transmitted through-
out a reference blank spot and the aerosol-laden 3 mm diam-
eter sample spot of the filter, respectively.

The attenuation coefficient of the filtered aerosol particles,
bATN , is derived from ATN as follows (Weingartner et al.,
2003):

bATN =
A

100Q

1ATN

1t
, (2)

where1ATN indicates the ATN variation during the time
period1t , A is the sample spot area (7.1× 10−6 m2) andQ

is the volumetric flow rate (2.5× 10−6 m3 s−1). The aerosol
absorption coefficient,babs , is calculated as follows:

babs=
bATN

C · R(ATN)
, (3)

whereC andR(ATN) are the multiple scattering optical en-
hancement factor and the aerosol loading factor, respectively.
Briefly, the constant optical enhancement factorC compen-
sates for the enhanced optical path through the filter caused
by multiple scattering induced by the filter fibers themselves
(Schmid et al., 2006; Arnott et al., 2005; Weingartner et
al., 2003). For the AE51 microAeth® the parameterC is
2.05± 0.03 (atλ = 880 nm) (Ferrero et al., 2011a). The pa-
rameterR(ATN) compensates for the nonlinearity – the load-
ing effect due to reduction of the measurement sensitivity due
to the saturation caused by the collected sample on the fil-
ter. The compensation with the parameterR(ATN) is needed
only when ATN becomes higher than 20 (Schmid et al.,
2006; Arnott et al., 2005; Weingartner et al., 2003). In this
study, the experimental design allows us to neglect the use of
R(ATN): all BC vertical profiles were conducted by chang-
ing the filter ticket between profiles, thus resulting in ATN
always lower than 20 as recommended by Weingartner et
al. (2003). It is necessary to underline that, to rightly esti-
mate DRE profiles, multiple-wavelength optical properties
are needed (Sect. 2.4); thus thebabsderived from the micro-
Aeth® AE51 at 880 nm was used in this study during the vali-
dation of the optical properties calculation to verify their cor-
rect shaping in order to avoid the presence of compensatory
effects along profiles (Sects. 2.3 and 3.2.1).

Finally, to determine the BC ambient concentration the ap-
parent mass attenuation cross section (σATN = 12.5 m2 g−1)

is needed; it is defined for the BC collected on the PTFE-
coated borosilicate glass fiber filter and is provided by the
manufacturer. The BC concentrations are determined as fol-
lows:

BC =
bATN

σATN
. (4)

2.2.2 Aerosol chemistry determination

The knowledge of aerosol chemical composition along
height is fundamental to calculate the aerosol refractive in-
dex along vertical profiles (Sect. 2.3.1), which is the basis
for the correction of the OPC size distribution (Sect. 2.3.2),
for the determination of aerosol optical properties and DRE
calculations (Sects. 2.3, 2.4, 3.2 and 3.3).

BC concentrations were measured with a micro-
Aethalometer, as reported in the previous section
(Sect. 2.2.1). Moreover, at ME site only, a 7-λ Aethalometer
(AE31, Magee Scientific) was also present at ground level,
and recorded ground BC concentrations continuously during
the campaign.

In order to complete the aerosol chemistry along profiles,
PM2.5 samples were collected during balloon flights at two
different heights: ground level (below the mixing height:
BMH), and above the mixing height (AMH:∼ 600 m a.g.l.,
depending on the local atmospheric conditions).

PM2.5 at ground level was sampled using the TEC-
ORA ECHO-PM gravimetric system (PM2.5 sampling
head, flow 2.3 m3 h−1; STERLITECH Polycarbonate filters,
Ø= 47 mm), while at higher altitudes it was sampled using a
balloon-borne portable cascade impactor (Sioutas type with
Leland Legacy pump: SKC; 9 L min−1; STERLITECH Poly-
carbonate filters: Ø= 37 mm).

PM2.5 samples were analyzed to determine the water-
soluble ionic fraction (Perrone et al., 2012). Water-soluble
ions were extracted by ultrapure water (Milli-Q) in an ul-
trasonic bath (20 min; SOLTEC SONICA®). Cations (Na+,
NH+

4 , K+, Mg2+ and Ca2+) have been determined by
a Dionex ICS-90 (Ion Pac CS12A-5 µm column, using
methanesulfonic acid as eluent in an isocratic concentration
of 0.4 M at 0.5 mL min−1). Anions (Cl−, NO−

3 , SO2−

4 ), to-
gether with mono and dicarboxylic acids (formiate, acetate,
propionate, oxalate, malonate, succinate and glutarate), were
analyzed by a Dionex ICS-2000 (Ion Pac AS11A-5 µm col-
umn using KOH at 1.2 mL min−1 with a gradient elution be-
tween 1.0 and 28 mM).

The organic matter (OM) fraction was estimated from PM
data (Sect. 2.2.1) both BMH and AMH considering the OM
fraction derived from wintertime averaged data contained in
previous works (Perrone et al., 2012; Ferrero et al., 2011a).
Moreover, for the purpose of the refractive index estimation
the OM was divided into the water-soluble OM (WSOM) and
the water-insoluble OM (WINSOM). They were calculated
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using a WSOM/TC (TC= total carbon) coefficient of 0.33
for BMH data and of 0.61 for AMH data during wintertime
as derived from data reported in Carbone et al. (2010).

Finally, since the determination of aerosol DRE requires
the knowledge of the aerosol properties along the whole at-
mospheric column, the intrinsic limit due to the maximum
height of balloon flights (800 m a.g.l.) was overcome using a
standard continental-average profile of aerosol chemistry, as
defined by the OPAC model (Hess, 1998), for aerosol over
1 km.

Accordingly, three broad-range altitude layers were con-
sidered: BMH (from ground to MH), AMH (from MH to
∼ 1 km) and free troposphere (FT: 1–11 km).

The reliability of all the aforementioned assumptions will
be discussed in Sect. 3.2.1 through a careful validation
of the results with AERONET (columnar validation) and
Aethalometer data (validation along the profile).

2.3 Aerosol optical properties

Aerosol optical properties were calculated along vertical pro-
files using a Mie code (Bohren and Huffman, 1983) to sub-
sequently evaluate the aerosol DRE (Sects. 2.4 and 3.4) that
requires the extinction coefficientbext (the sum of scatter-
ing and absorption coefficients), the single-scattering albedo
(SSA) and the aerosol phase function (P) as input parame-
ters.

For this purpose the scattering and absorption coefficients
(bsca and babs) were calculated from the integration of the
corresponding scattering and absorption efficiencies (Qsca
andQabs) over the whole number–size distribution (Seinfeld
and Pandis, 1998):

bsca/abs=

Dmax
p∫

0

πD2
p

4
Qsca/abs(m,x)n

(
Dp

)
dDp, (5)

wherem andx are the aerosol complex refractive index and
the size parameter, respectively, whilen(Dp) represents the
number–size distribution as a function of aerosol diameter
(Dp).

From the knowledge ofbsca and babs profiles, the SSA
along height was calculated:

SSA=
bsca

bsca+ babs
. (6)

Finally, the aerosol phase functionP is defined as the nor-
malization of the Mie scattering function over the whole 4π

spherical angle. For an aerosol characterized by a complex
refractive indexm and a size parameterx, P(θ,x,m) is de-
fined as follows (Crosbie and Davidson, 1985):

P (θ,x,m) =
i(θ,x,m)

1
2

∫ π

0 i (θ,x,m)sinθdθ
, (7)

wherei(θ) is the Mie scattering function which, for unpo-
larized light, is the average between the perpendicular and
parallel components:i1(θ) andi2(θ), respectively.

The aerosol optical properties were calculated over five
wavelengths (270, 441, 675, 880 and 3200 nm) in order to
cover the solar spectrum (Sect. 2.4); moreover, three of them
(441, 675 and 880 nm) represent the main bands used in the
AERONET network allowing the validation of the method-
ology presented here (Sect. 3.2).

It has to be noticed that the calculation of aerosol opti-
cal properties (Eqs. 5–7) requires an accurate knowledge of
the aerosol refractive index, the aerosol size-distribution, the
aerosol shape and the aerosol mixing state.

As these basic aerosol properties (chemistry, size, shape
and mixing state) can seriously affect the optical proper-
ties calculation, in the following sections we discuss: (1) the
assumptions used in the calculations and their applicability
(shape and mixing state; Sect. 2.3.1), (2) the methodology
followed to calculate the aerosol refractive index (Sect. 2.3.2)
and (3) the aerosol size-distribution treatment starting from
OPC data (Sect. 2.3.3). In this respect, particular attention
has been given to the choice of the method for calculating the
refractive index and to the introduction of appropriate correc-
tions to the aerosol number–size distributions measured by
the OPC.

2.3.1 Assumptions

The experimental package used for measuring vertical
aerosol profiles allowed determining the aerosol chemistry
and the aerosol size distribution while no information about
aerosol shape and mixing state was available.

Consequently, aerosol particles were assumed as internally
mixed and spherical. These two assumptions are logically
connected and based on previous observations conducted
over the investigated sites.

The first assumption (internal mixing) is related to the ob-
servation that optical properties were calculated along ver-
tical profiles (within and above the mixing layer) and not in
proximity of emission sources (i.e., close to a traffic line) thus
giving the time for particles to age and promote an internal
mixing. As a matter of fact, the aging along vertical profiles
is reported in literature (McMeeking et al., 2011; Cahill et al.,
2012; Morgan et al., 2010; Ferrero et al., 2012; Moroni et al.,
2013) and it is also described in Sect. 3.1.2. This behavior is
also supported by several observations conducted in the past
along vertical profiles (more than 300 profiles between 2005
and 2008) over the investigated sites (MI and TR) reported
in Ferrero et al. (2012) and in Moroni et al. (2013). During
these experiments it was evidenced (through size-distribution
analysis, chemical speciation and SEM-EDS analysis) an in-
crease of the mean size of aerosol with height that, along with
the observed increase in secondary aerosol components (i.e.,
ammonium nitrate), sphericity and correlation among fine
aerosol particles, indicated the influence of recurrent aging
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dynamics; moreover, SEM data evidenced the internal mix-
ing state of most of the collected particles.

These results support the use of the internal mixing sce-
nario and, at the same time, the assumption of sphericity as
reasonable for the context of this application.

2.3.2 Aerosol refractive index

The complex refractive index (m = n + ik) of aerosol was
calculated considering a hybrid internal–external mixing sce-
nario. The coarse (Dp > 1 µm) and fine (Dp ≤ 1 µm) particles
were considered externally mixed, each one characterized by
its proper value ofm calculated using the internal mixing
scenario (Ferrero et al., 2011a; Sect. 2.3.1). Coarse particles
(Dp > 1 µm) were assumed to be composed of dust (m of dust
aerosol), whilem for fine particles was calculated from the
measured PM2.5 chemical composition (Sects. 2.2.2 and 3.1)
using the Bruggeman mixing rule (or effective medium ap-
proximation: EMA) (Stier et al., 2007; Aspnes 1982; Heller,
1965; Bruggeman, 1935). The EMA does not consider a sim-
ple coated sphere assumption but it is a part of more general
mixing rule formulation resumed in Aspnes (1982) as fol-
lows:

εeff − εh

εeff + 2εh
=

n∑
i=1

fi

εi − εh

εi + 2εh
, (8)

whereεeff is the complex effective dielectric constant of the
mixture (meff ≈

√
εeff) andεi andfi are the complex dielec-

tric constant and the volume fraction, respectively, of theith
component; finally,εh represents the dielectric function of
the host medium.

Depending on the choice of host medium, equation 8 can
originate three different mixing rules: (1) Maxwell–Garnett
(MG) if the host medium is one of the components (εi = εh)

(Stier et al., 2007; Schuster et al., 2005; Bohren and Huff-
man, 1983; Aspnes, 1982; Heller, 1965) and in this case it
is possible to refer to the Maxwell–Garnett as coated sphere
assumption; (2) Lorentz–Lorenz (LL) if the host medium is
the vacuum (εh =1) (Liu and Daum, 2008; Aspnes, 1982;
Heller, 1965) and (3) Bruggeman (BR or EMA) if no choice
of host medium is made, and inclusions are considered em-
bedded in the effective medium itself (εh = εeff) (Stier et al.,
2007; Aspnes, 1982; Heller, 1965, Bruggeman, 1935). Stier
et al. (2007) and Aspnes (1982) point out that the EMA over-
comes the dilemma of the choice of host medium among
the various aerosol components. From this point of view,
the EMA considers all the possible positions of each aerosol
component (BC, dust, water-soluble materials, etc.) with re-
spect to the others. Thus, it allows simulating the real com-
plexity of aerosols and it is suitable for use in calculating the
aerosolmeff. For this reason, the EMA does not consider a
simple coated sphere assumption and implies that the left part
of the aforementioned equation vanishes giving the Eq. (9)

reported here below:

n∑
i=1

fi

εi − εeff

εi + 2εeff
= 0. (9)

As the EMA simulates the real complexity of aerosols (con-
sidering all possible positions of each component in an
aerosol particle), it avoids the risk of overestimating the
imaginary part (k) of m, thus reducing the uncertainties, as
instead happens using both the linear volume-average and the
linear mass-average mixing rules in the presence of highly
absorbing inclusions (i.e., BC) in a non-absorbing medium
(i.e., NH4NO3 and (NH4)2SO4) (Stier et al., 2007; Lesins et
al., 2002; Chýlek et al., 1995).

Thus, vertical profiles of aerosol refractive index were cal-
culated from the aerosol chemical composition along height
using the EMA; in this respect the missing mass was assigned
equally to both water and dust (Ferrero et al., 2011a) since
it has been shown that a certain amount of water is bound
to particles (Subramanian et al., 2007; Hueglin et al., 2005;
Rees et al., 2004), and also that this amount is comparable to
dust in winter (Hueglin et al., 2005; Rees et al., 2004). Densi-
ties (ρ) of pure compounds were used to estimate the volume
fraction of each aerosol component (Fierz-Schmidhauser et
al., 2010; Pesava et al., 2001; Chazette and Liousse, 2001;
Heller, 1965).

A detailed description of refractive indexes and densities
of pure aerosol components used in the calculation, and yet
successfully applied along vertical profiles, is reported in
Ferrero et al. (2011a). The density and refractive index val-
ues were carefully chosen from the literature (especially for
BC) considering only state-of-the-art values; here we sum-
marize these choices. Refractive indexes as a function ofλ

for water-soluble components, water-insoluble components
and dust were that reported by Hess (1998), while the cho-
sen value for the BC refractive index was that suggested
in Bond and Bergstrom (2006): 1.85+ i0.71. However, the
latter value is referred to 550 nm only and thus, the wave-
length dependence of BC refractive index reported in Acker-
man and Toon (1981), and yet successfully used in Ferrero et
al. (2011a), was applied to the Bond and Bergstrom (2006)
value in order to calculate the aerosol optical properties over
the whole solar spectrum. The density (ρ) values were 1.75,
1.45, 1.45 and 2.6 g cm−3 for ionic components WSOM,
WINSOM and dust, respectively. These values lie at the mid-
point of published data reported in Ferrero et al. (2011a) and
references therein.

Since the aforementioned choices, especially for what
concern the BC density and refractive index would affect
the aerosol refractive index calculation, a sensitivity test
was conducted varying the density and refractive index of
pure BC in input to the EMA. In particular, results ob-
tained using the density (1.8 g cm−3) and the refractive in-
dex (1.85+ 0.71i) suggested in Bond and Bengstrom (2006)
were compared to (1) those obtained with the density
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(1.0 g cm−3) and the refractive index (1.75+ 0.44i) used in
the OPAC software (Hess et al., 1998) and (2) those ob-
tained with the density (2.0 g cm−3) and the refractive in-
dex (2+ 1i) reported in Roessler (1984). These two refer-
ences are of high importance as they report the lowest den-
sity (never observed) and one of the highest imaginary part
reported in literature, respectively. Results are discussed in
Sect. 3.2.1.

Finally, the aerosol refractive index was determined point
by point along vertical profiles, considering the hygroscopic
growth of the aerosol:

Dwet = Ddry ·

(
1− RH

1− DRH

)−ε

, (10)

where RH is the ambient relative humidity,Ddry is the
aerosol diameter at the deliquescence relative humidity
(DRH) andDwet is the aerosol diameter at ambient RH;ε is
the coefficient controlling the aerosol’s hygroscopic growth.
Since the ground-level chemical composition of dry aerosol
measured at TR, MI and ME (Sect. 3.1.2) was similar to
that reported in Randriamiarisoa et al. (2006) and Raut and
Chazette (2008), we setε accordingly to 0.26.

DRH was estimated using the aerosol’s chemical com-
position for each site along all the profiles as input to the
thermodynamic aerosol inorganic model (E-AIM Model-II)
(Clegg et al., 1998) (http://www.aim.env.uea.ac.uk/aim/aim.
php). This is a state-of-the-art aerosol thermodynamic model
for the H+-NH+

4 -SO2−

4 -NO−

3 -carboxylic acids-H2O compo-
sition of the aerosol (Zhang et al., 2000). This model had
been already used to accurately predict aerosol DRH (Ferrero
et al., 2013; Hueglin et al., 2005; Pathak, 2004). DRH values
are discussed in Sect. 3.1.2. From hygroscopic growth, the
EMA was applied point by point along height to calculate
the final aerosol refractive index every 3.0 m for each profile.

As the aforementioned choices (EMA,m andρ for pure
components, hygroscopic growth) can seriously affect the
optical properties calculation, the calculated refractive index
and the aerosol optical properties were validated in detail, as
presented in Sect. 3.2.

2.3.3 Aerosol size distribution

The determination of aerosol optical properties requires an
accurate knowledge of the aerosol size distribution.

In this study, the aerosol size distribution was measured
using the OPC Grimm 1.107 (λ = 655 nm) that classifies
the aerosol particles in terms of optical equivalent diameter
which is, as defined by Howell et al. (2006), “the diameter
of a sphere of known refractive index (that of polystyrene la-
tex spheres of calibration) that scatters light as efficiently as
the real particle in question”. This effect originates the “un-
dersizing” problem, which occurs due to the OPC calibration
with polystyrene latex spheres (PLS;m = 1.58 at 655 nm;
Ma et al., 2003) whose refractive index has usually a larger
real part compared to ambient aerosol (Sect. 3.2.1) (Guyon et

al., 2003; Liu and Daum, 2008; Schumann, 1990). Moreover,
the OPC has a PLS equivalent size range between 0.25 and
32 µm, which originates a “truncation effect”. Thus, both the
“undersizing” and the “truncation effect” need to be compen-
sated to calculate the aerosol optical properties.

The “undersizing” was solved correcting the OPC size
channels to account for the ambient aerosol refractive index
m; the OPC response function (S: the partial light scattering
cross section of the particle related to the specific optical de-
sign of the OPC) was computed at 655 nm as follows (Baron
and Willeke, 2005; Heyder and Gebhart, 1979):

S (θ0,1�,x,m) =

λ2

4π2

∫ ∫
1�

i (θ,8,x,m)sinθdθd8, (11)

whereθ0 represents the mean scattering angle of the opti-
cal arrangement,1� the receiver aperture,x the dimension-
less size parameter,m the refractive index andi(θ,ϕ,x,m)

the Mie scattering function composed by the perpendicular
and parallel components:i1(θ,x,m) andi2(θ,x,m), respec-
tively. The optical arrangement of the OPC 1.107 consists of
(1) a wide angle parabolic mirror (121◦; from 29.5 to 150.5◦;
θ0 = 90◦) that focuses scattered light on the photodetector lo-
cated on the opposite side and (2) 18◦ of direct collected scat-
tered light on the photodetector (from 81 to 99◦; θ0 = 90◦)
(Heim et al., 2008).

The response function was calculated both for PLS (SPLS)

and for ambient aerosol (SAMB ) along each vertical profile,
within and above the mixing layer. The refractive indexes of
ambient aerosol used inSAMB calculations were calculated
as reported in Sect. 2.3.1: (1)m for fine particles calculated
applying the EMA (Sect. 2.3.1) and (2)m of dust for coarse
particles. Table 1 shows the columnar means of the new size
corrected channels for TR, MI and ME: results agreed with
literature studies (Ferrero et al., 2011a; Liu and Daum, 2008;
Schumann, 1990).

The second effect (truncation effect) made the accu-
mulation mode only partially measured (lowest equiva-
lent PLS size of OPC: 0.25 µm) while, the coarse mode
was completely defined. No measurements were available
for Aitken mode particles (Dp < 0.1 µm). Even if a neg-
ligible error (∼ 2–4 %) comes from not considering the
Aitken mode in the optical properties calculation (Bond and
Bergstrom, 2006; Guyon et al., 2003; Liu and Daum, 2008;
Randriamiarisoa et al., 2006), the truncation effect in the ac-
cumulation mode cannot be neglected and has to be solved.

For this purpose, a log-normal interpolation of the aerosol
number–size distribution was conducted for each OPC data
measured along vertical profiles to complete the aerosol size-
distribution functionn(Dp). This procedure has to be con-
ducted only after the correction of the OPC size channels
(Eq. 10) and had been already successfully applied in Ferrero
et al. (2011a), Deshler (2003) and Angelini et al. (2009).
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Table 1. Original size channels of OPC Grimm 1.107 calibrated
with PLS (left side) and corrected (right side, columnar average)
for the ambient refractive index determined over TR, MI and ME.

Instrumental size Ambient size (µm)

OPC Channel PLS (µm) Terni Milano Merano

1 0.25 0.27 0.27 0.26
2 0.28 0.30 0.30 0.30
3 0.30 0.32 0.33 0.32
4 0.35 0.38 0.39 0.38
5 0.40 0.46 0.47 0.45
6 0.45 0.52 0.53 0.52
7 0.50 0.56 0.58 0.56
8 0.58 0.75 0.79 0.75
9 0.65 0.80 0.91 0.81
10 0.70 0.90 0.94 0.90
11 0.80 1.00 1.06 1.00
12 1.00 1.35 1.35 1.33
13 1.30 1.78 1.78 1.78
14 1.60 2.14 2.14 2.14
15 2.00 2.40 2.40 2.40
16 2.50 2.82 2.82 2.82
17 3.00 3.67 3.67 3.67
18 3.50 4.62 4.62 4.62
19 4.00 5.01 5.01 5.01
20 5.00 5.89 5.89 5.89
21 6.50 9.55 9.55 9.55
22 7.50 10.72 10.72 10.72
23 8.50 12.16 12.16 12.16
24 10.00 16.03 16.03 16.03
25 12.50 22.65 22.65 22.65
26 15.00 29.85 29.85 29.85
27 17.50 37.15 37.15 37.15
28 > 20.00 > 44.67 > 44.67 > 44.67

As the aerosol optical properties are closely dependent on
the reliability of the aerosol number–size distribution, the
main parameters describing the aerosol size distribution (ge-
ometric mean diameter and geometric standard deviation),
together with the aerosol optical properties, were validated
with care, as explained in Sect. 3.2. Sensitivity tests related
to the size-distribution correction and interpolation are re-
ported and discussed in Ferrero et al. (2011a) and were not
repeated here.

2.4 Radiative transfer and heating-rate calculations

Aerosol scattering and absorption of solar radiation modify
the intensity and spectral distribution of surface incoming so-
lar radiation. Thus, aerosol DRE can be estimated by means
of radiative transfer model (RTM) simulations. In this work
the RTM libRadtran (Mayer and Kylling, 2005) was used for
this purpose, adopting as radiative transfer equation solver
the discrete ordinate code disort (Stamnes et al., 1988) with
18 streams. The correlated-k approach of Kato (Kato et al.,

1999) was used to compute the atmospheric spectral trans-
mittance taking into account the absorption coefficients of
different gases.

RTM simulations were performed in cloud-free conditions
(as the vertical profile measurements) at the three measure-
ment sites (TR, MI and ME) at 15 min intervals for each day
of the measurement campaign, from 11:00 to 13:45 UTC.
The average was computed in order to obtain an estimate of
the maximum radiative forcing of aerosol, which is generally
observed around noon.

Three main inputs were used in the RTM simulations,
namely, (1) aerosol optical properties along vertical profiles,
(2) atmospheric profiles of gases and meteorological param-
eters and (3) surface albedo.

The vertical profiles of aerosol optical properties (bext,
SSA, P(θ)) that were used as input for the RTM were the
ones calculated over TR, MI and ME, as reported in the pre-
vious section (Sect. 2.3).

Atmospheric profiles of pressure, temperature, air den-
sity, ozone, oxygen, water vapor, CO2 and NO2 concentra-
tions were defined by using the standard atmospheric data
as defined by Anderson et al. (1986), forMidlatitude Win-
ter. The vertical resolution of these profiles was 1 km from 0
to 25 km a.m.s.l., 2.5 km from 25 to 50 km a.m.s.l. and 5 km
from 50 to 120 km a.m.s.l.

Finally, surface albedo values used for the simulation de-
rive from retrievals from the moderate resolution imaging
spectroradiometer (MODIS) V005 climate modeling grid
(CMG) Albedo Product (MCD43C3). For each site, the aver-
age value at the nearest pixel during the measurement cam-
paign was adopted.

The instantaneous aerosol DRE (W m−2) was quantified
as the change in the net radiative flux between the atmo-
spheric conditions with and without the aerosols in the at-
mosphere as follows:

DREz = Faer,z − Fw/o−aer,z, (12)

whereF is the radiative flux, and the subscripts aer,z and
w/o − aer,z refers to the atmospheric conditions with and
without aerosol at the heightz, respectively.

Since the atmospheric aerosol is characterized by a sig-
nificant absorptive capacity (Sect. 3.3), the difference be-
tween the DRE at the top and the bottom of each atmo-
spheric layer represents the instantaneous radiative power
density absorbed by the aerosol within that atmospheric layer
(1DREATM ; W m−2) as follows (Chakrabarty et al., 2012;
Kedia et al., 2010):

1DREATM = DREz+1z − DREz, (13)

where 1z is the differential thickness within each atmo-
spheric layer (each measuring point along vertical profiles;
Sect. 2.1).

1DREATM is expressed in W m−2 which is the common
metric used in literature to quantify the integrated radiative
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power density absorbed by the aerosol in the atmospheric
layer; this situation occurs as usually the aerosol absorption
in the atmosphere is evaluated over altitude thick layer of
the atmosphere and/or over the whole atmospheric column
(Heald et al., 2014; IPCC, 2013; Bond et al., 2013; Das and
Jayaraman, 2011; Kedia et al., 2010).

However, in order to study the absorptive DRE (ADRE)
of the aerosol in the atmosphere along continuous high-
resolution vertical profiles, the aforementioned metric could
be misleading, as absolute values of1DREATM depend on
the thickness of the layer1z across which the DRE differ-
ence is computed. To compare measurements taken at differ-
ent sites with a different vertical resolution, the ADRE was
computed simply normalizing1DREATM by the thickness
1z:

ADRE =
1DREATM

1z

. (14)

In this way, the ADRE represents the radiative power ab-
sorbed by the aerosol for unit volume of the atmosphere
(W m−3) and allows describing continuous vertical profiles
of atmospheric absorption induced by aerosol even compar-
ing data taken at different sites. Another illustration of the
ADRE meaning is that it is the vertical derivative of the DRE
(dDRE/dz) as follows from Eq. (14).

Moreover, the ADRE can be directly related to the atmo-
spheric heating rate (HR; see below). In fact, on the basis
of the energy conservation principle, the absorbed radiant
power must heat the atmospheric layer; the instantaneous HR
is conventionally given by (Chakrabarty et al., 2012; Kedia
et al., 2010):

HR =
∂T

∂t
= −

g

Cp

1DREATM

1P
, (15)

where∂T /∂t represents the instantaneous HR (K day−1) of
each atmospheric layer,g is the acceleration due to gravity,
Cp (1005 J kg−1 K−1) is the isobaric specific heat of dry air,
1P is the pressure difference between the top and the bottom
of each atmospheric layer. From Eq. (15), considering the re-
lationship between atmospheric pressure and height through
the hydrostatic equation (dp = −ρgdz), it is possible to re-
late the HR linearly to the ADRE in each atmospheric layer:

HR =
∂T

∂t
=

1

ρCp

1DREATM

1z
=

1

ρCp

· ADRE. (16)

The ADRE and HR behavior along vertical profiles is dis-
cussed in Sect. 3.4.

3 Results and discussion

We measured the BC and aerosol vertical profiles to deter-
mine their direct radiative effect. The obtained results are dis-
cussed here in order to highlight first the BC vertical distribu-
tion in relation to the MH (Sect. 3.1). Then, vertical profiles

of aerosol optical properties are validated in Sect. 3.2 and
discussed in Sect. 3.3. Finally, the aerosol DRE along height
is presented together with considerations on possible feed-
backs on lower troposphere (Sect. 3.4). All averaged data are
reported here as mean± mean standard deviation.

3.1 Vertical profile measurements

3.1.1 Black carbon and aerosol profiles

The main features of BC and aerosol vertical distribution
during the campaign can be highlighted considering, as a
case study, the vertical profiles measured on 28 January 2010
(13:45–14:26 UTC) over TR; they are reported in Fig. 2 to-
gether with the corresponding potential temperature (T ) and
RH profiles.

Figure 2 highlights that the BC and the total particle-
number concentrations were constrained close to ground,
within the first 170 m a.g.l., where a strong negative gradient
of both of them was present. At the same height an evident
decrease of RH (−3.5 %) and a small increase inT (+0.7 K)
were observed, allowing to set the MH at 170 m.

Thus, considering changes across the MH, the BC concen-
tration decreased going from BMH to AMH characteristics
by −60.4 ± 2.3 % (from 5.63± 0.16 to 2.23± 0.05 µg m−3

for BC) and the aerosol concentration by−35.4 ± 0.2 %
(from 869± 2 to 562± 2 cm−3 for aerosol). Consequently,
the vertical profiles reported in this case study (Fig. 2) in-
dicate that (1) BC and aerosol concentrations were shaped
in the same way by atmospheric turbulence and constrained
within the MH; (2) BC experienced a higher concentration
drop at the MH than the aerosol number concentration did.

In order to better investigate these features, all the vertical
profiles measured over the investigated basin valleys (TR, MI
and ME) were statistically averaged for each site.

As reported in previous works (Ferrero et al., 2011a,
2012), a way to average vertical profile data by taking the
daily evolution of the MH into account, is to consider the rel-
ative position of each measured data point in respect to the
MH. Thus, vertical profiles were first normalized, introduc-
ing a standardized height (Hs) calculated as follows:

Hs =
z − MH

MH
, (17)

wherez is the height above ground.Hs assumes a value of
0 at the MH, and values of−1 and 1 at ground-level and at
twice the MH, respectively.

The MH was determined applying the gradient method
(Sect. 2.2) to each profile of aerosol concentration (p-MH),
T (T -MH) and RH (RH-MH). Figure 3 shows an excellent
correlation (R2 > 0.9) with linear best fits close to the ideal
ones; this result illustrates the reliability and physical inter-
consistence of the MH determination from different param-
eters. Therefore, for the purpose of this work and for using
of Eq. (17), we are going to refer to the MH as that derived
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Figure 2. Vertical profiles measured over TR on 28 January 2010
(13:45–14:26 UTC):(a)BC (blue line) and aerosol (green line, OPC
total particle-number concentration);(b) potential temperature (red
line) and relative humidity (light blue line).

from the aerosol concentration gradient (p-MH), hereinafter
indicated simply as MH.

The average MH measured in the three sites was 142±

22 m (TR), 272± 50 m (MI) and 173± 42 m (ME). These
values reflected a common meteorological situation for the
Italian basin valleys, characterized by conditions of high at-
mospheric stability. Reported MH values are also in agree-
ment with those previously reported for TR and MI in Fer-
rero et al. (2012).

Next the standardized vertical profiles were averaged. Fig-
ure 4 shows the resulting statistical mean profiles calculated
over TR, MI and ME, for both BC and aerosol number con-
centration; some common behaviors can be observed among
the three sites:

1. At the MH (Hs = 0) a marked concentration drop
of both BC and total aerosol concentration was ob-
served. Crossing the mixing height, BC concentrations
decreased over TR by−69.1 ± 5.5 % (from 5.63 ±

0.55 to 1.67 ± 0.36 µg m−3), over MI by −66.2 ±

7.8 % (from 7.57 ± 1.28 to 2.03 ± 0.34 µg m−3) and
over ME by −48.4 ± 5.3 % (from 2.75 ± 0.38 to
1.35 ± 0.17 µg m−3). Aerosol concentrations (from
BMH to AMH) behave similarly, decreasing over TR
by −46.5 ± 7.3 % (from 792± 58 to 434± 71 cm−3),
over MI by −39.0 ± 7.3 % (from 913± 120 to 506±
50 cm−3) and over ME by−23.9 ± 4.3 % (from 427±

45 to 326± 43 cm−3), respectively. Thus, the experi-
mental results evidenced the crucial role played by the
MH in shaping both the BC and aerosol profiles over
basin-valleys. As a result, elevated BC and aerosol load-
ings were present close to the ground. Another common
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Figure 3. Linear correlation between the mixing height derived
from each vertical profile of aerosol concentration (p-MH) temper-
ature (T -MH) and relative humidity (RH-MH).

behavior appeared: the partial decrease of BC across
the MH was always higher than the decrease measured
for the aerosol number concentration; consequently,
the relative abundance of BC in the aerosol decreased
along height over the three sites. In fact, considering
not only the number concentration, but also the PM2.5
mass concentration profiles (estimated by the OPC)
and the volume concentration profiles for particles be-
low 2.5 µm (V2.5, calculated from OPC size distribu-
tion), the BC content in PM2.5 (V2.5) decreased along
height by −43.2 ± 7.3 % (−41.8 ± 7.5 %), −47.5 ±

7.9 % (−45.8 ± 8.3 %) and−33.2 ± 4.9 % (−33.0 ±

5.4 %) over TR, MI and ME, respectively, resulting in
a vertical change of the BC aerosol fraction (see also
Sect. 3.1.2). This is a general behavior measured over
basin valleys under atmospheric stagnant conditions and
it is in agreement with BC measurements previously
conducted just over MI (Ferrero et al., 2011a). The im-
portance of this behavior is discussed in Sects. 3.2 and
3.3 as the BC fraction changes affect the aerosol optical
properties (i.e., SSA) and its DRE along height.

2. Within the mixing layer itself, higher BC concentra-
tions were found close to the ground in all the three
sites (Fig. 4). In particular this ground-level layer af-
fected the first 50–100 m of atmosphere with a BC con-
centration increase of+34.2 % (TR),+17.3 % (MI) and
+16.1 % (ME) compared to the average BC concentra-
tion measured BMH. This increase of BC concentration
near ground level is related to the proximity to emis-
sion sources (traffic, heating, industry) (Trompetter et
al., 2013) and was observed for BC only and not for the
particle-number distribution. This further strengthens
the aforementioned observation of the vertical changes
in the BC aerosol fraction.
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Figure 4. The statistical mean profiles of both BC and aerosol number concentrations along standardized heightHs over TR(a), MI (b) and
ME (c).

3. BC concentrations measured AMH were found quite
similar over the three sites: 1.67± 0.36 µg m−3 for TR,
2.03± 0.34 µg m−3 for MI and 1.35± 0.17 µg m−3 for
ME (Fig. 4), indicating the presence of a relatively con-
stant background BC concentration value not directly
short-term influenced by the source dynamics at ground.

As reported in literature (Samset et al., 2013; Zarzycki and
Bond, 2010), a worldwide lack of knowledge about BC ver-
tical distribution is generally present. Thus, the aforemen-
tioned results were used in Sects. 3.3 and 3.4 to assess the
related vertical behavior of both aerosol optical properties
and aerosol DRE over basin valleys.

3.1.2 Aerosol chemistry along height and DRH

The optical properties calculation along vertical profiles
(Sects. 2.3 and 3.2) requires the knowledge of the whole
aerosol chemical composition along height. Thus, in addition
to BC (Sect. 3.2.1), the other chemical components (ions,
OM; Sect. 2.2.2) in PM2.5 are discussed here. Figure 5 shows
the aerosol chemical composition over TR, MI and ME both
BMH and AMH.

As highlighted in the previous section (Sect. 3.2.1), Fig. 5
evidences the decrease of BC fraction from BMH (8.4 ±

1.0 % over TR, 10.1 ± 2.3 % over MI and 8.6 ± 1.5 % over
ME) to AMH (4.5± 1.2 % over TR, 5.3± 1.0 % over MI and
5.5 ± 1.4 % over ME).

Conversely, the OM fraction increased with height (from
BMH to AMH): from 29.5 ± 3.6 to 32.4 ± 8.4 % over TR,
from 35.6± 8.2 to 44.1± 7.4 % over MI and from 30.4± 5.3
to 44.2 ± 7.3 % over ME.

This difference in the vertical behavior of BC and OM
is related first to the presence of primary sources of BC
within the mixing layer (Trompetter et al., 2013), but also to
the possibility of greater secondary aerosol formation AMH.

Figure 5: Aerosol chemical composition, determined at ground (BMH) and AMH for TR, MI and 

ME. Data shown are the respective aerosol mass fraction of each individual aerosol species.
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Figure 5. Aerosol chemical composition determined BMH and
AMH for TR, MI and ME. Data shown are the respective aerosol
mass fractions of each individual aerosol species.
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This is in agreement with results previously reported over
the Po Valley (Ferrero et al., 2011a; Perrone et al., 2010)
and also over Europe by many authors (Morgan et al., 2009;
Schneider et al., 2006; Hueglin et al., 2005), who all found a
lower vertical gradient for organic species.

Ionic species exhibited different behavior over the three
sites. Over TR the whole ionic fraction increased∼ 2 times
going from BMH to AMH. The mass fraction of NO−3 , SO2−

4
and NH+

4 increased from 4.2±1.8, 3.7±2.6 and 3.0±1.5 %
(BMH) to 11.0 ± 3.6, 4.2 ± 1.1 and 4.3 ± 1.4 % (AMH), re-
spectively. This is in agreement with recent studies (Moroni
et al., 2013; Ferrero et al., 2012) which point out the pres-
ence of an aerosol aging AMH due to both condensation and
coagulation.

Over MI the opposite occurred and the ionic fraction glob-
ally decreased from 40.0 ± 9.5 % (BMH) to 30.2 ± 7.2 %
(AMH). This is also in agreement with previous vertical pro-
files conducted over MI (Ferrero et al., 2010, 2012) which
instead underlined a higher role of the OM (see above) in the
aerosol aging AMH over the Po Valley.

Over ME the ionic fraction decreased with height (from
23.0 ± 9.0 % BMH to 16.7 ± 2.2 % AMH) as in MI. How-
ever, while in MI and TR NO−3 remained the most abundant
species AMH, over ME SO2−

4 dominated. This was due to the
alternating influence of both continental aerosol (enriched
in SO2−

4 ) and Po Valley aerosol, that were transported from
both north and south, respectively, along the direction of the
ME main valley (Sect. 2.1).

All these aspects are crucial in determining the aerosol op-
tical properties because, as reported in Ramana et al. (2010),
the ratio of BC to scattering species (i.e., SO2−

4 ) influences
the solar-absorption efficiency. Moreover, the same scatter-
ing species (i.e., SO2−

4 and NO−

3 ) also influence the DRH at
which aerosol water uptake starts, corresponding to a phase
change for the aerosol water-soluble compounds which dis-
sociate going from solid to liquid (Martin, 2000; Seinfeld
and Pandis, 1998; Potukuchi and Wexler, 1995). Therefore,
DRH is of crucial importance to assess the final aerosol opti-
cal properties (Di Nicolantonio et al., 2009; Randriamiarisoa
et al., 2006).

In this respect, the E-AIM Model II (Sect. 2.3.1) was
applied to the H+-NH+

4 -SO2−

4 -NO−

3 -carboxylic acids-H2O
composition of the aerosol to accurately predict the aerosol
DRH for each site both BMH and AMH. BMH values for TR,
MI and ME were close each other: 64.5, 67.0 and 65 %, re-
spectively. They were in agreement with values measured at
ground level in MI by means of an aerosol chamber (Ferrero
et al., 2014).

Values of DRH AMH were 55 % (TR), 62 % (MI) and
67 % (ME). The lowest and the highest values were found
over TR and ME due to an increase in the nitrate and sulfate
fractions, respectively. As already pointed out by Potukuchi
and Wexler (1995), an increase in the nitrate (sulfate) fraction
leads to lower (higher) DRH.

All the results presented in this section were used to cal-
culate the aerosol optical properties along vertical profiles
(Sect. 3.2) following the methodology reported in Sect. 2.3.

3.2 Validation of aerosol optical properties

The vertical profiles of aerosol optical properties were cal-
culated as reported in Sect. 2.3. In this section, the accuracy
of the calculated optical properties is discussed (Sects. 3.2.1
and 3.2.2) before investigating their vertical behavior over
the three sampling sites (Sect. 3.3). This discussion is nec-
essary because the reliability of the radiative forcing simula-
tions depends on the robustness of the aerosol optical prop-
erties calculation.

Thus, the obtained aerosol optical properties underwent
three validation procedures: (1) a columnar comparison of
a set of parameters (i.e., refractive index, SSA, AOD, etc.)
independently obtained by the Aerosol Robotic Network
(AERONET) at 441, 657 and 880 nm (Sect. 3.2.1); (2) a
detailed comparison along vertical profiles between the ab-
sorption coefficient measured by the micro-Aeth® AE51 at
880 nm and the one which was calculated over TR, MI and
ME at the same wavelength (Sect. 3.2.2) and (3) a compar-
ison at ground-level of the absorption coefficient and the
Ångström exponent independently obtained using the 7-λ

Aethalometer AE31 (Sect. 3.2.2). This triple validation guar-
antees the quality of both the columnar-averaged optical pa-
rameters and their correct shaping along vertical profiles con-
sidering different “validation levels” along vertical profiles:
the columnar average, the single data points along vertical
profiles and the ground-level values. This procedure was nec-
essary to avoid the presence of compensatory effects along
profiles and to perform a right estimation of the radiation ab-
sorbed in each atmospheric layer (Sect. 3.4).

In this respect, the comparison with AERONET allowed
assuring the reliability of the columnar data and had the ad-
vantage to be performed on several wavelengths. The com-
parison with the micro-Aeth® AE51 data allowed to validate
the correct shaping of the optical properties along vertical
profiles but it was limited to one wavelength (880 nm). The
comparison with the 7-λ Aethalometer AE31 allows validat-
ing one point of the profiles (ground level) but on several
wavelengths.

Finally, in addition to the validation procedure applied
here, the methodology followed to calculate the aerosol opti-
cal properties was already validated and published in Ferrero
et al. (2011a).

3.2.1 Columnar validation (comparison with
AERONET)

The quality of the calculated aerosol optical properties was
first evaluated along the atmospheric column through a com-
parison of a set of parameters (i.e., refractive index, SSA,
AOD, etc.) independently obtained by the AERONET at 441,
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Table 2. Comparison of the columnar optical and size-distribution properties of the aerosol derived over MI from vertical profile measure-
ments and over AERONET Ispra site (∼ 57 km from MI).n andk are the real and imaginary part of the complex refractive index. SSA is the
single-scattering albedo. AOD and AOD_Abs are the aerosol optical depth and the absorption aerosol optical depth, respectively.Dg andσg
are the geometric mean diameter and the geometric standard deviation, respectively.

Atmospheric column

AERONET – Ispra (235 m) PROFILES – Milano (136 m)

Parameter 441 nm 675 nm 870 nm 441 nm 675 nm 880 nm

n 1.415 (±0.047) 1.418 (±0.046) 1.425 (±0.044) 1.501 (±0.003) 1.500 (±0.004) 1.494 (±0.004)
k 0.032 (±0.009) 0.029 (±0.006) 0.030 (±0.007) 0.032 (±0.003) 0.030 (±0.003) 0.030 (±0.003)
SSA 0.812 (±0.028) 0.778 (±0.028) 0.740 (±0.034) 0.857 (±0.013) 0.846 (±0.011) 0.812 (±0.012)
AOD 0.232 (±0.091) 0.124 (±0.052) 0.083 (±0.035) 0.274 (±0.046) 0.152 (±0.034) 0.092 (±0.023)
AOD_Abs 0.050 (±0.023) 0.032 (±0.015) 0.025 (±0.012) 0.047 (±0.010) 0.028 (±0.006) 0.020 (±0.005)
Dg (µm) 0.206 (±0.016) 0.206 (±0.016) 0.206 (±0.016) 0.204 (±0.010) 0.204 (±0.010) 0.204 (±0.010)
σg 1.552 (±0.045) 1.552 (±0.045) 1.552 (±0.045) 1.560 (±0.060) 1.560 (±0.060) 1.560 (±0.060)

657 and 880 nm (the only overlapping wavelengths between
this study and AERONET). Considering the location of TR,
MI and ME, only three AERONET stations were avail-
able for this comparison: the Ispra site (45.80◦ N, 8.63◦ E;
235 m a.s.l.; 57 km from MI site), the Davos site (46.81◦ N,
9.84◦ E; 1596 m a.s.l.; 102 km and 157 km from ME and MI
sites) and the Bolzano site (46.46◦ N, 11.33◦ E; 262 m a.s.l.;
25 km from ME). Unfortunately, the data in Bolzano (dur-
ing winter 2010) were strongly affected by local dust de-
posited on the photometer lens (personal communication by
the AERONET Bolzano principal investigator, 2012), thus,
only the AERONET sites of Ispra and Davos were consid-
ered. Their data were compared with those calculated for MI,
which was the nearest site. The Ispra site was used for com-
parison concerning the entire atmospheric column while the
Davos site (1596 m a.s.l.) for the FT, because of its location
at high altitude.

MI data were calculated on statistical mean profiles
(Sect. 3.1.1) and we accordingly used the AERONET aver-
aged values from 12 to 25 February as a reference in order
to assess the accuracy of our optical estimations. It is nec-
essary to underline that, despite the averaging period is the
same, the instantaneous values measured by balloon sound-
ing and by AERONET could not have been coincident and
this temporal difference may cause small differences during
the comparison.

We start the comparison considering the whole at-
mospheric column; results are summarized in Table 2.
The average columnar refractive indexes calculated in
this study were 1.501(±0.003) + i0.032(±0.003) at
441 nm, 1.500(±0.004) + i0.030(±0.003) at 675 nm
and 1.494(±0.004) + i0.030(±0.003) at 880 nm. They
were in agreement with the AERONET Ispra esti-
mations: 1.415(±0.047) + i0.032(±0.009) at 441 nm,
1.418(±0.046) + i0.029(±0.006) at 675 nm and
1.425(±0.044) + i0.030(±0.007) at 870 nm. A slight

overestimation of the real part (+5.6± 0.4 %) was present,
while the imaginary part was identical to the measured one.

Instead, results from the sensitivity test (see Sect. 2.3.2)
conducted using the density (1.0 g cm−3) and the refractive
index (1.75+0.44i) of the OPAC software (Hess et al., 1998)
and the density (2.0 g cm−3) and the refractive index (2+1i)
reported in Roessler (1984) highlighted a substantial equiva-
lence of the three sets of input parameters in determining the
real part of the aerosol refractive index, while the imaginary
part experienced an average increase of+23.5± 3.1 % and
+22.2±4.6 % (all wavelengths), with respect to AERONET
data. This effect was due to the exceedingly low density of
the OPAC data (never measured) and to the too high (one of
the highest in literature) imaginary part of pure BC reported
in Roessler (1984).

The comparison with AERONET validate the use of
BC density and refractive index reported in Bond and
Bengstrom (2006) in input to the EMA together with the
methodology used for the aerosol refractive index calculation
(EMA, m andρ for pure components, hygroscopic growth)
(Sect. 2.3.1). The validation of the refractive indexm is cru-
cial as it is at the basis of the optical calculation both during
the OPC size-distribution correction and during the Mie cal-
culation (in which the corrected size distribution is itself an
important input parameter).

Thus, as a second control, the corrected and interpo-
lated aerosol size distribution was compared with that re-
trieved by AERONET Ispra: the calculated accumulation
mode geometric mean diameter (Dg: 0.204± 0.010 µm) and
the geometric standard deviation (σg: 1.560± 0.060) agreed
very well with AERONET Ispra (Dg: 0.206± 0.016 µm,σg:
1.552± 0.045; Table 2) allowing, together with the afore-
mentioned validation ofm, to accurately estimate the profiles
of optical properties using the Mie theory.

The third step was to consider the calculated optical prop-
erties along vertical profiles. The calculated SSA (0.857±

0.013 at 441 nm, 0.846±0.011 at 675 nm and 0.812± 0.012
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at 880 nm) was found to be+8.0 ± 1.2 % higher than the
one derived from AERONET Ispra (0.812±0.028 at 441 nm,
0.778± 0.028 at 675 nm and 0.740± 0.034 at 870 nm), sim-
ilarly for the aerosol optical depth (AOD; Table 2). The ab-
sorption optical depth (AODAbs; Table 2) was instead very
close to the AERONET Ispra values. The values of SSA,
AOD and AODAbs are consistent with the slight overestima-
tion of the real part of the refractive index.

From the wavelength dependence of AOD and AODAbs
the corresponding columnar Ångström exponents were cal-
culated: 1.56 and 1.24; they were close to the AERONET
Ispra estimation: 1.49 ± 0.12 and 1.02 ± 0.07.

As a further step, the phase functionP(θ) was also val-
idated (as it is required for the aerosol DRE calculation;
Sect. 2.4) by comparing it with that estimated by AERONET
Ispra. Figure 6a shows this comparison forλ = 675 nm; fur-
thermore, a high correlation was found at all the wavelengths
(R2

= 0.988).
Finally, the FT properties were also investigated compar-

ing data above 1 km (derived as reported in Sect. 2.2.2), with
AERONET Davos data.

Table 3 resumes the results of this comparison under-
lying that the FT properties were in agreement with the
AERONET Davos measurements, especially for what con-
cern the AODAbs; the small differences encountered for other
parameters (i.e., a slight overestimation ofn: +2.8± 0.9 %)
were considered negligible.

In conclusion, after this comparison, the MI data were con-
sidered reliable as they were in good agreement with the
columnar AERONET Ispra and Davos data. This result is
very important as it validated the procedure used for the opti-
cal properties calculation (Sect. 2.3) allowing its application
also along the vertical profiles measured over TR and ME as
well.

3.2.2 Vertical profile validation (comparison with
Aethalometer data)

In the previous section, a good agreement between the cal-
culated optical properties and the properties measured by the
AERONET network was evidenced.

However, in order to calculate the aerosol DRE at high
spatial resolution along vertical profiles (Sect. 2.4) not only
a right estimation of the columnar-averaged parameters, but
also a correct shaping of them along vertical profiles is
needed in order to avoid the presence of compensatory ef-
fects along the profiles.

For this purpose, thebabs measured by the micro-
Aeth® AE51 at 880 nm was compared along vertical
profiles with that calculated over TR, MI and ME for
the same wavelength (Fig. 6b); results showed an excel-
lent agreement (babs_Mie= 1.001× babs_AE51− 0.157,R2

=

0.996, RMSE= 0.87 Mm−1) validating the Mie calculation
of thebabsvertical profiles.
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Figure 6. (a)Aerosol phase function (P(θ)) along the atmospheric
column over MI and the one obtained at AERONET Ispra;(b) linear
correlation between thebabsdetermined from Mie calculations and
the one measured by the micro-Aeth® AE51 along vertical profiles
for TR, MI and ME (the 1 : 1 black line is also plotted).

Moreover, measurements performed close to the ground
by the micro-Aeth® AE51 at 880 nm in ME were compared
with that carried out at ground with the 7-λ Aethalometer
AE31 (Sect. 2.2). Only AE31 data that were timely coin-
cident with balloon profiles were considered. The averaged
BC andbabsmeasured by the AE51 were 2.75± 0.38 µg m−3

and 16.8± 2.3 Mm−1 in keeping with the AE31 data: 2.74±

0.10 µg m−3 and 18.7 ± 0.7 Mm−1, respectively. Moreover,
the 7-λ AE31 Aethalometer allowed the comparison of the
ground-level absorption Ångström exponent (1.43± 0.03)
with that obtained by Mie calculation: 1.36 ± 0.01.

These results conclude the validation procedure allowing
discussing the behavior of both the aerosol optical properties
(Sect. 3.3) and of the DRE profiles (Sect. 3.4) over the three
sites.

3.3 Vertical profiles of aerosol optical properties

The vertical behavior of aerosol optical properties was simi-
lar for all the investigated wavelengths; thus, in this section,
we report and discuss results at 675 nm, which represent the
central wavelength with respect to the wavelength range used
for the DRE calculation (Sect. 2.4). In this respect, Fig. 7
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Table 3. Comparison of the free troposphere optical and size-distribution properties of the aerosol derived from OPAC continental-average
data and over AERONET Davos site.n andk are the real and imaginary part of the complex refractive index. SSA is the single-scattering
albedo. AOD and AOD_Abs are the aerosol optical depth and the absorption aerosol optical depth, respectively.Dg andσg are the geometric
mean diameter and the geometric standard deviation, respectively.

Free troposphere

AERONET – Davos (1596 m) PROFILES – FT (> 1000 m)

Parameter 438 nm 676 nm 870 nm 441 nm 675 nm 880 nm

n 1.449 (±0.009) 1.468 (±0.010) 1.482 (±0.010) 1.511 (±0.006) 1.510 (±0.006) 1.501 (±0.006)
k 0.010 (±0.004) 0.010 (±0.005) 0.011 (±0.005) 0.011 (±0.001) 0.011 (±0.001) 0.011 (±0.001)
SSA 0.950 (±0.018) 0.947 (±0.020) 0.941 (±0.023) 0.955 (±0.002) 0.932 (±0.003) 0.897 (±0.004)
AOD 0.036 (±0.004) 0.022 (±0.002) 0.015 (±0.001) 0.039 (±0.002) 0.014 (±0.001) 0.006 (±0.001)
AOD_Abs 0.002 (±5× 10−4) 0.001 (±4× 10−4) 0.001 (±3× 10−4) 0.002 (±6× 10−5) 0.001 (±4× 10−5) 0.001 (±3× 10−5)

Dg (µm) 0.269 (±0.011) 0.269 (±0.011) 0.269 (±0.011) 0.299 (±0.001) 0.299 (±0.001) 0.299 (±0.001)
σg 1.637 (±0.024) 1.637 (±0.024) 1.637 (±0.024) 1.111 (±0.001) 1.111 (±0.001) 1.111 (±0.001)!
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Figure 7. Vertical profiles of aerosol optical properties (babs,bsca,bext and SSA) at 675 nm over(a) TR, (b) MI and (c) ME.

shows the vertical profiles of the aerosol optical properties
(at 675 nm) over TR, MI and ME; from this figure, it is pos-
sible to observe first the analogy with Fig. 4, where vertical
profiles of BC and aerosol concentration are reported. Thus,
the observed behavior of optical properties is here discussed
addressing the vertical changes of the aerosol physicochemi-
cal properties reported in Sect. 3.1.

The most evident behavior of aerosol optical properties
is related to the observed changes across the MH (Hs = 0),
where bsca and babs decreased strongly going from BMH
to AMH. On averagebsca and babs decreased (from BMH
to AMH) over TR by −43.1 ± 3.0 % (from 157.6 ± 2.3
to 89.7 ± 4.5 Mm−1 for bsca) and by−58.8 ± 4.5 % (from
45.3 ± 4.6 to 18.7 ± 0.7 Mm−1 for babs). Over MI their de-
crease was of−61.2 ± 3.1 % (from 253.3 ± 2.0 to 98.2 ±

7.7 Mm−1 for bsca) and of−71.3 ± 3.0 % (from 69.0 ± 4.0
to 19.8 ± 1.7 Mm−1 for babs) while over ME the decrease
was of−23.5 ± 0.8 % (from 85.1 ± 0.7 to 65.1 ± 0.4 Mm−1

for bsca) and of−47.6 ± 2.5 % (from 23.8 ± 1.0 to 12.4 ±

0.2 Mm−1 for babs). Thus, in the lower troposphere the MH

becomes also crucial not only to understand the aerosol pol-
lution, but also to shape the vertical behavior of the aerosol
optical properties (Sect. 3.1.1 and Fig. 4). In this respect,
the most important result that can be observed from the pre-
vious findings is the higher (percentage) decrease ofbabs
across the MH than that ofbsca. As a consequence, the
SSA increased along height (from BMH to AMH) over the
three sites by+5.7 ± 2.0 % over TR (from 0.781± 0.014 to
0.825± 0.004),+4.9 ± 2.2 % over MI (from 0.787± 0.010
to 0.826± 0.014) and by+7.4 ± 1.0 % over ME (from
0.783± 0.007 to 0.840± 0.002). The SSA increase with
height, across the MH, is of a great importance as, first, it ap-
pears as a general behavior over the three investigated sites
and, second, this behavior affects the aerosol DRE and the
heating rate as it will be discussed in Sect. 3.4. This result
is in agreement with the decrease of the aerosol BC content
over the three sites, as highlighted in Sect. 3.1.1, Figs. 4 and
5, where it was evidenced that AMH the BC aerosol fraction
decreased and a corresponding increase in scattering species
(i.e., ionic compounds) was present.
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Figure 8. 1DREATM (a), ADRE (b) and HR(c) calculated for each site and broad-range altitude layers: BMH (from ground to MH), AMH
(from MH to 1 km) and FT (> 1 km).

Figure 7 also highlighted that, BMH, the highest values
of bsca andbabs were observed in MI, followed by TR and
then by ME, thus reflecting the pollution level over the three
sites as described in Sect. 3.1.1. Moreover, the highest val-
ues ofbabs were found close to the ground (within the first
50–100 m), as happened for BC (compare Fig. 4), resulting
in an average increase of+44.9 % over TR, of+19.8 % over
MI and of +21.9 % over ME, compared to the averagebabs
values found BMH. On the contrary, a similar behavior of
bsca was not observed. Consequently, the SSA reached its
minimum value close to ground decreasing (compared to the
average found BMH) of−8.2 % over TR, of−3.8 % over
MI and of −4.7 % over ME. This behavior increased again
the heating-rate effect of aerosol in proximity of the ground
(Sect. 3.4). The influence of the aerosol physicochemical
properties on the optical ones was also highlighted by the
coefficients of variation of BC, aerosol concentration,babs,
bsca andbext (resumed in Table S1 in the Supplement) that
showed a good agreement among themselves for both BMH
and AMH data.

Finally, as the DRE calculations (Sect. 2.4) require the FT
aerosol optical properties as input data (the FT validation has
been already discussed in Sect. 3.2.1; Table 3), we report
here their values.bsca and babs were 1.9 ± 0.9 and 0.2 ±

0.1 Mm−1, respectively; the FT SSA was 0.932± 0.003,
higher than the values AMH. This observation, expected due
to the decreasing BC content with height, highlighted again
that the most absorptive aerosol was located in the lower at-
mospheric layers, BMH and close to the ground.

3.4 DRE and heating-rate profiles

As illustrated in the previous section, the aerosol optical
properties drastically changed along height over the three
sites. They were used as input to calculate the vertical pro-
files of the instantaneous aerosol DRE over TR, MI and ME
at noon (Sect. 2.4).

The vertical profiles of aerosol DRE are reported in Fig. S1
in the Supplement. They showed the high level of the
dimming effect induced by the aerosol at the surface: the
highest DRE was observed over MI (−69.3 ± 8.8 W m−2)

followed by TR (−54.4 ± 7.7 W m−2) and by ME (−40.7 ±

3.7 W m−2). Results were in keeping with the aerosol and
BC concentrations, and with the optical properties reported
in Figs. 4 and in 7, respectively. At the top of atmosphere, the
DRE was similar among the three sites:−5.6 ± 0.7 W m−2

(MI), −6.3± 0.3 W m−2 (TR) and−6.1± 0.6 W m−2 (ME).
The aforementioned data were in keeping with values re-
ported in literature (Perrone and Bergamo, 2011; Saha et al.,
2008; Chakrabarty et al., 2012).

These data indicated a net columnar cooling effect of the
aerosol on the Earth–atmospheric system. However, the dif-
ference between the DRE at the top and the bottom of the at-
mosphere indicated that a significant amount of energy was
absorbed into the atmosphere thus heating it.

In order to quantify this phenomenon, the difference be-
tween the DRE at the top and the bottom of each atmo-
spheric layer (1DREATM ) was first calculated using Eq. (13)
(Sect. 2.4) for each site and broad-range altitude layers:
BMH (from ground to MH), AMH (from MH to 1 km),
FT (> 1 km) (compare Sect. 2.2.2). Results are reported
in Fig. 8a; they highlighted a generally high level of at-
mospheric absorption both BMH (1DREATM : 11.9 ± 1.6,
28.1 ± 4.4 and 7.8 ± 0.9 W m−2 over TR, MI and ME)
and AMH (1DREATM : 27.7 ± 6.1, 26.4 ± 4.5 and 18.2 ±

2.8 W m−2 over TR, MI and ME) compared to the FT
(1DREATM : 8.5 ± 0.3, 9.2 ± 0.7 and 8.6 ± 0.6 W m−2 over
TR, MI and ME). As a result, the atmospheric absorption
took place mainly within the first km of the atmosphere
(BMH + AMH), with a percentage (compared to the whole
atmosphere) of 82.4, 85.5 and 75.1 % over TR, MI and
ME, respectively; the high aerosol pollution level below and
strictly above the MH (Sect. 3.1) was responsible of this
macroscopic behavior.

However, as stated in Sect. 2.4,1DREATM quantifies the
integrated radiative power density absorbed by the aerosol
within each atmospheric layer. Therefore, the aforemen-
tioned1DREATM data did not allow comparing the atmo-
spheric absorption both among the three sites and, within
each site, along the atmospheric column. The main reasons
are the different MH found over TR, MI and ME (142± 22,
272± 50 and 173± 42 m, respectively; Sect. 3.1.1) and the
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Figure 9. Continuous vertical profiles of ADRE over TR(a), MI (b) and ME(c).

Figure 10.Continuous vertical profiles of HR over TR(a), MI (b) and ME(c).

broader altitude range of the FT compared to the BMH and
AMH layers.

Thus, in order to describe and compare the vertical be-
havior of atmospheric absorption in different situations, the
absorptive DRE (ADRE, Sect. 2.4) was calculated accord-
ingly to Eq. (14) normalizing1DREATM by the thickness
of each layer; since the wintertime aerosol absorption was
mainly due to the presence of BC (compare Sect. 3.3), the
ADRE represented, in first approximation, the atmospheric
DRE induced by BC.

ADRE values for each site and broad-range altitude lay-
ers (BMH, AMH and FT) are reported in Fig. 8b. By ex-
cluding the effect of the layer thickness, it is now pos-
sible to realize that the most intense atmospheric absorp-
tion was observed BMH, particularly over MI (103.3 ±

16.2 mW m−3) followed by TR (84.3 ± 11.5 mW m−3) and
by ME (45.2 ± 5.1 mW m−3); the same order was observed
considering AMH data: higher values were found over MI
(36.2± 6.2 mW m−3) followed by TR (32.2± 7.1 mW m−3)

and ME (22.0 ± 3.4 mW m−3). Finally, the FT experienced
the lower absorption: 0.9 ± 0.1 mW m−3 over the three sites.

Interestingly, these data evidenced an average decrease
of ADRE across the MH of−64.9± 0.6 % over MI, of
−61.8 ± 3.2 % over TR and of−51.3 ± 2.0 % over ME,
in keeping with the vertical behavior of both BC andbabs
(Sects. 3.1.1 and 3.3). Also the continuous ADRE vertical
profiles (Fig. 9) are in agreement with data shown in Figs. 4
and 7. Thus, despite the absolute values, a common feature
occurred over MI, TR, and ME as a sharp decrease of the
ADRE was observed at the MH (Hs = 0). Most of the ADRE
occurred within the mixing layer, in agreement with the BC
pollution loading in basin valleys, especially over the most
urbanized and industrialized sites of MI and TR.

This behavior has an important feature, as the ADRE in-
duces an instantaneous HR that was computed following
Eq. (16) (Sect. 2.4). The calculated HR values are reported
in Fig. 8c (for BMH, AMH and FT). The highest degree
of instantaneous heating rate was observed BMH: 7.7 ±

1.2 K day−1 over MI, 6.2 ± 0.8 K day−1 over TR and 3.4 ±
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0.4 K day−1 over ME. Above the MH values were lower, but
the same order was observed: higher values were found over
MI (2.8 ± 0.5 K day−1) followed by TR (2.5 ± 0.5 K day−1)

and by ME (1.7 ± 0.3 K day−1). Finally, in the FT the HR
was the lowest over the three sites: 0.1 ± 1× 10−2 K day−1.

These results are very important, as in literature vertical
profiles of HR are few and usually only the average colum-
nar HR is estimated. For example, Chakrabarty et al. (2012)
estimated a columnar average HR of∼ 2 K day−1 consider-
ing a 1p of 300 hPa; as a comparison, using the same ap-
proach over TR, MI and ME, the average columnar HR was
∼ 1–2 K day−1 in agreement with that study.

However, the estimation of the average columnar HR
could be misleading as it does not give any information re-
garding where the HR is located and which feedbacks can
trigger.

In the present work, due to the high vertical resolution of
balloon soundings, a step forward can be done as the heat-
ing dynamics across the MH was well characterized. In this
respect, continuous HR profiles are reported in Fig. 10 and
showed (together with Fig. 8c) that most of the HR occurred
within the mixing layer and that a strong vertical gradient
was present at the MH, in agreement with ADRE (Figs. 8b
and 9). This happened over TR, MI and ME, pointing to-
wards a common behavior over basin valleys, where stagnant
atmospheric conditions are present (Sect. 3.1.1 and Fig. 2).

As the vertical behavior of the HR can trigger differ-
ent feedbacks able to promote the aerosol semi-direct ef-
fect (IPCC, 2013), it is interesting to note (Fig. 10) that the
highest HR values were observed BMH and that they could
turn into a weakening of the ground-based thermal inversion,
which are common in basin valleys (Ferrero et al., 2012).

Consequently, it would be helpful to “describe” the ver-
tical behavior of the HR in terms of the potential feed-
backs that it could promote using a simple parameter.
Here we propose the use of the heating rate vertical gra-
dient (K day−1 km−1) as a proxy of the feedback potential
(HERFPO: heating rate feedback potential). The HERFPO
represents the atmospheric thermal lapse rate that would take
place if the forcing induced by the instantaneous HR profile
would last all day.

Thus, the HERFPO was calculated along the HR pro-
files (from the bottom to the top) over each measuring site
obtaining the following values:−8.3 ± 1.2 K day−1 km−1

over MI, −6.1 ± 0.5 K day−1 km−1 over TR and−2.6 ±

0.2 K day−1 km−1 over ME.
The comparison of these data with the atmospheric dry

adiabatic lapse rate (−10 K km−1) suggested that the verti-
cal HR had really the potential to result in a negative feed-
back promoting an increase of the atmospheric dispersal con-
ditions, by weakening the ground-based thermal inversions,
especially over MI and TR. However, it is of great impor-
tance to consider that HERFPO refers only the to the behav-
ior of the atmosphere. Hence, in order to fully understand the
feedback induced by the aerosol and BC on the atmospheric

turbulence, the energy fluxes between ground and the atmo-
sphere have also to be considered. In this respect, the high
level of dimming induced by aerosol at the surface (as shown
at the beginning of this section) could balance the atmo-
spheric effect of HERFPO.

In conclusion, in the context of future applications of this
concept and of the aforementioned results, the role of each
parameter in determining atmospheric feedbacks, as well as
their net effect, has to be considered and investigated.

4 Conclusions

Vertical profiles of BC and aerosol number–size distribution
were measured over three Italian basin valleys (Terni Valley,
Po Valley and Passiria valleys) allowing the characterization
of the aerosol and BC dispersion under similar orographic
conditions. Changes of BC concentrations and of aerosol BC
fraction as a function of the height were related with varia-
tions of aerosol optical properties, radiative forcing and heat-
ing rate.

Measurements were conducted during three week-long
wintertime campaigns. The aerosol vertical profiles have
been determined by means of a tethered balloon-based mov-
ing platform (fitted with a micro-Aethalometer, an OPC, a
cascade impactor and a meteorological station) while the
aerosol chemical composition was determined analyzing
PM2.5 samples collected at different heights.

Results from the measured vertical profiles allowed to
clearly identify the mixing height (MH), which was char-
acterized by a strong vertical concentration gradient of both
BC (range: from−48.4 ± 5.3 to−69.1± 5.5%) and aerosol
(range: form−23.9± 4.3 to−46.5± 7.3 %). Above the MH,
not only the BC concentration, but also its aerosol fraction
decreased (range: from−33.2± 4.9 to−47.5±7.9 %) while
a shallow BC layer of higher concentrations (range: from
+16.1 to+34.2 %) was found close to the ground, in the
first 50–100 m of the atmosphere, due to the proximity of BC
sources.

These behaviors caused important changes of the optical
properties of the aerosol (babs, bsca, bext, SSA) at different
heights that were quantified applying Mie theory to aerosol
data. Before this step, the aerosol refractive index was cal-
culated using the effective medium approximation applied
to aerosol chemical composition and the OPC number–size
distribution was corrected for the ambient aerosol refrac-
tive index and log-normally interpolated. Results were vali-
dated with AERONET data and evidenced an increase of the
single-scattering albedo with height (range: from+4.9± 2.2
to +7.4 ± 1.0 %).

The effect of optical properties changes with height was
assessed using a radiative transfer model (libRadtran) from
which vertical profiles of direct aerosol radiative forcing,
atmospheric absorption and heating rate were calculated.
In order to study the radiative power absorbed into the
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atmosphere along continuous vertical profiles, a new param-
eter, the absorptive direct radiative effect (ADRE) was de-
veloped normalizing the radiative power density absorbed
into each atmospheric layer by the layer height. The high-
est atmospheric absorption (ADRE) was observed below
the mixing height (range: from+45.2 ± 5.1 to +103.3±

16.2 mW m−3) influencing the heating-rate profile. Hence,
the heating rate vertical gradient (K day−1 km−1) was inves-
tigated allowing to estimate the heating rate feedback poten-
tial (HERFPO). The HERFPO ranged from−2.6 ± 0.2 to
−8.3 ± 1.2 K day−1 km−1. Thus, the behavior of BC loaded
below the MH promoted a negative feedback favorable to the
increase of the atmospheric dispersal conditions.

The obtained results were similar over the three sites and
pointed towards a common aerosol dynamics over basin val-
leys characterized by comparable atmospheric stagnant con-
ditions. These data represent the first high-resolution verti-
cal profile of aerosol radiative forcing and heating rate ob-
tained over Italy and Europe and allowed to describe with a
great vertical detail the radiative forcing induced by BC (and
aerosol) in the lower troposphere, across the mixing layer and
within it, where the anthroposphere is located.
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Appendix A

Table A1. Acronyms.

ADRE Absorptive direct radiative effect
AERONET Aerosol Robotic Network
a.g.l. Above ground level
AMH Above mixing height
ASL Above sea level
ATN light attenuation
BC Black carbon
BMH Below mixing height
BR Bruggeman
CMG Climate modeling grid
DRE Direct radiative effect
DRH Deliquescence relative humidity
EMA Effective medium approximation
FT Free troposphere
HERFPO Heating rate feedback potential
HR Heating rate
LL Lorentz–Lorenz
ME Merano
MG Maxwell–Garnett
MH Mixing height
MI Milan
MODIS Moderate resolution imaging spectroradiometer
OM Organic Matter
OPC Optical particle counter
PLS Polystyrene latex spheres
RH Relative humidity
RTM Radiative transfer model
SSA Single-scattering albedo
T Temperature
TOA Top of atmosphere
TR Terni
WINSOM Water-insoluble OM
WSOM Water-soluble OM
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The Supplement related to this article is available online
at doi:10.5194/acp-14-9641-2014-supplement.
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