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ABSTRACT: Light absorbing aerosols (LAA) absorb sunlight
and heat the atmosphere. This work presents a novel methodology
to experimentally quantify the heating rate (HR) induced by LAA
into an atmospheric layer. Multiwavelength aerosol absorption
measurements were coupled with spectral measurements of the
direct, diﬀuse and surface reﬂected radiation to obtain highly timeresolved measurements of HR apportioned in the context of LAA
species (black carbon, BC; brown carbon, BrC; dust), sources
(fossil fuel, FF; biomass burning, BB), and as a function of
cloudiness. One year of continuous and time-resolved measurements (5 min) of HR were performed in the Po Valley. We
experimentally determined (1) the seasonal behavior of HR
(winter 1.83 ± 0.02 K day−1; summer 1.04 ± 0.01 K day−1); (2)
the daily cycle of HR (asymmetric, with higher values in the morning than in the afternoon); (3) the HR in diﬀerent sky
conditions (from 1.75 ± 0.03 K day−1 in clear sky to 0.43 ± 0.01 K day−1 in complete overcast); (4) the apportionment to
diﬀerent sources: HRFF (0.74 ± 0.01 K day−1) and HRBB (0.46 ± 0.01 K day−1); and (4) the HR of BrC (HRBrC: 0.15 ± 0.01 K
day−1, 12.5 ± 0.6% of the total) and that of BC (HRBC: 1.05 ± 0.02 K day−1; 87.5 ± 0.6% of the total).

1. INTRODUCTION
Light absorbing aerosol (LAA), such as black carbon (BC),
brown carbon (BrC) or dust, directly interacts with solar
radiation (direct radiative eﬀect; DRE), absorbing it and
exerting a positive atmospheric forcing. This process releases
energy (heat) to the surrounding air with a speciﬁc heating rate
(HR).1−9
Among the various LAA species, BC, generated from
incomplete combustion of both fossil fuels (FF, i.e. diesel,
coal) and biomass (BB),2,10,11 represents the second most
important anthropogenic climate-forcing agent after CO2.2,12
Bond et al.2 report a mean DRE at the top of the atmosphere
(TOA) in the range of 0.2−1.0 W m−2 (average +0.71 W m−2)
even if regionally it should be larger (up ∼10 W m−2 over Asia;
0.0−4.0 W m−2 over Europe).7,13 The LAA do not only
inﬂuence the DRE at TOA but also its vertical distribution. In
this respect, BC heats the atmosphere (average +2.6 W m−2,
10−20 W m−2 within regional plumes, and instantaneously up
to +50−80 W m−2) and dims the surface (mean value −1.7 W
m−2; instantaneously down to −40 to −70 W m−2).6,7,12,14
© XXXX American Chemical Society

Thus, BC HR varies as a function of height (range: 0.3−8 K
day−1);6,11,15,16 over Asia, the LAA HR was found to be larger
than that of CO2.16
Considering the other LAA species, BrC (the absorbing
component of organic matter) has received growing attention
as it contributes ∼10−30%17,18 to the total LAA absorption on
a global scale. It causes an atmospheric DRE of 2.6 W m−2 over
the Indo-Gangetic Plain that can rise up to 3.6 W m−2 during
high BB days.18 Finally, also dust aerosol can exert a positive
atmospheric DRE; instantaneously, it was estimated up to
∼80−100 W m−2,3,19 and HRs of ∼2−3 K day−1 were found in
elevated dust layers over Korea.20
Unlike CO2, which is distributed quite homogeneously in the
atmosphere, LAA species are characterized by signiﬁcant spatial
variation, due to their relatively short lifetime (i.e., weeks).21,22
Received:
Revised:
Accepted:
Published:
A

August 28, 2017
February 19, 2018
February 23, 2018
February 23, 2018
DOI: 10.1021/acs.est.7b04320
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

Article

Environmental Science & Technology

LAA HR by means of a simple and cost-eﬀective technique (see
the Supporting Information) applicable in established aerosol
monitoring networks.
Other very important goals of the new method are (1) the
apportionment of the HR as a function of the LAA species (i.e.,
BC, BrC, dust) and the LAA sources (i.e., FF, BB); (2) the
experimental determination of HR in any sky condition; (3) the
apportionment of diﬀerent radiation components (i.e., downward direct/diﬀuse ﬂuxes and the reﬂected) on the HR, giving
the possibility to determine the inﬂuence of clouds on the HR.

Thus, on a regional scale, the radiative eﬀects of LAA can be
larger than that of greenhouse gases14,16 triggering diﬀerent
local/regional feedback: alterations of the atmospheric thermal
structure, of the atmospheric stability, of the cloud distribution
(cloud “burn-oﬀ” and cloud cover) and of synoptic winds such
as the monsoon.2,3,6,10,12,14,15,23−27 Furthermore, the retreat of
important glaciers (i.e., Himalayan) can be also inﬂuenced by
the LAA induced HR at elevated altitudes.14,28 Due to the
importance of the aforementioned feedbacks on climate, an
experimental determination of the HR induced by LAA is called
for.
Actually, most of the forcing values and atmospheric
feedback reported in the literature rely on the use of several
theoretical models.2,10 Model outputs are continuous in space
(horizontally and vertically) and time, allowing the description
of the impact of LAA on climate at the global scale. However,
uncertainties in the modeling chain (i.e., LAA mass
concentrations, optical properties, and mixing state)13,24 result
in large discrepancies among model outputs. This ampliﬁes the
uncertainty of the LAA inﬂuence on the global and regional
climate.1 As a conclusion, Andreae and Ramanathan1 showed
the need for better observational constraints at all scales (local/
regional/global), while Chung et al.17 called for model
independent and observationally based estimates of the LAA
direct radiative forcing. One step further in this direction is
given by hybrid approaches, based on experimental measurements of LAA properties (mass/number concentrations)
coupled with optical/radiative transfer calculations.6,15,29−31
They have the advantage that they are based on experimental
measurements, but at the same time, they can be aﬀected by the
same uncertainties of the modeling approach. Moreover,
radiative transfer calculations are usually carried out under a
clear-sky approximation, which represents a strong limitation of
the technique (it is useful only if the experimental campaign is
conducted during such sky conditions).6,16 Hybrid approaches
based on vertical proﬁle data describe both the atmospheric
behavior and the related feedbacks, but they are usually limited
to short/intense campaigns.6,15,29,32−37 On the contrary, hybrid
approaches based on ground observations only are usually
continuous in time, but they are limited in the vertical
direction.30,31 A complete experimental determination of the
radiative power absorbed into the atmosphere (and the related
HR) requires the measurement of the vertical divergence of the
net radiative ﬂux with altitude.9,16 With this approach, the
obtained HR are usually limited to short/intense campaigns
and to speciﬁc locations; moreover they are comprehensive of
the whole atmospheric composition (greenhouse gases and
LAA) thus again theoretical models need to be used (coupled
with concentrations measured in situ) to unravel the
contribution of each single atmospheric component.11,16
Thus, a method to provide continuous, LAA speciﬁc,
experimental determination of atmospheric forcing and HR is
required. Theoretically, the method should be simple and
accessible enough to be used in reference stations belonging to
widely distributed monitoring networks (i.e., the European
Monitoring and Evaluation Programme, EMEP network) and
should provide an estimation of the contribution of each
aerosol source to the atmospheric HR.
This paper ﬁlls this gap, describing a new methodology to
experimentally determine both the radiative power density
absorbed into a near-surface atmospheric layer and the
consequent HR induced by LAA. The main goal of this
method is to provide continuous experimental observations of

2. METHODOLOGY
This section describes both the theoretical considerations
(section 2.1) and the experimental design (section 2.2) of the
novel method for the experimental determination of the LAA
induced HR.
2.1. Theoretical Considerations. The instantaneous
aerosol direct radiative eﬀect (DRE; W m−2) at a z altitude
can be quantiﬁed as the change in the net radiative ﬂux between
the atmospheric conditions with and without the aerosols
(Qaer,z and Qw/o‑aer,z, respectively) across the surface at z
altitude:6,9
DREz = Q aer, z − Q w/o ‐ aer, z

(1)

Considering an atmospheric layer of thickness Δz, the
diﬀerence between the DRE at the top and the bottom of
this atmospheric layer represents the instantaneous radiative
power density absorbed by the aerosol (ΔDRE; W m−2):6−9
ΔDRE = DREz +Δz − DREz

(2)

From ΔDRE, the instantaneous heating rate (HR; K day−1) of
the same atmospheric layer can be computed as follows:6−9
HR =

g ΔDRE
∂T
=−
∂t
Cp ΔP

(3)

where ∂T/∂t represents the instantaneous HR, g is the
gravitational acceleration constant, Cp (1005 J kg−1 K−1) is
the isobaric speciﬁc heat of dry air, and ΔP is the pressure
diﬀerence between the top and the bottom of the considered
layer.
A more useful deﬁnition of HR is based on the thickness of
the atmospheric layer (Δz) and can be obtained introducing
the hydrostatic equation (dp = −ρg dz) in eq 3:9
HR =

∂T
1 ΔDRE
=
∂t
ρCp Δz

(4)
−3

where ρ represents the air density (kg m ). The last term of eq
4 (ΔDRE/Δz) represents the radiative power absorbed by the
aerosol for unit volume of the atmosphere (W m−3) and was
previously deﬁned in the work of Ferrero et al.6 as the
absorptive direct radiative eﬀect (ADRE) of LAA; the ADRE is
the vertical derivative of the DRE (dDRE/dz; the implications
of the derivative are detailed and discussed in section 4).
Hence, HR becomes6
HR =

Thus, any
resolution
possibility
expressed
B

1
ADRE
ρCp

(5)

method able to determine the ADRE at high time
will produce continuous time series of HR. This
is given by the simple observation that ADRE is
per unit volume of air, coherent with the
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concentrations of LAA routinely measured in monitoring
networks. Below the rigorous methodology used for the
experimental determination of the ADRE is reported.
Let us consider a near-surface atmospheric layer (but can be
applied to any atmospheric layer; see section 4 for further
details) of thickness Δz on which an nth kind (direct, diﬀuse, or
reﬂected) of monochromatic radiation ray Fn(λ,θ) of wavelength
λ strikes with a zenith angle θ (Figure S1a, Supporting
Information). The amount of radiation absorbed by the aerosol
within the present layer is as follows:9,38
ΔDREn(λ , θ) = Fn(λ , θ)(1 − ωλ)(1 − e

−τλ / μ

)

The shortwave radiation that can cross the atmospheric layer
reported in Figure S1a can be divided in three components,
namely: the solar direct radiation (Fdir(λ,θ)); the diﬀuse radiation
from scattering on gases, aerosol, and clouds in the sky
(Fdif(λ,θ)); and the radiation reﬂected backward from the ground
(Fref(λ,θ)). They are summarized in Figure S1b.
Equation 11 can be solved for all the three components
allowing to determine both the total ADRE and its components
(ADREdir, ADREdif, and ADREref) as follows:
ADRE = ADREdir + ADREdif + ADREref

Using eq 5, the same is valid for HR:

(6)

−τλ/μ

where (1 − ωλ)(1 − e
) represents the fraction of light
absorbed within the layer9,38 and is function of: ωλ which is the
single scattering albedo of the aerosol within the atmospheric
layer, τλ the aerosol optical depth, and μ, the cosine of θ (cos
θ). The ωλ and τλ terms can be computed from the aerosol
extinction, scattering and absorption coeﬃcients (bext(λ), bsca(λ),
and babs(λ)):
ωλ =

τλ =

HR = HR dir + HR dif + HR ref

∫0

3

HR =

Δz

(8)

Now, if the atmospheric layer reported in Figure S1a is thin
enough so that τλ ≪ 1, the term (1 − e−τλ/μ) can be simpliﬁed
introducing the Taylor series and the radiative power
ΔDREn(λ,θ) absorbed by the aerosol within that atmospheric
layer can be computed from eq 6 as follows:
ΔDREn(λ , θ) = Fn(λ , θ)(1 − ωλ) τλ μ

(9)

In the present form, ΔDREn(λ,θ) is not yet useful because it is a
columnar quantity which again depends on τλ that is integrated
along the vertical direction. In fact, in literature the aerosol
absorption in the atmosphere is usually reported in watts per
squared meter over altitude thick layer of the atmosphere and/
or over the whole atmospheric column.2,8,23,39,40
Considering again an atmospheric layer thin enough so that
τλ ≪ 1, it is also possible to assume Fn(λ,θ) ≈ const and ωλ ≈
const through the whole Δz (assumptions discussed in the
Supporting Information); thus, recalling the ADRE deﬁnition
(ADRE = dDRE/dz) and combining eq 9 with eqs 7 and 8, it is
possible now to write
ADREn(λ , θ) =
=

Fn(λ , θ)
μ

dDREn(λ , θ)
dz

= Fn(λ , θ)

(1 − ωλ) dτλ
μ
dz

babs(λ)

(10)

Equation 10 oﬀers the opportunity to determine the ADRE,
and thus the HR (eq 5), just by combining the absorption
coeﬃcient of LAA and radiation measurements. Thus, the
resulting ADRE and HR are only related to the LAA (and not
to gases). Obviously, the atmospheric absorption and related
HR can be obtained integrating eq 10 over the whole ensemble
of shortwave wavelengths and incident angles:
ADREn =

∫θ ∫λ

Fn(λ , θ)
μ

babs(λ) dλ dθ

1
∑
ρCp n = 1

∫θ ∫λ

Fn(λ , θ)
μ

babs(λ) dλ dθ

(14)

where n is the nth kind (direct or diﬀuse or reﬂected) of
radiation.
The aforementioned eqs 5 and 10−14 were tested using
ADRE and HR results reported at ground-level (in several
locations in Italy) in the work of Ferrero et al.6 The ADRE and
the HR were recalculated (at ground level and at the same time
and location) applying the new method to the same input data
present in the work of Ferrero et al.6 The obtained results
(Figure S2) were characterized by an excellent correlation (R2 =
1.003; slope = 0.999) with a RMSE of 1.00 mW m−3 for ADRE
and 0.09 K day−1 for HR (1.2% of error on data reported in
Figure S2) allowing the demonstration of the consistency and
reliability of the novel methodology.
It is worth noting that eqs 12 and 13 oﬀer the unique
opportunity to separately investigate the interaction between
LAA and radiation properties (i.e., diﬀuse radiation by clouds)
on the atmospheric HR. Moreover, considering eqs 11−14, as
the spectral signature of babs(λ) depends on the diﬀerent type
and sources of LAA, the present method has the potential for a
source apportionment of HR.
Particularly, BC aerosols absorb radiation with an absorption
angstrom exponent (AAE) of ≈1.41,42 BrC is characterized by
negligible absorption in the infrared while it increase toward
UV.5,41,42 AAEBrC can vary greatly in the literature: 3.5,43 3.95,41
6.6,18 and 9.044 are commonly reported values. Finally, also
dust absorption increases steeply toward short wavelengths.17
Thus, it is possible to apportion the measured babs(λ) with
respect to aerosol species (BC, BrC, dust) and with respect to
sources like fossil fuel (FF, AAEFF ≈ 1) and biomass burning
(BB, AAEBB ≈ 1.8) on the basis of the spectral signature of each
component. The basic system, on which the apportionment can
be performed, consists of three equations:42

(7)

bext(λ) dz

(13)

so, the ﬁnal equation for the HR can be written as follows:

bsca(λ)
bsca(λ) + babs(λ)

(12)

⎛ λ ⎞−AAEA
babs(λ1)A
= ⎜ 1⎟
babs(λ 2)A
⎝ λ2 ⎠

(15)

⎛ λ ⎞−AAEB
babs (λ1)B
= ⎜ 1⎟
babs (λ 2)B
⎝ λ2 ⎠

(16)

babs (λ) = babs (λ)A + babs (λ)B

(17)

where λ1 and λ2 are two diﬀerent wavelengths and A and B two
diﬀerent LAA species (BC, BrC, or dust) or sources (i.e., FF,
BB).17,18,41,42,45 With few iterations, it is possible to obtain

(11)
C
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species and source-identiﬁed values of babs(λ). This system of
equations is commonly solved using two wavelengths as in the
Aethalometer model of Sandradewei et al.42 (just for FF and
BB) or as in the approach used by Chung et al.17 or by Shamjad
et al.18 (just for BC, BrC, or dust). An innovative improvement
is given by the method proposed by Massabò et al.,41 which
allows at the same time to apportion babs(λ) for carbonaceous
aerosol species (BC and BrC) and sources (FF and BB) and to
determine the AAEBrC (assuming that the whole BrC is
completely produced by the BB source). It represents the stateof-the-art of babs(λ) apportionment present in the literature. As a
detailed description of the methodology for the apportionment
of babs(λ) is beyond the scope of the present paper, we refer to
the work of Massabò et al.41
2.2. Experimental Design. A unique sampling site (with a
full hemispherical sky view) was set up on the rooftop (10 m
above the ground level) of the U9-building (45°30′38″ N,
9°12′42″ E) of the University of Milano-Bicocca, Italy (Figure
S3). The U9 site was equipped with aerosol (Aethalometer,
CPC, OPC, LVS, Cascade Impactors, Lidar-Ceilometer) and
radiation instruments. From March 2015, the parameters
needed to compute ADRE and HR were measured with 5
min time-resolution. LAA babs(λ) measurements were performed
in the UV−Vis-NIR spectral region (fundamental for eqs
10−14) using the Magee Scientiﬁc Aethalometer AE-31 (7-λ:
370, 470, 520, 590, 660, 880, and 950 nm). Such spectral
resolution is not yet available from other LAA instruments (i.e
PSAP, MAAP, photoacustic).46,47 Moreover, Aethalometers
take the advantage of already existing long-term data series (i.e.,
13-year at the Jungfraujoch, 15-year at Mace Head, more than
10 years in the Arctic)48−51 allowing the derivation of historical
HR data. The measurements collected by the AE-31 were
compensated to account for the multiple scattering (optical
path enhancement induced by the ﬁlter ﬁbers) and the loading
eﬀects (nonlinear optical path reduction induced by absorbing
particles accumulating in the ﬁlter),48,52−56 by applying the
Weingartner et al.52 procedure. The parameter C (multiple
scattering compensation) was centered to 2.14 as recently
successfully applied in basin valleys.6,42,45,57 The parameter
R(ATN) (shadowing compensation) was dynamically determined.45 Among the whole compensation procedures,48,52−54,58
Collaud Coen et al.48 concluded that the Weingartner et al.52
procedure compensated well for all artifacts (backscattering is
indirectly compensated with C54), did not generate negative
values, was in good agreement with other ﬁlter photometers
(i.e., MAAP), and, most importantly, maintained unchanging
AAE values (a fundamental request for this application). A full
mathematical treatment is reported in the literature.42,45,48,52−54
Finally, BC was estimated using the manufacturer apparent
mass attenuation cross-section (16.6 m2 g−1); hereinafter, we
refer to its concentration as “mass-equivalent-BC” (eBC)
according to the literature.5,50,59
Fn(λ,θ), again fundamental for eqs 10−14, was determined
using a combination of LSI-Lastem sensor and a multiplexer−
radiometer−irradiometer (Figure S3). The LSI-Lastem global
and net radiometers (DPA154 and C201R, class1, ISO-9060,
3% accuracy) measured the broadband (300−3000 nm)
downwelling and upwelling global radiation. Diﬀuse radiation
was measured using another DPA154 radiometer coupled with
a shadow band. The shadowband eﬀect was corrected following
the work of Kotti et al.60 allowing determination of the true
diﬀuse radiation and, as a consequence, the direct one (after
subtraction from the global). The radiometer measurements

were used to determine the cloud fraction in terms of oktas
(amount of cloud cover in terms of of sky coverage) according
to the work of Ehnberg and Bollen.61 Standard meteorological
data were also acquired using the LSI-Lastem thermohygrometric sensors (range −30 to 70 °C and 10−98%,
accuracy of ±0.1 °C and ±2.5%, sensibility of 0.025 °C and
0.2%), barometer sensor (800−1100 hPa, accuracy of 1 hPa),
and anemometer (0−60 m/s and 0−360°). The spectral
radiation was measured using the multiplexer−radiometer−
irradiometer (MRI). The MRI detects downward and reﬂected
irradiance in the visible and in the near-infrared spectrum
(VNIR), from 350 to 1000 nm in 3648 spectral bands, and was
equipped with a rotating shadow-band to measure spectrally
resolved global and diﬀuse radiation. The instrument uses an
optical switch (MPM-2000-2 × 8-VIS, Ocean Optics Inc.,
USA) to sequentially select between many diﬀerent input ﬁber
optics ﬁxed to the up-looking and the down-looking entrance
fore-optics. The instrument is described in the work of Cogliati
et al.62 and a more detailed description is reported in the
Supporting Information where the quality of experimental data
(uncertainties) and their inﬂuence on HR is also discussed.
In order to solve eq 11−14, the measured diﬀuse radiation
was treated under the isotropic assumption63 while the reﬂected
one as originating by a Lambertian surface (due to the ﬂat and
homogeneous characteristics of the roof). Moreover, the MRI
spectra were normalized and completed with normalized
literature spectra64 to cover the broadband range (300−3000
nm) measured by standard LSI-Lastem radiometers allowing
the ADRE and HR to be evaluated over a broadband (babs(λ)
was estimated outside the AE-31 range using its AAE). These
conditions were reliable: the ADRE and the HR in the strict
UV−Vis-NIR range (350−950 nm of the AE31 and the MRI),
accounted on average for 86.4 ± 0.4% of their total broadband
values in agreement with the literature data.16 Thus, hereinafter,
the ADRE and HR values are reported over a broadband range
for completeness of information.

3. RESULTS AND DISCUSSION
ADRE and HR values, measured over Milan at high-time
resolution along one year (March 2015−March 2016), are
shown in Figure 1a and b and Table S1 (as seasonal averages)
and in Figure S4a−d (as 5 min data). Seasonal averages were
computed considering 3 months of data centered around the
month containing the corresponding equinox/solstice (NDJ for
winter, FMA for spring, MJJ for summer, ASO for autumn). In
this respect, each group of three months behaves similarly for
(1) the amount of incoming solar radiation and (2) the BC
concentrations due to the accumulation within the mixing layer
as demonstrated from previous studies in the Po Valley.6,29
Results are ﬁrst discussed in section 3.1 to present the
seasonal and diurnal patterns of HR. The role of clouds,
together with their inﬂuence on diﬀerent radiation components,
is discussed in section 3.2. Finally, in section 3.3, the ADRE and
HR were apportioned with respect to the main sources (FF and
BB) and species (BC and BrC) of the LAA in Milan using the
Massabò et al.41 method. A discussion concerning the
apportionment approach is reported in the Supporting
Information. All averaged data are reported as mean ± mean
standard deviation. All times are reported in local solar time
(LST).
3.1. Seasonal and Diurnal Variations. Seasonal averages
of HR and ADRE (Figure 1a and b; Table S1) and 5 min data
(Figure S4a−d) showed the presence of summertime minima
D
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maximum ADRE and HR (103.1 mW m−3 and 7.3 K day−1)
reported in the present work (BC: 8.13 μg m−3). This
observation, together with the consistency of equations
discussed in section 2.1, shows the reliability of the obtained
results.
From the seasonal behavior, the BC appears as the main
driver for the behavior of ADRE and HR. However, the
wintertime increase of eBC was more pronounced than that of
ADRE and HR (Figure 1a; Table S1 and Figure S4a,c, and d).
eBC showed a higher winter to summer ratio (W/S: 3.69 ±
0.03) than ADRE (W/S: 1.89 ± 0.02) and HR (W/S: 1.76 ±
0.02). In fact, the global incoming radiation (Fglo) was reduced
in winter and increased in summer (Figures 1a and S4a; W/S
ratio of Fglo: 0.37 ± 0.01) allowing for partially compensation
for the huge wintertime increase of BC. This compensation was
mainly due to the diﬀuse and reﬂected radiation components,
rather than to the direct one (details in the Supporting
Information).
The interaction between LAA and the radiation also
inﬂuenced the diurnal cycle of ADRE and HR. Figure 2a
shows the diurnal behavior of eBC and Fglo averaged for each
season: while eBC experienced a morning peak (rush hour)
followed by a decrease due to the mixing height increase,6,65,66
Fglo showed larger values at midday. Thus, the amount of
available radiation increased while the LAA concentrations
decreased, leading to a compensatory eﬀect, which resulted in
an asymmetric behavior (with respect to midday) of ADRE and
HR. HR peaked between the rush hour and midday, then
constantly decreased until sunset (Figures 2b and S5a). Thus,
the HR was higher in the morning (26 ± 8% in summer and 59
± 11% in winter) than in the afternoon. Such behavior appears
very important for understanding atmospheric feedbacks
induced by the HR, such as the inﬂuence on planetary
boundary layer evolution during the morning and on the
aerosol liquid water content (when morning fog events may
dissipate).6,69 The asymmetric behavior was mainly due to the
eBC interaction with Fdir (Figure S5b); once Fdir is scaled by μ
(in eqs 11 and 14) its behavior is quite constant; it is perfectly
constant only in clear sky conditions. Instead, the diﬀuse and
reﬂected radiation (Figure S5c and d), even when scaled by μi,
experienced a bell shape curve similar to Fglo; under the
isotropic and Lambertian assumptions, they linearly follow the
behavior of irradiance.
Most importantly, the diurnal cycle of radiation, not only
inﬂuences the shape of diurnal cycle of HR, but also its duration
(Figure 2b). The maximum HR values during the diurnal cycle
were observed during winter (2.79 ± 0.46 K day−1, 67% higher

Figure 1. (a) Seasonal averages for eBC, global radiation (Fglo), ADRE,
and HR. (b) Seasonal averages for HRdir, HRdif, and HRref.

and wintertime maxima in agreement with the seasonal eBC
concentrations. Seasonally averaged HR values (Figure 1a)
were 1.04 ± 0.01 K day−1 in summer (ADRE: 13.92 ± 0.09
mW m−3) and 1.83 ± 0.02 K day−1 in winter (ADRE: 26.25 ±
0.28 mW m−3). The corresponding maximum instantaneous
values were 6.95 K day−1 (ADRE: 93.92 mW m−3) and 11.02 K
day−1 (ADRE: 158.24 mW m−3) during summer and winter,
respectively. The winter maximum was recorded on December
18, 2015, when eBC concentration reached a value of 14.19 μg
m−3 during an accumulation of pollution within the mixing
layer (daily PM10 and PM2.5 were 106 and 87 μg m−3,
respectively). The seasonality of eBC, HR, and ADRE reﬂected
the seasonal variations of the atmospheric dispersal conditions
typically observed in the Po Valley, as reported in the
literature.6,65−68 The obtained results are in agreement with
previous values for the Milan area; in this respect, in February
2010, Ferrero et al.6 reported 103.3 ± 16.2 mW m−3 (ADRE)
and 7.7 ± 1.2 K day−1 (HR) during high pollution events (7.57
± 1.28 μg m−3 of eBC) in agreement with the February 2016

Figure 2. (a) Daily cycle of seasonally averaged eBC concentrations and global radiation. (b) Diurnal cycle of seasonally averaged ADRE and HR.
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Figure 3. (a−c) Relationship between the ADRE (normalized for unit mass of eBC) and the impinging radiation as a function of the increasing
cloud fraction (oktas). (d−f) Relationship between the ADRE (normalized for unit mass of eBC) and the impinging radiation as a function of the
increasing absorption angstrom exponent (AAE). Note that under the isotropic and Lambertian assumptions, both ∑Fdif/μi, and ∑Fref/μi linearly
follow the behavior of irradiance (Fdif and Fref); thus the behavior of ambient Fdif and Fref is reported.

than in summer: 1.68 ± 0.46 K day−1); however, the diurnal
plot of HR shows 56% longer duration in summer than in
winter due to the longer sunshine duration. This is very
important when considering the diurnal integral of the heating
processes: the intensity and duration balanced, leading to a
diﬀerence of only 7% for the energy absorbed by LAA in winter
compared to summer. These results underline the importance
of determining the HR continuously in time.
3.2. Impact of Clouds. High temporal resolution measurements allowed study of the impact of clouds on ADRE and HR
overcoming the limits of clear-sky approximations often used in
literature70 (section 1). Some insights concerning the role of
clouds are pointed out by the large variation of ADRE and HR
(Figure S4a−d; ADRE 0.05−158.24 mW m−3; HR 0.01−11.02
K day−1) reﬂecting the variation of the incoming radiation and
LAA concentrations. Moreover, Figure 1b and Table S1
highlight that the diﬀuse radiation contributed more than
30% to the LAA HR (HRdif) and, on a seasonal basis, it was
comparable or even higher than HRdir (except for winter)
demonstrating the importance of cloudy days during the course
of one year. A detailed investigation of the contribution of
diﬀerent types of clouds is beyond the scope of the present
work; however, some important results can be addressed by
presenting cloud fraction in terms of oktas (0 clear sky −8
completely overcast) (section 2.2).
In order to investigate the role of clouds, it is necessary to
decouple the variability of ADRE (and HR) due to the
radiation from that due to LAA concentrations. Thus, the
ADRE was normalized for unit mass of eBC allowing to
determine the quantity of radiation absorbed per unit mass of
LAA (mW μg−1) and to describe the eﬀect of radiation on the
ADRE (and thus on the HR) avoiding to consider the eﬀect of
eBC variation. Figure 3a−c relates the ADRE/eBC to the
impinging radiation at the surface in function of the increasing
cloudiness (oktas). It is evident that while ADREdir/eBC and

ADREref/eBC increased constantly toward clear sky conditions
(due to the increasing Fdir and Fref; Figures 3a and 3c),
ADREdif/eBC peaked during intermediate cloudy conditions
when the cloud fraction was between 0.25 and 0.75 (from 2−6
oktas; Figure 3b). The importance of intermediate cloudy
conditions can be more clearly evidenced considering the
annual averages (Figure S6a) for Fdir, Fdif, HR/eBC, HRdir/eBC,
and HRdif/eBC. The ﬁrst observation concerns the impinging
radiation. The direct component of radiation (Fdir) constantly
decreased from clear sky to complete cloudy conditions driving
HRdir/eBC. The diﬀuse radiation (Fdif) was higher in
intermediate cloudy conditions (140.0 ± 6.1 W m−2 from 3
to 4 oktas and 177.1 ± 5.0 W m−2 from 5 to 6 oktas, averaged
over all the seasons) than in clear sky (123.9 ± 2.8 W m−2) and
in complete cloudy conditions (93.6 ± 2.7 W m−2 from 7 to 8
oktas). Thus, for partly cloudy conditions, Fdif was the
dominant kind of incoming radiation (58 ± 2% of Fglo from
3 to 4 oktas and 84 ± 2% of Fglo from 5 to 6 oktas, averaged
over all the seasons) and HRdif/eBC behave similarly (Figure
S6a). As a consequence, the behavior of the total HR/eBC was
maximum in clear sky conditions but was characterized by high
values (above 0.40 K m3 day−1 μg−1) even in cloudy conditions
(up to 6 oktas); in complete overcast situation (7−8 oktas), the
HRdif/eBC component was the only one active. This behavior
stresses the importance of cloudy conditions during which high
levels of HR are driven by the diﬀuse radiation. An example is
given by seasonally averaged ADRE and HR in clear-sky and
cloudy conditions (Figure S6b and Table S1). They perfectly
agree with the aforementioned considerations. For example, in
clear-sky conditions ADREdir and HRdir were higher than the
diﬀuse and reﬂected components for all seasons (on average 55
± 5% of total ADRE and HR) leading alone to a HR from 0.49
± 0.01 K day−1 (summer) to 2.04 ± 0.03 K day−1 (winter);
conversely, in cloudy conditions (oktas > 6/8), the only
eﬃcient component was the diﬀuse one (on average 82 ± 1%
F
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Figure 4. (a) Seasonal apportionment of HR for both LAA species (BC, BrC) and sources (FF, BB). (b) Springtime daily cycle of eBCFF, eBCBB,
HRFF, and HRBB values.

of total ADRE and HR) leading alone to a HR from 0.28 ±
0.01 K day−1 (fall) to 0.49 ± 0.01 K day−1 (winter). Thus,
clouds have a very important feedback also on the aerosol
direct radiative eﬀect that needs to be carefully evaluated in the
future studies, also considering the spectral feature of the
radiation that can be modiﬁed by diﬀerent cloud types.
3.3. Anthropogenic Sources: Apportionment of HR.
The amount of radiation absorbed by LAA within an
atmospheric layer strictly depends on the spectral characteristics of babs(λ) and of Fn(λ,θ) (eqs 11−14). Below, the
importance of the spectral dependence of babs(λ) is investigated
as it is related to diﬀerent aerosol types and sources. Figure 3d−
f relates ADREdir/eBC, ADREdif/eBC, and ADREref/eBC to the
radiation as a function of the AAE. It can be observed that LAA
characterized by higher AAE presented a higher slope, making
them more eﬃcient in absorbing solar radiation and heating the
surrounding atmosphere. Particularly, LAA with AAE > 1.8
(mainly from BB41,42,57) was 1.63 ± 0.03 times more eﬃcient
than LAA with AAE < 1.1 (mainly from FF41,42,57) for all
radiation components; the 1.63 ± 0.03 value was calculated as
the ratio of ADREn/eBC vs Fn slopes for LAA with AAE > 1.8
and LAA with AAE < 1.1, respectively.
This result is very important as underlines that the presence
of aerosol species characterized by elevated absorption in the
UV spectral region (i.e., BrC) increase the eﬃciency of LAA in
heating the atmosphere. Moreover, it underlines the
importance of atmospheric sources and processes able to
promote the formation of BrC, like BB41,42,57 or secondary
aqueous reaction for the aq-SOA formation71 (see the
Supporting Information). For the reasons above, the HR in
Milan was apportioned ﬁrst with respect to the LAA
composition (BC, BrC) and second with respect to the main
sources (FF, BB) (section 2.1, eqs 15−17). Results are shown
in Figure 4a and b and Table S1.
BC contributed 87.5 ± 0.6% to the total HR with an average
HRBC value of 1.05 ± 0.02 K day−1 (ADREBC: 14.59 ± 0.22
mW m−3) (Figure 4a). BrC accounted for the remaining 12.5 ±
0.6% (HRBrC 0.15 ± 0.01 K day−1; ADREBrC 2.12 ± 0.04 mW
m−3) in agreement with its contribution estimated at ∼10−15%
over India18 and ∼20% globally.17 The maximum contribution
of BrC (13.5% of the total HR) was observed in winter (Figure
4a) with a HRBrC of 0.25 ± 0.01 K day−1 (ADREBrC: 3.56 ±
0.04 mW m−3); the W/S ratio of HRBrC was 1.85 ± 0.02 in
keeping with the expected increase of BrC contribution during
BB events17,18,41 The AAEBrC was 3.66 ± 0.03, in agreement
with data reported by Yang et al.43 and by Massabò et al.41 The

previous apportionment was done considering the LAA
composition, independently from the source.
Focusing on the LAA sources, the HR was apportioned with
respect to FF and BB as stated at the beginning of section 3
(see also the Supporting Information). In this respect, the FF
emissions were responsible for 62.7 ± 2.8% of the annual HR
(HRFF of 0.74 ± 0.01 K day−1; ADREFF 10.26 ± 0.18 mW
m−3); as a complement to this, the BB emissions contributed
for the remaining 37.3 ± 2.8% (HRBB 0.46 ± 0.01 K day−1;
ADREBB 6.45 ± 0.12 mW m−3). Figure 4a and Table S1 show
that the maximum BB contribution (44.6 ± 0.6%) was
observed in winter (HRBB of 0.82 ± 0.01 K day−1; ADREBB
11.72 ± 0.12 mW m−3) with a W/S ratio of 2.32 ± 0.03 in
agreement with the aforementioned results and literature
data.57 As shown in Figure 4a, the HR due to BC from BB
increased in winter reaching a value of 0.57 ± 0.01 K day−1.
The aforementioned data underline the importance of
anthropogenic emissions in warming the planet. The impact
of human activities can be better evidenced by comparing the
HR during working days (wd) and weekends (we). Figure S7
and Table S1 show that the total HR was 37.8 ± 5.1% higher
during working days (HRwd: 1.30 ± 0.03 K day−1) than during
weekend days (HRwe: 0.95 ± 0.04 K day−1) in agreement with
the increase of 37.4 ± 4.7% for eBCFF observed during working
days (Figure S7). The increment of HR solely due to the
emissions during working days can reach values up to 0.56 ±
0.03 K day−1 (wintertime) highlighting the possibility to reduce
the impact on atmospheric warming by policies aimed to
reduce the anthropogenic emissions.
In the context of anthropogenic activities, it is important to
study the inﬂuence of diﬀerent LAA sources on the
corresponding diurnal behavior of the HR. Springtime data
reported in Figure 4b highlight the diurnal trend of both eBCFF
and eBCBB and the corresponding HR. Particularly, a eBCFF
peak, up to 2.41 μg m−3, is present during the rush-hour;
conversely, BB emissions resulted in a more blunted trend
without any signiﬁcant eBCBB peak. The eBC behavior reﬂected
on the corresponding HR: HRFF reached a peak value of 0.99 K
day−1 with an average of 0.88 ± 0.02 K day−1 during 8−10 h. At
the same time the absence of any peak for eBCBB resulted in a
more symmetric behavior for HRBB with an average value of
0.46 ± 0.02 K day−1 during 8−10 h. Thus, the vehicular
emissions during rush hour were able to add 0.42 ± 0.02 K
day−1 in addition to those already present due to BB, doubling
the atmospheric HR and contributing to its asymmetrical
G
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behavior in the morning (as seen in section 3.1 and Figures 2b
and S5).

■

4. IMPLICATIONS
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The most important implications/applications of the new
method are detailed here. The ﬁrst consideration follows from
eq 5 where HR is directly quantiﬁed from ADRE, which is the
vertical derivative of the DRE (ADRE = dDRE/dz): both the
ADRE and HR become independent from the thickness (Δz)
of the investigated atmospheric layer as happens for routine
atmospheric pollution (i.e., BC, PM, ...) measurements.
However, vertical proﬁle data reported in the work of Ferrero
et al.6,29 in diﬀerent years and sites showed that the absorption
coeﬃcient, as well as the ADRE and HR, can be constant inside
the mixing layer, making near-surface measurements representative of the mixing layer height (in the absence of speciﬁc nearsurface gradients of LAA). It is noteworthy to consider the
advantages that the new method allows to obtain experimental
measurement (not estimations) of ADRE and HR continuous
in time as a function of sources, species of LAA, and cloud
cover. The use of the vertical derivative of the Direct Radiative
Eﬀect allows temporal continuity of ADRE and HR but
“paying” for it with the loss of vertical information.
A second consideration is related to the vertical location of
the atmospheric layer in which both the ADRE and the HR are
experimentally determined: even the present methodology was
applied to the near-surface atmospheric layer, it could be also
applied to any atmospheric layer allowing to overcome the
vertical limit. In this case, the reﬂected radiation would account
also for the radiation reﬂected by the atmosphere below the
investigated layer. This opens the possibility to apply the
present method also along vertical proﬁles using compact
instrument packages on unmanned aerial vehicles (UAVs) or
tethered balloons. When coupled with near-surface HR
measurements this would ideally ensure a full 4-dimensional
continuity (temporal and spatial).
The new method based on the experimental determination
(continuous in time) of the LAA HR has several applications
related to the experimental determination of (1) HR as a
function of diﬀerent LAA species and sources; (2) HR of LAA
as a function of sky conditions; and (3) HR along vertical
proﬁles.
These measurements should be used for model validations as
well as studies concerning the atmospheric feedback inﬂuenced
by the of HR: planetary boundary layer dynamics,69 the particle
liquid water content, 69 cloud dynamics, 2 and regional
circulation systems (i.e., monsoons).12,14
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